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2000 Max Jacob Memorial Award Lecture

Thermal Deformation: From
vedats. B | Thermodynamics to Heat Transfer

ASME Fellow
Department i'ﬂa”r}arpacli?“mmh‘sd“ An infinitesimal change in heat flux Q is shown, in terms of entropyflexQ/T to have
epartmen ?h Uec. anica Pﬁ/'lr.]ehe.”ng' two parts, dQ=TdW¥+W¥dT, the first part being the thermal displacement and the sec-
e University of Michigan, ond part being the thermal deformation. Only the second part dissipates into internal

2142 G. G. Brown,
2350 Hayward,
Ann Arbor, MI 48109-2125

energy and generates entropy. This generation is shown tolbe @'/T)dT. Thermo-
dynamic arguments are extended to transport phenomena. It is shown that a part of local
rate of entropy generation is related to local rate of thermal deformation By s
=—¢;IT(ITIdx;), wherey; =q; /T,q; being the rate of heat flux.

[DOI: 10.1115/1.1379953

| Introduction and any reversible process related to this cycle introduces the
concept of(internal) entropy S as a thermal property. For any

One gets used to thermodynamics rather than leaming it finite (reversible or irreversibleprocess, the Second Law states

Planck t
The concept of entropy production is now assumed to be we“la
understoodsee, for example, Bird et dl1], Arpaci[2—6], Bejan S,—S,=V, @)
[7-9)). Recent interest in the topic has been primarily aimed ata .
variety of engineering applicatiorsee Bejar{10] for an exten- V¥ being the net entropy flux th(ough the boundaries. In terms of
sive review). An inspection of the literature, however, reveals e concept of entropy productiohl, as a measure for the irre-
need for further studies on the Second Law. Specifically, in claersibility of a process, the Second Law becomes

sical thermodynamics, the reversible entropy change in a system S,—S,=W+II, )
comprising a bath at temperatufe separated by a partition from
another bath at temperatufg is given by or, for an infinitesimal process,

1 dS=d¥ +dII, (6)

SZ_Sl:Q(T__ T_)’ T,>T,, (1) which may be expressed in terms of the heat flux as
2
1 Q

Q being the heat flux through the partitigRig. 1). An interpre- dSZ? dQ— T dT|+dIL (7

tation of the right-hand side of Eql) for an irreversible process

appears to have been overlooked in classical thermodynamics &tfde that Eq(7) clearly define<Q anddQ according to the rules
is the motivation of the lecture. Note that a finite temperature dré differential calculus. For &-Constant reversible process, Eq.
cannot exist across a partition of no appreciable thickness. Acf is reduced to the well-known relation,

ally, one needs to replace the ideal model of Fig. 1 dealt in ther- dQ
modynamics with an actual model which involves a partition of dS=—. (8)
finite thicknesd separating two bath@ig. 2). In this model, the T

bath in equilibrium at temperatufg, transfers heat via an irre- g4 5 3_Constant reversible process, however, it is reduced to
versible process over a distantéo the bath in equilibrium at

temperatureT, . dT
First note the following remarks on the notation to be used in dsS= —4?) 9)
this lecture. As is well-known, the efficiency of a Carnot cycle,
coupled with the definition of Kelvin absolute temperature, leaddetween two equilibrium states, E() yields
to 2
sli= Q(1> (10)
1 T l'

d
35—(32%—%:2 2 @
T 7. T T which is identical to Eq(1).

For aT-Constant process, now consider an irreversible process
where the left-hand notation was used in Fefti], as well as between two reservoirs which are separated by a distafiéig.
most of the texts on classical thermodynamics, while the righ®)- First, assume the process to be infinitesimédiylocally) re-
hand notation was used in Plangk2]. The Carnot cycle intro- Versible. The entropy change relative to a reference Siater

duces the concept of entropy flux heatQ received by an infinitesimal system is
Q
S—S==, (11)
V= % 3) T
the entropy change within the system for he@t{dQ) lost is
Contributed by the Heat Transfer Division for publication in th®URNAL OF Q+dQ
HEAT TRANSFER Manuscript received by the Heat Transfer Division February 8, S—(S+d9=— (12)
2000; revision received February 20, 2001. Editor: V. K. Dhir. T ’
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Nonequilibrium

Local equilibrium

Equilibrium Equilibrium

Nonequilibrium —

Equilibrium Equilibrium

Fig. 1 Ideal partition
Fig. 3 Local equilibrium

and the net entropy change within the system is the familiar result

_4Q

and the energy equivalent of the Second Law, obtained by multi-

ds T ) plying it with temperature, is
dQ being algebraic. TdS=T(dW¥ +dII). (15)
For an infinitesimally irreversible process, The difference between Eqél4) and (15) gives
_ o ds=awdiL, ) dU—TdS=¥dT -TdIlL. (16)
and the First Law is Under the assumed local reversibility, the left-hand side of Eg.
dUu=dQ, (13) (;6) is_ naught because of Eq®) and(13). Then, the right-hand
which is unaffected by the nature of the process. An alternati\§('-',~de yields
form of the First Law, rearranged in terms of the entropy flux, is v Q
dil=| —=|dT=|—|dT. 7)
dU=TdW¥+W¥dT, (14) T T

For Q-Constantrecall Fig. 2), the integration of E¢17) between
two reservoirs gives
2

. (18)
1

1
H|§:_Q($)

Equilibrium Equilibrium A comparison of Eqs(10) and (18) reveals that

SI2+11|2=0, (19)

that is, the reversible entropy change in the two reservoirs is bal-
anced by thdirreversible)entropy production in the matter sepa-
rating them.

This lecture consists of four sections: following this introduc-
tion, Section Il introduces thermal deformation into classical ther-
modynamics, Section Il extends the concept into transport phe-
nomena, Section IV concludes the study.

1, Il Thermal Deformation

Following Arpaci [6], consider the First Law applied to the
control volume shown in Fig. 4,

2 dH=dQ —dWw, (20)
where
Fig. 2 Real partition Ho=U+pV+Ug+Up (21)

822 / Vol. 123, OCTOBER 2001 Transactions of the ASME
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Note thatpdV and dW, are the only work terms reversibly and
irreversibly affecting the internalthermal) energy. As is well-
known, a special case of EQ6) is the Bernoulli equation for
steady, incompressible, and inviscid flow.

Now, for a thermomechanical process, consider the energy dif-
ference

First Law =
Thermomechanical Energy

U =Ug +U,

First Law—Mechanical EnergyT(Second Law,
or
(Total—Mechanical—ThermalEnergy

Velocity x Newton's Law =
cloclty x Newion's Law which, in terms of Eqs(25), (26), and(6) yields

Mechanical Energy
dU+pdV-TdS=dQ,+dW,—TdII, 27)
or
\V(p+dp) dG=dQ,+dw,—TdIl, (28)
Ugp+dU,,
where
G=U+pV-TS, (29)
Temperature x Second Law = 3o 4 ipps function. Under local equilibrium,
Thermal Energy
dG=0, (30)
or, because of locally uniforrp andT,
\ T(S +dS) dU+pdV-TdS=0, (31)
NTS and
1
Fig. 4 Thermomechanical deformation dll= ?(dQl +dW,). (32)

Finally, let the internal energy, heat, and work associated with gas

is the stagnation enthalpy, the volume,Ux andUp the kinetic ragiatign (including infrared as well as visible spedtrae U,
and potential energies. Now, recall the definition of entropy flu® » W, respectively. In the case of negligible relativistic effects,

(Eqg. 3)and, express heat flux in terms of entropy flux, UR<U, QR~QK, WR<w, (33)
dQ=d(¥T)=Td¥+W¥dT, (22)  provided the characteristic transport velocity remains much less
or, with a short-hand notation, than the velocity of light. Then, under the influence of radiation,

dQ=dQp+dQy, (23) Q=Q"+QF, (34)

wheredQp=TdW is the part of heat flux due to thermal displaceQ" and QR respectively being the heat flow by conduction and
ment anddQ,=WdT is the part of heat flux due to thermalradiation. ] ) o o
deformatiort. Only the latter part dissipates into internal energy Next, the thermal deformation discussed in this section is ex-
and produces entropy. Although the concepts of displacement dagded to transport phenomena which require as well consider-
deformation are well-known in mechanics, they are appareng@jion of the momentum balance.

overlooked in thermal science and are the motivation of this lec-

ture. After a sign changé@eflecting the opposite sign convention

for pressure and stress related woret the stress relate@is- Il Rate of Thermal Deformation

placement plus deformatipmvork be split a8 ) )
An lllustrative Example. Consider a fully developed steady

dW=—(dWp+dW,), (24)  flow between two parallel plates in relative moti€fig. 5).

wheredW,, is the displacement work and is the work involved The local momentum balance for this flow is
with the mechanical energy balance, atidy, is the deformation

work which dissipates into internal energy. E80) becomes, in

terms of Eqs(21), (23), and(24),

The mechanical energy balance, obtained either by eliminati qy+&dy P, +
thermal effects from Eq(25) or from the mechanical energy as- &
sociated with Newton’s Law is dt

d
dy
d(Ux+Up)=—-Vdp+dW,. 26
(U +Up) p D (26) = ___ (___ai’ ___________

—_— d,
1CIearIy, a deformatiofiinvolving species, momentum, heat, electromagnetic, an_y - —————- s 7L SO ﬁ_ _______
f }%

nuclear transpoytdissipates into interngthermal) energy. Less known is the fact
that the deformation may have a diffusive or hysteretic origin, the diffusion beir y
directional and the hysteresis being cyclical. However, except for a few ¢aises

as strain hardening and electromagnetic saturgtthe majority of deformation pro-
cesses, including the deformation of radiation, are diffusive in nature and are (=<
concerns of this undertaking.

2The explicit tensorial form ofl W is left to Section IIl.

Journal of Heat Transfer

Fig. 5 Couette flow
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d aq; J A JT
T i i s (46)
X X

O=® (35) a—xiza—&(l//iT):T—iﬂ//i

i

gnd the rate of mechanical energy associated with the momenti$m

is D
dr Pbt (

dy

+1 2| o= 2 -2 2 +f
u+t So; __8_xi(¢i )_(7_xi(pvi) a_)(j(Tijvi) Ui

O=v

. (36)
+u”, (47)

The rate of local thermomechanical energy conservation is  where u” denotes dissipation of non-thermomechanical energy
into internal energy. Now, the fundamental difference of power,

dq d
0=~ d—yy+ @(U 7), (37)  Rate of Total Energy(Momentum)v;—(Rate of EntropyT
where or.
d d d Rate of (Total—Mechanical—Thermal)Energy
T v
d—(v 7-)=v(d— +7 vl (38) leads, in terms of Eq943), (45), (47), and the conservation of
y y y mass,
the terms on the right-hand side respectively denote the rates of Dp o
mechanical displacement and deformation energy. —+p—': , (48)
In a similar manner, the heat flux can be expressed in terms of Dt " ax
the entropy flux, to
dgy, d T =T diy N dT 29 Du TDS+ Dv| &T+ u—Te" (49
d—y—a( )= ay ) T ay (39) Plor Tor TPor) = Yigg TSty . (49)

where the terms on the right-hand side respectively denote thBeres;; is the rate of mechanical deformation. For a reversible
rates of thermal displacement and deformation energy. Also, tREocess, all forms of deformation vanish, and

rate of entropy balance is Du Ds Do
o 0 bt bt Por ? (50)
=——24 Sm
dy (40) which is the Gibbs Thermodynamic relation. For an irreversible

process, Eq(50) continues to hold provided the process can be

and the rate of thermal energy associated with this balance is ;.o\ med in local equilibrium. Then, EG9) gives the rate of

dy, local entropy production
O—T(—d—y+s . (41) 1 JT
Sm:? _(ﬂ K Tijsij“l‘um , (51)
Now, Eq.(37) expanded in terms of Eqé38) and (39) yields, in !
view of Egs.(36) and (41), where the first and second terms in brackets respectively denote
the dissipation of thermal and mechanical energy into internal
o= E( dT dU) (42) energy, and the third term denotes the dissipation of any energy

T l’byd_er T@ (except for thermomechanigahto internal energy.

] ) ) As an illustration of non-thermomechanical dissipation, con-
where the right-hand side terms respectively denote the ratesier Joulean dissipation of electromagnetic power. For a plasma
entropy production resulting from thermal and mechanical defofiow prescribed by the MHD approximatiofsee, for example,

mations. Next, the foregoing one-dimensional example is eghercliff [13], Mitchner and Krugef14]), the electromagnetic
tended to an Unsteady multi-dimensional continuum which will %dy force involved with Eq(47) becomes

assumed a Stokesean fluid.

o . . : ff=(IxB);, (52)
Multi-Dimensional Continua. For a Stokesean fluid, the mo- ) ) ]
mentum balance in terms of the usual nomenclature is whereJ and B respectively denote the electrical current density

(A/m?) and the magnetic field\(.s), andJ is given by Ohm’s
Du; ap n (97'”' 4 of (43) Law,
PRy = v Ty TP
Dt ax; X : J=0(E+VXB), (53)
wheref; includes all body forces. In terms of the rate of entropyr being the electrical Conductancélrllm) and v;=(V); the
flux, flow velocity (m/s). For electromagnetic power, consider the dot
product of Eq.(53) with J,
G
b= (44) J-J=0(E+VXB)-J, (54)
the entropy balancéhe rate of Second Law balanced by the rathh'Ch may be rearranged-as
of local entropy productionis J-Jlo=E-J+(VXB)-J, (55)
Ds i or, in terms of
—=— g, 45
PPt o (45) (VX B)-J=—(JXB)-V, (56)

wheres” denotes the local entropy production. Also, the conse®S
vation of total energyor the rate of First Lawincluding the rate
of heat flux expressed in terms of the rate of entropy flux, 3Clearly,J-J=J2, butJ is used only for the intensity of radiation.

824 / Vol. 123, OCTOBER 2001 Transactions of the ASME
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E-J=(JXB)-V+J-Jlo, (57) to Eq.(65), thell;;-tensor may be rearranged in termsledcalar,

or, by the notation of this manuscript,
2nV2"2[5,0,— (1/13)V?5;1B

E\di= o, +u”, 58 1y
_ o (8) iy 3J5'J+n§::0 o2(2n+1)(2n+3) (69)
E;J; being the total electromagnetic pow&fy; andJ-J/o respec-
tively the displaced and deforme@lissipated)electromagnetic
power. The apparent similarity of E469) to the Stokesean viscous stress
Also, note the total mechanical power and the Maxwell electromagnetic stress should be noted. This

similarity is to be expected in view of the assumed homogeneity
for the elastic, viscous and electromagnetic contifsee, e.g.,
Stratton[18], and Pragef19]). The use of the first term of Eqg.

9) in place of Eq.(65) is the well-known Eddington approxima-
ion. The local thermo-electro-magneto-mechanical entropy pro-
duction resulting from the sum of thermo-electro-magneto-
mechanical deformations becomes

aTij
(?_Xi(Tijvi):via_Xj"'TijSijr (59)
the first and second right-hand terms respectively denoting d
placed and deformed mechanical power.
Including radiationg; now denotes the total heat flux involving
the sum of conductive and radiative fluxes,

=gK+gR.
| %A B (60) L[ 9T et 39
Now, consider the usual conductive constitution ST TIT x| ay X | ox TiiSi T | (70)
aT
qf=—k— (61) .
: X The reader is referred to Arpa€8,4,6] and Arpaci and Es-

maeeli[20] for entropy production resulting from radiative defor-

and, following Arpac(6], introduce the radiative constitution mation
r__ 7 M
ql [£3V] (?XJ ’

where IV Conclusions

(62)

The present lecture is based on the original idea of suggesting a
ii) E 63) First Law in terms of entropy flux rather than the well known
TIX IXg b classical approach expressing the Second Law in terms of heat
) flux. Accordingly, heat flux is expressed by a product of tempera-
with ture and entropy flux. A change in heat flux is identified as a
1 combination of thermal displacement and thermal deformation.
Mijpg ... =4—f (Iiljlglg .. .)dQ. (64) Only thermal deformation dissipatésreversibly transformsinto
™ Jao internal energy and produces entropy. In terms of thermal defor-
Herel; is the specular unit vectoE,= o T* the Stefan-Boltzmann mation, the well-known thermodynamic irreversibility across a
law fc|>r black body emissive po:)/veu —(apag)'? the mean thermal discontinuity is rgplac_:ed by actual |rreyerS|b_|I|ty across a
, S v PTR continuous thermal distribution. These considerations allow a
absorption coefficienty=(ap/ag)"* the degree of nongrayness, .o nsition from equilibrium concepts introduced in classical ther-
andap andag, respectively, the Planck and Rosseland means gjoqynamics to actual concepts utilized in transport phenomena
the absorption coefficient. A procedure for evaluation of &4, including heat transfer and gas dynamics.
in terms of the Wallis Integrals is described in Unno and Spiegel An earlier version of this lecture was presented at the sympo-
[15]. After lengthy manipulations, the procedure leads to sium on Thermal Science and Engineering honoring Chancellor
Chang-Lin Tien, held on November 14, 1995 in Berkeley, Cali-
(65) fornia.

4 o1
11”.:§Eb5”-+4;1a—fﬂn(lvlijpq

0

V2= 24(2ng;9;+ V25, Ep
=0 am(2n+1)(2n+3)

HIJ:4
n

where 9;=d/dx; and ¢;=d/dx; are used for notational conve-

nience. The same result may be found also in earlier wesks, References

for example, Milng[16]). The formal similarity of Eq(65) to the [1] Bird, R. B., Stewart, W. E., and Lightfoot, E. N., 1960ansport Phenomena
Hookean constitution for elastic solids should be noted. Wiley, New York.

For an alternative form of this stress, first consider the trace of2] Arpact, V. S., 1966Conduction Heat Transferddison-Wesley, Massachu-
setts.

Hii ! [3] Arpacl, V. S., 1986, “Radiative Entropy Production,” AIAA 24, pp. 1859—
S 1860.
vZ\n B [4] Arpacl, V. S., 1987, “Radiative Entropy Production—Lost Heat into Entropy,”
I = 2 v m =J, (66) Int. J. Heat Mass Transf30, pp. 2115-2123.
n=0 \ &y [5] Arpaci, V. S., 1990, “Foundation of Entropy ProductiorAtivances in Ther-

. . modynamicsS. Sieniutycz and P. Salomon, eds., Taylor and Francis, New
wherelJ is the spectrally and specularly averaged monochromatic YorkY i Y Y

intensity, [6] Arpacl, V. S., 1991, “Radiative Entropy Production—Heat Loss into Entropy,”
Advances in Heat TransfeP1, J. P. Hartnett and T. F. Irvine, eds., Academic

Press, New York.
J= |ded V. (67) [7] Bejan, A., 1982,Entropy Generation through Heat and Fluid Flpwviley,
vJQ New York.

. .. . .. [8] Bejan, A., 1982, “Second Law Analysis in Heat Transfer and Thermal De-
Next, in a manner similar the development of a viscous constitu- "~ sign,” Advances in Heat Transfet5, J. P. Hartnett and T. F. Ivine, eds.,

tion from the elastic constitutiofsee, e.g., PrandfiL7]), adding Academic Press, New York, pp. 1-58.
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1 [10] Bejan, A., 1996, “Entropy Generation Minimization: The New Thermodynam-
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3 vy 1191-1218.
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Performance of Rectangular Fin
wetsaitin § iN Wet Conditions: Visualization
wuei-Chang Hsu 8 -and Wet Fin Efficiency

Department of Mechanical Engineering,

Yuan-Ze University, An experimental study concerning the performance of a rectangular fin in both dry and

Taoyuan, Taiwan wet condition was carried out. The visual observation of the dehumidifying phenomenon
identified four regions, including the fully dry, very fine droplet, larger droplet, and film-

like region. Experimental results showed that the effect of dry bulb temperature on the wet

Yu-Juei Chang fin efficiency is very small. The dry fin efficiency is aboutZBpercent higher than that
Chi-Chuan Wan of th_e_ corresponding wet fin (_efficienc_y. For fully wet cond_ition, the effect of relati_ve
g humidity on the fully wet fin efficiency is also small. For partially wet surface, a consid-
i Me_m; ASME erable influence of the relative humidity on the fin efficiency is encountered. Test results
g-mail: ccwang @itri.org.tw for the fully wet fin efficiency agree well with some of the previous studies but disagree
, with some of the previous investigations. The main cause to this controversy may be
Energy & Resources Laboratories, attributed to the formulation of the relation between the humidity ratio and the fin tem-
Industrial Technology Research Intitute, perature. The fully wet fin efficiency decrease slightly with increase of fin base tempera-
Hsinchu, 310, Taiwan ture. However, the effect of fin base temperature on the dry fin efficiency is relatively
small. [DOI: 10.1115/1.1391275
Keywords: Dehumidification, Finned Surfaces, Heat Transfer
Introduction that of the two-dimensional model. Besednjak and Por¢d6s

Extended surfaces or fins are employed in heat exchangers ﬁglrculated the wet fin performance in a continuous fin-and-tube

effectively imoroving the overall heat transfer performance. Ex. at exchanger utilizing a three-dimensional approach. Their cal-
; y Imp 9 . >r pertorma | ulations also indicated that the fully wet fin efficiency is nearly
tensive researches were related to this subject with single-ph . ;
i stant at high condensate loading.
heat transfer. However, there are many applications for extende

’ involved with t h fl For inst inth he previous studies were carried out via analytical and nu-
surfaces involved with two-phase flow. For instance, in the case gk o anproach. The only experimental work related to this sub-
cooling coils, when warm and humid air encounters a cold surfa

. h . . ; t was done by Coney et dlf]. Coney et al[7] reported per-
that is below its dew point temperature, condensation will takg. .- ~o of 4 blunt and elliptical fin in a very thick copper @0

place and mass transfer occurs simultaneo_usly with heat trans thick). In their observation, they found that the copper fins
The performance of the extended surfaces is different from that gi) 1, 5te dropwise condensation and no film condensation is ob-

dry surfaces. One of the major differences for wet surfaces is t8&neq. However, in practical implementation of the fin-and-tube

pronounced drop of fin efficiency. There are intensive ”‘ﬂmericﬁiat exchangers in HVAC&R application, aluminum alloy is often

studies on the wet fin efficiency but only limited experimentglmpioyed. In view of the previous studies, though many analytical
information. Table 1 summarized the related investigations abquo s had been devoted to the extended surfaces in wet condi-
the performance of extended fin surfaces under dehumidifyiggs it appears that considerable controversy still exits. Thus it

conditions[1-17]. would be very helpful to clarify this phenomenon via experimen-

However, as shown in Table 1, results of the relative humidify study. It is the objective of the present study to make clear of
on the fully wet fin efficiency of extended surfaces is quite conpjs controversy.

fusing. In the ARI 410-91 standafd], the method shows that the
fully wet fin efficiency is independent of inlet conditiofrelative
humidity). Notice that the method is based on the one-dimension4| ;
analysis by Ware and HacHd8]. An analogous approach byr?%(penmemal Apparatus
Threlkeld [3] that incorporated with the influence of water film Experiments were performed in an environmental chamber as
also revealed that the effect of relative humidity on the wet fighown in Fig. 1. The test apparatus is based on the air-enthalpy
efficiency is also very small. Conversely, analysis by McQuistofethod proposed by ANSI/ASHRAE Standard [3B]. Cooling
[4], Hong and Webh5], Elmahdy and Bigg6], and Rosario and capacity was measured from the enthalpy dlfferent_:e of the air
Rahman[14,15]shows a significant decrease of fully wet fin efflowrate across the test sample. The air flow measuring apparatus
ficiency when the relative humidity is increased. is constructed from ASHRAE Standard 4120]. Dry and wet

The previous studies were based on the one-dimensional Q lb temperature measurement deV|CeS Of the .a|rﬂ0W IS con-
proach. For detailed evaluation of the wet fin efficiency, Cfgin structed based on ASHRAE 41.1 Standgdi]. Experiments were
and Liang et al[17] proposed a two-dimensional model that tool€rformed in an environmental chamber. The environmental
the complex fin geometry and the moist air properties over the fijamber can control the ambient conditions in the range of
into account. Both of these investigations reported that the fulj?°C<Tpg=<50°C and 40 percentRH=<95 percent. Control
wet fin efficiency is relatively insensitive to change of relativéesolution for the related dry bulb and wet bulb temperature is
humidity. In addition, Liang et all17] had shown that the accu- 0.1°C.

racy of the one-dimensional numerical model is comparable toFOr the experimental investigations, a model of extended sur-
face was designed and manufactured as depicted in Fig. 2. The

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF aluminum alloy 601 is chosen as the base and fin material because

HEAT TRANSFER Manuscript received by the Heat Transfer Division June 26, 2008 its relatively high therma! conductivity and (igidity. Th.e fin is
revision received April 2, 2001. Associate Editor: B. Chung. 100 mm deep, 100 mm wide, and 2 mm thick. The fins were
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Table 1 Experimental results for previous investigators

Investigators Numerical Fin Shape 1-Dor  Boundary Examine Effect of humidity
or 2-D  conditionat partially wet on fully wet fin
Experimental model fin tip condition efficiency
ARI [i}] Standard - - - No effect
O’brien and Turner [2] Numerical Rectangular 1-D Insulated No -
Threlkeld [3] Numerical Rectangular 1-D Insulated No Very small
McQuiston [4] Numerical Rectangular 1-D Insulated No Pronounced
Elmahdy and Biggs [5] Numerical Circular 1-D Insulated No Pronounced
Coney et al. [6] Numerical Rectangular 1-D Insulated Yes Very small
Coney et al. [7] Experimental  Rectangular - Small
Coney et al. (8] Numerical Rectangular 1-D Insulated - Pronounced
Chen [9] Numerical Rectangular  2-D Insulated Yes Very small
Kazeminejad [10] Numerical Rectangular  1-D  Convective - -
‘Wu and Bong [11] Numerical Circular 1-D Insulated Yes Very small
Hong and Webb [12] Numerical Circular 1-D Insulated No Pronounced
Salah El-Din [13] Numerical Rectangular 1-D Insulated Yes -
Convective
Rosario and Rahman Numerical Circular 1-D  Convective Yes Pronounced
[14,15]
Besednjak and Poredo3 Numerical Plate 3-D  Continuous Yes Small
[16] Fin-and- fin
tube
Liang et al. [17] Numerical Circular i-D Insulated Yes Negligible
and
2-D

mounted vertically on the aluminum alloy block as shown in Figd.1°C. To heat and cool the fin, water was circulated via four holes
2. Care was taken to align the fin so that it was parallel to the arilled beneath the fin base in the aluminum block. The water inlet
flow. The base block was carefully machined to have 15&mperature of the test section was controlled by low temperature
U-grooves. The width and height of the groove is 2 mm. Noticetthermostat. During the experiments, water was circulated with a
that a high thermal conductivity greade=2.1 W/m-K) was used sufficiently high velocity(>3 m/9 to maintain the fin base tem-

to connect the fin and the base material to minimize the contgmrature at a constant level. For various operation frontal veloci-
resistance. A mean gap distance of 0.05 mm is assumed betwges, the thermostat temperature was adjusted to keep the variation
the attached fin and the base aluminum block. Actual fin baséthe fin base temperature between inlet and outlet to be less than

temperatures were then corrected from the measured temp&&<C. The test conditions are given as follows:
tures. The fin spacing can be 3 or 8 mm. To measure the fininlet dry bulb temperature: 2027°C
temperature in both directions of transverse and longitudinal tolnlet relative humidity: 46-90 percent

the airflow, a total of eighteen thermocouples were mounted onWater temperature at the inlet: 2—9°C

one of the fins that is located near the center position. DetailedBase fin temperature:~313°C

locations of the thermocouples were shown in Fig. 2. Th&se *

Droplet formulation on the fin was recorded by a JVC digital

type thermocouples were pre-calibrated with a resolution efdeo cam GR-DVM50 with a speed of 30 frames/s. Experimental

Room Conditioning Apparatus

|l||||H||||“

Temperature Measuring

/ \. Environmental Instruments

Chamber

Nozzle

Air Flow
Measuring
Apparatus

Air flow
iy

——

|

Al Manometer

Temperature
Glycol Loop

§Indication

N\
Water Pump
Digital Video Cam
@ Resistance Temperature Device (Pt 100)

Fig. 1 Schematic of experimental setup
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uncertainties are tabulated in Table 2.

Results and Discussion

In the visualization study, photographs were taken for frontal
velocities ranging from 0.3 m/s to 6 m/s. The corresponding fin
base temperature and inlet dry bulb temperature were maintained
at 9°C and 27°C with the inlet relative humidity ranging from 50
percent~90 percent. Selected photographs from the observations
for RH;,=50, 70, and 90 percent are shown in Fig&)33(b),
and 3(c), respectively. The corresponding fin temperature varia-
tion in both axial and radial direction are also plotted in Figa) 4
4(b), and 4(c). The dimensionless fin temperaf®ris defined as
(Ti—T.)/(Tsp— T.). The experiments were performed from high
velocity to low velocity. This is because quicker steady-state can
be achieved. Were experiments performed from low velocity to
high velocity, it would take much more time to reach the final
steady state. Notice that the final steady state is the same for both
test situation.

In Fig. 3(a), at a high frontal velocity like 6 m/s or 4 m/s and an
inlet relative humidity of 50 percent, formation of the droplet can
be seen only at the vicinity of the fin base. One can clearly see the
boundary separating the dry and wet portion. Note that the drop
size at the boundary is very fine and the drop size increases as it
approaches to the fin base. The height of the boundary increases
as the frontal velocities are further decreased to 2.5 m/s or 1.5
m/s. The results may be further made clear from the correspond-
ing temperature variation of Fig(&). For a given frontal velocity,
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No L1 (rmm} MNo. | L2 {mm)
TCO1 22 TCI1 24
TODZ | 25 iz 85

_TCe3 | 30 g | Trc | 33
TCO4 26 =1 TCl4 | 33
TCOS i6 E TC15 32
TCD6 | 26 | g TCl6 | 26
TCO7 33 TC17 25
TCOE 26 TCI18 26
TCO9 4| _ TCi9 | 21

/_zm\ (1£)0].8 mm
E=3or8m wt : 2 mm
¥ \\'\— Base Temperature
Measurement
Air
) (10)h1.8 mm
Cold water

(430 mm

Fig. 2 Enlarged view of the test section

the dimensionless temperatu®@ at the leading edgey(W line. The inclination of the boundary line increases with the de-
=0.25) is lower than those of the trailing edgeg\V=0.75). This crease of velocity. Although the mean dew point temperature de-
is because higher heat transfer performance is seen in the leadirgases along the airflow direction, by checking the visualization
edge. ForVy,=0.3m/s, the corresponding inlet dew point temresults of Fig. 3 and the relevant temperature variation along the
perature(evaluated a® gey,in= (Taewin— T-)/(Tip—T)) is lower  fin from Fig. 4, the boundary line is located at the fin temperature
than the dimensionless fin temperature. This implies the whole fifat is close to the inlet dew point temperature. This is because
is in fully wet condition. However, for a frontal velocity of 1.5 the cross-flow arrangement of the present fin geometry. A further
m/s, the fin is in partially wet condition. A further increase of thjecrease of frontal velocities to 0.75 m/s and 0.3 m/s cause the
relative humidity, as can be clearly seen from Fig®)&nd 3(c), boundary line to move up further. For;,=0.3m/s, as seen
the wet portion on the fin is increased. Notice that the bounda]%m the fin temperature variation in Fig(a, the entire fin is

line is not horizontal, the dry portion near the leading edge {5y et because all the fin temperature is below the inlet dew
larger than that of trailing region. goint temperature

The observation is quite different from those assumption ma ©The results oRH, =70 percent in Fig. 3(bare analogous to

by the analytical analysis shown in Table 1. The analytical modgl - ! .
of the “partially wet” fin always assumed a horizontally boundarﬁose of RHp,=50 percent with the dry-wet boundary being
moved further upward. Basically, the dehumidification phenom-

enon of a rectangular fin can be roughly classified into four re-
gion. For region(l) the fin temperature is above the inlet dew

Table 2 Summary of estimated uncertainties point temperature, the surface is fully dry. For regidi that is

Primary Measurements Derived Quantitios near the dry-wet boundary, the drop size is very sniafll the
Parameter  Uncertainty Parameter  Uncertainty Uneertainty order of 0.1~0.5 mm). In regiofil), the heat transfer is similar to
Vi =03m/s Vi=6mis dropwise condensation. Eventually, the very fine size of droplet
Mair 03-1% Repn 11.0% *0.57 % may grow up in the down stream of airflow and join with the
L. o.r°c 2 5.5% 124% neighboring droplet to become larger droplétsgion Il1). In this
RHis 2% 7 5% +3.5% 9 9 P 9 P )

region, the larger droplet grew more quickly to a critical size,
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Air Flow Direction

-

(a) Vi = 6.0 m/s (b) Vi = 4.0 m/s

(©) Vi =2.5m/s (d) Vp=1.5m/s

(d) V5=0.75 m/s (e) V& =0.3 m/s

Fig. 3 (a) Droplet formation on a fin with ~ RH;,=50 percent, Tpg;;=27°C, F;=3 mm, T4,=9°C; (b) droplet formation on a fin with
RH,=70percent, Tpgin,=27°C, Fs=3 mm, T;=9°C; and (c) droplet formation on a fin with  RH;,=90 percent, Tpg;,=27°C, F;
=3 mm, T,=9°C.
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Air Flow Direction

@_ —— y

(a) Vj, = 6.0 m/s (b) V= 4.0 m/s

(c) Vi =2.5 m/s ) (d) Vi =1.5 m/s

() V»=0.75 m/s () Vp=03 m/s

Fig. 3b  (Continued. )
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T X
Air Flow Direction y

(a) V= 6.0 m/s

(©) Vp=2.5mls

s e - -

(€) V;-=0.75 m/s () Vj-=0.3 m/s

Fig. 3c  (Continued. )
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Fig. 4 (a) Variation of dimensionless temperature for

Tpin=27°C, RH;,=50 percent; (b) variation of dimensionless
temperature for Tpg;,=27°C, RH;,=70percent, and (c) varia-
tion of dimensionless temperature for Tpp.in=27°C,
RH,;,=90 percent.
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Fig. 5 Effect of the dry bulb temperature on the dry and wet fin
efficiency

overcoming the force due to surface tension. They then rolled
randomly down the fin due to gravity, dragging other droplets and
drained the condensate close to the base of the fin. Notice that
region (Ill) is quite unsteady when comparing to regidn and

(). In region (V) that is close to the base portion, a thin film was
formed by the “washed away” droplet drained from regi@H).
Notice that a wave-like droplet may deposit on the film. It should
be pointed out that regiofl) will disappear when the surface
temperature is below inlet dew point temperature and redion
may also disappear when the air velocity is low and the inlet
humidity is sufficiently high. As can be seen from FigcB the
region(ll) is not seen fov;,<1.5m/s. The condensate drainage
phenomenon is especially pronounced in the leading portion of
the fin, one can see that the frequency of droplet falling off
from region (Il) is more rapid when comparing to the trailing
edge of the fin. This phenomenon can be interpreted as follows.
As is known, when the condensation takes place, the non-
condensable air will form at the interface between the water con-
densate and the airflow, the mass transfer resistance will inhibit
the heat transfer. In addition, the fall of local dew point tempera-
ture along the airflow direction will also contribute to reduce the
heat transfer performance.

The loss of performance for a fin is characterized as the fin
efficiency. This is defined as the ratio of actual heat transfer
through a fin surface to the heat transfer of an ideal fin at the base
fin temperature. The wet fin efficiency is calculated from the en-
thalpy fin efficiency, i.e.,

_lfls,fin
Nwet= 7 _:
I —ls b

1)

Figure 5 shows the comparison of the dry fin efficiency and wet
fin efficiency atF,=3 mm andRH,,=70 percent. At low frontal
velocities, the difference between dry and wet fin efficiency is
smaller than that at higher velocities. Réy, =0.3 m/s, the dry fin
efficiency is about 15 percent higher than that of wet fin effi-
ciency. The dry fin efficiency exceeds that of wet fin efficiency by
approximately 20 percent at;,=2.5m/s. The effect of dry bulb
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0.9 1 ! T ! T T h,P
| | | | | M= ,ﬁ' ©)
F,=8mm, Ty, =20°C, T, = 30°C (dry) | fe
i To solve Eq(4), it is essential to relate»,— w; and 6. The
V, =0.3m/s controversy in the investigators may be related to this approxim_a-
07— ﬁ — tion of the relation between the saturated humidity along the fin
surface to the fin temperature. McQuis{dn used the assumption
V,, = 1.0n/s oy that (w,— w;)=C(T,—T;) in which C is a constant. Therefore,
= i e - Eq. (4) can be solved relatively easily. Wu and Bdrd] argued
g W that this assumption is physically inappropriate, this is because for
= = 1.0MVS fully wet condition at a fixed incoming air conditioiT{,w,) a
® 05— ] constantC will allow only one possible value of the surface tem-
g gT_*O_\O peratureT; . Therefore, instead of the assumption of a constant
& | N R C value, several investigations had proposed linear relationship
(wg=a+bT;, Wu and Bong[11]) or quadratic relatiofw;=a
F,=8mm, Ty, = 27°C, T,, = 3°C (wet) + be+.ch2, Coney et al[6], Chen[9], and Liang et al[17]) to
0.3 ’ approximate the relation between humidity and surface tempera-
P Vipoy=0.3MVs  —— V;, y45=0.30Vs ture. These approaches are more rationally based. Note that in
O Viyoe=1-0m/5  wrenes Vi.wag=1.0nVs fully wet region, the calculations by Coney et §], Wu and
| O Vio=1-5MV5 V. wes=1-5mYs | Bong[11], Liang et al[17], and Chef9] indicated that the effect
of the relative humidity is very small. However, the calculated
o1 T T T e results by McQuistori4] showed a pronounced decrease to rela-

tive humidity. Although Coney et all6] showed the effect of

40 50 60 70 80 90 100 relative humidity is very small on fully wet fin efficiency, how-

RH, (%) ever, their another study] revealed an opposite trertd consid-

erable drop of wet fin efficiency versus relative humigity or-
Fig. 6 Effect of relative humidity on the dry and fully wet fin der to explain the discrepancy, an examination of the Coney
efficiency et al.’s work is carried out. It indicated that the Coney et al.’s

work [8] is probably in error. Coney et dI6] calculated the wet
fin efficiency in terms of the following form:
temperature on the wet fin efficiency is also shown in this figure. (Y Re 0.d 7
As expected, the effect of dry bulb temperature on the wet fin wet™ 0 R/ & ™
efficiency is rather small.

The effect of inlet relative humidity on the corresponding dryvhereRis ratio of sensible to total heat transfer calculated at the
and wet fin efficiency is illustrated in Fig. 6. To avoid the presend& temperature, anRy, is the ratio of sensible to total heat transfer
of partially wet conditions along the fin f&® H;,=50 percent, the calculated at the fin base temperatudg.is the dimensionless fin
fin base temperature shown in this experiment was reducedtémperature T,—T;)/(T,— Typ) and & is the dimensionless dis-
3°C, and only the fully wet fin efficiency is shownV{ tance from the fin basex(x/L). By use of a different formulation,
<1.5m/s). One can see that the effect of relative humidity on tfgoney et al[8] defined the wet fin efficiency from the following
fully wet fin efficiency is small. However, as mentioned in Tablgrocess:

1, many researchers had investigated the effect of relative humid-

ity on the wet fin efficiency, some of the researchers reported the :% @)
effect of relative humidity on the wet fin efficiency is very small Twet Qigt

[3,6,7,9,11,17but some of the researchers claimed a pronounc\(jjlI . ) . _—
decrease of wet fin efficiency relative to the increase of relatiJd'€ ideal heat transfer rate from a wet fin of a strip of fix iith
humidity due to the presence of mass tran$#b,8,12,14,15]. a’surface area is

Hence, it would be very helpful to identify the controversy be- Qigr=2hy, (Ta— Trp)Ldx, )
tween these studies. _ ) o o

Considering the analysis of a fully wet rectangular fin using th&hereh,, is the overall air heat transfer coefficient and is given
one-dimensional approach, the energy equation is usually derivad

as the following form: i c
_ fg
d?T, 1 _ hou[1+ C, }ha (10)
axz ﬁ[ha(Tf_Ta)+'ngm(wf_wa)]:Ox (2
f | @WaT Wj| | WaT Of 11
wheret is the half-fin thickness, most of the investigators em- c= Ta-T | | Ta=T¢ | (11)

loyed the Chilton-Colb I hilt d Colburn|[22]):
ployed the Chilton-Colburn analog¢hilton and Colburn[22]) Coney et al.[8] use a second order polynomial that fits the

h, psychrometric chart saturation line sufficiently well in the region
1, (3) of the fin temperature variation, i.e.w;=1.2075-0.9125
X 1072T;+0.1726 10 “T2. Apparently, the overall air heat
where Le is the Lewis number, thus E&) can be rewritten as transfer coefficient is related to the fin temperature variation along
0 the fin, and the overall heat transfer coefficibg; and the sen-

ha
8 @23 B
KnCp Le“™ or KuCp

5 itg sible heat transfer coefficiefit, may not be assigning constant
———myl| 1+ ——5p(wa—ws) | =0 4) ; el :
dx C.Le a ' value at the same time. Examination of the results and formulation
P by Coney et al[8] indicates that they might make a mistake by
where simultaneously assigning constant valueshty and h,. As a
consequence, the calculated result$6fand[8] showed a com-
O0=T,—T; (5)  pletely different trend.
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In addition to the rectangular fin, Hong and Weft®2] also 1 [rp——— AL N B
showed that the wet fin efficiency decreases with increase of rela-
tive humidity in circular fin geometry. The results are not surpris- N
ing because Hong and Wehpb2] used the same assumption pro-
posed by McQuistoriC is constant). It is interesting to note that
Elmahdy and Biggd5] use a linear relationshipa=a+bT;)
like Wu and Bong[11] but still reported a pronounced effect of
relative humidity on the fully wet fin efficiency. Based on a com-
plete mathematical proof, Kandlik§23] re-examined the differ-
ential equation for the temperature distribution derived by El- E
mahdy and Bigg$5]. He showed that the fully wet fin efficiency &
should be independent of the relative humidity, and claimed an 8 @.5 |—
erroneous numerical solution of EImahdy and Bi§i§$ Rosario ®
and Rahmail14,15], however, showed that the wet fin efficiency & n
is strongly influenced by the relative humidity. It is not clear about
the formulation of the relationship between the humidity ratio and
temperature in their study. Rosario and Rahrfis| argued their
differences to those by Wu and Boh#l] is associated with the
geometrical differencérectangular fin versus circular jinHow-
ever, for circular fin, both the calculated results by one-
dimensional and two-dimensional approach from Liang eft1a] -
revealed that the fully wet fin efficiency is relatively independent
of inlet relative humidity. In addition, a close examination of the 0 b=l
fin temperature variation from their calculatiptb]indicated that 0 . 1.5
the fin may be in “partially wet” condition because part of the fin V,(m/s)
temperature was above the inlet dew point temperature. Their for- h
mulation is baSI(?aIIy the same as Kazemindjaal] Who also pre- Fig. 8 Effect of fin base temperature on the fully wet efficiency
sented the “partially wet” results in a rectangular fin. For a fin in
partially wet condition, a detectable drop of the wet fin efficiency
is expectedsee Wu and Bon@l11]).

For a detailed evaluation of the wet fin efficiency, Cighand sions, the present authors found that the fully wet fin efficiency
Liang et al[17]had proposed a two-dimensional model that takeshould be insensitive to change of relative humidity. For compari-
into account of the complex fin geometry and the moist air progon purpose, calculated results by Wu and Bphtj were also
erties over the fin. Both studies reported that the fully wet fiplotted in Fig. 6. The results by Wu and Bohfjl] also shows
efficiency is relatively insensitive to change of relative humidityrelatively small dependence of inlet relative humidity. The fin ef-
The experimental results by Coney et[&l] in a thick wet fin also ficiency of the experimental data agree favorably with the predic-
reveal that the fully wet fin efficiency is quite insensitive tdive results by Wu and Bonfl1].
change of relative humidity. In summary, based on the experimen-In some practical applications such as low relative humidity or
tal evidence and the deductions from the aforementioned adischigh intake velocities, part of the fin surfaces may be dry. In this

connection, fin efficiency may change significantly. Figure 7

shows the effect of inlet relative humidity on the fin efficiency of

a partially wet surface. One can clearly see a sharp drop of fin
L L efficiency in the partially wet region. The drop of fin efficiency is
especially pronounced with increase of frontal velocities. The re-
sults are analogous to those previous findings. The effect of fin
base temperature on the dry and wet fin efficiency is shown in Fig.
8. For a fully wet fin, the fin efficiency decrease slightly with
| increase of fin base temperature. Approximate 10 percent drop of
wet fin efficiency is observed when the fin based temperature is
increased from 5°C to 13 deg. The increase in fin base tempera-
. ture may increase the value of the slope of saturated air humidity
ratio, and hence increase the fin paramateAs a consequence, it
would reduce the fin efficiency. Also shown in Fig. 8, relative to
the wet fin, the associated drop of dry fin efficiency is compara-
tively small.

Tosin=20° C, Tp=30° C
Tosm=20" C T,=35" C

F, = 3mm, RH,, = 70%

we

0.5 o

04—

03—

”WEI

Conclusions

e V,=1.5nVs -1 An e_xp_erimental study concerni_n_g the performance of a rectan-

-O- V,=2.5m/s gular fin in both dry and wet condition was carried out. Based on

OV, =4.0n/s the test results and observation, the following conclusions are
ir ] made.

| l | 1 Visual observation of the dehumidification along the enlarged
' ' A . aluminum fin indicated the droplet formation can be roughly clas-
40 50 60 70 80 90 100 sified into four region. In regioil), the fin temperature is above
RH,.H(%) the inlet dew point temperature, the surface is fully dry. In region
(Il) that is nearby the dry-wet boundary, the drop size is very
Fig. 7 Effect of inlet relative humidity on the partially wet sur- small (of the order of 0.2-0.5 mm)and the heat transfer mode is
face similar to dropwise condensation. In regi@h), the very fine size
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of droplet may grow and join with the neighboring droplet to
become larger droplet. In regiofiV) that is close to the base
portion, a thin film was formed.

2 The effect of dry bulb temperature on the wet fin efficiency is o
very small. Depending on the frontal velocities, the dry fin effi- w,
ciencies are about 15~25 percent higher than the corresponding ws
wet fin efficiency. w;

3 For fully wet condition, the effect of relative humidity on the

TOO
Vfr
wW

fully wet fin efficiency is also small. The results agree well with X =

some of the previous numerical calculations. However, some of y
the previous investigations show significant influence of inlet rela- »g,

tive humidity on the fully wet efficiency. The main causes to the 7y =

controversy between these calculated results from various inves- 7
tigators may be attributed to the formulation of the relation be- ©
tween the humidity ratio and the fin temperature, and mixed witB yq,,in
“partially wet” fin efficiency. The fully wet fin efficiency decrease 0

with increase of fin base temperature. However, the effect of fin ¢ =

base temperature on the dry fin efficiency is relatively small.
4 For a partially wet surface, a significant drop of fin efficiency

= ambient temperature

frontal velocity
width of the rectangular fiisee Fig. 1)
humidity ratio
air humidity ratio
humidity ratio evaluated at fin temperature
humidity ratio evaluated at the interface of conden-
sate and air
distance from the fin base
distance from the leading edge of fin
dry fin efficiency
wet fin efficiency of a wet circular fin
fin efficiency
dimensionless fin temperatuiig—T..)/(T¢,— T..)
_(I_Tdew,in_ T (Tp—To)
-
dimensionless distance from the fin basex(L)

is observed as the inlet relative humidity is decreased.
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Nomenclature

cross-section of fin
minimum free flow area
A, = total surface area

C = parameter
C, = moist air specific heat at constant pressure
Dy, = hydraulic diameter4A i\ W/A,
Fs = fin spacing
h, = sensible heat transfer coefficient for wet coils
h,, = overall heat transfer coefficient
i = air enthalpy
itg = latent heat of water condensate
isspb = Saturated air enthalpy evaluated at fin base tempera-
ture
K., = overall mass transfer coefficient
ki = thermal conductivity of fin
L = fin depth(see Fig. 1)
Le = Lewis number
m = fin parameter
my = parameter defined in Eg6)
m, = air mass flow rate
P = perimeter of the fin
Qiin = actual heat transfer rate from the fin
Qigf = maximum heat transfer rate from the fin
R = ratio of sensible to total heat transfer calculated at thét’}
fin temperature
Rb =
fin base temperature
Rey, = Reynolds number based on hydraulic diameter
RH = relative humidity
RH,, = inlet relative humidity of the intake air
t = half-fin thickness
T = temperature
Tpg = dry bulb temperature
Tpe.in = inlet dry bulb temperature of the intake air
dewin = inlet dew point temperature

T, = air ambient temperature

T; = fin temperature
T, = fin base temperature
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Numerical Study of Steady Forced
Convection in a Grooved Annulus
Using a Design of Experiments

Yannick Sommerer
Numerical simulations have been performed to study the flow and heat transfer charac-

,G“V La,u"at teristics in the annular space between an inner smooth-cylinder rotating at constant
e-mail: lauriat@univ-miv.r angular velocity and an outer stationary grooved one. A first series of calculations were
A , conducted to determine the ranges of Taylor number and longitudinal aspect ratio for
University of Marne-la-Vallee, which a two-dimensional modeling can be considered as valid. To this end, a map show-
Cite Descartes, Bdg. Lavoisier, ing the domain of validity of two dimensional computations is presented. The assumption
Champs-sur-Marne, of circumferential periodicity of the flow is then justified in the range of Taylor numbers
F-77454 Marne-la-Vallee Cedex 2 investigated. A number of simulations were carried out to investigate the effects of the

geometrical parameters describing the cross section of the grooved annulus for various
Taylor numbers. To end, correlations describing the influences on the main parameters
both on the friction factor and Nusselt numbers are derived by using a design of experi-
ments. [DOI: 10.1115/1.1388299

Keywords: Annular Flow, Computational, Forced Convection, Heat Transfer, Laminar,
Rotating

1 Introduction low Reynolds numbers and exhibits a maximum above the first

transition (Yamada[3]). For higher values of Re, it was shown

Grooved annuli are devices commonly used in electric rotati at the qeometry of the aroove has almost no effect on the mean
machinery since periodically embedded cavities made in the Igﬁ- 9 y gre
usselt numbefLee and MinkowycZ4]).

gitudinal direction of the rotor or stator are beneficial both for Numerical simulations were carried out by Murohy and Patan-
electromagnetic purpose and for removing heat generated Wittlw(in y pny

the device. The present numerical study deals with convecti r[5]in a study devoted to the cooling of electrical machinery.

heat transfer across the gap between concentric cylinders in whichY, considered fins distributed on the inner cylinder and a para-

no axial flow occurs. The outer cylinder is axially grooved Wh"%etrlcal study on the geometry of the grooves was conducted. The
t

the rotating inner cylinder has a smooth surface. For this geo -: 'gc')rr?lerast;irlﬂ:asl'rgg:ﬁgﬁ]n;;v:r;;?ﬁé?gj Tgyonnoédsrggyebiﬁ arg)d
etry, the assumption of two-dimensiorial 6) flow is valid for an P 9 y by

annulus of infinite length with the inner cylinder rotating at ssuming circumferential periodicity of the flow. Symmetry of the

velocity corresponding to subcritical Taylor number. The flow in_Iow about the spanwise midplane and circumferencial periodicity

duced in the narrow annulus exhibits clear similarities with tr%ere also assumed by Hayase et[@]. Their simulations were

circular Couette flow. However, the recirculations in the groov Qr groove opening angles of 10 deg and 20 deg and fo_r an angu-
render the flow two-dimensional, even at very low speed of rot r periodicity of 30 deg so th"."t twelve grooves constltuteq the
tion. When the Taylor number e’xceeds a critical value,, Tae complete annulugthe computational domain was thus restricted
recirculating flows in the grooves are superimposed on the Tayfgr 30 deg)- Two and three-dimensional computations were per-

vortices so that the flow is much more complicated than for grmed and comparisons of the results_, showed a goqd agreement
smooth annulus at low Reynolds numbers. Taylor vortices were obtained for Re

Amongst the first studies devoted to grooved annuli, Gaildy greater than 185 and significant differences were found between

considered several configurations through combinations of niga'é‘é mean Nusselt numbers calculated by using two-dimensional or
geometries of the rotor and seven for the stator. His experimentaje€-dimensional modeling. From the distributions of local Nus-
main results were on the investigation of the mean Nusselt nu%p_lt numbers at the grooved cylinder, they also demonstrated that
ber. Similar to a smooth annulus, the transition from Couette flofye heat transfer rate presents a sharp peak at the part of the
to Taylor flow causes a significant increase in the Nusselt numig@pove wall impacted by the fluid. The study of Zioug#i on the
although the critical Reynolds number was found to be slightifluénce of the geometry of the groove at low Reynolds numbers
modified by the presence of the grooves. The experiments show@?ﬂe?‘led that the heat transfer rate decreases when increasing _the
that the Nusselt number is smaller before the transition than in tRBENING angle of the grooves. When the depth of the grooves is
case of a smooth annulus whereas it is larger after the transitig#fréased, the mean Nusselt number starts to decrease strongly
whatever the geometry was. For subcritical flows, the value of tf8d Pecomes then almost independent of the depth. For superecriti-
Nusselt number differs slightly according to the geometry consig@! Réynolds numbers, an optimal opening angle for a maximum
ered. The onset of Taylor vortex flow was deeply investigated [ heat transfer was shown to exist while the effect of the depth
the experimental study of Tachibana and Fukaj and it was was found to.be much less. Somr_nerer ef @l.investigated nu-
observed that the value of Rean be higher, lower or close to themerically the influences of the radial clearance between rotor and
one obtained for smooth concentric cylinders of infinite lengtRt@tr, Of the depth of the grooves, and_?f the curvature. They also
according to the fluid viscosity. Concerning the mean skin-frictiofpund a linear dependence Gf with Re™* and exhaustive com-

coefficient, it was shown tha; decreases linearly with Réfor Putations were conducted to correlate the dependency ofith
the non-dimensional parameters describing the geometry. It

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF should be mentioned here that all of the previous numerical stud-

HEAT TRANSFER Manuscript received by the Heat Transfer Division May 23, 2000/€S Were performeq by assuming a circumferential p?rio.diCiWIOf
revision received February 9, 2001. Associate Editor: M. Faghri. the flow. However, it is not yet clear that this assumption is valid.
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For example, flow visualizations of Pecheux et[&l] revealed
unsteadiness in the flow and non-periodicity in the case of i
annulus having a large aspect ratid=f128) at Reynolds num-
bers just above the critical value for the onset of Taylor vortice
The present numerical study focuses attention on the convect
heat-transfer characteristics in an annulus with a grooved ou
cylinder and a smooth inner cylinder rotating at constant angul
velocity. The rectangular grooves are periodically embedded
the outer cylinder. Both inner and outer cylinders are kept isothe
mal, the inner cylinder being hotter. The conservation equatio
and boundary conditions are presented in dimensionless form
section 2 together with the definitions of the skin-friction coeffi
cient and Nusselt numbers used in the course of the analysis of
results. Section 3 contains a summary of the numerical meth
employed. Tests performed to verify the accuracy of the numeric
procedure and grid independency of the results are shown al
Section 4 contains discussions of the computer simulations. T
important points are as follows:

1 The ranges of Taylor number and longitudinal aspect ratio fi
which a two-dimensional modeling can be considered :
valid are first determined through comparisons between tw
dimensional and three-dimensional calculations. A me
showing the domain of validity of two-dimensional compu-
tations is presented.

2 The assumption of circumferential periodicity of the flow is
justified in the range of Taylor numbers investigated.

3 The influences on the friction factor and Nusselt number «
the four geometrical parameters describing the cross secti
of the annulus is deeply investigated.

4 General correlations describing the influences on the me
parameters both on the friction factor and Nusselt numbe
are determined by using a design of experiment method
(DOE). Fig. 1 Definition of the geometry

5 The accuracy of the correlations obtained is examined.

. The continuity, momentum, and energy equations in dimension-

2 Problem Formulat|0n less form are

A sketch of the geometry investigated is shown in Fig. 1. The
radii of the heated inner cylinder and of the cooled outer cylinders J du, 9
arer{ andr{,, respectively. The depth of a groove is characterized 5(fur)+ 750 + E(fuz)=0 1)
by the outer radius of the statar,s, and the axial length of the
annulus isL’. The inner cylinder rotates with a constant angular P P
velocity (); while the outer cylinder is stationary. The two cylin-  — (fu,u,)+ — (nu,u,) + — (fu,u,) — ”ugur
ders are at different but uniform temperatures. Such a geometry’" a6 Iz

can be defined by the following set of dimensionless parameters: P 1 (a] aln2ou] ol au,

« ratio of the radius of the stator to the radius of the ro®r: =t relar| T ar | T a0l T 0| a2l f ez

=i/t 27%% du 2u

« radius ratio of the grooveRy=r.Jr{; _E7 e L) )

« opening angle of the groové, f 90 f

+ angle of the groove pitchd,

« axial aspect raticA=L'/e’, wheree’'=r/,—r is the gap 9 d 9

width E(furue)"‘a_a(ﬂuaua)"‘ E(fuzua)"‘ U Uy

The three-dimensional Navier-Stokes and energy equations for P 1/l au 9 12 au o au
incompressible, Newtonian fluid flows are used in cylindrical co- =—p—+ _(_ il _[l i) IR F el
ordinates (', 6,z'). The flow is assumed to be laminar with con- 90 Relor[ ar| o6 f 0] dz| oz
stant properties. Buoyancy effects and viscous heating are ne- 272 0u, 72U
glected in the present study. The governing equations are put into +—L (’) 3)
dimensionless form by scaling velocity with =€Q;r{ , pressure f o0 f
with pui’z, axial coordinate with the gap wid#& =r{;—r/, and
. . 1 r . . . . 9 9 9
t!me withe’/uj . The dlrr)ensmnle.ss temperature difference is de- Z(FU U+ — (qUgu,) + — (fu,u,)
fined asT=(T'—T.)/(T,—T.) with the reference temperature Jr J0 Jz
Té:’)(/Té-i_Tét)[gz-t Thg dtir?ﬁnsiotnltgss ralc_iizl coorldin?ttiris_(r’ fﬁP N 1 ( gl au, . 9 [7]2 o] ol au, )
—r/)/e’ so thatr=0 at the rotating cylinder=1 at the inner =t =ttt |t ==
surface of the grooved stationary cylinder, andr , at the base of gz Re\or| o 9oL f 0] oz| Iz
the grooves witlr .= (RyR—1)/(R—1). 4)
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J J J ; 1
o5 (FuD)+ =2 (ugT)+ — (fu,T) Re=—=—, Ta= RE. (6)
The flow is assumed to be periodic in the peripheral direction
), (5) with the angle of the groove pitch as the angular periodicity, and
symmetric about the spanwise midplane of the annular gap.
Therefore, the computational domain was restricted to one groove
where n=(R—1) is the curvature parameter afie-(»r+1) a only, half in length with periodical boundary conditions imposed
radial function. in the peripheral direction &2=0 andé= 6, no-slip, imperme-
The rotational velocity of the inner cylinder is characterizedble and adiabatic conditionszat 0, and symmetric conditions at
either by a rotating Reynolds number based on the hydraulic di=A/2. The dimensionless boundary conditions for the problem
ameter of the annulus or by a Taylor number which are defined asder consideration are thus written as follows:

1 (4 (?T+(9 172(9T+(9 aT
" RePrlar| ar| 96| f 6] dz| 9z

|
r=0 and 0<6<6,:u,=0, up,=1, u,=0, T=1
r-direction: { r=1 and 0<0<6, or 6,<0<6,:u,=u,=u,=0, T=0, @)
r=re and ;<60<6,:u,=u,=u,=0, T=0

where 6, =(6,— 6,)/2 and 6,= (0,+ 64)/2. The heat transfer results are presented in terms of local and
mean Nusselt numbers at the inner cylinder. In the absence of
®(r,0,2=®(r,6,,2) axial flow, the local Nusselt number based on the temperature
6-direction: { P 1) ®) difference between the rotor and the stator is the generally ac-
Z6l "8 ' cepted parameter and is also _belng us_ed in _the present study. The
0=0 0=0, local heat transfer rate at the inner cylinder is defined as
where® stands for the three velocity components, pressure, and Lo, aT’ AR
temperature. gi(6,2")= *kW ,:hi(g-z N(Th=To). (15)
r.
z=0:u,=u,=Uu,=0, ﬂ -0 In order to reduce the dependence on the gap ratio, the Nusselt
S 9z numbers considered in the course of the analysis of the numerical
z-direction: o, au, JT : results are given in terms of the ratio of the convective heat flux at
z=A2: — =—=0, u,=0, —=0 the inner cylinder to the conductive heat flux for a smooth annulus
Jz 9z 9z given by
©) o
Most of the numerical results shown in the following sections qwi:g_ (16)
will be discussed in terms of friction factors and Nusselt numbers. T
Since a literature survey shows that various expressions of these ?'”(R)
guantities have been considered, it is better to make clear how
they are defined in the present study. Therefore,
The local shear stress at the inner wall is hi(6,2)r!
) Nu(9,2)= ———In(R). 17)
.9 [up k
Tm“#ﬁﬁ(p) : 10 4 . . . . , .
b r, equivalently, in terms of the dimensionless variables intro-
! duced above
The torqueG acting on the inner cylinder is In(R) aT
L (2w P U; NU(G,Z):—EE . (18)
G=—,ur{f J' r'—\|—|| dedz. (11) 0
o Jo I AT o Calculations have been carried out for three-dimensional and

two-dimensional(r, 6)-cases. The mean Nusselt numbers pre-
From Eq.(10), a local friction coefficient can be introduced as sented are defined as
Twi - ri,h_i
Ci(0,2)= I (12) Ny, = I In(R), (29)
EP(Qiri’)z N
whereh;=1/A [ 'h;(6,2)dA .
which can be expressed in terms of the dimensionless variablesfasbeing the area of the inner cylinder of length. For the
two-dimensional cases, ttiedependence of the heat transfer co-
efficient is omitted and\;=2xr/ .
(13) i i

2 9 [uy
Cl0D="Rear | T
0

From the definition ofG, an averaged friction coefficient is given3 Numerical Method

by The equations governing the fluid motion were solved using a
. G 1 A [2m standard, staggered grid, finite-volume method with the
Ci=—— — = f J Ci(#,z)d6dz. (14) SIMPLER algorithm for the pressure correction. For the convec-

mriL p(Qir{)* 27A Jo Jo tive terms, the QUICK scheme was used to interpolate from the
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Table 1 Mean friction coefficient and mean Nusselt number

. ) - ) + : . :
for various two-dimensional grids at Ta =1,300 Bouafia et al.: numerical results
—X— Bouafia et al.: experimental results

(r, 8) (20,22) (40, 44) (80, 88) (160, 176) | (320,352) —x— Present study
T, 001415 001373 0.01356 0.01350 0.01348
N 0.9470 0.9403 0.9380 0.9376 0.9373

main grid points onto the control volume faces. The momentu
and energy equations were cast in transient form, and the tin
integration was performed by using an ADI scheme. All the con
putations discussed in the present paper were carried out on
form grids. The teeth of the outer cylinder were considered as
part of the flow domain through the introduction of a Darcy'’s terr ]
in the momentum equation. A zero permeability was set into tt L B A B A B B AL IR

teeth and an infinite permeability within the groove. Similarly 10° 10° 10° 10° 10° 10’
much higher thermal conductivity of the teeth than that of th Ta*

fluid insured uniform temperature of the grooved cylinder. The

convergence criteria for the solution was Fig. 2 Comparison of mean Nusselt number with experimental

! ) results and numerical predictions  [10]
z |XI_XI_l|ma><<8
X Xmax l
X 44 x40 grid). We also investigated the importance of grid size

where superscrifit denotes the iteration number, aKds a gen- in the spanwise direction and the results obtained are reported in

eral symbol used fou,, u,, P, andT. Since we considered

VES percent, respectively. Owing to the large computational time

thu§ introduced in order to insure that .the thermal Ste.ady'St%‘?quired, most of the three-dimensional computations were carried
regime was reached. In order to determine the appropriate valje; by using a 20:22x20 grid for A= 10.

of the convergence criteria, the dependence of the mean friCt'or’Predictions of the mean Nusselt number as a function of a
C(éifgg'teon;tggg [\lsl::;ec\’;su?h%%nﬂvéaesiséid'gga;]he m(\:,?gggr_ modified Taylor number, Ta=4(R+1)?Ta, are compared with
tghat <105 fo): the velocity components agd re32ure and experimental and _num_erical data presented by Bouafia El@].

o y p p ’ (1999) as shown in Fig. 2. Here the reference heat flux is the

— 6
=10"" for temperature. conductive flux for a grooved annulus, the value of which being

3.1 Test Calculations. Grid refinement tests were per-numerically determined for a stationary inner cylinder (Ta
formed both for two-dimensional and for three-dimensional con=0). For the geometry considered {i10] (R=1.0357, R,
putations in order to check the independence of solutions on tfel-1034, 6,=7.5deg, 6;=3.28 deg, A=20), the ratio of the
grid size. All the computations were carried out for the basigonductive flux for a grooved annulus to the one for a smooth
geometry of the cross-sectidR=1.0526,R,=1.2, §,=30deg, annulus(Eq. 16)is 0.897. The current results using a>222
6y=10deg,A=10). X 40 grid agree well with these data up to*Fal0®. The present

When assuming two-dimensionality of the flow field, the grid¢omputations were not carried on for higher* Taecause we be-
distribution was varied from 2022 to 320>352 in the(r, #)- lieve that the steady-state solutions lose their reliability after this
plane. Table 1 gives a comparison of the mean friction coefficierits* . The slightly higher experimental values N at low Taylor
and mean Nusselt numbers obtained with various grids. The raimbers are probably due to the influence of free convection as it
sults of the calculation with a 4044 grid differ less than 1.5 has been verified experimental{Gardiner and Saberskiyl1]).
percent onC; and less than 1 percent diu from the results The experimental data show indeed that the effect of the vortex
obtained with the finest grid320x352 points). The use of the motion onNu is postponed to a modified Taylor number of about
QUICK discretization scheme for the convective terms explaif®00 compared to a value of about 2000 which is numerically
the relative accuracy obtained on coarse grids. As a conclusignedicted in the absence of free convection. However, it should be
the chosen grid structure was 26076, optimizing the number of noted that the onset of Taylor vortices cannot be accurately pre-
control volume while allowing to predict accurate results. dicted through a step increaseNu since their effect on the heat

Grid tests for three-dimensional calculations were conductédnsfer rate is almost negligible when the vortex intensity is very
for Ta=280 andA=10. On account of the computational timesmall
requirements, only two gridér, 6, z) were considered: 2022
X 20 and 40>44x40. The difference obtgined are about 2.5 peyy  Results and Discussion
cent onC; and Nu (for a 20x22x20 grid Nu=0.915 andC;
=3.575102 while Nu=0.892 andC;=3.6541072 for a 40 4.1 Validity of Two-Dimensional Calculations. Since the

purpose of the present work is to evaluate the heat transfer in a
grooved annulus for steady state, two-dimensional flows, we de-

Table 2 Mean friction coefficient and mean Nusselt number termined firstly the ranges of Taylor number and longitudinal as-
for various three-dimensional grids at Ta ~ =2.370 pect ratio for which the two-dimensional assumption can be con-
0D 0 10) 0.73.20) 0.75.30) 30,22, 40) sidere(_:i as valid. As it has been estab!ished_expe_rimentally and
numerically, the flow becomes three-dimensional in a grooved

10°xC; 1.880 2.120 2.168 2.178 annulus when the rotational velocity of the inner cylinder, or the

Taylor number, exceeds a critical value which corresponds to the

N 1.458 1.556 1.560 1,354 onset of Taylor cells since the base fl¢ie., as soon as the inner
cylinder rotates)is two-dimensional. In addition, the two-
840 / Vol. 123, OCTOBER 2001 Transactions of the ASME
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Fig. 3 Flow regimes and variations of ~ Ta. versus the axial  Fig. 5 Variation of the mean friction coefficient with the axial
aspect ratio aspect ratio for Ta=300 (three-dimensional computations ).

dimensional assumption is not valid when the axial aspect ratio iﬁ&lziary de Roquefort and GrillaufiL2]). A sample of the plots of
less than a certain value, even in the case of a smooth annuﬁ,\%, iso-y, in the planel (as marked in Fig. 1js shown in Fig. 4
because the end effects characterized by Ekman cells propagaig,imy — 20. The critical Taylor number for a smooth, infinite long
the whole annulus. Due to the periodicity of the geometry, the,n,jus was theoretically found to be Fal841[13]. Calcula-
calculations presented in previous studibturphy and Patankar (ions carried out by introducing cyclic boundary conditions in the
[5], Hayase et all6], Ziouchi[7], Sommerer et al.8], Bouafia gnanyise direction foA=10 (for example)and a smooth outer
et al.[10]) were made for one angular period only in order to Savgjinger leads to a Tavalue in close agreement with the theoret-
CPU-times. However, the experimental study ofiReux et all9]  jca| prediction (1825 Ta.<1850). The experimental works on
does not show any angular periodicity in the flow in the case ofg@,y field characteristics in isothermal, grooved annuli are very
grooved annulus of large axial aspect rat®=<(128) for Ta just e\ To our best knowledge, the data on the critical Taylor number
above the critical value. Therefore, this assumption is dlscusse({,\’gre deduced from heat transfer measurements. However, since
What. follows through computations made_ for one, three or tr?F'ee convection exerted an important influence on the results at
totality of the grooves. The geometry considered in this sections,, Taylor numbers due to the large difference between the rotor
for R=1.0526,Ry=1.2, 6,=30 deg, ;=10 deg. and the stator temperaturasp to 110°C in[10]) the data on Ta
Critical Taylor Number. The value of the critical Taylor num- published in the archival literature cannot serve as a reference to
ber for the onset of Taylor vortex flows, Tawas determined as a check the reliability of the results from the present study. Numeri-
function of the longitudinal aspect ratio. Figure 3 shows the limitg! predictions of Taare still quite difficult to perform because of
of the three flows rgimes obtained: three-dimensional flows duéh€ large time of computation required to obtain meaningful
only to end effects, two-dimensional flows in the major part of théteady-state solutiongeven by using supercomputgrsExperi-
annulus provided that the aspect ratio is large enough40), mental studies conducted in smooth annuli have indeed revealed
and three-dimensional multicellular flows whatever the aspect f@at the dimensional time for the occurrence of the Taylor vortices
tio is. When Ta is increased, cellular vortices appear in the vicinit§ about 15 rotating time$14]. This is probably why it was
of the planez=A/2. For Ta>Ta the vortex intensity suddenly claimed in previous numerical studies conducted for the same

increases which produces wavy isolines of the tangential velocf§dius ratio and stator geometry than in the present study and for
A=10 that the value of the critical Reynolds number is; Re

=185 (Ta=1847) although any numerical simulation was carried
out to check this assertidiayase et al.6], Ziouchi[7], Bouafia

et al.[10]). In the present study, we obtained Fd.275(* 25) or
Re.=153.5(+1.5) forA=10. Ta is reduced when decreasing the
axial aspect ratio because the end cells of strong intensity sweep
into the central part of the annulus for small and produce flow
instabilities.

Ta=1300

End Effects. In order to determine the axial aspect ratio above
- which a two-dimensional modeling can be considered as valid,
@ three-dimensional computations were carried out for various as-
r=o0 pect ratios(A=5, 10, 20, 40, and 80at a low Taylor number
r (Ta=300). Figure 5 shows the variations of the mean friction
coefficient as a function of the axial aspect ratio. The valu€ of
for a two-dimensional modéannulus of infinite axial lengjhwas
found to beC;=0.0277. As it can be see; decreases when
Ta=1350 increasing the aspect ratio because the relative influence of the
shear stress at the end walls is reduced. The rotating cells located
at the end parts of the annulgEkman cells)increase the local
value of the friction coefficientC;(6,z), because the radial gra-
r=1 dient of the tangential component of the velocity increase sharply.
- W When integratingz¢( 6,z) on the surface of the inner cylinder, this
r =20 . . N .
2=0 z=L/2 Increase inC¢(60,z) have a significant influence on the mean co-
efficient if the aspect ratio is small. At this low Taylor number, the

Fig. 4 1so- u,[0(0.1)1] near the first transition in the plane  /for ~ Eckman cells do not propagate within the central part of the an-
A=20 nulus provided that the aspect ratio is large enough,/sayp0.
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Table 3 Mean Nusselt number and mean friction coefficient
for various two-dimensional computations

Nu

107xC;

Ta

300 500 800 1300

300 500 800 1300

6,=30° 09205 0,9283 09358 09438 |2,8746 2,1885 11,7395 11,3526
8=90° 09210 0,9288 09362 09441 |2,8720 2,1860 1,7373 11,3507
9:=360° 09212  0,9290 09364 09431 |2,8711 2,1850 1,7365 13449

The difference betwee®; for A=20 andA=80 is less than 10

percent, and it is less than 3 percent betwéen40 andA=80. | )
Therefore, it can be considered that the three-dimensional striyglues. The four parametric studies were conducted for seven val-
ture of the flow has a negligible effect @ for A>40. The same ues of the Taylor numbeiTa= 100, 200, 300, 500, 750, 1000, and
conclusion can be drawn for other subcritical Taylor numbers b&250). _ _

cause the present calculations lead to a correlation in the form ofSamples of isotherms fd®=1.0526 with Ta=1000 are shown
C,=a(A)Ta Y2 whatever the axial aspect ratio is. In additionin Fig. 7. The reference geometry is displayed in Figa)7

the influence of the axial length on the mean Nusselt number cihereas the other configurations are for the same radius ratio of
be considered as negligible since the difference between the q@e annqlus so that the dimensional rotatlonal speed of the inner
sults for A=5 andA=80 is less than 1 percent. The adiabati€Ylinder is the same for all of the cases considered. When decreas-

conditions applied at the end walls explain this result.

4.2 Influence of the Geometry. The purpose of this section
is to investigate the effect of the geometry for various speeds of
rotation. For two-dimensional flows, the geometrical parameters
and their domains of variations considered are

« the radius ratio of the annuluR=r;¢/r;: 1.007<R<1.11

* the radius ratio of the groovéR;=r¢/ris: 1.01<R;<1.4

» the opening angle of the groové: 2 deg<f,=<24 deg

* the groove pitchd,: 14.4 deg<¥,<120 deg

The reference geometrfi.e., the geometry investigated in the
works of Hayase et al.6], Ziouchi[7], and Bouafia et al.10])

was defined by the following values of these paramet&s:
=1.0526,Ry=1.2, §;=10deg, 6,=30 deg. When the influence

of one parameter was studied, the three others kept the above

ing the radius ratio of the groove, the recirculating flow is damped
and heat is transferred mainly by conduction into the caffiyg.

Circumferential Periodicity. We have already mentioned that7(b)). On the other hand, increase of the opening angle of the
the assumption of circumferential periodicity of the flow is a congroove enhances the flow in the groove and thus the average tem-
troversial point[9] for Ta just above Tg, although previous nu- perature of the recirculating fluiéFig. 7(c)). However, such an
merical works were based on this assumption because of the prrease does not compensate for the reduction in the heat transfer
riodicity of the geometry. The results obtained by considering ongrough the narrow part of the annulus gap, as it will be shown in
three or the twelve grooves are reported in Table 3 for Ta rangibghat follows. Figure 7d) shows that the isothermal pattern in the
from 300 to 1,300. It can be seen that the discrepancies betwegdove is very similar to the one predicted for the reference ge-
the values ofC; andNu for the three angles of computation areometry. Since the opening angle of the groove has been reduced in
less than 1 percent in the whole range of Ta considered.

Comparisons of the velocity and temperature fields have showbross the annulus gap is increased.
an excellent agreement between the profiles stem from simula- ) ) ) )
tions for 1, 3, or 12 grooves. The geometric periodicity of the flow Influence of the Radius RatioComputations were carried out

is clearly displayed in Fig. 6 where the angular variations

proportion to the pitch angle, it is clear that the heat transfer

der twelve values ofR. From the variations of the mean friction

C(6) and of Nu@) on the inner cylinder are reported for Tacoefficient versus Ta shown in Fig(a8 it is found thatC; varies
—1300. It can be seen that the minimums of the friction coefflinearly with Ta X2 for all the radius ratios considered. Like for a
cient and the maximums of the Nusselt number occugfealues Smooth annulus, increase Riyields an increase i€. However,
close to the symmetry line of the grooveg=£15 deg| 30 ded, € ) ) L
345 deg). The minimums of N#J are located at the center of thedecreases while the width of the annulus gap increases when in-
narrow gap sectionsé=0 deg,[30 ded,360 deg), where the ef- creasing the radius ratio if Ta is kept constant. Therefore, the

fect of the groove is the lowest. The maximums@f #) are at

it should be mentioned that the rotation speed of the inner annulus

0=20 deg| 30 ded,350 deg because the downward recirculating
flows within the grooves have a significant effect on the tangential

flow.
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Fig. 6 Local Nusselt number and friction coefficient along the

inner cylinder for
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Ta=1300
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Fig. 7 Isothermal patterns [0(0.1)1] for various configurations

of cross sections with R=1.0526 and at Ta=1000: (&) R,
=1.20, 0,=30deg, 0,=10deg (b) R,=1.02, 6,=30deg, 0,
=10deg (¢) R,=1.20, 0,=30deg, 6,=24deg; and (d) R,
=1.20, 6,=120deg, 6,=10deg
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::el?los Variations of - Cy and Nu versus Ta for different radius Fig. 9 Variation of the tangential velocity-component for Ta
=100 versus the curvature function: (a) R=1.007; and (b) R
=111

torque acting on the inner cylinder decreases wRéncreases.

For a smooth annulus, the theoretical expressioGi;as given by -

[3]: since Ta is large. Therefore, the variations\af as a function of

5 5 > Ta are different from the one observed in a smooth annulus. From
e 4R Re-1— 4R R°-1 - (20) the computations carried out f&=1.03 reported in Fig. ®) the
mR+1 R+1 2 ’ following correlation was derived:

Equation(12) describes well th€; calculated for the geometry of Nu=(0.072+0.745R Ta(0116-0.099R (22)

the groove investigated over most of the range of radius ratio
considered here since the difference is about 9 percenRfor Influence of the Radius Ratio of the Groov&he radius ratios
=1.007 (Cs smooti= 1.694.102, T grooves=1.538.107%) and 2.5 of the groove investigated in this part are ranging fratp
percent for R=1.11 (C;gmooti= 7.957.102; (:_fgmoved =1.01 to Ry=1.4. The friction coefficient was found again to
=7.752.10'2) at Ta=100. Obviously, the effect of the groove ondecrease linearly with Td'? for each value oRy, whereas the
the friction coefficient is less at large gap width. The Couette@dius ratio of the groove has a rather small effecCorowing to
velocity distribution in a smooth annulus and the numerical velothe one-third ratio ofy/6,. The variations of the mean Nusselt
ity profile at the center of the groové€ 15 deg) axis are plotted number as a function of the radius ratio of the groove are shown
against the curvature functidi(r) in Fig. 9 forR=1.007 andR in Fig. 10 for various Ta. When the depth of the groove is very
=1.11. It can be seen that the discrepancy between the theoretfarll, R;,=1.01 for example, recirculating flows cannot develop
and the numerical variations af, near the inner cylinder is much andNu is almost independent of Ta, and close to unity since it can
less for the largest radius ratio. From the 84 computations reporte@l assumed that the one-dimensional Couette flow is recovered.
in Fig. 8(a), the following correlation has been obtained: When increasindRg up to 1.03, the heat transfer rate decreases
_ independently of Ta because the flow remains basically one-
Cy=(—5.72+5.87RTa ¥? 1.007<R<1.11 (Ry=1.2, 6,  dimensional while the exchange area at the cold surface increases.
_ _ Figure 10 shows that there is a critidd} at which recirculations
=30deg, f;=10deg (21) can develop within the grooves. Thisﬁéritical value is a function of
Figure 8(b)shows that the mean Nusselt number increases slighffi, and is obviously higher for low Taylor numbers. Fgy
with Ta, especially for the largest valuesRffor which the pres- =1.05, the recirculations systematically produce a heat transfer
ence of the groove has a marginal effect on the flow structuemhancement when increasing the speed of rotation. However, the
close to the inner cylinder for FaTa,. It can also be observed increase inNu is almost independent of the depth of the groove
that the radius ratio is not a very influential parameteNanat for Ry=1.10. The explanation is that the increase of the heat
large Taylor numbers wheR=1.03 since the differences Hu exchange area at the cold surface almost compensates for the in-
for R=1.03 and forR=1.11 are only 1.3 percent at Ta800. tensification of the recirculating flow in the groove, except for low
For smaller radius ratios, the recirculating flow within the groov&a numbers at which slight decrease®Nin are seen at the highest
disturbs the temperature field up to the inner cylinder all the movalues ofR; .
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Influence of the Groove Pitch.The groove pitch was varied T R
from 6,=14.4deg tod,=120deg while the groove angle was e
kept to 63=10 deg. Therefore, the number of groove at the outer 08y T T e T
cylinder circumference was varied from 3 to 25. Figurgall Nu I,____J‘—qu(_f_u,__,u—wo_’o
displays anew a linear decrease@f with Ta 2 for all of the o ladg_—o-f"*”
groove pitches investigated. When the groove pitch is increased, 071 9" =2 —e—g =4 —a—p =6
the effect of the groove in the reduction G becomes less im- TY 8, =87 —e—g, = 10" —+—p =12
portant, and the theoretical value for a smooth annulus is asymp- TXT e, 1 T, = 18T 6, = 18
. . ;- —)—6 =20"—0—4 =22°—0—4 =24
totically reached. For example, the difference between the numeri

cal result for ,=120deg and the theoretical prediction for a 100 1000
smooth annulus is of the order of 1 percent at=T#00
(C; smooth=5.02.102, C; grooved=4.96.102). On the other
hand, a decrease iff, up to 6,=14.4 deg(25 groovesyields a
8.5 percent difference. From the variationsfwith ¢, a corre-

lation of the following form can be derived:

0.05)
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Fig. 11 Variations of C;and Nu versus Ta for various
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Ta
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Fig. 12 Variations of C;and Nu versus Ta for various 6,

C;=(0.5—0.039¢ 007¥,~1.053 T4~ 112 (23)

The Nu variations with Ta shown in Fig. 14) being much less
than with the groove pitch, except for a number of groove exceed-
ing 20 (9,=<17.14 deg), it can be assumed that the influence of Ta
on Nu is small. Therefore, a correlation as a functionggfonly

can be derived as

Nu=0.973-0.131&144-6,/14.618 (24)

Influence of the Opening Angle of the Groov&he computa-
tions carried out for various opening angles of the grooves show
again a linear decrease 6f with Ta *? (Fig. 12(a)). When in-
creasingdy, the friction coefficient is reduced since the average
gap width is increased. The following correlation of was de-
rived:

C;=(0.518-3.86.1034,) Ta 2 -
9

The mean Nusselt number also decreases when increasing the
opening angle of the grooves whiléu is almost independent of
Ta (Fig. 12(b)). Thereforéu can be well correlated with as:

Nu=1.02942-0.01088) . (26)

4.3 Design of Experiments. The purpose of this section is
to derive a general correlation to describe the influence of the
main parameters both on the friction coefficient and on the mean
Nusselt number. The statistical design of experim@®E) is
well adapted to the present problem because the number of influ-
ent parameters renders difficult to derive such a correlation
through the examination of the effect of one parameter while the
others are kept constant.
According to the previous parametric study, we opted for a first-
order polynomial because it was shown that the variations of the
responsefC; andNu) are almost linear. However, the interactions
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between the factors were accounted for. The number of param-

Table 4 DOE parameters for

eters to investigate and the levels to run them have to be decid

. . . K X R* 'y 8% | T, (107 R 6 0, Coeff.
knowing that the addition of a new parameter is possible if th
model obtained is not satisfactory. These criteria lead us to us{ -1 -t -1} 1691134 | 1.007 3 120° | a9 =4.594 107
centered complete factorial design, and the numerical experime—; 1 T Fomses |11 > E Y YR
were conducted by changing all the parameters to their extrel : ;
values. When using a linear modek @xperiments are necessary +l L | 1610379 00T 0T 1207 a0 =-206410
for k parameters. In the present work, regressed variables wi  +1 +1 1 | 7812051 | L1 17° 120° | az=5.023107
emplpyed and the coefficients were obtained by using Fhe Yat— . e o0 5 50 o= 1686 107
algorithm[15]. In order to reduce the number of computations,

N . . . o o — =]
eliminated the non influent parameters as observed in the paran  +! -1 +l | 7918765 | 11 2 18.9° | a3 =-3766 10
ric study. 1 + +1 | 1110748 | 1007 17° 189° | ap=-1579 107

Empirical Model for the Friction Coefficient.It has been +1 +1 +1 | 7005644 | L1 17° 189° | an=-3.903 107

shown that the friction coefficient is almost independent of t
radius ratio of the groove. On the other hand, the variatio@ of
with Ta is systematically proportional to TH2 Therefore, it is

not necessary to carry out additional computations for modeling
the effects ofR; and Ta. Thus, these two parameters were arbi-
trarily fixed to Ry=1.4 and Ta=100, and only three parameters T a0 0% +a.,R* 0F 0/* 31
have to be considered. Eight numerical experiments were thus 287 p 1205 0" - (31)

conducted forR, 6,, and 6, varying in the ranges 1.087R Comparisons of the coefficients show the preponderance of the

Ci=apt+a;R* +a,0y +as0," +a,R* 0 +aR* 6,*

<1.10, 2 deg<¥y<17deg and 18.9 degf,<120deg. A linear
model forR and 6 is well suited but the variation o€ with 6,
follows an exponential relationship. According to E&3), a first

radius ratioR in the variation of the friction coefficient sin@g is
one order of magnitude greater than the other coefficients. For
example, in the case of the basic geometry considered in the

parametrical transformation permits to properly depict such a bigresent workR=1.0526,R,=1.2, 6,= 30 deg, §,= 10 deg)and

havior

0"):6_0'0739’3- (27)

Ta= 100, the variation oC; is about 18 percent when increasing
R from R=1.007 toR=1.10. The variation ofC; is 3 percent
only for 1.01<R,<1.4; 7 percent for 14.4 degf,< 120 deg,

Since normalized regressed variables should be used, the follg¥d 17 percent for 2 degég= 24 deg. Therefore, small variations

ing parametrical transformations were introduced

in R produce large changes @y. The influences ob), and 64 are
of the same order, and the double and triple interactions are very

R* =21.5054R- 22.656 (28)  weak, except fol, and 6, .
= — An inverse parametrical transformation and multiplication of the
0y =0.130,—1.26 (29)  coefficients by Tal2 yield the empirical model as
Ik _ ’ _ +—0.07%, -
Op" =7.958, = 1=7.96e *"h—1. (30) Cr=[by+b;R+b,0,+bse%+b,Rb,+byReM%
The results of the numerical simulations are reported in Table 4 d.6 A 0 12
together with the coefficients of the correlation. The model is as b23flge™ P+ bypR e P] Ta (32)
follows: with
|

b= —6.59989 bs=—0.1873777 bys=7.707863 102

b,=6.72302 bi,=—3.19699310% b;,;= —8.906456 102

b,=2.68297410° by;=0.201516 d;= —0.0730392

T

The domain of validity for the above correlation is: 0% =7.9589,—1=7.96e *"¥p—1 (34)

A=40 and TaJa,, (two-dimensional flows

With R=1.0526,R;=1.2, and Ta=100, only the four calculations
1.007<R<1.10 1.01<R.<1.4. reported in Table 5 were necessary to obtain the linear model. The
¢ correlation obtained for the regressed variables is as follows:

2 degsfy=<17deg 18.9deg#,<120deg

N % * * %
Empirical Model for the Nusselt NumberAccording to the Nu=ao+a, 0" +a,05 +a10, 0" - (35)
results of the parametric study, the groove pitch and the opening
angle of the groove are the most important parameters since the
changes iNu are about 3 percent in the range of variation of Ta, o
and small effects oR and Ry were observed if their ranges of Table 5 DOE parameters for Nu
variations are restricted to 1.8R;<1.4 and to 1.03R=<1.11. 8, X o 8, 0, Coeft.
According to Eq.(24) the following parametrical transformation S - ; S—
H 0 . -1 -1 19975 120° © =0.
on 6, is made first: 2
+1 -1 0.991313 18.9° 2° a; =-0.05708
9 = 0054, (33)
P 1 + 0.964863 120° 7 a2 = -0.07030
The regressed variables are obtained using the parametrical trg— 1 074797 557 7 7= 005395
formation (29) for 64 and the following one foﬂ,’,:
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Fig. 13 Comparisons between calculations and correlation about the mean friction coefficient: (a) C;versus R; (b) C;versus
Rg; (c) Crversus 0,; (d) Cyversus 6,; and (e) C; versus Ta.
The values of the coefficients show that all of the terms, including A=40 and Ta<Ta,, (two-dimensional flows
the interaction term, have a similar influence. The inverse para-
metrical transformation leads to the correlation 1.03sR<1.10 1.05R;<14. 2deg<9y<17deg
L 18.9 deg<9,<120 deg.
Nu=bg+b;e%%+b,6,+b,,0,e%% 36 — — .
ot 27" T12% (36) Accuracy of theC; and Nu Correlations. The DOE method
With used to derive the correlations allows to reach a high level of
it

accuracy for the coefficients. However, it is needed to check the
accuracy of the responses, the adequacy of the mathematical
by=1.00182 b,=—6.260028 10° d;=—0.0538433 model used and the levels to run the factors. To this end, the
b;=-2.11731210° b;,=—3.99793110° results given by correlation€2) and (36) were compared with

the numerical results obtained through the parametric study.
The domain of validity for correlatio36) is Friction Coefficient Figure 13 shows a good agreement be-
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Fig. 14 Comparison between calculations and correlation about the mean Nusselt number: (a) Nu versus R; (b) Nu versus

Ry; (c) Nu versus 6,; (d) Nu versus 6,

tween correlation(32) and the numerical simulations, whatevetional speed. Investigations of the effects of the problem

the value of a parameter is. It is relevant to notice that the variparameters on the friction coefficient and on the Nusselt number

tion of C; with R, which is the dominant parameter, is nicelyallowed us to chose a mathematical model for correla@pgnd

reproduced by Eq(32). Also, the linear decrease &; with Nu as a function of the geometrical and flow parameters. The use

Ta 2 imposed in the correlation is appropriate as it is displayesf a DOE method leads to a good accuracy and the valu€ of

in Fig. 13(e). Finally, the accuracy in the torque coefficient calc@ndNu can be predicted with an accuracy of about 6 percent and

lated with correlation{32) can be estimated to be about 6 percenf percent, respectively, for a large range of geometrical param-
Nusselt Number. The results for the Nusselt number are reters and rotational velocity.

ported in Fig. 14 for all the geometrical parameters. Figuréa)l4

and 14(b)are for the parametef@ andR, which were assumed to

have a negligible influence when de?iving correlati@®). The Acknowledgments

discrepancy is less than 3 percent Rand less than 2 percent for Grant #991030 and 200140 from the IDRIS-computer center

Ry so that the assumptions used can be considered as valid. Thérgench National Institute for Advances in Scientific Computa-

fore, the dominant parameters are indeed the opening angle of tie@s) is gratefully acknowledged.

groove and the groove pitch, as it is shown in Figs(cl4nd

14(d). The adequacy of the exponential variatiorNaf with 6,  Nomenclature

appears clearly since the maximum discrepancy is less than 3

percent. Concerningy, the best domain of validity of the corre- A = axial aspect ratio of the annulua=L"/e’
lation is 2 deg<d,<17deg but it is still working up tod, Ai = area of inner cylinder
=22.5deg within a 10 percent accuracy. Finally, it can be con- C; = friction coefficient
cluded that overall accuracy of the correlation is about 3 percent. e' = rotor-stator gap widthe’ =r/s—r/
f = radial function,f=7r+1

5 Concluding Remarks G = torque acting on the inner cylinder

The three-dimensional computations discussed in the present h = heat transfer coz_ef_ﬂment
paper permit to accurately establish the domain of validity of the k = thermal conductivity
two-dimensional assumptions for the flow in a grooved annulus of L" = length of the annulus
finite length. It has been shown that a two-dimensional modeling Nu = Nusselt number
is valid provided that TaTa,= 1350, andA=40. A special atten- P = pressure )
tion was paid to check the circumferential geometric periodicity g = heat flux density
of the flow. According to those limitations, two-dimensional com- Jco = conductive heat flux
putations may be carried out to physically understand the influ- R = radius ratioR=r{y/r{
ence on the flow of each geometrical parameter and of the rota- Ry = radius ratio of the grooveRy=rqJr/;
Journal of Heat Transfer OCTOBER 2001, Vol. 123 / 847
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Re = Reynolds numbe(Eq. 6)
ri, res = radius of inner and outer cylinder, respectively
is = inner radius of outer cylinder
re = dimensionless inner radius of the outer cylinder,
re=(RyR—1)/(R—1)
T = temperature
Ta = Taylor numbenEq. 6)
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- Jamova 39, The Direct Numerical Simulation (DNS) of the fully developed velocity and temperature
1000 Ljubljana, Slovenia fields in the two-dimensional turbulent channel flow coupled with the unsteady conduction
Borut Mavko in the heated walls was carried out. Simulations were performed at cc_)nst_ant friction_
Reynolds number 150 and Prandtl numbers between 0.71 and 7 considering the fluid
Professor temperature as a passive scalar. The obtained statistical quantities like root-mean-square
L. Mﬁm- ASME temperature fluctuations and turbulent heat fluxes were verified with existing DNS studies
Jozef Stefan” Institute, obtained with ideal thermal boundary conditions. Results of the present study were com-
- Jamova 39, pared to the findings of Polyakov (1974), who made a similar study with linearization of
1000 Ljubljana, Slovenia the fluid equations in the viscous sublayer that allowed analytical approach and results of
| Baisié Kasagi et al. (1989), who performed similar calculation with deterministic near-wall
Van ajsic turbulence model and numerical approach. The present DNS results pointed to the main
Assistant Professor weakness of the previous studies, which underestimated the values of the wall temperature
Faculty of Mechanical Engineering, fluctuations for the limiting cases of the ideal-isoflux boundary conditions. With the results
University of Ljubljana, of the present DNS it can be decided, which behavior has to be expected in a real
1000 Ljubljana, Slovenia fluid-solid system and which one of the limiting boundary conditions is valid for calcula-
. tion, or whether more expensive conjugate heat transfer calculation is required.
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Professor
Mem. ASME Keywords: Channel Flow, Conjugate, Heat Transfer, Numerical Methods, Turbulence

Faculty of Mechanical Engineering,
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Introduction ideal isoflux thermal boundary condition and analyzed the differ-

The Direct Numerical SimulatiolDNS) became an important ingis between both types of boundary condition atPand Pr

research tool of the turbulent heat transfer in the last defhpe In order to reveal the details of the heat transfer near the wall

Review of the turbulent heat transfer research in that time is givg\ﬁth a given thickness and material propertigs, (Cou,\y) @
pw i Mw,

by Kasagi and lidd2]. Particular attention was paid to the DNSq5jed problem of turbulent heat transfer and unsteady heat con-

of the fully developed turbulent channel flow, as it reveals thg,ction in the solid wall has to be solved. Such conjugate heat
ba_S|c mechanlsr_ns of the cc_)nvectlve heat transfer between_ the\sfer was studied by Polyak$L0], Khabakhpasheyid1], Si-
fluid and the solid wall. The first such DNSs were made by Kirp,; [12], Kasagi et al[13], and Sommer et dl14]. They showed
and Moin[3]and Kasagi et a[4] at moderate Reynolds numbersgnalytically and experimentally, that the temperature fluctuations
and Prandtl numbers of about one or less. Later, Kawamura et the fluid-solid interface differ for different fluid-solid systems.
[5], Na and Hanratty6] performed DNS of the turbulent channelThe detailed study of conjugate heat transfer by Kasagi ¢1.3].
at Prandtl numbers up to ten. Kawamura et[d] studied the was performed with unsteady two-dimensional model of near-wall
influence of the Prandtl and Reynolds number and showed vetbulencgd15]and simultaneous solution of fluid energy equation
weak influence of the Reynolds number on the turbulent heatd equation for solid heat conduction. Kasagi ef 5] showed
transfer statisticémean temperature, RMS-fluctuations, turbulerthat in the experiments performed with air the wall temperature
heat fluxesjn the near-wall region. fluctuations are usually negligible. The experiments with water
All the simulations mentioned above used isothermal boundacgn be performed at almost isothermal boundary condition if a
condition for the dimensionless temperature, which correspondsthick copper plate is used as a hegt¢habakhpashevil1]) or at
the physical configuration where the fluid with negligible densityglmost isoflux boundary condition, if the heated wall is very thin.
heat capacity and thermal conductivity is heated by a thick walixperiments with near-isoflux boundary condition were per-
with high density, high heat capacity and high thermal conductifermed by Iritani et al[16]and Hetsroni and Rozenbl(t1 7] and
ity (thermal activity ratiok = \p¢Cp At 7pyCowhw— 0). Compari- Mosyak et al.[18]. Probably the most accurate measurement of
son of isoflux =) and isothermal K=0) boundary condi- thewall temperature fluctuations at almost isoflux boundary con-
tions has been given by Kong et 8], who performed DNS of dition was performed by Mosyak et &l.8]with water as a work-
the developing turbulent thermal boundary layer and observed g fluid. )
temperature fluctuations on the isoflux wall. Tiselj et[@]] per-  In the present work DNS was coupled with unsteady heat con-

formed DNS of the turbulent flume flow with ideal isothermal angluction in the wall. Simulations were performed at friction Rey-
nolds number Re=150 and Prandtl numbers between 0.71 and 7.

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF Results are compared with other DNS studies and with the Kasagi

HEAT TRANSFER Manuscript received by the Heat Transfer Division September &t @l. [13] study of conjugate heat transfer. The m_ain deficiencies
2000; revision received March 16, 2001. Associate Editor: D. Poulikakos. of the simpler and cheaper methods used for conjugate heat trans-
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fer calculations in the pa$l0,13]are discussed. Value of the wall At the solid-fluid interface the boundary conditions for tem-
temperature fluctuations for the ideal isoflux boundary conditigperature and heat flux are
is shown to be the crucial parameter for such simpler models, and

+_ ot

the most accurate predictions of the wall temperature fluctuations O = 0w, ®)
under ideal isoflux boundary conditions are obtained by DNS. 007 a6,
w

T ©

Governing Equations . , : - .
] ) Mean dimensionless temperature at both fluid-solid interfaces is
The flow in the channel is assumed to be fully developed. Bom(

T (v=~+ = i -
walls are assumed to have the same thickness, identical mat Wicsi, ;orezzrscgﬁﬁ]e(é/ to_bi)gaxdlzi’ztaba(ii,c\.l\m”e the outer wall bound
properties, and the same constant volumetric heat source. The
computational domain is shown in Fig. 1. The governing equa-
tions of the fluid, normalized with channel half widkh friction Numerical Procedures
velocity u,, kinematic viscosityrv, and friction temperaturd .
=0q,,/(u,p/cys) can be found in the papers of Kasagi et[4l] or
Kawamura et al[5]:

The fluid equations are solved with pseudo-spectral scheme us-
ing Fourier series ix andz directions and Chebyshev polynomi-
als in wall-normaly direction. Second-order accurate time differ-
A-G"=0, (1) encing(Crank-Nicholson scheme for diffusive terms and Adams-
Bashfort scheme for other terings used with maximum CFL

aut - - R numbers approximately 0.4 and 0.2 for=R3.71 and Pr=7 re-
= —v-(atah+ @V -Vp+1,, (2)  spectively. Numerical procedure and the code of Gavrilakis et al.
[19], modified by Lam and Banerj¢20] and Lam[21] are used
90" R 1 5 Uy to solve the continuity and momentum equations.
=-V.(0"6")+ Vi + —. 3) The two following major modifications of the code were per-
at Re,-Pr Ug X
formed for the present study:
The terms } (unit vector in streamwise directiprand uy /ug 1 Several energy equations with different boundary conditions

appear in the Eq42) and(3) due to the splitting of the tempera- (up to 40)are solved in parallel with a single velocity field solu-

ture and pressure gradients into mean and fluctuating part. Syigh. This approach reduces the CPU time but increases the re-

splitting is required by the numerical scheme that is using periodd'ﬁ,ired physical memory of the computer.

boundary conditions in the streamwise and the spanwise direc2 Heat conduction equations in both walls are solved with a

tions. ) mixture of spectral and finite difference method and coupled with
As can be seen from Eqgl)—(3) temperature is assumed to bee fluid energy equation. A natural approach is to retain the Fou-

a passive scalar. This assumption introduces two approximatiofs; series inx and z directions(the same series are used in the

(1) neglected buoyancy an@) neglected temperature dependencyid), while the remaining set of the first order partial differential
of the material properties—especially viscosity and heat condUé‘quations iny direction

tivity. Therefore, results of the present study are very accurate . s o -

only for the systems, where the temperature differences are not a0 kit+ki | 1 06 K

too large, while some caution is required for the systems, where st Re-Pr it Re -Pray" 2 d*7 N @)

the temperature differences are not negligible. The buoyancy can . ) L .

be for example neglected in the water flume experiment b?squed with Fhe Crank-NlchoIson finite difference scheme onan
Hetsroni and RozenblftL7], while the viscosity and heat conduc-8quidistant grid for each pair of wave numbéssk;. The tri-
tivity vary for approximately 10 percent in the range where tnheiagonal system of linear equations resulting from the Crank-

experiment was performed. Nicholson discretization has one more unknown variable then the
Dimensionless equation of heat conduction in the wall witRumber of the linear equations. This unknown variable is deriva-
internal heating i§see Kasagi et a[13]): tive ¢?¢9ifj/(9y++ at the fluid-solid boundary. The same derivative

" 1 (aafj/aw) remains unspecified also on the fluid side and is de-
a6 - ) termined from the boundary conditions Ed%) and (6). Tri-
gt Re-Pr diagonal system inside the wall is solved in three steps:

where V™2 is the non-dimensional Laplace operator, and 1 Despite the additional unknown variable on the fluid-solid

—K/d** dimensionless internal heat source. boundary the tri-diagonal system can be transformed into the two-
diagonal system. As a result of this transformation the following
linear equation is obtained on the fluid side of the fluid-solid
boundary:

LJ
/ 4 a6y b

++29+
0 =3

ﬁefr_)nJrl

[}
v, c. (8
Values of coefficients, b, ¢c are known, outer subscript “1” de-
N HEATED WALL 2 notes the boundary point and superscript+1” denotes un-
+ known values at time step+ 1.
C———"> FLOW 2 Equation(8) is used as a mixed type boundary condition for
o L the solution of the fluid energy equation, which is solved in the
T|Lm2n=2 « > second step. The value of the derivatigg',/dy** at the fluid-
d solid boundary follows from the known fluid temperatures.
3 The wall temperatures are calculated in the third step from
. zw XU the remaining two-diagonal system and known value of derivative
HEATED WALL 1 ' 96, ;1ay** at the fluid-solid boundary.
v Eq. (7) was first solved separately to test the accurégyd
refinement)and to estimate the time required to achieve statisti-
Fig. 1 Flow geometry cally steady state distribution of the temperature fluctuations in-
850 / Vol. 123, OCTOBER 2001 Transactions of the ASME
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side the solid wall. Different oscillatory boundary conditionserved only for the value of the wall RMS temperature fluctua-
(cos(kx+kz+wt)) with different wave numbers and frequenciegions in the isoflux boundary condition DNS shown in Figa3
were imposed on one side of the heated wall at time zero, keeping
the other side adiabatic. Propagation of the temperature fluctua¢2) Conjugate Heat Transfer Calculations at Pr=0.71.
tions inside the wall was observed at different wall thickness anglter the DNS with two ideal boundary conditions was finished,
material properties. These calculations predicted faster convgie conjugate heat transfer calculation was started. Since the tem-
gence for higher wave numbers and thinner walls. Predicted cqserature is a passive scalar and does not affect the velocity field,
vergence was similar to the convergence observed in DNS figp to 40 temperature fields are calculated with a single velocity
thick walls, while the DNS convergence for thin walls turned ouiield. The first temperature field is a reference field calculated with
to be slower than the convergence predicted by the separate s@deal isoflux boundary condition and other 39 fields are calculated
tions of Eq. (7). Finally, the same time interval was used tavith walls of different thickness and with different thermal activ-
achieve the development of the temperature fluctuations inside g}l ratios. The initial fluid and wall temperatures for all 39 fields
type of walls. Appropriate number of grid points inside the wall ifvere taken from the ideal isoflux field, while zero temperature
the wall-normally) direction was found to be between 2 points fofields were assumed in the walls. The new fully developed tem-
the thinnest wall §¢* *=0.5) and 40 grid points for the thickestperature field in the fluid and in the wall for each of the 39 fields
walls (d**=20,d" " =50.). were typically developed after dimensionless time interval 50 to
500v/uf, which is significantly shorter than the time required to

) achieve fully developed flow after the modification of the Rey-
Calculations nolds or Prandtl numbers. The time interval needed to achieve the
statistically steady state turbulent fluctuations in the heated walls

(1) Non-Conjugate Heat Transfer Calculations at Pr was observed from the value of the area averaged temperature

romperatLre fieds at the same. Prandt pumber but with difierdglS TUCIUations on the fiic-Solid inteface. |
o . After all thermal fields were fully developed the averaging was
types of thermal boundary conditions: isoflux and isothermal,

without wall heat conduction. For the air Prandtl number Ryerformed over time interval of 2400u?. Such time interval is
=0.71 computation, the DNS .computational domain wasasd roughly two times shorter than the averaging time interval of the

7 (2356 and 471 in wall unijsin the x and z directions, respec- typical DNS studies. However, as the temperature fluctuations of

tively. 128x64 Fourier modes and 97 Chebyshev polynomial@e fields with realistic walls were compared with the reference

were used in, z, andy directions respectivelfsee Table 1 for the emperature field with ideal isoflux boundary conditioR (

: . L 2 = Orms-eounpary! Orus-sorLux)» Such averaging turned up to be
S|mulat.|on paramete}sThe time ne re”?e”t was O']szu »andthe sufficient to calculate the values Bfwith statistical uncertainty of
averaging was performed over time interval 6600; after the

X oY ~ approximately 1 percent. If in the observed time interval the tem-
fully developed flow was achieved. One criterion used to judg§rature fluctuations at the wall are higher than the long time

whether the velocity and thermal fields are fully developed wag;erage value, then the same is true also for the reference field.
temporal behavior of the volume averaged bulk velocity and buie calculations have shown, that the temporal variations of the
te;mperatures(U}x,y,z,(6>wvz), that were acceptable W_hen _theyquotient<R>X = ( Oruis-BounpaRY) x 2/ { PrusisorLUX) x 2 are much

did not show any global increase or decrease over a time interé@lajier than the temporal variations of thS_BOUNDARY>X ,or

of a few thousandllui time units. Another criteria for fU”y de- <0RMS-|SOFLUX>X 7 Va|ues‘ and that even shorter time avera’ging pe-

veloped velocity and thermal fields were time and space averaggshs of approkimately 500/u? are sufficient.

values of friction velocity and the frictions temperatures, which T

had to be within 0.5 percent of their expected values.

The applied resolutionAx*=18.4, Ay*=0.08—4.9, Az*
=7.4)is equal to the resolution applied by Kasagi et al. in 199
[4] for a DNS with identical Reynolds and Prandtl numbers. Th
difference between the present DNS and DNS of Kasagi ¢t al.

(3) Non-Conjugate and Conjugate Heat Transfer Calcula-
jons at Pr=5, Pr=7. Second part of the analysis was DNS at
ater Prandtl numbers R5 and Pr=7. As it is shown by Kasagi
&t al. [13] these Prandtl numbers are of much greater practical
. . e o importance than Pr&.71 of air, since the thermal activity ratio
is two times shorter period indirection in the present DN&7 o the most of the water-solid systems is not negligibly small like
versusm), which is partially compensated with longer averaging, yhe case of air-solid systems. The thermal activity ratios for
period than in the calculation of Kasa@000 versus 2108/u2).  gifferent water-solid systems range from 0.04 for copper to 0.22
The results shown in the next section a&Rx71 are calculated as for |ead and 2.7 for Plexiglas.
described above, although another calculation was performed omhe DNS computational domain at+6 and Pr=7 is 57 and
the finer grid 192>145x96, time step 0.09/u and averaging 1.257 (2356 and 589 in wall units)n the x and z directions,
time 6000v/u§, which show that the agreement of the first-orderespectively. 168 80 Fourier modes and 161 Chebyshev polyno-
statistics is within the estimated statistical uncertainty of 0.5 pemials were used ix, z, andy directions, respectively. The spatial
cent. Slightly higher(2 percent)statistical uncertainty was ob- resolution for Pr=5 and Pr=7 DNS isAx*=14.7,Ay* =0.029

Table 1 Simulation parameters

Prandtl number Pr=0.71 Pr=7
Grid (%, , 2) 128x97x65 160x161x80
Computational domain in code units and in wall units Sz x2x 7 Sz x2x125x
2356x300x471 2356x300x589
Time step (v/u?) : 0.12 0.045
Averaging interval of non-conjugate heat transfer 6000 3600
calculation (v/u?)
Transient calculation for conjugate heat transfer 1200 940
calculation (v/u? )
Averaging interval of conjugate heat transfer 2400 560
calculation (v/u?)
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—2.95,Az"=7.4 (Table 1). Theoretically, the grid spacing in all 18
directions should be inversely proportional to the square root ol 16 .
Prandtl numbef22]. This requirement was taken into account in wl TTTTT Kasagi

the DNS studies of Kawamura et gh] and Tiselj et al[9], how- Present DNS
ever, as shown by Na and Hanraf8)] this requirement is prob- 12 -
ably too stringent. The grid refinement study of Na and Hanratty
[6] at Pr=10 showed that finer grid is not required in streamwise +
and spanwise direction and z), but is necessary in the wall-
normal directiory. Before the Pr= simulations were started, we 6
confirmed the Na and Hanratty{§] findings with DNS study at
Pr=5.4. In the DNS of Tiselj et al[9] the resolution at Pr5.4
was two times finer in all three directions comparing to the Pr 2
=1 simulation (256x129x128 at Pr=5.4 versus 12885x64 0
grid points at Pr=1 on the same computational domaiBNS at

Pr=5.4 repeated on the grid refined only yndirection (128 (a) 01 LA 10 100 1000
X 129x64 grid points)did not produced significant changes to the
first-order temperature statistics profiles: mean temperature, ten 60

-
® O
I

perature RMS fluctuations and turbulent heat fluxes profiles of | =====" Kawamura
Pr=5

both calculations were within the statistical uncertainty of 1 per- 50
cent. The wall RMS temperature fluctuations as the most sensitiv
parameter was 2 percent higher than in the DNS of Tiselj et al. 40
[11] and the peak of the RMS temperature fluctuations was 1
percent higher. =30
It should be mentioned that despite very good agreement of th
first order statistics, non-negligible differences were noticed in the 54
streamwise and spanwise spectra of 23@9x128 and 128
X 129X64 simulations at Pr5.4. These differences were not cru-
cial for the current study since the most important parameter—
RMS temperature fluctuations was predicted accurately, howeve 0
they will require further study of the resolution requirements for ' '
DNS at high Prandtl numbers. (b) 0.1 T y+ 10 100 1000
The DNS at Pr=5 and Pr=7 stated with two pairs of thermal
fields for ideal isoflux and ideal isothermal boundary condition§ig- 2 Profiles of mean temperature: (&) Pr=0.71; (b) Pr=5,
The time increment was 0.045u_2, and the averaging was per- =7
formed over time interval 360@/u§ after the fully developed
f!ow was achieved. After that, the conjugate ht;at Fransfer Calculﬁ'ress that the temporal oscillations of thegys.sounpart)xs
tions were performed only for Pr7 for 1500v/u7. Time averag- yajyes can be two to three times larger than the oscillations of the

ing was performed over the last 560U time interval(see Table maximums of the(9gys)x, profiles in Fig. 3. In other words:
1) and the statistical uncertainty of the raRavas estimated to be |onger averaging time or larger computational domain are re-

2-3 percent. quired for accurate predictions of thus.sounpary Values than
for the similarly accurate values of other statistics.
Results and Discussion Very similar 9gus.sounpary Value (approx. 2.0)and dgus pro-

file were obtained by Kong et dl8] in the study of the thermal

(1) Non-Conjugate Heat Transfer. The first part of the boundary layer at Re=300 and Pr=9.71. Comparison of the
discussion is devoted to the ideal isoflux and ideal isothermpiesent study and study of Kong et al. shows thatithgs profile
boundary conditions as the calculations with these two types @des not change significantly for Re150 or Re=300. Another
ideal boundary conditions set the limits for the conjugate heatudy, which gave thérys sounpary Value anddgys profile was
transfer calculations. Beside that, the DNS with ideal isothermpgérformed by Kasagi et al. in 19843]. This study predicted
boundary condition is used for the verification of the present cafirus-sounpary Values 1.8 and 5.8 for Pré:71 and Pr=7, respec-
culation with the DNS results of Kasagi et fd] at Pr=0.71 and tively, however, the turbulence modéhot DNS) was used to
Kawamura et al[5] at Pr=5.0. Figures 2—7 show that agreemensimulate the temperature fluctuations. Values of the
with DNS of Kasagi et al[4], which was performed at the sametrus-sounpary aré very important also because they can be veri-
Reynolds number Re=150 and Pr=0.71, is within the expected fied with the measurements. Probably the most accurate measure-
statistical error. Slightly larger differences are seen between thent was obtained by Mosyak et fl8]in a horizontal turbulent
present DNS at RPr5 and DNS of Kawamura et aJ5] at the channel heated from above. Very thin stainless steel foil was used
same Prandtl number. Kawamura’s DNS was performed with fs a heater and thermal images were taken from the top side of the
nite difference numerical scheme at slightly higher Reynoldsil with infrared camera. Boundary condition in this experiment
number Re=180 and beside the statistical error these might beas very close to the ideal isoflux. Value of thigys.sounpary
additional reasons for the notable difference in the mean temperaeasured by Mosyak et 18] at Pr=5.4 was 9.3 and is higher
ture profiles in Fig. to). than the theoretical results predicted by Kasagi el@] and the

One of the most important parameters—profile of RMS tentesults of the present study.
perature fluctuations—is shown in Figga®-3(b). Results shown  Figures 4 and 5 show very similar behavior of streamwise and
in Fig. 3 are in agreement with results of Tiselj et[@], where wall-normal turbulent heat fluxes for both types of the boundary
similar calculations have been performed atRE71 and Pr=1  conditions. Differences can only be seen in the near-wall layer of
and Pr=5.4. Values of theYgus.sounpary at the wall for isoflux  thicknessy* ~15 for Pr=0.71 andy " ~6-8 for Pr=5—7. These
boundary condition are 2.05, 7.0 and 8.8, for Prandtl numbengar-wall layers represent also the influence range of the tempera-
0.71, 5, and 7, respectively. The statistical errors of theire boundary conditions. Influence of the thermal boundary con-
Yrvs-BounDARY Values were estimated to approximately 1 perceuditions is negligible at the larger distances from the wall. The
for Pr=0.71 and 3 percent at P5 and Pr=7. It is important to influence range of the temperature boundary condition is impor-
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Fig. 3 Profiles of RMS temperature fluctuations: (a) Pr=0.71; ) ) .
(b) Pr=5: (c) Pr=7. Fig. 4 Profiles of the turbulent axial heat flux: (a) Pr=0.71; (b)

Pr=5; (c) Pr=7.

tant for the analytical approximation of the conjugate heat transferbulence, is long enough also for the passive scalar fields, de-
that was performed by Polyakd0]. He linearized the energy spite the behavior of the streamwise two-point correlation at isof-

equation in the laminar sublaygi” <6 and found analytical so- lux boundary condition.

lutions for the conjugate heat transfer problem. Present resultsThe spanwise auto-correlation functions of temperature are

show that this approximation might be acceptable fo=®+7 shown in Figs. 7(a)and 7(b). Minimums of functions in both

but is not very accurate for Pr0.71 calculations. Figures show, that the high temperature streaks do not coincide

Figs. 6(a), 6b) show the streamwise auto-correlation functionwith the low speed streaks exactly. As seen from Figa) @nd
calculated near the wall. Both Figures show that the aut@{b) the minimums are not necessarily at the distante-50,

correlation functions at isoflux boundary condition decay to zerghere the minimum of streamwise velocity auto-correlation func-
at slower rate than the functions calculated with the isotherm@bn appears. The temperature, which is merely a passive scalar,
boundary condition. Because the auto-correlation functions @bes not affect the turbulence and the coherent structures in the
isoflux boundary condition do not decay to zero in the comput@oundary layer. Thermal field is just a media, which reflects the
tional domain used in the present work, a test DNS was performsilucture of the flow and can be used as such to get an insight into
also in two times longer computational domain atRc71. The the turbulence. However, the picture obtained through the tem-
differences between the present DNS and DNS in a longer domaierature is slightly deformed picture of the real flow field. This

did not show any differences larger that the statistical uncertaintgeformation” is seen in Figs. (&) and 7(b)that show the thermal

The results indicate that the periodicity length in the present worfield near the wall, which can exhibit thermal streak spacing that

which is long enough for the velocity field as an origin of thes larger(Pr=0.71 and isoflux BCor smaller(Pr=7 and isother-
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Fig. 6 Two-point streamwise correlation of temperature fluc-
tuations: (a) Pr=0.71 at y*=6.5 (Kasagiat y*=5.1); (b) Pr=7 at
1 y*t=1.0.
0.9 —— isothermal
0.8 3 A i fl .. . . .
0.7 | Sofiux dition was achieved in KhabakhpashejHl] experiment by a
’ thick copper plate K=0.04), and almost isoflux boundary con-
A 0.6 - dition was achieved by Hetsroni and Rozenfli7] and Mosyak
K 05 et al.[18] with a thin constant foi(K=0.12—-0.18d* *=<0.08).
v 0.4 - Figures 8(ajand 8(b)show the influence of the thermal activity
03 4 ratio K on the dyys fluctuations for P+7 and wall thickness
: d**=20, which are very close to the results for the infinitely
0.2 1 thick wall. Fluctuations in the fluidFig. 8(a))are limited with the
0.1 4 results calculated with the ideal isoflux and ideal isothermal
0 ts st , : boundary condition. Figure(B) shows decay of the fluctuations

© 0.1 1 y+ 10 100 1000 inside the wall. Results in Fig(&) were obtained from the results

averaged over 560/u? time interval with normalization:
Fig. 5 Profiles of the turbulent wall-normal heat flux: (a) Pr
=0.71; (b) Pr=5; (c¢) Pr=7.

n N Irus-1sorLux Y ) ss00
Frus(Y ) = Frus(y ) 560 -
Orms-sorLud Y )seo

and results in Fig. @) were normalized as
mal BC) than the corresponding low speed streak spacTigglj

. 9 ++=0
et al.[9]). Further study of the relation between the temperature §q,((y* )= Frus(y" *)560 RMS-1SOFLUXY — )3‘500,
and velocity field in the near-wall layer is especially important for Yrusasorud Y =0)se0

the experimentgfor example Hetsroni, Rozenblit7]), where the where subscripts “560” and “3600” stand for the quantities ob-
properties of the turbulent flow are studied through the images gj

ined with averaging over 560 and 36@@2 time units, respec-
the temperature field. The analytical approach similar to the Jelv. Values (?f gcorrection factorsﬂT () pd
proach of Polyakoy10] can be useful when the near-wall defor- Y- . . 7 RMS-ISOFLU Y )3e0
mations are studied. Yrus-sorLuxd Y )seo @re maximal ay™ =0 and are gradually de-

creasing with increasing distance from the wall. Maximal values
(2) Conjugate Heat Transfer. Second part of the resultsin Figs. 8 at are: 1.08K=0.1, K=100), 1.05 K=5) and 1.09

and discussion is devoted to the results of the conjugate héKt=0.5, K=1) (Three different calculations were performed at
transfer simulations. As pointed out by Kasagi et[dl3], the Pr=7 due to the computer memory limitations

thermal activity ratio of air flow is very small for all practical wall ~ Figures 9(ajand 9(b)show the influence of the wall thickness
materials. On the other side, the thermal activity ratios for that constant thermal activity ratid=1. In that case the upper limit
flow of water are large enough, that in the combination with this set by the ideal isoflux BC profile and the lower limit is set by
varying wall thickness, almost all kinds of boundary conditionthe infinitely thick wall (d**=20 in Fig. 9(a)). Regarding the
can be achieved in experiments. Almost isothermal boundary caamperature fluctuations inside the wall shown in Fidp)9it can
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be noted, that for the very thin waltlf ©<0.5), the magnitude of  (b)

the fluctuations on the isolated outer side of the wall remains ! )

practically the same as on the side exposed to the fluid. This"g: 8 Profiles of RMS temperature fluctuations at Pr =7 for
especially important for the experiments with very thin foiﬁ' erent the.rmi' af‘ft'.‘ng I‘atéOSﬂ K and ;hu:_la Wi" d“ =20: (a)
[17,18], where the temperature field was measured by the infrar gtuations in the fluid; (b) fluctuations inside the wall.
camera on the outer side of heated foil. Correction factor applied

for results in Fig. 8 was applied also for results in Fig.

A . " N
Svasmla)(;'gmal correction factor a* =0 for all results in Fig. 9 thick constantan foil heated by AC current and cooled by water at

Figures 10(ajand 10(b)show the main result of the conjugateReynolds number Re5100. The same DNS is also very close to

; ; _ ++
heat transfer DNS. Rati®, shown in Figs. 10, stands for th the experiment of Mosyak et al18] with K=0.12 andd
=0.08 where the measured value of the wall temperature fluctua-

Jrums fluctuations on the fluid-solid interface normalized by the . =
value of thedrys fluctuations of the ideal isoflux wall. Points in%ons at Er=5.5 was 9.3. The D.NS predlct®—0.930i0.005
and practically the same fluctuations on the inner and outer side of

which the DNS was performed are denoted with™and con- he h d foil with the absol | f th I
nected with solid lines. Dashed lines witk™denotes the results ('€ heated foil with the absolute value of the wall temperature
ctuations 8.2 at Pr#, which corresponds to approximately 7.0

of conjugate heat transfer calculations obtained by Kasagi et Q < h X
[13]with a turbulent model. The same thermal activity ratios werdt Pr=>:5. This results is closer to the measured value than the
result of Kasagi et al.13] study.

chosen in the present study as in the study of Kasagi ¢1.3l, ) s . .
while the thickness of the wall were slightly different. Fig. 10 2 The DNS withk=0.04 andd " " =50 which approximately
shows that Kasagi et al. obtained very good approximations of th@"esponds to experiment of Khabakhpashpl/d with thick

R ratio with their turbulence model. The main difference is fastéPPPer plate cooled by water at Prandtl number betweenSPr
decay of theR ratio predicted in13] for both Prandtl numbers and Pr=7. The_results o_f Khabakhpasheva are important because
and for all thermal activity ratios. This is presumably due to thE1€Yy Were obtained at different Reynolds numbers between 11,500
spectra of their turbulence model, which focused on the coheréfitd 61,000 and show very weak influence of the Reynolds num-
structures but seemed to underestimate the contributions of on the wall temperature fluctuations. Value of wall tempera-
low frequency and long wave number oscillations. The decay Bff¢ RMS fluctuations measured by Khabakhpasheva was 0.3

the realistic low frequency and long wave number oscillations 5 9-03- The DNS at Pr.0 predictedR=0.047=0.005, which

slower and is probably responsible for most of the differences jA€ans an absolute value of the dimensionless temperature fluctua-
Figs. 10(a)and 10(b). tions between 0.33 and 0.41 at=P$.0 and Pr=7.0, respectively

Two other DNS studies of conjugate heat transfer were pdiR=0.047 calculated at Pr7 was used also for the PS5 esti-
formed for Pr=7: mate). Due to the limited accuracy of th¥yys.waL Measure-
ments of Khabakhpasheva, we cannot prove that the present DNS
1 The DNS withK=0.18 andd* *=0.06, which corresponds study gives more accurate results than the approach of Kasagi
to the experiments of Hetsroni and Rozenplit] with a 50 um et al.[13].
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Fig. 9 Profiles of RMS temperature fluctuations at Pr =7 for ) 1 1+d 1o 100
thermal activity ratio  K=1 and walls of different thickness  d**:
(@) fluctuations in the fluid;  (b) fluctuations inside the wall. Fig. 10 Ratio of the RMS wall temperature fluctuations to that
on the ideal isoflux wall:  (a) Pr=0.71, (b) Pr=7. Solid lines with
“+" and “—" for uncertainty denote the present DNS results,
dotted lines with “ x" are results of Kasagi et al. [2].
Conclusions

The turbulent heat transfer coupled with the unsteady condyc- . . .
tion in the heated wall was analyzed with Direct Numerical Simtfolyakov[loj and Kasagi et a[13]. Thus, simpler mathematical

lation of the fully developed velocity and temperature fields in th@OdeIS ﬁ.rle rt(;:\]com?wenfd?r(]j f()Dr’\tlge.cotnjut?ate he?]tt tran.sfler.catlﬁula-
two-dimensional turbulent channel. Simulations were perform«%@ns’ while the Tole of the IS to be sought mainly In the

at constant friction Reynolds number Rel50 and Prandt num- tuzltns?ug:lth:rgﬂggf tigr\s/allnuéhﬁfstlrrlgp\l/s;lmggwelse'r;r&?er?ﬁitt&gtri);;
bers Pr=0.71, 5, and 7, considering the fluid temperature as g parar X mp
passive scalar. calculated with ideal isoflux boundary condition.

As results the statistical quantities of the thermal fields are
given. It is shown that the influence of the thermal boundary codcknowledgments

dition is approximately 15 and 6 wall units for #0.71 and Pr 15 quthors are grateful to the Ministry of Education, Science

=7 respectively. and Sport of the Republic of Slovenia Marand d.0.0.-SUN Micro-
Rgsu]ts of the conjugate heat transfer study.w.ere compareds%tems Inc. Service Provider in Slovenia that enabled the use of

the findings of Kasagi et aJ13]that performed similar conjugate yoir myiti-processor SUN computers, and to Israeli High Perfor-

heat transfer using a deterministic near-wall turbulence mocﬁtﬁ nce Computing Unit-IUCC that ob’tained the resources on the

rather than DNS. The present DNS confirmed most of the Kasgg, multi-processor computer.

gi's conclusions. The main improvement of the present DNS study

comparing to the results of Kasagi et fl3]is prediction of the

value of the wall temperature fluctuations calculated with ide&lomenclature

isoflux boundary condition. Higher values are predicted by the a, b, ¢ = coefficients of linear equation

present DNS study, especially at Prandtl number Pr Differ- c, = specific heat at constant pressure

ences are visible also in the conjugate heat transfer charts given in d = wall thickness

Fig. 10, which can be used to estimate the value of the tempera- h = channel half width

ture fluctuations on the fluid-solid interface of the realistic experi- k = wave number

mental devices. K = JpiCphi/puCpwhw thermal activity ra-
Due to the large uncertainty of the available experimental re- tio

sults it is currently not possible to conclude that the DNS results L,,L3 = streamwise and spanwise length of the

are superior to the results obtained with less accurate models of computational domain
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pressure
Prandtl number
wall-to-fluid heat flux

Orms-Bounpary! Orvs isorLux Wall tem-
perature RMS fluctuations normalized
by the value of ideal-isoflux fluctuations
2hug/ v Friction Reynolds number
auto-correlation function ix direction
auto-correlation function iz direction
time
Ow/(U,piCpy) friction temperature
velocity components i, y, andz direc-
tions

J7w I p friction velocity

bulk mean velocity
streamwise direction
wall-normal direction
spanwise direction
M (pcp) thermal diffusivity

1, if i=j=0

0, all otheri,j pairs

(Ty,—T)/T . dimensionless temperature
difference
thermal conductivity

kinematic viscosity
density

unit vector inx direction(1,0,0)
averaging in the directions denoted by
the subscripts

Subscripts and Superscripts

Ow
Ot
]
oM
()++
RMS

RMS-BOUNDARY

RMS-ISOFLUX
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Heat transfer in a rotating rib-roughened duct was simulated with a Lagrangian dynamic
subgrid-scale model. The angled 60 deg rib induced a pair of strong vortices in the
stationary condition, and the heat transfer and the friction factor were larger than the 90
deg rib case. In the rotating condition, the high heat transfer areas at the midpoint
between ribs and in front of the rib were observed only on the trailing wall. The friction

factor and overall Nusselt number were decreased by the duct rotation for 60 deg rib
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1 Introduction transfer of blade cooling to a certain extent, even the Reynolds

In the development of high performance gas turbines, effectiph &S equation mode! _has empirical constants and functions, and
blade cooling is essential because the higher efficiency of tHeerefore the applicability of the model should carefully be exam-
turbine requires a higher inlet gas temperature. Generally, tHed. Recent advancement in computers enables us to numerically
blade cooling is performed by film cooling at the external surfacémulate the fluctuating components of the turbulent flow by using
of the turbine blade and also by internal forced-convection codi€ large eddy simulatiofLES) or the direct numerical simulation
ing which uses winding flow passages inside the turbine blad®NS). Because LES and DNS directly resolve temporal variation
The film cooling is an effective cooling method, but it lowers thef the fluctuating components, the results are more universal, in
fluid dynamic efficiency of the blade and the thermal efficiency afther words, more free from the empirical modeling than the
the thermodynamic cycle by ejecting air to the blade surface aR&ynolds-averaged turbulence models. Although LES has empiri-
consequently by lowering the gas temperature. Therefore, the fual constants and functions, the modeling of the turbulence is
ther advancement of the internal cooling is needed. In intern@nfined to the subgrid-scale turbulence, and therefore the effect
forced-convection cooling, the real phenomena are very complif the empirical modeling on the result is ideally less than that in
cated due to external forces: the Coriolis force and the buoyangie Reynolds stress equation model. So far, the turbulent flow in a

force in the centrifugal acceleration field. In addition to thesgiationary smooth duct with a square cross section was solved
external forces, the effects induced by a 180 deg sharp turn ahrgjng DNS[14,15]and LES[16,17].

turbulence promotergibs) installed on the thermally severe op-

A - The authors’ group has performed heat transfer measurements
posing internal-surfaces result in phenomena that are far fr

059 using thermocouples in both stationary and rotating conditions
understood1]. : .
. —4)]. Recently, numerical analyses were also performed by using
As for the local heat transfer of a rib-roughened duct, seve . . -
dynamic subgrid-scale model for a rotating smooth duct of

researchers investigated the spatial variation of the local héat: h i 81 and rect 519 dth
transfer with various techniques: wall temperature measurem ich cross section was squd@8] and rectangular19], and the

by using thermocouple2—4], the naphthalene sublimation techtechnique was further applied to a rotating 'transversely rib-
nique [5,6], and wall temperature measurement by usir{ﬁugh_ened duc{20,21_]. In our previous numerical results, the
temperature-sensitive liquid crystif—9]. In these studies, the ollowings were examined and clarified: the effect of duct cross-
heat transfer variation induced by the flow separation and re&gctional aspect ratio on the Coriolis induced secondary flow, the
tachment behind the rib was captured to a certain extent. Hoglissimilarity between velocity and temperature fields induced by
ever, it is difficult to perform experiments in a rotating conditiorthe flow separation and reattachment around the ribs, and the very
which can identify the flow structure and its influence on the hehigh heat transfer area located in front of the ribs which was
transfer. Thus, further progress in experimental studies has so ¢aused by the unsteady movement of the separation bubbles there.
been prevented. However, because of the Cartesian coordinate limitation, only the
In previous numerical studies of rib-roughened ducts, theansverse rib case was treated in the previous study, and therefore
Reynolds-averaged Navier-Stokes equation with a turbulengg: effect of the secondary flow induced by angled ribs on the heat
model was solved for transvergg0] and angled11,12]rib con-  transfer has not been discussed yet.
figurations. Launder et al13] pointed out that in order to quan-  Thjs study examines the effect of the angled rib on the flow and
titatively simulate the flow in a rotating system, the second M@eat transfer by performing the large eddy simulation of a fully
ment closure, that is, the Reynolds stress equation model, i§&eloped turbulent flow and heat transfer in a rib-roughened
minimum requirement considering a non-isotropic effect of thgquare duct. The dynamic subgrid-scale model was adopted con-

Coriolis force on turbulence. Although this approach using thgqering the highly three-dimensional flow structure of the rib-

Reynolds-averaged turbulence model could reproduce the h%’ﬁghened duct. The effects of the flow separation and reattach-

Comtributed by the Heat Transfer Division blication in HEUANAL OF ment caused by the ribs, the secondary flow induced by the angled
ontrioute:! Yy the Heal ranster Division 1or publication In - T B

HEAT TRANSFER Manuscript received by the Heat Transfer Division December 11r,|bs'.and the CO”F’“S for.ce on the heat transfer are .exammed by
1999; revision received March 22, 2001. Associate Editor: J.-C. Han. making a comparison with the previous transverse rib €2%¢
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2 Numerical Analysis The temperature was made dimensionless by using a bulk tem-

Figure 1 shows the computational domain and coordinate s%e_rature,Tb, and a friction temperaturd,, as¢=(T—Ty)/T, .

tem used in this study. The duct had a square cross section wit ca{:or_dingly, the dimensionless energy equation was deri_ved for
side length oD which is the hydraulic diameter. The coordinatd"® grid r_esolvable componerd, In order to ad_opt the co_ordln_ate
system was fixed to a rotating duct which had an angular velocyStem fitted to the angled ribs, the governing equations in the
of w. The streamwiséradially outward)direction was chosen in art_e_5|an coordl_nate(sx, y, 2) were transformed into _generallzgd
the z direction; thex andy directions were transverse and perpercUrVilinear coordinate, », ¢). Although a slanted grid system is
dicular directions to trailing and leading walls, respectively. Ribgnough for the present angled straught rib cases, the computer
were installed on the trailing and leading walls with the rib angid@regram can deal with the fully generalized curvilinear coordinate
¥. In this study, the buoyancy force was ignored, and the case Stém considering future extension of the subject. The governing
¥=60 deg was, treated. By assuming the periodicity of the ﬂoghuatlons in the curvilinear coordinate system can be expressed as

field with the streamwisely repeated ribs, streamwise one sp{OWs [26]

was chosen for the computational domain. The cross section of the 1 93U

rib was squarégside lengthe, of 0.1D), and streamwise pitchR, = — =0, 2)

was set equal to the hydraulic diametBr, This rib arrangement J ¢

gave the rib height-to-hydraulic diameter rat&@D, of 0.1 and — — j o= j K 5

the rib pitch-to-rib height ratioP/e, of 10. This rib arrangement % = _Ujﬂ_ ﬁ ﬂ’, + i ﬁ i ﬁ ﬁ&)

was chosen because it was within the previously reported optimal 9t 9§ ax; 98" Re, dx, 9& | ax, 9§

range[22,23]. The rib angle, 60 deg, was chosen as the angle K or

which gave the maximum heat transfer in the study of Han et al. i 9¢€" 77ses; . 3)
ok T Fi

[24]. ax; 9§

The present procedure of the numerical analysis is the exten-_ - _ —

sion of our previous procedufé8-21]to the generalized curvi- ¢ _ — 6 2w 1 98 0 [0& 96| g Jascs

linear coordinate system. After applying a filtering operation togt ~ = g& V_V_m+ Re Prox, o8 | ox, 9&k (9_xj agk

the incompressible Navier-Stokes equation with a filter width 4)

equal to the grid spacind 6], the dimensionless governing equa- = . .
tions scaled by a length scalé(=0.5D), and mean friction ve- where U! is a contravariant component of velocity, and the
locity, u, , become a set of dimensionless governing equatioflowing  expressions  are laszsugned: J=d(x.y,2)/
with respect to grid resolvable components indicated by overbate: 7:¢), (X1.X2,%3)=(x,y,2), and €",£%,&°)=(¢,7.0).

as (U,0,w) under the assumption of constant fluid properties. In Subgrid-scale components of stressgges;, and energy flux,
order to simulate a fully developed situation, the pressure aD@G%, are expressed as follows:

temperature fields were decomposed into the steady and stream-

wisely linear component and the remaining comporést]. By TSG$j:2VSGSS,j , (5)
this decomposition, the pressure and temperature fields became .
periodic in the streamwise direction. As shown in Ef, F; is an vsgs 9E¢ 36
external force term including the Coriolis force. The buoyancy ¥seg ™ @TXIF (6)

term was ignored in this study. The mean pressure gradient term
(with a value of 2)was added to the external force term as folwhere

lows: _1/egkgu;  9& au;
S$i=5| 5 78 o 78 Y]
0 2 (9Xj 23 X d€ '
Fi=| 2Raw |, (1) — ==
| —2RQ,v+2 vses= CEAZV2S;S;, (8)
Because the mean pressure gradient which drove the flow in the A=(AxAyAz2)™? 9)

streamwise direction was set to be constant in this study, the flomin our previous studie§18-21], the dynamic subgrid-scale

rate varied depending on the flow conditiofn angle and rota- model developed by Germano et f27] was used in order to
tion number); therefore, the flow rate was not knoavpriori, and  cajculate the value o5 as a function of spatial location with the
the flow rate was calculated from the resultant computed floyapje computational procedure of Lil[28]; Cs was averaged
field after the fully developed condition was attained. taking advantage of the symmetric property in the transverse di-
rection in addition to the time averaging in order to exclude nega-
tive values ofCg. However, the angled rib case of this study has
no geometric symmetry in the rotating condition, and therefore we
Computational Region Leading wall D adopted the Lagrangian dynamic subgrid-scale model of Men-
(One span between ribs) eveau et al[29] which averages the value @fg along the path-
line for a certain distance, art@ was calculated from the follow-
ing equations:

ILM

—— Cé=r—, (10)
1 [mm
/F/' X U Angled ribs where
e ——— (cross section:
== — 01D x 0.17) dlim T 1 LM —1ih) (11)
” Left wall"Flow ¥y \Right wall ot LM trel_ax ijViij—Im /s
~ Trailing wall
. i al 1
@7 Axis of Rotation MGl (MM =), (12)
relax
Fig. 1 Schematic of a rotating rib-roughened duct and a grid _
system fitted to angled ribs trotax=1.5A(1 Lyl wm) Y8, (13)
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—_—

Lij=uiu;—did;,

—[ = A
M;;=2A |S‘Sij* s
A

When solving Eqs(11) and (12), the left-hand side of the equa-
tions was approximated by using multilinear interpolation as pe
formed by Meneveau et dl29], and the computational load was
reduced. The turbulent Prandtl number for the subgrid-scale co
ponent, Pgss, was set to 0.530]. The width of the test filter was
double the grid spacing and the space filter was accurate to fo

order.

Discretization was performed by a finite difference method u
ing the collocated grid systefi26]. The spatial and temporal dis-
cretization schemes were similar to those of Gavrildlkis]: the
second order central differencing method and the Crank-Nicols
method for the viscous term and the second order differenci
method satisfying the conservative property and the second or
Adams-Bashforth method for the convective term. The exter

IS=V2S;s;.

2
) |é|éj).

(14)

(15)

(16)

boundary conditions of the intermediate velocities and the pres-
sure were set following the procedure of Kim and Mp&2] and
Zang et al[33].

The grids in the physical domain were contracted to both the
walls and the rib surfaces by using a tangent hyperbolic function
(see Fig. 1). The grid number wasX47x47, and this grid con-
figuration gave a grid spacing d&fx*=1.0-38,Ay*=0.6-52,
andAz* =4.0-28. The effect of the grid spacing on the computed
result was checked by increasing the grid number t& 71x71
Ax"=0.7-25,Ay"=0.4-34, andAz" =2.3-18) for several

1ses, and no major difference was obseritbe grid spacing
effect will be shown later in Tables 2 and. 3'he verification of

Jfhg present computational procedure was also performed for the

smooth straight duct as was performed in Murata and Mochizuki

£;8], and the agreement with the previous DNS results for the

straight smooth square duct in stationary conditi@4,15]was
almost the same as that seen in Murata and MochiZl&]: the
Bﬂmparison was made in the mean velocity profile, the three com-

sity of the Prandtl's second kind. The time step interval was

g&nents of the turbulence intensities, and the secondary flow in-

nAf=1.0x10"*, which can be expressed @t *=0.035 when

force term was also treated by the second order Adams-BashfdRBde dimensionless by an inner time scades. The computa-
method. The pressure field was treated following the MA@oON of the rotating case was started using the result of the station-
method[31], and the algebraic equation for each variable wady case as an initial condition. The calculations were carried out
solved by using the SOR method. The computational domain wigs120,000 steps to fully develop the flow. After the initial 120,000
one span between streamwise consecutive(sbs Fig. 1)and its steps were performed, additional 400,000 st¢ps40 or t*
dimension was X2X2 in X, y, z directions, respectively. This =14,000) were performed for computing the statistical values.
can be expressed by using an inner length scaler, as 700 This 400,000-step computation needed about 76 CPU hours using

X 700x700.

an NEC SX4B. In this study, the second order scheme was used

The turbulent Reynolds number, Re-u,//v), was 350, and because of its lighter computational load in order to obtain statis-
the rotation number, Rd=w//u, ), was 0 and 1.0. The Rey- tically steady results by increasing the total time steps. The influ-
nolds number, Rg, defined by the mean velocity and the hydrauence of the order of the scheme was discussed in detail in Murata
lic diameter was about 4110 and 3150 for 90 deg and 60 deg Ad Mochizuki[21], and it was verified that the difference be-
cases, respectively, for the stationary condition. In Table 1, tfi&een the second and forth order of the scheme did not change the
dimensionless numbers of Rand Rq defined by using the fric- results. Further accuracy evaluation of the present numerical
tion velocity are converted into Reind Rq, defined by using the scheme was performed by performing additional computations
mean velocity. As explained above, the value of,Res calcu- with the same rib arrangement as the experiments of Chandra
lated from the result of computation; Revas not knowre priori. Nt b | \ AN f
At the wall boundary, no-slip and constant heat flux condition@sults was good, and it will be discussed in detail in Section 3.2.
were imposed, although the rib side surfaces were set to be adia-

batic. The adiabatic condition at the rib side surfaces was adoptfd

et al.[5]. The agreement between the numerical and experimental

Results and Discussion

to preserve the linear increase of the bulk temperature of the flow

and also to consider the previous experiments in which the ribs3 1 Flow Behavior Induced by the Angled Ribs. Figure 2
were not heated. An additional computation with the constant h%ws the time-averaged velocity vectors of the 90 deg rib case in
flux condition at the rib side surfaces was also performed, andfife y-z plane at two transverse locations. In the figure, left and
was verified that even when the rib side surfaces were heated, fiigt figures are for stationary (Re=0) and rotating (Rp=1)
conclusions of this study were not changed. At the inlet and outlgénditions, respectively. Near the rib top surface at the entrance
boundaries, the periodic boundary conditi@s] was imposed in (z=0), the large inward-pointing velocity vectors are seen in the
order to obtain a fully developed flow. The validity of the onefigure. This velocity vectors were also observed in the fine grid

span computational domain with the streamwise periodic bou

olution case of 71¥1X71, and therefore it is not due to the

ary condition was examined by computing the streamwise onggmerical errors but reflecting the real phenomena caused by the
and three-span cases with the same round-type ribs as use@ti8ng flow passing beyond the rib. In the stationary case, the
Banhoff et al.[12] and Stephens et dl11], and no major differ- time-averaged vectors show the flow separation behind the ribs
ence was observed between one and three-span results. \Jhch is symmetric with respect to the horizontal planeyefO.

Table 1 Dimensionless number range
and its conversion into the conventional form

(Rex,Rox) of this study
(Rep,Rop);

the

data of the 90 deg rib are from Murata and Mochizuki [21].
Ve 90deg 60deg
Rex 350
Ro+ 0 1.0 0 1.0
Re,, 4106 3959 3148 3645
Ro,, 0 0.354 0 0.384

860 / Vol. 123, OCTOBER 2001

Due to the change of the transverse location, the velocity profile at
aroundy =0 changes more drastically than that around the ribs. At
the transverse center of the rotating c#bey. 2(b) right), the
higher intensity of the flow passing beyond the upper rib on the
trailing wall is seen because the Coriolis induced secondary flow
transports the fluid momentum from the leading side to the trailing
side at the transverse center. On the contrary, near the side wall
(Fig. 2(a) right) the flow directed from the trailing side to the
leading side dominates, although the strong recirculating flow
passing beyond the upper rib still exists.

Figure 3 shows the velocity vectors of the angled 60 deg rib
case in the/-z plane at three transverse locations because there is
no transverse symmetry in this angled rib case. In the stationary
condition(left figures), the flow passing beyond the ribs reattaches
intensively near the left wallFig. 3(a) left). On the other hand,
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° Leading z 0 Leading ! --0.58 2
(b)

)

Fig. 2 Time-averaged velocity vectors in  y-z plane at trans-
verse two locations (90 deg rib; left and right figures are for
Ro, =0 and Ro, =1, respectively. The scale in each figure indi-
cates the vector magnitude ): (a) near left wall (x=-—0.9); and
(b) at transverse center (x=0).

IR ESORE Rttt} -0

1 z-1.09 ?
near the right wallFig. 3(c) left), the dominant flow induced by @
the _angled ribs is directed from th‘? upper af‘d Iov_ver walls to ﬂﬁ . 3 Time-averaged velocity vectors in -z plane at three
Vert_'c"?‘l center ¥=0). In the rotating caseright f_lgures)_, the digerent transverseglocations / (60 deg rib; Iejg/;endp is the same
Coriolis induced secondary flow forces the velocity profile to bgs that of Fig. 2): (a) near left wall (x=—0.9); (b) at transverse
shifted to the trailing wallpressure surface and upper wall in theeenter (x=0); and (c) near right wall (x=+0.9).
figure) at the transverse centéFig. 3(b) right). Near the right
wall (Fig. 3(c) right), the flow directed from the trailing wall to
the leading wall dominates. Near the left w@lg. 3(a)right), the and 6, the time-averaged three velocity components on the nine
size of the flow separation behind the Ieadlng-SIde rib becomﬁﬁes of intersection between thrga p|anes of F|g 3 and three
larger than that behind the trailing-side rib. - &m planes of Fig. 4 are shown.

Figure 4 shows the time-averaged velocity vectare’f inthe ~ Figure 7 shows the time-averaged velocity vectors intfe
&m plane which is parallel to the 60 deg ribs at the three differeplane which is parallel to and at a half of rib height from the
streamwise locations. In the figure, the value in &g plane is  rib-roughened wall. In the stationary 90 deg rib case of Fig),7
projected onto the-y plane, and the streamwise locations @88:  the reattachment point is seen at abpatl as the location where
at rib location(rib streamwise centgr(b) at the midpoint between the velocity vectors become zero in their magnitude and change
the consecutive ribs, ar(d) in front of the ribs(a half of rib width  their direction from left to right. In the stationary 60 deg rib case
from the ribs). In the stationary caskeft figures), the velocity of Fig. 7(b), the flow is directed from the left wall to the right
component along the angled ribs directed from left to right in thgall, and no area where the magnitude of the velocity vector
figure is induced near the upper and lower ribs, and the flow in ti@comes zero is seen in the central area between the consecutive
opposite directior(from right to left in the figurg¢ is seen as the ribs. In the rotating case of 60 deg riBigs. 7(c),(d)), the flow
return flow at the vertical center. As a consequence, a pair @é|d is similar to that of the stationary case, although the vector
vortices dominates the flow field. In the smooth and 90 deg I'”Pnagnitude is |arger on the trai”ng deressure surfaceman the
roughened duct cases, the Coriolis induced secondary flow trapsading wall(suction surface).
pOftS the fluid from the Ieading wall side tO the trailing wall Siqe Figure 8 shows the isocontours of the time_averaged stream-
at the transverse centgt8—21]. However, in the rotating condi-yise velocity,w (left figures), and temperaturé, (right figures),

tion of the angled rib casgight figures of Fig. 4 the Coriolis iy the £ planes at the same streamwise locations as Fig. 4.
force effect and the angled-rib induced flow interfere, and this; — "

“109

-1 S
0 Leading

resultant secondary flow, near the trailing walpper wall in the
figure) the flow from left to right is strongFigs. 4(b),(c) right),
and this flow goes down near the right wéilght-hand side wall S =
in the figure). Near the leading wdlbwer wall in the figure, the results show greater similarity betweenand 6. In the central

flow directed along the angled rib and the Coriolis induced flo€2 Of the right wall y=0) in Fig. 8, the isocontour lines af
collide with each other at arourx=0.2—0.5. In the vicinity of and ¢ are projected to the duct center because of the secondary
the left wall (left-hand side wall in the figuethe flow directed flow seen in Fig. 4. In the rotating case of Fig. 9, the contour lines
from the upper wall to the lower wall can be seen. For the easiek W and & become inclined due to the inclined secondary flow
understanding of the flow and also for the future comparison &een in Fig. 4. The similarity betweenand # does not hold even

the present results with the other researchers’ results, in Figsinhe plane at the rib locatioffFig. 9(a)). The peak of shifted to

becomes slightly higher than that 6f In comparison with the 90
deg rib case of Murata and MochizUi1], the present 60 deg rib
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Fig. 4 Time-averaged velocity vectors  (u,v) in &n» plane at 1o at x=+0.9
three different streamwise locations: (a) at rib location (at cen-
ter in rib width ); (b) at midpoint between ribs;  (c) in front of ribs
(a half of rib width from ribs ). (60 deg rib; figures are projected 0.5
onto x-y plane. The other legend is the same as that of Fig. 2 ) A

0.0
the trailing and right walls. In contrast to th# distribution, w b
(Fig. 9(a) left) has three peaks locating near the trailing-left, .55 L
leading-left, and leading-right corners. The dissimilarity between
w and @ in the rotating case may be explained by the presence of ]
the Coriolis force in the momentum equations with no corre- -1.0 ‘

6 9

sponding counterparts in the energy equation.

3.2 Distribution of Streamwise Component of Wall Shear
Stress and Nusselt Number. Figure 10 shows the streamwise
component of the wall shear stre§3gs. 10(a)and(c)) and the Fig. 5 Time-averaged velocity components on the nine lines
local Nusselt numbe(Figs. 10(b)and (d)) on the four walls for of intersection between y-z and &# planes (Ro,=0; left,
the stationary case of 60 deg rib. Both instantand@igs. 10(a) middle, and right figures are for the transverse location of X
and(b)) and time-average(Figs. 10(c)and(d)) values are shown. ==0.9, 0, and +0.9, respectively ): (a) at rib location (at center
For the rib area, the value at the rib top surface is shown. THgrP width); (b) at midpoint between ribs;  (c) in front of ribs  (a
Nusselt number is normalized using the following empirical coP@!f of rib width from ribs ).
relation for a fully developed pipe flo\84]:

_ 805
Nu.=0.022 Rg” PO a7 shear stress becomes large and small are highly correlated to the
In the figures, out-of-range values are shown by white aridcations of high and low local Nusselt numbers, respectively. The
black solid areas for very low and very high values, respectivelgpots of large positive shear stress indicated by ellipses in Fig.
In Fig. 10(c), zero shear stress areas are also indicated by sdlia) are considered to correspond to the sweep motion which
white. For easier understanding of the figures, the sign of the wathnsports cooler fluid from the main stream to the wall with high
shear stresd+), (—)) and the level of the Nusselt numbirigh, streamwise momentum. Therefore, the high heat transfer at the
low) are added to the figures of the time-averaged resBitss. corresponding spots in Fig. () is reasonable. On the other
10(c)and(d)). It should be noted that the notches around the ritleand, the spots of large negative shear stress indicated by circles
are caused by the inadequate interpolation ability of the softwareFig. 10(a)are seen in front of the rib, and the spots also corre-
used in drawing the figure, and the numerical results themsehgmnd to the high heat transfer in Fig.(D This locally large
do not oscillate. When the instantaneous values are compared@gative shear stress is caused by the fluid which impinges on the
Figs. 10(a)and(b), the locations where the absolute value of wallvall in front of the rib after another impingement on the rib front
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Fig. 6 Time-averaged velocity components on the nine lines

of intersection between y-z and & planes (Ro,=1; left,
middle, and right figures are for the transverse location of X
=—0.9, 0, and +0.9, respectively ): (a) at rib location (at center
in rib width); (b) at midpoint between ribs; and  (¢) in front of
ribs (a half of rib width from ribs ).

(b

surface. This mechanism is the same as the 90 deg rib case «
Murata and Mochizukj21]. In the time-averaged values of Figs. !
10(c) and (d), the high Nusselt number area at the midpoint be-~~
tween the ribs corresponds to the positive large wall shear stres: ¢ §
and the area shifts to the left wall. In front of the ribs, the Nusselt
number becomes very high, and this area is also slightly shifted tc
the left wall. These high Nusselt number areas were also experi
mentally observe6—9]. It should be noted that the area in front
of the rib seems only a separation bubble in the time-averaget _;
flow field of Fig. 10(c), but the unsteady motion of the fluid with

high momentum forms the very high Nusselt number area there. @

This high heat transfer area in front of the rib which is shifted tg,, g |socontours of time-averaged variables in & plane at
the left wall is also observed in the experimental results of EKkaglee gifferent streamwise locations (60 deg rib and Ro , =0;
and Han[g] The above'ment|0ned ChaI’aCtel‘IStICS Of the NUSSQEureS are projected onto X_y p|ane. Left and r|ght ﬁgures are
number variation of the 60 deg rib are similar to those of 90 dgg sireamwise velocity, W, and temperature, 8, respectively ):
rib as shown in Fig. 11 except for the shift of the peaks to the lefg) at rib location (at center in rib width ); (b) at midpoint be-
wall. tween ribs; and (c) in front of ribs  (a half of rib width from ribs ).
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Fig. 9 Isocontours of time-averaged variables in &-m plane at
three different streamwise locations (60 deg rib and Ro ,=1;
figures are projected onto  x-y plane. Left and right figures are
for streamwise velocity, w, and temperature, @, respectively ):
(a) at rib location (at center in rib width ); (b) at midpoint be-

tween ribs; and (c) in front of ribs  (a half of rib width from ribs ). (d)

ON MO ®

Fig. 10 Spatial variation of streamwise wall shear stress and
. . Nusselt number on four walls (60 deg rib and Ro ,=0): (a) in-
For the rotating case of Re=1, the time-averaged values Ofstantaneous wall shear stress; ~ (b) instantaneous Nusselt num-
the wall shear stress and the Nusselt number are shown in Fig. Bé; (c) time-averaged wall shear stress; and  (d) time-averaged

The wall shear stresg-ig. 12(a)) on the trailing wall(pressure Nusselt number.
surface)is similar to the stationary case of Fig.(&Q although on
the leading wall(suction surfacethe absolute values become
smaller and the profile becomes different from the stationary caseental results of Han et dl35]. In Fig. 13(a), the experimental
On the left wall, the value around the ribs on the trailing sideesults of Chandra et gl5] are also plotted for comparison; the
becomes very high, and that on the leading side shows onlyegperiments are for 60 deg rib, Re30,000,e/D=0.063, P/e
slight increase because of the weakened flow there. Due to thd0, and at transverse center={0). In order to quantitatively
lower fluid temperature and the higher streamwise flow velocigompare the numerical results with the experimental results, the
on the trailing wall side as seen in Fig. 9, the Nusselt number aflditional computation with the same rib arrangement as that of
Fig. 12(b)gives higher and lower values on the trailing and lead=handra et al[5] was performed with larger grid number (71
ing walls, respectively. On the two side wallsght and left X71X71) and reduced averaging time stép8,000 steps). The
walls), the downwash of the Coriolis induced secondary flow goeffect of the Reynolds number was also examined by increasing
from the tailing side to the leading side as seen in Figright), the Reynolds umber, Refrom 350 to 718 which corresponded to
and therefore the Nusselt number increases from the leading side increase of Rgfrom 4349 to 8429. In Fig. 1), the agree-
to the trailing side; this tendency is the same as the 90 deg rib casent between the numericéD, A) and experimental) results
of Murata and Mochizukj21]. is good, and it becomes better by increasing the Reynolds number.
Figure 13 shows the streamwise variation of the Nusselt nuim Table 2, the comparison between the numerical and experimen-
ber at the three transverse locations for 60 deg rib case. In tiaé results is shown in the wall-averaged Nusselt numbey, ,Nu
figure, thick and thin lines are for the values on the trailing andormalized by using Nu(Eq.(17)). The effect of the grid number
leading walls, respectively. The previous numerical results of thie small, and the agreement between the numerical and experi-
90 deg rib[21] gave the quantitative agreement with the experimental results is good in both 90 deg and 60 deg rib cases.
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Fig. 11 Spatial variation of streamwise wall shear stress and
Nusselt number on four walls (90 deg rib and Ro , =0): (a) time- J\near lefd
averaged wall shear stress; and  (b) time-averaged Nusselt | wall: ’yq
number. 10 ’i x=-0.9 ' '\
' r' .

attransversg

In the stationary case of Fig. (88, the time-averaged Nusselt =
center: x=0

number becomes very high on the rib top surface. This very hig
Nusselt number was also observed in the higher grid resolutiol
case of 71>71X71, and therefore it is not due to the numerical
errors but showing the high heat transfer at the rib front edge

\ .

... 3 v -7
because of the thin boundary layer. The heat transfer behind th A __.V-/, N ""_
rib for a time becomes lower because of the flow separation an e ‘hear right
then takes a first local maximum near the reattachment point. Th |24 - —28 227 e ‘Wélfi’ff“Q?
second local maximum is just in front of the rib. This profile is 3 35

similar to that of the 90 deg rib ca$2l1]. The difference due to
the transverse location can be described as follows: from
=—0.9 tox=0 the heat transfer slightly increases, and then from
x=0 to x=+0.9 the value decreases and the profile become: (b)

flatter. In the previous experimerf#,5], this decrease of the heat

transfer in the downstream region with respect to the secondgfy. 13 Local Nusselt number profile at three different trans-
flow induced by the angled rib is also reported. In the rotatingerse locations on rib-roughened walls (60 deg rib); thick and
case of Fig. 13(b), on the trailing and leading walls, the hediin lines are for trailing and leading walls, respectively, for
e/D=0.1; O: experimental data of Chandra et al. [5] at x=0 for
Re,,=30,000, e/ D=0.063, and P/e=10; O, A: numerical results
for the same rib arrangement as Chandra et al. [5] for Re,
=4349 and 8429, respectively, with higher grid resolution of
71X71X71: (a) Ro,=0; and (b) Ro,=1.

Table 2 Comparison between the numerical and experimental
results in the wall-averaged Nusselt number, Nu  ,,/Nu,, , for the
stationary condition, Ro «=0 (P/e=10; the values in parenthe-
ses are the results with higher grid resolution of 71 X71X71
and reduced sample size of 80,000 steps ).

— £ 90deg rib 60deg rib
high b 3 D | Rey |ribbed| side | ribbed | o | right
9 pr i3 NuL /Nuoo wall | wall | wall i wall
g . present results 3148 5 34 2.8 3.0
g for Res=350 O sy 221 20 e | e | @9
4 -
5 present results 0.063 4398 ) ) 23 2.1 2.0
o for Re»=350 (4349) Q6 | Q2 | QO
ris 2 Lp 4 presentresults | o0 | gungy | S len | en | an
(b) for Rex=718
_ _ o _ Chandractal. 4 4 he2 | 30000 | 26 | 18 | 33 | 22 | 22
Fig. 12 Spatial variation of streamwise wall shear stress and (1988)
Nusselt number on four walls (60 deg rib and Ro , =1): (a) time-
averaged wall shear stress; and  (b) time-averaged Nusselt Rauetal (1996) | 0.1 | 30000 | 2.4 | 2.1 - -
number.
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Fig. 14 Effect of rotation and angled ribs on wall-averaged
f (lines and symbols

Nusselt number, Nu ,,, and friction factor,

are for 90 deg and 60 deg rib cases, respectively;

leading, V: left, A:right, O: Nu,, A:f)

W trailing, @:

transfer enhancement than the pair of strong vortices of the sta-
tionary case. In the angled rib case, the flow fields near the right
and left walls are not symmetric, although the Nusselt numbers on
these walls almost coincide in the stationary condition. The effect
of rotation causes the Nusselt number on the right wall to be
higher than that on the left wall, because low temperature fluid
comes closer to the right walFig. 9 (right)), and therefore the
heat transfer is enhanced on the large area of the right(wijl
12(b)).

Conclusions

In the angled 60 deg rib case, the correlation between the ab-
solute value of the streamwise wall shear stress and the heat trans-
fer was high, which was similar to the 90 deg rib case. Especially
in front of the rib, the large negative value of the wall shear stress
was highly correlated to the high heat transfer in the instantaneous
field. This led to a very high value of the time-averaged heat
transfer in front of the rib. In the 60 deg rib case, the similarity
between the velocity and temperature fields held more as com-
pared to the 90 deg rib case. In the stationary case of the 60 deg
rib, the flow passing along the angled ribs induced the secondary
flow, and both the heat transfer and the friction factor were in-
creased as compared to the 90 deg rib case.

transfer increases and decreases, respectively; on the leading wally the rotating case, the dissimilarity between the velocity and

the value becomes very low. As can be seen in comparing Figmperature fields was observed in the different number and loca-
10(d) with Fig. 12(b), on the trailing wall, the duct rotation shiftstion of the peaks. The duct-averaged Nusselt number and the fric-
the high heat transfer area at the midpoint between the ribs to tien factor were decreased by the rotation in the 60 deg rib case; it
left wall; therefore, in Fig. 1®), the local maximum at the mid- was opposite to the 90 deg rib case in which the rotation increased

point between the ribs monotonically decreases from—0.9 to
+0.9.

Figure 14 shows the dependency of the friction fadtand the Nomenclature

wall-averaged Nusselt number, Nu on the rotation number,
Ro,(=wD/U,,) defined by using the mean velocity and the hy-
draulic diameter. The Nusselt number and the friction factor are
normalized by using Nuin Eq. (17) and fg in the following
Blasius equation:

fg=0.079 Rg %%, (18)

the values.

Cs = Smagorinsky constant
= side length of square du¢thydraulic diam-
eter), m
e = side length of ribs, m
f = friction coefficient (=Ap/(2pU2))
F; = external force term

In the figure, symbols are the present results of the 60 deg rib, JRVRUIY

and lines are from our previous stud{ef,21]for the 90 deg rib

terms in Lagrangian dynamic subgrid-scale
model

for comparison. The duct-averaged values are also summarized in | = Colburn'sj factor (= Num/(anPrm))_
Table 3. The 60 deg rib results in the stationary condition show J = Jacobian of coordinate transformation
the higher values both in the Nusselt number and the friction / = length scale £0.5D), m _
factor as compared to the 90 deg rib case; especially the friction ij = term in Lagrangian dynamic subgrid-scale
factor gives much higher values. The effect of rotation increases model ]
the friction factor of 90 deg rib but decreases that of 60 deg rib L, = peripheral location ) _
(—23 percent); the duct averaged Nusselt number also decreases ij = termin Lagrangian dynamic subgrid-scale
(—20 percent). The change caused by the rotation was larger for model
the 60 deg rib case. In the 60 deg rib case, even in the stationary Nu = Nusselt number£hD/\)
condition, a pair of strong vortices is formed by the angled rib Ap = pressure loss in streamwise len@hPa
effect(Fig. 4 (left)), and the introduction of the rotation forms one P = rib pitch (=D), m
larger inclined vortex located at the upper rigBig. 4 (right)); the Pr = Prandtl numbe(=0.71)
larger vortex seems to be less effective in both friction and heat Prsgs = Prandtl number of subgrid-scale modei0.5)
¢ = wall heat flux, W/nf
Re,, = Reynolds number£€U,D/v)
) ) Re, = turbulent Reynolds number<u, //v)
Table_3 Enhancement fact(_)rs in fand Nu,, caused by rotation Ra, = rotation number € wD/U,,)
and rib angle (the values in parentheses are the results with Ro, = rotation number € w//u,)
higher grid resolution of 71 X71X71 and reduced sample size x o . *
of 80,000 steps ). S = rate-of-strain tensor
t = dimensionless time
90deg 1ib 60deg rib T, = frictionft.emperatlure_(=q/(/pCpu*)), K
/ p u, = mean friction velocity, m/s
S s NNt | Jfo | NitwNten Ul = dimensionless contravariant velocity
Ro«=0 589 2.09 9.38 3.09 U,, = mean velocity, m/s
(8.80) (3.01 AX,Ay,Az = grid spacing inx, y, z directions
Ro+=1 6.28 2.11 ;%i %g @seg = subgrid-scale energy flux
(721) | @.33) A = fiter width of grid filter
Change +7% +1% -23% '205’ N = thermal conductivity, WimK)
by rotation (-19%) | (-16%) vsgs = dimensionless subgrid-scale eddy viscosity
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6 = dimensionless temperature=(T—T,)/T,) [15] Gavrilakis, S., 1992, “Numerical Simulation of Low Reynolds Number Tur-
bulent Flow Through a Straight Square Duct,” J. Fluid Med@#4, pp. 101—

Tscg; = subgrid-scale stress tensor 129.
Tw = strea_lr_nW|se component of wall shear stress, Pa[16] Madabhushi, R. K., and Vanka, S. P., 1991, “Large Eddy Simulation of
& m, ¢ = curvilinear coordinates Turbulence-Driven Secondary Flow in a Square Duct,” Phys. Fluid3,Ao.
. . 11, pp. 2734-2745.
Subscripts and Superscripts [17] Kajishima, T., Miyake, Y., and Nishimoto, T., 1991, “Large Eddy Simulation
B = Blasius ﬁlfOTLg‘tl)glepn; leg\évoinzasiguare Duct,” Trans. Jpn. Soc. Mech. Eng., S&7B,
L = local value . [18] Murata, A., and Mochizuki, S., 2000, “Large Eddy Simulation with a Dynamic
m = duct average or based on mean velocity Subgrid-Scale Model of Turbulent Heat Transfer in an Orthogonally Rotating
o = fully developed Smooth Square Duct,” Int. J. Transport Phenomehap. 27—41.
* = friction velocity or defined by using* [19] Murata, A., and Mochizuki, S., 1999, “Effect of Cross-Sectional Aspect Ratio
+ = dimensionless value based on inner scales gn 'I;u"r?utle‘;nHHeatt ;ransflt_er infir; Orth%gs%réallélsligtating Rectangular Smooth
B . : : uct,” Int. J. Heat Mass Transf42, pp. - .
gr!d :;.?SOlvable componer@tjltered value by using [20] Murata, A., and Mochizuki, S., 1998, “Large Eddy Simulation Applied to
Qr'd ilter) . . Internal Forced-Convection Cooling of Gas-Turbine Bladesgat Transfer
~ = filtered value by using test filter 1998, Proc. of 11th International Heat Transf. Confaylor & Francis,6, pp.
565-570.
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Experimental and Numerical
Study of Turbulent Heat Transfer
in Twisted Square Ducts

This paper describes the experimental and numerical study of three mildly twisted square

Liang-Bi Wang'

Wen-Quan Tao ducts (twisted uniform cross section square duct, twisted divergent square duct and
twisted convergent square duct). Experiments are conducted for air with uniform heat flux

Qiu-Wang Wang condition. Measurements are also conducted for a straight untwisted square duct for
comparison purpose. Numerical simulations are performed for three-dimensional and

Ya-Ling He fully elliptic flow and heat transfer by using a body-fitted finite volume method and

standard k-¢ turbulence model. Both experimental and numerical results show that the

School of Energy and Power Engineering, twisting brings about a special variation pattern of the spanwise distribution of the local
Xi'an Jiaotong University, heat transfer coefficient, while the divergent and convergent shapes lead to different axial

Xi'an, Shaanxi 710049, PRC local heat transfer distributions. Based on the test data, the thermal performance com-

parisons are made under three constraints (identical mass flow rate, identical pumping
power and identical pressure drop) with straight untwisted square duct as a reference.
Comparisons show that the twisted divergent duct can always enhance heat transfer, the
twisted convergent duct always deteriorates heat transfer, and the twisted constant cross
section duct is somewhat in betweefDOI: 10.1115/1.1389464

Keywords: Channel Flow, Enhancement, Experimental, Heat Transfer,
Numerical Methods

Introduction signed and manufactured a square duct with constant cross section
The enhancement of single phase heat transfer inside a duct%’\f'ssmd aX|aIIy_ by 90 deg _and a convergmg/dl_verglr_lg tWISte.d
) . L Square duct. Fig. 1 schematically shows the configurations studied
often achieved by forming some swirling or secondary flows. Thlﬁ the present paper
:/?/i t?]eﬁ%uhsfu:gﬁIZ\rllv(l:relzl?r?tgr:ssiglcwkﬂiayglrgvr;ésteisghﬂlﬁ?;ﬁgn;?zli}l-edA search of literature only revealed a very limited works that
ferent parts of fluids, hence enhances the heat transfer. The sv\ﬁb?s related to the present study. Todd studied fluid flow in

. d darv 1l be initiated b | ted tubes with elliptical cross-section. His intent was to un-
Ing and seconaary flow can beé initiated by several ways, amofl, iang and model flow behavior in flexible pipes. Masliyah and
which the insert of twisted tape or wire coil, the injecting OlNa

ndakumat8,9] numerically studied the fully developed steady

imparting a tangential flow, the use of integral tube with helic‘?—aninar flow through twisted square ducts with a rotation coordi-
fins, spiral fluted duct and the twisted duct are often encounter te system. Axial conduction in fluids was neglected to preserve

Most of these methods have been intensively studied. For ke 16.gimensional nature of the problem. Temperature along the
ample, the heat transfer and fluid flow behavior of the twisted ta| riphery was assumed to be constant for each wall, but it might
have been studied and compared comprehensively by Mangli giterent for four walls. It was observed that in the Reynolds
and Bergled1,2]. Yampolsky{3] and Obot et al[4] tested the ;e range between 1-1000 and a dimensionless twisted pa-
fluid flow and heat transfer characteristics of the spirally fluted, \ater of 2.5 swirling motion provides significant enhancement

tubes. The impartir_lg ofa tang_ential flow was investig_ated by G%l overall heat transfer. Later, Xu and FED,11]proposed the
and Cherf5]. Relatively speaking the study on the twisted duct ifg|ica| Cartesian coordinate system and derived viscous fluid flow

quite limited. ) . ) . equations for that coordinates. The twisted Couette flow was

The purpose of this paper is to investigate the turbulent hegflyeq. |n addition, they also pointed out the discrepancy in the
Fransfer qnd flyld flow in twisted uniform cross section, CONVergsscoys dissipation term adopted in the analysis by Masliyah and
ing and diverging square ducts. As a technique for enhancing hggfngakumaf8]. The flows and heat transfer studied in the afore-
transfer, twisted duct has a unique feature in that it may induggantioned works were all laminar. Turbulent heat transfer results

swirling secondary flow and increase fluid contacted surface g5 wisted square duct are not found in the public literature avail-
some extent within a given axial length while still keeping smoothpe 1o the present authors.

surfaces. Apart from the enhancement .consideration,. the preseny, this study, both experimental and numerical approaches are
study was also motivated by the need in understanding the hﬁabpted to investigate the fluid flow and heat transfer characteris-
transfer mechanism of gas turbine blade cooling process. TH& of air in the developing region for twisted square ducts with
cooling channel of a gas turbine is often modeled by a duct with@nstant or varying cross section. The ratio of duct length over
square cross sectidif]. In the flow direction, the cooling pas-\yhich the cross section rotates throughr 2adians over the duct
sages may be twisted In a certain extent and its cross-section afg@n is 42. This ratio will be called dimensionless twisted param-
varies along the flow direction. To study the effect of these factogger hereafter. The effect of Reynolds number is conducted within
on the heat transfer and fluid flow characters, we specially dgy, range of 16— 10°. No attempt was made to investigate the
- effect of the dimensionless twisted parameter. Since in the case of

Present address: Department of Mechanical Engineering, Lan Zhou Railway @as turbine blade cooling, the twist is quite mild and the dimen-
stitute, Lan Zhou, 730070, China . 2

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF Slon|e$S value adOptEd In, this StUdy may. b? regard.ed as a “’tpre'
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o () D-3
\O
° o Thermocouple ¢ Pressure tap
units: mm

Fig. 1 Schematic diagram of test ducts: (a) twisted duct with
constant cross section;  (b) twisted divergent duct; and  (c)
twisted convergent duct

twisted duct. In the following, the experimental apparatus arﬁcg
data reduction method is first presented, followed by the numerjc
cal approach for dealing with such complicated configuration. T

experimental and numerical results are then presented in a parg]ie
way so that the comparisons between the two results can be gl

ducted efficiently. Finally, conclusions are provided.

Experimental Investigation

Experimental Apparatus.

A stereo picture of the test ducts
is shown in Fig. 1. A schematic of the experimental setup i
presented in Fig. 2. It is a suction system. A 3.5 kW blower was

S

1 1) 31 1 31 ¢ 3143131 3t 31 31 ts]

[ s26 |

@

20 54 S4 S4 54 54 S4 54 54 54 .20
= 1 f f T = 1 1 1 Tt
| 526 i
®)
units: mm
Fig. 3 Arrangement of thermocouples and pressure taps: (a)

thermocouples; and (b) pressure taps

a convergent inlet and a pre-plenum, which is a square duct with
120x120 mnt and used to provide a sharp construction entrance
condition. The test duct is connected to an after-plend20

X 120 mnt square ductand a transition duct whose cross-section
gradually varies from square to circular. Connected to the transi-
tion duct is a tube with an inner diameter of 50 mm and a length
of 1400 mm equipped with a multiport averaging Pitot tliha]

to measure flow rate.

The three test ducts are made of steel. Both the straight square
duct and the twisted uniform cross section square duct have a
cross section 50xX50 mm. The twisted convergent/divergent duct
has its largest cross-section of*688 mm and its smallest cross-
section of 41X41 mm. The three test ducts are 526 mm long in
axial direction and their two end-sections are twisted by 90 deg
within this axial distance, leading to a dimensionless twisted pa-
rameter of 42. In the experiments, the convergent/divergent duct is
used twice: one serves as a convergent duct and the other as a
divergent duct.

The ducts are wrapped uniformly by resistance strip which is
controlled by a variac transformer to provide a controllable elec-
trical heating to the test duct. The ducts are insulated by plastic
foam. Fifty one copper-constantan thermocouples are used to
measure the axial wall temperature distribution of one wall of
each test duct. Since the effect of the natural convection can be
neglected, one wall can be regarded as a representative of the
others. These thermocouples are arranged in three axial lines, with
one being the center line of the wall. Their axial positions are
own in Fig. 3(a). For the three other walls without thermo-
uples, ten pressure taps along the centerline of the each wall are
ed for static pressure drop measurement. Axial pressure tap lo-
t]ions are given in Fig.(B). An incline manometer with a reso-
on of 1.36 Pa is used for pressure drop measurement in the test
cts. All the thermocouples signals are acquired with a data ac-
quisition system and sent to a personal computer for data reduc-
tion. The temperatures of the entering fluid is measured by one
thermocouple checked by a liquid thermometer with a resolution
of 0.1°C, while the leaving fluid temperature is measured by five
thermocouples distributed at a screen set up adjacent to outlet
section of the test duct.

used to draw the air from the laboratory room to the test duct viaData Reduction. The local heat transfer coefficient is calcu-

thermocouple

for inlet temperature

flow rate

measuring tube pre-plenum

after-plenum

test duct

) ]
biower .
micro-manometer entrance

thermocouples for section

outlet temperature

Fig. 2 Schematic diagram of test apparatus

Journal of Heat Transfer

lated by the following equation:

hx:(Q_Qloss)/[A(Tw,x_Tb,x)]v 1)

where Q is the total thermal energy supplied by the electrical
heater,Q)oss IS the heat loss to the environment, akds the total
inner surface area. The local wall temperature used in equation
(1), Ty, is obtained from the output of the average thermocouple
readings at each cross cross-section.

The local bulk temperature used in @) is calculated by the
following equation:

Tox=Ti+[(Q— Qs Axl/(AMmCy), &)
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whereA, is the partial surface area of the duct from the inlet to Continuity Equations
the axial positionx, of which the determination method will be i
presented later. The heat loss to the environment is estimated by LUI' —
heat conduction through the plastic foam and the two end losses. IX;
And for the most cases studied the ratio@fss/Q is less than 5
percent. This estimation is confirmed by the thermal energy bal-
ance between the fluid enthalpy increase and the total power in- aU; ap 9
put. In the data reductio®,.s is determined from the measured PU— =~ + v
outlet fluid temperature. The determination method of #eull ] ! !
be presented later. An estimation of the axial heat conductiongEnergy Equation
along the duct wall shows that this part of heat transfer is always
less than 1 percent of the total power input, hence the thermal  (pUT)= 7(7 ol
boundary condition may be regarded as uniform heat flux X PYi ax;j \ Prax;
The local Nusselt number is defined by

(10)

Momentum Equation

U oU,
_pUin

yn

7272 I—

In Egs. (10)—(12) the doubled index represents summation,

Nu,=h,D,/k. (3) uj,u; are velocity fluctuations and is the temperature fluctua-
. ) tion.
The duct average Nusselt number is defined by The turbulent shear stress in equatidd) is determined by
NU=(Q—Qjos9 D /[K(Ty,—Tp)1, 4) o aU, (9Uj 25 K 13
whereT,, is the center-line duct average wall temperature. TP axg | axg) 3P (13)

The characteristic length and the duct average fluid temperatw
are defined by

Dmn=(Din+Dow/2, Tb:(Tb,in+Tb,out)/2- (5

Attention is now turned to the definition of the duct friction
factor. For the constant cross-section duct, the average friction
factor is defined by

f=[(Ap/L)DW)]/ (pUZ/2), (6)

whereAp is the pressure drop of the entire test duct.

As for the convergent or divergent duct, the definition of the
friction factor should take the effect of the variation of the cross
section into accouritl3]. The average friction factor for the duct
is defined by Z

_ Ui Dm (Ain 2
fU,Zn'L){l_\) } (1)

fere 6;;=1 wheni=j and zero when#j. The turbulent vis-
cosity u, is determined by Prandtl-Kolmogorov equation

/Jq:CMpkz/s. (14)

where\ is defined by

A=1-C,. 8)

In Equation(8) C, is the pressure recovery factor for the entire  Fig. 4 Schematic diagram of surface area calculation
test duct. The local pressure recovery factor is defined by

_ Px+axi2™ Px—ax2

Cpy= e
p.x pUZ/2

©)
whereAx is the distance between two neighboring pressure taps.
This definition can be applied forC, by replacing

Pyt ax/2 s Px— axr2 With pout, Pin respectively. The pressure drop data
of the present investigation are obtained for the heated air.

The measurement accuracies of major parameters are estimated
as follows: dynamic pressure drop -6 percent; electric power input
-3 percent; cross-sectional or surface area2lpercent; thermo-
physical properties -2 percent; wall and fluid temperature -0.2°C.
Using the uncertainty estimation method of Kline and McClintock
[14] and Moffat[15], the maximum uncertainty in the average
Nusselt number and average friction factor are estimated to be
about 8 percent and 10 percent, respectively.

Numerical Investigation

The numerical simulations are performed by solving fully ellip-
tic three-dimensional Navier-Stokes equations in body-fitted coor-
dinate system. The flow and heat transfer are assumed to be in-
compressible, and in steady-state.

The compact forms of the time-averaged governing equations
in the physical space are as follows: Fig. 5 Grid systems generated by multi-surface method
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In the present calculation, the stand&r@ turbulent model is equation the wall functions are used to determine the wall tem-
adopted 16] because of its simplicity in implementation and reaperature from the computed near wall temperature fields, since the

sonable modelling accuracy. The governing equations faomd &

are as follows:

_f’_kzli(w_k M_Ui(ﬂ_uiﬁ_‘%
Yox;  paxg\ogax))  p oaxp\axp  ax
de 1 9 [pu de e p Ui [9U;  9U;
r=;r(;r) r?a—(a—a—)

The turbulent heat transfer term in E(L2), pu;6, is deter-

mined by the following equation:

The constants in the above model take following values:

The treatment of the boundary conditions is now addressé;cij
The outlet boundary condition of the computational domain %
treated by the local one-way meth¢ti8]. The inlet velocity is
assumed to be constaftd;,= const,V;,=0, W;,=0) and the inlet
kinetic energy of turbulence is calculated by a,1/2U2, where
a,=(0.5—-1.5) percent. The inlet dissipation rate was taken

2/3

ein=ki;7(0.05D). At the walls, the no-slip condition is used in
conjunction with the wall functions method, which is imple-
mented by the method provided in Tqa7]. For temperature

200
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Fig. 6 Experimental local heat transfer coefficient
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heat flux is prescribed at the wall. The difference between the wall
temperature so determined and the local bulk temperature is then
used to compute the local heat transfer coefficient.

The twisted duct in the physical space-y—z coordinatesjs
transformed into a rectangular parallelpiped in the computational
space(é—n—{ coordinates)oy using the multisurface algebraic
method[19-21. The schematic of the three grid systems gener-
ated by the multisurface method are shown in Fig. 5.

The governing equations shown above are then transformed
into the computational space and discretized there by using the
control-volume method18]. In this procedure the computational
domain is discretized by a series of control volumes, and the
governing equations are then integrated over a control volume.
During the integration the profile approximations are made in
each coordinate direction for the dependent variables, leading to a
system of algebraic equation that can be solved in an iterative
manner. The velocity pressure-velocity coupling is handled by the
SIMPLE algorithm[18]. The collocation grid arrangement is used
in the present study. To ensure the coupling between velocity and
essure the momentum interpolation of Rhie and ChH22] is
opted to determine the interface velocity. To make the numeri-
| solution be independent of the under relaxation factor, the
relaxation factor is resumed to one before the momentum interpo-
lation is used to determine the interface velo¢@3].

The heat transfer surface area A in En). of the twisted duct is

8f50 computed using the transformed coordingég. 4):

n m
A= > (ds); (18)
=
+  Ren=79600
—10 } + Ren=42500 D-2
s+ Ren=10600
P
: : R
- 1 .
O_3o0 t
i
(a)
-5.0 ol 1 2 1 . PED | n A
0.0 ¢ Ren=86300
i » Ren=43600 D—1
s+ Ren=12100
-1.0 F
e | ° .
© s 4 4 % 9 g g 8 3 8
-2.0 t A
- (b)
_3‘0 " 1 1 L L L
-0.1 }
¢ Ren=78000
» = Re,=40300 D-3
.t . s Re,=12000
s a
-0.9 } .,
[ ]
[ T .
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Fig. 7 Experimental local pressure recover factor
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ds): .= |Aé=cons 400
( )J,k | f ° left

= \/(yﬂzg YZ,) T (XZ,=XZ) + (XY = XY ) dédn, 300 2 :\;\écrigle experimental
(19) —a— left
. 2 —s— middle numerical
wheredé=d»=1, andn, m are number of control volumes i) 200 —— rigat

n directions, respectively. Similarly, the partial heat transfer sur- & D—2 Ren=79580
face areaA,, can be calculated with an appropriate value of
control volume in¢ direction. 100
Computations are conducted for three cases: one for the con-
stant cross-section twisted duct, and the other two for divergent
and convergent ducts, respectively. In the calculation, it is found
that when the inlek is in the range of 0.5 percent—1.5 percent of
the inlet average kinetic energy of flow, there is no significant
effect on the numerical results. A good agreement between nu-
merical and experimental results is found when the valugg' of
z* are in the range of 11.5—40. Grid-independent studies are per-
formed for the case of Rel00,000 of all the three ducts. Three
grid sizes (41X6Xx16,61x16x16,41%x21x21) are used. The
difference in the duct average Nusselt number between the three
results is about 1 percent, and the solutions presented in this paper
were obtained using the finest grid of 421x21.

Results and Discussion

In order to simplify the presentation, the following symbols are

adopted for the three ducts and straight square duct: D-1—twisted 0.0 0.2 O/% (b) 0.8 1.0
uniform cross-section square duct; D-2—twisted divergent duct; Y/ Y
g&it_tWISted convergent duct, A-1—straight untwisted SQUATES 9 Numerically predicted local heat transfer coefficient

(D-2)

Local Characteristics. The measured local heat transfer co-
efficient and pressure recovery factor of the three twisted test
ducts are presented in Fig. 6 and Fig. 7. For the conveniences@nt value. As shown in Fig(#), for the divergent twisted duct,
inspection and comparison, the three panels of each figure aredecreases as the/D,, increases, but the decreasing rate is
arranged in the order of D2-D1-D3. From Figlb$, it is found slower than that of the uniform cross-section twisted duct, and
that for the uniform cross-section twisted diigtdecreases as the there seems no distinct sign to approach a constant value. For
xIDy, increases, wher/D,, is greater than 5h, reaches a con- convergent duct, Fig.(6) shows that at the duct inlét, decreases

400 50000 right 300
L ooono m;ddle experimental o left
aaaaa left - o mlddle
300 g 2 right experimental
-—— middle  numerical 200 1 —a— left
— — left Re.=86300 —s— middle numerical
w200 F D-1 " | —— right
= ::‘ D~3 Ren,=78000
100 w
100
0 1 1 1 1 I 1 1 1 i I I O X 1 L 1 1 L A 1 i ]
0 4 6 8 10 12 0 2 4 6 1
X/Du (2) x/Du (a)
160
120
—o0-%x/Dp=3
i —o—x/Dm—S Ren=40260
r Dm=8
R =
.. 80 en=82300
’_c g
1 x/ -5
~0— x/Dm= 8.45
—#%— x/Dp=10.52
O 1 1 L H 1 1 1 1 .
0.0 0.2 0.4 0.6 0.8 1.0 .0 . 0.4 0.6
¥/Dm (b) ¥/Da (b)
Fig. 8 Numerically predicted local heat transfer coefficient Fig. 10 Numerically predicted local heat transfer coefficient
(D-1) (D-3)
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U/10=1.343m/s Uw/10=1.272m/s

Us/10=1.672m/s

© XDo1052 ,
(D-1) D-2) (D-3)

Fig. 11 Cross section velocity fields

with the increase ix/D,,, while whenx/D,, increases to a cer- have been adopted to alleviate such phenomenon. To be objective,
tain value, h, reaches its minimum and then it increases witthe data of the last two stations are still retained in the pictures.
x/Dy,. A careful inspection of the figure finds that in the upstream From Fig. 6 it can be seen that there is some minor difference
region, the rate olfi, decrease in the convergent ddoB) is faster between the local heat transfer coefficients at the three lines where
than that of the other two ducts, while in the downstream regidhermocouples were imbedded. This difference can be recognized
the increase di, in D3 is very mild. It seems that the acceleratiorfrom the results of D-2. As shown in Fig(&), h, of the left line
effect of the convergent duct on heat transfer appear to be strongea bit lower than that of the center and right line. The minor
over the entry region than that over the downstream region. Oveifference between the local heat transfer coefficients at the three
all speaking, the acceleration effect of the convergent duct cau$iess is related to the twisted direction of the duct. Seeing along
some reduction in the heat transfer rate. It should be noted thatl flow direction, if the duct is twisted clockwise, thgat line in

the three figures, the heat transfer measurement data of the thstright side of the centerline is a bit lower than that along left
and next to last stations all have a trend to increase. This is esde line. Such variations trend can also be observed in Figs. 8, 9,
pected from the end heat loss, which makes the wall temperatuié€s

nearby decrease in some extent. The guide-heating method shoulBrom Fig. 7, it can be observed that the variation patterns of the
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local pressure recovery factors for the three ducts are very differ-
ent. For uniform cross-section twisted duct, the pressure drop is
induced mainly by skin friction, hence the variation@f exhibits
some characters of developing flow in duct with constant cross
section(Fig. 7(b)). But for the divergent and convergent ducts,
apart from the skin friction, the variation of the cross section
contributes to the pressure drop significantly. In the divergent 100
duct, the dynamic pressure of fluid is converted to the static pres-

sure along the flow direction, while in the convergent duct, the

static pressure is converted to the dynamic pressure of fluid. The
going-upward and going-downward trends ©f curves of D-2

Nu

™ TTTT

(Fig. 7(a)) and D-3 (Fig. 7(c)), respectively, are mainly deter- 104 10°
mined by different conversions between static and dynamic Ren,
pressure. @)

Attention is now turned to the numerical results. The predicted
local heat transfer coefficients for the three ducts are presented in
Figs. 8—10. In each of the three figures, the top panels are the
local heat transfer coefficients at the three lines. The experimental
results are also shown there for comparison purpose. Generally 0.1 -
speaking, the agreement between the numerical predictions and [
test data are satisfactory, with the most severe discrepancy occurs [ o.
at the very beginning of the duct inlet. This discrepancy may be -~ 1 oA,
partly attributed to the uniform inlet velocity condition adopted in r
the numerical simulation. The bottom panels of Figs. 8, 9, 10
provide the spanwise distribution of the local heat transfer coeffi-
cients at the different axial cross section, where the difference
betweenh, along left, centerline, right side can be clearly ob- 0.01 L -
served. It should be noted that at the corners of ducts, the local 10t 10°
heat transfer coefficient is significantly lower than that of the other Ren
part of the wall. If the walls of the corner region are excluded, the (b)

h, decreases with increase yD ,, because of the twist of ducts.

Secondary Flow at Cross Section. Figure 11 shows the cross E':Igt.i;r?faft)c()?enmemal results of average Nusselt number and

section velocity fields at three cross sections of the three ducts.
can be seen that in the corner regions, there exist appreciable
secondary flow. These secondary flows all exhibit the same pat-

tern: departing from one wall, _arriving at the other of the same ¢ friction factors of the three ducts are shown in Figbl.2
corner and leaving a small region very close to the corner Whegg, the twisted uniform cross section duct and twisted divergent
the fluid flow is almost retarded. The spanwise variation trend Htjct, the values of decrease with the increase in Reynolds num-
the local heat transfer coefficient may be attributed to such kind Bér, with the decrease of the divergent duct being a bit more
secondary flow pattern. In the central part of any cross sectiafignificant. For the convergent duct, however, there seems no ap-
this secondary flow is very weak and can not be observed cleagyeciable decrease of the friction factor with the Reynolds num-
It is to be noted that at each cross section a global clockwig@r. |t's worth noting that in the definition of the friction factor,
swirling flow can be observed, of which the secondary flows ithe static pressure variation caused by the non-uniformity of the
the four corners constitute the major part. This is, of coursgyoss sectional area has been excluded. The main reason account
caused by the twisting of the duct even though the dimensionlggg these results may be attributed to the different effects of the
twisted parameter is as large as 42. Obviously, when this paragceleration and deceleration of flow on the skin friction. In the
eter approaches infinite, the duct becomes a straight one. Thi$ergent duct, the flow velocity decreases along the flow direc-
twisting flow has some effect on the heat transfer, which will bgon, so the skin friction decreases accordingly. In the convergent
shown in the later discussion on performance comparison.  duct, the flow velocity increases along the flow direction, so does
IIhe skin friction.

Average Characteristics. The duct average Nusselt numbe h
based on the centerline measurement and friction factor of t| eThe predicted results of the duct average Nusselt number and

; . o terline average Nusselt number are shown in the Figs.
three ducts obtained by experiments are presented in Fig. 12. % cen - I )
Dittus-Boelter equatior¥ is F:zllso presenteg for comparisgn. Fr a),(b), (¢), and the predicted friction factors are shown in the

Fig. 12(a)it can be clearly observed that among the three duc si'gs. 13(d),(e), (). The test data of centerline average Nusselt

divergent duc{D-2) can enhance heat transfer, while the conveP—umtt’)er and thﬁ frlc;]lon factor arle a|SO|pI’O\;IdI§d for con|1_par|son. It
gent duct(D-3) deteriorates the heat transfer in some extent. It & e[t seenbt at the nu_trmﬂca results Ot f e cTtnter '.?e a\:_erfagfe
generally believed that this behavior of divergent and convergel %:;Sf\ndmtjr?;r:ra?gﬁg ;Vlreasgn?bﬁsrénc:gg Zgrreeselrjngn?utl);vigéi Etlﬁe
glrjﬂgyrg?)é\?:r ?kt‘tgl\)/:tlggitt)cl) g(])i;?ilg:;/vfaggﬁ?ﬁ?\z %g;‘\%?;iln?%t merical and experlmen.tal friction factors. As gxpected, the duct
the axial acceleration reduces the thicknéss of the velocity bouCa rerage Nusselt number is less than the centerline average Nusselt
. rh mber for all three ducts because of the corner effect.
ary layer, hence the thermal boundary layer becomes relatively
thicker. While in the divergent duct, the deceleration leads to aPerformance Comparison. Attention is now turned to the
relatively thinner thermal boundary layer, which is in favor ofelative performance of the different twisted ducts with the
enhancing convective heat transfer. Another possible explanatstraight untwisted square duct as a reference. The three widely
is related to the secondary flows. It may be observed from Fig. Uised constraints are adopted: identical flow rate, identical pump-
that the secondary flow in the downstream part of the convergeng power, and identical pressure drop based on the constant prop-
duct is restrained in some extent compared to divergent duct, leadty assumption and the same characteristic length, the formula-
ing to some deterioration of heat transfer. tions of the three constraints are given in the following:
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Fig. 13 Numerical results of average Nusselt number and friction factor
(@) Identical Mass Flow Rate Under the condition of same temperature difference between
e 20 the fluid and the wall, the ratio of heat transfer between the com-
(m)*=m, (20a) pared duct and the reference duct may be formulated as follows:
where the superscript stands for the compared duct and the
quantity without for the referenced duct. From E@0a)we can Q* [ANu(Rey1*
obtain following relationship between the Reynolds number of the A - AN DA (23)
Q ANu(Rey)
duct compared and the reference duct:
Re',=Re,D*/Dy,. (20b) Where Nu(Rg) represents the experimental correlation between
Nusselt number and the Reynolds number, which are presented in
(b) Identical Pumping Power Fig. 12.
M £ I The comparison results of the three twisted ducts to straight
(pr) = (f Ap) ) (21a) untwisted square du¢teference ductare shown in Fig. 14. It can
P P be seen from Fig. 14(athat for Rg,=2x10%, the heat transfer
This leads to enhancement is about 8 percent, 25 percer2) percent for the
twisted square duct, twisted divergent duct and twisted convergent
3 |AfRe duct, respectively. Figure 14) shows that for the identical pump-
Reh= A (21b) ing power, at the same Reynolds number the heat transfer en-
hancement is about 0 percent, 15 percen25 percent for the
(c) Identical Pressure Drop above three twisted ducts, respectively. For the identical pressure
fFU)* = Fu2 29 drop, Fig. 14(c)shows that the heat transfer enhancement of the
(fuf)* =fu”. (222) three ducts is about5 percent, 5 percent;27 percent, respec-
Then we have tively. Totally speaking, the heat transfer in the divergent duct is
. always superior to the untwisted square duct, the heat transfer in
Re=RenVf/f*. (22b)  the convergent duct is inferior to the untwisted square duct, while
Journal of Heat Transfer OCTOBER 2001, Vol. 123 / 875
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1 Because of the decelerating and accelerating effects in the
divergent and convergent ducts, the axial variation of the local
heat transfer coefficients of the three twisted ducts are different: in
the entrance region the decrease in local heat transfer coefficient
of the constant cross section duct is faster than that of the diver-
gent duct but slower than convergent; in the downstream region,
the local heat transfer coefficient of the divergent dust exhibits an
increasing trend, while for the other two ducts this trend is not be
observed.

2 The twisting of duct causes an appreciable secondary flow in
the corner regions at any cross section. While in the center part of
a cross section this secondary flow is trivial. A global clockwise
swirling flow is revealed by numerical simulation, of which the
secondary flows in the corner region constitute the major part. The
character of the spanwise distribution of the local heat transfer
coefficients presented in Figs(8, 9b), and 10(bmay be attrib-
uted to this global swirling flow structure.

3 Thermal performance comparison under three constraints
(identical mass flow rate, pumping power and pressure)dsith
the straight duct as a reference reveals that the divergent twisted
duct can always enhance heat transfer, the convergent duct always
deteriorate heat transfer, while the twisted duct with uniform cross
section may enhance or deteriorate heat transfer depending on the

0.5 luu s b comparison condition: for the identical mass flow rate, it can en-
10* 10° hance heat transfer, while for the identical pumping power and
Ren (b) identical pressure drop it can not enhance, or even deteriorate heat
2.0 transfer a bit. The physical mechanism which may be responsible
—e— D—1:A—1 for such character is discussed.
—a— D—2:A-1
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Nomenclature
05 L bttt
10 10° A = area, M
Ren (c) A, = partial surface area of the duct?m
cp, = heat capacity, J/kg

Fig. 14 Heat transfer performance comparison

C, = pressure recover factor
= hydraulic diameter, m
= friction factor

the twisted square duct with constant cross section may be supe-
rior or inferior to the untwisted square duct depending on the

D
f
h = heat transfer coefficient, WK
k

thermal conductivity, W/rK; Kinetic energy of tur-
bulence

comparison condition. L = axial length of duct, m
m = mass flow rate, kg/s
. Nu = Nusselt number
Conclusions

p
The work reported here is a systematic experimental and nu-Ap
merical study of three twisted square ducts with uniform cross Q
section area, divergent and convergent shape. The dimensionlé3g
twisted parameter equals 42. Experiments are conducted for aRe;,
with uniform heal flux condition. Measurements were also per- T
formed for an untwisted square duct with constant cross section, u;
for comparison. In the numerical study three-dimensional and U
fully elliptic turbulent flow and heat transfer are modelled by us-  x
ing the body-fitted finite volume method and the standarde Y,z
model. The local heat transfer coefficient and pressure recovery p
factor distribution, the average Nusselt number and friction factor &
are presented. Generally speaking, the agreement between the 6
numerically predicted and the experimental results is quite satjs-
factory, except for the local heat transfer character at the ve
beginning of the ducts where appreciable discrepancy exists partly b
because of the inlet condition might not be simulated appropri- in
ately. The heat transfer performance comparison is made betweenm
a straight untwisted square duct and the three twisted ducts basedut
on the test data. The major findings may be summarized as x
follows: w

876 / Vol. 123, OCTOBER 2001

pressure, Pa

pressure drop, Pa

heat transfer rated, W

heat loss to the environment, W
Reynolds number based @,
temperature, K

velocity fluctuation, m/s

cross section average axial velocity, m/s
streamwise direction, m

cross section coordinates, m
fluid density, kg/m

dissipation rate

temperature fluctuation, °C

bscripts

bulk
inlet
mean
outlet
local
wall
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¢-mail: Michael.Barrett@valpo.edu Turbulence length scale calculation methods were critically reviewed for their usefulness
. . in boundary layer heat transfer correlations. Using the variance of the streamwise veloc-
D. Keith Hollmgsworth ity and the dissipation spectrum, a rigorous method for calculating an energy-based
Assoc. Professor integral scale was introduced. A principal advantage of the new method is the capability
o Mem. ASME to calculate length scales in a low-Reynolds-number turbulent boundary layer. The
University of Houston, method was validated with data from grid-generated, free-shear-layer, and wall-bounded
Department of Mechanical Engineering, turbulence. Length scales were calculated in turbulent boundary layers with momentum
~ Houston, TX77204 thickness Reynolds numbers from 400 to 2100 and in flows with turbulent Reynolds
e-mail: Hollingsworth@uh.edu numbers as low as 90[DOI: 10.1115/1.1391277

Keywords: Heat Transfer, Turbulence

Introduction *

The study of the effects of elevated free-stream turbulence on
boundary layer heat transfer requires that the turbulence in the
free-stream and in the boundary layer be adequately characterizBdis length scaleA;, may be interpreted as a measure of the
When attempting to describe a turbulent flow, a minimal set d@ngest correlation distance between the velocities at two points in
descriptors to characterize the turbulence must include a velodifg flow field[2].
and a length scalr parameters that yield the equivalent dimen- The first scale for review is frequently used in the gas turbine
sional information. In many cases these two scales alone afiéerature and is given by
inadequate; however, any attempt that does not include at least .

A| =U j

0

these two scales is incomplete.
A review of the literature reveals a plenitude of length scale
definitions. Restricting our survey to heat transfer in turbulent ]
boundary layers, we still find more than ten different length scal@®ung et al.[3], Van Fossen et a[4], Camp and Shii5], and
in use. In some instances, the interpretation of two scales is sifyloss and Oldfield6] are just a few of the authors that use this
lar but distinct calculation methods distinguish one scale froffale. (Additional studies are listed in Table)lAuthors often
another. In this paper we Critica”y examine five |ength Sca|é§rm|nate the COI’I‘elatlon coefficient |ntegrat|0n at the first zero
commonly used in turbulent boundary layer heat transfer corref@90SsINg.
tions. We then introduce a rigorous method for calculating an The next two scales are based on von Karman's turbulence
energy-based scale; advantages and disadvantages of the newse&ctrum 2],
culation method are discussed. Experimental data is used to Jon 21-5/6
clarify the guidelines and performance traits for the new method. UE{f}/(Aqu"®) =4[1+(8mfA/3U)"] "%, )
B_ased on the_ versatility Of. the nEW _calculation method,_ the COWheref is frequency anEl{f} is the power spectral density of the
sistent behavior and physical significance of the resulting scalgreamwise fluctuating component,. The termE,{f} is also
and the detail to which the calculation is defined, the method égjled the one-dimensional energy spectrum. The second scale,
proposed as a standard for future correlative works. A, is calculated by curve fitting a measured energy spectrum to
Eq. (4). Hollingsworth and Bourgogng’] and Maniam and Holl-
ingsworth[8] determine length scales by varyirdg, until a best
Review of Existing Scale Definitions fitto a measu_red spectrum is found. The th_ird scalg,, is found
by extrapolating a measured spectrum to its zero frequency value
The five scales chosen for review are all integral scales. In thaid applying Eq(4) at f equals zero,
sense, the scales are related to the largest eddies or the width of a
shear flow[1]. The first three scales are closely related to the Ay =UE,{0}4u'2. (5)
Eulerian integral scaleA;, which, when Taylor's hypothesis
holds, is given by Hinz¢2] as

o Rll, measurecdt- (3)

Authors that use this scale include Thole et[&l) and Johnson
and Johnstof10]. TheA,,, scale relies heavily on low frequency
(low wave numberjnformation.

The final two scales for review are termed “energy scales”
because the definitions are related to the dissipation of turbulent

whereU is the time-mean Eulerian velocity in the principal flowyinetic energye. In each case, there exists an underlying tie to the
direction andT, is the Eulerian integral time scale. The timenyiscid decay relation,

scale, T4y, is found by integrating the Eulerian autocorrelation
coefficient, e~(u'?)L, (6)

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF Each scale may be interpreted as an average length scale for the

HEAT TRANSFER Manuscript received by the Heat Transfer Division January 2e$nerQY-C9ntainin9 eddies. The first of these two scales was given
2000; revision received December 18, 2000. Associate Editor: R. L. Mahajan. by Simonich and Bradshajil1] as

Ai=UTy,, oy
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Table 1 Length scales used in example studies

Study

A

AII

AIII

L

LII

Simonich and Bradshaw [11]

Blair [16]

IHancock and Bradshaw [19]

Castro [18]

Hancock and Bradshaw [17]

Johnson and Johnston [10}

lAmes and Moffat [12]

Sahm and Moffat [20]

[Young, et al. [3]

[Thole, et al. [9]

|Hollingsworth and Bourgogne [7]

(Camp and Shin [5]

IAmes and Plesniak [21]

[Thole and Bogard [22]

[Van Fossen, et al. [4]

[Thole and Bogard [23]

[Moss and Oldficld [6]

Ames [24]

Bott and Bradshaw [25]

Maniam and Hollingsworth [8]

|_|: *(U,2)3/2/U

The streamwise decay of ? is directly related to the dissipation
rate when, in a time-averaged sense, isotropic turbulence is
formly advected downstream. Simonich and Bradshaw used

d(u/2)

18 B
Eafka}= 2 A, . ©)

Equation(9) results if the three-dimensional energy spectrum is
modeled with a power-law relationship in the inertial subrange
[2]. Ames and Moffat used a value of 1.62 for the consfant

Summary of Merits and Deficiencies in Existing Scale
Definitions

This summary is not an exhaustive discussion of the benefits or
detriments of using the scales listed. This comparison highlights
some general attributes of the conceptual and practical implica-
tions of using each scale. Attributes of the scales are summarized
in Table 2. A merit common to these five scales is that they are all
calculated using the streamwise fluctuating veloaity, the fluc-
tuating component most easily measured in many experiments.

A More Robust Energy Scale

An author may find a certain calculation method advantageous
for experiment-specific reasons. However, to simplify the process
of comparing results from different heat transfer investigations, a
general consensus on a standardized calculation method would be
useful. With a standardized method, in addition to any other
length scales presented, authors could include the standardized
scale values to reduce data comparison ambiguity.

When selecting a standard calculation method, we search for
the following traits: versatilityease of use in a number of differ-
ent flows), historical concordandgesults that are comparable
with previously reported dataand clarity(process definition with
enough detail to provide repeatability between investigators
With these criteria in mind, of the five scales reviewkg, holds

Eﬂé most promise as a standardized scale for the following

asons:

(7) to calculate free-stream length scales downstream of a grid.

Numerous authoréTable 1)have since used Eq7) to calculate
free-stream length scales in decaying flows.
Our final scale for review was given by Ames and Moffa2],

L,=1.5u"%.
To estimatee, Ames and Moffat fit the inertial subrange of a

measured energy spectrum to the equation

« the calculation requires information from only a single point
in the flow field

» conceptually, the scale may be used in flows with mean ve-
locity gradients if specific concerns related to Taylor’s hy-
pothesis are addressed

» the L, scale is directly comparable with, which is widely
used in the heat transfer literature

Table 2 Summary of merits and deficiencies of five length scale calculation methods

Scale Merits

Deficiencies

AL Directly calculable from the autocorrelation curve. Does not rely on
assumptions leading to a universal spectral curve. Directly relatable to
dissipation of turbulent kinetic energy using isotropic assumptions and
relationship between autocorrelation and spectrum.

Termination of integration can yield incorrect values; different flows
can generate differently behaving and meaningful negative tails on the
autocorrelation curve.

Aql Simplicity of calculation. At large Reynolds numbers, results usually
compare well with A; values.

No rigorous/standardized "best fit" criteria; variation introduced
between investigators. Up to +/-20% variation can still yield visually
pleasing curve fits for moderate turbulence Reynolds numbers. Well-
defined inertial subrange needed in measured spectrum to provide
fitting capability over a wide range of wave numbers.

Relies heavily on accurate extrapolation of low wave number portion of
the measured spectrum. Low wave number range most sensitive to
anisotropic effects. Also, because high sample rates are needed to
obtain unaliased spectra and convergence of the low wave number
range requires long sample times, large data file requirements
accompany the proper use of this calculation method. (Of course,
appropriate filtering techniques can reduce the file size requirements.)

This scale cannot be used in any part of the flow where a production
component is present (i.e., it cannot be used if a mean velocity gradient
exists; this precludes its use within the boundary layer). It also cannot
be calculated with information from only a single point in the flow
field. Different techniques used to estimate the “measured” decay rate
yield significantly different results.

Ay Simplicity of calculation.

Ly Spectral information not required. Isotropic decay correlations may be
used to verify downstream flow behavior. Easily related to dissipation
of turbulent kinetic energy.

Ly Direct relationship to the dissipation of turbulent kinetic energy. Does

not require information from multiple points in the flow field. Potential
for use in flow field with mean velocity gradient. Equivalence with L;
for large Reynolds number flows in which L; can be calculated.

No rigorous/standardized “best fit" criteria; variation introduced
between investigators. Curve fit requires well-defined inertial subrange
( large Rey ). While this scale may be useful in flows with a mean
gradient, differences in local convection velocities that lead to spatial
aliasing have not previously been addressed in the heat transfer
literature.
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In the remainder of this paper, we introduce and discuss a mdltastrating that the measured one-dimensional spectrum is depen-
robust energy scale calculation method that is based,onThe dent on the local turbulence intensity as well as the form of the
method is rigorously defined, lowers the turbulent Reynolds nurthree-dimensional spectrum.
ber at which the scale is calculable, and imposes limits that enabléwith Egs.(10),(11),(12), and(17), Lumley shows that, for the
the scale to be confidently determined for flows with mean velogsotropic convecting field, the resulting adjustment for a measured
ity gradients. While our scale is conceptually the samé asto  dissipation rate is given by
distinguish it from the other calculation methods, we call the scale

L,. e=en/(1+5Tu?). (18)
Background. From Tennekes and Lumleji] we have, for Using Eq.(16)in the same manner, we find that the correction for
isotropic turbulence, the more general anisotropic case is
ec e=en(1+ T 1+2(v"/u")2+2(W'/u)?) "L (19)
= [ oikgan, o |
0 With a theoretical model oE{k,}, Eqs.(15) and(16) allow us to
o L predict the measured spectruby{k,},, for a specified value of
where the dissipation spectrum is given by the local intensity. In this work the theoretical spectrum chosen

_ P was that of Panchev and Kesich as reported by Hjgzép. 241).
Dika}=2vkiE{ky}. (1) Lumley [13] also gives criteria that can be used to determine
Hinze [2] relates the three-dimensional energy spectrum to tHé1en the spectral correction is valid; the energy distribution,
one-dimensional spectrum, mean velocity, and mean velocity gradient will determine the
wave number range over which the correction may be applied.
1, d’Eilk;y 1 dEi{k,} The pertinent relationships are given as
Efki}=5ki 5K 12) . .
2 dki 27 dk 1 k;>27(dU/dy)/U (to address convection velocity non-
uniformity)

2 Eq{kq}>(27%3)[ (dU/dy)?/U?]d?E,{k,}/dK? (considering

so that we can generate the familiar result,

& spectral broadening
€= 15Vf KZE 1 {ki}dk;. (13) 3 E {k;}<<U%Kk;, (to verify a frozen convected pattérn
0 4 E{k}>>472(dU/dy)%/k3 (negligible anisotropy due to
Addressing time spectra measured in shear flows, Lurfi&y mean shear)

gradients. Lumley distinguishes betweefk,} andE {k,}, (the 2 2,13
subscript “m” refers to the measured spegtb@cause of “space” f:?irt)(/e.r\i/gﬁ therefore adop,{k,}=4(dU/dy)"/k; as our fourth

versus “time” spectra issuesssues that are related to the validity
of Taylor's hypothesis and are presented lateumley gives a  Calculation Method. We now present the calculation method
correction scheme for the high-wave-number region of the mefgr L. The steps are as follows:

sured spectra in terms of the local fluctuating velocities, i .
1 Measure the one-dimensional spectripk,}, .

Tu[ [ ,d’Eqfky} 2 Calculatee, using Eq.(13), €m= 150 5k2E 1{k1}mdk; .
Extkijm=Exlke}+ T{(kl di _ZEl{k1}> 3 Apply Lumley’s correction to get, e=e,,/(1+5Tu?) (iso-
tropic case illustrated
dEq{kq} (v'2+w'?) 4 Check the agreement between the measured spectrum and the
-2 kld—k1+E{kl} T_z : theoretical measured spectrum based on the corrected
5 Check the validity of the correction fdk,7>0.05 using
(14) Lumley’s four criteria(# is the Kolmogorov length scale,
. ) (VS/ E) l/4).
We substitute the solution to E¢L2) 2], 6 If the correcteck is valid based on the checks in steps four
= E{k} Ky 2 and five, calculaté . using the inviscid decay relation
1

3
Le=x (u'?)%e, (20)
into Eq. (14) and twice invoke Leibniz’s rule to write 2

2 ’

An Additional Consideration. There is an additional practi-

2
Eikitm= 1-Tu?l 1+ U_, + _,) —7—})E1{k1}+TU2E{k1} cal consideration that refines the calculation technique and fosters
u u consistency between investigators. As the measured spectrum will

v\ 2 "2 = E{k} _have fin_ite t_)andwidth, the upper and lower limits of the nurr_]er_ic_al

+2Tu? (—, +|—] —25 kiJ —5—dk. (16) integration in step two above must be values other than infinity

u u Ky k and zero. In practice, for an adequately sampled velocity signal

. i . . that has been low-pass filteréice., the low wave number attenu-
Equation(16) assumes that the conveditfield is isotropic, but aiian js due only to natural roll-off substituting the lowest mea-

allows for anisotropy of the conveng field. When the convect- gred wave number for the lower limit is generally acceptable; the

ing field is also isotropic, Eq(16) reduces to excluded portion of the spectrum contributes very little to the
= E{k} overall su_mm_ation. The upper end of the measured_spectrum,
El{kl}m=(1—Tuz)El{k1}+Tu2E{kl}_Tu2k§f — dk however, is highly dependent on sensor respaastinction of
Ky k wire size in hot-wire anemometryfilter cut-off frequency, and

(17) signal-to-noise ratio. For this reason it is recommended that the

880 / Vol. 123, OCTOBER 2001 Transactions of the ASME

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



integration be separated into two integrals. Starting at the lowest
measured wave number, the first integral is terminated at a value
of 0.2<k,;7<1.0 where the actual and theoretical measured spec-
tra agree to within 10 percent. Adequate sample-rate and sensor
response characteristics will be required to meet this agreement
constraint. The second integral then uses the theoretical measured
spectra to carry the summation out to an upper limikph=4.

The high-end roll-off of the dissipation spectrum makes integra-
tion beyond this value unnecessary.

Admittedly, this consideration increases the complexity of cal-
culating e by introducing an iterative component. However, based
on the behavior observed during validation tests of the method,
the improvement in sensitivity and consistency merits the added
effort. From multiple-record samples of different stationary flows,
experimental uncertainty ih. was determined to be approxi-
mately 10 percent.

Advantages and Disadvantages of Usin,. The new scale
possesses the same advantagels;aand overcomes the,, dis-
advantages in Table 2. The integration method avoids “best fit”
uncertainties and allows the calculation to be made at low Rey-
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Fig. 2 Experimental and theoretical dissipation spectra

nolds numbers. The low Reynolds number capabilityLgfis a 100% T VAL
o . . . ; Integration of noisy signal
significant advantage. With the incorporation of Lumley’s results, F ltemnated km=05)
the scale can be calculated using the valid region of the spectrum (4] ]
despite the presence of a mean velocity gradient. This is a particu- E ®
larly attractive feature because it makes it possible to calculate the ".‘"egraﬁm."fane“”ate_‘”
scale within a shear layer or boundary layer. 102k signal teminated (ki =0.35) J
The primary disadvantage &f, is the need to resolve a signifi- — 3
cant portion of the dissipation range. At large Reynolds numbers, \\9 C
this requires fast sample rates and very responsive sensors. UndeQs 10% L 0,009 4
. . . . . E o]
these conditions the investigator may wish to ligeinstead. For- e Attenuated
tunately,_ at _hlgh Reynolds number;, thert_a should be a well- . o FElevated
defined inertial subrange aig, , combined with Lumley’s crite- 0 Theoretical 3
ria, may yield useable results. However, by Lumley’s criteria a b
large velocity gradient will invalidate the inertial subrange of the <l
measured spectrum before the dissipation range; thus, the use o o = '16.1 ' '12,0
L. may still be necessary. Ky
Experimental Results. Figure 1 shows a measured energy
spectrum to illustrate some of the previously addressed calculation Fig. 3 High-end response characteristics
issues presented in terms of the dimensional amplitude and non-
dimensional wave number. The spectrum shown meets all criteria 12
for the range 0.04&,7<0.7. The dissipation spectrum for the T BN '
energy spectrum of Fig. 1 is presented in Fig. 2 to highlight the o ° A*
dissipation range. The high wave number range of dissipation 10 -0ege-2— = 8- -- N
spectra with attenuation due to filter response and elevation due to O o ]
noise are shown in Fig. 3. In these cases the technique of splitting 08| J
the integration to obtaire is seen to yield good scaling in the o
range 0.05<k;7<0.4 for the attenuated signal and up kezn 5 06L i
3
B o4l i
10° A —— : S ® L, /L Grid Turbulence
1 ~.  For criteria: Solid line indicates maximum 02l o L,/8 BoundarylLayer _
10° r ~\~~ Dashed line indicates minimum | A& L, /8 ShearLayer
102 é-Eq. (9); A=1.62 “Nﬁ'ﬁ;\\\ 1 00 Lot . -
. PR 1 100 1000 10000
Dot -! Re,
:& 1 Fig. 4 Behavior of L, in different types of flows
g L
= 1
o E, N 3 =0.7 for the noisy signal. This indicates that the integration was
0% Theorstical E,, Cn.teﬁon;\ 3 unaffected by the altered portion of the spectra and suitable
1070 f N 1 values were obtained for these flows.
DTl S R IR YL S The L, calculation method was tested in decaying grid-
104 103 102 1071 10° generated turbulence, near the center of a two-stream turbulent
kg shear layer, and in the core of a turbulent boundary lay&hout

Fig. 1 Typical measured spectra with criteria and theory

Journal of Heat Transfer

free-stream turbulengeFigure 4 shows the behavior of the cal-
culation method for these three flows. The results show that the
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t

Fig. 5 Very low turbulent Reynolds number spectrum . . .
Fig. 7 Use of L, in Stanton number correlation of Barrett and

Hollingsworth  [15]

ratioL./L, downstream of a grid is unity as isotropic theory pre-

dicts. Examining the turbulent shear and boundary layers, the rzti%] that indicate that thd . scale is an appropriate choice to

L¢/6, whered is the vorticity thickness for the shear layer or th correlate a Stanton number based on a boundary-layer core refer-
99 percent thicknesgbased on free-stream velogityfor the — = =
boundary layer, is approximately one. This result reflects the a¢2C€ temperature, BEAw/[pCp(tu =t 1)U.]. The termt, »
cepted behavior of an integral scale as noted earlier. Figurer@presents the mean temperature at a distagdeom the wall.
shows a very low turbulent Reynolds number spectrum, (R€he parametef L™, developed in detail in the referenced work, is
=90) from the grid-generated turbulence case. The turbulent Reéy involved expression that incorporates thelength scale de-
nolds number is given by Re[1.5(u’)?]%/(ve€). No inertial sub- scribed herein.

range is evident in Fig. 5, yet tHe, calculation matched thk, .

calculation very well. Note that for this spectruin, cannot be Conclusions

accurately determined. _ To improve the comparability of heat transfer data between
The behavior oL across a turbulent boundary layer is showxperimenters, a detailed method of calculating a turbulent length
in Fig. 6. The experimental values fore/u} (using corrected, scale will be helpful. The authors recommend thatbe adopted
isotropic e values)are compared with the DNS values calculateds a standard for the following reasons:
by Spalar{14]. The filled symbols denote points where all but the . o
fourth of Lumley’s criteria were satisfied; the open symbols rep- 1 The method uses measurements from only a single-point in
resent points where the velocity gradient caused at least one of the the flow field. ) , ,
other three criteria to be violated. In general, criterion four tends 2 1h€ method can be employed in flows with mean velocity
to be the most difficult to satisfy. But, as Lumley also noted, good _ 9radients. _ o
results can be obtained assuming small-scale isotropy even whef A Well-defined inertial subrange is not required in the energy
criterion four is not met. The point of departure from Spalart's ~ SPectrum; the scale is calculable in low turbulent Reynolds
curve is coincident with the violation of the remaining criteria and  number flows.

suggests that the criteria might be useful in dissipation calcula-4 The scale is equivalent to, andL, in flows in which the
tions for other types of flows. latter scales can be determined.

Finally, to explore the application df, in a heat transfer cor- 5 The scale can be calculated from the same information used
relation, Fig. 7 presents results from Barrett and Hollingsworth {0 calculateA, (a Fourier transform of the autocorrelation
curve produces the energy spectjuthe added computation
relative toA, is minimal.
6 The method includes criteria to determine when the tech-

06 08 10 nique is invalid.

10 T . T . T T 7 The calculation is more rigorous than “best fit” methods.
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A = constant used in power-law fit of energy spectrum

Fig. 6 Boundary layer scale and dissipation evaluation D = dissipation spectrum
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E = power spectral density of fluctuating velocity
L = experimentally determined length scale related to
R;; = Eulerian autocorrelation coefficient
Re, = momentum-thickness Reynolds number\.. 6/ v)
Re = turbulent Reynolds number=((1.5(u’)?)%/(ve))
T.1 = Eulerian integral time scalglefined in the text
Tu = turbulence intensity€u’/U)
U = time-mean Eulerian velocity in principal flow direc-
tion
¢, = specific heat
f = frequency
k = wave number
q = heat flux
t = mean temperature
u’ = RMS fluctuating velocity in principal flow direction
u, = boundary layer friction velocity € 7, 7p)
v',w' = RMS fluctuating velocities in non-principal flow di-
rections
X = streamwise distance
y = distance from wall
y* = dimensionless distance from wak=f/u./v)
A = experimentally determined length scale related\to
A; = Eulerian integral length scal@efined in the text
6 = shear-layer vorticity thickness or boundary-layer
thickness
e = dissipation of turbulent kinetic energy
7 = Kolmogorov length scale= (v°/¢€)Y4)
# = momentum thickness of the boundary layer
v = kinematic viscosity
p = density
7 = shear stress
Subscripts
1 = x-component related
w = free-stream
I-111 = scale tracking reference
e = energy-based
m = measured
t = turbulent
w = value at the wall in a wall-bounded flow
0 = based on momentum thickness
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Inverse Boundary Design
R Combining Radiation and
oo tone | CoNvection Heat Transfer

John R. Howell This work investigates inverse boundary design for radiation, convection and conduction
e-mail: jhowell@mail.utexas.edu combined-mode heat transfer. The problem consists of finding the heat flux distribution on
a heater that satisfies both the temperature and the heat flux prescribed on a design
Department of Mechanical Engineering, surface of an enclosure formed by two finite parallel plates. A gray participating medium
The University of Texas at Austin, flows in laminar regime between the walls, which are gray, diffuse emitters and absorbers.
Austin, TX 78712-1063 All the thermal properties are uniform. This problem is described by an ill-conditioned

system of non-linear equations. The solution is obtained by regularizing the system of
equations by means of truncated singular value decomposition (TSVD).
[DOI: 10.1115/1.1388298

Keywords: Channel Flow, Convection, Heat Transfer, Inverse, Radiation

Introduction Inverse heat source design in radiating systems was solved by

. . . .. Kudo et al.[7], and Franca et a[.8,9,10,11]. In most of those
Many industrial processes require that two thermal cond't'gqgferences,[tge radiativegenclos[ure was 2epresented by a two-

Atempt o ind the concitions on the unconstrained elementsiensional rectangular geometry, formed by diffuse, gray -
p e g et es, and containing either a non-participating or a gray partici-
the system such that the two specifications are satisfied. For iting medium. Most considered pure radiation heat transfer, and
stance, it may _be requw_ed t_hat the temperature .Of a Processidine problem could be formulated by a system of linear equa-
material be uniform, which in turn could be achieved only by ,.s “Franca et a[11] considered the combined conduction and

means of a u_nlform heat flux d'Str'b.Ut'on on the material. In COMadiation heat transfer problem, which involves a system of non-
ventional design, namefiprward design, where the mathematica inear equations

formulation relies on the knowledge of one and just one condition This paper considers the inverse design of a two-dimensional

on each element of the system, the designer needs to guess giigq re “formed by two parallel surfaces. The objective is to
thermal condition on the unconstrained elements and, for the qu-d the conditions on the heater located on the upper wall that
form temperature on the process material, check the correspopgyq satisty the two specificatiofiemperature and the heat flux
ing heat flux. If it is not uniform, a new guess is made, and thg, the design surface located on the bottom of the enclosure. A
calculations are rerun. This trial-and-error procedure, even ¢y developed laminar flow of a participating medium exists
coupled with an optimization routine, can be cumbersome to d§galiyeen the plates. All physical properties are assumed constant,
with, and a great number of iterations may be necessary to achigygy he medium and wall are gray emitters and absorbers. The
a satisfactory configuration. This can be especially undesirablegibior contribution of this work is to extend previous solutions to
each calculation requires a large computational time. the case where the heat transfer is governed by radiation, convec-
Inverse desigraims at finding the conditions in the uncon-jon and conduction heat transfer modes. The zonal formulation is
strained elements directly from the two specifications on the dgppjied for the discretization of the radiative terms of the energy

sign surface, so it avoids the trial-and-error procedure of forwagdyation, while the diffusive and convective terms are treated by
design. Inverse mathematical models allow some surfaces to hgyg control volume method.

two prescribed boundary conditions, as well as some elements tQ\g js the case in combined heat transfer problems, the discreti-
have no prescribed condition at all. For problems that involvgation leads to a system of highly nonlinear equations. This sys-
thermal radiation heat transfer, this type of formulation is d&em s also expected to be ill-conditioned, as an inverse analysis is
scribed by a Fredholm integral equation of the first kind, known t@olved. The set of equations is solved by first relating the known
resultin an ill-posed problem, and can be solved only by meansiafnperature and heat flux of the elements on the design surface
regularization method¢Hansen[1]). The matrix of coefficients directly to the unknown radiosity of the elements on the heater,
presents singular values that decay continuously and steeply, @afd then finding the remaining heat transfer terms from the con-
conventional matrix solvers will probably fail to provide a usefuljitions found in the previous steps. This requires an iterative so-
solution. The system must be regularized. lution, where at each step an ill-conditioned system of linear equa-
The research undertaken on inverse design can be divided ifighs on the radiosities of the heater elements is to be solved.
two classes. The first includes the inverse boundary problem, Hpwever, the solution to the complete combined mode problem is
which the conditions on some of the boundaries are soughtfsund at the end of this iterative procedure, whereas an iterative
satisfy the specifications on the design surfaces; the second dstution is required within each trial-and-error iteratiére., an
cludes the inverse heat source problem, where the heat soutegative loop within an iterative solutiomecessary in a forward
distribution in the unconstrained medium is to be found. Inversgoblem. The ill-conditioned nature of the system is treated by
boundary design for radiation dominated problems has been cefeans of truncated singular value decompositibB8VD).
sidered by Harutunian et 2], Oguma and Howe(l3], Morales

et al. [4], Franca and Goldsteifb], and Matsumura et a[6]. Physical and Mathematical Formulation

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF Figure 1 shows a schematic view of the two-dimensional enclo-

HEAT TRANSFER Manuscript received by the Heat Transfer Division April 12, 2000SUr'e, fPVmEd by two parallel surfaces ofllengihand separated
revision received February 20, 2001. Associate Editor: R. D. Skocypec. by a distance oH. Steady state process is assumed. A gray par-
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[ D >| Fig. 2 Division of the enclosure into spatially coincident

zones and control volumes

d L >

Fig. 1 Two-dimensional enclosure for inverse design ) ) ) o
the zonal method calculations less time consuming, the grid is

uniform in thex andy directions, butAX andAY are not neces-
sarily the same.

ticipating medium flows between the two plates, with a fully de- YSing the upwind approximation for the discretization of the
veloped laminar velocity profile. The design surface and tHonvective terms, and the second-order flnlt.e difference approxi-
heater are located in the center of surface 1, on the bottom, dR@tion for the diffusive terms, the conservation of energy for the
surface 2, on the top. The lengths of the design and of the hedféfdium element, j becomes:

surfaces aré.p andLy, respectively. All the physical properties 4 (2t
are assumed to be constant. Surfaces 1 and 2 are diffuse, aé > u; + i
emitters and absorbers, and their emissivities are indicated by P (Ay) Ax NePe ™"

and g,. The inlet and outlet of the enclosure are modeled as _ 3)
porous black surfaces at the same temperatures as the inlet and

outlet bulk temperatures of the flowing medium. The elements d¢n the zonal method, each element is assumed to have uniform
surface 1 and 2 that are not located on the design surface or oneh@ssive power and radiosity. Using this method for the discreti-
heater are adiabatic. The inverse design consists of finding #fion of the radiation term gives:

total heat flux distribution on the heater that is able to provide the
specified temperature and heat flux on the design surface. This 4 _

gij " toij-1 b+ (gij=loi-a) T o,

—Ar Ayty+ ; GriGi jtg k.

configuration and set of conditions are representative of industrial RN

drying and processing ovens, and the formulation presented here

provides a useful design tool for such devices. +3 5.6 04+ G 0% +5.G. t4
The mathematical formulation of the problem relies on energy 2,( SuGi Qo 2,( S2Gi | Qzokct SeaGi jles

conservation. Neglecting axial conduction, viscous dissipation and
heat generation in the medium, the energy equation, in dimension- 1S.G ) )
less form, is e2i,jte2 |-

1 aztg g TH ., The first term on the right-hand side of E@,) accounts for the

Pe ay *UWJF N, Pe < =Y (1) thermal radiation emitted by thej medium element. The remain-

ing terms account, respectively, for the absorption of thermal ra-

where the first and the second terms relate to the diffusion ad@tion originating from the other medium elements, from the wall
convection of heat, respectively, and the third term accounts felements on surfaces 1 and 2, and from the two ends of the en-
the balance between the absorbed and the emitted thermal en@iggure, assumed to be black bodies at the medium bulk tempera-

by the medium element. ture. The termsSG and GG are the surface-to-medium and
For an element on one of the surfaces, 1 or 2, the energy baledium-to-medium direct-exchange areas per unit of depth. They
ance is: depend only on the geometry and optical thickngss and are
non-dimensionalized by X.
Q1= Q1+ Qyc (2a) For non-black walls, it is convenient to combine the emitted
and the reflected radiation energy into one term, the radiosity. The
Q2= Q2+ Q2 (2b)  dimensionless radiosit®, of an element located on surfaces 1 or

i i - 2 b Iculated b
in which Q,, Q,, andQ. stand for the total, radiative, and con- can be calculated by

ductive dimensionless heat fluxes on the surface element. — 4 4
To obtain the temperature distribution in the medium, and then Q1ok= er,k+2 SzjsleZO,JJrz Gi jSiktg,i j T SerSiktes
to solve for the heat transfer between the heater and the design ! h
surface, it is necessary to re_Iate_the radi_ative terms of @gsnd + Sezslktgz (5a)
(2) to the temperature distributions. This results in a system of
integral-differential equations, which requires a numerical ap- — 4 4
proach for most cases. Two distinct methods are combined for theQzo,k= Qar kT E S1jSokQ10,j 2 Gi iSaktg,ijt SerSater
solution of the problem: the integral terms of the radiative rela- ! b
tions are treated by the zonal formulati¢8iegel and Howell +§t4 (5b)
[12]); the control volume metho@Patankaf13]) is used to deal e22kCe2
with the diffusive and convection terms. Both methods are basedThe first term on the right-hand side is the dimensionless radia-
on the subdivision of the continuous domain into finite size eleéive heat flux on the element, which is a balance between the
ments, as shown in Fig. 2. Although this is not a necessary itaermal radiation that leaves and arrives on it. The other terms
quirement, the grids are spatially coincident in this work. To maka&ccount for the incidence of radiation from all the other surface
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and medium elements, and from the ends of the enclosure. Tdreergy equation in the medium is based on the terms of diffusion
radiosity can also be related to the temperature and radiative haatl convection, while the radiative heat source is guessed at each

flux by iteration.
The known conditions of the problem are: the temperature and
s (I—egy) heat flux on the design surface elements, the heat flux on the
Quox=tix— T enn Qirk (62)  adiabatic regions of surfaces 1 andtat is,Q,=0), and the inlet
' medium bulk temperature. The solution is achieved by the follow-
l1-¢ ing iterative steps:
Qzok=1t34— ﬂQZr,k (6b) ’ ) i o .
€2k 1 The medium temperature initially is assumed to be uniform

d equal to the known inlet bulk temperatutg; j=te;. The
pductive heat flux from the design element to the medium is
sumed zerd,. x=0. The radiosity of the elements located in
the adiabatic regions of surfaces 1 and 2 are guess&@;.as
Bty ttgkj—2— Mgk j-1 2 The outlet medium bulk temperature is calculated from the

Qi k=4N,— : éAx — (7a) medium temperature distribution at=L/H.

3 The radiative heat flux and the radiosity on the elements of

the design surface are calculated from E@s) and (6a).

(7b) 4 For every element on the design surface, E@) can be
3Ax rearranged to form the system of equations in terms of the un-
known radiosities of the elements on the heater. The radiosity for
the elements in the adiabatic region of surface 2 are included
among the guessed terms as follows:

The dimensionless conductive heat flux from a wall element 5!
an adjacent medium element is calculated by the second-or §
finite difference approximation

8ty T tgkj=m—1— gk =M

QZc,k:4Ncr

The indicesj=1 andM refers to the medium elements neigh
boring the bottom and upper wall, respectively.

Solution Procedure. Equationg3) to (7) contain all the rela-
tions necessary for the solution of the problem. They form a sys- S o N — _ _ S <o N .
tem of nonlinear equations, as the unknowns include both th@%terszlslezo" Quok~ Qurk j_a%baticszlslezo"
dimensionless temperatuteand the emissive powet* of the
medium and wall elements. In forward problems, such systems
have been often solved by using an iterative approach: some terms
(for instance, the temperatyr@are chosen as the primary un-
knowns of the system, while otheffor instance, the emissive (©))
powe_r) are calculated from the conditions found in the previous 5 opce the radiosity of each element on the heater surface is
iteration. The convergence of the solution depends on carefifliermined, the radiative heat flux and the temperature can be
analysis of the physical system. The terms related to the domln%ﬁnd’ in this order, from Eqg5b) and (6b).
heat transfer process should be used as the primary unknownss From the knowledge of the radiosity on each element of the
while the other terms are calculated from the conditions of thga)| it is possible to calculate the medium radiation term from
previous iteration. In inverse analyses, an even more carefy(l{_ (4). Then, the energy balance equation, &), can be solved
analysis of the problem is necessary for the numerical schemet(;ogive the temperature distribution in the medium.
converge, because of the inherent instability of ill-conditioned 7 The conductive and the radiative heat transfer on the wall
problems. . o ) elements are calculated, in this order, by Eg3.and (2).

In the type of system considered in Fig. 1, the design surface isg with the new values for the medium temperature, conductive
heated by the top surface by means of thermal radiation. Theat flux on the design surface, and radiosity of the elements in
participating medium affects the heating process through thermgg adiabatic regions of surfaces 1 and 2, the calculations start
radiation and convection mechanisms, and convection is necggain at step 2, and are repeated until convergence is achieved.
sary to remove vapor released by drying on the design surface or
as an auxiliary heat transfer mechanism. However, an eﬁeCtiF?egularization of the System of Equations
design of such a system is the one that maximizes the effect of the . )
heater(the controllable part of the systeran the design surface, Step(4) of the above procedure involves the solution of a sys-
so that the radiation exchange between the two surfaces is dofgm of linear equations on the radiosities of the heater elements,
nant in the process. This dominance should be reflected in t8ich can be represented by
setting of the unknown and guessed terms. An optimum set of A-x=h(x), )
equations can be proposed that relates the two known conditions
on the design surface directly to the unknown radiosity of thehere the coefficient matri& is formed by the surface-to-surface
heater elements. All the other terms involved in the systeom- direct-exchange areas between the elements on the heater and the
vective and diffusiveare calculated from the conditions found indesign surface, vector represents the unknown radiosities of the
the previous iteration. An attractive aspect of this procedure is tHagater elements, and vectorcontains the terms guessed in the
the ill-posed part of the problerfwhich arises from the fact that previous iteration, being dependent xn
the design surface contains two imposed conditions, while theThe system of Eq(9) is the discretized form of a set of equa-
heater has no imposed boundary condition atisléeparated from tions that includes Fredholm integral equations of the first kind,
the remainder of the problem. and so it is expected to present the characteristics of ill-posed

In a similar sense, a well designed system should not have groblems. In general, the components of the exact solution vector
optically thick participating mediunthat is, 7=«xH—x) be- x present steep oscillations between very large absolute numbers
tween the surfaces, because the effect of the heater on the debigving alternating signs, and small perturbations cause a much
surface would be minimized by the presence of a highly absorbiagnplified change in the solution. The solution of ill-posed prob-
medium. The inverse solution would probably not be able to finéms does not aim at an exact solution, but rather to impose ad-
a proper solution for the heater, since any power input distributiafitional constraints to reduce the sigeorm) of x to achieve a
to the heater would make a small difference on the design surfasejooth solution. However, the greater the smoothness imposed on
the heating of the design surface could hardly be controlled by ttiee solution, the greater will be the residual. This is the basic idea
heaters. Therefore, the inverse solution of interest should consitbehind the regularization methods for the solution of ill-posed
only low or moderate optical thickness, where the solution of thgroblems.

- E Gi iSity,j — SerSiter — SeoSkte-
i
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Among other regularization procedures, such as the conjugateme for either method. However, the number of iterations needed
gradient and Tikhonov methods, the truncated singular value der a particular forward solution cannot be determirzegriori.
composition(TSVD) is employed here. In singular value decom-
position, the matrixA is decomposed into three matrices: Results and Discussion

A=U-W-VT. (10) For the system shown in Fig. 1, uniform temperature and heat
U and V are orthogonal matrices, and/ is a diagonal matrix flux are imposed on the design surface, equal,te 1.0, and
formed by the singular valuesv;, such thatw;>w,= ... Q1= —16.0(the negative sign o, indicates that heat is trans-
>w,_,;=wy=0. The solution vectoxk can be computed by ferred from the enclosure to the design surfadéie elements on
surfaces 1 and 2 that are not located on the design surface or on

S, [
i=1

-U; the heater are adiabatic; that 3,=0. A participating medium
W ) i (11)  enters the enclosure with a uniform temperatureef1.0. The
l fully developed laminar flow has an average Reynolds number of
whereN stands for the number of unknowns. Re=2000. The Prandtl number is#0.69, and the Stark number

In ill-posed problems, the singular valueg decay continu- is Ncr=7.60x10"*. The optical thickness of the enclosure is
ously to very small values with increasingAs they are in the 7y=«H=0.2. All the walls have the same emissivity;=¢,
denominator of Eq(11), the components of can present very =0.8. The dimensionless length of the enclosure and of the design
large absolute numbers. However, the smaller the singular valigrface are, respectively/H=5.0 andL /H=3.0. The proposed
w; is, the closer the corresponding vecigiis to the null-space of inverse design is applied to find the necessary heat flux distribu-
A. In other words, the terms related to the smaller singular valutien on the heater for different dimensionless lendthsH and
can be eliminated from Edq11) without introducing a large error different regularization parameteps
to the solution. This is the principle idea of the TSVD: only the The grid is formed by 50 and 20 uniform size elements inxhe
terms related to theth largest singular values are kept on Egandy direction, respectively. This results ilx=AX/H=0.10,
(11), instead of allN terms. The TSVD regularized solution isAy=AY/H=0.05, andr =Ax/Ay=2. The accuracy of this grid
given by is verified later.
b Because the dimensionless length of the design surface is 3.0,
X‘E H)v there are 30 design surface elements. As discussed previously, a

=\ w )

j=1

(12)  total of 30 relations as Ed8) can be written. If the size of the
heater is also set equal tg,/H=3.0, the number of unknown
where the regularization parameteis defined as the number of radiosities on the heaters is also 30, making the number of un-
terms of the linear combination of E@L1) that are kept for the knowns and equations the same. The components of nfatave
computation ofx. The solution is the vectax with the smallest the direct-exchange are&§;Sy, relating the elements in the de-
norm subject to minimum deviation in the residjial x—b(x)|.  sign surfaces and heaters. Once the mafrits formed, the sin-
Another aspect of the inverse solution concerns the numberdiflar value decomposition is performed to generate the singular
unknowns and the number of equations. EquatRris set for all  valuesw;, which are presented in Fig. 3 far,/H=3.0. As can
the elements on the design surface, while each element on Heeseen, the singular values decay continuously to a magnitude as
heater contains one unknown radiosity. Therefore, the numberghall as 108, a typical characteristic of ill-posed problems. The
equations equals the number of unknowns only when the numbegtsy/D regularization is necessary to smooth the solution, as well
of elements on the design surface and heater are the same. Thigsisllow convergence of the iterative procedure. As verified in
not always the case. An important feature of the TSVD method jgevious works(Franga et al[8—11]), truncating all the terms
that it can be applied to the case where the numbers of unknowgfated to singular values smaller that #usually leads to con-
and equations are not the same, as shown in the results sectiQyrgence and smooth solutions. Using this information, the first

Verification of the Solution. Due to the need for regulariza- 9u€ss made to find the best regularization parameterpwal,
tion of the system on stef#), an exact solution is not expected {aken by checking the singular values of Fig. 3. Solving the prob-
The following procedure is used for the verification of the sol€m for this p, it is found that some components of vector
tion. Once the heat flux on the heater is obtained, a forward prob-
lem is solved where the heat flux on surface 2 is known, and only
the temperature on the design surface is imposed. The heat flux on 1.0E+00
each elemenk of the design surface is then calculated, and com-
pared to the heat flux imposed by

—— Ly/H=30 __|

1.0E02 | --
o= Qimposedk_Qinversek" (13) o~ Ly/H =34
Qimposedk —— L y/H =38
whereQmposedk is the specified heat flux, ar@hyersex is the total 1.0E-04 B o LylH=42
heat flux resulting from the conditions on the heater that were ,,, . ‘ :
i . ) . . J

obtained in the inverse solution. Oneg is calculated for each
element, the maximum and arithmetic average errgyg, and 1.0E-06

Yavg CaN be readily found.
It is possible that a trial-and-error solution could provide a so- ‘

lution comparable with that from the inverse solution. Whether ~ 1.0E-08 | ---- 4 --------

this is possible depends on many factors, such as the expertise o ‘

the analyst, the accuracy of an initial guess for the solution, and : ‘ ‘ ‘ ‘ ‘

the comparison in time required for the standard forward solution  1.0e.10 i i : * j ! |

compared with the time for an inverse solution. The latter factor is 0 5 10 15 20 25 30 35 40

addressed if14], where the speed of an inverse solution was j

compared with that of a forward solution on the same computer.

The inverse solution required from 1.7 to 5 times the CPU time ®fg. 3 Singular values of matrix A for different heater dimen-

a single forward solution. Thus, if a forward iterative solutiorsionless lengths, L,/H. LIH=5.0; Lp/H=3.0; 7,=0.2; £,=¢€4

takes between 1.7 and 5 iterations, the total times would be th®.8; Re=2,000; Pr=0.69; N g=7.60X10"*. Grid: 50X 20.
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Fig. 4 Heat flux on the heater for L ,/H=3.0 with p=5. Design
surface: t;=1.0 and Q.=—16.0; L/H=5.0; Lp/H=3.0; 7y
=0.2; £,=£3;=0.8; Re=2,000; Pr=0.69; Ncz=7.60X10"*. Grid:
50X 20.

Fig. 5 Heat flux on the heater for different  L,/H with p=6.
Design surface: t;=1.0 and Q.=—16.0; L/H=5.0; L,/H=3.0;
7,=0.2; &£,=£3=0.8; Re=2,000; Pr=0.69; Nz=7.60X10""*.
Grid: 50X 20.

converge to negative numbers, which is not physically acceptabiat interesting designs for a heater. This eliminates the solutions
as they stand for the radiosity. Other solutions are attempted bigtained forL,, /H=3.0 with p=5, andL, /H=23.4 with p=7.
decreasing until the vectorx contains only positive values. This Due to the need for regularization of the inverse problem, the
occurs forp=5. The corresponding heat flux on surface 2 is prenaximum (yy,) and average ¥, e€rrors must always be
sented in Fig. 4. The arithmetic average and maximum errors fadnecked to validate or eliminate a given solution. For this particu-
this solution, as defined by Eq13), are rather highiy,, lar problem, another aspect to be compared between the solutions
=1.26 percent ang,,="5.26 percent. Another unsatisfactory asis the efficiencyy of the heating process; that is, the ratio between
pect is the presence of a negative heat flux in some of the etke total heat imposed on the design surface, and the necessary
ments, which is not an interesting solution for a heater. input of heat on the heater. Table 1 presents the maximum and the
Figure 4 also indicates that, to keep the design surface at uaierage errors for each solution of Figs. 5 and 6, as well as the
form heat flux and temperature, the heat flux should be the greatfficiency of the heating process. Keeping constant the regulariza-
est for the elements close to the extremities of the heater. This ¢am parametemp, the average and the maximum errors of the
be an indication that if the heater is “stretched” towards the twimverse solution decrease hg/H is increased from 3.4 to 4.2.
ends of the enclosure, where a greater heat flux is needed, T efficiency of the heating process decreases only slightly as
peak heat flux can be reducgén alternative solution would be Ly /H increases from 3.4 to 4.2, because the increment in the size
to shorten the size of the design surfacéhe dimensionless size of the heater is balanced by the smoothing of the heat flux peaks.
of the heater, /H, can be set as 3.4, 3.8, and 4.2, instead of 3.Considering that this small decrease in the efficiency is not a high
The first implication of this concerns the change of the number pfice to pay for a smoother heat flux on the heater, the solutions
unknowns. Keeping the same grid resolution as before, the nufar L, /H=4.2 with p=6 and 7 can be chosen as the most inter-
bers of unknowns wheh /H is 3.4, 3.8, and 4.2 are, respec-esting. If a minimum number of oscillations is preferred, then the
tively, 34, 38, and 42. The number of equations, related to the
number of elements on the design surface, is still 30. This makes
the number of unknowns greater than the number of equations, 90
and the system is underdetermined. The singular values of matrix
A for these three cases are presented and compared to the cas
whereLy /H is 3.0 in Fig. 3. There is no significant change in the
singular value spectrum for the four cases presented. Only the 30
largest singular values are presented, as the remaining are zero fo
the system having more than 30 unknowns. The TSVD method
can be applied in exactly the same way as before for such sys-
tems, by keeping the largest singular values in Eq12). The O
elimination of the terms related to the zero singular values intro-
duces no additional error to the solution. For the cases where
Ly /H is 3.4, 3.8, and 4.2, it is possible to uséarger than 5 and
still recover a solution having physical meaning. Figures 5 and 6
present the heat flux on surface 2 setjingqual to 6 and 7 for the
different sizes of the heaters. The figures indicate that, for a given
regularization parametqy, the greater id /H, the smaller are 10 : : ; : ‘ ‘
the peaks of heat flux necessary on the heater, as it is distributed 00 05 10 15 20 25 30 35 40 45 50
along a greater length. For a givep /H, increasingp from 6 to
7 adds one more oscillation to the heat flux.

_Considering that the problem allows different solutions, as ifig. 6 Heat flux on the heater for different L ,/H with p=7.
dicated on Figs. 4 through 6, it is of interest to establish a set pksign surface: t,=1.0 and Q;,=—16.0; L/H=5.0; L/H=3.0;
criteria for the choice of one or some of them. As already dis,,=0.2; &,=£,=0.8; Re=2,000; Pr=0.69; Ncz=7.60X10"*.
cussed, solutions that present negative heat flux on surface 2 @rd: 50X 20.

X

888 / Vol. 123, OCTOBER 2001 Transactions of the ASME

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Average and maximum relative errors, and efficiency 40 ; ‘
of the heating process for the inverse solutions of Figs. 5 and ! ! : ! ° 50x20
6. Design surface: t;=1.0 and Q,,=—16.0; L/H=5.0; Ly/H 35 [---1---ga-------t--- 9 75x30
=3.0; 74=0.2; £,=£3=0.8; Re=2000; Pr=0.69; N:g=7.60 | R ' A
X10~*; Grid: 50X20. 30 |-l R L L00%A0
T i % % % P SR ' *—125x50
f/ p Ymax ( 0) Yavg ( 0) n ( 0) o5 b---- 4 :L‘_ ',; e L o S— heating elements
34 6 2.182 0.703 60.9 { D N | ; ‘
3.8 6 1.319 0.467 60.0 0220 & R =y N
4.2 6 0.925 0.364 59.2 P . B S wall SUS W
3.4 7 0.773 0.208 60.1 Lo o R R
3.8 7 0.335 0.107 59.1 L i I B B A RN
42 7 0.152 0.059 58.2 [ R NN TSR S N S . S
1.0E+00 0 :
0.0 05 10 15 2.0 25 30 35 4.0 45 5.0
1.0E-02 |-~ - *
: o 50x20 Fig. 8 Heat flux on the heater for four different grid resolu-
‘ o 75x30 tions: 50X20, 75X30, 100X40, and 125X50, and employing only
1.0E-04 rpTTo o I9ASY eeeee 6 heating devices. Design surface: t;=1.0 and Q;,=—16.0;
Wi ‘ A 100x40 L/H=5.0; LpyH=3.0; 7,=0.2; &,=€3=0.8; Re=2000; Pr
7 —— 195x50 =0.69; Nor=7.60X10"% L, /H=4.2 with p=6.
1.0E-06
10E-08 |- o 7777777777777 refinement was barred by memory limitation. Although the
' 1 : ‘ present solution presents stability with respect to the grids tested
(up to memory limitatiol, it has been reportefd 4] that inverse
1.0E-10 problems can face difficulties with mesh refinement, which may
' 0 20 2 60 80 prevent an inverse solution from being found for very fine grids.
The important point is that the error related to grid resolution is
j usually negligible in comparison to the level of precision that is
required in inverse desigfusually within about 1 percent
Fig. 7 Singular values of matrix A for different grid resolu- A last aspect considered in this work concerns the implementa-
tions: 50X 20, 75X 30, 100X40, 125X50. L/H=5.0; L,/H=3.0; tion of the inverse solution. Considering again the solution for
74=0.2; £,=£,=0.8; Re=2,000; Pr=0.69; N.p=7.60X1074. L, /H=4.2 withp=6 as the most satisfactory, the designer must

specify heating devices along the heater such that the distribution
shown on Fig. 8 is attained. Within the constraint of the grid
first of these two solutions is the best of the set. A typical confesolution of 50520, a total of 42 heating elements should be
putation required 1m 42s of CPU tin(eBM PowerPC 604e-233 installed. A practical design may be more interesting if a smaller
MHz), with no significant change as the considered paramgter§lumber of heating elements were employed, even at the expense
andL, were changed. of accuracy. In Fig. 8, the heat flux distribution on the heater is
The validation of a numerical solution requires a grid indepen-
dence study. It is of interest to learn how the change of resolution

can affect the inverse solution, because for a given grid size the 175
solution depends also on the regularization imposed on the : ‘ :
system. —— imposed heat flux

The grid is now divided into 30 and 75 uniform elements on the R - - - 42 heating elements "~
x and y directions, with Ax=AX/H=0.0667, Ay=AY/H : ' -=-- 6 heating elements
=0.0333, and=Ax/Ay=2. For comparison with the previous o5 | I S
grid, 20X50, the casé.,;/H=4.2 is considered. For the 30/5
grid, the design surface and the heater are divided into 45 and 63 : . ‘
elements. The system of equations of stépwill have conse- -01t 160 B e
quently 45 equations and 63 unknowns on the radiosities of the g / Ww\\‘
heaters. Once matri& is formed, it is regularized by the TSVD ] SR S 1
method. The singular values are presented in Fig. 7, which com- 8%} =~ ¢
pares them to the singular values obtained for the previous 20
X 50 grid. As seen in the figure, the singular values for the two 150 | oot
grids coincides at the higher valuédswer j), which are the ones
that are not truncated by the regularization. This is an indication
that the same regularization paramegi@an be used in both cases 145
to generate a similar result. In fact, Fig. 8 shows that the heat 00 05 10 15 20 25 30 35 40 45 50
fluxes on surface 2 for the two grids, both obtained by setting X
:6'_ present a very good agreement. . . Fig. 9 Heat fluxes on the design surface: as imposed, and em-

Figures 7 and 8 also present the results for grid resolution ﬂé’ying 42 and 6 heating elements. Design surface:  t,=1.0 and

100%40 and 125>50. The solutions match those obtained for the,,=—16.0; L/H=5.0; L, /H=3.0; 7,=0.2.; £,=£,=0.8; Re
grid resolutions of 5020 and 75330, indicating that the pro- =2000; Pr=0.69; Nog=7.60X10"%; L /H=4.2 with p=6; Grid:
posed method is stable with respect to mesh refinement. Furtbex20.
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presented for six heating devices installed along the heater. TBeted, it should be observed that every single solution is a math-
amount of energy to be provided by each heating device is detematical approximation for the problem, which can be selected if
mined by averaging the energy of the elements that form it, &g imposed requirementphysical and practical constraintare
found from the solution with the grid resolution of 42 elementssatisfied. Besides, as shown in the paper, there is usually a limited
Such a solution leads to the heat flux on the design surface showmumber of regularization parameters after which the solution be-
in Fig. 9, which compares it to the imposed heat flux, as well a®mes plagued by undesirable oscillations.

the one obtained when all the 42 element devices are employedA last aspect investigated in the paper concerns the specifica-
The average and maximum errors of the solution having only thien of a limited number of heaters, each one having finite size
six uniformly heater elements arg,,,=0.676 percent and,,, and uniform power input, instead of a continuous distribution. The
=3.401 percent. The greater error is observed near the ends of pogver to each finite heater was calculated by simply averaging the
design surface, where the absolute value of the heat flux is smahesat flux on the elements contained in the heater. The average
than the specified one. A better solution could be attempted byror of the solution was still below 1.0 percent, which can be
increasing the energy input of the heating elements close to ttensidered satisfactory for many practical applications. It would
ends of the enclosure, or using heating devices with non-unifotoe difficult to find a solution of similar accuracy using conven-
sizes so that the oscillatory behavior of the inverse solution tional trial-and-error methods.

better simulated.
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mathematical formulation was described by a system of highly
nonlinear equations describing combined radiation-convectiqfiymenclature
heat transfer. The numerical discretization of the problem led to an
ill-conditioned system of equations as expected in inverse design. A = matrix of coefficients
This system cannot be solved by conventional matrix solvers, but b = vector of independent terms
requires regularization methods, such as truncated singular value €, = specific heat at constant pressure, Jkg
decomposition TSVD). The TSVD eliminates the linear combi- GG = dimensionless gas-to-gas direct exchange area
nations related to the smaller singular values of the system, keep- H = height of the enclosure, m
ing only thep largest ones. Regularization of the system intro- k = thermal conductivity, W/nK
duces some error, but makes it possible to obtain practical and L = length of the enclosure, m
approximate solutions. M = number of medium elements indirection
The proposed procedure was developed for the situation thatis N = number of components of the vector of unknowns
the most interesting for the design problem in Fig. 1: low to mod- N¢ = conduction-radiation parametéma/doT >
erate channel optical thickness, so that the thermal radiation from  p = regularization parameter of the TSVD method
the heater can properly control the conditions on the design sur- Pe = Peclet number, RePr
face. A system of equations was set to relate the two imposed Pr = Prandtl numberg,u/k
conditions of the design surface directly to the unknown radiosity g = heat flux, W/n
of the heater, calculating the other terms from the conditions  Q = dimensionless heat fluxy o T
found in the previous iterative step. Because the ill-conditioned o — medium dimensionless radiative balance term
part of the problem was isolated, it was necessary to apply regu- ' — gyid ratio, Ax/Ay
larization only to a reduced system of equations, whose matrix of Re — ayerage Reynolds numberJ H/
coefficients did not vary at each iteration, allowing a single regu- 55 — dimensionless surface-to-surface direct exchange
larization. area
The examples treated the case V\_/here both the prescr_lbed tem-SG = dimensionless surface-to-gas direct exchange area
perature and heat flux on the design surface were uniform. In 1 _ temperature, K
general, thg required heat flux on the heater preser_ned an_oscﬂla— t = dimensionless temperatur®/T
tory behavior, where the peak_s were reduced by increasing the , = singular values from SVD decomposition Af
length of the heater. As seen in the examples, the required heat \y — diagonal matrix from SVD decomposition &f

flux decreases along the channel, as the flowing medium increased y \, — dimensionless coordinateX/H and Y/H

in temperature and transferred more energy to the design surfacex ¥ = dimensional coordinates. m

by radiation and conduction. If there were no fluid flogonvec- x = vector of unknowns

tion), the heat flux distribution would be symmetric with the chan- v; = j" column of matrixV

nel length for the uniform conditions required on the design sur- u = elements of matrixt); dimensionless velocity)/U
face. ’ m

The necessary power to the heater was found for different Um = medium bulk velocity, m/s
U, V = orthogonal matrices from SVD decompositionAf
lengths of the heater and regularization parametefs typical of g ! post

inverse design, the problem presented a number of different sofereek Symbols

tions, which were compared to each other according to the prac- = emissivity of surface

ticality of the design, the error of the solution, and the thermal = error of the inverse solution
efficiency. The error of the inverse design decreased as the regu- = medium absorption coefficient, Th
larization parametep was increased, but this added one more = medium viscosity, kg/ms
oscillation to the solution. Using different grid resolutions, it was = medium density, kg/rh

possible to find the same solution by keeping the same regulariza- — relative error of inverse solution

tion parametep. The optimum regularization paramegemust be 4 = optical thickness with the respect to the heighit

LT MmO R AR ®

found for each inverse problem. The same is valid for most reg$ b

lation methods, as required in finding the Tikhonov regularizationtPSCriPts

parameteg, or the number of iterations for the conjugate gradient ¢ = conductive heat flux

methods. Although a number of truncation paramegensust be D = design surface
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Analysis of Radiative Heat
Transfer in Complex
v saemt | TWO-Dimensional Enclosures With
aexasmi | Obstacles Using the Modified
A carette I [iscrete Ordinates Method

e-mail: acharett@uqac.uquebec.ca

Groupe de Recherche en Ingénierie des In this work, an extension of a modified discrete ordinates method recently proposed by
Procédes et Systemes, other researchers is presented. It is intended to counter the ray effect inherent in this

Université du Québec a Chicoutimi, 555, method. The media analyzed are absorbing, emitting and isotropically or anisotropically
boulevard de I'universite, scattering and the enclosure geometry is arbitrary. Cases with obstructions are empha-

Chicoutimi, Québec, Canada, G7H 2B1 sized. The radiative intensity is broken into two parts: the wall-related intensity and the

medium-related intensity. The former is treated separately by rigorous integration over
the entire solid boundary. A new differencing scheme based on quadrangular grids is also
proposed and used for the treatment of the medium-related intensity. Results confirm that
the proposed method is a good general remedy for anomalies caused by the ray effect due
to the geometry.[DOI: 10.1115/1.1375812

Keywords: Gaseous, Heat Transfer, Participating Media, Radiation, Scattering

Introduction enon. An iterative procedure based on the stochastic generation of
Due to the difficulty in finding an exact analytical solution t the sets of ordinates directions was used by Pasini and Castellano
the integro-differential radiative transfer equati@RTE) in gen- 0[13]' Ramankutty and Crosbjd4,15]adopted an idea originally

) o - ; : . . proposed by Olf¢16] and Modesf17]and consisting in using a
eral absorbing-emitting-scattering media, a diversity of numeric v - : o f

methods havg been wo_rked out over the last forty years. In tm%tion intensity into two parts, i.e., the intensity due to the me-
respect, the discrete ordinates metiD@M) stands as one of the g, and the intensity due to the enclosure walls. The medium-
most popular methods for the solution of the RTE-3]. It has o |ateq intensity was treated by the DOM@Ife [16] and Modest
reqelved significant attention due_to its good accuracy, its com 7] had used the spherical harmonics methdthey applied the
tational economy and its easy implementation. However, rélgschnigue to two-dimensional and three-dimensional cartesian en-
tively few researchers have used the DOM in complex geometriggssyres with non-uniform boundary conditions. Sakami and
For this aspect, Cheong and Sddg have developed a numerical charette[18] extended this modified discrete ordinates method
scheme by interpolating the intensities and the volumetric SoUrgapO) to the treatment of the ray effect in an absorbing, emitting
terms between nodes in irregular enclosures. In a related wa)q scattering medium enclosed in a cavity of irregular geometry.
Raithby and Chuf5] and Chui et al[6] proposed a finite volume The MDO method was also used, with a new version of the DOM,
method(FVM) applicable to arbitrary geometries. Chai et[dl] py wu and Liou[19] to analyze the radiative transfer in a cylin-
also applied a similar FVM technique. Liu et 8] examined and drical enclosure with Fresnel boundaries. Another shortcoming of
compared the accuracy of the DOM and FVM procedures in gefie DOM, the false scattering, will be discussed in the Results
eral body-fitted coordinates. section.

Another practical problem which has received little attention, is In this paper, the application of the MDO to complex geometry
the discrete ordinates modeling of radiative heat transfer in enclgith obstruction is presented. A new quadrangular differencing
sures with obstacles. Sanchez and Sifthapplied the DOM to scheme, based on a previous triangular differencing approach
two-dimensional rectangular enclosures with protrusions and di20,21]is also introduced. Since in this work we deal with radia-
structions containing a transparent medium. The same method Waa in irregular geometry enclosures, the alternative angular dis-
applied to radiative transfer in a three-dimensional furnace witltetization procedure proposed by Koch et[@?], the Double
complex geometry including cooling pipEB0]. Coehlo et all11] Cyclic Triangles(DCT) quadrature, is used and its capacity to
proposed a comparison between the discrete transfer method, dbeid directional biasing is tested. The standard and modified dis-
DOM and the finite volume method to handle enclosures wittrete ordinate$SDO and MDO, respectivelysolutions are com-
baffles and containing an emitting-absorbing medium. pared for different cases.

Despite the fact that the DOM can be applied to different situ-
ations as mentioned above, this method still suffers from some
shortcomings as the so-called ray effgt2]. The ray effect is due
to the discretization of the angular distribution of the radiative
intensity. Some remedies were proposed to tackle this phenoMedified Discrete Ordinates Method

_ An irregular enclosure the surfaces of which are perfectly dif-
1Current address: Department of Mechanical Engineering, Lamar University, Pfise opaque reflectors is considered. The cavity contains an ab-
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1 The Wall-Related Moments. Figure 1 illustrates a general
=Q-VI(5,Q)+1(5,Q)=(1—w)ly(s) case where the scattering medium receives radiation from bound-
B aries of arbitrary shape. The in-scatter term due to the wall con-
® tribution can be extracted from E¢f) as:
+Ef O(Q,0)I(s,Q")dQ .
4

JW(s,Q)=f PO, )IM(s,Q")dQ". (8)
(]_) 4

On each physical surface of the cavity, the associated bound&y introducing Eq.(5) into Eqg. (8), and considering thad(’
condition (here purely diffuse reflectiorcan be written as =dA’ cos¢'/d?, one obtains

| 1-¢ . o — or,COSO'dA’

e Q)=glpy+ — ng-Q'1"°dQ’,  ng Q<0 Ms,Q)=| Q' Q)W sy _—— - (9)

T JngQ'>0 an d
2

whered is the distance from the walareadA’) to the considered
wherens is the unit outward normal vector at the boundary and point (xs,y,,0). It is given by
the emissivity of the wall.
In the discrete ordinates method, the RTE and the associated d= \/(Xs_xt)2+(ys_yt)2+ th-
boundary condition are_replaced with a set of equations_for a fini,t_c?om Fig. 1, one can write for a two-dimensional geometry
number ofM directions in the total # sr solid angle. The integral
terms of Egs.(1) and (2) are reformulated with the aid of an w = . Wlealve*Bd ,
angular quadrature of ordéd. This discretization gives excellent 3 (S:()= (Q'(1,2), NI -7 cosg' dzdt.
results for a number of cases, but it suffers from a drawback, t o 10
called the ray effect, under certain conditions, especially when the (10)
temperatures on the physical boundaries or in the medium are fg,ys,0) are the spatial coordinates of poslying in the plane
uniform. of the paper, andx;,y;,z;) are those of a given point on the
To tackle this shortcoming, Ramankutty and Crogié] pre- boundary. Note that the RHS of E(LO) is integrated over the
sented a modified DOM. This method consists in breaking up tikemplete boundant independently of the complexity of this

intensity into two parts, as follows: boundary.
g w Since in this work we deal with anisotropic scattering radiation
1(s,Q2)=1%(s,Q) +1"(s,2). ) in irregular geometry with non-uniform boundary conditions, a

In this equation|¥(s,Q) is due only to the emission and re-
flection at the walls; it is obtained by considering the scenario
where no emission and in-scattering occur in the medium. It rep-
resents the residual intensity at a given location after its attenua-
tion by the absorbing and scattering mediuf(s,{) is the in-
tensity at the same location due to the medium contribution by
emission and in-scattering. The main feature of this modified
DOM is that the computation of radiation emanating from the
surfaces is treated separately. The attenuated wall-related intensity
IY(s,Q2) can be solved analytically and the corresponding in-
scatter term as well as the heat flux distribution at the walls can be
evaluated with good accuracy in a similar way as the zonal
method.

Let | satisfy the equation obtained in the case where only
attenuation by absorption and scattering occur. Then &g.
reduces to

[ee]

1
5O VI"(s,0)+1"(s,0)=0. 4)

Integration leads to the following analytical solution
|W(S,Q) — |W,Ieavefﬂs(x,y,ﬂ)’ (5)

wheres(x,y,(}) is the path length from the wall to a given point
in the medium for the) direction and ":'*is the upstream wall
boundary condition fol", which is obtained from general Eq.
(2). Substitution of Eqs(3) and (4) into Eq. (1) gives

1
S0 VIS0 1%(S.0)= (1= w)ly(s) + %L;D(Q’,Q)

X[19(s,Q")+1%(s,Q0/)]dQ". (6)

The boundary condition related t8 is:

Ig"ea"(Q)=178f nS-Q’Ig’i”C"dQ’, ne <0, (7) Fig. 1 Contribut.ior) of the _infinite wall strip c!A’ to the ‘in-
T Jne'>0 scatter process within an arb|tr_ary ggometry. dA’ and the point

(Xs,Ys,0) define the differential solid angle  d€Q’. Note that 6’
which emphasizes that the walls are simply reflecting when thas been displaced to the rear wall to avoid confusion on the
intensity of the medium is considered. figure, however, it should be seen as normalto  dA’.
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more general approach is to proceed as in the zonal method. It Vme{l,....M},
consists in breaking up the enclosure wall ilNsub-surfaces of
uniform intensity. Equatior§10) then becomes

4
L w ) . ) 1 S
I =2 OB IR0 = (- 0)lh—gg 2 (@-mldE,,

N n [+ —pBd
w _ i ' w Ieave
J (S,Q)—; N DO (51,20, Q)" (19)

: , whereJ3' and J)y' are the source functions due to the medium

X cosd’' dzdt; (Eq. (18)) and the wall(Eq. (10)), respectivelyS is the area of

N A celli. The last term is general: it can be applied to any type of cell.
t: ..

:El jJJ [D(Q(s,t;,2),0) Similarly, Eq.(7) becomes
1= t Jo 1—¢ )
o |g;'eaV=T > Wpne Q3™ neQ,<0.  (20)
+ Q' (st ,—zt),Q)]IWJea"? cosf' dzdt, s >0

To close the system formed by Eq4.9) and (20), relations
(11) between the central and lateral intensities are needed. These are

. . _ btained by using an appropriate differencing scheme. We have
with A>1. The transformation |z|=[(xs—xX;)?+ 0 ; - '
_yt)z]ﬁsmh(u) proposed by Ramanku|tt;/‘ arE((j (S:rOSt)@]ﬂ](yiSS proposed previously an integrated exponential sch@&f®) used

for unstructured trianguldtwo-dimensiongland tetrahedral grids
used.J"(s,Q) is then evaluated numerically using the Gaussi gul 3 g

>'Athree-dimensional[20,21]. In this work, an integrated exponen-
guadrature. In presence of obstacles, cases where only a portio eﬂfscheme(IES) for quadrangular grids is suggested. This closing
the sub-surfacg is seen by the local poirga may occur. These

Ken i procedure consists in solving rigorously the RTE mono-
cases are taken into account. dimensionally in each direction of the angular quadrature. Integra-
The Wall-Related Heat Flux. The wall-related heat flux can tion leads to algebraic equations that replace the classical interpo-

be evaluated at a subsurfacby lation relations, as explained below.
The integration of the RTE over an optical patin a given cell

N along directiorm, where the intensity and the Planck function are

qW=_El ;SJRJ_ R, (12) assumed uniform, gives
=
—_— . . . . St _|Sia— Bt i _ A Bt
wheres;s; is a dimensinless interchange area evaluated per unit la= e P dn(1-e7?), (21)
f faci h iosityR; is gi - . N . . .
area of subsurfaceand the radiosiR, is given by wheret=s;—s;, If,'] is the incoming intensity at a given point on
Rz emlt(1 ﬁ SsR 13 the side of a celljﬁi is the outgoing intensity of the ray after it
i=emlpt S)j:1 SIS 13 travelied through the cell and thi, is obtained from Eq(18).
_ . ) Superscripg is omitted for simplification. The average intensities
S can be obtained from: on the sides of the cells are obtained by considering an infinite
(e[t [y [ tee B number of parallel rays impinging on the cell walls. Figure 2
SiSjZ—J ' f f Jj —z—cosd cosf’ dzdt;dzdt;, shows a quadrangular cell in which side 1 receives radiation from
A S Sy o d the three other sides. The subsidda)l 1(b), and 1(c)receive

(14) radiation from sides 2, 3, and 4, respectively. The average inten-
sities on subsides 1(and 1(c)were determined in a previous

whereA,; is the area of strip andd; is given by work as[20]

di= \/(Xi—Xj)2+(Yi_yj)2+(Zi_Zj)2- _ _ _
For a two-dimensional case, we have |I1a,m:Efl 1) dl1a=15 mxat In(1— Xxa) (22)
la

— 1y +eg=hd d
SIS =1 —g2cost cosf'dzdtdt;.  (15) a@n
iJt Jt! J-=
i

Furthermore, for a small subsurface, one can assume that the
double integral term associated willz; anddt; is not dependent
on the position within segmert Sincel;=t{—t/ , Eq. (15) then
reduces to

t(! +we*ﬁd

sisj:j‘f ?cosacose’dzjdtj. (16)

t' ) -
]

The Medium-Related Moments. The in-scatter term due to
the contribution of the medium igrom Eg. (6))

Jg(S,Q)zf d(Q,0)19s,Q")dQ. a7)
4

The discrete ordinates form of this integral is
M
3= WPl (18)

m=1

Integrating Eq.(6) over a quadrangular cei] and applying the Fig. 2 Case where one side of a quadrilateral received radia-
Gauss theorem, one obtaif20]: tion from the three other sides
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e m=hmXet In(1=Xc), (23) dium is absorbing-emitting and is assigned a temperaftyren-
der these conditions, the following analytical expression of the
whereyx,=1—e /7, x;=1—e /7., and7is the maximum intensity at a given position holds:
optical thickness relative to the impact on the plane normal to
ABCD and containing AD. Here,= BT and 7.=8CJ. In the [(s)=Ipue ““+1p(s)(1-e ), (29)
same way, the average intensity on subsid® &an be given as \yhere the blackbody intensitiés,, andl, are related to the tem-
ib —|i mXO+Ji (1-xo), (24) perature of the v_va_II and the medium, respectively. The exact so-
_ thm=70, m lution for the radiative heat flux at the walls can then be evaluated
wherely ., is the mean intensity along the segmgitM], and by analytical integration of Eq29) over the complete solid angle.
Xo=1—e" /7, with o= SML. Since the average intensity, Figures 4(ajnd 4(b)report the heat flux obtained at the bottom

is related to that of segment 3 by wall of the enclosure with 2X11 and 21X21 grids, respectively.
: : 55 i = The heat flux solutions are seen to be in good agreement with the
IO,m:|3,meiﬁ +In(1-e7P%) exact solution and the DOM results obtained with Saequadra-

ture, even for the coarser grid.

one obtains X . .
, , 4 As mentioned precedingly, the DOM, besides the ray effect,
ipm=3,mXb T Im(1= Xb) (25) sulffers also from another shortcoming: the so-caltse scatter-
_ 6T -, ing or numerical scatteringwhich occurs when the direction of
andy,=e " (1-e /7). _ _ radiation is oblique with respect to the grid lines. In some circum-
Sur_nmlng the three contributions yields the characteristigances, results may seem good, whereas they are simply the con-
equation sequence of counter—balancing errors coming from the ray effect
_ - _ L _ and the false scattering. A simple test was carried out in order to
Ill,m:|_la[||2,mXa+ J'm(l—Xa)]JrE["3,mXb+J'm(1—Xb)] assess the capability of the proposed IES to mitigate this numeri-

cal diffusion effect. A problem already examined by Chai et al.
10 ) [12]was reworked for this purpose. This is illustrated in Figs)5
+|_[||4,mXc+‘]lm(1_Xc)]' (26) and (b) where it is seen that a collimated pencil of radiation of
1 unit intensity is incident on a transparent medigmon-emitting,
The other situations are taken care of by a similar procedure. Then-absorbing, and non-scatteningn Fig. 5(a), the collimated
radiative heat flux at the boundary enclosure walls is given by radiation is propagating at an angle of 60 deg with respect to the
x-axis. Results of the mean intensities are reported for classical

9=9"+q’ (27)  step and diamond schemesgpper and lower figures, respectively
The medium-related heat flux can be expressed as and for our IESmlddle Value). While nothing can be argued from
" the cells covered only partly by the collimated pencil, it is seen

g from the regions neighboring the pencil that the proposed scheme
q°= Z W@l ml m (28) produces less false scatterif@eviation from 1.0 than the step
m=1 scheme and an amount of smearing comparable to that of the
with @} = n,. diamond scheme. One should note also that the set-to-zero inten-
sities used in the diamond scheffuaderlined values follow from
this procedure)reduce the propagation of the false scattering,
Solution Procedure while no set-to-zero or overshoot clipping is needed in our pro-

The medium related moments are treated with the DOM. THReSed scheme. Figurdl§ shows a case where the IES does not

enclosure is meshed with an arbitrary structured or unstructurggnerate any falsg scattering. This Is true for any dlagonal direc-
On (45 deg in this particular case since a square grid is)used

arrangement of quadrilaterals. According to the procedure i - .
scribed by Sakami and Charef&0], the algorithm recognizes the he dlam_ond_scheme exhibits the same behavior, but only for _the
4o deg direction; the accuracy of this scheme decreases for diag-

orientation of the cells relative to each direction and applies th | directi her than 45 d

corresponding characteristic equations. The practice adoptedoﬁﬁI wec_tnons_ottr(]a_rt anth Meg(') th I-related intensit
this study is to determine a sweeping path for each direction of the so, since in this method X ) € wall-related intensity
quadrature, prior to the radiation computation itself. This enablés(S:}) and the corresponding in-scatter terdit(s,Q) are
that at each cell, the appropriate local boundary conditions dreated anwalytlcally, thewfalse scattering due to the wall emission is
available. The mean and lateral intensities due to the medium &eguced;I”(s,Q) and J%(s,2) solutions are independent of the
then obtained via Eq€19) and (26). grid. _ o _

For the contribution of the walls, the related moments are The enclosures considered hereafter in this work contain a
evaluated with Eqs(11) and (12). The in-scatter term due to thePurely scattering medium. Various cases are created by keeping
wall contribution is then introduced into E€L9) to determine the ©one wall hot while the other walls are uniformly at a lower tem-
medium-related intensities. For non-black wal¥, and g are perature. The following results are presented to prove the correct-
calculated in an iterative way. The double integrals in Egg) ness of the MDO procedure. Comparison betweer§hg23]and
and (16) are evaluated by the Gaussian quadrature with five loct® DCT quadraturei22]is also discussed. The directions and the
tions along thet; direction and sixty locations along tiedirec- Weights of the DCT quadratures used in this paper are reported in
tion. A routine was introduced to determine the sub-surfdoes 1aples 1 and 2. Note also that the grids shown in Fig. 3 define

the portion of thembeing seen by a point in a given positien only the general lay-out; finer grids are used in the calculations.

Square Enclosure With a Centered Obstruction. This case
is illustrated in Fig. 3(bshowing the cavity together with the grid
Results used. The medium is purely isotropically scattering gsel m™*.

First, a test was done to examine the accuracy of the proposete walls are black. Wall 1 is assigned a temperature of 1000 K
IES. It concerns a comparison with the scheme proposed Wile all the other walls are at 500 K. Figure 6 displays the heat
Cheong and Sonf#] in their linear and cubic discrete ordinatedflux at rear wall 3(behind the obstructionas obtained with the
interpolation method$DOIM). The enclosure considered is anSDO method for different orders of tf&, and DCT quadratures.
infinite quadrilateral cylinder containing a medium at unifornPrediction obtained with th&; fine angular quadratuf@] is also
temperature. The enclosure is depicted in Fi@) 3vhere the di- reported for comparisof200 directions). It is seen from the figure
mensions are indicated. The walls are cold and black. The nthat the DCT020-124648 directions)and the DCT111-1246810
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Fig. 3 (a) Irregular quadrilateral, (b) square obstacle, (c) elliptical protrusion, and  (d) square
enclosure with two oblique baffles (as obstacles with zero thickness )

(80 directions)predictions are closer to those obtainedTgy(200 closure is depicted in Fig. 3(c). The protrusion is assigned a tem-
directions)than theS; and theSg predictions respectively, with perature off ;= 1000 K withe ;= 0.85 while the other walls are at
correspondingly the same number of angular directions. The qu&j;=500 K with ¢,,=0.7. Comparison between the SDO and the
ity of this quadrature is highlighted here by its ability to represeMiDO methods is displayed in Fig. 10 for an isotropically scatter-
adequately difficult situations. Figure 7 shows a comparison b&g medium. The heat flux at cold wall 4 is presented. It can be
tween the SDO and the MDO heat flux distributions at the sanseen that the MDO results obtained with the DCT111 quadrature
wall yielded by theSg, DCT111 andTs quadratures. The MDO produce a regular distribution, whereas the SDO results show
(Ts) method is taken as a reference since it was shown previousiyomalies due to the ray effects. Results for an anisotropically
[18] that the results obtained are nearly identical to those of tiseattering medium are reported in Fig. 11 where the effect of the
Monte-Carlo method. The MDO method is seen to improve thghase function is analyzed at wall 4. These phase functions are
results significantly only in the case of tI8 quadrature. This obtained by a Legendre polynomial expansion, the coefficients of
again stresses the fact that the DCT111 is fundamentally bettenich are reported by Kim and Ld@4]. F1 is highly forward
than theSg to mitigate the ray effects. scattering, B1 is backward scattering and ISO is isotropic scatter-
The heat flux distribution at wall 5 is presented in Fig. 8. Wheimg. As expected, the forward scattering phase function F1 pro-
compared to the MDOT'5 results, the results obtained with theduces the highest radiative flux, while the backward scattering
SDO method exhibit large discrepancies regardless of the quadpaase function B1 yields lower radiative flux than the isotropic
ture used. On the other hand, all the MDO results confirm treeattering phase function. Comparison between the SDO and the
efficiency of this method to reduce the ray effects. This is partictdDO solutions reveals discrepancies due to the ray effect which
larly true for theS, quadrature in which case a significant correcare similar for the three phase functions.
tion results from the application of the MDO method. The effect
of the quadrature on the MDO results is marginal at this wall, blflt
it can still be noticed that the DCT111 and theresults are very IC

Square Enclosure with Two Oblique Baffles. In many prac-
al cases, the thickness of obstructions is very small compared to

close to each other. The effect of the emissivity at wall 5 is prél€ Size of the furnace under study, and therefore a simplifying
sented in Fig. 9. Walls 1, 2, 3, and 4 are assigned an emissivity y>umption of zero thickness is suggested to circumvent problems
£,=0.9 whiles =&, at the other walls. The SDO method used ir.;issomated with the grid lay-out. Figur&d3simulates such a case

conjunction with the DCT111 quadrature yields similar anomaligéhere oblique baffles of zero thickness are inserted in an enclo-
for the two emissivities. sure. The bottom wall is hot while the other walls and the baffles

are kept cold0 K). All the walls and the baffles are black.
Square Enclosure With an Elliptical Protrusion. This en- Figure 12 shows the non-dimensional heat flux obtained at the
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Table 1 Data of the DCT020-1246 quadrature

Direction & [Direction p [Direction 1y [Point weight

0.13146076 0.13146076 10.98256609 10.168110131

0.25166076 0.68434890 10.68434890 10.355488645

top wall for different quadratures. Results obtained by both the
SDO and MDO methods are presented. It is seen that, as in the
previous examples, the MDO curves are close to each other with
a small discrepancy for thé&, quadrature(in this case the
DCT111-1246810 may be taken as the reference since it was
shown previously that this quadrature yields small discrepancies
with respect to theél's quadrature). Once more, the ray effect is
clearly demonstrated by the SDO curves which are seen to be very
dependent on the quadrature used.

Finally, one word about the grids used. These can be obtained
by various procedures, however, in the present work, the COS-
MOS code was used. It was also verified that the results are very
marginally sensitive to the grid lay-out, i.e., the internal geometry
of the grid for a given number of cells.

Computational Time. The CPU time required by the SDO
and MDO methods on a Sun Ultra SpafFP 12.9)workstation
is given in Tables 3 and 4. Table 3 reports results for a purely
isotropic scattering medium contained in a square cavity with and
without an obstruction(see Fig. 3(b)). Obviously the MDO
method is less computationally efficient than the SDO method:
this is the price to pay for accurate results which are precluded
when the SDO is used for the cases considered here. However, it
is seen that the ratio of CPU times MDO/SDO decreases as the
order of the angular quadrature increases. This is due to the fact
that the computation time of the surface-related terms of the MDO
method is independent of the quadrature order for an isotropic
scattering case. On the contrary, for an anisotropic scattering case,
the CPU time required by the in-scatter term due to the wall
contribution (%(s,Q)) is dependent on the number of angular
directions and the number of terms in the phase function. As
shown in Table 4same physical case as in Table 3, except for the
anisotropic scattering the CPU time of the MDO method in-
creases significantly with the number of these terms.

In practical problems, the grid may be required to be very fine
in the medium. However, since the wall-related terms of the MDO
method depend on the emission from the walls only, one could
still use a coarse grid for the walls. The computational time could

(b)

0| 0.00]| 0.00| 0/40| 1.00 1:.00})4

Fig. 5 False scattering test problem: (a) comparison between the diamond, step and the IES
schemes for the 60 deg direction; and  (b) IES scheme for the diagonal direction (45 deg). Step:
upper value; IES: middle value; diamond: lower value.
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Table 2 Data of the DCT111-1246810 quadrature 41.00
Direction § | Direction p | Direction n | Point weight
0.19152567 (0.4989550310.84519925{0.1927139139 1000 |
0.04640452 10.046404520.99784429 | 0.0714300262 R~ NS Tree
_ -—-w--SDO (S4)
0.57735027(0.57735027 | 0.57735027 | 0.2002241818 s ¢ SDO (DCT020-1246)
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= . - SDO (T5) e
. --=-MDO ($4) N
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(o] *
§ : Fig. 8 Comparison of radiative heat flux at wall 5 (500 K,
= ] ; Fig. 3(b)) obtained by the SDO and the MDO methods, isotropic
200 W Lo scattering case, average element size =0.40 m, ww=1,
; _ -1
s p=1m
Ll
1.00 | 28.00
0.00 . * . i . il L . L 26.00 |
0.00 0.20 0.40 0.60 0.80 1.00
Bx
Fig. 6 Radiative heat flux at wall 3 (500 K, Fig. 3( b)) obtained 2400 | . =07 Cm DO (54
by the SDO method for different quadratures, isotropic scatter- g ro e 84)
. . —1 = SDO (DCT111-1246810)
ing case, average element size =0.04 m, w=1, B=1m =
%_ === MDO (S4)
22.00 | —— MDO (DCT111-1246810)
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B Fig. 9 Effect of the emissivity on the radiative heat flux at wall
3-2 - 5 (500 K, Fig. 3 (b)) obtained by the SDO and the MDO methods,
' isotropic scattering case, average element size  =0.40 m, w=1,
B=1m?
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Fig. 7 Comparison of radiative heat flux at wall 3 (500 K, Fig.
3(b)) obtained by the SDO and MDO methods, isotropic scatter-
ing case, average element size =0.04 m, w=1, =1 m™! 10.00 |

7

q(kW/m/

- @~ SDO (34)
-+--$DO (DCT020-1246)
-4--SDO (DCT111-1246810)
------ MDO (S4)

--=- MDO (DCT020-1246)

thus be kept within reasonable limits. Another solution could cor ~ 900
sist in choosing a non-uniform grid for the medium, i.e., a coars
grid near the walls and a fine grid in the medium. This is possib

since the IES accommodates to arbitrary grids. 800 [/ ——MDO (DCT111-1246810)
Conclusion
. . . . 7.00
In this work, the modified discrete ordinates method based « 0.00 0.20 040 g 060 0.80 Lo

the superposition technique, i.e., addition of the contributions i

the walls and the me_dlum, is presented for a quadrangula_r g_ﬁ%_ 10 Radiative heat flux at cold wall 4 (500 K, Fig. 3(c)) of
lay-out. The method is extended to complex enclosures with e elliptical protrusion case, obtained by the SDO and the
regular geometry and the presence of obstacles. It can also hangite> methods, isotropic scattering case, average element size
arbitrary intensity distribution at the walls and anisotropic scatte£0.033 m, =1, =1 m™!
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Fig. 11 Effect of the scattering phase functions on the radia-
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Fig. 12 Radiative heat flux at the top wall

(cold, Fig. 3( d)) ob-

tained by the SDO and MDO methods, average element size

=0.04m, w=1, f=

1m™?

Table 3 Computational time (s), 26 X 26 grid, w=1, Bx=By

=1
Square without obstacle Quadrature S S Sy
26x26 ( 676 elements) SDO 1 2 4
MDO 13 15 20
With obstacles (Fig. 3b) Quadrature S Ss S,
26x26 (560 clements) SDO 0.5 1 4
MDO 6 7 10

Table 4 Computational time (s), 26 X 26 grid, =1, Bx=By

=1, Sg quadrature

Phase function

IS0

B2 ( 3 terms)

F2 (9 terms)

SDO
MDO

20

4
578

4
1120

ing. The integrated exponential scheifiES) developed in this
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Nomenclature

A, = area of finite strig [m?]
I, = Planck’s function(black body intensity
[Wm™2sr Y]
I(s,2) = directional intensity for direction of propagatidh
at positions [Wm™?sr 1]
I, = mean intensity of cell for directionQ,

. [Wm™2sr Y]
lm = lateral intensitg of sidé& bounding celli for direc-
tion Q,, [Wm 2sr 1]

J = in-scatter term defined by E¢B) or Eq.(17)
I = length of a segmerjim]
N = number of sub-surfaces on the enclosure wall
n, = outward normal unit vector on sidebounding
celli
q = radiative flux on a surface elemeiwm™?]
R = radiosity[Wm 2]
s;s; = dimensionless interchange area
t = surface coordinate; is comprised betweetj and
tf
w,, = weight associated with discrete directifi,
X,y,z = space coordinates

Greek Symbols

B = extinction coefficienfm™1]
€ surface emissivity
®km = stands for),- nj,
®(Q',Q) = scattering phase functidisr ]
6 = angle between the direction of propagat@rand
the inward normal at the boundary
7 = maximum optical thickness
o = scattering albedo
) = direction of propagation
Q' = incoming direction of propagation
dQ = differential solid angle

Superscripts

g = medium(gas)
w = wall
inco = incoming
leav = leaving

Subscripts
b = black body
m = a given direction of the angular quadrature
S = surface
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Jet Impingement Boiling From a
Circular Free-Surface Jet During
raid. v | AQuenching: Part 1—Single-Phase

Michelin Americas Research Corporation,

515 Michelin Road, J et
Greenville, SC 29602
Frank P. Incropera This paper reports results from an experimental study of boiling heat transfer during
Notre Dame University, qguenching of a cylindrical copper disk by a subcooled, circular, free-surface water jet.
South Bend, IN 46556 The disk was heated to approximately 650°C, and as quenching occurred, transient tem-
g-mail: fpi@nd.edu perature measurements were taken at discrete locations near the surface and applied as
) boundary conditions in a conduction model to deduce transient heat flux distributions at
Raymond Viskanta the surface. Results are presented in the form of heat flux distributions and boiling curves
School of Mechanical Engineering, for radial locations varying from the stagnation point to ten nozzle diameters for jet
Purdue University, velocities between 2.0 and 4.0 nifl,300<Re;=22,600). Data for nucleate boiling in
West Lafayette, IN 47907 the stagnation region and spatial distributions of maximum heat flux are presented and

are in good agreement with correlations developed from steady-state experiments. Spatial
distributions of minimum film boiling temperatures and heat fluxes are also reported and
reveal a fundamental dependence on jet deflection and streamwise location. A companion
paper (Hall et al., 2001) describes single-phase and boiling heat transfer measurements
from a two-phase (water-air), free-surface, circular jet produced by injecting air bubbles
into the jet upstream of the nozzle ex{tDOI: 10.1115/1.1389061

Introduction up to 50°C. They demonstrated a strong dependence of maximum

Metal processing industries widely employ liquid jet impinge-heat _f!ux on streamwise Iogatlon and SUbC(.)OI'ng ar_ld obtained
ment cooling as a means of precisely controlling temperature h}ge_msnlon .b0|l|ng data for Q|ﬁerent streamwise Iogat!ons for a
tories during processing. In manufacturing operations such as h%?_turated Jet. The term maximum heat flux is USEd. in lieu Qf CHF.
rolling, continuous casting, and forging, liquid jets are used t'i? emphasize that, in data obtained from quenching studies, this

control cooling rates and consequently affect metallurgical phaggndlthn does not represen'F a dlsco_nt_lnwty in W‘f"” sup_erheat W'.th
transformations, solidification, and other temperature dependér?ﬁreas'ng surface h_eat flux; _rz_ather Itis thei maX'ml.JIm In thl_e bo.”'
processe$l]. However, due to the existence of different boilindeng curve demarcatlng trr;l_nsmon and nuc eat_e_ bailing. Filipovic
regimes which depend on surface temperature and geometry Bg‘" 16.7] exp_erlmel_ntally investigated f'"T‘ b0|I|ng heat tra_nsfer

well as coolant flow conditions and subcooling, boiling from hig juring qyenchlng with a subcooled wall jet. Their results in the
temperature surfaces can be quite complex. Nucleate boiling up'{H] qung regime downstream of the q”er.‘Ch front agreed
the maximum or critical heat flusCHF), transition boiling up to well with analytical Nusselt number correlations which they

the rewetting temperature or Leidenfrost point, and film boi”naeveloped. . . T . .

can exist simultaneously at different streamwise locations on theFeW studies of circular impinging jets in the Veregime have

target surfaces. Thus, a thorough understanding of jet impingE@Samined boiling heat transfer in the radial flow region. Relations

ment hydrodynamics and heat transfer is essential to predicti tvlveetn ;u_rlface heat fluxh_aﬂd wall stufperh@T,f_AT, fofr t;he
and optimizing material processing parameters. ndcleate boiling regime, which account for variations of thermo-

Extensive studies of jet impingement boiling from rectangul hysical properties, have l:_)een proposed by several researchers
(slot) jets in the V-regime, for which the maximum heat flux var 2], an_d_ most (_jata suggest |ndep_endence of fglly developed nucle-
ies with velocity at or near atmospheric pressi2é have been ate boiling on jet velocity subcooling, nozzle diameter, and heater

undertaken by several researchers. Vader ¢B8akxamined boil- size. Maximum heat flux dat_a have also been rep_o[ﬁd and .
ing incipience in the impingement and parallel flow regions of Besults have been correlated in terms of thermophysical properties,

rectangular jet of water at moderate to high subcoolings. Tempe’r%tt-svmoc'tly ?nd o_llartnettera_and ?%at%s'zﬁ' idered heat
ture corresponding to the onset of nucleate boilifigyg, were everal transient studieg5,7,8-10], have considered hea

measured, and the effect of boiling incipience on transition ansfer at surface temperatures which exceed those corresponding

turbulence was noted. Partial and fully-developed nucleate boili the maximum heat flux._ In a quenching stqdy of a planar, free-
were studied by Wolf et al[4], who determined that althoughS rface Jet impinging vertically m a 2. mm th'Ck. §ta|n|ess steel
streamwise location had a strong influence on partial boiling, ﬁ){ate, Ishigai et al.8] reported stagnation line boiling curves for a

: o f velocities(0.65<V,<3.5 m/s) and subcoolings(5
had no influence on fully-developed nucleate boiling. They al gnge o o N ! S
concluded that fully-developed nucleate boiling results are ind$-eé1:—fslllj)?§vvse5recij)én-"ll—gr?strrrgtnel(rjn?ombeﬁIgt]rotr:mI:‘?J?]ctt?omngeor?;lfjrt?c?(;}%
pendent of jet velocity at all streamwise locations. 9 9

: ; : : ; ; For a 6.2 mm wide 2.1 m/s jet, asT increased from 5 to
Using quenching experiments, Kumagai et[al] investigated o ) " 1 &0 SUB ML o
boiling heat transfer on a 20 mmx150 mm surface initially anS C, Twn , identified as a local minimum in the boiling curve,

400°C cooled by a free-surface planar water heat with subcoolirfgSréased from-300°C to over 400°C. Fak Tsyg=25 and 35°C,
owever, a shoulder region developed over which the heat flux

. - o remained nearly constant 8§ decreased. The author theorized
Contributed by the Heat Transfer Division for publication in th®URNAL OF . . . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division May 27, 1997that this corresponded to intermittent rewetting of the surface. At
revision received March 22, 2001. Associate Editor: M. S. Sohal. ATgye=55°C, however, no film boiling was observed, even
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though the initial surface temperature was 1000°C. This sugges!
an interesting phenomenon: for highly subcooled jets, the mini-
mum heat flux in the film boiling region occurs at temperatures
beyond the condition at which water can remain liquid at atmo-

spheric pressure. If the reported surface temperature are accura @
then this minimum cannot correspond to intermittent surface
rewetting.

Using an apparatus similar to that of Ishigai et[&], Ochi @
et al. [9] deduced boiling heat transfer data from the stagnatior -
point to a radial distance of 24 mm for a circular, free-surface jet @ &” @
with nozzle diameters of §d<20 mm, velocities of 2.0¥,
<7.0 m/s, and subcoolings ofBATg,g<80°C. At the stagna- @ |:| @E
tion point, they observed that the minimum film boiling heat flux @
decreased with increasing nozzle diameter and increased with j1@ @
velocity and subcooling. In addition, stagnation point minimum XD
film boiling temperatures decreased from over 800°C der5 D) L[]
mm andV,,=5.0 m/s to less than 400°C far=10 mm andV, S nomeen Q@
=2.0 m/s for a subcooling of 15°C. Similarly, Filipovic et pl1]
measured values dfy,y as high as 710°C from a subcooled wall =
jet and observed,\ to be a strong function o¥,, T.., and E ﬁ
streamwise location. The observation of minimum film boiling ®—> = @
temperatures well beyond the critical point indicates that for

highly-subcooled jets, this temperature cannot correspond to su N
face rewettlng. @ Cen[rltugal Pump @ Nozzle

The present study is concerned with local measurements c@ Bypass Valve @ Test Cell
boiling from a free-surface, circular water jet in the stagnation anc@ Control Valve @ Data Acquisition
radial flow regions. Nucleate boiling data were obtained for the .
stagnation region, and radial distributions of the maximum heal® Flow Meter @ Air Flow Meter
flux were measured and compared with correlations develope Frequency Counter (3 Air Control Valve
from steady-state experiments. The effect of hydrodynamic con Voltage Supply @ Pressure Regulator
ditions on rewetting temperatures and minimum film boiling heat@ Supply Tank @ Compressed Air Cylinder
fluxes is also described. Data in all regimes, with the exception o .
fully-developed nucleate boiling, demonstrate a dependence on j« Reservoir @ Coolant Water
velocity and streamwise location, and all data suggest indepen-
dence of test cell initial temperature. Fig. 1 Experimental flow loop

Experimental Method and Apparatus K thermocouples encased in an inconel sheath were fit into the
The flow loop used to supply the jet is depicted in Fig. lholes. A small amount of MgO was inserted into the hole to insure
Deionized water from the reservoir was routed to the supply taiggood thermal contact between the thermocouple and copper. The

by a centrifugal pump, for which downstream control and bypasast cell was nickel plated with a %an layer to prevent oxidation
valves were adjusted to maintain the desired jet nozzle velocigt, elevated temperatures. Prior to each experiment, the nickel sur-
V,. The flow rate was measured using an Omega ultra-low floface was cleaned with metal polish, and surface profilometer mea-
sensor. Once the supply head in the tank reached a steady vasugements revealed little variation in the surface roughness after
the jet flow rate corresponded to the tank influx. The water terthe first experiment. Before the first experiment, the average sur-
perature in the reservoir was maintained at 25°C by passing tage roughnes®R,, was measured to be 0.24n. After the first
water through a coil in the tank. A convergent channel suppliedexperiment, the surface roughness remained at a constant value of
pipe-type nozzle ofl=5.1 mm and 11 diameters in length. TheR,~0.36 wm.
nozzle assembly was bolted to the bottom of the supply tank, andThe test cell was secured in a carriage fabricated from stainless
immediately upstream of the nozzle entrance, a 51 mm thick sexteel, to which a stainless steel retaining ring was bolted to pre-
tion of aluminum honeycomb acted as a flow straightener t@nt test cell motion. Fiberfra¢Carborundum Co., Niagara Falls,
dampen circulation entering the nozzle from the supply tank. TiNY, USA) pressed boartk=0.123 W/m-K at 538°Cwas used to
nozzle utilized in this study was identical to the nozzle used fosulate the bottom of the test cell. Prior to each experiment, the
create the two-phase jet described in the companion pgdf@dr test cell was aligned beneath the nozzle, and the entire assembly
with the air injection turned off. Further details of the flow loopwvas heated for approximately two hours to 10°C above the desired
and nozzle design are induced in the companion paper. initial temperature in an electric furnace. The assembly was sub-
Figure 2 depicts the test cell and stainless steel enclosure. Heguently removed from the furnace, and a one inch diameter peg
test cell was machined from a 25.4 mm thick oxygen-free coppgined to the bottom of the carriage was used to re-position the
disk, 112 mm in diameter, and a 2.5 mm relief, 12.7 mm deefest cell directly beneath the jet, which was deflected until the
was machined around the perimeter to allow the retaining ring tmenching process was initiated.
secure the copper block in the carriage and to minimize waterData were acquired using an HP 3852A data acquisition control
entering the carriage. Twelve thermocouple wells, 1.6 mm in dimit with a high-speed thermocouple multiplexer read by an inte-
ameter, were drilled at 45 deg angle from the bottom surface taeating voltmeter. The integration time was 0.1 power line cycles,
depth of 34.1 mm, which brought the hole tip to within 1.3 mm ofvhich provided three significant digits of accuracy, and tempera-
the top surface. The hole tips were located at nine discrete radiales at nine radial locations were sampled at an interval of 0.25 s.
locations spaced at 6.4 mm intervals from the centerline to a radiatreasing the sampling rate above 4 Hz did not noticeably affect
distance of 50.8 mm. Four thermocouples were placed at the 1#h@ results, so this frequency was used to maximize the voltmeter
mm radial location spaced 90 deg apart. Measurements from th@gegration time to filter environmental noise. Data acquisition
thermocouples verified that the jet was properly centered abowas started prior to the quench and terminated after boiling ceased
the test cell during each experiment to insure axisymmetry. Typ@ the test cell surface.
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Fig. 3 Interpolated thermocouple temperature distributions
(T;=650°C, V,=3.0 m/s, ATgyg=75°C)

A two-step procedure was implemented to deduce surface tem-
perature and heat flux distributions. Because the thermocouples
were 1.3 mm beneath the surface, temperatures and heat fluxes at
the thermocouple depth had to be extrapolated to the surface using
an inverse heat conduction technique. Since the nickel plating is
only 13 um thick, its presence was neglected. Heat fluxes at the
thermocouple depth were deduced by using the control volume
method[14] to solve the two-dimensional transient heat conduc-
tion equation,

Fig. 2 Test cell assembly aT 19 aT P aT
pCPW:FE( rﬁ) E( E)

®)

The experimentally measured temperatures were imerpmafébbject to adiabati_c boundarie_s at all but the instrumen_tal s_urface
using a two-step procedure. First, the temperatures at each raffatL) corresponding to location of the thermocouple junctions.
location were interpolated in time using a third-order, least{€nce,
squares b-spline approximation with fixed knd@tsSL routine
BSLSQ; IMSL, Houston, TX, USA Sixty b-splines were used to ﬂ
approximate the nearly 300 temperature readings. In the radial ar
direction, the nine thermocouple temperatures were interpolated
using an interpolation function suggested by EI-Genk and GlebovThe control volume method applies an energy balance to dis-
[13] cretized control volumes within the solution domain. Using the
Agt) fully-implicit formulation, the resulting simultaneous equations
+AL(1). (4) were _sol\_/ed using a banded matrix routine. M_esh a_nd time step
R optimization revealed that 66 control volumes in théirection,

A nonlinear least-squares regression analysis was performed>atcontrol volumes in the-direction, and a time step of 0.1 s

each time step to determine the coefficieAts A, andA,. The Were sufficient for convergence.
temperatures from the first=0 mm) and last(r =50.8 mm) To extrapolate temperatures and heat fluxes from the thermo-

thermocouples were weighted by a factor of 10 to insure that tﬁQUpk.e dept.h to the test surface, an exact series solution to the
distribution was properly bounded by the temperatures at the c&iié-dimensional transient conduction equation was employed.
terline and outer radius. Figure 3 compares the interpolated spa §Fk [15] prt_asented_the_ following solution in terms of th? Oth
temperature variations for 8 discrete times with the experimen{ifoughnth time derivatives of the temperaturi(t), and axial
measurements. The spatial interpolating functiu. (4)) has cmperature gradieng(t), atz=0 (the thermocouple depth
several important characteristics. First, the function is strictly in- =4 e 3 5on
creasing with radius. Second, for values/Ayf>0.5 (which held TQU:EO (—)f<”)(t)+2 (—)g(m(t).

i

aT
dz

)

=0, T(r,L,t)=Texperimentat (6)

r=R z=0

T(r,t)=A0(t)co{w

©

for the data of this study for=5 ), dT/dr at the centerline is 2n)!\ a" =h (2n+ 1) "

equal to zero, andT/dr at the outer radius is always equal to @)
zero. This behavior preserves the symmetry and adiabatic bound-

ary conditions at =0 andr =R, respectively. From Fourier’s law, the heat flux is, therefore,
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Table 2 Uncertainties in calculated quantities

” >2n—1
E0=-3, a1

= (2n—1)! ’ Quantity Relative Uncertainty
q”NB Sq”NB/q"NBr_*' 32.4%
~ k "22n ) ATSAINE SATSAT,NB/ATSATZNB=“—' 20.5%
B nZO (2n)' (? 9 (t) ’ (8) q”MAX Sq”MAx/q”MAx:i 17.0%
- q”an 5q”M]N/ q”MlN:—" 19.5%
In Egs.(7) and (8), the axial coordinate is measured from the Tow STound Toan=2 6.2%

thermocouple locatiofz=L), andz= 1.3 mm corresponds to the
test surface. Retention of the first five terms was found to be
sufficient for convergence of each series. The first and second
time derivatives of the surface temperature and axial heat fluxcertainty inATsarduring nucleate boiling. Sensitivities of the
were approximated using fourth-order, centered, finite-dividetheasured quantities to the uncertainty in radial position were de-
difference formulas, and the third and fourth derivatives were et®rmined by calculating radial gradients of the surface temperature
timated using second-order, centered, finite-divided-different foand heat flux. The estimated contribution of positioning error to
mulas [16]. The applicability of extrapolating the surfaceuncertainty in andj; was particularly significant in the stagnation
temperatures was confirmed by applying the extrapolated surfaegion. The sensitivity of results to measured thermocouple tem-
temperatures to a two-dimensional transient conduction modelgdratures was calculated by numerically perturbing the data reduc-
the full test section. The temperatures calculated at the thermion procedure, as suggested by Moffa?]. The influence of this
couple depth were nearly indistinguishable from the original inincertainty on the calculated results was relatively small. The un-
terpolated temperatures. certainty of T due to interpolation of the experimental tempera-
The experiments conducted for this study were for a fixeires was calculated from the precision index of the data. Because
nozzle diameterd=5.1 mm, and a fixed nozzle-to-surface spacthe temperatures from the centerline thermocouple are heavily
ing of H=100 mm(H/d=20). The nozzle exit velocity was var- weighted, the error in the stagnation region is small; the error due
ied from 2.0 to 4.0 m/s, representing Reynolds numbers of 11,3fWinterpolation in the radial flow region, however, is dominant. As
to 22,600 and consequently developing turbulent flow at thghown in Fig. 3, however, Eq4) failed to match experimental
nozzle exit. The initial specimen temperatuig, was held to temperatures as=13 mm during the initial stages of the quench.
within =3°C of 650°C, but tests fof; =500°C and 800°C were During this time,A; was also<0.5, implying thatgT/Jr at the
performed forV,= 3.0 m/s to insure that results were independemienterline was nonzero. Due to these limitations, the calculated
of initial temperature. The water subcooling was fixed at 75°C.heat fluxes at the centerline for the fifss of data acquisition are
not included in the results. The uncertainty of surface heat fluxes
Uncertainty Analysis due to interpolation was estimated by comparing results calculated

Results of an uncertainty analysis of the primary measuremeH@ind Ed.(4) with results using a least squares regression spline.
(h,r, t, T, T.., V,, andz) are presented in Table 1. The analysié'he precision index of the two results indicates that the errgf in
follows that of Moffat[17] and Coleman Steelgl8] for single- due to interpolation is the dominant uncertainty in both that stag-
sample experiments and account for errors in measurement, ca@tion and radial flow regions.
bration, and machining. All uncertainties were calculated for 95
percent confidence intervals. Although uncertainties in the thdResults and Discussion
mocouple radial position and depth were sni@ll = +0.65 mm . .
and 8§2=+0.25 mm), the effect of these measurements on calcu-Photographic Observations. A sequence of photographs of
lated heat fluxes and surface temperatures was significant. Prap&4enching experiment is included in Fig. 4 ¥r=3.0 m/s. The
gation of these uncertainties into the calculated results are di§dquence depicts events observed by Piggott ¢t8l. During
played in Table 2. Because the uncertainties varied significantly@@/ly stages of the quench £2=30 s), the stagnation region
different radial locations and times during the experiments, th@gsses through transition and nucleate boiling. Initially, there is a
were calculated separately for nucleate boiling in the stagnatiBfief period(~1 s of no vapor productiorfilm boiling), which is
region and for minimum and maximum heat flux conditions in thio!lowed by vigorous vapor productioftransition and nucleate
radial flow region ar =19 mm. b0|l_|ng) after the stagnation region is w_etted._ As the stagnation

The sensitivity of computed results to the thermocouple depffdion passes through nucleate boiling into single-phase convec-
7, was calculated by differentiating Eq&) and (8) with respect tion (t=25 s),_a dark circular patch forms be_neath the_ jet, and
to’Z. Although &% had little influence on the surface heat fluxes, it¥@Por production slows. Except for low amplitude oscillations,
influence on the extrapolated surface temperature=8t mm was this patch remains stable at a nearly constant diameter for a period

significant. This was the dominant factor contributing to the larg® @pproximately 10 s before the wetted region begins to grow.
Immediately beyond this region, a narrow band of nucleate boil-

ing exists.

Table 1 Experimental uncertainties in measured quantities At the outside edge of the nucleate boiling region, the liquid is

Quantity Relative or Total Uncertainty
h Sh/h=—4.5%
r 8r/R=*+1.3%
t 6=t 0.13s
T 8T=t£2.1°C
(r=0 mm during nucleate boiling)
8T=%2.5°C
(r=19 mm during maximum heat flux)
8T=t2.1°C
(r=19 mm during rewetting)
6T..=+2.5°C
SV /V,=£2.5%
57/Z7=t19.8%

stg‘]
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deflected from the surface in a thin sheet which eventually breaks
up due to surface tension. This deflection, noted by other research-
ers in both steady-state and transient experiments, is attributed to
vigorous vapor production at the boiling front location, which
corresponds to the maximum heat flux condition. As the liquid in
the radial flow region passes over this vapor layer, the vapor mo-
mentum deflects the film from the surface. The angle formed be-
tween the liquid film and the plane of the surface increases and the
velocity with which the jet is deflected decreases as the boiling
front progresses outwards due to the decrease in liquid momen-
tum. As the boiling front nears the outer edge of the test cell, the
liquid collapses to form a continuous film boiling layer with the
liquid flowing across a vapor blanket. In systems with higher
heater-to-nozzle diameter ratios, this behavior is especially evi-
dent. In experiments from Hatta et 4ll0], photographs reveal
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Fig. 4 Sequence of events associated with a quenching experiment (T;=650°C, V,=3.0 m/s,
ATsyp=75°C)

that at sufficient distances from the stagnation region, splashitige surface heat flux upstream of the boiling front is less than
decreases, and the liquid forms a continuous film boiling layey, ., and boiling is less vigorous, deflection is confined to a re-
which persists until the local surface temperature drops below t§®n immediately upstream of the boiling front. In steady-state
minimum film boiling temperature. o experiments, Kumagai et d45] observed the same deflection phe-
A distinction between the deflection of impinging, free-surfacRomenon for saturated and subcooled jets, suggesting that it is

jets from the target surface in steady-state and quenching exp&{lependent of subcooling, although deflection was observed to
ments is that, in quenching experiments, the region of jet defl§gs more violent for saturated jets.

tion is typically narrower. Steady-state experiments usually em-

ploy constant heat flux surfaces. Consequently, as maximum heatieat Flux Distributions and Boiling Curves. Heat flux dis-

flux is reached, the entire surface dissipatfisy . Boiling across tributions at times corresponding to the photographs of Fig. 4 are
the entire surface is extremely vigorous, and deflection occu¥gown in Fig. 5. As the stagnation region passes through maxi-
from a broad region. In contrast, surface heat flux distributions lum heat flux into nucleate boiling, the stagnation point heat flux
quenching experiments are determined by heat transfer to the im=0) exceeds 40 MW/ and the heat flux decreases monotoni-
pinging jet and conjugate conduction within the test specimegally with radius. Once the boiling front begins to progress (
Consequently, the surface is neither isothermal nor isoflux. Sine€34 s), however, a local maximum in the heat flux distribution
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moves radially outward. Actual differences between the maximu

8

heat flux and heat fluxes in transition boiliidownstream)and 10 mRE
nucleate boilingupstreampre likely reduced by the interpolation rld=0
procedure. Equatiod) does not preserve the steep temperatul »
gradient in the boiling front region because it is a least-squares LA
An estimate of this error is included in the uncertainty analysi /
The maximum heat flux is also observable in the boiling curves rj 1
Fig. 6. 107 l/__\ <\

Different boiling regimes are clearly demarcated in the boilin 2 N
curves of Fig. 6. For radial locations greater than 10 mm, the he~ 6 7 o\
flux quickly increases once the jet initially hits the surface. Thi E i P
increasing heat flux with decreasing surface temperature in t2, £ ~ 4.r—\
radial flow region is attributed to slow thermocouple respons, = = /'—_\\\'/

rather than a negative slope in the boiling curve. The heat fli = 6
then decreases to a local minimum and then increases to the mi 108 \‘ e
mum heat flux, as complete rewetting of the surface occurs. T \
surface then undergoes a brief period of nucleate boiling and
nally single-phase convection. For the stagnation zone€ 5

mm), no local minimum is observed in the quench curves. |
experiments with an initial test cell temperature of 800°C, ear
stages of quenching were characterized by a clearly-observa

film boiling period and the stagnation poif,;y was observed to 10°

be approximately 470°C. However, fd;=650°C, a stable film

boiling regime was not observed and is not manifested in tf 10 100 1000
stagnation zone boiling curves. This is due to the relatively slo AT 547 (O)

thermocouple response during this period of rapidly increasing

heat flux. Fig. 6 Boiling curves (T;=650°C, V,=3.0 m/s, ATs,z=75°C)

The centerline boiling curve of Fig. 6 reveals surface reheating
during the transition from nucleate boiling to single-phase convec-
tion. This temperature excursion was consistently reproducibles e girection of heating, and differences between transient
and has been observed by other researchers in both steady-Sigifqteaqy-state conditions may all affect temperature excursions
and transient experiments. While steady-state experimental dgigi, s pqiling incipience or cessation, conclusions concerning its
for degassed water did display excursions in the study by Shll?ﬁ ; .

"> ysical origins have not yet been drawn.
yama et al.[20], the addition of surfactants caused wall supef-
heats to shift to the left after the onset of nucleate boiling. Nonn Nucleate Boiling. Because the boiling front progressed so
et al. [21] observed temperature excursions in jet impingemenrapidly, reliable nucleate boiling data could only be deduced for
boiling data for subcooled FC-72 while measuring heat fluxgke stagnation region, within which nucleate boiling existed for
during both increasing and decreasing power. Ishigai ef8dl. approximately 20 s. The nucleate boiling data ¥4/=2.0, 3.0,
observed excursions in transient experiments, but did not obsearel 4.0 m/s are presented in Fig. 7, and were correlated using the
them in steady-state experiments employing the same apparatakation
While data from the literature suggest that the addition of surfac-

=

ANe=CATgur- 9

Although the data demonstrate a dependence on jet velocity, most
10 studies of nucleate boiling from saturated, free-surface jets sug-
\ gest independence of jet velocif2]. Other studieg20,22,23],
however, have demonstrated an increase in wall superheat with
10s increasing jet velocity. No explanation of the shift of the boiling
\ \ curve, however, has been suggested.

The data of Shibayama et §20]for saturated jets of water and
water/surfactant mixtures suggest that increasing jet velocity in-
creases the wall superheat required to maintain the same heat flux.
6 Unfortunately, their results are complicated by the influence of

30s other parameters, such as surfactant additives and nozzle diameter.
\ In jet impingement experiments using water and R-113, Katsuta
" \ and Kurosd22]found increasing wall superheat with velocity for
~ water, but not for R-113. In transient studies of near-saturated

q"s x 10" (Wim®)

film boiling, to higher surface excess temperatures.

AN Maximum Heat Flux.  Figure 8 displays the variation of
\x maximum heat flux with radius for nozzle exit velocities \df
46s SN =2.0, 3.0, and 4.0 m/s. A sharp reductiongjfj,« clearly demar-
cates the impingement zone and the radial flow region. Although
0 there is an increase ifigat corresponding to an increase of the
0.0 2.0 4.0 6.0 8.0 local pressure in the impingement zone, it only varies from ap-
rid proximately 0.5 to 2.1°C for 28V,<4.0 m/s. Moreover, the
variation of pressure andg,t is continuous. Hence, it is not
Fig. 5 Heat flux distributions demonstrating boiling front pro- likely responsible for the large change in the maximum heat flux.
gression (T;=650°C, V,=3.0 m/s, ATg,z=75°C) A more likely explanation rests with the change from a radially

—
425 T

water jets, Ma et al[23] deduced that increasing jet velocity
/383 — % shifted the entire boiling curve, including nucleate, transition, and
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Fig. 7 Stagnation point nucleate boiling curves (T/=650°C, Fig.9 Correlated variation of maximum heat flux with velocity
V,=3.0 m/s, AT5,5=75°C) and position in the radial flow region (A Tgyg=75°C)

accelerating flow to a decelerating flow at a radial location Qhcation furthest from the stagnation point, and datacfhy, are
approximately one jet diameter. In addition to reducing shegf,ically correlated in terms of the largest heater dimension. One

forces on the vapor bubbles outside the hydrodynamic boundgfiely ‘accepted correlation developed by Mori@] is of the
layer, this change yields a significant increase in thermal and Kgim

drodynamic boundary layer thickness which reduce the maximum

heat flux. Amiax pr) 064 20 -.343 2\ —0.:364
As noted by Wolf et al[2], in the V-regime(low pressure re- 1 /- =022 Pa piV3(2r—d) S
gime in which maximum heat flux is velocity dependenf, ,x in e ¢ " (10)

the radial flow region depends on jet velocity and heater size, , . . . . . .
among other parameters. In steady-state jet impingement boillf§f? Similar correlations having been proposed by other investi-
experiments, the maximum heat flux occurs at the downstre&f(0rs[25-29. The heater dimension in E@10) has been re-
placed by twice the radial locationy 2since for transient experi-
ments, the location of maximum heat flux moves outward as the
test piece cools. This relation pertains to a saturated jet, and
10% , | Monde et al[30]recommended application of the following cor-
] | rection for a subcooled jet
V,=2.0 m/s, T;=650 °C
V,=3.0 m/s, T;=650 °C ] m
V,=4.0 m/s, T;=650 °C Amax sat
V,=3.0m/s, T;=500 °C However, the subcooling parameter suggested by Monde et al.
V,=3.0 mis, T;=800 °C [30] overpredicts maximum heat flux data for high subcoolings

<
(their data only included subcoolings up to 39°@nd the param-
eter suggested by Nonn et E21]provides a better approximation
to the data
0.118
o %

ql/
= PSR — 1 egup. (11)

Reg

o X b ¢ 0O

—
<
)

Esup= 0.952( &) Ja44 (12)

Pg

q" yax (W/md)

The experimental data foqy, . from this study are compared
with Egs. (10), (11), and(12) in Fig. 9 for ATgyg=75°C, and
there is good agreement between the data and the steady-state
correlations in the radial flow region. However, near the stagna-

tion zone ¢/d=2), the data significantly exceed predictions
T based on Eqs(10), (11), and(12). The curvature of the data is
attributed to characteristics of the spatial interpolating function,
rather than to departures from the functional form of Bd).

10°

0.0 2.5 5.0 7.5 10.0 . . -
rid Minimum Film Boiling Heat Fluxes and Temperatures.

The boiling curves of Fig. 6 may be used to infer the minimum
Fig. 8 Variation of maximum heat flux with velcoity and posi- film boiling heat flux,qy,,y , and the corresponding minimum film
tion (A Tgyg=75°C) boiling temperatureTy, - The location ofgy,,, corresponds to a
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minimum in the heat flux at temperatures beyond the maximum 500
heat flux point. This condition is typically reached just prior to
intermittent liquid-solid contact as the vapor film begins to col-

lapse. The corresponding temperaturg,y , is often referred to 450
as the rewetting temperature and is equal to the Leidenfrost tem-
perature for saturated liquids on isothermal surfi&%E]. Numer-

ous studies of jet impingement boiling, however, have reported 400
Twin Well in excess of the critical temperati®9,11]. Therefore,

it is likely that for highly subcooled jets, this minimum corre-

sponds to a hydrodynamic phenomenon not observed for saturatec 350
jets or for pool boiling and does not represent partial rewetting of

the surface. A possibility is that the minimum film boiling condi- =

tion for subcooled jets corresponds to a relative maximum in the &~ 300

Continuous

vapor blanket thickness. As the surface temperature decreases, thi Je‘geqe‘:‘“’“ Film Boiling
thickness may decrease as well until surface temperatures are low 250 St eg‘“‘: Regime
enough to sustain direct liquid-solid contact. The time at which o V,=2.0m/s, T;=650"C
the minimum film boiling temperature is reached may be inferred ] o V,=3.0m/s, T,=650°C
from measured temperature histories and corresponds to a point of 200 |__ A V,=40m/s, T;=650 °C
minimum curvaturéwhich is proportional t@>T/t?) prior to the ), X V,=3.0m/s, T;=500 °C
maximum in curvature corresponding to the maximum heat flux, A O v, =3.0 mfs, T,=800 °C
often referred to as the “shoulder” of the quench curve. 150 . :
The local of minima in the boiling curves corresponding to 0.0 25 50 75 100

O n VersusTyn— Tsatis plotted in Fig. 10. The value afy, ld
decreases monotonically with increasing radius and increases with

increasing velocity. Although the literature revealed no pre- Fig. 11 Radial distribution of T,y (A Tsys="75°C)
existing data for the distribution afy,, in the radial flow region

associated with free-surface circular jet impingement, transition

bailing data from the stg_dy of P'?‘”af jets by Kumagai et[all the experiments relate to hydrodynamic conditions in the parallel
demonstrate that transition boiling heat fluxes decreases WP adial flow region. Both Kumagai et d5] and Ochi et al[9]
downstream location from the stagnation point. This decrease, s, oq deflection of the jet from the surface at the boiling front.

attributed to both the decrease of momentum of the flowing fill‘-ﬂemperature histories from both studies reveal Tyl (identi-

Zggittigi increase in local water temperature due to sensible Negh o5 the point of maximum curvature in the temperature histo-

- . - . ries) increases with increasing streamwise location. In contrast,
Although the minimum film boiling temperaturd;,,\, in- ) 9

. . - o b - ) he jets observed in studies by Filipovic et g8] (for wall jets)
creases with radius, this behavior is seemingly inconsistent w d Hatta et al[10] showed no such deflection. Instead, a con-
the decrease in free stream momentum and increase in local o 5 jiquid film flowed across the vapor blanket in the film
ant temperature which occurs with increasing radius. Moreove/yii :
temperature histories and boiling curves from transient expefs
ments performed by Kumagai et §6] and Filipovic et al.[6,7]
for planar jets, and Ochi et d09] and Hatta et al.10]for circular
jets indicate conflicting trends fdry,,y. Significant differences in

ated a decrease T,y With increasing streamwise location.
Heat transfer immediately downstream of the quench front ap-
pears to be inhibited by deflection of the jet from the surface. As
the quench front progresses and the momentum of the liquid ap-
proaching the quench front decreases, the velocity of the deflected
liquid decreases, and film boiling heat transfer is enhati€ggh
108 — - 1 increases). At a sufficient distance downstream of the stagnation
{ point, the liquid will no longer be deflected from the surface and
will flow across a vapor blanket in a film boiling region that
extends over the remaining unwetted portion of the test surface.
> This flowing film is more likely to penetrate the vapor layer. The
rld=1 minimum film boiling temperature will then decrease with in-
creasing radius due to the increase in liquid temperature and fur-
ther decrease in momentum. This behavior is demonstrated by the

7|

o plot of TN as a function of radial location in Fig. 11. Beyond
£ rid= r/d=8, a continuous film boiling layer exists. Unfortunately, the
z 107 test cell dimensions were not large enough to capture much of this
& Ry region.
. [ ngA To_ ir_1§ure that experimental resylts were independent of the test
L0 v,=2.0m/s, T,=650 °C o cell initial temperature,T;, experiments were repeated fuf,
— ¢ V,=3.0m/s, T;=650 °C o =3.0 m/s andT;=500°C and 800°C. The results fasx.
L A V,=4.0m/s, T;=650 °C —4a Ouns and Ty are included in Figs. 8—11. The results are
% V.,=3.0 mfs, T;=500 °C o clearly independent of initial temperature, and also demonstrate
o V.=3.0mis, T,=800 °C 50 the excellent repeatability of the data.
L L |
10° I Conclusions
10 100 1000 The quenching measurements of this study encompass three
Taaw - Tsar CC) distinct boiling regimes(1) nucleate boiling in the impingement
zone,(2) the upper limit of nucleate boiling, maximum heat flux,
Fig. 10 Minimum film boiling heat flux as a function of Twn for the entire surface, an@) transition boiling characterized by
(ATgyg=75°C) the minimum film boiling heat fluxes and temperatures for the
908 / Vol. 123, OCTOBER 2001 Transactions of the ASME
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radial flow region. A key distinction between these results and egyg = subcooling parameter
those of previous studies is the emphasis on variations with v = kinematic viscosity
streamwise location. While such variations have been studied ex- p = density

tensively for both planar and circular jets in single-phase convec- o = surface tension

tion and planar jets in boiling, they have not been emphasized in o =

correction factor forgy, ax
previous circular jet impingement boiling studies.

Nucleate boiling in the impingement zone was correlated Witﬁubscnpts
wall superheat, and although a dependence on jet velocity was f = liquid
demonstrated, it was within the range of experimental uncertainty. g = vapor
Radial distributions of the maximum heat flux correlated ex- ISO = thermal surface
tremely well with relations developed by other researchers from s = solid
ste_ady-state experiments for the radial flow_ region. Minim_um ﬁ"@deerscripts
boiling heat flux was shown to decrease with radial location, an

the minimum film boiling temperature demonstrated a strong de- () = i™ derivative
pendence on the hydrodynamics of the liquid film.
This study also demonstrated the efficacy of using transient
(quenching)experiments to obtain spatial distributions of boiling
data for a wide range of surface temperatures. Moreover, this te@eferences
_n'q!'le r_nay be the O_n_ly feasible approach for collecting d_|smb_Uteql] Viskanta, R., and Incropera, F. P., 1992, “Quenching with Liquid Jet Impinge-
jet impingement boiling data at elevated temperatures since insta-  ment,” Heat and Mass Transfer in Materials Processing, Hemisphere, |. Tana-

bilities associated with the negative slope of the boiling curve in
the transition boiling regime limit the use of traditional steady- [2] Wolf, D. H.,
state techniques. However, a significant limitations of the tech-

nique is its large experimental uncertainties.
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Jet Impingement Boiling From a
Circular Free-Surface Jet During
waice nan | QUENching: Part 2—Two-Phase
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Greenville, SC 29602

A proposed technique for controlling jet impingement boiling heat transfer involves in-
Frank P. Incropera jec_t@on of gas into the quyid jet. This_ paper reports r_esults from an ex_perimt_an_t_al study of

boiling heat transfer during quenching of a cylindrical copper specimen, initially at a
uniform temperature exceeding the temperature corresponding to maximum heat flux, by
a two-phase (water-air), circular, free-surface jet. The second phase is introduced as
small bubbles into the jet upstream of the nozzle exit. Data are presented for single-phase
convective heat transfer at the stagnation point, as well as in the form of boiling curves,
Raymond Viskanta maximum heat fluxes, and minimum film boiling temperatures at locations extending

from the stagnation point to a radius of ten nozzle diameters. For void fractions ranging
from 0.0 to 0.4 and liquid-only velocities between 2.0 and 4.0 (@5300<Rg; ¢,
<22,600, several significant effects are associated with introduction of the gas bubbles
into the jet. As well as enhancing single-phase convective heat transfer by up to a factor
of 2.1 in the stagnation region, addition of the bubbles increases the wall superheat in
nucleate boiling and eliminates the temperature excursion associated with cessation of
boiling. The maximum heat flux is unaffected by changes in the void fraction, while
minimum film boiling temperatures increase and film boiling heat transfer decreases with
increasing void fraction. A companion paper (Hall et al., 2001) details corresponding
results from the single-phase jefDOI: 10.1115/1.1389062

Notre Dame University,
South Bend, IN 46556
e-mail: fpi@nd.edu

School of Mechanical Engineering,
Purdue University,
West Lafayette, IN 47907

Introduction between the two phases. Heat transfer measurements demon-
N S Istrated a nearly three-fold increase in local Nusselt numbers at the
Jet impingement boiling is frequently employed to cool meta

during primary processing operations such as hot rolling COntin&Fagnatlon point, and results for convection |n.the radial flow re-
ous castin d foraing. 1 h . A |?n (r>50 mm) were correlated by the equation

g, and forging. In many such operations, precise contro
of heat removal rates is essential to achieving desired operating
conditions and/or properties of the final prod{&t}. For example,
during startup in continuous casting operations, heat transfer rates
must be reduced to minimize deformation of the billet end, but

maintained large enough to form a strong shell capable of carryiighere 5,, is the minimum liquid film thickness separating a mov-
large tensile load$2]. Following startup, heat transfer rates argng bubble from the heated surfadestimated to be 6Qum).
increased to facilitate greater casting speeds. As a means of cefuation (1) implies proportionality between the local Nusselt
trolling heat removal rates to free-surface jets of water that issygmber and the void fraction in the radial flow region. Heat trans-
from the mold and impinge on the ingot surface, it has been prer measurements were also made for a free-surface jet, and en-
posed that air bubbles be introduced into the [&F The pre- hancements due to two-phase flow were not as pronounced as
sumption is that the amount of air injection can be varied to rghose for the confined jets.
duce heat transfer during startup of the casting operation, therebYChang et al[5] experimentally investigated single-phase con-
minimizing deformation, and to increase heat transfer thereafteaction and boiling heat transfer to single and multiple confined
thus increasing casting speeds. two-phase jets. The two-phase flow was produced by flashing
Several researchers have observed heat transfer augmentaiiarly saturated R-113 through a throttle valve immediately up-
resulting from the addition of a gder vapor)phase to an imping- stream of the test section to produce qualities up to 0.31 for single
ing liquid jet. Serizawa et all4] investigated single-phase con-jets and 0.23 for multiple jets. Assuming that the specific enthalpy
vection heat transfer from an axisymmetric, two-phase, confinefithe mixture remained constant during the expansion, the quality
jet. Using both contoured parabolic and parallel confining nozzieas predicted by measuring the downstream pressure or tempera-
plates, a two-phase mixture of air bubbles and water was directede. Relative to a single-phase jet<€0), convection heat trans-
to a heated surface. Turbulence measurements, which were mildor the single jet configuration was enhanced by a factor of 1.4
to characterize the two-phase flow, indicated increasing turbulerfog a mixture quality of 0.11 and for radial locations up to 10 jet
intensity in the radial flow region with increasing gas flow rate, agdiameters. Enhancement was attributed to the increase in the mix-
well as an increase in the turbulent kinetic energy at higher fré4re mean velocity. Enhancement of the stagnation point Nusselt
quencies(above approximately 20 BizVoid fraction measure- number due to the two-phase flow was correlated using the Mar-
ments were conducted for radial locations greater than tinelli turbulent, two-phase flow parametgs, , which was devel-
=40 mm, and plots of the drift flux parameters revealed little slipped to correlate two-phase flow pressure gradigsits

ad
NUg tp=NUg 1o+ 5~ (1)
m
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In the fully-developed nucleate boiling regime, the boiling curve 2.0
shifted towards higher wall superheats with increasing flow qual-
ity, while the slope of the boiling curve remained unchanged.

Most recently, Zumbrunnen and Balasubramahiégmeasured
single-phase convection heat transfer augmentation due to air
bubbles injected into a free-surface planar jet by capillary tubes 1.5
inserted through the nozzle and extending to the nozzle exit. Over
the range of liquid-only Reynolds numbers of 370Rej,
<21,000 and void fractions between<@<0.86, heat transfer
was increased by as much as a factor of 2.2 at the stagnation poinig
and 1.6 at downstream locations extending to five jet widths. Re-
sults were correlated to withift25 percent using the form of the
relation developed by Chang et &]:

>

1.0

Py
=
e

Nluto _ 1 4 4.4333,07%% 3) 05 o
Nuw,fo
The foregoing studies have addressed heat transfer enhance r____g._f-s-——’a"/: 0 V,=20m/s
ment for two-phase jets in single-phase convection, and, to a lim- @ V,=3.0m/s
ited extent, nucleate boiling, but no studies appear to have been & Vi=4.0mis
performed under conditions for which surface temperatures were 0.0 '
larger than those corresponding to maximum heat flux. In contrast, 0.0 0.1 0.2 0.3 0.4

this study is concerned with heat transfer from a test surface, o
initially at 650 °C, to an impinging two-phase, free-surface jet of
water and air. Results are presented for single-phase convectig; 2 Dependence of static head on void fraction for selected
nucleate boiling, maximum heat flux, and surface rewetting foriquid-only velocities
constant jet diameter gf=5.1 mm, liquid-only jet velocities be-
tween 2.0=V;,=<4.0 (11,300=Rg;1,<22,600), void fractions be-
tween 0.0sa<0.4, a constant subcooling AfTg,g=75°C, and a supplies a pipe-type nozzle 5.1 mm in diameter and 11 diameters
constant nozzle-to-plate spacingtéfd= 20. long. Five diameters upstream of the nozzle exit, four 1.0 mm
diameter orifices were drilled in the nozzle wall at 90 deg. inter-
vals and oriented normal to the nozzle centerline. Air from the gas
cylinder was supplied to the orifices through a plenum epoxied to
is described by the companion padéi. Air is supplied to the e nozzle. The entire assembly was b_olted to t_he bottom of the
nozzle from a compressed air cylinder .through two pressure re jrater supply tank, and the two-phase jet was directed normal to
lators and a flow meter. As depicted in Fig. 1, a convergent sectiQHe instrumented copper test cell with a fixed nozzle-to-plate spac-
: T f?{b of 20 nozzle diameters.
Assuming homogeneous two-phase flewo slip between the
gas and liquid phasgsthe jet void fraction is calculated as

Qg
“CQrQr )

whereQq and Q; are the volumetric flow rates of air and water,
respectively. An approximate analysis indicated that the bubbles
accelerate to their terminal velocity relative to the liquid phase
well before the nozzle exit, but that the buoyancy force opposing
the drag force on individual bubbles precludes equilibrium of the
bubble and liquid velocities. The terminal bubble velocity within
the jet was estimated to be within 12 percent of the liquid velocity
for all experimental conditions considered in this study. The as-
sumption of homogeneous two-phase flow was made to describe
the experimental parameters of the study and quantify trends

Experimental Method and Apparatus
The flow loop used to supply water and air to the two-phase j

Water

(@D Acrylic two-phase nozzle
(@ Copper test cell

§| 3 Insulation

gl (@) Stainless steel carriage

(® Stainless steel retaining ring

Fig. 1 Schematic of two-phase nozzle and boiling on the test

surface
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among the data, and for practical purposes, this assumption is
reasonable. The liquid-only velocitglso referred to as the super-
ficial liquid velocity), Vs, , is then defined a¥;,= Q¢ /A, , where
A, is the cross-sectional area of the nozzle exit. The two-phase, or
mixture, velocity is defined ag,,=V;,+ Q4 /A, . Injection of gas
bubbles into the water jet increases the head required to maintain
a fixed value ofV;,, since the pressure drop across the nozzle
increases due to acceleration of the water/air mixture and the in-
creased friction losses associated with the two-phase bubbly flow
downstream of the air orifices. The static head in the supply tank
required to maintain a constant value \df, increases approxi-
mately in proportion to the square of the void fraction, and for
liquid-only velocities of 2.0, 3.0, and 4.0 m/s, measurements of
the static head as a function of the void fraction are depicted in
Fig. 2.

Details of the instrumented copper test piece, data reduction
procedure, and uncertainty analysis are described in the compan-
ion paper. In addition to uncertainties described in Tables 1 and 2
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Fig. 3 Jet impingement following initiation of quench (t=2s) for for= 0.0, 0.1, 0.2, and 0.3
(T;=650°C, V;,=3.0m/s, ATgy,g=75°C)

of the companion paper, the maximum uncertainty in the votdwards higher wall superheat, but that effect diminished with
fraction measurements was16.4 percent fol;,=2.0m/s and increasing void fraction. Below a wall superheat AfTgat
a=0.1, but was belowt11.1 percent for all other experimental=40°C, heat transfer occurred by single-phase forced convection,

conditions. which was significantly enhanced by the air injection.
_ ) The minimum film boiling point in the radial flow region is
Results and Discussion apparent in the boiling curves of Fig. 5. After the jet struck the

h | ch N h hs of i surface, the calculated heat fluxes increased over a periec af
Two-Phase Flow aracterization. Photographs of jets f{om the initial condition ¢z~0) to values corresponding to film

taken shortly after the initial vapor production had slowed, b oiling. In this interval, results are strongly influenced by the in-

before progression of the boiling front, are displayed in Fig. 3 fq bili ) .
- ) . —ability of the thermocouples to respond to the rapidly changing
Vio=3 m/s and void fractions of 0.0, 0.1, 0.2, and 0.3. At voi urface heat flux immediately following initiation of the quench.

f_ractlons above 0.5, the jet be_glns to break-up, but remains Cqiiie to deflection of the jet from the surface at the boiling front
tinuous, though wavy, below this value. Bubbles remain entraingel 1, “neat transfer from surface locations for whidh=2
W'”."n the jet and, except for some .coalescence between ne1Yeurs by radiation and single-phase convectimnthe ambient
boring bubbles, remain intact until impact on the surface. T fi) until the minimum film boiling temperature is reached. Al-
photographs were useq to charactgrlze th? bubbles generate %ﬁgh not observable in the stagnation point boiling curves of
the nozzle. By electronically enhancing the images, measuremegis s 'y ration of the initially vigorous vapor production in-
of bubble sizes were possible. One-hundred measurements

characteristic bubble diameters were taken from photoaraphs f ased with increasing void fraction. This result is attributed to
P 9rapns {RL gecrease in heat fluxes in the radial flow region with increas-

szga%t%rims/t?c%chz)t\)/lce)i?ji;rr?gtig]?/vg; Sallcu?a%e(?gg t?]‘g"a\v/v:geetgfg void fraction, which resulted in slower cooling of the test
, 9 £iJecimen. As shown in Fig. 5 and the enlargement ofritte

the vertical and horizontal bubble dimensions. The resultln_4 boiling curves in Fig. 7, surface heat fluxes beyond the mini-

bubble size distribution is depicted in Fig. 4. The distribution i h o - .
nearly Gaussian, with mean diameters of 1.59, 1.73, and 1.87 nﬁner film boiling point decreased by nearly a factor of 2 with

and standard deviations of 0.26, 0.30, and 0.30 mm for jet void
fractions of 0.1, 0.2, and 0.3, respectively. From the mean bubble
diameter and air flow rate, the frequencies of bubble generatior 40
for void fractions of 0.1, 0.2, and 0.3 are 3210, 5610, and 7610
Hz, respectively. 35

Boiling Curves. Figure 5 depicts boiling curves for five ra-
dial positionsr/d=0, 2, 4, 6, and 8, and void fractions of 0, 0.1, 30
0.2, and 0.3 foW;,=3.0 m/s. For an initial temperature of 650°C,
thermocouple response was too slow to capture the minimum filrr
boiling point in the stagnation zone. In experiments with an initial &, 25 |
test cell temperature of 800°C, early stages of quenching wer
characterized by a clearly-defined period of film boiling and the 5
stagnation point minimum film boiling temperature was observed;-g
to be approximately 470°C. Transition boiling in the stagnationz
zone is manifested by vigorous vapor production, and the wettee® 15
zone appears as a dark circular patch in the photographs of Fig. <
As ATgar at the stagnation pointr(d=0) decreased fronT;
—Tsar, the stagnation zone passed through transition boiling, as 10
characterized by the negative slope of the boiling curve. In this
region, the boiling curves for the four void fractions are indistin- 5
guishable, and only after boiling had progressed through the maxi
mum heat flux into the fully-developed nucleate boiling regime

20

did the effect of air injection become discernible. Thi@=0 0 - - E—

boiling curves of Fig. 5 are expanded in Fig. 6 fATgar 08 1 12 14 16 18 2 22 24 26
=<100°C. The heat flux decreased from a peak value above 4 b (mm)

MW/m? (maximum heat flux)to a linear region(on log-log

scales)corresponding to fully-developed nucleate boiling. In theig. 4 Bubble size distribution for various void fractions Vo

nucleate boiling regime, air injection shifted the boiling curves3.0, s. Re,=17,000)
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due to the vigorous vapor production at the boiling front. The
i velocity decreased and the andlmeasured with respect to the
o plane of the surface)f the deflected film increased as the boiling
1 & front progresses outward. As the jet was deflected less vigorously
107 =T from the surface, liquid supply to the boiling front region in-
r/d=8 I creased, and film boiling heat transfer was enhanced. In contrast,
10° = oo EEE; HERI beyond eight jet diameters, the liquid film was no longer deflected
= " from the surface, andl,,\ decreased with increasing radius. This
— o=t trend was due to the decrease in free-stream momentum and in-
10° = 402 crease in free-stream temperature that occurred with increasing
— ou=03 7 radial location. In the jet deflection regime, the temperature at
| [+
10* ' -
10 100 1000
AT 541 (C) 107
Fig. 5 Effect of void fraction on the boiling curves for r=0, 10,
20, 30, and 40 mm (T;=650°C, V;,=3.0m/s, A T z=75°C)

0 o=0.0
increasinga from 0 to 0.3. This decrease in surface heat fluxe ¢ 0=0.1 77T
downstream of the boiling front might be attributable to a chanc A =02
in jet deflection parameters with increasing void fraction. At sul 00=03 11T
face temperatures beloW, , the surface heat flux increases un- g 3 R ogf&ti:
til the maximum heat flux is reached, and there is no distinctic% 2o > B EI%F
among the boiling curves for the different void fraction jets. “ o Y

. a ofh
"2 a- oy
Rewetting Temperatures. The temperature corresponding to o % =
the minimum film boiling heat flux, or rewetting temperature

Tuin, in the radial flow region was determined from the boiling
curves of Figs. 5 and 7. The minimum film boiling heat flux o Qﬁﬁ
decreased and shifted towards higher temperatures with increas

void fraction. The variations ofTy,\ with radius for Vi,
=3.0m/s and void fractions between 0.0 and 0.3 are plotted
Fig. 8. As described in the companion pagér «=0.0), the S
minimum film boiling point in the radial flow region occurs in 10°
either a jet deflection regime or a continuous film boiling regime 10 100 1000
At radial locations within the jet deflection regintebserved in AT 47 (°C)

this study to be less than approximately eight jet diamgt&kgy,

increased with increasing radius. This trend is attributed to sepdg. 7 Effect of void fraction on the boiling curve for r
ration of the jet from the surface in the vicinity of the boiling front=20 mm (7;=650°C, V;,=3.0m/s, ATg,z=75°C)

@,

€
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Fig. 9 Variation of maximum heat flux with position, o, and Vi,
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which the minimum point was observed increased monotonically
with increasing void fraction. This behavior was attributed to an

increase in the mixture velocity,,,, with increasinge. For fixed [9] reviewed temperature excursion data for incipient pool and
a, Ty also increased with increasing, . In the continuous film  flow hoiling of dielectric liquids. They suggested that, as highly
bOIIIng regime, however, no definitive effect of void fraction Wa%/etting fluids come in contact with a surface, they may com-
discerned, suggesting that the minimum film boiling point in thigletely flood surface cavities, thereby precluding entrapment of
regime depended primarily on the rate at which liquid was suRapor embryos. As such, bubble nucleation must first occur ho-
plied to the surface, and hence W, , rather tharVy,. Both of mogeneously in the bulk fluid, rather than at the surface, requiring
these conclusions were supported by rewetting datacfei0,  greater superheat than heterogeneous bubble nucleation at the sur-
which were characterized by increasifigyy with increasing jet face. While their observations were for highly-wetting fluids and
velocity in both the jet deflection and continuous film boilingncreasing surface temperature, conditions which differ from those
regimes. of this study, a similar explanation may apply. That is, in boiling
Maximum Heat Flux. The maximum in the stagnation pointOf water with a decreasing surfage temperature, cavities may be
boiling curves and the secondary maximuatcurring at lower Prématurely flooded, causing an increasé\ifs,r. However, as
wall superheatsjn the boiling curves of the radial flow region €vidénced by the data of Fig. 6, results for jets with air injection
(r/d=2) represent the maximum heat flux associated with COIBQHS'S“'}”tIy revealed no such excursions, suggesting that ar
tinuous wetting of the surface, and the data are plotted as a fu H_bbles suppress the temperature excursion near cessation of boil-

tion of radial location in Fig. 9. As noted in the companion pape 9 _in the sta_gna'tion zone. If the temperature excursion during
the discontinuous decrease ffy. at a radial location of /d oiling cessation is related to flooding of cavities on the surface,

, . TMAX . . the air bubbles may seed cavities near the incipience point,
~1 was attributed to transition from a radially accelerating ﬂovﬁ‘nereby eliminating the excursion

in the impingement zone to a radially decelerating flow in the ) 'sc0onq feature of the centerline boiling curves is that,dfor
radial ﬂ.OW region and the corr_espondlng Increase in bO‘%”daQ’o.l, nucleate boiling occurs at significantly higher surface tem-
layer thickness. For the same liquid-only velocity, the maximu eratures than far= 0.0 (the boiling curve is shifted to the right
heat flux was virtually |ndeper_1den_t of void fraction. This resul s the void fraction is increased, however, the boiling curve is
suggests thajy,y depended primarily oy, rather thavy, . As  rogressively shifted to the left, until for=0.3, the data are

such, the correlating equations cited in the companion paper dgincident with results for=0. This trend also characterized the
predictgyay in the radial flow region of single-phase jets can b&/, =2.0 and 4.0 m/s data, and similar trends were observed by
used to predictjy,ax for the two-phase jets by utilizing, in the Chang et al[5]. Hence, although a suitable explanation is cur-
place ofV,,. rently lacking, heat transfer is clearly suppressed for low levels of

. . .air injection (@=0.1), but increases with increasi
Nucleate Boiling. Due to the large radial temperature gradi- I @ ) g

ents near the boiling front, nucleate boiling only occurred in a Single-Phase Convection Heat Transfer. Due to rapid pro-
narrow band of the radial flow region. Moreover, because the frogtession of the boiling front and the fact that experiments were
progressed rapidly during the transient quenching process, nudleited immediately after the boiling front had progressed to the
ate boiling was not discernible in the boiling curves féd>0. outer edge of the test surface, the radial flow region was only
However, nucleate boiling data were obtained for the stagnatibriefly exposed to single-phase convection, and single-phase heat
point, and two important features are evident in Fig. 6. First, thteansfer measurements were limited to the stagnation zone. The
centerline boiling curve for the single-phase jet{0) exhibits a stagnation point boiling curves in Fig. 6 indicate increasing
temperature excursion near the cessation of nucleate boiling. #isgle-phase convection heat transfer with increasing void frac-
nucleate boiling on the surface ceased, the surface temperative, and enhancement by approximately a factor of 2.1 is
momentarily increased before decreasing. Bar-Cohen and Sinawhieved fora=0.3. Nusselt numbers were calculated as a func-
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500

boiling and surface heat fluxes downstream of the boiling front
strongly depended on void fraction, with increasiagacting to
reduce heat transfer downstream of the boiling fréntluding
Ouin) @nd to increasd -

The extent to which bubble injection can be used as a control
parameter in quenching processes depends upon the local surface
> temperature and the associated heat transfer mechanism. For ex-
ample, injection may be used to reduce the surface heat flux at
temperatures in excess of that corresponding to the minimum film
boiling point and to decrease the temperature associated with the
cessation of nucleate boiling. Bubble injection also increases heat
transfer for forced convection in the absence of boiling, but has no
effect on the value of the maximum heat flux. However, enhance-
ments due to injection of the air bubbles come at the expense of
increased pumping power required to maintain the same liquid

400

300 7

//
L

Nug

200 1

100

O V,=2.0ms

© Vj,=30ms

A V,=40ms
L

0 0.1 0.2 0.3 04 0.5

o

Fig. 10 Variation of single-phase heat transfer Nusselt num-
bers with V;, and «

tion of jet velocity and void fraction, and the results are depicted

flow rate. Alternate methods of bubble injection, such as capillary
tubes extended into the jet to the nozzle gxit, which require
little or no additional power to maintain the liquid supply, could
be employed under conditions for which pumping requirements
are of concern.
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in Fig. 10. ForV;,=2.0 m/s, the Nusselt number decreases froomenclature

166 for «=0 to 155 fora=0.1, before increasing to 213 far

=0.4. Nusselt numbers for;,=3.0 and 4.0 m/s increase mono- A, = nozzle cross-sectional areard?/4

tonically from 183 to 353 and from 213 to 451, respectively. The b = characteristic bubble diameter

increase in Nusselt number with increasing void fraction is prima- d = nozzle diameter

rily attributed to the increase iW,,. Nusselt numbers for the h = single-phase heat transfer coefficient; tank static head
single-phase jetd=0.0) agree very well with experimental re- H = nozzle-plate spacing

sults of several studies summarized by Webb and M. k = thermal conductivity

The enhancements observed in this study significantly exceed\Ug
those observed by Zumbrunnen and Balasubramdiigfor air  gyax
bubbles injected into a planar water jet. For a void fraction of 0.32¢7
and Reynolds number of 17,600, they observed enhancement at »
the stagnation line by a factor of 1.3, whereas the enhancement in 3

Nusselt Number hd/k;
maximum heat flux

minimum film boiling heat flux
surface heat flux

. Q = volumetric flow rate
this study fora=0.3 and Rgy,=17,000 ¥,=3.0m/s) was 2.1 r = radial coordinate
at the stagnation point. This discrepancy is attributed to the difRijo = liquid-only Reynolds numberV;,d/ v

ferent methods by which air bubbles are injected into the jet. In
the present study, air bubbles are injected upstream of the nozzle +
exit, and the liquid must therefore accelerate to accommodate the '
increased volume flow rate. In the nozzle of Zumbrunnen and M-l'-N
Balasubramaniafi7], air is injected at the nozzle exit, and the jet + °
free surface may expand to accommodate the air bubbles. While -S|-AT
the nozzle design employed in this study produces increased

hancements over the design of Zumbrunnen and Balasubramary
[7], this benefit may be offset by the substantially higher pumping \S/Lf’B
requirements. Vtz

X

©

SAT

Conclusions

An experimental study was performed to determine the effect of
air bubbles on heat transfer associated with jet impingement boil- §
ing for impinging two-phaséwater-air), free-surface circular jets.

The specific effect of the second phase was found to depend on
the boiling regime. In single-phase convection, injection of air
bubbles enhanced heat transfer by more than a factor of two, and y,,
the effect was attributed to the increase in the mixture velocity
with increasing void fraction. Air bubbles had the effect of shift-

m

time from start of quench

initial test cell temperature

minimum film boiling temperature

surface temperature

liquid saturation temperature

liquid temperature

excess temperatuigvall superheaty=T;— Tgar
subcooling=Tgar— T

liquid-only velocity=Q¢ /A,

mixture or two-phase velocity (Qq4+ Q¢)/A,
homogeneous two-phase flow quattyl +p;/pgl
—ala)™?t

void fraction

mean thickness of residual film

dynamic viscosity

kinematic viscosity

density

Martinelli’s turbulent two-phase flow

parameter=tu/ pug) "L —x/x)*Yps/pg)®®

ing nucleate boiling data to higher wall superheats, although t&PSCTiPts

effect was most pronounced far=0.1. A temperature excursion f = liquid phase(water)
associated with the cessation of boiling fe=0 was suppressed g = gas phaséair)

by the addition of air bubbles, while the maximum heat flux was sp = single-phase flow
unaffected by addition of the air. Conditions associated with film tp = two-phase flow
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Flow Boiling Heat Transfer From
«.n.rainey | Plain and Microporous Coated
e.Li | Surfaces in Subcooled FC-72

The University of Texas at Arlington,

Department of Mechanical and Aerospace The present research is an experimental study of subcooled flow boiling behavior using
Engineering, flat, microporous-enhanced square heater surfaces in pure FC-72. Two® bapper

PO Box 19023, surfaces, one highly polished (plain) and one microporous coated, were flush-mounted

Arlington, TX 76019-0023 into a 12.7 mm square, horizontal flow channel. Testing was performed for fluid velocities

ranging from 0.5 to 4 m/s (Reynolds numbers from 18,700 to 174,500) and pure subcool-
ing levels from 4 to 20 K. Results showed both surfaces’ nucleate flow boiling curves

S. M. You collapsed to one line showing insensitivity to fluid velocity and subcooling. The log-log

Seoul National University, slope of the microporous surface nucleate boiling curves was lower than the plain surface
School of Mechanical & Aerospace Engineering, due to the conductive thermal resistance of the microporous coating layer. Both, increased
San 56-1, Shinrim-Dong, Kwanak-Gu, fluid velocity and subcooling, increase the CHF values for both surfaces, however, the

Seoul 151-742, KOREA already enhanced boiling characteristics of the microporous coating appear dominant

and require higher fluid velocities to provide additional enhancement of CHF to the
microporous surface.[DOI: 10.1115/1.1389465

Keywords: Boiling, Enhancement, Flow, Forced Convection, Heat Transfer

Introduction ing of R-134a in an annular duct. Alternatively, Gunttigt ob-

Recent advances in the electronics industry are producing n§erved that departing bubbles would slide along the entire length

croelectronic chip designs that dissipate more heat than can Qr!erthe heated wall before de_partmg at high subcooling of water in
A ) . a rectangular duct. Later, Bibeau and Salcudédrand Klausner
properly removed by conventionalsingle-phase) cooling

schemes. Both direct and indirect liquid cooling schemes, invol\?gsalézi]vglb S(?I'rxggeSInTcl)lser rﬂg?}? :tfsr::;\\;golrz]svﬁtf);s&g Eéﬁg?/’ior
ing boiling heat transfer, are currently being researched as a prac-p y:

tical solution to the high heat flux requirements predicted for fl sgbcooled flow boiling suggest that increased bubble sI_|d|ng,
L%ot increased bubble departure frequency, may be responsible for

ture electronics. In particular, subcooled flow boiling is receivin . ; )
much attention, however, there are still many issues, which m £ compensation of decreased mlcroc_onvectlon heat transfer as
: ' ' put forth by Engelberg-Forster and Greif.

be resolved before it can be successfully implemented. o . .
It has been known for a long time that fully developed water More recently, Willingham and Mudaw#8] observed insensi-

nucleate flow boiling heat transfer performance in pipes is seeH1V-ity of the entire nucleate boiling curve to both fluid velocity and

ingly unaffected by either fluid velocity or subcoolifilcAdams subcooling in flow 'channels with sma.ll (100 m”?)’ dis-
[1]). With regard to insensitivity to fluid velocity, Engelberg-crEte heat sources in FC-72 for a velocity and subcooling range of

Forster and Greif2] explained that in both, forced convection an(P'Odl‘? 10 0.400 m/s %ndf3 tod36.K,.|respect|iver. Ii;!eii?(:]el eﬁlflﬂl'
boiling heat transfer, the heat is first transferred to a thin layer 8f'd 1atér Tso et a[10], found similar resuits at high heat fluxes

fluid adjacent to the surface. The heat is then transferred to gere fuI_Iy _d_eveloped nucleate b(_)iling e>§isted, however_, they
bulk liquid through diffusion by eddies in forced convectio ound a significant effect of both fluid velocity and subcooling at

and/or through a bubble pumping or “vapor-liquid exchange low heat fluxes due to partial boiling conditions. In contrast, Kirk
mechanism in boilingcommonly referred to as microconvectjon €t @l-[11], using a larger (19 mm38 mm) thin film surface in
This boiling microconvection mechanism was thought to be mu 113, found that increased fluid velocity increased heat transfer
more efficient due to the high departure frequency of bubbles aRgrformance over the entire nucleate boiling curve for a velocity

thus dominate the heat transfer over the eddy diffusion mechani&g9e of 0.04 to 0.325 m/s at 11.1 K subcooling. Samant and
of forced convection. Simon[12]also found a significant effect of fluid velocity on the

With regard to insensitivity of nucleate flow b0|||ng to fluid nucleate b0|||ng curve of their thin film heater in FC-72, but at

subcooling, Engelberg-Forster and G believed that this be- relatively high fluid velocities(4.1 to 9.3 m/s)and subcooling

havior was due to the counterbalancing effects of subcooling &S5 K). . . . »

the maximum bubble size and the bubble departure frequen The effects of fluid velocity and subcooling on the critical heat
(CHF) of small, discrete surfaces have also been previously

Increased subcooling decreases the departing bubbles’ ) _ ;
through condensation, which then decreases the amount of he ied. Kutateladze and Burakpi] studied the effects of fluid
velocity and subcooling on CHF for a vertical plate flow boiling

fluid it removes in its wak&decreased microconvectiprFrom h .
the results of Elliorf3], Engelberg-Forster and Greif also believed? Dowtherm A(26.5 percent diphenyl and 73.5 percent diphenyl

that the increased subcooling increases the bubble departure $4€). They observed that for a given velocity, CHF increases
quency, which helped to compensate for the decreased microcBigarly with increasing subcooling and for a given subcooling,
vection and thus show insensitivity to fluid subcooling. HoweveH1€ CHF increases with increasing velocity for a velocity range of
Yin et al.[4] observed that increased subcooling reduces both, the? 0 5 m/s and a subcooling range of about 20 to 110 K. Using

bubble departure diameter and frequency for subcooled flow bd-very small (0.25 mm 2.0 mm) thin film heater in FC-72, Sa-
mant and Simofl12]also found that CHF increased with increas-

Contributed by the Heat Transfer Division for publication in th®URNAL OF ing velocity for a velocity range of 2 to 17 m/s. I.n addition,
HEAT TRANSFER Manuscript received by the Heat Transfer Division October 16KUtateladze and Burakov observed that the subcooling effect was
2000; revision received March 23, 2001. Associate Editor: F. B. Cheung. more pronounced at higher velocities. Using a small rectangular
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surface (12.7 mm32.7 mm) in FC-72, Mudawar and Maddox
[14] observed an increase in CHF with both increased velocity copper test surface
and subcooling and identified two distinct CHF regimes for low 10 mmx 10 mmx 1.5 mm

From pool boiling research it has been found that the mi-  thermocouple tantalum
croporous coating provides significant enhancement throughout
the nucleate boiling curvé&Chang and Yoy16,17]), however, its
enhancement ability under flow boiling has not yet been deter-  epoxy filler
mined. Therefore, the objective of the present research is to study
the effects of fluid velocity and subcooling on the heat transfer ) powerleads
performance from a microporous enhanced surface. The heat
transfer performance from a highly polished plain surface is used
as a reference. More specifically, two 10 mmx 10 mm) flat
copper test surfaceéplain and microporoyssimulating small mi- —I ﬂ

and high velocities. The transition from low to high velocity was ; ; =
characterized by an increase in the rate of CHF enhancement with conwater &
velocity. This trend has also been observed by McGillis eft1d], tantalum X
Willingham and Mudawaf8], and Tso et al[10]. fitanium nitride | o
®
2

croelectronic devices were flush-mounted in the bottom of a
12.7 mmx12.7 mm square, horizontal flow channel. To study the Lexan Frame
effect of fluid velocity, three different velocitié€8.5, 2, and 4 m/s)
were tested in addition to reference pool boiling tests for each test L I

surface. Fluid subcooling levels of 4, 10, and 20 K were also ) -

tested. All testing was performed in pure FC-72 at atmospheric Fig. 2 Flow boiling test heater assembly
pressure.

Experimental Apparatus and Procedure (forcing all of the fluid to pass through the degassing jahkw-

Test Facility. A schematic of the closed-loop flow boiling testéver, during testing, valve 4 is opened and valve 6 is closed
facility used for the present study is shown in Fig. 1. The dega8¥hich bypasses the degassing tank and allows it to be used as a
sing tank allows for the removal of non-condensables during tfi@servoir and pressure regulator since valve 5 is left ppferes-
degassing process and serves as a fluid reservoir and press§ufe transducers and thermocouples are located at the pre-heater
regulator during testing. The condenser above the degassing t4Hgt, test section inlet, heater location and exit, degassing tank,
is used to prevent loss of test fluid during the degassing proceggd pump inlet as indicated in Fig. 1.

The degassing bottles are used to visually ensure that all nonThe test section in Fig. 1 is constructed of Lexan, which allows
condensables have been removed. From the degassing tank,f@hdest heater visualization from both the side and top. The flow
fluid passes through a heat exchanger and then a fixed speed §8annel has a 12.7 mmt2.7 mm square cross section and is 552
trifugal pump. The heat exchanger is used to cool the fluid afidm long. Although only one heater is tested at a time, the test
prevent cavitation in the pump during the degassing procesgction allows for the installation of two test heaters. The test
Since the pump operates at a fixed speed, a bypass loop is usede@iers are located 400 and 464 ni@1.5 and 36.5 hydraulic
control the flow rate. After passing through the pump and filteiameters)from the test section inlet and are in the horizontal,
the fluid then passes through either a low or high flow rate rang@ward facing orientation. The fluid flow at the test heaters is
turbine flowmeter. The fluid then passes through a pre-heater prsitimated to be fully developed turbulent flow for the present flow
to the test section for test section inlet temperature control. TF¥€ range. The test heaters are secured in the test section with
heat exchanger after the test section is used only during testing-t@mps and are sealed using o-rings. To ensure proper inlet pres-
cool the fluid prior to entering the pump to prevent cavitatiogure control, a pressure transducer was installed 47 mm upstream
(replaces the function of the heat exchanger located after the @éthe first heater.

gassing tank, which is used during degaskimyring the degas- ~ Test heater power is provided by a computer controllable DC

sing process, valve 4 is closed while valves 5 and 6 are opB@Wwer supply. A shunt resistor connected in series with the test
heater and power supply, rated at 100 mV and 20 A, was used to

determine the current in the electric circuit. The measured voltage
drop across the test heat@ong with the current measuremgnt
was used to calculate power applied to the test heater. A computer
controlled data acquisition system is used for test heater con-
trol as well as all temperature, pressure, voltage, and flowmeter
measurements.

Heat S sog,, €S Section
Exchanger

—
i

Condenser Test Heater. The test heater design is shown in Fig. 2. The

heating element consists of thin tantalum and titanium nitride

films. The heating element was sputtered onto a 0.5 mm thick

| @ oxidized silicon wafer along with copper for solder connections.

-% : AD2  The total heating element electrical resistance was abou®.25

& D%%attﬁ:g‘g The heating element side of the wafer was soldered to copper tape

. @'@ for the power lead connections while the other side of the wafer

D was soldered to the copper test surface. The test surfaces were cut

from 1.5 mm thick solid copper plate with dimensions of 10 mm

D Flowmeter (high) X 10 mm. The test surfaces contain two thermocouple wells cen-
tered in the base surface and spaced 5 mm apart and 5 mm deep.
The test surface/heating element assembly was glued into a cylin-
drical Lexan frame using epoxy. The same epoxy was used to fill
the space around the test surface. The top of the test surface was

Fig. 1 Flow boiling test loop schematic flush with the frame sidewalls. Copper wire power leads, which

Relief

i 1' Valve

Heat Exch.

Heater [,
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which can cause FC-72 decomposijioriThe pressure drop
through the line, test section, and heat exchaiget in use dur-

ing degassingproduces saturated fluid conditions at the degassing
tank inlet. The fluid inside the degassing tank is maintained at
saturation with a cartridge heater. To prevent cavitation, the heat
exchanger at the degassing tank exit is used to slightly cool the
fluid before entering the pump. The condenser above the degas-
sing tank is used to prevent loss of test fluid during degassing. The
top of the condenser was attached to two degassing batthesis
empty while the other is filled with water and open to ambient
This degassing bottle arrangement allows for: viewing the escap-
ing air bubbles, maintaining atmospheric pressure in the degassing
tank, and preventing introduction of water into the test loop if the
loop pressure drops below atmospheric pressure. The test fluid is
considered completely degassed when no more air bubbles are
observed to exit the condenser. After reaching saturation condi-
tions in the degassing tank, the FC-72 test fluid is completely
degassed in approximately 2 hours.

Once degassing is complete, the test loop is closed off from
atmospheric pressure by closing valveFig. 1). The degassing
tank is then bypassed by closing valve 6 and opening valve 4.
Valve 5 is left open to allow the degassing tank to be used as a
fluid reservoir and pressure regulator. The pressure at the test sec-
were fed through holes in the bottom of the frame, were solderg@n inlet is controlled by adjusting the cartridge heater power and
to the copper tape. The thermocouple wires were also fed throughhdenser cooling power. During testing, the heat exchanger at
holes in the frame bottom. . . the test section outlet is used to cool the fluid prior to entering the
~ The surface condition of the plain test surface was highly pobump to prevent cavitation while the pre-heater is used to set the
ished (mirror finish). The plain copper test surface was polishegst section inlet temperature. Once the fluid velocity, pressure,
using Brasso metal polish and a finger. After polishing, a smajlq temperature reached steady-state conditions, testing was
amount of epoxy was applied around the perimeter of the heajgfiated.
surface to prevent undesired edge nucleation sites. The plain SUfrhe test heater heat flux was controlled by voltage input. After
face was cleaned with acetone prior to testing. _ each voltage chang@eat-flux increment a 15-second delay was

For the microporous coated heater, the coating used is the ABj|nosed before initiating data acquisition. After the delay, the
coating(shown in Fig. 3)introduced by Chang and Yqu7]. The = comnyter repeatedly collected and averaged 125 base surface tem-
microporous coating technique was previously developed By ot re measurements over 15 seconds until the temperature dif-

O’Connor and You[18], further refined by Chang and YOUta once between two consecutive avera
. - ged temperature measure-
[16,17], and patented by You and O'Coniip§]. The coating is a ments for all thermocouples was less than 0.2 K. The test section

surface treatment technique_ useq to incrgase vapor/ gas entraproen; point was assumed to be at steady state. After reaching
;?rtjg:lieagsaggt\':% Tf]lfnagic::e zgsi t?eesntsr:tayt it;yaforpcw)lxr;rgn;eﬁ)orsoo eady state, heater surface and bulk fluid temperatures were mea-
um thick. The ABM.coating was named from thgl?nitial Iette)r/s o ured and the heat flux was calculated. For heat flux values greater
its three- components: 1—2@m Aluminum particles/Devcon han_w80 percent of CHF, |nst_antaneous surface temperature was
Brushable Ceramic e;ﬂoxy/MethyI-EthyI-KeytorﬁM E.K.). The monitored for 45 s after each increment to prevent heater burnout.
mixture of the three components was drip-coatédioilér the t&?Ch instantaneous surface temperature measurement was com-
pared with the previous increment’s average surface temperature.

surface using a paintbrush. After the cariibt.E.K.) evaporated, .
the resulting coated layer consisted of microporous structures'[nf"1 temperature difference larger than 20 K was detected, CHF
s assumed and the power shut off. The CHF value was com-

aluminum particles and epoxy. The microporous coating provid ) .
no significant increase of the heat transfer surface area. Detaggﬁed as the steady-state heat-flux value just prior to power supply
descriptions of the coating are provided by O'Connor and Yoe/utdown plus half of the increment.
[18]and Chang and Yo[116,17]. Experimental Uncertainty. Single-sample uncertainties for
Test Procedure. In order to obtain accurate flow boiling testthis study were estimated using the method of Kline and McClin-
data, a sound degassing and test procedure must be develom [21]. Fluid velocity uncertainty was estimated as 5:4 percent
Some of the common pitfalls in flow boiling research from dis@t 0-5 m/s and 2.1 percent at 2 and 4 m/s. Uncertainty in pressure
crete heat sources af&) allowing premature edge nucleation tomeasurements was estln_]ated as 2.0 percent. Heat flux measure-
skew the nucleate boiling curve and prevent the collection of a@ent uncertainty was estimated based upon the values of Rainey
curate incipience datd2) not properly degassing the test fluid,and You[22], whose test heater was of similar design to the
which can significantly alter the nucleate boiling curi@ollier ~Present one. Although Rainey and You tested in pool boiling, the
[20]), and(3) not maintaining constant pressure at the test sectig@fly difference between their setup and the present one is that in
inlet (maintaining constant test section outlet pressure causes $ftf present study the heat transfer coefficients are generally higher
nificant scatter in the test data due to changing inlet pressure fr@fd the test heater substrate conduction loss is lower. Therefore,
the two-phase pressure djofhe authors believe that all of thesebasing the present uncertainties on Rainey and You's values is
potential problems have been successfully addressed with gsidered conservative. The heat flux uncertaiftéking into
present test section/heater design and test procedure. account uncertainties in voltage, current, and afeathe present
Prior to testing, the FC-72 test fluid was degassed. First, valviest heater is estimated as 6.0 percent at both 20 and 603NIfem
5 and 6 are opened while valve 4 is closed to force all of the flumddition, temperature measurement uncertgiodgh loop and test
to pass through the degassing taiig. 1). The flow rate in the heater)was estimated considering thermocouple calibration error,
loop is then set to about 14 liters/min by adjusting valve 3. Afteemperature correction for the embedded thermocouples, and ther-
the pump, the pre-heater heats the fluid to near saturégainra- mocouple resolution error. The uncertainty for temperature mea-
tion conditions are not allowed in the pre-heater to prevent dryosrement was:0.4 K.

2,84K¥ 12KV WD:3MH $:80000 P:00000

Fig. 3 SEM image of ABM microporous coating (top view)
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Fig. 4 Reference pool boiling curves

Fig. 5 Flow boiling curves of plain surface

. . fluid velocity as indicated by the dashed trend lines. Boiling gen-
Results and Discussion erally spread over the entire surface of the heater at incipience,
The present study is to understand the effects of fluid velocityowever, there appeared to be a higher concentration of active
and subcooling on nucleate boiling and CHF for both plain amtucleation sites near the downstream edge indicating a slightly
microporous coated flat surfaces. The test surfaces drigher wall temperature. This active nucleation site density pattern
1-cn? (10 mmx 10 mm) copper blocks flush mounted in the botappeared to be prevalent throughout the boiling curve. The incipi-
tom of a rectangular, horizontally positioned flow channel. Thent superheats for the plain surface boiling curves in Fig. 5 are
heating surfaces, one highly polished and one microporous coatégied in Table 1. In addition, there appears to be no discernable
are positioned in the horizontal, upward facing orientation and alf@nd in incipient superheat with respect to either fluid velocity or
intended to simulate a small microelectronic device. The fluigubcooling showing only the typical large scatter of a highly-
velocity and subcooling are varied from 0.5 to 2 niReynolds Wwetting fluid. This apparent insensitivity of incipience to inlet sub-
numbers from 18,700 to 174,508nd 4 to 20 K, respectively. The cooling and velocity is consistent with the R-113 tube flow boiling
2 m/s and 4 m/s cases at 4 K subcooling were not included in tfsults of Hino and Uedg24] and the R-12 and R-114 tube flow
reported results due to excessive inlet flow instability related #piling results of Celata et a[25]. However, both Samant and

cavitations. All testing is performed in pure FC-72 at atmospherfimon [12] and Heindel et al[9] observed that incipience was
pressure. affected by inlet subcooling and velocity for small heaters in

. ) FC-72 flow boiling. For a given fluid subcooling, the nucleate

Pool Boiling Tests of Reference Surfaces. In order to qualify pojjing data in Fig. 5 appear to follow one line. This insensitivity
the present test heater surfaces, pool boiling curves in saturagdhe nucleate boiling heat transfer coefficient to fluid velocity
FC-72 at atmospheric pressure were generated. Figure 4 illustrai§gws that the nucleate boiling heat transfer mechanism com-
the plain and microporous coated surfaces’ pool boiling test rEretely dominates the heat transfer process for the range of fluid
sults. For reference, the pool boiling tests were conducted in thgnditions tested.
same facility and with the same procedures used by Rainey ancgy plotting the boiling curve data versusT,, in Fig. 5, the
You [22]. The single-phase natural convection data of the pres@fifect of fluid subcooling on nucleate boiling heat transfer appears
heaters exhibited comparable heat transfer coefficients showigg,e directly related to subcooling level. The data of Willingham
negligible surface microstructure effects. Incipient superheat vgjpq Mudawaf8] and Gersey and Mudaw§26] show a similar
ues ranged from 19 to 24 K for the plain surface and 8 K for  gffect. There is also an interesting trend concerning the character-
the microporous coated surface showing the superior nucleatigfic bend in the boiling curve near CHF. As the fluid velocity
characteristics of the microporous coating. Throughout the nucigzreases, the bend appears to diminish considerably. This may be
ate boiling regime, the microporous coated surface consistengfye 1o increased disruption of the larger, secondary vapor layer

augmented heat transfer coefficients by more than 300 percgpbve the surface causing instability in the vapor removal mecha-
when compared to those of the plain surface. This enhancemengiisy near CHF.

the result of the dramatically increased active nucleation site den-
sity caused by the surface microstructures provided by the mi-
croporous coatingO’Connor and Yoy 18]). The CHF values for
the plain surface ranged between 11.3 to 13.0 VW/erhile the

. . Table 1 Flow boiling incipient superheats, K
microporous coated surface showed consistently enhanced C

values of 23.5 W/cr In addition, these results are comparable t ATuy=20K ATuw=10K ATg=4 K
those reported by Chang and Y$R3] for their plain and mi- | U | _plain micro. | plain micro. plain micro.
croporous coated 1-chsurfaces of similar construction. m/s] Run1/2 | Run 1/2 | Run 1/2 | Run 1/2 | Run 1/2 | Run 1/2
Plain Surface Flow Boiling Results. The flow boiling curves 05117.1/25.8| 9.4/84 126.9/252] 29/10.1 |17.4/23.1] 11.7/5.3
of the plain surface are shown in Fig. 5 plotted verads,,,.. The 2 124.5/21.3113.1/14.9124.6/28.6| 6.4/9.3 z -
single-phase, forced convection data clearly shows the effectsl_4_120.2/21.1]10.0/10.4]20.5/21.1] 59/7.8 - -
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Fig. 6 Flow boiling curves of microporous surface Fig. 7 Correlation of nucleate boiling curves

Detailed visual observations were made of the nucleate boilitgf than those of the plain surface, however, at higher velocities
behavior for the 2 m/s, 10 K subcooling case. After incipience, tHd subcoolings, the reduction in slope of the microporous boiling
nucleate boiling was characterized by very small bubbles depaftirves causes the enhancement to disappear. The reason for this
ing and flowing parallel to the heater surface. Increasing the hdélggradation in microporous surface performance is explained
flux appeared to cause the departing bubbles to merge, formintfer. As with the plain surface, the microporous nucleate boiling
“blanket” of thin streams that would merge with other streams. Agata in Fig. 6 appear to follow one line for a given fluid subcool-
the heat flux approached CHF, the vapor removal was very chadfig showing the same insensitivity of the nucleate boiling heat
with large, wavy vapor streams. A high-speed video camera w#gnsfer coefficient to fluid velocity. It is also interesting to note
used to observe the CHF phenomena. For about one second gt there is virtually no bending in the microporous boiling
to CHF, it appeared that large portions of the surfage to 75 curves near CHF as seen in the lower velocity plain surface data
percent\would alternately be covered with vapor and then rewet Fig. 5.
ted until, suddenly, the entire surface was covered with vapor.Visual observations of the 2 m/s, 10 K subcooling case showed
Although video was taken at 600 frames/sec, the final blanketifigslightly different boiling behavior for the microporous surface
of the surface by the vapor was too fast to determine the initi@@mpared to the plain surface. As previously mentioned, the de-
origin on the surface of the dryout. parting bubbles from the microporous surface formed a relatively

. -~ . smooth bubble layer above the heater surface after incipience.
~ Microporous Surface Flow Boiling Results. The flow boil- However, as the heat flux increased, the bubble layer remained
ing curves of the microporous surface are shown in Fig. 6 plotteghooth and stable unlike the plain surface, changing only in its
versusATy,k. The single-phase, forced convection datadi-  thickness. About one second prior to CHiising the high-speed
cated by the dashed trend linesf) the microporous surface areyideo camera), the amount of vapor exiting the surface began to
Sl|ght|y worse thanthat Of the plal_n Surface da.ta ShOWn |n. F|g.F§U|3e rap|d|y Once CHF was reached‘ the pu|sing stopped indi_
fqr all flow velocities tested, ‘WhICh appears to co_ntradlct Fhéating complete dryout of the heater surface.
single-phase natural convection data shown in Fig. 4. Since
O’Connor and Yoy 18] estimated the effective thermal conduc- Correlation of Flow Boiling Data.  Figure 7 shows all of the
tivity of the microporous coating layer to be very lo(.95 plain and microporous boiling curves plotted versiisg,. The
W/m-K), the degradation in the single-phase forced convection 8ihgle-phase forced convection data have been removed for clar-
the microporous surface is most likely due to the added condui The most striking feature of this graph is how both surfaces’
tive thermal resistance of the coating. This degradation effect waicleate boiling curves collapse to one line showing insensitivity
probably not observed in the single-phase natural convection dafathe nucleate boiling heat transfer to both fluid velocity and
shown in Fig. 4 because the additional temperature drop frostbcooling. The plain surface data are well correlated with the
conduction through the coating was estimated to be within ttiellowing equation:
experimental uncertainty for those low heat flux levéisuch q’=5.39- AT 1)
lower than those for forced convectjorSimilar to the plain sur- ' sat -
face, boiling spread over the entire surface of the heater at incifgguation(1) was found by fitting all of the nucleate boiling data
ence, however, there was a much greater number of active nu@geluding the bending portions prior to CHF. The log-log slope of
ation sites than the plain surface and they appeared to be m8ré3 from Eq.(1) is similar to that observed by Willingham and
evenly distributed. The bubbles departing the surface formedviudawar[8] (slope~3.7) and Gersey and Mudaw§26] (slope
relatively smooth layer of small discrete bubbles above the heateB.5). Both of these references used 10#b® mm flat copper
surface. The incipient superheats for the microporous boilifgeaters in FC-72 at atmospheric pressure.
curves in Fig. 6 are listed in Table 1. From the table it can be seenAs can be seen in Fig. 7, the plain surface saturated pool boiling
that the microporous surface maintains its superior nucleaticnrve has a slope similar to the plain surface subcooled flow boil-
characteristics when moving from pool to flow boiling. At theng curves but is shifted significantly to the right. This suggests
lower fluid velocities and subcoolings, the nucleate boiling heé#tat the boiling heat transfer performance is significantly affected
transfer coefficients of the microporous surface are still much bdty either fluid velocity or subcooling or both somewhere in the
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low velocity range between 0 to 0.5 m/s. Using a highly polished
thin gold film heater in R-113, Kirk et al11] found that increas- A. a

ing fluid velocity from 0.041 to 0.325 m/s significantly shifted the 2 - y FS
entire nucleate boiling curve to the left by about 5 K. Further, s

Willingham and Mudawaf8] observed a negligible effect of fluid ,
subcooling(3 to 36 K) on the flow boiling heat transfer from a 'S
vapor-blasted copper surface at a fluid velocity of 0.50 m/s in 10
FC-72. In contrast, both Heindel et 409] and Tso et al[10]
found a significant effect of both subcooling and velocity at low
heat fluxes due to partial boiling conditions. Since the partial boil-
ing conditions described by Heindel et al. and Tso et al. were not T
observed in the present study, the observations of Kirk et al. and
Willingham and Mudawar seem to suggest that the transition from 3 !
pool boiling to subcooled flow boiling seen in the present plain o
surface data is primarily due to fluid velocity effects, however, 2| |-®- Plain (pool) .
more testing in this velocity range is needed before any conclu- -4 - microporous (pool) /

(W/mZK)
S N O N Ooh

sions can be made. -o- Plain (flow)
The microporous surface flow boiling data in Fig. 7 are well -4 microporous {flow)

correlated by the following equation: 103 [
100 2 3 45678101 2 3 45678102

q"=1.94x10* ATL2? 2 AT K)

The microporous surface boiling curves also show a transition inF'g' 8 Average nucleate boiling heat transfer coefficients

heat transfer performance from pool boiling to flow boiling. From
Fig. 7, it appears that the transition of the microporous surfaces is . . )
caused by fluid subcooling alone and is only significant in th¢fOPOrous su'rface is also the maximum for subcooled flow _k?on-
lower heat flux region of the boiling curves. The microporoutd- The previously discussed transitions from pool to flow boiling
coating provides nucleate boiling enhancement by increasing # both surfaces can also be seen in Fig. 8.
number of active nucleation sites at low heat flux@Connor Critical Heat Flux Behavior.  The fluid velocity and subcool-
and You[18]). It is hypothesized that the increased number gfy effects on CHF for the plain and microporous surfaces are
bubbles generated by the coating causes increased blockage t(g 8ented in Fig. 9 and Table 2. Both surfaces in Fig. 9 show
fluid rewetting the surface. Increased fluid subcooling would rejgnificant enhancement of CHF with both increased fluid velocity
duce the bubble sizes through condensation and thus decreas%f?l?subcooling. The positive effect of fluid subcooling on CHF
amount of blockage seen by the fluid allowing for more forcef,q already been noted by many researcidrslawar and Mad-
convection heat transfer. As the heat fl(end velocity) is In- gox [14] and Tso et al[10]) and is due to a reduction, by con-
creased, the effect of subcooling on the nucleate boiling hegtnsation, in vapor covering the heater surface, which decreases
transfer disappears. , the resistance to the liquid rewetting the surface and delays CHF.
Compared to the plain surface data, the microporous surfa@gih respect to fluid velocity, the plain surface data show a
data in Fig. 7 have a much lower slope. In fact, above a heat flgxange in slope near 2 m/s similar to that observed by Mudawar
of about 50 W/crf, the microporous coating _actually prov_ldesand Maddox[14]. Using Haramura and Katto[@8] macrolayer
worse heat transfer performance than the plain surface. It is PR%yout model, Mudawar and Maddox explained that the low ve-
tulated that this is caused by the apparent conductive thermal fScity CHF was caused by dryout of the liquid sublayer beneath a

sistance of the microporous coating layer in the nucleate boilifgge continuous vapor blanket near the downstream edge of the
situation(coating plus fluid within cavitiespreviously mentioned.

To help explain this, the average surface heat transfer coefficients
of all the boiling curves from Fig. 7 are plotted versi3, in

Fig. 8. The heat transfer coefficients calculated from Efsand = — -
. . N . plain, AT b—1OK
(2) are also plotted in Fig. 8. Very simply, the total thermal resis- ¥ plain AT o0 K
tance for the plain heater is dependent only on the thermal resis- N micmporéﬂbs, AT =10 K
tance of flow boiling(latent heat and convection heat trangfer 1o - /- microporous, AT, =20 K |

Riot=Ruoi» While the total thermal resistance for the microporous 9
heater is dependent on the thermal resistance of flow boiling plus 8
the thermal resistance of conduction for the thin microporous 7
coating layerRioi=Ryoii T Reong- SinceR ongMay be constant, this 6
places a lower limit orRy, for the microporous surface &%, 5
becomes smaller at higher fluid velocities and subcoolings. Refer-
ring to Fig. 8, the nearly constahtvalue (=2 x 10* W/m?- K) for

the microporous surface means tfgt;<R.ong- From this real- 3 ' : High
\

Q"cur (Wim?)

ization, the effective thermal conductivity of the preséABM) | Velocity
microporous coating layer can be estimated fieggi~R.onqg as 1 ) D
W/m-K (coating thickness50 um), which compares well with Low N

the values of 1.08 W/nK estimated by O’Connor et aJ27] for ; Velocity \\

their DOM microporous coating and 0.95 W/ estimated by
O’Connor and Yoy 18]for their silver flake microporous coating.
It should also be noted that both O’Connor et al. and O’Connor 10°

Transition line, Mudawar and Maddox [14] —ﬁ\\

and You compared pool boiling data of different coating thickness b5 8T B S 2 Poh e

to determine their thermal conductivities, which is different from U (m/s)

the present method. It is also interesting to observe that the maxi-

mum heat transfer coefficient seen in pool boiling on the mi- Fig. 9 Effect of velocity and subcooling on CHF
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Table 2 Flow boiling CHF values, W /cm? Conclusions

AT,,=20K AT,,=10K AT =4 K To understand the effects of fluid velocity and subcooling on
U | plain micro. plain micro. plain micro. nucleate boiling and CHF from a microporous enhanced surface,
m/sf{ Run1/2 { Run1/2 { Run 1/2 | Run 1/2 | Run 1/2 | Run 1/2 two 1-cnf (10 mmx10 mm) copper test surfaces were flush-
0.5 126.2/25.9]46.0/44.3]22.0/21.9[31.1/31.1]15.5/15.5]24.0/23.6] mounted in the bottom of a rectangular, horizontally positioned
2 |42.8/43.0|64.0/62.8131.6/31.8|40.8/40.8 _ N flow channel. The heating surfaces, one highly polished and one
4 167.1/69.01858/85.6155.1/53 9153 4/53.5 B _ microporous coated, are intended to simulate small microelec-
tronic devices. The fluid velocity and subcooling were varied from
0.5to 2 m/s and 4 to 20 K, respectively. All testing was performed
in pure FC-72 at atmospheric pressure.

heater. In the high velocity CHF regime, they observed that thel Both plain and microporous surfaces showed insensitivity to
thin vapor layer covering the surface was broken into continuoflgid velocity and subcooling level within the subcooled flow boil-
vapor blankets much smaller than the heater surface. This mB¥ ranges tested, which is in agreement with the prevailing trend
likely decreases the resistance to the fluid rewetting the liquRg€n in the literature. The plain and microporous nucleate flow
Sublayerl providing an additiona| enhancement to CHF and sd{plllng curves CO”apsed to one I|ne and were We” Corl’e|ated by
sequent increase in slope as seen in Fig. 9. The dashed line in Eigs: (1) and(2). N
9 represents the transition line proposed by Mudawar and Maddox2 The plain surface nucleate boiling heat transfer performance
to separate low and high velocity behavior. The microporous sy¥as significantly affected by fluid velocity and/or subcooling be-
face CHF values show this behavior as well, but to a lessi¥een 0 and 0.5 m/s and 0 to 4 K. The microporous surface was
degree. significantly affected by fluid subcooling at low heat flux levels
The lower slope of the microporous data compared to the pldi@f the lowest velocity tested0.5 m/s); however, the behavior
surface data in Fig. 9 shows reduction in CHF enhancement @ig§appears with increased velocity and/or heat flux.
velocity increases similar to the reduction in nucleate boiling en- 3 The log-log slope of the nucleate flow boiling curve for the
hancement of the microporous surface previously discussed. Figicroporous surface was much lower than for the plain surface
ure 10 shows the ratio of the microporous surface CHF data to tABd actually provided worse heat transfer performance than the
plain surface CHF data versus fluid velocity/T .= 10 and 20 Plain surface above a heat flux of about 50 Wicithis degrada-
K. From Fig. 10 it can be seen that the microporous coating®n in heat transfer performance of the microporous surface was
effectiveness of enhancing CHF decreases linearly with increasfRp'sed by the limiting effect of the thermal resistance of conduc-
fluid velocity. In addition, from Fig. 10, it can be seen that infion for the microporous coating layer. Using the heat transfer
creased subcooling causes a proportional increase in CHF, but¢Réfficient data, the effective thermal conductivity of the mi-
rate of reduction in CHF enhancement of the microporous coatii\ﬁ}g)POVOUS coating in nucleate flow boiling was estimated as 1
with velocity appears to be the same. / /m~K,'wh|ch compares well with previously published estima-
Comparing the saturated pool boiling CHF values of the plaf#ons using pool boiling data. _ o
and microporous surfaces in Fig. 4 to their corresponding CHF4 The CHF values of the plain surface, increased with increas-
values for the 0.5 m/s, 4 K subcooled flow boiling case in Tableig fluid velocity and subcooling. The log-log slope of CHF ver-
reveals an interesting observation. The plain surface CHF iBus fluid velocity significantly increased at about 2 m/s, which
creased by 36 percent when moving from saturated pool boiling$gPPorts the earlier observations of Mudawar and Maddai
0.5 m/s, 4 K subcooled flow boiling while the microporous surtegarding low and high velocity CHF regimes. The microporous
face CHF remained virtually unchanged. This suggests that thiarface showed similar behavior, although to a lesser degree.
microporous coating already provides a more dominant nucleate® Due to the already enhanced nucleate boiling characteristics
boiling heat transfer mechanism, which requires higher fluid v&f the microporous coating, higher fluid velocities than for the
locities than the plain surface to provide further enhancement Bin surface are required to provide additional enhancement of
CHE. nucleate boiling heat transfer. In addition, the enhancement of
CHF provided by the microporous coating over the plain surface
increases with increased fluid subcooling, however, compared to
the plain surface, the enhancement effectiveness of the coating
20 : decreases linearly with increased velocity.
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Trendlines
Nomenclature
05r . h = average heat transfer coefficiefity/m?-K]
q” = heat flux,]W/m?]
L AT,,=10K 1 R = thermal resistanc¢K/W]
o ATs=20K T = temparature[K]
0.0 ' v i L U = fluid velocity, [m/s]
0 1 2 3 4
Greek Symbols
U (m/s}
ATy = wall superheatT,,— Ty, [K]
Fig. 10 Effect of velocity and subcooling on microporous ATgy = wall superheatT,,— Tey, [K]
coating effectiveness ATgp = inlet subcooling,Tsa— Touk, [K]
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Condensate Retention Effects on
the Performance of Plain-Fin-and-
¢ ote | TUDE Heat Exchangers: Retention
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A study of condensate retention is presented for plain-fin-and-tube heat exchangers typi-
Industrial Engineering, cal to those used in air-cooling applications. An e_xperim(_ar_lt in \_/vhich th_e retained mass of

University of Illinois at Urbana-Champaign, air-side condensate was mez?\sured under dynamlg conditions is descrlbfed, and thg results
1206 West Green Street. are analyzed using conventional thermal-hydraulic measurements of j and f. With the

Urbana. IL 61801 coupling between condensate retention and thermal performance established, a new

' model for predicting the mass of retained condensate is described and compared to the

steady-state retention data. The model is successful in predicting retained condensate
under relatively restricted conditions. The promise of this new approach, and possible

refinements that will add engineering value are discussgalOl: 10.1115/1.1391276

Department of Mechanical and

Keywords: Condensation, Convection, Dehumidification, Heat Transfer, Heat Exchang-
ers

Introduction new approach to model condensate retention in air-cooling appli-

cagtions. The presentation will begin with a review of the literature

§Hd statement of the research goals, the experimental and model-
methods will be discussed, and model predictions will be

In many air-cooling applications, a heat exchanger is operat
below the dewpoint of the moist air it cools, and water condens
onto the air-s_ide surface. Once (_:onder?saj[e forms on the heat tr npared to new experimental data. Finally, weaknesses in the
fer surface, it accumulates until gravitational, capillary, or floi,oqe| will be discussed and recommendations will be proposed
forces remove it. Retained condensate can adversely affect heatq rther work.
transfer and energy efficiency because it restricts the air flow and
occupies heat-transfer area. Furthermore, retained condensate af-
fects human comfort because it can blow off the heat exchanger. . .
with the conditioned air creating an unwanted fog, and if it rg-ﬁewew of the Literature
mains on the surface it provides a medium for biological activity performance of Plain-Fin Heat Exchangers. Bettanini[1]
that might cause odors or other problems. Therefore, it is imp@onducted experiments on simultaneous heat and mass transfer to
tant to understand how condensate is retained on the heat-trangf@ertical surface. He observed an increase in sensible heat trans-
surface and how it affects the heat transfer and pressure-drop gef-under wet conditions for both the filmwise and dropwise con-
formance of the heat exchanger. densation of water from a flowing moist air stream, with a greater

Combined latent and sensible heat transfer in air-cooling appiicrease for dropwise condensation. A direct relationship was ob-
cations has attracted the interest of many researchers; howeseryed between surface roughness and an increase in heat transfer.
the effects of condensate retention on heat transfer and presddigher mass transfer rates resulted in larger enhancements in sen-
drop are not clearly understood. While it is generally accepted thgible performance. Bettanini concluded the enhancements were
retained condensate causes an increase in the air-side presgueeto combined effects of surface roughness and mass transfer.
drop, the extent of the increase appears to depend on the geometAn enhancement in heat transfer and an increased pressure drop
and surface condition as well as air flow rate—there may be caseere reported by Guillory and McQuistd@] for a parallel-plate
where retained condensate results in a reduced pressure dig@t exchanger operating under wet conditions. These effects were
Condensation has been shown to have a significant effect on sefitibuted to an increase in surface roughness associated with re-
sible heat transfer, but the direction and magnitude of this effé@ned condensate. In later work, McQuis{@&] found the friction
depend on the particular heat exchanger geometry and operafitgfor to be approximately 25 percent higher under condensing
conditions. conditions. Visual studies revealed dropwise condensation on the

Although many researchers have noted the impact of conddfst specimen, and a downward-flowing air stream did not appear
sate retention on heat exchanger performance and operation, fegffect the droplets for Reynolds numbers between 600 and 4000
studies have focused on characterizing the retained condeng4ged on hydraulic diameter. At low Reynolds numbers, McQuis-
itself. The effects of surface wettability, geometry, and operatirg” claimed there was a significant time required for steady-state
condition on the amount, location, and shape of retained waf@ioplet formation. Tree and Helmef4] conducted studies with a
droplets are not understood. Furthermore, there is no genef@lY Simple parallel-plate heat exchanger. An increase in pressure
model to predict the amount of water retained on a heat exchanggpP and sensible heat transfer was measured under wet condi-
in these applications. Understanding the nature of the retain@@s in the transitional and fully turbulent flow regimes.
condensate is key to understanding its impact. The overall objec-——

tive of this work is to explore retention effects and to describe athhe steady-stateondition in droplet formation or condensate retention prevails
when the total mass of water on the heat exchanger surface is unchanging with time.
The rate of condensation equals the rate of condensate shedding stetiug-state
Contributed by the Heat Transfer Division for publication in th®URNAL OF  retentioncondition. We will usedynamic retentiorto mean the mass of condensate
HEAT TRANSFER Manuscript received by the Heat Transfer Division January 3on the heat exchanger as a function of time, which often asymptotically approaches
2000; revision received April 2, 2001. Associate Editor: B. Chung. the steady-state retention.
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McQuiston [5,6] studied plain-fin heat exchangers with fourcrease as the inlet air relative humidity increased. The friction
tube rows in a staggered-tube configuration. The heat exchandexsor decreased as the inlet air relative humidity increased. The
were identical, except for fin spacing, which took values of 1.8eat transfer coefficients decreased and the friction factor in-
2.1, 2.5, 3.2, and 6.4 mm. Three different surface conditions weteeased as the fin spacing decreased. At Reynolds numbers high
tested for each heat exchanger: dry, wet with filmwise condenszmough to blow condensate off the heat exchanger—at air-side
tion, and wet with dropwise condensation. The dropwise modkeynolds numbers between 1000 and 3000 based on collar
was obtained by cleaning the heat exchangers with perchloroetiemeter—the heat transfer and pressure drop became less sensi-
ylene and the filmwise mode by boiling in household dishwashirttye to fin spacing. Wang and Chafig0]recently reported similar
detergent and water. The mode of condensation was reported taégilts.
stable throughout the experiments. McQuiston claimed the surfacddong[21]studied the effects of hydrophilic surface coatings on
type, and its condition, affected the transport processes. McQu¥avy, lanced, and louver fins. Under wet-surface conditions, the
ton also stated that the mode of retained condensate has an impeat transfer coefficient decreased, and the coating had little ef-
tant effect on performance. Measured heat transfer rates wéget. However, the coating significantly decreased the ratio of wet-
typically higher for dropwise than for filmwise condensation. Théo-dry-surface pressure drop. Unfortunately, contact-angle mea-
effect of condensate on the friction factor was more pronouncedsatrements indicated that after the first 1000 wet-dry cycles, the
low Reynolds numbers. Although not discussed by McQuistof9ated and uncoated surfaces had approximately the same wetting
this effect may have been caused by increased condensate reggaracteristics. The contact angle data reported by Hong were
tion at low flow rates. As the air-side Reynolds number increase@tained using a sessile-drop method with a consistent procedure;
more condensate might be removed by the flow forces leadingigfortunately, advancing and receding contact angles were not
a lower steady-state value of retained condensate. reported.

Eckels and Rabal] studied plain-fin-and-tube heat exchang- Modeling Retained Condensate. With respect to modeling

ersh with da fin S'E?Cir?g from afpproximatsly 2.0dto ?{2 mm. ARondensate retention in air-cooling applications, very little work
en an'(A:\e | sensible heat trans gr was o sberve (;m %r wet CoOpdk peen reported. Loosely related work has been reported for
tions. An increase In pressure drop was observed under wet cflsqaling condensate film drainage during the condensation of a
ditions; _however, thls_ effect diminished at high Reyn_olds n””b'ure vapor without vapor she#see[22—24), but there is little
bers, with trends similar to those observed by McQUIS®B]. o6 of generalizing these models for the air-cooling applications
Using arguments similar to those of Bettanini, the results of ECkz inierest. Jacobi and Goldschm[@5] considered an air-cooling

8 i ; - BsBlication and presented a simple model of condensate retained
suction associated with condensation. However, Kandlll&dr 55 «prigges” between adjacent fins. The model was qualitatively
later challenged this explanation and convincingly showed that fgficcessful in explaining the crossover between a degradation and

typical operating conditions the augmentation due to this effeghhancement in sensible heat transfer coefficient observed in their
would be less than 0.5 percent of the dry case. data and the data of others.

In a more recent paper, Wang et [@] report heat transfer and
pressure drop for nine plain-fin-and-tube heat exchangers undef€losure and Objectives. In general, plain-fin sensible heat
wet conditions. They studied the effects of fin spacing, the numbiansfer is reduced under wet conditions at low Re but is increased
of tube rows, and inlet air condition. Their findings indicate thaat high Re. The wet-surface behavior of interrupted fins is differ-
the sensiblg factor and wet-surfacé factor do not depend on ent, and for louvered fins thiefactor decreases under wet condi-
inlet air humidity. Under wet conditions, the friction factor in-tions over a wide Re range. These findings can be explained con-
creased markedly over the dry-surface result. At low Reynol@idering the effects of retained condensate. On plain fins at low
numbers, the sensibjdactor decreased, and a small enhancemeRe, retained condensate bridges the inter-fin gap, occupies heat
was observed at high Reynolds numbégseater than about transfer area and fouls the surface. For a high Re or large fin
2000). Finally, with respect to wet, plain-fin heat exchanger pespacing, retained condensate does not bridge the inter-fin gap but
formance, other recent experimental work has been repfitd is retained as droplets that increase heat transfer. In the louver-fin
and work on calculating the efficiency of wet fins has been rgeometry, condensate blocks the inter-louver gap, spoiling the
ported[11-14. flow-directing ability of the louvers and reducing heat transfer.

. i . o _ Clearly, the mode, quantity, and location of retained condensate

_Other Fin Geometries. In addition to the plain-fin studies sftect heat transfer and pressure drop. Understanding the nature of
discussed above, several other configurations have been studigdretained condensate is key to understanding its impact. Unfor-
The effect of condensation on the heat exchanger performancefately, little work has been undertaken to quantify the nature of
complex fins remains unclear. Mirth and Ramadhypt,16] (etained condensate. Modeling efforts are scant and insufficient
studied wavy-fin heat exchangers and developed design corrgly-the applications of interest. There are no reports in the open
tions for wet heat exchanger performance. They found the effe¢gature quantifying retained condensate in air-cooling
of condensation on sensible heat transfer performance to be i“CQBpIications.
clusive; in other words, comparing wet to dry heat transfer coef- The specific objectives of this study are to quantify the conden-
f!C|ents, the wet-surface values were sometimes higher and_ SORd&re retained on plain-fin-and-tube heat exchangers, to develop
times lower than the corresponding dry-surface values with g, yalidate a general condensate retention model, and to provide
clear trends. , ) heat-transfer and pressure-drop performance data. These objec-

Hu et al.[17] used simulated droplets on the fin surface an@,es are pursued through experiments that include dynamic and
naphthalene sublimation experiments to characterize effects of &gsady-state measurements of retained condensate. The retention
taln_ed conde_nsate on heat transfer on circular fins. They Obser\é%eriments appear to be the first of their kind and provide new
an increase in sensible heat transfer of up to 30 percent over Hﬁ‘ﬁghts into the dynamics of water retention. The effects of Re,
smooth-surface result. Small horseshoe vortices associated Wifisnacing, and surface condition are studied. Observed droplet
the simulated droplets significantly influenced local sublimatiog,e distributions and a balance between gravity, surface tension,
rates. The basis for the size and location of the simulated droplgisy flow forces form the basis of the retention model. Air-side
was not described in detail or justified. Recently, further work oRgat transfer and pressure drop data are interpreted using conven-

wet circular fins has been reported by Jang el8]; they found 5| methods and are compared to data from the literature.

the sensiblg factor to increase 20 percent ahdo increase 15
percent over the dr.y-surface V.alues' ?Note that advancing and receding contact angle data quantify the qualitative
Fu et al.[19] studied louver-fin-and-tube heat exchangers Und%scription ofwettability. Morewettablesurfaces, or those witincreased wettabil-

wet conditions. The sensible heat transfer was reported to de-have smaller contact angles.
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Methods

Experimental Apparatus and Instrumentation. The closed-
loop wind tunnel used in these experiments is shown in Fig. 1.
The airflow was conditioned with resistance heat8rkW) and a
computer-controlled steam injection system providing up to about
0.2 kg/min. The air flow was drawn from the inlet plenum,
through honeycomb flow straighteners, screens, and a 9:1 aree
contraction into the test section at rates up to abouf/enin. The
design of the wind tunnel is detailed elsewhgz2é].

The test section shown in Fig. 2 allows flow and thermal mea-
surements upstream and downstream of the heat exchanger an

visual access to the specimen; furthermore, it provides the ability PRESSURE

to measure the mass of condensate retained on the heat exchang:
during an experiment. Using a constant-temperature anemometer
21 measurements of air velocity were obtained on an equally
spaced gridmeasured to within=1 percent at each poinat the

heat exchanger face. The air temperature at the heat exchange
inlet was measured using a six-junction, equally spaced thermo-
couple grid(*=0.3°C), and a twelve-junction grid was used at the
heat exchanger outlegt+0.5°C). Each thermocouple was cali-
brated against a NIST-traceable mercury-in-glass thermometer.
The dewpoint upstream and downstream of the exchanger was
measured using conventional chilled-mirror hygrometers, with air
drawn from the tunnel, through a sampling tube, and returned to
the tunnel. The uncertainty in dewpoint was estimated to be less

than +=0.2°C. Pressure drop across the heat exchanger was mea ™ Fars -

sured with static pressure taps connected to an electronic manom-
eter (£0.02 mm wec). It should be noted that the flow-area
changed by about 5 percent at most at the exchanger entrance o

FLOW CONDITIONING
SCREEN
(oY o)
J/ COUNTERWEIGHT
) BEAM-TYPE
: LOAD CELL
F Y

LINEAR BEARINGS

HEAT EXCHANGER

NOTE: INNER ASSEMBLY SUSPENDED
INSIDE OUTER WALLS

WINDOW FOR
INSERTING TRAY

exit, and entrance and exit losses are expected to be negligible.

As shown in Fig. 2, the test section consisted of an inner frame
mounted to an outer shell using high-precision linear bearings.
The inner frame included a second flow contractidnl), de-

 — )

Fig. 2 Heat exchanger test section. This design allows the

signed using techniques developed by Mof2V]. The inner real-time (dynamic) measurement of retained condensate,

frame supported the heat exchanger, and the assembly was sigg with conventional thermal hydraulic measurements. At

pended on load cells using a cable, pulley and counterweight si{ite end of a test, the heat exchanger could be quickly with-

tem. Load cell precision was negligible in comparison to othélrawn for steady-state retention data after a tray was inserted
uncertainties in dynamic condensate retentidiscussed later). &t the location shown in the schematic.

During an experiment, the test section was well insulated, but the

insulation was removable to provide visual access. At the end of

an experiment, the specimen could be quickly removed withspecial tray to catch condensate. The tray was constructed so that

-

INLETMEASURMENT — | o
SECTION
TEST SECTION -
STEAMITWECTION  GUTLET MEASURMENT
SECTION
AXIAL BLOWER STRIP HEATERS
N

N

Fig. 1 Wind tunnel for condensate retention experiments. The
flow is clockwise, moving from the axial blower to the flow
straightener, orifice plate, inlet plenum, flow conditioning, and

test section. Downstream of the test section, the temperature
and humidity are set using the strip heaters and stream injec-

tion.
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it could be slid into place under the heat exchanger at the end of a
test and withdrawn with the heat exchanger, catching any conden-
sate that shook free during heat exchanger removal; thus, all re-
tained condensate was captured for weighing. Retained conden-
sate could be weighed using an electronic balgrnd& 1 g)at the
conclusion of an experiment.

During an experiment, the heat exchanger was supplied with a
single-phase mixture of ethylene glycol and water as a coolant.
The coolant temperature was controlled by a chiller system and
circulated at tube-side flow rates up to about 0.15 kg/s. Coolant-
side temperatures were measured using type-T thermocouples
(£0.5°C). The thermocouples were installed in well-insulated sec-
tions of pipe, approximately 2 m upstream and downstream of the
heat exchanger—this design provided good thermal mixing. The
test heat exchanger was connected to the chiller supply and return
pipes using flexible tubing that was insulated with about 10 mm of
foam. An oscillating-piston flow meter was used to measure the
coolant flow rate(*+0.5 percent). The coolant properties and
chiller-loop design are discussed in detail elsewhafd.

Conventional contact-angle goniometry was used to obtain
measurements of the advancing and receding contact aryles,
and 6 respectively. This approach provides a more complete de-
scription than a simple sessile-drop measurement. As noted by
Chappuis[28], the contact angle obtained by placing a sessile
drop on a surface will represent an equilibrium betwégmand 6
and may range over several dozen degrees for engineering sur-
faces. Therefore, we used methods discussed by Johnson and
Dettre [29] to measured, and 6g. In particular, we fed and
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transfer, pressure drop, and dynamic retention data were recorded
during an experiment. The findbteady-statemass of retained
condensate was measured by removing the heat exchanger from
the test section at the end of an experiment, placing it on the
balance, weighing it, drying it, and weighing it again. During
some experiments, the foam on the return bends was removed to
allow visual access to the firfsee Fig. 3). The experimental pro-
gram spanned air-side face velocities from about 1 to 10 m/s, and
inlet coolant temperatures ranged fronil to 12°C. The inlet air
temperature was held between about 30 and 34°C, and the inlet
dewpoint was held at approximately 24°C for wet-surface experi-
ments. An experiment was initiated by bringing the airflow to the
desired velocity, temperature, and dewpoint, then suddenly start-
ing the coolant flow. At steady state, all conditions remained con-

i stant within their experimental uncertainty. However, for a brief
¥ L] ' period at the beginning of a transient tésfew minutes), the inlet
s, ;° °° ! dewpoint sometimes deviated from its set point by as much as
A o o 8°C, and the inlet dry-bulb temperature varied by as much as 1°C
°o °° from its set point. After this short period, the dewpoint and dry-
E, oo bulb temperatures were maintained within the experimental uncer-
o tainty throughout the rest of the te@ypically more than one
e L hour).
oooo The overall experimental program from which this paper is
© o drawn[26] included nine plain-fin-and-tube heat exchangers. Un-
°° °o fortunately, only limited data are available for the other seven heat
o o L exchangers. Namely, steady-state retention data at a few operating
)] L conditions, and air-side pressure drop were recorded for the other
H, specimens. The experimental and data reduction are somewhat
more complicated for these other test articles. Therefore, only data
Fig. 3 Schematic showing the design of the test plain-fin-and- for two heat exchangers over a wide range of conditions will be
tube heat exchangers; dimensions are provided in Table 1 presented.

Experiments designated as “dry” were conducted by setting the
inlet coolant temperature above the dewpoint to avoid condensa-

drained droplets while viewing them through the microscopic offlO"- The experimental conditions for the “wet” runs were deter-
jective, and we viewed drops on tilted surfaces. For all the contd®{ned So that the entire heat-transfer surface was below the dew-
angle measurements reported, ultrapure, milliQ water was useH0!Nt. That is, the calculated fin temperatures from the sector
method were everywhere below the local, mixing-cup dew-point

Experimenta| Procedure’ Scope7 and Data |nterpretation temperature, determined by aCCOunti.n‘g for Upstream Condensation
A geometric description of the heat exchangers is provided in Figr the measured experimental conditidsse[26]). Because the -
3, with dimensional information provided in Table 1. Each heaPparatus allowed visual inspection of the heat exchanger during
exchanger was constructed using collared fins and mechanicag§ting, we were able to confirm that the entire surface was fully
expanded tubes to provide intimate thermal contact and elimina¥ét (i.e., showed condensation in some mpdering the wet-
fin-to-tube contact resistance. The plain-fin-and-tube heat esurface experiments. This approach avoided wet-dry partitioning
changers for which data are now presented were identical, excépthe data reduction. Furthermore, visual inspection during ex-
that one had;=3.18 mm, and the other ha&d=6.35 mm. Heat Periments confirmed the expectation that there was no condensa-
tion on the adiabatic wind tunnel walls.

When dynamic condensate retention data were obtained, the
average load-cell output and other experimental conditions were

Table 1 Heat exchanger dimensions A ’
recorded at 45 second intervals throughout the experiment. Mea-

No. tube rows 14 14 surements of the unsteady differential pressure across the heat
exchanger and frame assembly were recorded, and these data were
W, (mm) 264.0 264.0 used to subtract the drag-force contribution from the load-cell
I 50.8 50.8 data. In this way, a transient measurement of retained condensate
s (mm) : : mass was deduced—the time dependent mass of water on the
L, (mm) 269.0 269.0 air-side surface. It should be noted that the force applied to the
heat exchanger by the flexible tubes during an experiment was
E; (mm) 7.15 7.15 found to be negligible in dry run6.e., conducting an experiment
above the dew point would result in no measured effect from the
E, (mm) 18.25 18.25 flexible tubes when tube-side flow rates changécd:onventional
error-propagation analysis was used to estimate the uncertainty in
fs (mm) 6.35 3.18 transient retention data. Due mainly to pressure-drop uncertainty,
S, (mm) 254 25.4 the estimated errors in dynamic measurements of condensate mass
‘ . ) were as high as15 percent of the retained mass. At the end of an
S, (mm) 19.25 19.25 experiment, the weight measurement confirmed the load cell data
to within this uncertainty. A detailed description of this procedure
8 (mm) 0.17 0.17 and the uncertainty analysis is provided elsewhafd.
The measured temperature and flow-rate were used to deter-
D (mm) 7.94 7.94 mine the steady-state heat transfer coefficient in a method de-
scribed in detail by Korte and Jacdl@6]. In a fashion similar to
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Mirth and Ramadhyani15], the heat exchanger was discretized

on a tube-by-tube basis. However, in the current work the area

partitioning between tubes was established using iteratively calcu- X
lated adiabats in the fin. The enthalpy potential method for simul-
taneous heat and mass trangf&éd,31]was adopted for interpret-

ing the total and sensible heat transfer rates. The dry and wet-
surface fin efficiencies were determined using the sector method,
with thirty-two sectors per tube. This approach for calculating fin
efficiency was compared to the ARI methggll] and found to
differ by less than 5 percent for all the conditions now reported,;
however, we believe the sector method is more accurate than the
“equivalent circular area” recommended for plain fins in the ARI
standard. The coolant-side transfer coefficient was calculated us-
ing Gnielinski's [32] correlation, which is valid for the coolant-
side Reynolds numbers of this study. Conduction resistance
through the tube wall was calculated assuming steady, one-
dimensional conduction, and the fin-tube contact resistance was
neglected because collared fins were used. With the coolant-side
and conduction resistance known, the heat transfer rate and en-
thalpy driving potential were used in an iterative approach to find
the air-side convection coefficient.

Wet surface partitioning, that is the determination of which por-
tions of the fin were wet and which were dry, was conducted by — 6
comparing the local fin temperatures to the local dew ptiime dF A
dew point changes as the air flow passes through the heat ex- s
changer). However, for all the data now presented, the heat ex-
changer was either completely dry or completely wet, implyin§id- 4 A schematic of a droplet on an inclined surface; the
that under wet conditions the fin temperature at the exit face of tgg"ggtti'ﬁg%f?éﬁc’)vi tﬂeagg,g;lg;g&cfhgur?ettos&?;grtgﬂgbs “
heat exchanger was below the exiting dew point. force, F ., acts to retain it '

The air-to-coolant energy balance was directly affected by the
coolant-side temperature uncertainty, and for a few data at high

coolant flow rates the energy error exceeded 10 percent; neverthe-

less, all energy balances were within the estimated uncertainties. . .

Because of the high coolant energy uncertainty at high flow rat g,performed for all drop sizes over the entire surface area qf the
each data set was analyzed prior to data reduction. If the coolah¢at €xchangerAy). The model is now pursued by developing
side uncertainty exceeded the air-side uncertainty, then air-sfigPressions fon(¢) andv(é), and in the current version of the

data were used in the data reduction. Otherwise, the air-side 4Agde! we will not distinguish between the tube and fin in devel-

coolant-side heat transfer rates were averaged for purposes of g these functions. o o
reduction. onsider the droplet shown in Fig. 4, where gravitational, flow,

Once the convection coefficient was determined, the foIIowing{)d surface ten_sion_ forces are indicated, along with a coorqinate

standard relations were used to represent the (#atgs and Lon- SYSteM. Approximating the droplet as a truncated sphere with an

don[33]): average contact angle given By- (6,+ 6g)/2, its volume can be
found using a volume integral and expressed as foll®&s[26]):

'

F]

) Nup _ _
1= Re, P’ @ 7d® [ 2—3 cosh+cos
V=S| ®)
and sin® 6
2Appa [ A P Al [ p Graham[34] conducted detailed photographic studies of the
=— a( m'”) (1+0?) ﬂ_l)( m'”) (_a) (2) condensation of water on copper surfaces. In order to account for
Ghax \ AT Paz2 At J\pas differing physical mechanisms important at small and large scales,
with he divided the distribution into two regimes and modeled them
with power-law fits to the data. We adopted the same approach for
our fins, usin
R%=M, Nu= r:(—D and pa:%ﬁ'a,z. 3 ’
Ha a AN(d)=B,d " for 10 um=d=<0.2da, (6a)

Modeling Condensate Retention. In order to develop a 5,g
model of the condensate mass retained on the heat exchanger
surface, we begin by considering only the droplets retained on the AN(d)=B,d 28 for 0.20,,<d<da. (6b)
fins—Ilater we will discuss how this approach could be modified to
include inter-fin bridges and other condensate elements. The dii-Ed. (6), AN(d) is the number of droplets of diameter
rent approach is based on an assumption that the fins are too¥4}.2d(xm) per cnf, andd. s the largest droplet diameter on
apart for bridging to occur. Under this assumption, the surface. We used the exponents determined by Graham but
regardB; andB, as constants to be determined for our surfaces.
_ Their values were calculated using digital analysis of the photo-
M_prA Ln(g)V(g)dgdA. ) graph shown in Fig. 5; this image was recorded for a typical
T specimen under typical conditions. Based on Graham’s micros-
In Eq. (4), M is the total mass of retained condensate on the heaipy, we assumed 82 percent of the area was occupied by droplets
exchangerp,, is the mass density of watev(¢) is the volume of larger than 10um. On the basis of our digital image analysis,
a droplet with diameteg, andn(¢) is the number of droplets with droplets larger than 0 &,,, occupied 36 percent of the area. Us-
diameteré per unit area and per droplet diameter. The integratiang these area fractions, the image analysis, and®gthe con-
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coefficients for droplets on surfaces, that information could be
easily adopted in an improved model. Following Al-Hayes and
Winterton, the drag force on the droplet was then calculated using

Fax=—Capal®Ay/2, (11a)

whereA, is the projected areay is the local boundary-layer ve-
locity at the droplet half-heighty4/2, and

A,=d2(6—cos6 sin6)/(4 sir? ) (11b)
and
Fig. 5 _Thi_s photograph shows a ty_pic_al droplet distribution on hg=d(1— COS;)/(Z Sing). (11c)
the plain-fin heat exchanger. This image was recorded at
steady state on a new surface, near the top of the exchanger In a fashion consistent with Al-Hayes and Wintertanwas cal-

(between the first and second tube rows ). Thisimage was used  culated using a lamindBlasius)boundary-layer profile evaluated

to quantify the area coverage by droplets larger than 0.2 drax,  at a normal distance diy/2 and a streamwise location midway

which in turn was used to find the constants B, and B,, in Eq. through the heat exchangek (2). In undertaking this calcula-

®)- tion, flow development effects within the exchanger and edge ef-
fects due to the wind tunnel walls were neglected. The free stream
velocity was simply taken as equal to the maximum velocity in

stants were found to BeB,=2.042(16) um*™Jcn? and B, the heat exchangévelocity atA,,,), and the boundary layer pro-

. . file was taken as that of a flat-plate flow.

— 2.8,

_4'4.67(16) pme e, Equatlon(6) can be cast into the form Finally, the surface tension force was determined by assuming a
required for Eq.(4) by noting

linear variatioff in 6, from 6, to 6, and integrating around the

AN contact line
n(d)=-—| , )
Ad d f‘n’
Fsy=vd | cogm—®)cog Op+(0r— 0,)P/m)dD.
and, withAd=0.4d, Eq. (6) becomes =7, & )08 Oa+ (0= 02) P/ )
n(d)=5.1041CF)d 27 for 10 pm=d=<0.2d,.. (8a) (122)
The result ig26]
and
n(d)=1.117109d 28 for 0.2d <d<d.. (8b) Fo - 7727"(5'”0;_5;”(‘9/*_ ) S'”eg_sf')”(e’**”) _
) — + — f—
Closure of the model has now been reduced to findipg. REOATT REOATT (12b)

One approach would be to determine the largest droplet size on a . )

surface from digital image analysis. Unfortunately, while image Using Egs.(10)~(12) with (5), the force balance of Eq9)
analysis might describe the distribution of droplets smaller thaHlows estimation of the maximum droplet size retained on the
dynay Without much loss of generality, using image analysis tgurface with the following equation:

determined o would severely restrict generality: the maximum = 42 =2 = _

droplet sized,.x, must certainly depend ofl,, 65 and the flow = olmaxt E1U dmat Zo=0 (132)
conditions. In order to account for these effects in a more genevethere

fashion, we calculate the maximum droplet size by performing a . —
force balance on the droplet shown in Fig. 4; thus, — __ PwgTSina ( 2—3 cosf+cos ) (13b)
= - :
24
Fgxt FaxtFex=0. ©) 3 f”a v
The x-component of the gravitational force is simply - paCy(@—cosfsing) (130)
1= " f
Fox=—pug¥(d)sina. (10) 8 sirt ¢

In this version of the model, we considered only vertical surfacé#d
(@=90 deg). Because the surface integration of @&g.included o _ S
the area ogf the tubes, the model treatsgcondensa‘ltg;)qon the tubes asz =~ ( Sin b SIN(Op— m) SN Or—SIn(Ga+ )
though it were on the fingno distinction in surface orientation is Or— Opat Or— Op— 7
considered). We have developed the model in a general sense, (13d)
with « as a variable, to allow for refinements such as separately|n Eq. (13), 2,, E,, and £, are constants for a particular
accounting for fin and tube areas, and for modeling inclined hegirface. The velocity, is evaluated from the Blasius profile as
exchangers; however, in this paper we have not implemented si§cussed above; it is a function of,,,. Equation(13) was
refinements. For heat exchangers such as these, where the §#8)¢ed using a Newton-Raphson method. It is useful to note that
area is small in comparison to the fin area, the first-order approag case with no air flow can be solved in closed form. The solu-
of treating tube surface area like fin area is justified. tion to this degenerate case was compared to the literature and
The flow forces are calculated using the results of Al-Hayes afgund to agree closely with estimates of the maximum size of a
Winterton[35] for drag on bubbles on a submerged surface. Dugyo-dimensional droplet; i.e., a “speed bumfsee[26]).
ing their experiments the contact angles varied from 22 to 90 deg;The model is thus complete and can be implemented with the
and they foundCq=1.22 for Rg=p,udiu, from 20 to 400. For above analysis. First, using measured contact-angle data and the
our experimental conditions with droplets, $&e;<970, but we prescribed operating conditions,., is calculated with Eq(13).
usedCy=1.22 for all cases—this extrapolation is justifiable sincqhe droplet drag coefficient is set @,=1.22, and the velocity

the flow regime is not expected to change over thig Rege. s found by evaluating a boundary-layer velocity profile half way
Should new experiments or computations provide updated drag

0=

- “This linearization serves as an approximation in this first-order model. Refine-
3These values are of the same order as found by Graham and others for simit@nts to the linear variation @fcan be implemented as new data become available;
systems, as summarized by Grahgg4]. see Brown et al[36] and Milinazzo and ShinbrdB7] for related work.
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through the heat exchanger at a distahgl from the fin(given At steady statqusing the balance), the uncertainty was due to
in Eg. 11). Using the calculated value fdy,,,, the droplet distri- small fluctuations associated with the discrete nature of shedding.
bution functions are established: we propose Bgfor untreated o . -
aluminum fin stock, but new distributions could be obtained from Air-Side Thermal Behavior. Air-side heat transfer and
photography of any surface. Finally, with the droplet volum&ressure-drop results for wet and dry conditions, in the form of

function as given in Eq(5), the total mass of retained condensatg€NSiPlej andf versus Rg, are presented in Fig. 6. The figure
is calculated using suggests thgtincreases by roughly 20 percent under wet-surface

02 s conditions forfs=6.35mm but not forfs=3.18 mm. These re-
_ ““Hmax max sults are similar to those of McQuist¢f] who observed an in-
M pWATL_lO mﬂ(é)V(S)d§+pWATL_OZ% N(V(H)de. creased when the fin pitch was largef{>3.18 mm) and a de-
# e (14) crease if the fin pitch was small. Jacobi and Goldschriié|
suggested McQuiston’s observation was caused by increased re-
Results and Discussion tention at smallfs, and the ensuing increased “fouling” effect.

. ) . . However, new retention data presented later in this section will
Conventionalj andf data will be presented first, followed by prove that M/A; for f,=3.18mm is lower than forf

dynamic and steady-state condensate retention results. Finally. g 35 mm. Therefore, the simple “fouling” explanation is unten-
comparison will be drawn between the measured retention dasie. Further complicating the situation, ttefactor for fq

and predictions from the new model. Through an error=g 35 mm is almost unaffected by condensation, bdor f.
propagation analysis, Korte and Jacf6] found the 2 uncer-  _3 18 mm is higher under wet conditions. Although the trends in
tainty in interpreted data to be less than 8 percent foy Rewas  he results are clear, it should be noted that the differences be-
21.5 percent m‘_at low Re, and 6 percent irf at high Rg . The  yeen dry and wef and f are almost within the experimental
2_—0 uncertainty inj was 10 percent at Iov_v Reand 17 percent at uncertainty.

high Rg,. The 20 uncertainty in retention mass, was esti-  \ang et al[9] proposed correlations for plain-fin wet heat ex-
mated to be 15 percent under dynamic conditions and aboutRangers with up to 6 rows. For the current 14-row exchangers,
percent at steady state. The uncertainty in measwirdynami-  their Nu predictions are 300 percent to 500 percent too high, and
cally was due to difficulties in subtracting flow drag from weightihejr § predictions are about 200 percent too higlor f.
=3.18 mm, the closest to their geometryThe comparison is
made only for completeness, with the recognition that our geom-
etry differs from theirs, and it is not surprising that their correla-
tions do not predict our data. The discrepancyimclearly due to

_T_j‘::: tube-row effects. If one uses their 6-row predictions, the Nu-
- Fien} predictions are 10 percent to 20 percent higher than the current
e [ at] data(almost within the uncertainjy but thef factor is still over
ol f | predicted by about 200 percent. Unfortunately, we found no cor-
e L — 3=, | relation in the literature for the current geometry with 14 tube
~ | : rows and, thus, we cannot provide a direct comparison of our
S i limited heat transfer and pressure-drop data to existing results.

i ————— e ., Dynamic Condensate Retention Data. The heat exchangers
were initially dry, and during the experiments condensate accumu-
lated on the air-side surface, as shown in Figs. 7 and 8. The mass
of retained condensat®l, asymptotically approached a maximum
for these heat exchangers. Early in the test, condensate was de-
! > : posited and retained on the surface, but as the droplets grew
3 through condensation and coalescence, gravitational and flow
forces eventually overcame surface-tension retaining forces. At
(a) this point, “shedding” was initiated and condensate began to drain
from the heat exchanger. Finally, a steady condition was achieved
when the rate of deposition was balanced by shedding, without

t— [ [y | oscillations in retained condensate. The importance of these re-
—s— Jlmi) i sults resides in the general trends and characteristics of transient
p =i | retention. The time required to achieve steady statg, is heat-
o [ ) : X .
ai b | transfer-rate dependent—it takes less time to reggfor a higher
! s I ) i condensation flux becausk,,, can be established faster. There-
- P %y, fore, 74 must dfepend on temperature and relati\_/e h'umidity, and
Sy | the results in Figs. 7 and 8 are only representative in that sense.
N i The figures also suggest that as the velocity increasgdde-
ol | B T S S i creased. This behavior is manifested because an increase in air

velocity causes a reducet),,,, allowing the steady-state droplet-

size distribution to be attained earlier. In view of the start-up

excursion in dewpoint discussed earlier, data from the first 150 or

| so seconds were not used to draw conclusions. To our knowledge,

00 1000 sior  these dynamic retention data represent the first of their kind pre-
Re sented in the literature.

oot

(b) Steady-State Condensate Retention.The final value ofM
depends on the gravitational, flow, and surface-tension forces act-
Fig. 6 Conventional sensible Colburn | factor and Darcy ffac- g on elementgdroplets)of condensate on the heat-transfer sur-

tor as a function of Reynolds number based on collar diameter, face. These forces are not rate dependent unless the boundary-
Rep, for the two test specimens under dry and wet-surface layer suction of condensation affects frictional forces on the
conditions, with  (a) f;=6.35mm, and (b) f;=3.18 mm droplets. Kandlikar'48] analysis clearly shows the suction effect
932 / Vol. 123, OCTOBER 2001 Transactions of the ASME
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(b) Fig. 8 The mass of retained condensate on the f¢=3.18 mm

plain-fin-and-tube heat exchanger, as a function of time. These
Fig. 7 The mass of retained condensate on the  f,=6.35mm data were obtained for the approach conditions given in the

plain-fin-and-tube heat exchanger, as a function of time. These text, at a maximum velocity of (&) Viyax=2.1m/s, and (b) Vinax
data were obtained for the approach conditions given in the =5.6 m/s. The retained mass at the end of the test, as measured
text, at a maximum velocity of  (a) Viax=2.2m/s, and (b) Viax by W_lthdrawmg_ and weighing the heat exchanger, is noted by
=3.9 m/s. The retained mass at the end of the test, as measured the tic on the right-hand border of the plot.

by withdrawing and weighing the heat exchanger, is noted by
the tic on the right-hand border of the plot.

tion of these large wakes is significantly higher than that associ-

ated with droplets. This explanation unifies the results presented
to be negligible under the current conditions. Therefore, we expéotFigs. 6 and 9. When the fin spacing is small, condensate is more
M at steady-state will not depend on temperature or relative hiikely to bridge the inter-fin gap; therefore, condensate is more
midity, except through their indirect effect on thermophysicdlkely to adversely affect heat transfer at a small fin spacing, even
properties(e.g., surface tensignor through modifications to the if there is less condensate per unit area retained under those
droplet-size distribution functionuch effects will be discussed conditions.
later). As to the physical mechanism responsible for a decrease in

The steady-state condensate retention results depend oncbndensate retained per unit of heat transfer area when the fin

spacing, air flow rate, and surface wettability. Steady-state retepacing decreases, we offer a conjectural explanation related to
tion results are shown in Fig. 9. Interestingly, while the total rehe condensate removal mechanisms. Earlier in this paper, we sug-
tained mass of condensate is larger for the exchanger with smaliested a simplified view that condensate is retained by surface
fin spacing, fs, the retention per unit heat transfer area watension forces and removed by gravitational and flow forces for
smaller for a smallefg. This finding seems to contradict the ideahe current geometry. These mechanisms probably dominate the
that heat transfer is reduced through a simple fouling effect of thetention behavior whefy is large; however, condensate can be
retained condensate at smél. Certainly, more condensate isalso removed when it is swept from the surface by condensate
retained when the fin spacing is small, but the retention per unitnning along the heat exchanger surface. When the fin spacing is
area is smaller a$; decreases. Therefore, the physics of wetdecreased, condensate running along a fin might sweep a droplet
exchanger thermal performance must be more complex than fhem a neighboring fin. Thus, as the fin spacing decreases, com-
simple “fouling” idea. It is clear that droplets enhance heat tranglex inter-fin interactions between retained condensate might be-
fer through their modification to the surface and thus the flomome important. We believe these inter-fin interactions are respon-
[17]. We hypothesize that while droplets increase heat transfsible for the finding thaM/A; decreased with fin spacing. We do
inter-fin condensate bridging has a deleterious impact on hewit believe this finding will carry to arbitrarily small .
transfer and pressure drop. Large condensate bridges occupy hedhe results shown in Fig. 9 clearly show that less condensate is
transfer area and create relatively large wake regions where tléained as the air-side Reynolds number increases. This finding is
heat transfer is low. The pressure drop associated with the forniatuitive, because the flow forces acting to remove condensate
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] Fig. 10 This photograph shows a typical droplet distribution

71 on the plain-fin heat exchanger after more than 100 hours ex-
41 posure to condensing condition. This image was recorded un-

] der the same conditions and at the same location as that
shown in Fig. 5.

LI I N B S S B N B B B A B S et B

(a) angles after exposure are also provided in Table 2. These findings
are in close agreement with similar results on contact angle
changes reported by Horj@1]. The nature of the retained con-
densate was altered by these changes, and a photograph of the wet
fin after more than 100 hours of exposure is given in Fig. 10—a
comparison to Fig. 5 makes the changes clear.

Comparison to the Model. For known contact angles, air
velocity, and surface tension, E(L3) was solved for the maxi-
mum droplet size. The result was used with the droplet distribu-
tions presented in E@8), and the droplet volume presented in Eqg.
(5), to complete the integration of E(lLl4). The resulting predic-
tions of retained condensate are compared to the measured data in
Fig. 11 for f;=6.35mm. In the figure, predictions are provided

1 for 6=73deg and ford=58 deg; these contact angles represent
ol v v v o vy vy o1 the measured conditions at the beginning and the end of the test-
s 6 1 8 9 1w ing program(as presented in Table 2). The figure shows good
agreement between the model and the experimental results. At low
Unmax (II]/S) air velocities, the prediction is within the scatter of the data, but at
(b) the highest velocity the prediction is about 20 percent higher than
the measurement. The model not only predicts the correct magni-
Fig. 9 The steady-state retention behavior as determined from tude of the retained condensate, it predicts the correct trend with
a weight measurement at the end of an experiment as a func- air velocity, and the scatter in the data is roughly equivalent to the
tion of the maximum velocity ~ (a) total retained mass of conden- predicted changes with wettability. It should be emphasized that
sate on the heat exchangers, and  (b) retained mass per unit of  zithough changes in surface condition are likely to affect droplet-
heat-transfer surface area size frequencies of Ed8), the distribution functions were never
changed. Once, the constari8s and B, were determined, they
were not adjusted. The changes in predicted retention are due to
increase with the square of the velocity. Thus, as the velocithanges in contact angle, and its effect on droplet volume and
increasesd ., decreases, leading to an overall decreadé (and d,,.,. Although this approach certainly does not capture the com-
M/A;) for a particular heat exchanger. Some of the limited dafaex physics of the droplet size distributions, it appears to provide
obtained for other heat exchang¢&6] suggests this trend canreasonable predictions.
change with geometry and surface condition. The model is not successful in predicting retention dataf for
The scatter in Fig. 9 is larger than the experimental uncertaint.3.18 mm, where inter-fin effects may become important—the
The main contributor to this scatter is the unavoidable changermdel neglects such interactions. Although the current model suf-
wettability that occurred during heat-exchanger exposure to tfers from a limitation in this respect, its formulation provides
condensing environment. Early in the testing, contact angles guidance as to the severity of this limitation. Namely, the neglect
the aluminum fin stack were relatively high, as given in Table 2f inter-fin interactions implies that;>2h,. The height of the
These high contact angles were due to oil and other organic codneplet can be estimated by calculating the,, as outlined above,
pounds on the metal. During the course of the experiments, soara an explicit evaluation of the applicability of the model is
of these contaminants were removed and the contact angles waossible. For the current situation with=3.18 mm, f¢/(2hy)
reduced. These changes in contact angle occurred over a period-df, and the model is expected to break down. Although a smaller
about 100 hours of exposure in the wind tunnel, and the contdgtsuggests that flow development effects may be playing a role,
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Table 2 Contact angle data for test fins

surface G4 (deg) O, (deg) Gr (deg) O (deg)
fin stock, new 92.3 1.3 53.0 5.0
fin stock, after 100+ exposure 81.9 10.8 35.1 . 1.0
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B Re, fin spacing, and surface condition have been reported, and
conventional methods have been used to provide air-side heat

160 :‘ ':
. : transfer and pressure drop data.

4o

b . . —_— The new model was successful in predicting the magnitude and
EU REREREREEEE $- - E trends of condensate retention for plain-fin-and-tube heat ex-
wo | ° . o 3 changers with fin spacing much larger than the height of retained

o b * ] droplets. The main shortcoming of the current model is in this

b ] restriction, and its use of droplet size distribution data from one
location on a fin. Such an approach does not recognize the effects
of condensate sweeping on large fins and the potential effect of
heat flux on droplet-size distributions. The model also neglects
L ] complex flow development and edge effects in the heat exchanger.
o — ‘ ‘ Nevertheless, the modeling approach has clear promise. Future
research into this modeling approach should address these prob-
lems. Furthermore, extensions of this plain-fin model to the com-
plex, interrupted-fin geometry often used in air-cooling is desired,
and future work should address that geometrical complexity. Ko-
rte and Jacobf26] have proposed modifications to account for
inter-fin coupling, and work in this direction is continuing. Yin
and Jacob[39] and Kim and Jacobi40] have proposed modifi-
cations to include surface-interruption effects, which may allow
modeling of slit-fin or louvered-fin heat exchangers.

Another important extension to this approach is to consider heat
exchangers with a horizontal airflow, rather than the down-flow
configuration studied in this work. A vertical airflow is often used
we believe the growth of boundary layers on the fins and wirl réfrigeration systems, and this model can be applied to defrost
tunnel walls(edge effectshas a small impact on the model re-Scenarios in such applications. However, in air-conditioning sys-
sults: the entering velocity profile is nearly flat, and the velocit}f€M$ It IS more common to use a horizontal air-flow configuration,
used to calculate flow drag on a droplet is determined by using?d adapting the model to that situation is straightforward. We
fictitious Blasius profile at the middle of the flow passage. Thid@V€ €xperiments underway to measure retention with a horizontal
approach—consistent witf35]—represents a compromise, be&irflow. _ _
cause near the entrance the boundary layer is thinner and {&e@ this research, a clear link between retained condensate and
droplets see a higher velocity: whereas, the exiting profile is mofeermal performance is established, and—for the first time—an
parabolic-like and the droplets see a lower velocity. For the puiitempt to establish a link between the quantity and nature of the
pose of this first-order model, our approach is justified by thr@talned condensate t(_) its thermal e_szect has been provided with a
apparent insensitivity of the results to velocifig. 9). However, model of retention. Ultimately, wet-fin thermal performance mod-

because the data appear to be more sensitive to velocity than §}{B9 Should recognize and account for the coupling between con-
model, we believe refinements to the drag model may help i ensate retention and thermal behavior. An approach that uses a

prove overall veracity of its retention predictions. “yvet-surfacg multiplier” on conventionglandf fgptors as a func-
This model relies on a number of simplifications in calculatingo Of retained condensate, surface condition and geometry,

droplet size and distribution. We approximated droplets as spheffeuld provide a valuable engineering tool for treating this com-

cal caps(with a fixed contact angleto calculate their volume; P/€x problem.

however, we assumed a linear variation of contact angle on a

circular contact line to calculate surface tension retaining forcelomenclature

Although it may seem somewhat inconsistent, this approach is

M (g)

60 :_ ® (=635 mm J
[ —— Model Prediction
o r - - - - Model Prediction 8 =58.5° 1

20 B

Upngs: (/)

Fig. 11 Measured and predicted condensate retention on the
plain-fin-and-tube heat exchanger with fs=6.35mm. Predic-
tions for two mean contact angles are given. The 6,=(0,
+0z)/2=72.7 deg case represents the “new” surface condition

for this heat exchangers, and the  #,,=58.5 deg case represents
the surface condition after more than 100 hours exposure to
condensing conditions.

L ? : A = area
justified to avoid complete calculations of each droplet shape; _ . . .
such calculations are very complex and the added computational By, B2 = ggglg;?rl:)éudtieot;;rglen%dqcgglstants in droplet-
burden would detract from the utility of this modé&dee recent _ L :
work [38]). In view of the calculations by Brown et 4B6] and Ca = té%agl(i?efﬂment for droplet on a surfaceee
Milinazzo and Shinbro{37], the assumed linear contact angle _ - .
variation is reasonable as a first-order approximation. In addition [()j _ g:gag?etru;e(v\clgltgr) d?:)ar:lgstgre Fig. 4)
to the geometrical simplifications of droplet shape, the version of E. E. = tube position relative tpo fin edqgsée Fig. 3)
the model presented here does not account for liquid bridges on L é _ force%n a liquid dropletsee Eq. 9) 9:
the surface at all—all the water is assumed to be in the form of f = Fannin fricgon fact(?r(see E qé)
droplets. The geometrical simplifications and droplet distribution f. = fins agin (see Fig. 3) Q.
functions used in this model ultimately result in a model that s pacing(: 9.
predicts the magnitude and trends of retention data within engi- Crmax = mass.velocnypagmax

H; = fin height(see Fig. 3)

neering accuracy, with no artificial empirical adjustment. While
those predictions represent a success, the ultimate extension and h
refinement of the model may require careful reconsideration of the

geometrical and size-distribution simplifications used in this first- h@.'
order model. IJ<
. L
Summary and Conclusions M
The condensate retained on plain-fin-and-tube heat exchangers
for air-cooling applications was studied, and a general condensate Nup =

retention model was developed and compared to experimental re- n
sults. The retention experiments appear to be the first of their kind

and provide insights into the dynamics of retention. The effects of Pr

Journal of Heat Transfer

gravitational acceleration

heat transfer coefficient

projected height of droplefsee Fig. 4)
Colburnj factor, Nu/(Re Pf3)

thermal conductivity

fin length(see Fig. 3)

mass of retained condensatiguid water)on
the heat-transfer surface

Nusselt number based on tube diameldd/k,
number density of droplet&iumber per unit
area, per diameter; see Eq. 8

Prandtl number
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Melting of a Solid Sphere Under
Forced and Mixed Convection:
.o | Flow Characteristics

Y-X. T 1 An experimental investigation on flow around a melting ice sphere in horizontally flowing
--A. 1ao0 water is conducted. The flow field is measured quantitatively using the particle image
velocimetry (PIV) technique. The distributions of velocity, streamline, and z-component of

Department of Mechanical Engineering, rotation vector around the ice sphere are obtained for different upstream velocities and
Tennessee State University, temperatures. General flow characteristics around the melting ice sphere and effects of
Nashville, TN 37209-1561 velocity and temperature are analyzed. The visualization of melting of a dyed ice sphere

is also conducted to investigate the motion of the melt, its mixing with mainstream, and
the separation of the boundary layer. Comparisons with the flow around a non-melting
ball are made to investigate the effect of melting on the flow boundary layer. The original
experimental results are published to serve as benchmark data for numerical model
development.[DOI: 10.1115/1.1389466

Keywords: Boundary Layer, Heat Transfer, Melting, Visualization

Introduction non-thermally equilibrium flow, the particle’s movemeritsans-

Melting of solid particles has been studied extensively aSFtlon and rotation)further complicates the interaction between

relates to many enaineering and environmental apolications. &?fr]ticles and fluid. In this study we focus on the relative transla-

. y eng 9 S PP ' interaction between a melting particle and a parallel flow with
as material processing, space appllcatlons, Wa_ter resource andtﬁg"eﬁect of mixed convection induced by the discharged melt.
ergy conversion and conservation. When solid objects are iRg

. o X . this purpose, we design an experimental configuration such
mersed in a fluid with a temperature higher than the melting eMat an ice ball is constrained on a fixed base subject to a convec-

perature of the solid, they melt and produce molten material thate melting process in horizontally flowing water. The quantita-
then mixes with the surrounding fluid. The solid particles experye and qualitative visual measurements are conducted using the
ence not only size variation from their initial size but also Chang‘}‘—sarticle Image VelocimetryPIV) technique and color visual trace

of their shape. This becomes more pronounced when the meltipgihod, in order to provide information of flow characteristics for
occurs in a forced, convective flow. Due to the influence of phasgyther theoretical modeling and numerical simulation. This paper
change, the characteristics of momentum exchange and heat trgji§s serves as a base and preliminary study for further study on

fer between two phases are remarkably different from those Bfia subject of heat transfer and phase interaction in liquid-solid,
tween two phases with no phase change. The difference ligf-phase flow with the phase change.

mainly in non-thermal-equilibrium mixing of melt with supply
fluid fIc_)w. Th_e uqderstanding of the flow characte_ristics arour@xperimental Setup and Procedure
the solid particle in the melting process, therefore, is very impor- . ] o o

tant to develop a better dynamic model to predict the melting rate The experimental setup is shown in Fig. 1. The test section is an
in a process typical to engineering applications. These include ten channel and held horizontally. AMARCH TE-7R-MD pump
melting of solid silicon for production of almost all silicon crys-moves water from the reservoir and discharges it to the head tank,
tals for microelectronics applications, the thawing of frozen food§0m which the water flows into the channel. Water flows down-
the melting of hail in meteorology and icebergs in glaciology angjtream in the channel past the sphere, which is mounted near the

oceanography, and the melting of solid particles under vario iddle of the channel, and is then routed back to the reservoir.
gravity levels in space applications. The discharge line has a gate valve and a John C. Ernst Co S100

The previous studies of melting of solid particle in fluid mainl low meter to measure and contro_l the flow_rate of water. Water
focused on either the melting process of a sphere in a pool perature is controlled by a refrigerated circulator with a mea-

. : : d fluctuation of 0.1°C during a typical experiment.

liquid (Tkachev[1], Schenk and Schenk€]l2], Vanier and Tien sure . X .

[3], Anselmo[4,5], Mukherjee et al.6], Mcleod et al[7]) or the 1 ';he Iengtg,zvinéjth, and helgtht (|)f the tﬁSt se.ctllc:).n a2reA500.fmm,

heat transfer characteristics between fluid and solid particle inig2 MM and 216 mm, respectively, as shown in Fig. 2. A uniform

flowing liquid (Eskandar[8], Eskandari et a[9], Aziz et al[10], velocity at the inlet of the test section is attained by the use of a
Ha0 and Tag11-13). So ar expermental vestgatonsof flow % STAGHEne made of Duocel s oan. an overfow
ilr)?sL(jer:\?a%g;igl%:r?:(lda[t)n?jrtlgghirr(\aklelgﬂed\/t:nfgf gﬁg“t_?ig\éﬁ;\]/'su vel. The water level can also be controlled using the gate placed

. at the exit location, providing a certain degree of flexibility. A
Mukhgr]_ee et al[6], Mcleoq et al[7_]). An accurate a_nd complete_Wmer height of 130 mm can be achieved in the present study. The
description of the phase interactions between fluid and melti

id particles | i lable at this ti Bt section and head tank are made of Plexiglas so that experi-
SOI' parl'ltc es r']s no al\g_al a fe a Its' llme. ticl . ments could be visualized and videotaped. Twelve thermocouples

n reality, when meiling of a particie or particles 0ccurs N dre mounted at the inlet, test section, and outlet to measure the
_ water temperature at different locations along the flow direction. A

Present address: Department of Mechanical/Chemical Engineering, Florida Intﬁair of thermocouples is placed in the center of the ice sphere to
national University, Miami, Florida 33174. . . .

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF measure its Central. t_e_mperature .durmg the meltmg pr_ocess. A
HEAT TRANSFER Manuscript received by the Heat Transfer Division August 21COMputer data acquisition system Is used to record readings from
2000; revision received March 28, 2001. Associate Editor: C. Beckermann. the thermocouples during a test.
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Open
Test Section

Refrigerated
Circulator

Fig. 3 Typical instantaneous image of the measured flow field
at *=0.3: V,,=0.05m/s, T,=4°C, dy=36mm, T;,=—15°C,
tioa = 760S.

above the test section at a distance of 500 mm from the center of
ice sphere. The laser light sheets illuminate the plane of interest
within the flowing fluid. The fluid is seeded with tracer particles,
which are hollow glass beads of 8—12 micron meters in diameter
and 1050—-1150 kg/fin density. The illuminated field is aligned

Regervoir with the center plane of the ice sphere parallel to the main flow
) i direction. The CCD camera takes the images of the tracer particles
Fig. 1 Schematic of the test apparatus with the resolution of 76& 484 pixels and frame rate of 30

frames/s. A typical image is shown in Fig. 3.
The PIV system measures velocity by determining particle dis-
In the present study, the water flow field around a melting igglacement over time using a double-pulsed laser technique. Two-
sphere is measured quantitatively using a TSI cross-correlativame cross-correlation method is employed in the present study.
PIV system. The flow field is taken in alignment with the verticalThe synchronizer controls the dual lasers through the computer
axial plane of the ice sphere parallel to the main flow directiotriggers and fires two laser pulse sequences at a given separation
The PIV system contains dual mini Nd:YAG lasers, LaserPuldane and a given frequency during the measurement. The laser
computer controlled synchronizer, PIVCAM 4-30 cross/auto colight sheets illuminate the plane of interest within the flowing
relation CCD camera, and PC computer with high-speed camédiad, which is seeded with tracer particles. In the meantime, the
interface and TSI's INSIGHT PIV software, as shown in Fig. 2synchronizer triggers the CCD camera to take two image frames
The dual mini Nd:YAG lasers provide light pulses with energy obf particles in the measured region of the plane with one laser
12 mJ/pulse at a wavelength of 532 nm. The collimated laspulse on each frame. Frame 1 contains the image from the first
beam is transmitted through three cylindrical lenses—df2.7, laser pulse, and frame 2 has the image from the second laser
—25.4 and—50 mm focal length to diverge the beam into a sheepulse. The time between frame 1 and frame 2 is the same as that
A spherical lens of 500 mm focal length is used to control theetween laser pulse 1 and laser pulse 2. The flow velocity is found
thickness of the lightsheet. The laser head is placed verticaly measuring the distance the particle has traveled from frame 1

Dual Mini Nd: YAG Lasers

Laser Head

Laszer Lightshest

Crverflonw Plate
Maonitor

Computer with Camera
Interface & INSIGHT PIV
Software

LaszrPulse Computer
Contrelled Synchronizer

Linit: mm CCD Camera Water Exit

Fig. 2 Test section and PIV system setup
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to frame 2. The digital data of both image frames is transferrébw rate and temperature is established by pumping water
directly into the computer's RAM by the camera’s high-speethrough the refrigerated circulator and the adjusted opening of the
interface. TSI's INSIGHT PIV software generates the entire vegate valve. The digital video camcorder and computer data acqui-
locity profile in the measured flow field, based on the particlgition system are initialized to record video images and tempera-
displacement from two image frames. Complete separation of thaes. The ice sphere, fixed on the base by the thin plastic straw, is
two images allows velocity to be measured without directiondlhen placed into the flowing water, and the test is begun. A circle
ambiguity. The 2-frame cross-correlation can measure zero dis-drawn on the bottom of the test section to ensure that the ice
placements and reversing flows without image shifting, and haghere with the base can be placed at the predetermined center
specific advantages for the complex flow including uniform mailocation relative to the laser sheet. The maximum allowable error
flow, low velocity flow in boundary layer, and reverse flow in thén the positioning the laser light sheet on the centerline through
wake as occurring in the present study. After tkeand the sphere is less thah0.5 mm. The PIV system is activated to
y-components of velocity andv, are obtained, the-component record a set of images of measured flow field for every given time
of rotation vectorw,, can be calculated byo{/dx— du/dy)/2. interval, and the digital image files are saved on the hard disk

The limitation of using 2-frame cross-correlation is evident iglrive. When the remaining ice breaks away from the plastic straw
the effective image captures rate, or framing rate. The partickdd drifts downstream, the test is ended. A set of images in se-
must move less than one-fourth of the interrogation spot in ti§slence with specified time intervals during the melting process is
time between the first and second laser pulses. The flow invegiptained for each case. Intervals of 10, 15, 20, or 30s are used in
gated in the present study is of low velocity with the typical mainthe different cases. After the test is finished, the information of
stream velocity ranging from 0.01 to 0.1 m/s. Therefore wBow field around ice particle at each measured time can be ob-
choose 30 ms for the time between laser pulses and 30 Hz for tRed by using the INSIGHT softwafé7,18].
frame rate. The distances that the particles move between the firdtor visualization observation, only the digital video camcorder
and second laser pulses are 1.5, 7.4, and 14.8 pixelsiirection and th_e computer data acquisition system are used to record the
and 1.3, 6.3, and 12.6 pixels yadirection for the velocity of 0.01, Video images and the temperatures.
0.05, and 0.1 m/s, respectively. They are less than one-fourth off© test the repeatability of the experiments, a number of tests
the interrogation spot, which is 32 pixels for 0.01 and 0.05 m&€ conducted under identical conditions. The_ qualltatlve_ result_s
and 64 pixels for 0.1 m/s. Based on Adrian’s metfad], the agree reasonably well, and no detectable differences in main
maximum uncertainty in the velocity measurements is estimatggantitative results are found.
as +0.40 percent irk-direction and=0.41 percent iry-direction . .
within the range of this study. Results and Discussion

The maximum random error in theandy-coordinates is=0.29 Upon immersion into flowing water with a temperature higher
percent, according to the calibration of the PIV system. Based timan the phase change temperat@¥C), the ice sphere begins to
the method of Kline and McClintockl5], the maximum uncer- melt. The water temperature close to the ice decreases due to heat
tainty in thez-component of rotation vectan, , is =0.70 percent. transfer between the water and ice. Low temperature melt de-

Another source of error is the ability of tracer particles to foltaches from the ice sphere’s downstream side and mixes with the
low the fluid flow. The particle’s Stokes number gives an estimatgater. Density differences in water around the ice sphere, caused
of the particle’s response to changes in the fluid motion. It can by the temperature difference, strongly influence the flow pattern
calculated as the ratio of the particle’s relaxation time to the charf downstream water. For many results presented below, the water
acteristic flow time,St=r,/7¢. The details on the error analysistemperature of 4°C is chosen to reduce the effect of density dif-
method and equations can be found in REf4,16]. In the present ference because that the water density reaches its maximum value
study, the particle’s relaxation time is 7.6610 ©s. The charac- (10000.00 kg/m) at 3.98°C and the difference of density in the
teristic flow time is 3.6, 0.72, and 0.36 s for the main flow velocityange of 0-4°C is very smal(999.87 kg/mi at 0°C). For other
of 0.01, 0.05, and 0.1 m/s, respectively. The Stokes number is tH@gults, a high water temperatu@9°C)is chosen for studying the
2.13% 107, 1.06X 10°°, and 2.13x 10" ° accordingly. It can influence of natural convection.
be concluded that the timescale for the particle to respond to fluidg o Field Around a Convectively Melting Ice Sphere.

motion change is mgch smaller than the fluid motion timescaige fiow field of water at first is disturbed immediately after the
(less than 2.1 10" percent). Therefore, the particles closelyce sphere attached to the base is suddenly placed in the water
follow the changes in fluid motion. flow. The stable water flow gradually resumes. The initial tran-
The visual observations are also conducted in the present stgint period lasts about 6 to 15 s under the conditions of the
using a digital video camcorder recording the image of meltingresent work. Figure 4 shows the results just after the initial tran-
process of dyed ice sphere, in order to investigate qualitatively t§nt period under the condition ®,=0.05m/s,T,,=4°C, T,
characteristics of motion of melt, boundary layer separation, and—15°C, d,=36 mm, andRe,=1077 (based on the initial di-
mixture of melt with mainstream. ameterd,). The time ¢=0) begins when the ice sphere is placed
The ice spheres are made by freezing tap water dyed with fopgthe water flow. In the figuress stands for the horizontal coor-
coloring for visual observations, or tap water dyed with food coldinate, andy is in the vertical direction from the bottom wall. The
oring and containing tracer particles for PIV measurements. If thigw direction of water is horizontal from left to right. It should be
ice sphere made from clear tap water is used in the PIV measufieted that the laser light sheet cannot illuminate the shadow area
ment, the ice sphere illuminated by the laser produces a versder the ice sphere, as shown in Fig. 3, so that flow field in the
bright area on the captured images. The strong optical noise sigradow area cannot be measured by the PIV system. Again, all the
nals cause the software to fail to process the images and to gifages are taken with the laser sheet aiming at the center plane of
the correct velocity information near the ice sphere. The tracgfe sphere that is parallel to the main flow directigrdirection).
particles are added to the ice in order to generate tracer particles ifThe velocity vector distribution in Fig.(d) clearly shows the
the wake and obtain good velocity information resulting from theirection and magnitude of the water velocity in the axial plane
melt fluid. A thin plastic straw is sandwiched in the sphere taround the ice sphere. The streamline, obtained based on the ve-
allow the sphere be fixed on a base made of stainless steel. In tbisty vector field, shown in Fig. @), illustrates the nature of the
study, the diameter of the ice sphere is 36 mm and the diametewefocity vector field and the visual profile of the water flow in the
the thin plastic straw is 2 mm. The depth of the straw’s insertidireld. The distribution ofw, is shown in Fig. 4(c). The distribu-
into the sphere is about 18 mm. A pair of thermocouples is placédns of the velocity components in thg-direction (main-
at the center of the ice sphere through the plastic straw. stream directionpand y-direction are shown in Fig.(d) and (e),
During a typical test, a steady open channel flow at the desiregspectively.
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Fig. 4 Flow field results in the axial plane: *=0.0079, V,,=0.05m/s, T,=4°C, dy=36mm, T,,=—15°C, Re,
=1077, Gr,=883, Gry/Re3=7.6X 107*, t,u=760s: (a) velocity vector distribution; (b) streamline; (c)
z-component of rotation vector; (d) velocity component in  x-direction; and (e) velocity component in
y-direction.

The results shown in Fig. 4 indicate that upstream, steady, ufisws towards the sphere. A region of lower velocity is formed
form water flow changes direction in front of the ice sphere, bysurround the stagnation point, as shown in Figl)4in which the
passes it and produces a wake behind it. Viscosity causes {fgue of w, approaches zero. The magnitude ©f (negative
velocity to decrease in the-direction and to increase in theabove the sphere and positive under the sphgradually in-
y-direction close to the surface of sphere. A boundary layer can §@ases with the angular coordinatg,of the spherdthe angle
seen over the upper surface of the melting sphere, as showngifya| to zero at the stagnation poimthile the boundary forms

Fig. 4(d)and(e). The influence of viscosity extends into the wakeyyer the surface. The distribution f, indicates that there are

where the velocity on the edge of the wake is smaller than in ﬂl":?rge velocity gradients and significant shear stresses in the

mainstream, and negative velocity appears in the walkg 4(d)). b
Two opposite circulating cells are formed in the wake, as eVl oo deg. The boundary finally separates at abat

denced in Fig. 4(aand(b). The flow from upper and lower sides " ; . e
meet together behind the circulating cells, causing a strong disttﬂ'-116 deg. At the separation point, the boundary layer’s thickness

bance of flow and mixing of melt with mainstream flow there. ThEf@ches @ maximum that equals nearly half of the sphere radius.
viscous effect and mixing result in a rotational flow, and the valuEhe circulation in the wake enhances the heat transfer between
of w, reaches the relatively large magnitude near the surface $#ter and ice surface, causing a higher local melting rate at the
sphere and at the edge of wake. This phenomenon can be seei¢# surface than at the area near the separation point. The shape at
Fig. 4(c). The distribution ofw, also indicates the approximatethe rear becomes fladHao and Tad13]).

range of the boundary layer. The liquid’'s velocity gradually de- The dimensionless time, defined as the ratio of time to total
creases in the-direction and increases in tlyedirection while it melting time,t* =t/t,,., is used to present temporal results in the

oundary layer and at the edge of wake, especially behind about
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Fig. 6 Flow field results in the axial plane: t*=0.6, V,
=0.05m/s, T,=4°C, dy=36mm, T,,=—15°C, Re,=1077,
Gry=883, Gro/Re3=7.6 X 1074, t,,m=760s: (a) velocity vector
distribution;  (b) streamline; and (c¢) z-component of rotation
vector.

Fig. 5 Flow field results in the axial plane: t*=0.3, V,
=0.05m/s, T,=4°C, dy=36mm, T,,=—15°C, Re,=1077,
Gry=883, Gry/Re3=7.6 X 107*, t,w=760s: (&) velocity vector

distribution;  (b) streamline; and (c) z-component of rotation

vector.

present study. This consideration is based on the fact that the tatailons are the same as that in Fig. 4. The flow characteristic
time period from the start to the time when the remaining icaround the ice is changing while the ice sphere is melting. The
breaks away from the plastic straw is different under different teshape of ice gradually changes into a scallop shape because the
conditions. The actual total time of the test is also listed in thgifferences in flow pattern at different local positions causes a
description of results to give the real time value of actual tests fdifference in heat transfer between water and ice surface and melt-
the quantitative comparison. Figure 4 shows the result at the tirimg rate. In turn, the flow pattern around the ice gradually changes,
(t* =0.0079) just after the flow field settles down from the disalong with changes in the curvature of the surface near the front of
turbance caused by placing the ice sphere with the basis in the and the maximum radius in the cross direction of water flow.
water flow. Figures 5, 6 and 7 show the velocity vector distribuFor the time period less tharf =0.3, the flow pattern remains
tions, streamlines, and, distributions in the axial plane at differ- basically the same as we compare Fig. 5 with Fig. 4. The main
ent timest* =0.3, 0.6, and 0.9, respectively. The other test comlifference is that the separation point appears at the position of
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Fig. 8 Flow field results in the axial plane: t*=0.5, V,
=0.01m/s, T,=4°C, dy=36mm, T,;,=—20°C, Rey=215,
Gry=883, Gry/Re3=0.019, t,=1614s: (a) velocity vector
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vector.

Fig. 7 Flow field results in the axial plane: *=0.9, V,
=0.05m/s, T,=4°C, dy=36mm, T,,=—15°C, Re,=1077,
Gry=883, Gry/Re3=7.6 X 107*, t,w=760s: (&) velocity vector
distribution;  (b) streamline; and (c) z-component of rotation
vector.

maximum radius in the traverse direction of water flow, and the Effect of Mainstream Velocity. Figures 8, 9, and 10 show
region of wake also increases. The surface contour behind the velocity vector distributions, streamlines, angddistributions
location of the maximum radius experiences a sudden changéthree cases dt =0.5. The three tests are all conducted under
caused by higher melting rate over the rear surface. As a result the condition ofT,,=4°C, T; o= —20°C, andd,=36 mm. Water
boundary layer cannot continue to develop, and flow separativelocities are at 0.01, 0.05, and 0.1 n{Re=215, 1077 and
occurs. These differences are shown more clearly in the examplEs4), respectively. The results indicate that the effect of main-
processes in Fig. 6 and Fig. 7. stream velocity is most significant compared to other variables
The sequence of measured results in the convective meltisigch as mainstream temperature. The influence of the presence of

process of ice sphere in Fig. 4 to Fig. 7 indicates that the circuldee ice sphere on the mainstream flow field is within a relatively
tion of cells in the wake is not steady. The circulating cells follovemall region at the low mainstream velocity of 0.01 m/s, as shown
a pattern of continuous generation, growth and breakup. in Fig. 8. There are two slow and opposite circulation cells near
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Fig. 9 Flow field results in the axial plane: *=0.5, V,, Fig. 10 Flow field results in the axial plane: t*=0.5, V,

=0.05m/s, T,=4°C, dy=36mm, T,,=—20°C, Re,=1077, =0.10m/s, T,=4°C, dy=36mm, T,,=—20°C, Rey=2154,
Gry=883, Gry/Re2=7.6 X 107*, t,,,u =1009 s: (&) velocity vector ~ Gry=883, Gro/Rej=1.9 X 1074, t,,; =689s: (a) velocity vector
distribution;  (b) streamline; and (c) z-component of rotation distribution;  (b) streamline; and (c) z-component of rotation
vector. vector.

the ice in the wake. There is nearly no disturbance in the wakgasence of two opposite, circulating cells in the wake is nearly
region behind the circulation region. In the case with velocity Qfnopservable. It is obvious that there are strong disturbances and
0.05 m/s, the disturbance to the mainstream flow, caused by fing of melt with mainstream behind the circulation region in
presence of the ice sphere, reaches the entire measured fielqnRScase.

shown in Fig. 9. There are two opposite, relatively strong circu-

lating cells near the ice in the wake. There are no major distur-Effect of Mainstream Temperature. Figures 11 and 12 show
bances in the wake region behind the circulation region. For thiee results of two cases &t =0.5. Both tests are conducted at
relatively high velocity of 0.1 m/s, as shown in Fig. 10, there ar¢,=30°C, T, ;= —20°C, anddy,=36 mm. The water velocities
strong disturbances in the wake, in addition to the strong distuare 0.01 and 0.05 m{Re,=316 and 1579), respectively. The two
bance to the mainstream flow. The circulating cells are beirigsts under relatively high water temperature are conducted to
quickly generated, growing and breaking up in the wake. Thevestigate the effect of free convection on the flow around the ice
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Fig. 11 Flow field results in the axial plane at a high water temperature: V,=0.01m/s, T,=30°C, d,
=36mm, T;,=—20°C, Re,=316, Gr,=6.8 X 10°, Gro/Re2=68.1, t*=0.5, t;,y=229s: (a) velocity vector

distribution; (b) streamline; (c) z-component of rotation vector;  (d) velocity component in  x-direction; and

(e) velocity component in  y-direction.

sphere. The Grashof number based on the initial diameter is @& cases shown in Fig. 4 to Fig. 10, where the initial Grashof
x 10 and the corresponding (Gr/Bdor two cases are 68.1 and number is 883, and the initial (Gr/Reare 0.019, 7.6<10"* and
2.73, respectively. 1.9x 10" * for the mainstream velocity of 0.01, 0.05, and 0.1 m/s,
Figure 11 shows that free convection has an important effect gspectively.

wake flow in the case of 0.01 m/s. The liquid in the thermal Figure 12 shows the flow pattern around the convectively melt-
boundary layer is cold because of heat transfer to the ice. Tfig ice sphere under the typical combin@ mixed) effects of
cooled water and melt from the ice have a higher density than thiade and forced convection. The downward flow in the wake is not
of mainstream. The density difference causes the strong dowgry strong in comparison with the mainstream flow. The down-
ward flow in the region behind the ice sphere and the downwayghrd velocity componentoppositey-direction) in the wake is
extension of the wake. This phenomenon is a result of combinggaller than the mainstream velocity of 0.05 m/s, shown in Fig.
advection of discharging melt and mixed convection of maintp(e). Again no circulating cell appears in the wake, and the upper
stream fluid due to a temperature gradient. It can be seen t§gharation point moves towards the rear of ice sphere. The down-

circulating cells cannot be generated, and the upper separatipsyq extension of the wake is much smaller than that under the
point moves towards the rear of ice sphere. The downward velqgngition of 0.01 m/s in Fig. 11.

ity component(oppositey-direction) in the wake reaches, and

even exceeds, the mainstream velocity of 0.01 m/s, as shown irMotion of the Melt.  Visualization tests of convective melting
Fig. 11(e). This flow feature causes heat transfer and melting @fthe dyed ice sphere are conducted to observe the motion of melt
the ice sphere, and its shape changes to be much different frand its mixing patterns with the mainstream. The typical results at
that under conditions with dominant forced convection, such astifi=0.3 are shown in Fig. 13 and Fig. 14.
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Fig. 12 Flow field results in the axial plane at a high water temperature: V,=0.05m/s, T,=30°C, d,

=36 mm, T,;o=—20°C, Re,=1579, Gry=6.8 X 105, Gro/Re2=2.73, t*=0.5, t,u =133 s: (a) velocity vector distri-
bution; (b) streamline; (c) z-component of rotation vector; (d) velocity component in  x-direction; and (e)
velocity component in  y-direction.

The three cases in Fig. 13 are all tested with=4°C, T;, and(c). The mixing region in the wake becomes shorter, indicat-
=—20°C, andd,=36 mm. The initial Grashof number of threeing that the mixing process strengthens and finishes quickly. The
cases is 883. They are at a mainstream velocity of 0.01, 0.05, diundary separation occurs earlier with increasing velocity. Fig-
0.1 m/s(Rey=215, 1077 and 2154), and an initial (GrARef Ure 15 shows the variation of separation points with time in the
0.019, 7.6< 10 % and 1.9x 104, respectively. The dye yields ameltlng processes for different mainstream velocities. As men-

) ioned above, water reaches its highest der(di®p0.00 kg/m) at
very clear image of flow pattern of the melp as the sphere melés_ 8°C. The temperature of the %elt incrggjggs fromgo% to the
For these cases, the effect of free convection on the flow aro instream temperature of 4°C while the melt is forming, detach-

the ice sphere is hardly noticeable and can be neglected, as shiygifrom ice, and mixing with mainstream. The slight difference
in Fig. 13. The melt forms a thin layer over the upstream surfagg temperature between the melting fluid and mainstream flow
of ice. The melt layer flows downstream as a thin boundary shegfuses a slight asymmetry between flows above and under ice.
and then detaches from the sphere’s downstream side at the sqjpis also explains why the upper and lower separation points are
ration point to go into the wake and mix with the mainstream. Theot absolutely symmetrical. The absolute angle of the lower sepa-
effect of mainstream velocity is clearly illustrated in these imagegation point is slightly greater than that of the upper separation
The flow of melt at the low velocity of 0.01 m/s is quite steadyoint, as shown in Fig. 15. _

except in the region near the rear of ice sphere, as shown in FigThe three cases in Fig. 14 are all for a high upstream tempera-
13(a), where slow random motion is observed. The mixing préure with T,,=30°C, T; ;= —20°C, andd,=36 mm. The initial
cess of melt with mainstream occurs slowly and within a longrashof number of the three cases is 8.80°. They are at the
region behind the ice. The disturbance and mixing in the wakeater velocity of 0.01, 0.05, and 0.1 m{Re,=316, 1579 and
goes stronger as the velocity increases, as shown in Figb) 133158). Therefore, the initial (Gr/Rgis higher at 68.1, 2.73 and
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Fig. 13 Video images of melting dyed ice sphere at different

water velocities: T,=4°C, dy=36mm, T,,=—20°C, Gr,=883, Fig. 14 Video images of melting, dyed ice sphere at different

t*=0.3: (a) V,=0.01lm/s, Rey=215, Gro/Re§=0_o19, tow ~ Water velocities and a high water temperature: T,=30°C, d,

=1542s; (b) V,=0.05m/s, Re,=1077, Gry/Re3=7.6X 1074, =36mm, T;,=—20°C, Gry=6.8X 10%, t*=03: (a) V,

tow=816s; and (c) V,,=0.10m/s, Re,=2154, Gr,/Rei=19 =0.01m/s, Re,=316, Gro/Rej=68.1, fy=209s; (b) V,

X 1074, tiom =567s =0.05m/s, Re,=1579, Gro/Re3=2.73, tw=141s; and (c) V,,
=0.10 m/s, Re,=3158, Gr,/Re5=0.682, tiy=82s

0.682, respectively. The effect of free convection on the flow of . . . . .
melt is clearly displayed in Fig. 14), which shows that the causes the normal velocity gradient to increase until reaching a

strong downward flow at the mainstream velocity of 0.01 m/dniform value before separation, as shown in Figbland Fig.
causes the boundary layer to extend to the rear surface of i b). The boundary layer forms after flow turns around the stag-

sphere. Figures 14(and (c) show that the effect of free convec-ation (at aboutf=20deg with melting and/=25 deg without
%eltlng). The velocity gradient increases further, causing a large

tion on the melt flow gradually decreases while the mainstrea ) . .
velocity increases. The resultant upper and lower separation poi foative value O.i"z to occur in the; boundary layer, as shown in
are very asymmetrical, as shown in Fig. 16. Ig. 17(c)and Fig. 18(c). The thickness of the boundary layer
without melting is relatively uniform before the separation. In the
Effect of Melting on the Flow Boundary Layer. The com- melting case, the melt from ice discharges into the boundary layer,
parison tests are conducted to investigate the effect of meltingusing thickening of the boundary layer, especially in the range
process on the flow boundary layer over a sphere using an wed=40deg to 70 deg. This results in a relatively high melting
sphere and a plastic sphere under the same control conditions. Tdte in that regiof13]. The melt from ice can form and stabilize
typical results are shown in Fig. 17 with melting and Fig. 18he boundary layer pushing the separation point downstream. The
without melting. Flow across a solid sphere starts to change theparation point can be seen at ab@st116 deg in the case with
direction near the stagnation point much earlier than the flow withelting (Fig. 17) and at aboutd=103 deg in the case without
melting, as indicated in Fig. 1&) and Fig. 18(a). The gradual melting(Fig. 18). The same test is repeated several times, and the
change in flow direction near and within the boundary layesame results are obtained within the experimental accuracy in the
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Fig. 15 \Variation of flow separation locations with time at dif-
ferent upstream velocities in melting processes: T,=4°C, d,
=36mm, T,,=—20°C, Gr,=883: (a) upper separation points;
and (b) lower separation points.

(b)

Fig. 16 \Variation of flow separation locations with time at dif-
ferent upstream velocities in melting processes: T,=30°C, dy
=36mm, T,,=—20°C, Gr,=6.8X 10% (&) upper separation
points; and (b) lower separation points.

present study. To interpret this comparison, the following hypoth- . . .
esis is proposed. The melting, occurring at the bottom of /¢ a dyed ice sphere. The motion of the melt and the mixing of the

boundary layer, tends to mobilize the original solid surface, whidRelt with mainstream are analyzed qualitatively. Based on.the
effectively reduces the viscous effect, or reduces the vertical mfperimental results, the following conclusions can be drawn:

mentum exchange within the boundary layer as compared with & \wjithin the scope of the present study, the flow pattern around
similar case Wlthout melting. This wou.ld cause a delay in floy melting ice sphere during the early melting period is typically
separation. Melting also causes the solid surface to recede, reifational, qualitatively similar to the flow around a non-melting,
ing in thickening of the flow boundary layer before the separatiqggihermal solid with the formation and separation of flow bound-
point. It should be noted that in the above quantitative discussigy layer. The main difference lies on the interaction of melt dis-
about the comparison between melting and non-melting spherggarge with mainstream flow. The melt advection and induced
the ice sphere is at a controlled initial temperature-5°C. The  hermg) diffusion alter the boundary layer and adjacent flow field
trend and hypothesis should remain the same even though tgntitatively, especially during the later stage of melting.

value of separation point may be different if the initial ice tem-" > The circulation in the wake enhances heat transfer between

perature is different. As a quantitative benchmark result, Fig. 195ier and ice surface at the rear position of sphere. Therefore, the
illustrates numerical values of velocity components xnand

SH S - > ) local melting rate increases, causing the shape at the rear to be-
y-directions along different lines for a typical case. come flat. In turn, the flow pattern around the ice particle is also
luSi changed as a result of change in the curvature of the surface over
Conclusions the front of ice and the maximum radius in the traverse direction

Water flow around a melting ice sphere subject to forced @f mainstream flow. The separation of the flow boundary layer
mixed convection is quantified with the aid of a PIV system. Theccurs at the position where the maximum radius of the melting
characterization of the entire flow field around the ice sphere particle aligns in the traverse direction of mainstream flow.
achieved by both flow measurement and visualization of melting3 When the mainstream velocity increases, the influence of the
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Fig. 18 Flow field around a plastic sphere in the axial plane:
V,=0.05m/s, T,=4°C, dy=36 mm, T;=4°C, Re,=1149, Gry=0,
GrolReS=0: (a) velocity vector distribution; (b) streamline; and
(¢) z-component of rotation vector.

Fig. 17 Flow field around a melting ice sphere in the axial
plane: t*=0.0079, V,=0.05m/s, T,=4°C, dy=36mm, T,
=—15°C, Rey=1077, Gr,=883, Gro/Re3=7.6X 107%, tia
=760s: (a) velocity vector distribution; (b) streamline; and (c)
z-component of rotation vector.

ice sphere’s presence on the mainstream becomes stronger. The
resulting location of the boundary layer separation point movesnsidered negligible when Gr/Re0.682. The stronger free con-
upstream under the present experimental conditions. The circwaction is, the more rear surface of ice sphere the melting layer
tion behind the ice becomes faster and the circulation region tmvers, and the more downward the resulting wake moves. The
comes bigger with the increase in the mainstream velocity. The&e convection decreases the strength of flow circulation in the
disturbance behind the circulation region and mixing of melt wittvake.
the mainstream in the wake are enhanced. The mixing region in5 The flow across a non-melting solid sphere starts changing
the wake becomes shorter. the direction near the stagnation point much earlier than the flow
4 The effect of free convection on the flow pattern around thateracting with a melting sphere. The thickness of the boundary
ice sphere increases as the parameter (G)/Rereases. For the layer around a non-melting sphere is relatively uniform before the
range of experiments conducted, the free convection cannot deparation. The melt from the ice can thicken and stabilize the
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x and y-direction along different  x lines around a melting sphere:  t*
=0.0079, V,,=0.05m/s, T,=4°C, dy=36mm, T,,=—15°C, Rey=1077, Gr,=883, Gro/Re2=7.6 X 107%, tipm
=760s. (Broken lines indicate a projected result below the ice sphere where no PIV data are available. ): (a)
velocity component in  x-direction; and (b) velocity component in  y-direction.

boundary layer, and can also delay its separation from the iStbbmenclature

surface as compared to the case of an isothermal, non-meltingd

sphere.
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= diameter, m

Gr Grashof number

Re = Reynolds number

St = Stokes number

T; = temperature of ice, °C

T, = upstream temperature of water, °C
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Introduction an increase in the absorption coefficient resulted in a thickening of
rhe reaction zone and in a decrease in the maximum temperature
. . . nd burning velocity. They also showed that the burning velocity
power densities, large dynamic ranges and low Qd CO emis- pd maximum température for a thicker medium were larger than
sions, e.g.[1,2]. Their porous matrixes can be made of sever%éga thinner medium. In his study, Baék1] stated that, as the

Porous burners are characterized by high efficiencies, hi

materials: packed beds of spheres, reticulated porous ceram . U ; .
afsorption coefficient decreases, the maximum temperature in-

metallic fibres, etc. However, reticulated porous ceramics haveC Lases and the reaction front gets thinner and is displaced up-

set of characteristics, which makes them particularly well suite Iream. Sathe et d5] verified that the radiative characteristics of

for application to this kind of burners. These materials have se e porous matrix had a considerable effect on flame speed and
eral advantages over other forms of porous materials: good th '_bility. They showed that decreasing the scattering albedo

mal resistance, high surface area per unit volume and high por8 . ) .
ity, which leads to a smaller pressure drop. caused the temperatures in the preheat and reaction zones to in-

Numerical design tools including combustion and heat transf&f€aS€ and that the peak temperature and flame speed had a maxi-

models, and thermal properties of the reticulated porous cerami m for a given optical thickness, i.e., they decreased as the

are needed for a rapid development of this technology. In thq)@tlcal thickness was either decreased or increased. Hsu et al.’s

context, the knowledge of the radiative propertiestinction co- p_r(_adictions[lo] showed that the absor_pt_ion coefficient had a sig-
efficient, scattering albedo and scattering phase funcoéme- nificant effect on the flame characteristics. For the one layer po-
ticulated porous ceramics is required. The numerical prediction &US Purner studied, increasing the absorption coefficient, de-

these properties is very difficult because of the complex retic reased the thickness of the preheating zone, which resulted in a

lated structure of the medium, which is itself poorly characterize€crease in the peak flame temperature[ ¥2 verified that the
peratures and the radiation efficiency of the porous radiant

Fundamental treatments of radiative interactions on a microscog?&'” X e e e

scale through modeling of radiation absorption and reflection froRf!rner studied had a small sensitivity to the extinction coefficient,

the struts and strut interception nodes of the solid portion of tfindle scattering albedo and forward scattering fraction of the po-

reticulated structure has not yet been attempidd rous solid, if @he flame was stablllzed. in the flame support layer
Despite some works dedicated to the measurement of the rad3d the opacity of this layer was sufficiently large. Lj con-

tive properties having been reported, e[8,4], the knowledge of € uded that the scattering albedc_) was the most affectllng factor on

the radiative properties of reticulated porous ceramics is limitdtMe structure. He showed that increasing the scattering albedo in

and a good database is needed for the development and usdgPost-flame region of a two-layer porous burner resulted in an
mathematical modelf4]. As a consequence, several models ifcrease of the gas and solid temperatures at the post-flame zone.

volving the solution of the radiative transfer equation in hightlOWeVer, increasing the scattering albedo at the pre-heating zone
temperature ceramic foams used assumed radiative properffelited in a decrease in the peak and post-flame temperatures.
and/or performed parametric studies. Common assumptions Y@lico and Pereirgl3]studied a porous burner similar to the one
considering isotropic scattering, e.gp~8], or no scattering at all, studied in this work. They showed that the absorption coefficient
e.g.,[9,10]. affected the most the centerline temperature distribution: increas-

Yoshizawa et al[9] stressed the relevance of the porous mdld the absorption coefficient resulted in a decrease in the post-
dium absorption coefficient and total optical thickness in calcula{@Me temperatures; but increasing the scattering coefficient had
ing the thermal structuregemperature profiles, radiant energy™® significant changes in the temperature profile. _
density, etc.)and the position of the flame within the porous me- !N Previous work, a two-dimensional code to treat premixed

dium for the one-layer porous burner studied. They showed ft
yerp y Hc;TﬁTerence/control volume approach was used to solve the mass,

Contributed by the Heat Transfer Division for publication in th®URNAL OF moment!'l.m’. energy and species conservatlor_w equations. Thermal
HEAT TRANSFER Manuscript received by the Heat Transfer Division October 7ON-equilibrium between the gas and the solid phases was taken
1999; revision received March 8, 2001. Associate Editor: J. P. Gore. into account by using separate energy equations for these two
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insulation cooling water Continuity Equation.
V-(pv)=0 (1)
M» ST z-Momentum Equation.
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(poV) ===+ V- (ulv) = &1 3
Fig. 1 Sketch of the porous burner with integrated heat ex- .
changer prototype modeled in this study Gas Phase Energy Equation.
Skf
V() =V VR R T +HAHS, (@)
p

phases coupled through a convective heat transfer term. The com-

bustion reaction was modeled both with a single step reagpn  Solid Phase Energy Equation.

and with a skeletal mechanisft4]. The porous media was as-

sumed to emit, absorb and isotropically scatter radiation and the 0=V -((1-e)ksVTy)+H(T;=Ts)—V.q (5)

axissymmetric dicrete ordinates method was applied to solve th . .

radiative transfer equation. Centerline temperatures were come-Fuel Conservation Equation.

pared with measurements for two different porous burner proto- . —v. _

types proving that the algorithm is a valid tool for engineering V- (pVY1) =V (pDasVYru) = Sy ©

design[9,13,14]. CO and NO measurements were compared withOxygen Conservation Equation.

experimental values ifl4].

The main objective of this work is to infer the importance of V- (pVY o) =V (pDagV Yox) = SoxStu (7)

radiation and radiative properties for a porous burner prototype .

developed at LSTM—Erlange?]. A sensitivity study to the ex- 1 "€ Ergun mode[17] modified by Macdonald et a[18] was

tinction coefficient and scattering albedo was performed with t§$€d to account for the pressure loss due to the porous matrix,

objective of finding out to what extent do they influence the nRP

merical results. For the purpose, the extinction coefficient was

perturbed by*=50 percent and the scattering albedo by abb80 - o1

percent. The influence of the phase function was also assessed by AL &3 dﬁ el d,

investigating several phase functions: zero, unity, large diffuse ) .

spheres’, linear-anisotropic and modified Henyey-GreensteinSince locally, the solid and gas temperature may be different,

phase functions. The results obtained were compared in termsSgparate energy equations for the solid and the gas phases were

differences in the temperature profiles, radiative flux per contrdf€d- These two equations were coupled through a convective

volume, flame front location and peak temperature. The calgat transfer term that accounts for _the convective he_at transfer

where radiation is neglected was also studied and the results cditween the two phases. The correlations adopted in this study for

pared with the experimental values of Effib]. this coefficient were taken frorﬁlQ] for the packed beds of
spheres and froni20] for the SiC foam. In[14]. The authors
analyzed the sensitiveness of the results to this parametebA

Porous Burner Prototype percent perturbation in this coefficient yielded a 4 percent differ-

. . . dence in the maximum temperature.
The 10 kW porous burner prototype considered in this study the combustion reaction was described by the irreversible one-
was developed and tested at LSTM—Erlang&h (see Fig. 1). gion reaction:

Premixed methane enters the burner through the preheating zon

(region A), then combustion occurs in the combustion zi®e  CH,+2W¥(0,+3.76N,)—~CO,+2H,0+2(¥—1)0+7.52¥N,.

gion B) and afterwards the hot combustion products flow through

a heat exchanger zorleegion C)and heat the cold water that The location of the flame was not assigreegriori, being a result

flows inside the heat exchanger. The preheating and heat ekthe calculations. The rate of fuel consumpti®,, was deter-

changer zones are filled with 5 and 3 mm alumina spheres and thimed by a one-step Arrehnius rate equafiah].

combustion region with a 10 ppi SiC ceramic foam. The maxi-

mum internal diameter of this burner is 74 mm, the minimum 40 Stu=Ap?Y,Yoxexd —E/RT], 9

?rﬂaasngéh;:g,tarlégir:)%thBoflyg rp;}onrqo:?u;n ?ég)i(;? ICS: Zlg%ﬁ;gﬁ'ﬁg where the pre-exponential factor, A, anod tgle elcltivialtion endgy,

burner walls are water cooled, but the combustion region is insfére taken 1from[22] and are X10¥m’kg~'s™t and 1.4

lated from the cold walls by a 3 mm ceramic insulation, in ordef 10° Jkmol™*, respectively.

to prevent the CO formation due to a low wall temperatifé  pagiation. Gas radiation was not considered since the solid

The heat exchanger is a water-cooled fined structure and was oL 5 high emissivity when compared to the gas. Emission, ab-

integrated in region B to avoid high CO formation resulting frond,pion and scattering by the porous media were considered. To

the contact of the reaction radicals with the cold surface of thgyermine the radiative heat flux, the solid and fluid phases were

heat exchange[16]. treated as a single continuum homogeneous phase and the radia-

tive transfer equation, Eq10), was solved. This equation can be

. . derived by making an energy balance on the radiative energy trav-

Mathematical Formulation eling in aygiven d?rection V\?i%/hin an infinitesimal control volgﬁw.
Two-dimensional, steady, laminar, axisymmetric and Newtorte.g.,[23] present the fundamental mathematical development of

ian flow in inert and noncatalytic porous media was assumed. the radiative transfer equation for a homogeneous medium

Ap  (1-¢)% uy, 1-¢ p|vly;

®

952 / Vol. 123, OCTOBER 2001 Transactions of the ASME

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Base values used for the radiative properties

Porous Medium Absorption coefficient, x Scattering coefficient, o, Phase function, ®
Packed Bed of 5 2 B

Spheres unR*N pR*N . (sin@—8cosH)

SiC foam 28 66 |
dl o 1-gi

7 _ A _ sy ~ PN hg\

—— =8Vl =«ly,— B,] +—f 1, (5P, (5,5dQ; Dp(N,0)=Ffig\+(1—TFis)) ,
ds T T A Ja T ' o > 2 (14 giigpn — 20 €OSH)

(10) (14)

The first term accounts for the change of intendityn a given where—1<g;4,<+1. A variety of forward, isotropic and back-
direction, §, and is equal to the summation of the contributionscattering combinations can be modeled by adjusting the param-
from emission(first term on the right hand sigleabsorption and etersfis, andgyg, . Hendricks and Howell3] used an inverse
scattering away from the directiof (second term on the right analysis techniquéwith the S; approximation)to recover the
hand side), and scattering into the direct®fthird term on the spectral radiative coefficients and phase function parameters for
right hand side)«,, is the linear absorption coefficient,, the 10 ppi oxide-bonded silicon carbid®B SiC). Since the radiative
scattering coefficientsg, = «,+ o, the extinction coefficient coefficients and modified Henyey—Greenstein phase function pa-
and @, the scattering phase function. The scattering albedo rigmeters exhibited only small spectral variations for 10 ppi OB
defined as the ratio between the scattering and extinction coefiC, an average value over the wavelengths was considered in this
cients. Each porous medium section is assumed to be gray atiady. Therefore, the absorption coefficient was set equal to 150
homogeneous. After solving the radiative transfer equation am , the scattering coefficient to 460 f;s to O, andgpqto 0.7.
obtaining the radiative intensity, the source term of the solid eithe phase functions used in this study can be seen In Fig. 2.
ergy conservation equation is obtained by EdL). The radiative coefficients and the scattering phase function

should be compatible and retrieved simultaneously from an in-
V.q= x| 4l _f 1dO (11) verse analysis. That is the case for the radiative coefficients of the
b i unity and the modified Henyey-Greenstein phase functions used in

this study. However, for the zero, linear-anisotropic and large dif-

The base values for the radiative properties, presented in Tahlse spheres’ phase function, radiative data obtained simulta-
1, were taken fronj4] for the SiC foam and calculated considerneously is not available. In these cases, the phase functions were
ing large independent diffusely reflecting spheres for the packezsted using the base values of the extinction coefficient and scat-
beds of spheref23]. Note that the properties §4] were deter- tering albedoexcept for the no-scattering case where the extinc-
mined from reflectance and transmittance measurements on t&st is only due to absorption Despite the additional error im-
specimens using inverse analysis techniques and assuming isgbased, it is the authors’ belief that it is worthwhile comparing the
pic scattering. Therefore, these properties should only be usedults obtained with the several phase functions.
while assuming isotropic scattering. Mital et §] determined
these properties in the 1300—1400 K range and chose the two-flux
approximation to solve the inverse radiation problem. Since theﬁe . .
results are used with other solution method, @pproximation, ~roblem Formulation and Boundary Conditions
additional uncertainty in the radiative properties is present. ThisThe following boundary conditions were used:
stresses the need for the sensitivity analysis performed in this
study. At the Inlet.

In the sensitivity study of porous media combustion to the scat- |\ _ . _o. T =T, -y, —y. -y
tering and absorption coefficients performed in this study, the in> ¢ TR TR Tiuins Tox
scattering phase function was kept constast listed in Table 1) aTs UT‘S‘
and these coefficients perturbed 150 percent and arountt30 =Yoxin ;(1—8)ksﬁ= —g,0(Te=TQ); I= , (15)
percent, respectively. When the influence of the SiC phase func- &
tion was studied, the scattering and absorption coefficients were
kept constant and several phase functions were investigdted:
=0 (no scattering)® =1 (isotropic scattering the phase func-
tion for large diffuse spheres, Eq12), the linear-anisotropic
phase function, Eq(13), and the modified Henyey-Greenstein

phase functlon, qu4) L maodified Henyey-Greenstein
8 s :
(I)( 0) [ (S|n 60— 6 Cosa) (12) JEREE large difuse spheres N
37 5 :
CI)( 0) _ l T g COS@Y (13) TE) ] linear anisotropic ";"/’/
é isotropic ’,,»f"'f’(:'f-

whereg is a dimensionless asymmetry factor and <g=< +1. ]
For the case of isotropic scattering the asymmetry factor is equal 1 +-%--~---------"Swmpem T e
to zero. If the medium scatters more radiation into the forward P

directionsg is positive, if, on the contrary, it scatters more radia- e T

tion into the backscattering directiom is negative. The results ' 05 00 os 1o
obtained in this study considered=1. €08 (6)
The modified Henyey-Greenstein phase funcfigd] is given
by Eq.(14). Fig. 2 Phase functions analyzed in this study
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Table 2 Maximum difference in the temperature and in the radiative flux obtained with the
perturbed and base radiative properties fo r a 2 kW power and a 1.5 excess air coefficient

Case 1 2 3 4 5 6 7 8

B +50% -50% 0 0 +50% +50% -50% -50%
@ 0 0 +30% -30% +30% -30Y% +30% -30%
Temperature  5.2% 9.4% 56.7% 10.9% 57.9% 16.5% 39.6% 3.1%
Flux 50.2% 201.8% 330.7% 46.5% 272.4% 71.2% 51.4% 101.0%

whereT,, the temperature of the surroundings, is set equal to 300The number of grid nodes used were ¥320 and the solution

K to simulate a cold environment anq is assumed equal to the was considered to have been reached when the sum of the nor-

absorptivity and considered 1. The emittance from the whole pmalized residuals was lower than 1 percent, which typically was

rous layer was considered because the solid energy equation addieved in around 10,000 iterations.

the radiative transfer equation are strongly linked through the out-The model presented in this paper for the calculation of com-

let solid iterative temperature values. bustion and heat transfer in porous media burners was validated
through a comparison of the centerline temperatures obtained nu-

At the Outlet. merically and experimentall{8]. The results have demonstrated
au dv Ty gy Yoy aTs that the algorithm is a valid tool for engineering design.
2=z oz oz oz Olmelksy

4
s

Results and Discussion

(16) The sensitivity analysis presented in this section was performed
for the case of a 2 kW power and a 1.5 excess air ratio. In the next
sub-section, the influence of the radiative coefficients is assessed.
The extinction coefficient was perturbetl50 percent and the

au dTg  dT; Y, Yoy scattering albedo arount30 percent. The results obtained were
a VT T o o o (17) compared in terms of temperature and radiative flux per control
volume differences, flame front location and peak temperature.
At the heat exchanger surface and burner walls, no-slip apgker this sensitivity study, in the scattering phase function sub-
impenetrability conditions were imposed on the momentum equgection, five different phase functiorisero, unity, large diffuse
tions. These surfaces were considered opaque, diffusely emittigheres’, linear-anisotropic and Henyey-Greenstein phase func-
and reflecting; therefore, the boundary conditions for the radiatiyigns)were compared. At the end of this section, temperature pre-

=—g,0(Te—Tg); 1=

At the axis, symmetry conditions were imposed

transfer equation are expressed as dictions where radiation was and was not considered were com-
pared with the experimental values[df5].
=gy ly+ ﬂf I|n-gdQ. (18) If multi-step kinetics were considered, the temperature predic-
T Jn.s<o tions would improve[26]. However, the computational time re-

baeuired to obtain two-dimensional predictions using multistep ki-

The burner wall in the combustion region is considered to tics i h higher than th ired to obtai dicti
adiabatic but, in the other zones, the walls are water-cooled. Tﬂ%'cs IS much higher than the one required to obtain predictions
ith a 1-step reaction and a sensitivity study like the one pre-

7S Wi
heat flux to the cooled surfaces is given by sented in this work, would have been prohibitive. The authors

dTs aTsy T-T, preferred to concentrate on the sensitivity study itself rather than
q —( sﬁ"'kfm) TR - (19) onthe accuracy of the temperature profiles because the predicted
t temperature field is close enough to the experimental values to be
Numerical Method abl_e to draw conclusions about the influence of the radiative prop-
erties.

The finite difference/control volume approaf®5] in an axi-
symmetric cylindrical geometry was used as the numerical Extinction Coefficient and Scattering Albedo. The extinc-
method to solve the set of governing equations presented in tign coefficient was perturbed by 50 percent and the scattering
mathematical formulation section. The radiative transfer mod@lbedo by about-30 percent. While performing this sensitivity
used is the discrete ordinates meth&g approximation with the study, the scattering phase functions were kept constant and equal
step scheme). In this method, the radiative transfer equationt@sthe ones listed in Table 1. The radiative properties of all the
solved for a set oh different directionss , i=1,2, ... n. porous layers were perturbed simultaneously. When, for example,
Each direction is associated with a solid angle where the radthe extinction coefficient of region A was increased by 50 percent,
tive intensity is assumed constant. The number of directions cdhe extinction coefficients of layers B and C were also increased
sidered depend on the approximation u§éar theS; approxima- by 50 percent.
tion, 48 directions are considetedAfter the integrals over  The differences in the temperatures and in the radiative fluxes
direction being replaced by numerical quadratures, the radiati@€ach control volume between the base and perturbed calcula-

transfer equation becomes tions were determined. In Table 2, the maximum values of these
. . ~ differences are shown. The very high perturbation in the radiative
Si- VI(r,§)=«(r)lp(r)=B(NI(r,$s) flux is less noticeable in term of temperature difference, although

oo(r) & the latter cannot be neglected. For example, in case 3, when the
s _ a & oAy i— scattering albedo is perturbed by around 30 percent, the maximum
e 2’1 wil(n§)P(r.§.8) 1=1.2,...n difference between the radiative flux reaches 330.7 percent, while
the maximum temperature difference is 56.7 percent.
(20) The maximum temperature and radiative flux differences is not
Since the radiative calculations are time consuming, the radsufficient to characterize the perturbation in the temperature and
tive heat flux is not updated on every iteration, but only every Ediative flux fields. For this reason, in Table 3, the average dif-
iterations(When compared to the case where the radiative hdfarences in the control volume temperature and in the radiative
transfer is neglected, solving the radiative transfer equation evédiyx between the base and perturbed calculations are presented.
iteration increases the running time 19 times Increasing the scattering albeétases 3, 5, and 1% responsible
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Table 3 Average difference in the temperature and in the radiative flux obtained with the
perturbed and base radiative properties fo r a 2 kW power and a 1.5 excess air coefficient

Case 1 2 3 4 5 6 7 8
Temperature 2.2% 4.7% 14.3% 5.1% 11.6% 7.2% 18.4% 1.3%
Flux 8.9%: 23.3% 55.5% 16.4% 42.2% 23.0% 82.3% 8.3%

for the highest perturbations in the temperature profiles. When thelncreasing the extinction coefficient corresponds to increasing
scattering albedo is increased by around 30 percent, the packeth the absorption and scattering coefficients and to decreasing
beds of spheres become a purely scattering medium and the 8i€ mean penetration length of the radiation, which results in a
foam a nearly purely scattering mediuftihe absorption coeffi- higher axial post-flame temperature gradient. The energy feedback
cient is almost zero In this case, the radiative heat transfer frontowards the upstream direction increases and consequently the
the flame front to the up and downstream regions decreases, tteraperature peak decreases.
leading to an increase in the post-flame temperatures. The postFor all the calculations the flame front location was the same.
flame region is, precisely, the zone where the biggest differencBse authors believe that the flame location remained fixed for a
in the temperature profiles occdn the other regions, the differ- variety of solutions due to the stability of the flame front pro-
ences are much smaljer moted by the interface of the two porous media with different
In Figure 3, the predicted centerline gas temperature profi@rosities, near where the flame is located. For exanjjile]
obtained with the base radiative coefficients is compared to thefers this fact.
one obtained with the extinction coefficient and scattering albedo
increased by 50 and around 30 percent, respectifeege 5). It
can be seen that the major temperature differences are locate
the flame and post-flame regions. The maximum centerline te
perature differences occur in the vicinity of the heat exchang
(the heat exchanger is located for 146 mm)and are of around 9
percent. In Figure 4, also for case 5, the predicted gas tempera

Scattering Phase Function®. The effects of the SiC scat-
ﬁipg phase function were also investigated and several phase
nctions were studied. The base results were considered the ones
Q tained with the isotropic scattering phase function. The maxi-
mum differences in the temperature and in the radiative flux ob-
ined with the perturbed and base phase functions are presented

profile atr =33 mm, obtained with the base coefficients is com! 12Ple 4, and in Table 5 the average differences are listed. As
pected, the more the phase function is similar to the isotropic

pared to the one obtained with the perturbed extinction coefficie : L .
and scattering albedo. The maximum temperature differencesPiaSe function, the smaller the temperature and radiative flux dif-
fences are. For the large diffuse spheres’ and linear-anisotropic

o}

S

the post-flame region before the heat exchanger is around 10 d ; - h

cent (similar to the centerline resujtshowever the highest tem- p%]ase functiongcases 10 and 11, respectivelfhese differences
£ negligible(lower than 2.0 percept When no scattering is

erature differences occur after the heat exchanger and may re . .
b 9 y 0con5|dered, the temperature differences reach 4.0 percent and

30 percent. This tendency is verified in the other cases studie '{jen the modified Henyey-Greenstein phase function is used the

As far as the peak flame temperature is concerned, the ma ; h it is 7.0 L F I th
mum difference occurred in case 3. When the scattering albedd}£rage temperature ditierence 1s 7.0 percent. -or all the cases,

increased by around 30 percent, the peak flame temperature%(-:ept the latter, the flame front location is the same. However,
creases 4.4 percent. As already mentioned, using large scattering

albedos results in a smaller absorption of the radiative heat trans-

fer, and therefore in a smaller preheating of the premixed gas at 2 ;
the inlet. As a consequence, the peak temperature increases s Combustion 7one Hear exchanger 70ne
Yoshizawa et al[9], Hsu et al[10], and BacK11] also verified :
that decreasing the absorption coefficient led to an increase in the
peak flame temperature. When the scattering albedo was de-z "7
creased, the vertical temperature gradient at the flame front loca-i= 1
tion decreased. '
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1260
Fig. 4 Predicted gas temperature profiles at r=33 mm for a 2
kW power and a 1.5 excess air coefficient. Base—Predictions
obtained with the base values of the radiative coefficients

+  Experimental listed in Table 1; Perturbed—Predictions obtained with the ex-

Buse tinction coefficient and the scattering albedo increased by 50

- - - - Perturbed percent and 30 percent, respectively

1000

R~

Temperature. 7 (K)

600 o

400

200 A

Table 4 Maximum difference in the temperature and in the ra-
diative flux obtained with the perturbed and base scattering

z {em) phase functions fo r a 2 kW power and a 1.5 excess air coeffi-
cient

T T T T
10 12 4

o o
=
=

0

Fig. 3 Experimental and predicted centerline gas temperature

profiles for a 2 kW power and a 1.5 excess air coefficient. Case - L 10 11 12
Base—Predictions obtained with the base values of the radia- Scattering 0 Eq.(12) Bq.(13) Eq. (14

tive coefficients listed in Table 1; Perturbed—Predictions ob- phase function

tained with the extinction coefficient and the scattering albedo Temperature 4.0% 1.5% 0.9% 65.7%
increased by 50 percent and 30 percent, respectively Flux 16.2% 6.6% 4.5% 56.0%
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Table 5 Average difference in the temperature and in the ra-
diative flux obtained with the perturbed and base scattering
phase functions fo r a 2 kW power and a 1.5 excess air

coefficient

Case 9 10 11 12
Scattering

. . (13
phase function Eq. (1) Eq.(12)  Eq.(13)
Temperature 2.2% 0.9% 0.05% 7.0%
Flux 8.5% 3.9% 2.3% 21.5%

200t -
Preheating zone Difusor Combustion zone
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1600 ~
1400 <
1200+
j 1000 H

300+

600 =
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x

z(cm)

Fig. 5 Experimental and predicted centerline gas temperature
profiles for a 2 kW power and a 1.5 excess air coefficient.
Base—Predictions obtained assuming isotropic scattering;
Perturbed—Predictions obtained using the modified Henyey-
Greenstein phase function.
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Fig. 6 Experimental and predicted centerline gas temperature
profiles for a 2 kW power and a 1.5 excess air coefficient. The
predictions were obtained both considering and neglecting ra-
diation

No Radiation. The base temperature predictions were com-
pared with the temperatures calculated neglecting radiation. The
maximum temperature difference occurred in the post-flame re-
gion and reached 67 percent. The importance of radiation in the
temperature profiles can be seen in Fig. 6, where the centerline
temperatures obtained considering radiation are compared with
the predictions obtained neglecting it. The predictions differ con-
siderably, the ones obtained with radiation are much closer to the
experimental data of Erndl5]. This supports the claim that, for
this particular case of porous burners, radiative heat transfer
should be considered and that, by neglecting it, the numerical
predictions may be very different from the reality.

Conclusions

Numerical predictions of flow, heat transfer and combustion in
porous burners were reported. The discrete ordinates mé8god
approximationwas used for the treatment of radiative heat trans-
fer, and the media was considered emitting, absorbing and scat-
tering. A sensitivity study was performed to determine the impor-
tance of radiation and radiative properties for the case of a porous
burner prototype developed by LSTM—Erlangen. With this ob-
jective in mind, the extinction coefficient was perturbed H%0
percent and the scattering albedo by aba®0 percent. The in-
fluence of the phase function was also assessed by investigating
several phase functions: zero, unity, large diffuse spheres’, linear-
anisotropic and modified Henyey—Greenstein phase functions.
The results obtained were compared in terms of temperature and
radiative flux per control volume differences, flame front location
and peak temperature.

Perturbing the extinction coefficient and the scattering albedo
greatly affects the temperature profile in the post-flame region.
The higher perturbations in the temperature profiles occur when
the scattering albedo is increased.

For the phase functions studied, only the modified Henyey-
Greenstein phase function predictions present significant differ-
ences when compared to the isotropic scattering case.

The temperature profiles differ considerably for the cases where
radiation is and is not considered, proving that the radiative heat
transfer should not be neglected and a radiation model incorpo-
rated in the modeling of porous media burners.
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Nomenclature

a = surface area per unit volun{m 11
A = pre-exponential factom®kg~ts™1]
¢, = specific heat of the fluild kg * K]
d, = particle diametefm]

p
when the modified Henyey-Greenstein phase function is used th® g = binary diffusion coefﬂuen{m s™Y
flame front moves downstream as can be observed in Fig. 5. The E = activation energyJ k mol %]

fact of the flame front being shifted is responsible for the very
high maximum differences in the control volume temperatures
and radiative flux. The differences in the post-flame temperatures

are smaller than 8.0 percent.

fis = fraction of incident energy isotropically scatterfed]
g = asymmetry factor of the linear-anisotropic phase
function[—]
Ohg = spectral Henyey Greenstein asymmetry fagtoet

When the phase function for large diffuse spheres is considered, h = enthalpy[J kg ]
the post-flame temperatures are higher than the ones for the iso- h, = heat transfer coefficieffiiv m™2K 1]
tropic scattering case. For the contrary, when the linear- H = volumetric heat transfer coefficiergh,,

anisotropic(with g=1) and modified Henyey-Greensteifis=

Wm K™Y

andgng=0.7) phase function are considered, the post-flame tem- | = radiant intensitf W m~ 2sr Y
peratures are lower than for the base results. This is related with k = thermal conductlwty[Wm Tk
the back and forward-scattering components of these phase func- n = outward normal to the heat exchanger surfpeé

tions (see Fig. 2).
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N = number of particles per unit volunfen™3]
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p = pressurdNm 2]
q = radiant heat flufw m2]
g’ = heat flux to the cooled wallghV m™2]
r = position vectofm]
r = radial coordinatgm]
R = universal gas constafi8314 Jkmol*K 1]
R, = total thermal resistanden®K W]
s = radiative geometric path lengfim]
§ = unit vector into a give directiog—]
S;, = rate of fuel consumptiofkg m s
Sox = ratio of stoichiometric combustiojkg,,/kgs,]
T = temperaturgK]
u = axial velocity[m s‘ll
v = radial velocity[ms~ g
v = velocity vector[ms -]
w; = quadrature weights associated with the direcon
[—]
Y; = mass fraction of speciaq —]
z = axial coordinatgm]

Greek Symbols

a = absorptivity[ —]
B = extinction coefficienfm™1]
AH. = heat of combustiofiJ kg™ 1]
Ap/AL = pressure loss alonyL due to the porous matrix
(Nm™3]
e = porosity[—]
g, = porous matrix surface emissivify-]
x = absorption coefficientm ]
w = viscosity[kgm ts™1]
0 = angle between incident and scattering directinasl]
p = density[kg m~3] or reflectivity [—]
o = Stephan-Boltzmann constant
[5.670x10 W m 2K*]
o = scattering coefficienfm ]
o = scattering albedp—]
Q = solid angle]sr]
¥ = air equivalent ratid —]
Subscripts
b = blackbody
¢ = coolant
f = fluid
fu = fuel
in = inlet
0X = oxygen
s = solid
n = at a given wavenumber
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A New Two-Phase Flow Map and
Transition Boundary Accounting
for Surface Tension Effects in
anmadali Tabatabai | HoOrizontal Miniature and Micro
Amir Faghri Tu bes
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University of Connecticut,

A new flow map is proposed to emphasize the importance of surface tension in two-phase
Storrs, CT 06269-3139 P IS prop P p p

flow in horizontal miniature and micro tubes. A transition boundary based on a force
balance including shear, buoyancy and surface tension forces is also proposed. The flow
map is compared against a number of existing experimental data sets totaling 1589 data
points. Comparison of the proposed map and model with previous models shows substan-
tial improvement and accuracy in determining surface tension dominated regimes. Fur-
thermore, the proposed flow map shows how each regime transition boundary is affected

by surface tension.[DOI: 10.1115/1.1374440

Keywords: Flow, Heat Transfer, Microscale, Surface Tension, Two-Phase

Introduction Figure 1 shows patterns of flow particularly relevant to a cap-

er_tube, that is, annular, slug, plug, and bubble. For two-phase

To better predict pressure and heat transfer coefficients in hio itiall lar | f the inside of the tube. A
pipes, it is desirable to develop a flow map for predicting the flo W, Initially an annular fayer forms on the inside ot the Wbe. AS
/@por or gas velocity increases, it causes ripples to form on the

regimes for two-phase flow systems in horizontal miniature a . : >
micro tubes. While existing flow maps are effective for predictin quid surface, leading to formation of collars. Th_e c_olla_r can also
: sult from condensation of the vapor on the liquid film in the

flow in larger diameters, they generally are ineffective for miniat'ube. Eventually, the collars grow to form a bridge. The relative
tre and micro-size tul_)es. Th|§ IS an area Of growing |mpprtang&e of the gap formed as a result of bridging establishes slug,
due to the increasing interest in miniaturization technologies. ug and bubble regimes. In a large tube, because of high gravi-
example is the development of smaller and faster electronic Gfional pull on the liquid film, the bridgé does not form. The

?"Ces' an area Wr}'%h can Utl|]I(Ze heat pipes extensively to dlscq, ognition of, and accuracy in reporting various flow regimes and
arge quantities of heat very ."’@]' . . their respective operating conditions, is a major consideration in
In general, film or interface instability can be used as a crlterl%veloping a flow map. Some investigators have reported more

for flow transitions. Ostrach and Koes{&] provide a review of intermittent (slug and plug)regimes than others. For example,
criteria and phenomena associated with film instabilities. Whilgspgon et al[5] report annular, wavy, wavy annular and mist
the growth r_ate of instability was considered a main crit_eriorél_nm”ar for condensation of refrigerants while Solini&i has
surface tension was not considered to have much effect in thgjentified annular, semiannular, semiannular-wavy, spray annular,
study. Rabas and Minaf@] suggest two forms of flow instabili- annylar wavy and spray for condensation of refrigerants. In gen-
ties occurring inside horizontal tubes with complete condensatiqfyg|. there is bound to be some subjectivity in regime reporting
The two forms are distinguished by a transition Froude number.ifiecting accuracy of measurement, visualization and regime
is suggested that the first instability results from the low vapggentification techniques. This fact becomes even more critical in
flow rate associated with a stratified exit condition and vap@hbes of smaller diameter where flow regimes may be more diffi-
flowing into the tube exit causing condensate chugging or watglilt to observe.
hammer instability. The second instability results from a high va- Table 1 lists chronologically some features from pertinent lit-
por flow rate, leading to inadequate distribution of the vapor angtature[5-29 relating to two-phase flow in a tube, including
the tube becoming full at the tube exit, in turn causing large suliorking fluids and tube diameter. A number of existing flow maps
cooled condensate temperature variations. [7,13,18,19fre based on visual separation of a large number of
Instability can also occur in small diameter tubes, due mainly &xperimental data into various regimes. This approach does not
capillary blocking where the liquid film bridges across the tube to
form a plug. In an integro-differential approach by Teng ef4l,
capillary blocking was investigated in a thermosyphon condenser collar bridge Yapor core
tube with an axisymmetric, viscous annular condensate film with a
vapor core. It was found that at low relative vapor velocities,
surface tension is responsible for film instability in capillary tubes. |Two-Phase Flow —
At high relative vapor velocities, on the other hand, hydrodynamic
force is responsible for the instability. Additionally, liquid bridges e
are maintained by buoyant motion of the vapor bubbles. annular |annular-wavy | slig | plug | bubble

Contributed by the Heat Transfer Division for publication in tf@BNAL OF . . . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division July 12, 2000Fig. 1 Flow patterns of two-phase condensation flow in capil-
revision received January 22, 2001. Associate Editor: G. P. Peterson. lary horizontal tubes
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Table 1 Summary of relevant existing investigations for two-phase flow in horizontal tubes

Investigator Working Fluids D;, mm Features/observations
Baker, 1954 a. air/water 25.4,50.8, | a. most experimental data at 1 atm, 20°C
[7] b. oil/water 101.6 b. flow map of modified G, vs Gy, based on
experimental data

c. correction factors allowing for deviation from 1
atm, 20°C

d. inadequate for small tubes

Chato, 1962 R-113 14.5 a. horizontal and inclined tubes

[8] b. momentum-energy integral method for

determining condensation along inside walls and
bottom of tube

Suo and Griffith, air/water 1-15 a. gravitational/surface tension ratio significant in

1963 [9] capillary tubes

b. focus on slug flow

Griffith and Lee, a. air/water 1 transition from annular to slug at constant liquid

1964 [10] b. air/glycerine volume fraction

Soliman and Azer, | R-12 12.7 a. four flow maps proposed

1971 [11] b. nine flow regimes identified: spray, annular,
semiannular, wavy, slug, plug, annular-wavy,
semiannular-wavy, spray-annular

c. original experimental data

Traviss and R-12 8 a. flow map of liquid phase Re versus Martinelli
Rohsenow, 1973 parameter, X
[12] b. Froude number of 45 between
annular/semiannular
Soliman, 1974 a. R-12 4.76, 8.15, | a. four flow maps proposed
[6] b. R-134a 123 b. nine flow regimes identified: spray, annular,
semiannular, wavy, slug, plug, annular-wavy,
semiannular-wavy, spray-annular

c. original experimental data

Mandhane ef al., a. air/water 12.7 - a. map based on 5935 experimental data points
1974 [13] b. air/oil 165.1 b. correction factor for scaling axis

c. water/oil c. _inadequate for small tubes
Taitel and Dukler, | general two-phase | --- a. flow map based on physical concepts of
1976 [14] flow momentum and energy balances

b. flow map of dimensionless parameters versus
Martinelli parameter

c. regime transition criteria based on force
balances. Surface tension not considered.

d. five major zones: annular/dispersed, dispersed
bubble, stratified wavy, stratified smooth,
intermittent

Jaster and Kosky, steam 12.5 a. original experimental data
1976 [15] b. single criteria for annular/stratified transition
Weisman ef al., a. air/water 12 -50 ratio of volumetric flow rates of gas and liquid to
1979 [16] b. air/oil establish flow regimes
c. R-11
Palenet al., 1979 a. water 22 a. condensation due to two forces: shear-controlled
[17] b. n-pentane flow and gravity controlled flow

b. asingle dimensionless gas velocity term to
distinguish between annular, mist annular and
wave, slug, stratified

provide accurate predictions incases deviating from the averdage-phase flow in a tube. Additionally, using the Kelvin-
data set. Furthermore, the majority of the experimental data udddimholtz theory, a stability criterion for wave propagation was
in these maps are for large-diameter tubes and therefore the mdggeloped. The waves lead to formation of slug or wavy regimes.
are inadequate for small-diameter tubes. Several criteria relate the velocity of the gas or liquid phase to the

In a more accurate flow map proposed by Taitel and Dukléright of the liquid in the tube. When plotted against the Marti-
[14], a momentum balance was performed on each phase ofiedli parameterX,
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Table 1 Continued

Investigator Working Fluids D;, mm Features/observations
Breber ef al., 1980 a. R-12 48-50.8 | a. flow map of dimensionless gas velocity versus
[18] b. R-113 Martinelli parameter, X, based on experimental
c. R-11 data
d. steam b. four major zones on flow map: annular/mist
€. n-pentane annular, wavy/stratified, slug/plug, bubble
c. proposed criteria to establish flow type:
1. shear forces/gravity forces
2. vapor volume/liquid volume
d. inadequate for small tubes
Tandon et al., 1980 a. R-12 48-159 | a. flow map of dimensionless gas velocity J g' versus
[19] b. R-113 (1-o)/o. based on experimental data
b. Six major zones on flow map: spray, slug
annular/semiannular, wavy, plug, transition
¢. Inadequate for small tubes
Soliman, 1982 a. R-12, 4.8 -15.9 | Froude number of 7 for wavy/annular transition
[20] b. R-134a
c. R-113
d. steam
Barneca ef al., 1983 ir/water 4-123 a. original experimental data
[21] b. regime transition accounting for surface tension
between stratified/slug regime
Soliman, 1983;[22] |a. R-12 4.8-13.4 Weber number of 25 for mist/annular transition
Soliman, 1986 [23] | b. R-113
¢.  steam
Rahman et al., [24] | steam 13.4, 25.3 | original experimental data
1985; Fathi, 1980 [25]
Damianides and air/water 1-5 a. description of original experimental data
Westwater, 1988 b. no stratified regime for 1 mm tube
[26] c. creeping action along tube surface for 2 mm tube
suggesting surface tension forces
Galbiatti and air/water 4-123 a. surface tension term added to Kelvin-Helmholtz
Andreini, 1992 stability equation for annular/stratified transition.
[27] b. surface tension/shear transition at about 3 mm
Palenef al., 1993 - ——— a. review of correlations in tube condensation
(28] b. recognizing limitations of existing correlations in
spite of considerable progress
c. no reference to surface tension forces in small
tubes
Dobson efal., 1994b | a. R-12 4.57 a. original experimental data
[29] b. R-134a b. observed flow regimes: wavy, wavy/annular,
annular, mist annular
Dobson and Chato, a. R-12 3.14,7.04 | a. original experimental data
1998 [5] b. R-134a b. observed flow regimes: stratified, wavy,
c. R-22 wavy/annular, annular/annular mist, slug
d. R-32/R-125
(dP) o dP)  2fG]
. 15,
Is dz, os Dpg
X= 1) *
dP 2
7) dP|  2f,G
\dz,gs f(—) =, (3)
' \dz, s Dpi

these criteria establish the boundaries separating flow regimes oThe map of Taitel and Duklef14], however, does not take
the Taitel and Duklef14] flow map. The single-phase pressuresurface tension effects into consideration resulting in considerable
drops inX are related to their respective standard formulas accorefror for tubes of smaller diameters. Barnea e{2l], in an in-

ing to vestigation of air/water flow in horizontal tubes ranging from 4
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mm to 12 mm in diameter, suggested that the surface tension
effect is pronounced only in the stratified-slug transition region. It
was proposed that surface tension forces act to push or raise the
liquid to the top of the tube at some point along the tube, thereby
reducing the liquid level in the vicinity of the rise, and leading to
the formation of a slug. For this to occur, the surface tension
forces must overcome gravitational forces. Barnea dal] pro-
posed the following transition criterion as a ratio of surface ten-
sion to gravitational forces, taking the geometry of the tube into
account:

t+—p
Vapor fraction, D,

4+“—>
+—>

(4)

Tube ID, D, —
. . i ) Liquid fraction, D,
as the condition for transition between annular and intermittent

flow regimes. For smaller size tubes, Barnea ef2il] suggested Fig. 2 Equivalent liquid and gas fraction in two-phase flow in a
that Eqg.(4) is always satisfied and the transition occurs figr horizontal tube

s 7D/4.

Galbiati and Andrein[27] suggested surface tension effects to
be significant only in the annular-stratified regime. A surface ten- . . .
sion term was added to the Kelvin-Helmholtz equation to estafi@Ximum pressure change due to capillary or surface tension
lish the criterion for annular-stratified transition. In reality, in sufi°'c€S,APeapiiary, is determined by the Young-Laplace equation
ficiently small-diameter tubes and under the right operatifgn9dl1
conditions, a stratified regime may not even exist long enough to 20
be observed. This can be noted in the experimental data of Dami- APcapi”aW:r—, 9)
anides and Westwat¢6]. eff

Griffith and Lee[10] proposed the use of three dimensionleswherer . is the effective pore radius. It is proposed that radiygs
groups to determine the stability of a liquid annulus. These wewmuld be represented by the hydraulic diameter of the tube as an
liquid volume fraction, dimensionless diameter, and a group ratapproximation to account for two-phase flow inside the tube. This
of viscous to surface tension forces. Griffith and Lee suggestagproximation becomes more accurate for tubes of small diameter
that the most unstable wavelendguggested to be equivalent tosince the vapor core compared to the liquid layer on the inside
5.5 diametersas not affected by viscous forces, but rather byube wall is small and a meniscus forms more readily in the tube.
surface tension forces. Their analysis was based on flow of wates tube diameter is reduced, size of bubbles present in the tube
or glycerine in a 1 mm ID tube. The liquid volume fraction forapproach the size of the tube diameter. In such a situation, for the
transition from annular to slug regime was determined to be bubbles to form, the liquid volume required to wet the tube wall

must be very small. Furthermore, as the tube diameter size is

(mr?)2r— %WrB reduced, shape of slug and plug regimes approach that of a

= WZO-OG- ®) bubble. As tube diameter is increased, the vapor core and pore
diameter size become too large and therefggds not an accurate

The numerator in Eq(5) is the total liquid volume per slug in representation of the effective diameter in E@). However, the
the tube and the denominator is the total volume of the slug at thffect of Eqg. (9) is insignificant for larger diameter tubes and
most unstable wavelength of 5.5. therefore the added error fogg is not important in larger diam-
eter tubes. The effective radius is given by

~ Dy 2*cross sectional area of flow 10
Proposed Flow Map fei =5 = wetted perimeter ' (10)

lAt_nveIIOVtv Tap f's prtoposedfln this work toddtete[]mlne% the The wetted perimeter of the tube is determined using the void
relative efiect o surtace tension forces compared 10 shear 10rCgation in the tube. The equivalence of the two-phase flow treated
The proposed map also determines surface tension effects on

; . h ) ) eSeparated flows is described by Cdi@y]and is illustrated in
various regime boundaries. Since the effect of surface ten&gg%_ 2 It can be deduced that

forces compared to that of shear forces is the desired goal, one

the map axes is assigned ratio of pressure drop due to surface DS rg

tension forces and that due to shear forces. The other axis should a=p2T 2 (11)
represent the liquid and gas flow rate inside the tube. A ratio of o 0

superficial gas to superficial liquid velocities would meet this re- The void fraction in the flowg, is the ratio of vapor volume to
quirement. This results in a map with dimensionless parametéogal volume. The choice of a correlation for the void fraction is
for each axis. The purpose of the map is also to provide a distiretiremely important as substantial changes can result in choosing
region for each flow regime. In developing the proposed flowne correlation over another. In this work, the following correla-

map, the flow parameters are determined according to tions were tested to determine the best results: Homogehaoys
Zivi [31], Wallis [32] separate-cylinder model, Baroc4B3],

Gyg=pgVgs ®)  Thom [34], Lockhart and Martinell{35], Smith[36], and the
Gi=p\V < @) Wedekind et al[37]system mean void fraction model. Cai&p]

provides a summary of the first six correlations. While the other
o correlations provided varying degrees of accuracy against ex-
SViatio=v, - (8) perimental results, the correlations by Lockhart and Martinelli
s [35] as well as SmitH36] provided the best comparisons. Ulti-
The pressure loss factors considered in this study result framately, in this studye was determined from the correlation by
shear and capillary effects. For the shear friction force of ea@mith[36]which was suggested to be applicable to all flow con-
phase, the pressure drop is determined by E2jsand (3). The ditions including flow rates and patterns, pressure, and void frac-
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tion. Smith's[36] empirical correlation was developed based on superficial velocitieSEq. (8)) versus the ratio of pressure drop
large number of experimental data from various investigators atetms(Eq. (16)) results in a flow map delineating the flow regimes

is given by
1-x
ami 1+ 2| 52
pi X
1-x -t
(2045
el V7
x| 0.4+0.6 T=x (12)
1+0.4 —
X
The quality,x, is defined as
_ G 13
X G +G (13

For the vapor core, using a cross-sectional areag/4 and a
wetted-perimeter ofrD4 and rearranging Eq11) and substitut-

corresponding to flow in a particular tube size. While this map is
developed for horizontal tubes, it should be noted that as tube size
is sufficiently reduced and surface tension sufficiently increased,
surface tension forces become more significant than gravitational
forces. In such a situation, the angle of tube will be less significant
and therefore results of this work can be extended to tubes beyond
the horizontal plane.

Transition Boundary Due to Surface TensiofShear

A new transition boundary accounting for regimes dominated
by surface tension effects is proposed. The surface tension-
dominated regime refers to plug, slug and bubbly flow, particu-
larly in tubes of small diameter. The shear-dominated regime re-
fers to annular, mist, stratified and wavy. The surface tension/
shear transition boundary refers to the boundary separating the
surface tension-dominated regimes and shear-dominated regimes.

As shown in Fig. 3, the criterion for the proposed transition
boundary results from a force balance accounting for shear, buoy-
ancy and surface tension forces acting on the two-phase flow. This

transition is represented by curve A in the flow maps. As sug-
gested by Taitel and Duklgrl4], at high flow rates, the shear

ing in Eq.(10), the effective radius is

2 . ) e
7Dy force will: (a) cause ripples to form on the liquid surface, dbgl
4 D,a%® overcome the buoyant effects of the gas region leading to the
e = 2% .- 3 (14) formation of bubble or slug regimes. The surface tension forces
*]

must be strong enough to overcome both shear and buoyant forces
Using Egs.(9) and (14), the pressure drop due to surface terto form a liquid bridgePer unit length of the flow regimeach of

sion in two-phase flow in a tube is approximated by the force terms can be used to develop a criterion to separate the

surface tension dominated regimes and shear dominated regimes.

Using and rearranging Eq11) to obtainD, in terms of «, the

surface tension force per unit length of the flow regime is given by

(d_P) _ AF)catpillaryN _ 2011 o
d surface tension Az M eft

- 20 - 80 Fsurface tension_ 200p, _ 207D, —20(1— a)0.5l (17)
TDya® % DZa’ L Pt mD,
2 The term §,/p,) in Eqg. (17), a dimensionless ratio of liquid

regime perimeter to total perimeter, is introduced to determine the
(15)  effective surface tension force over the wetted perimeter by ac-
It should be noted thahz for the axial pressure drop due tocounting for the fraction of the tube circumference wetted by the
surface tension forces is approximatedry. Usingr.¢ for Az  liquid surface tension. The value obds a result of the surface
represents the immediate vicinity of the regime for whiclension force wetting the tube surface for both the receding and
AP apiiary is determined. As tube diameter is reduced, Bds) leading fronts of the bubblf21]. Equation(17) suggests that as
becomes more significant and the approximation dhe void fraction decreases, surface tension effects increase. For
(dP/dZ)syrtace tensioi A Peapilary/ AZ becomes more accurate. Theflow in co_nduits, the shear force per unit length of th(_e flow _regime
last term on the right hand side of E@.5) indicates that as tube over a given wetted surface as accounted fordyincluding
diameter is reduced or as the surface tension of the working fluidial velocity fluctuation§14,38]is given by
is increased, the pressure drop due to capillary effects increases. = i
Additionally, as « decreases, the pressure drop due to surface ﬂ“z(wD a)(f|)<p'_')_
tension force is increased. The last term in Ei) indicates the L © 4

absolute magnitude of the pressure drop due to surface tensiongp,qo liquid friction factor,f, , is related to the liquid phase Rey-

For practical considerations, the proposed flow map allows detggs|qs number which is a function of liquid fraction. The buoyancy
mination of the flow regime for a set of operating conditionsg;ce per unit length of the flow regime is given by
Furthermore, once operating temperature or pressure is known at

two points along a tube, it can be determined whether condensa-
tion or vaporization is occurring in going from the first point to L
the second point.

The pressure drop due to shear is the sum of shear pressure
drop terms for both liquid and gas phases. The following ratio of
pressure drop due to surface tension and shear force serves as or
of the axes for the proposed flow map.

( d P) ( d P)

dz surface tension dz surface tension

APraio= ~[dP dpP
dz ) | S+ ( d z)

dP
dz

The gas and liquid mass fluxes are implicit in the terms in theig. 3 Schematic of force balance elements for a given unit

denominator as noted from Eq®) and (3). Plotting the ratio of length of flow

(18)

Fp
= = 9(p—pg) aA=(pi— pg)Ag.

(19)

D

(16)

shear g,s
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Per unit length of the flow regime, the surface tension forces are ¢ 1¢*
dominant when 2 R
Q
o D
|Fsurface tensio|n>|FsheaL+ Fbuoyancy- (20) T>> 1()2 3 CK \ D /
For the liquid bridge to form and remain in place, that is not & = R ——
separate to the top or bottom, surface tension force in the positive-;:‘2 10° L Ek e E
or negativey-direction(hence the absolute valugjust overcome 2 Y
buoyancy force due to gravity in thedirection and radial shear 3 e
force (due to radial velocity fluctuationsn the negative or posi- 5 10°t i
tive y-direction(hence, the absolute valud&quation(20) uses as ie} }
a criterion the minimum force due to surface tension required to & |, ) ¢
. . . 10 A: Surface Tension/Shear (Proposed)
overcome the maximum force due to buoyancy and radial velocity "« B: AnnularBubbie/Slug gl;{%magg))( ........ 0.1 mm
. . . . . - Annl r/otraty {tel-Du
to maintain the liquid bridge. 2, 1D Waw/Stratified (Taitel Duklen — 10.0 mm
Inserting Egs(17), (18), and(19) into Eq.(20) and rearranging S99 E: Bubble/Plug (Taitel-Dukler)
results in 10° 10° 10°
-B 20(1—a)®5—g(p,— Pg)Ag 05 (dp/dz)surface tension/(dp/dz)shear
U| = I
(M Fig. 5 Effect of tube diameter on transition boundaries for the
4 proposed flow map for two-phase condensation horizontal flow

The superficial velocity term¥, s and V, s are respectively Of R-12 at Tey=83.4°C

related to the axial velocity termg, andu, according to

Y, Y,
=95, =_ls (22)

Ug=— T l-a) wavelength of 5.5 diameters and leading to formation of a collar
) . and eventual formation of a bridge and slug. Although Griffith and
In dimensionless form, Eq21) takes the form Lee focused on the transition from annular to slug, a transition
Vv Vv from annular to dispersed bubble regimes in a small-diameter tube
95, __ 9% (23) can also be observed using the same criteria. This is because a
Vis (1-a)B smaller tube facilitates easier formation of a meniscus using a
Transition From Annular to Slug or Bubble {Eggh smaller liquid film thickness along the inside wall of the
Taitel and Dukle{14] proposed a transition boundary between The proposed transition boundary between the annular and slug
intermittent (slug and plug)and dispersed bubble regimes foror bubble as represented Byin the Figs. 4—8, compared to the
horizontal tubes based on the assumption that annular or skxperimental data used in this study, is effective for tube sizes
regimes develop depending on the equilibrium liquid level of thiarger than approximately 4 mm. The annular regime falls above
stratified regime. Taitel and Dukler suggest that if the dimensiothis transition and slug and/or bubble fall below this transition.
less liquid level b, /D) is above 0.5, then intermittent flow will The liquid volume fraction corresponding to this transition bound-
develop and if the level is less than 0.5, annular flow will develogry in the proposed flow map is determined according to
This resulted in a line correspondingXe- 1.6, separating annular
and intermittent regimes.
The problem with using the equilibrium level of the stratified m
regime as the reference point is that in miniature or micro size
tubes and under certain conditions, stratified flow may not even
exist. For smaller diameter tubes, another point of reference musfny combination ofV, s and Vs resulting in a value of 0.06
be used for the transition from annular to intermittent regime. ffor m corresponding to Eq(5), satisfies the criterion for this
this study, the transition boundary between intermittent and anrfeeundary.
lar flow is that proposed by Griffith and Lg&0] (Eq. (5)). This
transition was based on instability in an annulus occurring at a

Vl,s

=-—+—=0.06.
V|,S+ Vg,s

(24)

n

o y
4 K 10 A: Surface Tension/Shear (Proposed}
210 T T T = B: Annular/Bubble/Slug (Proposed)
= o] 2 C: Annular/Stratified (Taitel-Dukler)
8 c \Waw] D © 10 | D: Wawy/Stratified (Taitel-Dukler)
> = E: Bubble/Plug (Taitel-Dukier)
>10°t Annular Stratified -g B
[} = 0
o B £10° |
= Slug S
o 3
S10”} / 2 10°
7] ( Bubble Plug S 10 ¢
— i o
o =
o 8 :
® 1020 A: Surface Tension/Shear (Proposed) | <407t
=10 A B: Annular/Slug/Bubble (Proposed) 27— R-12 (4=0.0081 N/m)
@ C: Annular/Stratified (Taitel-Duker) 2, ——  Steam (¢=0.0724 N/m)
b D: Stratified/Wavwy (Taitel-Dukler) czl 6 .
2 4 E: Bubbie/Plug (Taitel-Dukler) > 0 S ) 5
>0 : : ' 10 10 10
B 0 2 4
10 10 10 10 10 (dp/dz) . /(dp/dz)
( dp/dz) /(d /d Z) surface tension shear
p surface tension p shear

Fig. 4 Proposed generalized flow map with transition bound-

aries

Journal of Heat Transfer

Fig. 6 Effect of working fluid (steam at 110°C and R12 at
83.4°C) surface tension on transition boundaries for the pro-
posed flow map for flow in 4 mm horizontal tube
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(a): 1 mm (Data of Damianides & Westwater)
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(b): 2 mm (Data of Damianides & Westwater)
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Fig. 7 Comparison of proposed flow map and transition boundaries for two-phase flow in horizontal tubes
with experimental data for air  (20°C)/water (15°C): (a) 1 mm; (b) 2 mm; (c) 3 mm; (d) 4 mm (air and water at
25°C); (&) 5 mm.

Transition Boundaries for Other Regimes

Other boundaries used in this study are those proposed by Ta&gj
and Dukler[14], specifically for transitions betweefa) stratified
and intermittent or annular-dispersed liquidansitionC in flow
maps),(b) stratified smooth and stratified wayyransitionD in . .
flow maps), andc) intermittent and dispersed bublteansitionE Existing Experimental Data
in flow maps). Taitel and Duklgrl4] use intermittent to describe  The experimental data used for comparison in this study in-
slug and plug regimes. The proposed surface tension/shear trankide 1589 data points from several sets of existing two-phase
tion boundary in conjunction with the above boundaries allowfow data. The data include two-phase flow for pure component
determination of the flow regimes particularly in miniature andondensation runs with water, R-12, R-113, R-22, and R-134a as
micro size tubes. It should be noted that transifibas defined by working fluids. No existing experimental data reporting flow re-
Taitel and Dukler is not a function of line size. The variation irgimes in tubes smaller than 4.8 mm were available for pure com-

transitionD occurs as a result of friction factor affecting the shear
ssure drop as used on the flow map abcissa. Trans@i@msl

re a function of line size and are more significantly affected by
line size as noted in the flow maps.
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(a): 4.76 mm tube (Data of Soliman, 1974)
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Fig. 8 Comparison of proposed flow map and transition
boundaries for two-phase condensation flow in horizontal

tubes with experimental data for R-113: (@) 4.76 mm

(Tsax=143.9°C); and (b) 12.7 mm (Tg4,=139.1°C).

ponents. To confirm the proposed model against tube sizes of
approximately 1 mm ID, existing air/water data were also used for
comparison. Table 2 shows a summary of the data sets and aver-
age properties of the flow components and corresponding diam-
eters considered in this investigation. The experimental data range
in diameter from 15.88 mm down to 4.8 mm for condensation
runs and from 12.3 mm down to 1 mm for air/water runs.

General Features of Proposed Flow Map

The general features of the proposed flow map are shown in
Fig. 4. Five transition boundaries are used to differentiate between
the various regimes. The proposed surface tension/shear transition
boundary highlights regimes dominated by surface tension. The
regimes below and to the right of the surface tension/shear tran-
sition boundary are affected more by surface tension forces,
whereas the regimes above and to the left of this boundary are
affected more by shear forces. As tube size is reduced or surface
tension of the working fluid is increased, this boundary extends up
and to the left. The effect of tube diameter on the flow map tran-
sition boundaries is shown in Fig. 5 while the effect of working
fluid surface tension is shown in Fig. 6.

One of the general features of the proposed map is that as
surface tension forces become more dominant, the bubble/plug
and stratified/annular transition boundaries shift to the right and
start to diminish with decreasing tube diameter reflecting the di-
minished role of the regimes they represent in two-phase flow.
This effect is shown in Fig. 5. As the diameter size is reduced
from 10.0 mm to 0.1 mm, all transition boundaries shift to the
right except for the surface tension/shear transition boundary
which shifts upward, indicating the increase in surface tension-
dominated regimes. The same effect can be observed in Fig. 6
where steam with a surface tension of 0.0724 N/m compared with
R-12 with a surface tension of 0.0081 N/m causes the transition
boundaries to shift to the right except for the surface tension-
dominated boundary which shifts upward.

Of particular importance in the shifting of the transition bound-
aries is that between bubble and plug regimes. As diameter size is
sufficiently reduced or surface tension is sufficiently increased,
the bubble/plug transition boundary moves to the right and even-
tually crosses and passes to the right of the stratified/wavy transi-
tion at a vertical threshold. Once this occurs, stratified and wavy
regimes become insignificant. Also around this point, the surface

Table 2 Average values of properties of working fluids corresponding to each data set considered in this work

Investigators D, | Working Ps o1 uex10%, | px10°%, c T
mm Fluid Kg/m® | Kg/m® | Kg/msec | Kg/m.sec N/m °C
Barnea et al., 1983 [21] 4.0 | Air/Water 1.2 1000.0 1.80 9.00 0.072 25.0
Barneaetal, 1983 [21] | 8.2 | Air/Water 12 1000.0 1.80 9.00 0.072 25.0
Barnea et al., 1983 [21] | 12.3 | Air/Water 1.2 1000.0 1.80 9.00 0.072 25.0
Soliman, 1974 [6] 48 R-12 426 | 12950 1.30 2.10 0.0081 83.4
Soliman, 1974 [6] 15.9 R-12 475 | 1269.5 1.30 2.10 0.0075 91.7
Soliman, 1974 [6] 48 R-113 115 | 1489.9 1.10 4.50 0.0149 143.9
Soliman, 1974 [6] 12.7 R-113 108 | 14925 1.10 4.50 0.0151 139.1
Soliman, 1974 [6] 15.9 R-113 11.7 | 14878 1.10 450 0.0148 144.9
Traviss ef al., 1973[12] | 8.0 R-12 415 | 12989 1.30 2.20 0.0082 81.7
Fathi, 1980 [25] | 134 Steam 0.8 952.0 1.20 2.50 0.0724 110.0
Dobson et al., 1994b [29] | 4.6 R-134a 435 | 11653 1.30 1.90 0.0069 35.0
Dobson ef al., 1994b [29] | 4.6 R-12 489 | 12720 1.30 2.00 0.0073 35.0
Dobson er al., 1998 [5] | 7.0 R-22 568 | 1154.0 1.40 1.90 0.0065 35.0
Dobson et al., 1998 [5] | 7.0 R-134a 435 | 1165.3 1.30 1.90 0.0069 35.0
Damiandes ef al., 1988 [26] | 1.0 | Air/Water | 6.0 997.5 1.75 10.90 0.074 | Air(20.0), Water(15.0)
Damiandes e al., 1988 [26] | 2.0 | Air/Water | 6.0 997.5 1.75 10.90 0.074 | Air(20.0), Water(15.0)
Damiandes ef al., 1988 [26] | 3.0 | Air/Water | 6.0 997.5 1.75 10.90 0.074 | Air(20.0), Water(15.0)
Damiandes ef al., 1988 [26] | 4.0 | Air/Water | 6.0 997.5 1.75 10.90 0.074 | Air(20.0), Water(15.0)
Damiandes ef al., 1988 [26] | 5.0 | Air/Water | 6.0 997.5 1.75 10.90 0.074 | Air(20.0), Water(15.0)
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tension/shear transition boundary separates the annular regime tc
the top and plug, slug and dispersed bubble to the bottom. This
effect can be observed in Fig@j. It should also be noted that as
tube diameter is reduced, bubble regime approaches plug regime
as reflected in Fig. 5 where transitidh separating bubble and
plug regimes is diminished with decreasing tube diameter. This is
because the bubble size becomes significant relative to the tube
size resulting in a regime with a thin liquid wall and a large vapor
core.

Since the proposed map accounts for the effect of surface ten-
sion, changes in transition boundaries due to the surface tension ol
tube diameter for various regimes can readily be observed. This is
a major advantage of the proposed flow map, particularly for
smaller tube sizes.

Flow Map Comparison and Verification

Figures 7—10 compare the proposed flow map and transition
boundaries with selected sets of experimental data as well as flow
maps previously proposed by other investigators. As shown in
Figs. 7 and 8, regimes dominated by surface tension force are on

the lower right quadrant of the map. These include the plug, slug *—®

*

(Tandon et al. regimes spelled in small letters
water (15°C) in 1 mm; and (b) R113 (143.9°C) in 4.76 mm.

(a): 1 mm (Data of Damianides & Westwater, 1988)
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Fig. 10 Comparison of proposed transition boundaries in
horizontal tubes with flow map and regimes of Tandon et al.

(8]
): (a) air (20°C)/

The Taitel and Duklef14] model, while appropriate for larger
diameter tubes, does not account for surface tension forces in its
analysis. For smaller tube sizes where surface forces are signifi-
cant, the Taitel and Duklgil4] model does not provide a good

prediction. In fact, as shown in Fig(a&); the proposed transition

and dispersed bubble regimes. As tube diameter size is reduced
the surface tension/shear transition boundary extends upward.
Furthermore, for smaller diameter tubes, the proposed surface
tension/shear transition boundary separates with excellent accu-
racy surface tension dominated regimgsug, slug, dispersed
bubble)from shear-dominated regiméstratified, wavy, annular
(a): 1 mm (Data of Damianides and Westwater, 1988
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Fig. 9 Comparison of proposed transition boundaries in hori-

zontal tubes with flow map and regimes of Mandhane et al. [10]
(Mandhane et al. regimes spelled in small letters ): (a) air
(20°C)/water (15°C) in 1 mm; and (b) R113 (143.9°C) in 4.76 mm.
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for annular/stratified is not even applicable since it was reported
that no stratified regime existed. The use of the proposed transi-
tion boundaries with those of Taitel and Duklgr4] provide a
substantial improvement in prediction of regimes in smaller tube
sizes. As shown in Fig. (@—e), the model for surface tension-
dominated transition boundary proposed in this work provides a
good agreement with that of Barnea et[&@1] for air/water. For
R113 shown in Fig. 8(ab), however, the Barnea et al. model is
far less accurate. Furthermore, Barnea ef2i] suggest that sur-
face tension forces affect only the stratified slug transition,
whereas the present proposed model shows that surface tension
force is also responsible for transition from annular to slug, plug
and dispersed bubble regimes, particularly in smaller tube sizes.
For a given working fluid in a small diameter tube, as the liquid
wets the inside walls of the tube, the meniscus forms more readily.
Smaller quantities of liquid will be needed for surface tension
force to dominate the flow regime. Accordingly, for the shear
force to dominate, the gas to liquid ratio must be relatively sub-
stantially higher. In such a situation, the liquid will be present as
mist and it neither exists in sufficient quantity to wet the surface
nor has sufficient time to spread and wet the inside of the tube.
Therefore it will not lead to meniscus formation. In general,
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= mass flux, kg/misec

height of liquid or gas, m, Eq4)

dimensionless gas velocity, Fig. 10

length of flow regime, m, Eq€17), (18), and(19)

surface tension forces are dominant at a relatively low ratio of
Vg.s!Vi s While shear forces are dominant at a relatively high ratio
of Vys/Vi s. As tube diameter is reduced, surface tension forces
become dominant even at a higher ratioyfs/V; .

Figures 9(a-b) compare the map proposed in this work with the as defined by Eqg5) and (24)
model of Mandhane et aJ13]. The Mandhane et al13] map, perimeter, m
being based on a large pool of experimental data for larger tube P = pressure, N/f
sizes, provides a scaling factor to correct the transition boundaries r = tube radius, m
for different working fluids. The Mandhane et al. model is only SV = ratio of gas to liquid superficial velocities as defined
approximately accurate for most applications and is marginally by Eq.(8)

s3ra-so
Il

accurate for smaller tube sizes and most refrigerants. It can be u = axial velocity of fluid, m/sec

noted in Fig. 9(axhat for air/water in a 1 mm tube, the Mandhane =V = superficial velocity, m/sec

et al. model provides a somewhat reasonable prediction. As x = quality, Eq.(13)

shown in Fig. 9(b), for R113 in a 4.76 mm tube, the Mandhane X = dimensionless Martinelli parameter, B4,

et al. model predictions are far less accurate. z = distance along the two-phase flow tube, m
A comparison of the proposed model with models of Breber « = void fraction

et al.[18] and Tandon et a[.19]was also performed. Since simi- p = density, kg/n

lar results were obtained for both Breber et al. and Tandon et al., o = surface tension, N/m

for brevity a comparison of the proposed model is shown ongubscripts

with the Tandon et al. model in Fig. (@®-b). Tandon et al[19] )
identify general zones based on their visual observations of a large ~ eff = effective

data pool for relatively larger diameter tubes. Breber ef ] g=gas
and Tandon et al[19], similar to Mandhane et a13], do not h = hydraulic
account for surface tension observed in smaller diameter tubes. I = l_nSI_de
Although reasonable predictions are shown for larger tube sizes of | = liquid
around 4.76 mm and larger, their proposed models deviate sub- 0 = Ofldg_lnlal

r = radia

stantially for systems different from the data pool considered in o
their models. This can be seen in Fig.(a0where the slug and s = superficial

plug regimes are completely misidentified by Tandon et al. for shear= effect due to shear .
air/water flow in a 1 mm tube. The proposed model in this work capillary = effect due to surface tension
on the other hand, provides a better prediction for the transition t = total

between shear-dominated and surface tension-dominated regimes,

that is between annular and plug, slug and bubble. References

Conclusions [1] Faghri, A., 1995Heat Pipe Science and Technolodgylor & Francis, Wash-
ington.
This work proposes a new flow map for two-phase flow in [2] Ostrach, S., and Koestel, A., 1965, “Film Instabilities in Two-Phase Flows,”
horizontal tubes by plotting Eg8) versus Eq(16). The flow map AIChE J.,11, No. 2, pp. 294-303.

icallv f din Fia. 4 i icularl d f r[3] Rabas, T. J., and Minard, P. G., 1987, “Two Types of Flow Instabilities Oc-
as generically featured in Fig. 4 Is particularly advantageous fo curring Inside Horizontal Tubes With Complete Condensation,” Heat Transfer

small diameter tubes where surface tension forces are more domi- Eng.,8, No. 1, pp. 40-49.
nant than shear forces. The model also shows the effects of suf4] Teng, H., Cheng, P, and Zhao, T. S., 1999, “Instability of Condensate Film

face tension on all regime transition boundaries. And Capillary Blocking In Small-Diameter-Thermosyphon Condensers,” Int.
ion(21) proposes the criteria for a new surface tension/ ). Heat Mass Transf42, pp. 30713083, ion i i
Equation( prop [5] Dobson, M. K., and Chato, J. C., 1998, “Condensation in Smooth Horizontal

shear transition boundary based on a force balance accounting for Tubes,” ASME J. Heat Transfel,20, pp. 193-213.

surface tension, shear and buoyancy forces. The proposed bounidd Soliman, H. M., 1974, Analytical and Experimental Studies of Flow Patterns
ary separates surface tension-dominated regimes that is, slug, plug ggt'ggug\‘;“densa“o” Inside Horizontal Tube®h.D. dissertation, Kansas
and bubble from shear-dominated regimes of misty, annular, wavyz; gaker, 0., 1954Simultaneous Flow of Oil and Ga®il & Gas J.,53, pp.
and stratified. This boundary is particularly effective in small di- ~ 185-195.

ameter tubes of less than about 4 mm. [8] Chato, J. C., 1962, “Laminar Condensation Inside Horizontal and Inclined

; i ; _ Tubes,” ASHRAE J.4, pp. 52—60.
It is also suggested that a transition boundary previously prog, o 0" " 0 Grititn. . 1963, Two Phase Flow in Capillary TubeTech-

posed by.G”mth and Lef10] for 9“'y annular to slug reglmes, 'S. nical Report No. 8581-24, Mass. Institute of Technology.

also applicable for annular to dispersed bubble regimes, particpto] Griffith, P., and Lee, K. S., 1964, “The Stability of an Annulus of Liquid in a

larly for smaller tubes. The proposed model is compared with _Tube,” Trans. ASME, pp. 666—668.

ot : 1] Soliman, H. M., and Azer, N. Z., 1971, “Flow Patterns During Condensation
existing experlmen_tal data and r.noqe'S' For Sma".er tUb.eS’ the pl’B‘ Inside a Horizontal Tube,” ASHRAE Trans/7, Part 1, pp. 210—224.
POS‘?d model prowdes substantial |mprovement In regime 'demflz] Traviss, D. P., and Rohsenow, W. M., 1973, “Flow Regimes in Horizontal
fication. Two-Phase Flow With Condensation,” ASHRAE Trang9, pp. 31-39.

[13] Mandhane, J. M., Gregory, G. A., and Aziz, K., 1974, “A Flow Pattern Map
for Gas-Liquid Flow in Horizontal Pipes,” Int. J. Multiphase Flow, pp.

Acknowledgments 537-553,

[14] Taitel, Y., and Dukler, A. E., 1976, “A Model for Predicting Flow Regime
S Transitions in Horizontal and Near Horizontal Gas-Liquid Flow,” AIChE J.,

Funding for this work was provided by NSF Grant CT

9706706 and NASA Grant NAG3-1870. 22, No. 1, pp. 47-55.
[15] Jaster, H., and Kosky, P. G., 1976, “Condensation Heat Transfer in a Mixed
Flow Regime,” Int. J. Heat Mass TransfL9, pp. 95-99.
Nomenclature [16] Weisman, J., Duncan, D., Gibson, J., and Crawford, T., 1979, “Effects of Fluid
— Properties And Pipe Diameter On Two-Phase Flow Patterns In Horizontal
é _ areg ?f ﬂ(()jV\g rﬁE 21 Lines,” Int. J. Multiphase Flowb, pp. 437-462.
- a$ efine Yy EQ. . . [17] Palen, J. W., Breber, G., and Taborek, J., 1979, “Prediction of Flow Regimes
D = diameter, munless unit specified otherwise in Horizontal Tube-Side Condensation,” Heat Transfer Erig.No. 2, pp.
f = friction factor, for Re<2100, f=16/Re; for [ ]47—57.
> _ .25 18] Breber, G., Palen, J. W., and Taborek, J., 1980, “Prediction of Horizontal
- Re=2100f 0'079/R8 Tubeside Condensation of Pure Components Using Flow Regime Criteria,”
F = force,N ASME J. Heat Transfer102, pp. 471-476.
g = gravity, m/se& [19] Tandon, T. N., Varma, H. K., and Gupta, C. P., 1982, “A New Flow Regimes
Journal of Heat Transfer OCTOBER 2001, Vol. 123 / 967

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Map for Condensation Inside Horizontal Tubes,” ASME J. Heat Tran&fé4, [29] Dobson, M. K., Chato, J. C., Hinde, D. K., and Wang, S. P., 1994, “Experi-

pp. 763-768. mental Evaluation of Internal Condensation of Refrigerants R-12 and R-134a,”
[20] Soliman, H. M., 1982, “On the Annular-to-Wavy Flow Pattern Transition Dur- ASHRAE Trans., 100, No. 1, pp. 744-754.

ing Condensation Inside Horizontal Tubes,” Can. J. Chem. E6@.pp. 475—  [30] Carey, V. P., 1992Liquid-Vapor Phase-Change Phenomena: An Introduction

481. to the Thermophysics of Vaporization and Condensation Processes in Heat

[21] Barnea, D., Luninski, Y., and Taitel, Y., 1983, “Flow Pattern in Horizontal and Transfer EquipmentTaylor & Francis, Bristol, PA.
Vertical Two Phase Flow in Small Diameter Pipes,” Can. J. Chem. BB1g.,  [31] Zivi, S. M., 1964, “Estimation of Steady State Steam Void-Fraction by Means

pp. 617-620. ) ) . ) of the Principle of Minimum Entropy Production,” ASME J. Heat Trans&8§,
[22] Soliman, H. M., 1983, “Correlation of Mist-to-Annular Transition During pp. 247-252.
Condensation,” Can. J. Chem. Eng1, pp. 178-182. [32] Wallis, G. B., 19650ne Dimensional Two-Phase Flowiley, New York.

(23] Sogman, fll-l M., 1986r,] “The Mist—Ar;nuIar 'I;]ranjsitio? During Clo_ngensati;)n [33] Baroczy, C. J., 1965, “Correlation of Liquid Fraction in Two-Phase Flow With
and Its Influence on the Heat Transfer Mechanism,” Int. J. Multiphase Flow, Applications to Liquid Metals,”"Chemical Engineering Progress Symposium

12, No. 2, pp. 277-288. )

¢ ) Series 61, No. 57, pp. 179-191.

[24] Rahman, M. M., Fathi, A. M., and Soliman, H. M., 1985, “Flow Pattern . o . . .
Boundaries During Condensation: New Experimental Data,” Can. J. Chem[.34] Thom, J. R. S., 1964, “Prediction of Pressure Drop During Forced Circulation

Eng.,63, pp. 547-552. Boiling of Water,” Int. J. Heat Mass Transf7, pp. 709-724.

[25] Fathi, A. M., 1980 Analysis of Two-Phase Flow Patterns of Condensing Steant=2) Lockhart, R. W., and Martinelli, R. C., 1949, “Proposed Correlation of Data

- N . . . - . for Isothermal Two-Phase, Two-Component Flow in Pipes,” Chem. Eng.
Inside a Horizontal TubeM.Sc. thesis, University of Manitoba, Winnipeg,
by ty peg Prog.,45, No. 1, pp. 39—48.

Canada. > . L . .
[26] Damianides, C. A., and Westwater, J. W., 1988, “Two-Phase Flow Patterns if36] Smith, S. L., 1969-70, “Void Fraction in '!"wo—Phasg Flow: A Correlation

a Compact Heat Exchanger and in Small Tub&gceedings of the 2nd U.K. Based Upon an Equal Velocity Head Model,” Proceedings of the Institution of

National Conference on Heat Transfé, pp. 1257-1268. Mechanical Engineers, Thermodynamics and Fluid Mechanics Group, Vol.

[27] Galbiati, L., and Andreini, P., 1992, “The Transition Between Stratified and 184, Pt. 1, No. 36, pp. 647—-657. _
Annular Regimes for Horizontal Two-Phase Flow in Small Diameter Tubes,”[37] Wedekind, G. L., Bhatt, B. L., and Beck, B. T., 1978, “A System Mean Void

Int. Commun. Heat Mass Transfer9, pp. 185—190. Fraction Model For Predicting Various Transient Phenomena Associated With
[28] Palen, J. W,, Kistler, R. S., and Yang, Z. F., 1993, “What We Still Don’t Know Two-Phase Evaporating and Condensing Flows,” Int. J. Multiphase Fow,
About Condensation in Tubes, Condensation and Condenser Des§ME pp. 97-114.
Proceedings of the Engineering Foundation Conference on Condensation ari@8] Levich, V. G., 1962 Physicochemical HydrodynamicBrentice-Hall, Engle-
Condenser Desigmpp. 19-53. wood Cliffs, N. J.
968 / Vol. 123, OCTOBER 2001 Transactions of the ASME

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Surface Chemistry and
Characteristics Based Model for
the Thermal Contact Resistance
of Fluidic Interstitial Thermal
Interface Materials

Ravi S. Prasher

Associate Mem. ASME Microprocessor powers are increasing at a phenomenal rate, which requires very small
Sr. Packaging Engineer, thermal resistance between the die (chip) and the ambient, if the current economical
Assembly Technology Development, methods of conduction and convection cooling are to be utilized. A typical thermal solu-
CH5-157, Intel Corporation, tion in flip chip technology utilizes two levels of thermal interface materials: between the
5000 W. Chandler Blvd. die and the heat spreader, and between the heat spreader and the heat sink. Phase change
Chandler, AZ 85226-3699 materials and thermal greases are among the most prominent interstitial thermal interface
e-mail: ravi.s.prasher@intel.com materials (TIM) used in electronic packaging. These TIMs are typically polymeric matrix

loaded with highly conducting filler particles. The dwindling thermal budget has neces-
sitated a better understanding of the thermal resistance of each component of the thermal
solution. Thermal conductivity of these particle-laden materials is better understood than
their contact resistance. A careful review of the literature reveals the lack of analytical
models for the prediction of contact resistance of these types of interstitial materials,
which possess fluidic properties. This paper introduces an analytical model for the ther-
mal contact resistance of these types of interstitial materials. This model is compared with
the experimental data obtained on the contact resistance of these TIMs. The model, which
depends on parameters such as, surface tension, contact angle, thermal conductivity,
roughness and pressure matches very well with the experimental data at low pressures
and is still within the error bars at higher pressure$DOI: 10.1115/1.1388301

Keywords: Contact Resistance, Heat Transfer, Materials, Packaging, Rheology

Introduction done in the past on the modeling of contact resistd@¢eThese

Thermal management of microelectronics is becoming a biggtr(grodels and experiments have been very successful in explaining

challenge every day, particularly if the industry wants to push the- p|hy3|cs behind th|? pfhe_lnomen_on of c%ntallct resgg;c?:for bare
current economical methods of conduction and convection co<57|]-e|ta Cqmﬁc.t;.’ rpl’leI;[/Ia Ic Or:S' C(;]atlngs and € %Sg)ng 31 ?]r |
ing to its limits. A typical thermal solution of a microelectronicP2YMeric fluidic TIMs such as the greases an S the therma
system utilizes a thermal interface mate(i&lM) between the die conductivity is better understood than their contact resistance.
and the heat spreader, and between the heat spreader and the.t E%{{nal conductivity of these particle-laden palymeric intersitial
sink. The thermal resistance of these TIMs is a major portion S can be accurately predicted for various parameters such as,

the thermal budget. A thermal interface material is used to redu ﬁe\;g:gtr?nee{;?)(ijtgogu?:udatsh&;hegrr(]:?)llz:t(i)c?r?lrfctﬁlgg?/T?wfetr?r?a];”(l:%ﬁ by
the contact resistanceR{) arising from the incomplete contact P

between two solid surfaces. Thermal contact resistance is not Oka}%t resistance of these intersitial materials possessing fluid like
perties is not very well understod]. Fletchel{6] introduced

important in microelectronics thermal management but also iy arameter to judge the performance of interstitial materials. This
other applications such as, space vehicle systems and cryogeanpc Judg P ’

applicationd1]. The reduction of the thermal contact resistance %arameter has two limitations:

achieved by the use of various materials as TIMs, such as solder] it does not separat®, of the TIM with the substrate and
metallic foils, metallic coatings, elastomeric pads and[&te4]. Ryuik of these TIMs

Another class of materials which are widely used, as TIMs are 2 this parameter is empirical in nature

particle laden polymeric interstitial materials which possess fluid ) )
like propertieg1,2]. Common examples of these types of materi- On the experimental front, one of the reasons for not separating
als are thermal greases and phase change matétaM). Ther- Rc and theRy, of these TIMs is the inadequacy of most of the
mal greases and PCMs are typically polymeric materials load&Perimental methods to measure the bond line thick(®ks)
with highly conducting filler particles. The effective thermal reOf these material$4]. On the other hand there is no theoretical
sistance at the interface after inserting a TIM between the sofP! available for the prediction oR. of these interstitial poly-
surfaces will have two components: the bulk resistarig,) of ~Meric TIMs[2] because the _analytlcal models ¢ available in

the TIM arising from its thermal conductivity, arie}, between the literature are based on solid mechanjes. These models use
TIM and the adjoining solids as shown in Fig. 1. Considerablroperties such as, the hardness or the Young’s modulus for pre-

amount of research, both analytical and experimental has b fling R; [2]. These models are not suitable for polymeric TIMs
because they posses fluidic properties. Therefore properties such

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF as, the hardness or Young.s modulus on which the current models
HEAT TRANSFER Manuscript received by the Heat Transfer Division August 288r€ b_ased can not _be defl_ned for t_hese types OT TIMs. Another
2000; revision received February 27, 2001. Associate Editor: H. Bau. peculiarity of these interstitial TIMs is that they stick to the sub-
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Fig. 1 Schematic showing the origin of contact resistance I

strate even without applying any external pressure, which su Solid

gests that inter-atomic forces, which depend on the surface ene., (b)

difference between the substrate and the TIM are present.
This paper |ntroduce§ an _analyt_lt_:al model_ for the_predlctlon. smooth solid surface; and  (b) liquid/melt interface for notch in

R. for this class of fluidic interstitial materials. This model sy, solid/substrate.

based on the surface chemistry to account for the surface energy

difference and surface characteristics to account for the surface

roughness of the substrate. This model is further compared wﬂ,n3 ratio of A

the experimental results. The experimental setup used was abI?y

gf'g. 2 (a) Spreading of a liquid or melt on a microscopically

nominal @Nd Aeq- This ratio depends on the material
e and is different for different classes of materials. For ex-

separateR; andRyy- ample, for bare metallic contacts under plastic deformatitm
TIM in between)this ratio is given byf2]
Modeling of Thermal Contact Resistance Avominal H
Figure 1 schematically shows the origin of contact resistance. If Areal P @)

one applies a simple one dimensional heat conduction analysis to )
the zone in Fig. 1, which gives rise to contact resistance an effé¢0€rec is a constantm the mean absolute slop, the hardness,

tive thermal conductivity of the contact zone arising due to th@ the pressure, and is another constant. Similar relations have

roughness can be defined [44] been derived for elastic deformation of bare metallic contacts,
metallic foils, elastomeric TIM2-4], but a model for TIM such
~ 2kiky as, PCM and grease is not available in the literaf@de One of
contact ™ je 4k, @) the main reasons of difficulty in modelirig, of fluidic polymers

. . and metallic interface is that all the models ®f,minal Area a1
Note that other researchers obtained same result by applying @iarily based on either the theory of plastic or elastic deforma-

extensive heat conduction analysis to circular discs for solid spg§y, of surface§2]. Thus these models depend on properties such
conductanc¢?]. Equation(1) reveals thakconaciis the harmonic  oq hardness or Young's modulus, whereas for polymers possessing
mean thermal conductivity of the two sides. While deriviaghact  fluid behavior these properties can not be defined.
for the contact zone in Eql), it was assumed that the real area of Thege fluidic materials also have a distinct difference from
contact is same as the nominal area of contact, but microscopiner TiMs in that they adhere to the substrate even in the absence
cally this is never the cad@]. The real area of contact is alwaysyt external pressure. This adherence to the substrate indicates the
less than the macroscopic nominal area of corflaftAssuming yresence of inter-atomic bonding between the substrate and the
thatkeontacils given by Eq(1), R¢ of any pair of materials, assum- Ty which is the result of the difference in the surface energy of
ing they are nominally flat and there is negligible contribution o, two surfaces. The model developed in this paper is based on
the trapped air to the interfacial heat transfer can be writtg¢t#s s gifference in surface energy. Keeping this in view, the surface
Ky + Ky [ Anominal chemistry o_f pplymer interfaces_is briefly dis_cussed _here. _
R.= Kk Ao 2) When a liquid or melt comes in contact with a solid surface, it
2kik, real spreads out owing to the difference in the surface energy of the
where o is the rms roughness of the interface aRigyyina is the liquid/melt and the solid substrater]. For a microscopically
nominal area, and,, is the actual microscopic area of contactsmooth surface, a drop of liquid takes the shape as shown in Fig.
The derivation ofR. in Eq. (2) assumes a linear increase in the2(a), wheredis the contact angle of the liquid on the substfate
observed contact resistance due to incomplete area of contact Veis given by the Young Ed.7]
sus that calculated by assuming macroscopic nominal area. The _
same relation has been derived by applying extensive analysis to YLy COSO=Ysv— ¥st, )
multiple spot conductance phenomdg4 in earlier publications. wherey, y is the surface tension of the liquid in equilibrium with
The expression foR. in Eq. (2) is independent of the material its saturated vaporysy the surface tension of the solid in equilib-
type. For example whether side 1 and side 2 are phase charigen with the saturated vapor of the liquid, and, is the inter-
materials or metalR. will be given by Eq.(2). The trick is to find facial tension between the solid and the liquig,, and ysy are
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: ) : Fig. 4 Comparison of the ratio of A, gmina @nd A,y calculated
Fig. 3 Ratio of A,y and A,omina Obtained through exact solu- . . “nominal € real
tion for different values of ¢ and @ by the exact solution and the approximate solution for different
values of ¢ and 6@

normally equal toy, andygrespectively, where, andys are the

surface energy of the solid and the liquid respectiély With Figure 3 shows the ratio & s andAnomina for various values
this assumption, Eq4) is rewritten as of # and ¢. The calculation in Fig. 3 are done f&=P, and y,
_ of 40x10 3N m™?%, which is the typical value for all polymers
¥1C0S0= 72~ 712, (®) ' [7]. The shape of the curve will remain same for different values

where 1 refers to the fluid/melt and 2 refers to the substrate. FopaP. This figure shows the dependenceAf,/Anomina ON the
microscopically smooth surfacl,ey and A,omina @re same as Nhotch dimension and the fluid contact angle. For example a larger
shown in Fig. 2(a), as the liquid is covering the whole area und#&glue of tang) for samer, means a rougher/bigger notch. This

it on the substrate. If there is a notch in the substrate, the fluid ag@uld refer to a rough surface. Figure 3 shows faf/ AnominaliS

the substrate interface takes the form shown in Fig).2The substantially lower than 1 at atmospheric pressure. This figure can
notch considered in Fig.(B) is assumed to be conical in shapebe used to find the value @ c,/Anomina @t atmospheric pressure
The shape of the fluid/substrate interface is governed by(Hgq. for a typical polymer. Figure 3 also shows that behavior of the
[7]. The shape of the dome in Fig(h? is spherical[8]. The curves change at tap=1. The behavior of the curves in Fig. 3 is
surface energy of the fluid and the small radius of the notch gigfficult to comprehend directly from Eqg7), (8), and(9). To

rise to a capillary force. This capillary force will try to push theunderstand the dependence Atq/Anomina ON 6 and ¢ an ap-

liquid into the notch. The capillary pressure is given[By proximate solution ok in Eq. (7) can be obtained by using bino-
) mial expansion on the right hand side of Eg) by noting that for
_ 2yysin(6+ ) ©) small pressures such as, fB=P,, x cot¢ is very small com-

© rg—xcotg pared tory. This reduces Ed.7) from a third-degree equation to

whereF . is the capillary pressure, is the radius of the notckx a quadratic equation as follows:

the penetration depth of the liqguidhown in Fig. 2(b)jand ¢ the 3P,
angle of the notch with the horizontal as shown in Fig)2If it —— (xcoth)2—3Py(x cote)+ 2y, sin(6+ ¢)=0. (10)
is assumed thdtl) the air is not allowed to escape, i.e., the notch 0

is not open to atmospher€?) ideal gas law holds for the trapped|f it is further assumed that the quadratic term is negligible com-
air and,(3) the volume of the spherical dome is negligible compared to other terms in E410), thenx is given by
pared to the conical volume in which the air is trapped, then at

equilibrium the applied pressure and the capillary pressure bal- _ 2y, SiN(6+ @)
ances the back pressure of the trapped air leading to the following X= T 3Pycotgp (11)
equation:

Arca/ Anominal Calculated by the approximate solution from Eq.
) (11) and that by exact solution from E(7) are compared in Fig.

4 for two values off. Figure 4 shows that approximate solution
given by Eq.(11)is very close to the exact solution. Equatidr)
helps in understanding the dependencé@f/ Anomina ON Various

2y, Sin(0+¢) s
ro—xcoté  °(ro—xcote)®’

whereP is the externally applied pressure, aRg is the atmo-
spheric pressure. Equatign) is a polynomial of third degree ix. _

] X . parameters. For example at tar1, andd=0 deg and 90 deg
This equation can be solved for The area of contact of the liquid remains same as shown by Hd1). Figure 3 obtained from the

with the substrate in the notch is the area of the frustum of trég( . ; _
- S . . act solution shows th#,.,/ A omina IS Same ford=0 deg and
cone of heighk as shown in Fig. 2(b). This area can be written 380 deg for tanp=1. Rest c;?allzigg?gngnd 4 can be explainged simi-

Asea= TXZ+ (X COt@)2(2r o— X COt ). (8) larly for other values of tagh and 6 with the help of Eq(10).

o o . Equation(7) deserves a closer look in the context of composite
This is the area of the liquid in contact with the notch walls. Thgyterfaces discussed in the classical treatment of interfaces of lig-
area of the conical surface of the notch is given by uids and solid§9]. In their treatment of rough surfaces, Johnson

_ (212 and Dettre[9], by applying basic thermodynamic principles con-
Anomina= 7T o VI o+ 1%, ©)  cluded that a fiuidisolid interface changes its behavior from a
where 1 is the depth of the notch. Equati¢B8sand(9) will give  non-composite to a composite interface onlydif- ¢= 180 deg.
the ratio of theA ¢, and Aomina fOr the liquid in the notch. This They did not apply the capillary equati¢Bg. (7)) to arrive at this
simple model for the notch will be applied to a real rough surfaaeonclusion. From Eq(7) it is seen that ford+ ¢=180 deg, the
later. capillary pressure is zero and for atmospheric pressure, no pen-
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etration of the liquid will take place, which classically means thafleasurement of the Surface Energy and the Contact
the interface has changed from non-composite to compps|jte Angle

This indicates that either a very rough surface or a liquid with a

very high contact angle or a combination of both will not result in 1he surface energy of the TIMs and the copper substrate was
any penetration of the liquid at atmospheric pressures. It is al@¥asured with standard 2 liquid method using water and methyl
worth noting that any combination @i+ ¢>180 deg will result iodide[7]. The surface energy is calculated by the geometric mean
in a negative backpressure. This indicates that a TIM with a largaethod(7], which gives:

¢ can give a very larggs . (1+¢0860) y.=2\(¥Lpyspt Yiavsa (13)

L where the subscrift refers to the liquidSthe substratep andd
Application of the Notch Model to a Real Rough Sur- refers to the polar and the dispersion component of the surface

face energy, respectivelly7]. The total surface energy is the sum of the

A real surface looks like that shown in Fig(ed. Figure 5(a) Polar and the dispersion compondf. In the two liquid tech-
shows the actual measurement of the surface profile of a bedgue, the material for which surface energy is being measured is
blasted surface. The measurement of successive points was détRd as the substrate and the contact angle of Water and methyl
at an interval of 2um. This real surface profile is simplified for iodide (CHl,) is measured on the substratgy and y, of the
analysis. The peaks and valleys are uniformly distributed for tiygater and CHl, are very well knowr{7]. Thus by measuring of
model surface as shown in FigltB. The spacing of the peaks andthe contact angle of these two liquids and using &§), ys, and
valleys in the model surface is assumed to be same as that &be Can be calculated. For the PCMs considered in this paper the
tained from actual measurement. Furthermore it is also assunfétiface energy was measured without melting the PCM. For most
that the height of the peaks and valleys is same as the r.m.s roughthe polymers surface energy of the melt and liquid are nearly
ness obtained from the actual measured surface profile. With thé8&"e[7]. The surface energy has temperature dependence, but it is
assumptions, the model surface is nothing but a series of notcHémally very wea7]. Keeping this in view, for the modeling of
AnominaI/AreaI for this model surface will remain same as that fthe contact I’eSISt_&lnce, it is assumed that the surface energy of the
the single notch given by Eqé7), (8), and(9). Tan(¢) in Egs. un-melted PCM is same as the melted one. Same method was
(6), (7), and(8) for the rough surface is given by used to measure the surface energy of the copper blocks and sili-

cone based greases. The data on the measured surface energy and
tan = o (12) its various components are shown in Table 1. For each surface
ro three measurements were taken and the data reported here is the
average of the three measurements.

and %]:U ifn Eq.(9). Itis to ]E)e notk(]ed hﬁre that the modeling oj_the Table 1 shows that various TIMs have approximately the same
rough surface as series of notches has been done to simplify figtace energy. The values reported here match the typical values
calculation ofAominal Area @S the idea in this paper is to show th

o ' ; f surface energy obtained on these types of polymers in the lit-
Val"lj'ty of the slurface chemls:]r_)l/ mo?eli Ir_lArlgorOljzter;ns on? C&ltature[7]. Due to the low value of surface energy, these materials
apply statistical arguments while calculatiAgominal Areal fOT r€al - 516 5150 called low energy surfadgd. Copper and metallic sur-
rough surfaces, as has been done for other modeR f¢2], but 9y dey PP

. . . _faces are supposed to be high-energy surfaces. Their surface en-
this does not change the physics behind the surface cheml%%y is normally of the order of 1 N TTJ?,U]- Table 1 shows that
model introduced in this paper.

this is not the case for the experiments considered here. Initially, it
was thought that there was some error in the measurement of the
surface energy of copper. Therefore, the experiments were re-
r peated on other copper blocks, leading to the same conclusion.
Other research groups have found similar number for the surface
energy of coppef10]. The main reason for very low surface en-

‘ l ‘ ergy of copper is t_hat it absorbs m_oi_sture, hydrocarbons a_nd other
‘ i l ' l] I ‘ | low energy materials as soon as it is exposed to the environment
AL

|

owing to its high surface enerdy]. This absorption of low en-
ergy materials considerably reduces the surface energy of copper.
Table 1 also shows thay, for all the TIMs and the copper is
negligibly small compared tgy.

Contact angle of the PCM was also directly measured on the
copper substrate. The values are shown in Table 1. The PCM were
melted and the contact angle of the molten liquid was measured
by sessile drop methdd]. In this method a drop of the liquid is
dispensed on the substrate with the help of a syringe. The mea-
surement of the contact angle was done on the mirror finish cop-
per blocks as rough blocks can give rise to metastable contact
angle[7], whereas the model developed here is based on intrinsic
contact angléEq. (3)), which is a thermodynamic property of the
interface[7]. Owing to the extremely high viscosity of the silicone

Table 1 Surface energy of TIMs and the copper blocks, and

c the contact angle of the TIMs on the copper block
________ A -
Phase Change | Phase Change | Silicone Based | Copper Block
Material A Material B Thermal
b Grease
(b) y_(Nfm) 42.85X 107 27.13X 107 36.19X 10° 29.31X10°
Yo (N/m) 41.59X 107 27.12X 107 3522X10° 29.30X 107
Fig. 5 (a) Actual measurement of roughness  (in um) on a vp (N/m) 1.26 X 107 0.01X 10° 097X 107 0.01 X 10°
bead blasted rough block; and  (b) modeling of a rough surface 0 (deg) 343 23.0 36.0
as series of notches for the prediction of  R,. (calculated)
972 /| Vol. 123, OCTOBER 2001 Transactions of the ASME
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Table 2 Experimental program for the measurement of Rc BLT
Variables PCM (Paraffin based) | Grease (Silicone based) R= oy | Reva (14)
Two different materials | Four different materials whereR is the total resistance, ail, _is the sum of the contact
e PCM A: With filler e Grease | . . 1+2
k= 0.7 W/mk k =3.1 W/mk resistance of the TIM with both the upper and lower copper
Material * PCM B: Without the | G;eavzﬂ blocks. The experiments were performed for different TIMs and
aterials e (Onty e matrix) =04 Wik different roughness as discussed by Prasher g1H|. There were
X =0.25 W/mk two types of paraffin based PCM gonsidered in this e'xperi.ment.
o Grease 4 The only difference between them is that P@whas no fillers in
Fomghnes | No—oF par o biecks of I’;zoffW’r‘)‘;‘r =] it, which results in a lowek compared to TIMA, which has
€ different roughness used | different roughness wsed| conducting fillers i_n it. The silicone-_based_ greases also have dif-
per TIM and the type of | per TIM and the type of | ferentk as shown in Table 2. In their earlier study Prasher et al.
E‘ghne‘s‘?‘ed for  each ;fol}]‘ghnets‘zs“"d for —each|  [11] did not vary the pressure. For the current study contact resis-
, - - tance of TIMA is also measured as a function of pressure for the
e No. of pairofblocks:3 | e No. of pair of blocks: 1
o Bead - |e Type of TIM: PCM A | Type of TIM: Grease 1,|  fough blocks.
blasted and PCM B 2,3and 4
(3.5 pm) .
Copper Error AnalySIS
Blool:ll)(s ® Regular e No. of pairofblocks: 1 [ No. of pair of blocks: 1 ) . .
machined | Typeof TIM:PCMA | Type of TIM: Grease 1, The_ error in the contact resistance with the help of @4) can
surface and 2 be written ad13]
(1 pm)
AR, \/( AR )2 1 ( ABLT )2
= 4
2
e Mirror e No. of pairof blocks: 2 | ¢ No. of pair of blocks: 1 l:aclJr2 R—BLT/ I(TIM I(T|M R—BLT/ I(TIM
Finish ¢ Type of TIM: PCM A ¢ Type of TIM: Grease 1 (]_5)
(0.12 pm): ) )
The error inR for the PCM is 3<10 Km~2W ! and for the
grease is X10 8Km~2W ! [11]. For error analysis oR, the
readers are advised to read referefitd by Prasher et al11].

The error in the BLT is 3.3, which is size of the pixel of the
camera.

grease, the syringe for dispensing the drop of the grease could pot . . .
be used. For grease the contact angle on the copper substra Qgnparison of Experimental Data With the Model

calculated by using Eq(13) as all the required variables are As discussed earlier for simplicity, the actual rough surface is
known as shown in Table 1. This indirect method of calculation afssumed to be an idealized rough surface of uniform peaks and
the contact angle illustrates that if the direct contact angle meaalleys, which are equally placed as shown in Fi@)5The suc-
surement is not possible, the andy, of the liquid/melt should cessive data points in Fig(& were measured at an interval of 2

be measured and E€L3) should be used for the calculation of theu for the rough and the machined surfaces, and ayOf@r the
contact angle with different substrates. This method providesseooth surface. The roughness was measured with the help of a
very strong tool for the calculation of the contact angle withouton-contact laser beam profilometer made by UBM corporation.
direct measurement of contact angle, @sand vy, of different The resolution of the profilometer is 0.Qdm if the measurement
materials are normally available in the literaty. The calcu- area is 50um and is 0.1um if the measurement area is 5a0n.

lated values of] for PCM A and B are 49 deg and O deg respecthe radius of the cone in the model surface in Fih)5s as-
tively. This does not compare very well with the measured valigimed to be 2 for the rough and machined surfaces, and ©.7

of 6, but this is not surprising as the measuremen®ta$ very for the smooth surface which are same as the measurement inter-
sensitive to various factors such as surface residue and7dtc. vals used to characterize the roughness of the rough and the
This does not affect the results of the model adversely as temooth blocks respectively by the profilometer. The height of the
cosine of 49 deg and O deg are very close to the cosine of theaks and the valleys is assumed to be same as the r.m.s rough-
measure measured values for material A and B respectiValjle ness of the surface.

1) and the ratio ofA¢y and A, ominal fOr various roughness is also
not very sensitive t@ for the combination of roughness and ma-
terial considered in this papéFig. 3 and Table 2).

13 p+————FT+"—F T 7T T r+T T T T T T T T

T S

Experimental Program for the Measurement of R,

The parameters which were studied in the experiment®on
were as followsi1) classes of materials, PCM versus Gred&¢;
roughness: highly rouglibead blasted), machined surface, and
mirror finish; and(3) different thermal conductivity for the same

ol vl

Experimental Data

discussed by Prasher et fl1]. .

2 P H H . Surt Chemistry Model 4

The experimental program is shown in Table 2. In the experi- le7p ,, sza:l:te ng‘r'lfn;yM;dj E

ment the following combinations of upper and lower blocks were : ]
used:Rough/Rough; Machined/Machined; and Smooth/Smooth teglo v s

4e-5 6e-5

/Areal) (K m? W'1)

2e-5 8e-5 1e-4

(04+0,)/ 2k X(A

The blocks were made of copper. Experiments with spacers 0
were conducted to find out the thermal conductivity of the TIM.
The BLT (Bond line thicknessof the TIM was measured using a
camerg12]. Contact resistance is obtained by using the followingig. 6 Comparison of the surface chemistry model with ex-
equation: perimental results for Phase change materials

‘nominal
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£t

o,t+0o,

R = )
C:Hz\owest 2kT|M

17

whereR; is the lowest possible value of the contact resis-

"; i tance. .Th.is assumes that,<knea- The complete wetting

% model indicates that even K,ominal/ Area= 1, Re can be nonzero,

X ] depending on ther andkqyy, .

Vg . Figure 8 is the comparison of the surface chemistry model with
i ® Experimental Data E experimental data on PCM for different pressures for the rough

d —— Surface Chemistry Model 1 blocks. The model matches very well at lower pressures but tends
eE o Complete Wetting Mode! to deviate slightly at higher pressures. At higher pressures, the
percentage error in BLT measurement is significantly higher as the
jeglae v vt e ey BLT is very thin. This could be one of the reasons of the deviation
0 2% de be-5 8es Ted of the model from the experimental data.
(01+63)/2K X (Angrinal Areal) (K m* W)

Conclusion

This paper introduces a novel model #&y of fluidic interstitial
polymeric TIMs. The model matches very well with the experi-
mental data. The model indicates that thermal contact resistance
. . of polymeric interstitial materials depends on surface tension and

Owing to the very low thermal conductivity of TIMs comparedhe contact angle of the polymer, surface roughness of the sub-
to copper, and with the help of E@), R; , can be written as  girate, thermal conductivity of the polymer, and the pressure.

ot (A Roughness of the substrate, surface energy of the polymers and
:( L2 (M' (16) the substrate, the contact angle of the PCM on the substrate, and
12| 2kpy Areal | contact resistance were measured to validate the model. A method

wherea,; and o, are roughness of the two copper blocks. Figur@ alsq suggested to indjreptly calgulate the contact angle of the
6 shows theR, _ data for the PCM at a pressure of 1 atm. Thd IM with any substrate, in lieu of direct measurement of the con-
1+2

data is plotted against the model as shown by (E6). Equations tact angle. Although the model is currently based on simplified

notch model for an actual rough surface, it is able to capture the
(7),(8), and_(9) are used to calculate theominall Areal- T_he model effects of various critical parameters, which affect the contact re-
developed in this paper is called the surface chemistry médel

and o data are used from Table 2. The model matches very ngﬁtance.

with the experimental data within experimental error. Figure 7
shows theRCl+2 results for different greases at a pressure of Acknowledgment
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chemistry model matches very well with the data in spite of the

fact that the roughness of the surface was modeled as uniforrfiymenclature

distributed peaks and valleys; thus notch model for surface rough- ) )

ness is not a very bad assumption. Both Figs. 6 and 7 also shdominal = NOminal ar%a(m )

the contact resistance results for the case WHeginalArea Areal = real aream’)

=1. This model is called the complete wetting model, which BLT = bond line thicknesgm)

means that the TIM is completely able to wet the surface. This is = constant in Eq(3) 72

theoretically the lowest possible value of the sum of contact re- = capillary pressuréN m™*)

sistances of the two interfaces in any sandwich of metal/polymer/ = hardnessN m—z). _ PR
metal, and is given by = thermal conductivity W m™ = K™-)

= depth of the notchim)

= constant in Eq(3)

= pressure

P, = atmospheric pressuf® m?)

r ] PCM = phase change material

- _* Cmenmenta et el 1 R = thermal resistanc& m? W™%)
Y ro = radius of the notckim)

Fig. 7 Comparison of the surface chemistry model with ex-
perimental results for Silicon based greases

-UD—XIO-”O
I

"; R. = thermal contact resistanc¢& m? W3

e 1es | i Re,., = sum of the thermal contact resistance with the up-
= : ] per and lower block$K m? W™Y)

e R°1+aowes( = lowest theoreticaR, of any two materialgK

m>W™1)
TIM = thermal interface material

X = penetration depth of the TINmM)
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Fig. 8 R, of PCM A versus pressure for bead blasted rough y = surface energyN m™%)

blocks o = surface roughnessn)

974 / Vol. 123, OCTOBER 2001 Transactions of the ASME

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Applied to the Analysis of Thermal Interface Materials in Flip-Chip Technol-
ogy,” Proc. of ITHERM, May 23-26, Las Vegas, Nevada, Vol. 1, pp. 21-28.
[6] Fletcher, L. S., and Peterson, G. P., 1986, “The Effect of Interstitial Materials

ABLT = error in measurement of BLﬂ'mz)
AR = error in measurement & (K m* W™1)

SubSCI’ipt on the Thermal Contact Conductance of Metallic Junctiohieat Transfer in
R Systems Seminar-PhaseMational Cheng University, Tainan, January 13—14.
1,2= S'_des . [7] Wu, S., 1982Polymer Interface and AdhesipMarcel Dekker, New York.
d = dispersion component of surface energy [8] de Bruyne, N. A., 1956, “The Extent of Contact Between Glue and Adher-
L = liquid end,” Aero Research Technical NoteShe Technical Service Department,
p = polar component of surface energy Aero Research Limited, CIBA Company, Duxford, Cambridge.
_ : [9] Johnson, R. E., and Dettre, R. H., 1969, “Wettability and Contact Angles,”
S = solid or substrate o e ; X
V = vapor Surface and Colloid SciencéMatijevic, E., ed., Willey-Interscience, New
P York, pp. 338-401.
[10] Jager-Lezer, N., Feutelais Y., Jager-Lezer, N., Doucet, J., Tranchant, A., Basz-
References kin, A., and Grossiord, J. L., 1999, “Influence of the Chemical Nature of

. .. Various Geometries on the Rheological Behavior of Lamellar Lyotropic
[1] Snaith, B., O’ Callaghan, P. W., and Probert, S. D., 1984, “Use of Interstitial Phase " J. Rheol43. Issue 5 1063 1082 yotrop
Materials for Thermal Contact Conductance Control,” Proc. AIAA®&ero- LT o : PP . )
’ [11] Prasher, R. S., Simmons, C., and Solbrekken, G., 2000, “Thermal Contact

space Sciences Meetingan. 9-12, 1984, Reno, Nevada, pp. 1-8. . . N
[2] Madhusudana, C. V., 199@hermal Contact Conductanc&pringer-Verlag, Resstance of Phase _Change _and (_Brease Type Polymeric M‘?‘?‘*H‘S' of
International Mechanical Engineering Congress and Exposjti@rlando,

New York. .
[3] Snaith, B., O'Callaghan, Snaith, B., and Probert, S. D., 1982, “Minimizing the __ Florida, November, MED-Vol. 11, pp. 461-466. )
Thermal Resistance of Pressed Metallic Contacts,” J. Mech. Eng.2¢iNo. ~ [12] Solbrekken, G., Chiu, C.-P., Byers, B., and Reichenbacher, D., 2000, “The

4, pp. 183-189. Development of a Tool to Predict Package Level Thermal Interface Material
[4] Zhao, L., and Phelan, P. E., 1999, “Thermal Contact Conductance Across Performances,Proc. of ITHERM, May 23-26, Las Vegas, Nevada, Vol. 1, pp.

Filed Polyimide Films at Cryogenic Temperatures,” Cryogen8%, pp. 803— 48-54

809. [13] Kline, S. J., and McClintock, F. A., 1953, “Describing Uncertainties in Single

[5] Devpura, A., Phelan, P. E., and Prasher, R. S., 2000, “Percolation Theory = Sample Experiments,” Mech. EngAm. Soc. Mech. Eng.)75, pp. 3-8.

Journal of Heat Transfer OCTOBER 2001, Vol. 123 / 975

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm
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Performance characteristics are experimentally determined for enhanced convective boil-

S. M. You ing of FC-87 in a horizontal, small-cross-sectional-area, single-channel heater. The chan-
Mem. ASME, nel tested has a square cross section with a side length of 2 mm and a heated length of 8
Seoul National University, cm. The heated surface of the channel is tested both with, and without, a microporous
School of Mechanical surface coating. Although few studies have been performed to quantify the effects of
and Aerospace Engineering, internal porous coatings on flow boiling, their application in this area is promising. The
San 56-1, Shinrim-Dong, Kwanak-GU, coating is shown to provide increases in both heat transfer coefficient and critical heat
Seoul 151-742, KOREA flux. Convective boiling curves are generated for mass fluxes from 500 to 500% legpith

for inlet subcooling levels ranging from 2 to 31°GDOI: 10.1115/1.1388300

Keywords: Boiling, Convection, Enhancement, Heat Transfer

Introduction ribs. This is because channel geometry modifications can lead to

Heat removal in flow boiling can be classified either as boilingr-]eg"’ltlve Impacts on performance, as mentioned previously.

dominated or convection-dominated. Convection-dominated heatAddition of Microporous Surface Coating. Porous surfaces
transfer is a strong function of either mass flux or quality and @ntaining re-entrant-type cavity geometries have been shown in
weak function of heat flux. Boiling-dominated heat transfer is several studies to enhance boiling heat transfer. Many commercial
strong function of heat flux and a weak function of either masgnhanced surfaces have been shown to provide these geometries,
flux or quality. When dominated by boiling, heat transfer coeffisuch as ECR-40 of Furukawa Electric, GEWA series of Wieland-
cients are generally higher than if boiling were not present. It Werke, High-Flux of UOP, Thermoexcel series of Hitachi and
desirable, therefore, to generate conditions that promote boilifgrbo-B of Wolverine. As summarized by Thoni&6], studies
and avoid geometries that suppress it. have shown that these surfaces provide boiling enhancement.
To increase the efficiency of flow boiling compact heat ex- Systematic pool boiling investigations have been performed
changers, research has been performed involving modificationVgth & microporous coating developed at the University of Texas
the flow passage surface geometry. This research includes studeérlington to assess performance of various fluids and heater
by Carey and co-workers on offset strip fins and ribbed Channéqgnflgura_t_lons and to determine surface microstructure for opti-
(Carey and Mandrusiakl], Mandrusiak and Card,3], Xu and Mum boiling enhancement. O’'Connor and Y¢u7] tested a

Carey[4]), and Westwater and co-workers on offset strip find-21¢m>1.65cm flat heater with both a smooth and
(Panitsidis et al[5], Chen et al[6], Chen and Westwatd]). microporous-coated surface immersed in saturated FC-72. Their

Offset strip fins or ribs in channels provide enhancement by coﬁl-Jrface coating was a novel paint mixture composed of 30

ducting heat away from the primary surface and by breaking %ver flakes and thermal epoxy with isopropyl alcohol as a carrier.
the developing boundary layer on channel walls. However, resul e application of this coating in a 2&m layer reduced incipient

A e siperheat by 85 percent, enhanced nucleate boiling heat transfer
from these studies indicate that these modifications can leadcfcé)’gfficient by 70 to 80 percent, and increased CHF by nearly 110

increased pressure drop, suppression of nucleate boiling, and blg

AR rcent. O’Connor et al[[18] developed and tested a dielectric
even flow distribution.

version of this boiling enhancement paint by substituting 8—12
Channel Size Reduction. Flow boiling studies have shown #m diamond particles for the silver flakes. This dielectric coating
that small channels remove heat efficiently and support high h&guld be directly applied to the surfaces of immersion-cooled mi-
flux levels (Lazarek and Black8], Orozco and Hansofi9], Croelectronic devices. Chang and Y(®,20]performed detailed
Moriyama and Inou¢10], Wambsganss et df11], Cornwell and Studies of paint composition including particle type and size, ep-
Kew [12], Bowers and MudawdL3], Xia et al.[14], and Am- OXY type, and paint appllcatlon r_nethod. These tests were con-
merman and YoJ15]). Heat transfer coefficients are enhanceducted on flat heaters immersed in saturated FC-72. Their result_s
with decreases in channel diameter, as long as channel dimensi#Ved that regardless of the particle and epoxy types tested, their
are not made too small. Some of these studies indicate the eigatings reduced incipient superheat by 80 to 90 percent, in-
tence of a critical channel dimension where heat transfer perf&€ased nucleate boiling heat transfer coefficient by approximately
mance is maximized. In addition, boiling-dominated heat transfépC_Percent, and raised CHF by approximately 100 percent com-
has been frequently observed in small channels. Reducing charffed With a smooth reference surface. .
size is a favorable method of enhancing performance compared N€ excellent performance of the coating results from an in-

with modifying the channel geometry with the addition of fins of'ease in both the ““m‘?‘?f of nucl_eat_ion sites and_ th_e bubble_ de-
parture frequency. As initial vaporization occurs within the paint

Presently at Los Alamos National Laboratory, Los Alamos, NM 87545 structure, the embryonic bubble grows rapidly and vapor gener-
Contributed by the Heat Transfer Division for publication in tf@BNAL OF ated from one individual liquid-vapor interface is divided into

HEAT TRANSFER Manuscript received by the Heat Transfer Division November gmany tiny bubbles. The resylting effect at low heat fluxes is high
1999; revision received February 12, 2001. Associate Editor: C. Beckermann. bubble departure frequencies and small bubble departure sizes
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(<0.2 mm). For untreated surfaces, bubble sizes of approximatelfya thin, microporous surface coating. A single-channel test sec-

0.7 mm were observed. The increase in CHF is a result of thien is examined to prevent the dynamics of multiple-channel in-

persistence of isolated small bubbles adjacent to the heated seraction from confounding the test results. Average heat transfer

face throughout the entire boiling curve, including just prior t@oefficients, as well as test section pressure drop, are measured for

CHF. This contrasts with the observed behavior of the untreatedo-phase operation. Tests are conducted to examine the effects of

surface. Just prior to CHF, the untreated surface exhibited largelocity, subcooling, and heater surface condition on heat transfer

vapor bubbles and localized regions of film boiling. and pressure drop performance. The present research using a
Although few studies have been performed to quantify the e$mall channel diameter combined with a dielectric working fluid

fects of internal porous coatings on flow boiling, their applicatiors relevant to electronics cooling applications.

in this area is promising. Thon{d6] reported on two such stud-

ies. The first, by Czikk et al[21], was performed using liquid

oxygen, ammonia, and R-22 inside a vertically oriented 18.7 mm

diameter tube internally covered with the commercially availabExperimental Apparatus and Procedure

; ; . “passes from the condenser through a variable-speed pump fol-
horizontally oriented porous-coated tube with a 25 mm outsigg ey py g filter. Fluid flow rate can be measured with either a
diameter. For this tube, however, they did report a mass flux Sriable-area flowmetei0.005 to 0.04 Ipmpr a turbine flowme-

pelnd_enlcel on heabt tagnsfer. T_T_E might ge eﬁpected dléebto BF(0.04 to 2 Ipm). Upon exiting the flowmeter, the fluid passes
relatively large tube diameter. The second study reported by Tz, ,gh three pre-conditioning heaters that enable control of test

ome[16]was performed by Ikeuchi et gl22] who plated 0.115 section inlet quality. Fluid then passes through the test section and

mm diameter copper particles inside a 17.05 mm internal diameigy, < 15k to the shell side of the condenser, completing the loop.
tube. Using R-22, their enhanced-tube heat transfer coeffici e tube side of the condenser is connected to a chiller. The

was approximately 5 times better than plain-tube performance fg ndenser is also connected to a deqassing tank that is equipped
exit qualities between 70 and 95 percent. These studies indicE£ ! gassing IS €quipp

that int | i d ticallv | flow bo: th a cartridge heater. The degassing tank is used to aid in de-
at intérnal porous coatings can dramatically Improve tow bot jassing the test fluid and to set the reference pressure for the

ing performance. N o . facility. More detailed information regarding the design of this
The present study is a continuation of a flow boiling |nvest|ga}6Op can be found in Ammermd23].

tion that examined enhancement mechanisms that do not require
the use of fins or ribs within the channel. Previously, Ammerman Description of Single-Channel Test Section. A 2 mm,

and You[15] reported on heat transfer enhancement generatsguare cross-section channel was investigated. The heated section
simply by reducing channel cross-sectional area. In the investiga-this channel was 8 cm in length and was oriented horizontally.
tion described here, enhancement is obtained with the applicatidoule heating was supplied along the length of the lower channel

L <

Chiller — !
. T @
Test Section +|
< VN
pni ] S—
Plant Condenser/
Pre-Heaters

Heat Exchanger/
Reservoir ® Valve

®
@

@ Pressure Measurement

@
@

@ Temperature Measurement

%9
Degassing . .
Variable-Area Turbine
Bottles @ Flowmeter Flowmete
__—
e Filter
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Fig. 1 Flow boiling test facility
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8 mm neoprene gasket layer in the middle of the test section. This gasket

' 86 mm { layer had a narrow section removed to allow the heater thermo-
} Thin-Film Heater couple wires to pass through the bottom of the test section and to
m W Top allow _the electrical leads to reach the heater. The thin, flat, copper
electrical leads were placed between the bottom of each end of the
- b 3mm v de . Pl silicon heater and the neoprene gasket. The leads were held in
Edaes Bus bars place with mechanical force. Beneath the neoprene gasket was a
|_,20mm‘.| | lexan base plate. This base plate also had a narrow section re-

[ - ) moved to allow wires to pass through to the silicon heater. Above
/1 ‘\ T Osfmm ‘ 1 \ (Side) the silicon heater was a lexan flow channel sheet. This sheet had a
thickness equivalent to the channel width and had the flow chan-

\Elmw Themocoupls Attched nel cut out of its center. This sheet, therefore, formed the flow

Leads with Titanium Putty Channel S|de Wa"S
) o - On either end of the flow channel were inlet and outlet plenums
Fig. 2 Thin-film heater on silicon substrate also cut out of the flow channel sheet. Above the flow channel

sheet was a lexan plate. This plate formed the top wall of the flow
channel. Five, 1 mm holes were drilled into the top of this plate to

wall with a thin-film resistive heater. Thermocouples were inaccommodate 30-gauge, type-T thermocouples. The thermocouple
stalled to enable the measurement of local wall and fluid tempeksads were mounted flush with the inner wall of the plate. The
tures within the channel. holes were sealed with silicone. These thermocouples were lo-

A thin-film resistive heater was sputtered directly onto a siliconated directly above the heater thermocouples, thus enabling local
substrate. The silicon substrate measured 8 mm wide by 86 nweat transfer coefficient measurements. Two aluminum plates
long by 0.5 mm thick, as shown in Fig. 2. A mask was appliedere bolted above and below this stack to provide rigidity to the
exposing the silicon where the heater and bus bars were to tbet section. More information about the design of test section can
sputtered. The width of the heater layer corresponded to the char-found in Ammermar23].
nel width. After the heater layer had been applied, copper was, .. .
sputtered onto the top, ends, and bottom of the 3 mm end Sectionyllcroporous Surf_ace Coat'ng' The small-qhar_mel heater_
to act as bus bars. The heater was instrumented with five, %S tested both with, ‘and without, the application of a mi-
gauge, type-T thermocouples attached to the bottom side of fgporous su'rface coating. The coating cqn5|sted O.f enhanceme_nt
silicon substrate. The thermocouples were evenly spaced 20 ff{tic!es. a binder, and a carrier. The coating used in this study is
apart across the 80 mm heated length and were attached u DOA" coating characterized by_ Chang and You9] with
titanium putty. For steady-state operating conditions, the esfi€thyl-éthyl-ketoneMEK) as a carrier instead of alcohol. The
mated temperature difference between the heated surface and?fidicles were 8—12um industrial diamond powder. Diamond is
bottom side of the substrate was negligible. e ectrlcal!y non-conductl_ng _whlch enables th_e part_lcles to be at-

The test section was made using a “sandwich” design witiiched directly to the thin-film heater. The binder is Omega 101

multiple layers, as shown in Fig. 3. The silicon heater rested orfR0XY and is used to glue the particles to the heater. The carrier is
MEK, which evaporates quickly after application leaving only the

particles and the binder on the surface. A uniform layer was ob-

- tained by dripping the paint onto the heater surface and gently

oo Thik — shz_iking_ th_e heater from side-to_—side to e_venly_distribute the paiqt.
Neoprene Gasket o o o o O This painting method resulted in a coating thickness of approxi-
|7 Thick — O () mately 100um. From SEM images of the coating, Chang and You

Aluminum Plate o o o o o [19] observed a wide range of pore sizes with a maximum on the

Thermocouple

/ Wiring

EIN

order of the particle diameter. They were unable to measure po-
rosity of the coating directly but did estimate porosity of the dia-
mond power alone to be 41 percent. Additional details on the
O © © © © mixing and application of this coating are given by Chang and

Channel
Q.%_{) You [19].

0.95<m-Thick Lexan Cover Plate (5 by 15.2 cm)

0 o Pemms T o Chang and Yoy20] also investigated alternate painting meth-

Loxan Chanmel Shoot (Thickoess = Chanmel Widih) ods and performed both durability and adhesion tests. To make the

enhancement coating more widely applicable, a spray method of

Per:)]::tiiccallllifig‘;;ow o o o o o application was developed. The epoxies investigated by_Chang
(Not to Scale) Wiring Access and You[20] were selected because they are known to be inert to
] — toxic chemical attack. Durability tests showed little or no degra-

O 0O O O ) dation in coating performance. Adhesion tests revealed that the

0.95-om-Thick Lexan Support Plate coatings have a strong bond strength based on accepted ASTM

test methods.

Uncertainty Analysis. A single-sample uncertainty analysis
was performed for the test facility and test section based on the
method of Kline and McClintock24]. For the calculation of heat
flux uncertainty, the uncertainties in the following parameters
were considered: voltage+0.009 percent), currer(t-0.86 per-
cent), heater surface aréa3.5 percent). To estimate heat losses
to external surroundings, a two-dimensional, steady-state conduc-
tion solution was obtained for the test sectigerpendicular to
the flow) using a finite-difference-based conduction code. This
heat loss calculation was conservative assuming a surface heat
flux of 500 W/cn?, which resulted in a heater surface temperature
Fig. 3 Drawing of single-channel test section of 250°C. The external heat loss for this condition was estimated

Isometric View
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Table 1 Convective boiling uncertainty results At the end of this 60 second period, the monitored temperature
readings were averaged. Then the program continuously acquired

Parameter Uncertainty and averaged heater temperatures for subsequent 20 second dura-
= tions. At the end of each monitoring period, all five average tem-
Test Heater Heat Flux +3.6% peratures were compared with the averages from the previous

monitoring period. When all five values were within 0.2°C of their
previous values, steady state was assumed to be achieved. Upon
Mass Flow Rate +5.5% reaching steady state, detailed temperature, pressure, and heat flux
readings were acquired and written to an output file. After record-
ing output, the heat flux was advanced and the cycle was repeated.
Upon occurrence of CHF, a waiting time of at least 5 minutes was
allowed prior to initiation of the second run for a given case.
to be less than 1 percent of the total heat dissipated within thecCritical heat flux was assumed to occur when the temperature
channel. Heat loss through the 30 gage, insulated, thermocougigasured with any one of the five test heater thermocouples in-
wires was negligible. Detailed calculations for this uncertaintyreased by 15°C or more for a corresponding increase in heat flux
analysis can be found in Ammermd@3]. The results of this (approximately 1 to 2 W/cR). In these circumstances, tempera-
analysis are shown in Table 1. ture increased steadily, not achieving a steady-state condition.
To ensure that no significant measurement variation existed b@rese increases represented significant departures from the tem-
tween the ten, test section thermocouples, a qualification run Wasrature versus heat flux trend for a given run. For a normal
performed for each heater. The flow loop was allowed to remagperating condition in the convective boiling regime, the typical
idle for a minimum of 12 hours. The data acquisition system wagcrease in temperature for an increase in heat flux was approxi-
then used to record and average 30 readings from each of the fiygtely 1 to 2°C. This definition of CHF includes cases where
test heater thermocouples and the five channel fluid thermecal dryout within the flow channel may have caused the heater
couples. The maximum variation in the average of these 30 tef@Bmperature excursions instead of the classical vapor blanketing of
perature readings from thermocouple to thermocouple was withifle heater. The value for CHF was computed by adding one-half
0.1°C. of the heat flux increment to the heat flux value from the steady-

Test Procedure. The liquid chosen for this convective boiling State point just prior to CHF. Data shown for each channel are
study was FC-87. Relevant properties for FC-87 are listed in Taterages of the CHF values for each of the two runs executed.
2 (Fluorinert Product Manudl25]). Liquid FC-87 can absorb a All tests were (_:c_)ndut_:ted with the _degassmg tank ven_ted to
significant volume of air at atmospheric conditions. Hong et aftmospheric conditionévia the degassing tank condensérhis
[26] showed that dissolved gas could greatly affect boiling heglumbing conflgurapon resulted in a test section exit referen_ce
transfer coefficient. For this study, therefore, the FC-87 was detessure of approximately 100 kPa for all tests. As test section
gassed prior to each series of experimental runs. Information Bfgssure drop increased during the course of a(dwe to in-
the degassing procedure can be found in Ammer[ﬁsﬂ .Creased \/_aporlzatl()ntest SeCtIOI‘\. |n|et pressure Would r.|Se. Th|S )
Two runs were performed for each flow velocity/inlet subcoolincrease in pressure drop required a corresponding increase in
ing test case. Prior to the initiation of a test run for a new case, tREMPINg power to maintain a constant flow rate. During a test run,
pump flow rate was adjusted to provide the desired test sectiigrefore, the flow rate was monitored and adjusted as necessary
velocity and the pre-heaters were turned on and adjusted to p{@/naintain a constant rov_v to the test section. The increase in test
vide the desired level of inlet subcooling. Volume flow rate, testection inlet pressure during the course of a run also affected the
section inlet temperature, and other temperatures within the lobjiet subcooling level. Maintaining a constant test section inlet
were monitored until steady-state conditions were achigtyg temperature whlle aIIOW|_ng_|nIet pressure to increase resulted in a
cally around 30 minutes corresponding increase in inlet subcooling level during the run.
Steady state was achieved using a computer program that incre-
mentally advanced the heat flux to the test section and monitorRésults and Discussion
test section temperatures. Upon advancing the heat flux, the pro- L .
gram continuously monitored heater temperatures for 60 secondd N€ €ffects of flow velocity, inlet subcooling, and surface coat-
to watch for burnout due to overheating. The program was di&ld On heat transfer and pressure drop were examined. The small

signed to shut the power supply off in the event of drvout or CHENannel was horizontally.oriented and had a square cross septiqn,
g P PRY 4 therefore, the channel side length also represented hydraulic di-

ameter. Three different mass fluxes were investigated. These mass
fluxes were 500, 2,000, and 5,000 kg8, which corresponded to
single-phase flow velocities of 0.31, 1.25, and 3.15 m/s, respec-
tively. Three levels of inlet subcooling were examined at each
flow velocity. Inlet subcooling was defined as the difference be-

Test Section Pressure Drop | *3.5 kPa

Table 2 Saturation properties of FC-87 at 1 atm  (Fluorinert
Product Manual [25])

Chemical Formula CsFiz tween the saturation temperatuevaluated at the inlet pressuire
Boiling Point (°C) 30 and the actual inlet temperature. As mentioned previously, inlet
pressure typically increased during the course of a run due to
Liquid Density (kg/m’) 1572 increasing test section pressure drop. The inlet subcooling level,
_ ¥ therefore, was calculated at the beginning of a run prior to the
Vapor Density (kg/m”) 12.38 initiation of test section heating. At a velocity of 0.31 m/s, the
— ; subcooling levels examined were 2, 12, and 22°C. At a velocity of
Liquid Specific Heat (J/kg-°C) 1103 1.25 m/s, subcooling levels examined were 3, 15, and 24°C. At a
P velocity of 3.15 m/s, subcooling levels examined were 9, 21, and
Heat of Vaporization (J/kg) 98970 31°C. During a typical run, inlet temperatures were kept to within
Liquid Thermal Conductivity (W/m-°C) | 0.0550 approximately=1°C. _
Pressure drop values for the cases tested at a velocity of 0.31
Liquid Viscosity (kg/m-s) 0.000669 m/s were less than 5 kPa which were below the measure-
. ment resolution of the diaphragm installed in the pressure trans-
Surface Tension (N/m) 0.00890 ducer. These pressure drop data, therefore, are not available for
comparison.
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30 80
00.31 m/s, ATsub=2°C (22.6)
25 | Data of Chang and You [27] 00.31 m/s, ATsubi12:C (25.9)
| for 1-cm by 1-cm Flat Heater 40.31 m/s, ATsub=22°C (25.9)
/ 0 | ©125mis ATsub=3°C (34.6)
O 1.25 m/s, ATsub=15°C (33.7)
< 20 . < A 1.25 m/s, ATsub=24°C (38.1)
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Fig. 4 Pool boiling performance of microporous coating in

saturated FC-87 Fig. 5 Convective boiling curves for the uncoated channel

. . whereT, is the average heater wall temperature @gg,, is the

Single-Phase Results. Single-phase pressure drop and healeraqe of the saturation temperature at the test section inlet and
transfer characteristics were determined for the uncoated chanighiet critical heat flux values in units of W/@mare supplied in
Test section pressure drop along with local and average heat r§jig- jegend in parentheses for each case on this and subsequent
fer coefficients were measured at combinations of low heat flux, .o s boiling curves.
high inlet velocity, and high inlet subcooling levels to avoid  gach poiling curve in Fig. 5 has two fairly distinct heat transfer
vaporization. . regimes as indicated by the two different boiling curve slopes. The

Single-phase pressure drop data were acquired at Reynqlgfyer siope corresponds to prevalence of the single-phase, liquid
numbers ranging from approximately 5,000 to 16,000. These &{5pyection regime. The positive change in slope indicates the on-
perimental, single-phase pressure drop data were larger than thqgeys poiling. The region with higher slope primarily corresponds
predicted based on the Moody friction factor for turbulent flow iR, ¢ ,pcooled boiling. The 0.31 m/s data also include regions of
smooth pipes. This is due to difficulties in instrumenting the testy rated boiling.
section, which caused the measured pressure drop o include €frpere s minimal subcooling effect on the 0.31 m/s data in the
fects of additional lossedour 90 deg elbows, an area reductiong, cooled boiling regime. This low impact of subcooling indicates
and an area expansipi loss factor was estimated to provide th&ya; hojling dominates convection. In general, the effects of ve-
best match between the experimental and predicted pressure djgRity and subcooling on convective boiling are prevalent in the
Using the estimated loss factor, all of the experimental pressuiigqie_phase and subcooled boiling regions. In the absence of ve-
drop data were corrected to remove the effects of the inlet apgiy however, subcooled boiling curves will have a tendency to
outlet losses. collapse. Apparently, the 0.31 m/s velocity is too low in this chan-

Single-phase, local, heat transfer data were measured for eggi;, significantly impact the subcooled boiling region.
of the channels. There Was_g_ood agreement betwee_n _the_ Ioc_al anﬁhe subcooling effect is more obvious in the 1.25 and 3.15 m/s
average heat transfer coefficients. This agreement is indicative 2fi5 as seen in Fig. 5. At these velocities, convection is playing a
a minimal thermal entry region, which is typical for turbulenpgiantial role in overall heat dissipation. Also noticeable in these
flow. In addition, the single-phase heat transfer data comparggh, is the positive effect of velocity and subcooling on CHF.
favorably with the single-phase correlation of Xu and Cad®Y A piot of coated, 2 mm channel boiling curves for all velocities
for flow of methanol and n-butanol in small, rectangular, crossg,q subcooling levels tested is shown in Fig. 6. The coated-
ribbed channel with one wall heated. Additional information conshannel data show a remarkable insensitivity to velocity and sub-
cerning single-phase pressure drop and heat transfer can be foyfifling effects. This insensitivity indicates that the heat transfer
in Ammerman(23]. performance is primarily boiling dominated. The coating provides

Microporous Coating Effect on Convective Boiling. As
mentioned previously, porous surface coatings have been shown

in several studies to enhance boiling heat transfer. Test results ofa gy —

. . = l-cm by 1-cm, Pool Boiling
coated surfacél cm by 1 cm pool boiling in saturated FC-87 O 0.31 mls, ATsub=2°C (25.8)
revealed significant heat transfer enhancement over the entire 2 Dot ATebe O e At
boiling curve, as illustrated in Fig. @hang and Youyi27]). Three © 1.25 m/s, ATsub=3°C (43.5) K,
. o . . 60 4| B 1.25m/s, ATsub=15°C (45.2) x
important characteristics of the boiling curve were affectdd: A 125 mls, ATsub=24°C (51.9) ig

iling incipi - ® 3.15 m/s, ATsub=9°C (49.7 Am
boiling incipience superheat was reduced by 75 per¢&nhucle § ol AT§Eb=21°c((ss.§> LAt
ate boiling heat transfer coefficient was increased by over 300 A 3.15mhs, ATsub=31°C (729) | | A8
®

percent, and3) CHF was increased by 50 percent.

Heat Flux (W/cm®)
FN
(=]

Comparison of Uncoated and Coated 2 mm Channels.
Subcooled convective boiling curves are shown for the uncoated, 20 1
2 mm channel in Fig. 5 for different velocities and various levels
of subcooling. These data are plotted on the traditional boiling

axes of heat flux versus wall superheat. Heat flux values for this, 0 ‘

and subsequent plots, are the average over the heater surface. Wal 20 -10 0 10 20 30 40 50 60

superheat for this, and subsequent plots, is defined as follows: Wall Superheat (°C)
ATsaF?Wa"—Tsatm, (1) Fig. 6 Boiling curves for the coated channel at all velocities
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Fig. 7 Boiling curves showing coating effects at 0.31 m /s Fig. 9 Pressure drop for the uncoated and coated channels at
' ' 1.25 m/s

such a large number of active nucleation sites that there is
place on the heater surface where traditional convection can t
place. The competition between convection and boiling begins
become evident at 3.15 m/s, however, as indicated from the sli
variation in coated-channel boiling curves versus level of subcool-
ing at this velocity. As mentioned previously, the coating thickne§.?1
for the 2 mm channel was approximately 1fn. The slope of
these boiling curves, therefore, is adversely affected by the ad
conductive resistance of the coating layer.

uncoated. As in the case of the 0.31 m/s data, widespread
ling occurs at much lower wall superheats for the coated chan-
%I, even though it is primarily within the subcooled boiling re-

Pressure drop data for the uncoated and coated channels at 1.25
/s is shown in Fig. 9 versus heat flux. The effects of measure-
nt uncertainty in pressure drop are evident in this figure. The
sence of the coating does not have much, if any, of an effect on

Also shown in Fig. 6 is a solid line representing the pool boill cooure drop for subcooling levels of 15 and 24°C. For the 3°C

. subcooled case, however, the coated-channel pressure drop ex-
ing data of Chang and You[27]coated 1 cm by 1 cm flat heater:%geds that of the uncoated channel in the lower heat flux range.
e

;ths pool bc:_mng l;:u_:_ves Sgtreepwetrrllt n magnlt:Jdtﬁ and slope wi st results showed that the test section exit quality for this sub-
e convective Dboiling data Iurtheér support the presence oling level is primarily saturated. Boiling occurring at a lower

bo'lAIlngc-jdotr)mnaélon W'th'n.the cofatt)eql_channels. for th ¢ heat flux combined with saturated conditions within the channel
Side-by-side comparison of borling curves for the uncoaléhg 5 jn g larger void fraction in the coated channel. This in-

apg r?r:icro/porgus-c_gateglchanrr:els are STOWH 'Q Fig. 7 at abV?LOCd ¥ased vapor volume results in a higher contribution from accel-
oro.o1 ms. f-onsiderablé enhancement can be seen in bo Qe‘?g ion to the total pressure drop in the lower heat flux region. As

transfer coeffi(t:.ient:tnd hCHtFﬂdue ftgotrw/éﬁplication ?f tt?e tmb'oiling becomes more widespread within the uncoated channel, its
croporous coating. At a héat fiux o or example, heal , assyre drop begins to approach that of the coated channel.

transfer coefficient is doubled. Widespread boiling for the Coaté)éBased on a qualitative comparison of heat transfer and pressure

channels occurs at much lower wall superhé¢at® 5°C as com- d . - -
X . rop, application of the coating clearly provides an advantage. For
paéeo_ll_wnh thosefof the un;:odateddchar;ﬁ? tg 20 CI:)- h igher subcooling levels, significant heat transfer enhancement is
ofling curves Tor uncoatéd and coated channels aré shown companied by little or no pressure drop penalty. The widespread

atvetl_cxlzltr)]/ Oft 1t.25 T/s In c;:I?:'HSF. Thf\ coated cthanneltf]hows su Ogcooled boiling generated by the presence of the coating does
stantial heat transier an ennancement over the uncogiel increase void fraction because boiling vapor is rapidly con-

channel. At a heat flux Of. 3.0 V\(/&nfor e_xample, the_ coated- densed. At 3°C subcooling, however, early initiation of boiling
channel heat transfer coefficient is approximately 1.5 times that sults in an immediate increase in pressure drop, tending to di-
minish the advantage of the heat transfer enhancement.
Boiling curves for uncoated and coated channels are shown in

60 T 1 T Fig. 10 for a velocity of 3.15 m/s. The single-phase regions in Fig.
0 Uncoated, ATsub=3°C (34.6) | 10 are comparable, as expected. The single-phase region for the
so | OUncoated, ATsub=15°C (33.7) L A coated-channel cases is followed by a gradual transition to sub-
A Uncoated, ATsub=24°C (38.1) i N cooled boiling (indicated by the minor change in slop&hich
® Coated, ATsub=3°C (43.5) ‘ ‘t' provides modest enhancement in heat transfer over the uncoated-
g 40 1| M Coated, ATsub=15°C (45.2) AN channel cases. For the 9°C subcooled case at 30 ¥fomin-
S A Couted, ATsub=24°C (51.9) & P stance, the coated-channel heat transfer coefficient is approxi-
= 30 %ﬂ &8s mately 1.4 times that of the uncoated channel. This enhancement
= A= Au%o@ is diminished relative to that seen for lower velocities. This reduc-
2, _ 56 l N tion in enhancement is a result of the increase in efficiency of the
Ap [& Dn%" uncoated channels with increasing velocity. As seen in Fig. 6, the
NN 3 Doo° coated-channel data are relatively insensitive to velocity effects.
10 A ﬁgn%o—— The uncoated-channel data, however, show a steady increase in
- :‘u meY | © | heat transfer rate with increasing velocifffig. 5). Once sub-
o w [ om " e 8 . cooled boiling is established in the uncoated channels, their
20 10 0 10 2 20 0 boiling-curve slopes exceed those of the coated channel curves. At
Wall Superheat (°C) a wall superheat of approximately 30°C, this difference in slope

causes the uncoated heat transfer rate for the 31°C subcooled case
Fig. 8 Boiling curves showing coating effects at 1.25 m /s to exceed the coated heat transfer rate.
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Fig. 10 Boiling curves showing coating effects at 3.15m /s Fig. 12 Coated-channel critical heat flux correlation

This transition in heat transfer superiority from the coated to the, s Between approximately 20 and 40 Wictine coated chan-
uncoated channel may be due to a combination of two effeci|s appear to have an advantage as long as increases in pressure
First, boiling dominance within the coated channels suggests t p do not occur. At heat fluxes above 40 Wigtthe benefit of

for a given heat flux, wall superheat has a fixed value regardlggg coating appears to come only in the form of increased CHF.
of velocity (within the velocity range testedAlternatively, con-

vection dominance within the uncoated channels results in a hea€ritical Heat Flux. The microporous coating effect on CHF
transfer dependence on velocitgnd subcooling). For a given can be seen in the comparison plots shown in Figs. 7, 8, and 10.
heat flux, therefore, wall superheat within the uncoated channigie CHF values shown for each channel are averages of the CHF
will continue to decrease as velocity increases, thus shifting thiglues for each of the two runs executed. The increase in CHF due
boiling curves to the left. Secondly, the coating layer becomes tmapplication of the coating ranged from approximately 14 to 36
added conductive resistance in the heat path. This added repigrcent. This is somewhat less than the 50 percent achieved by
tance has the effect of decreasing the boiling curve slope. Mirthang and You27] for their flat heater in pool boilingFig. 4).
mizing the coating thickness, therefore, is desirable. This is not surprising since a limited amount of liquid exists
A comparison of uncoated- and coated-channel pressure dmgithin the small-diameter channel.
for 3.15 m/s is shown in Fig. 11 versus heat flux. A general trend The coated-channel CHF data were compared against the CHF
can be seen in which the coated channel pressure drop depeaselation developed for the uncoated-channel data by Ammer-
from its single-phase value at lower heat fluxes than the uncoatedn and Yoy 15]:
channel due to early initiation of boiling. This was also observed 0.6
in Fig. 9 for the 1.25 m/s case. There is a noticeable single-phase Gmax =O.45W95°'37(—x-)°‘1( @) )
pressure drop difference between the uncoated and coated chan- Ghyg ' '
nels. It is possible that the application of the porous CoatirWhereq
roughens the surface causing an increase in the turbulent frictighu hrg?;t
factor.
A qualitative comparison of heat transfer and pressure dr

is the critical heat fluxG is the mass fluxhy, is the

of vaporization, \Weis the Weber number based on
channel hydraulic diametex; is the equilibrium inlet quality, and
. . ) ; and p; are the vapor and liquid densities, respectively. This
indicates that addition of the coating produces only minor benefity e|ation performed well in illustrating the trend of the coated
at this velocity. At heat fluxes below 20 W/érboiling is SUp-  channel data. A better fit for the coated channel data was found by
pressed and no heat transfer benefit is seen for the coated C'?ﬁ@r‘easing the leading constant in E&) by a factor of 1.15 as

follows:
35 110 Uncoated, ATsub=9°C Qmax =0.52Wk *0.37( _ X_)O.l( @ oo (3)
O Uncoated, ATsub=21°C Gh fg ! % ! [T
30 418 Uncoated, ATsub=31°C ]
® Coated, ATsub=9°C o’ T_he coated-channel CHF data are plotted against this prediction i_n
ss | :gwed,ATsuijl:C o Fig. 12. The_ added factor of 1.15 represents the mean, approxi-
= oated, ATsub=31°C_ |7 @ mate CHF increase of the coated-channel data relative to the
g " 0 ] uncoated-channel data for the conditions tested.
e . oon° ..- Summary and Conclusions
8 e o2 . ada An experimental investigation into convective boiling heat
¥ o yutmbar %cf‘,'"A"'A.A'Df Ahat ‘A‘ : transfer enhancement was %erformed. The purpose of thigs investi-
?@"2?’“‘?‘2@ BB R5Raa8,000 gation was to develop a fundamental understanding of the advan-
5 ! ‘ . tages and disadvantages of application of a microporous coating
to the boiling surface. The present research using a small channel
0 . diameter combined with a dielectric working fluid is directly ap-

0 10 20 30 40 5 60 70 80 plicable to electronics cooling. The following conclusions are
Heat Flux (W/cm?®) made:
Fig. 11 Pressure drop for the uncoated and coated channels 1 Application of the microporous coating produced consider-
at 3.15 m/s able heat transfer enhancement for nearly all conditions tested.
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Similar to the pool boiling case shown in Fig. 4, use of the coatingl4] Xu. X., and Carey, V. P., 1987, “Heat Transfer and Two-Phase Flow During
in Convective b0|l|ng resulted in initiation Of b0|l|ng at |0Wer Wa" Convective BO|I|ng Ina Partlally-Heated Cross-Ribbed Channel,” Int. J. Heat
. .. Mass Transf.30, No. 11, pp. 2385-2397.

superheats, increased heat transfer coefficients, and elevated CI-[lEﬁ Panitsidis, H.. Gresham, R. D., and Westwater, J. W., 1975, “Boiling of Lig-

levels. Based on previous pool boiling studies, the present authors  uids in a Compact Plate-Fin Heat Exchanger,” Int. J. Heat Mass Trat,

theorize that the mechanism of enhancement attributable to the pp. 37-42.

coating is the increase in number of nucleation sites and bubblé] ghe?,TC. Cf., '—ghth-,Vu ég‘d Westwsltetﬂ IJ:; Wﬁ 1?8El, “}f’fed'C“anPf E:ﬁ"'f:g
H : _ eat lransrter buty in a Compac ate-rin neal XChanger using e Im-

depe_lrture frequency. Thus.’ the t_:patlng p_rowdes a mea.ns of ex proved Local Assumption,” Int. J. Heat Mass Tran&4, No. 12, pp. 1907—

tending the range over which boiling dominates convection. 1912,

2 Application of the coating produced remarkable heat transfer7] chen, . C., and Westwater, J. W., 1984, “Application of the Local Assump-
insensitivity to variations in velocity and subcooling. For the un-  tion for the Design of Compact Heat Exchangers for Boiling Heat Transfer,”
coated channel, however, the heat transfer performance steadiig ﬁSME ige;‘ Trazsgrlgﬁép& 2?38—229% ive Heat Transfer. P
increased with increases in velocity, eventually surpassing the pet=! Si28iet 2 e el & 2 O e ot O et
formance of the coated channel. The coated channel’s insensitivity wass Transt.25, No. 7, pp. 945-960.
to velocity effects, therefore, is a benefit that diminishes with[9] Orozco, J., and Hanson, C., 1992, “A Study of Mixed Convection Boiling
increasing flow velocity. Heat Transfer in Narrow Gaps,” HTI?—VOL 206-2, pp. 81-85. »

3 Comparisons of heat transfer and pressure drop revealed tht! Moriyama, K., and Inoue, A., 1992, “The Thermohydraulic Characteristics of

! . . . . Two-Phase Flow in Extremely Narrow Chann€l$e Frictional Pressure Drop
benefits of the Coat'n_g_ are optlr_num at higher subcooling levels and Heat Transfer of Boiling Two-Phase Flow, Analytical ModeHeat
where subcooled bOlll.Ing prevalls..Even though subcooled, the Transfer-Jpn. Res21, No. 8, pp. 838—856.
presence of the additional nucleation sites promotes widespreéid] Wambsganss, M. W., France, D. M., Jendrzejczyk, J. A., and Tran, T. N., 1993,
boiling at lower wall superheats. The vapor generated from these _Boiing "l"igt Transfer i1 2 Horizontal Small-Diameter Tube," ASME J. Heat

. : . . ransfer, pp. -972.
?)I:l?yStI: r?\?r:gl:l?/mcp?;c(::ser;?]eSrggseuE% Zﬁggognghgsgvsxlfé’oi?:d|E§ 1 Cornwell, K., and Kew, P. A., 1993, “Boiling in Small Parallel Channels,” in
! - > M. ~ Energy Efficiency in Process Technolodglsevier Applied Science, London,
ing cases, the coating provides a significant, penalty-free heat pp. 624—-640.
transfer enhancement. This attribute of the coating makes it supld3] Bowers, M. B., and Mudawar, I., 1994, “High Flux Boiling in Low Flow Rate,
rior to current compact heat exchanger enhancement methods ,'\-Aoa"gsp;f:li‘;;esgr?\lpo“’z““;ghgg{‘f'sggd Micro-Channel Heat Sinks,” Int. J. Heat
such as t_he _addltlon of fInS_OI’ ribs |n5|de channels. 14] Xia, C., Weilin, H., and Zengyuan, G., 1996, “Natural Convective Boiling in
] 4 Appllcathn of the coating provided favorable enhance_men Vertical Rectangular Narrow Channels,” Exp. Therm. Fluid St2, pp. 313—
in CHF. The increase ranged from 14 to 36 percent, which is 324.

slightly lower than the p00| boiling CHF enhancement of 50 per[lS] Ammerman, C. N., and You, S. M., 1998, “Enhanced Convective Boiling of
cent shown by Chang and YCEQ?] FC-87 in Small, Rectangular, Horizontal Channels: Heat Transfer Coefficient

and CHF,” ASME HTD-Vol. 357-4, pp. 225-233.

[16] Thome, J. R., 199 nhanced Boiling Heat TransfeHemisphere, New York.

Nomenclature [17] O’Connor, J. P., and You, S. M., 1995, “A Painting Technique to Enhance Pool
D = channel hydraulic diametém) gggingggleat Transfer in Saturated FC-72,” ASME J. Heat Transié#, pp.
G = mass flux(kg/m?s) [18] O'Connor, J. P., You, S. M., and Price, D. C., 1995, “A Dielectric Surface
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Simultaneous Heat and Mass

Transfer in Film Absorption With

the Presence of Non-Ahsorhable
Hamza M. Habib Gases

Assistant Professor

College of Engineering, Numerical solutions are presented for the effect of a non-absorbable gas on the heat and

El-Menoufia University, mass transfer rates during the absorption of water vapor by a falling laminar smooth film

Shebin EI-Kom, Egypt of an aqueous lithium bromide or aqueous lithium chloride solution (absorbent). The

geometry consists of a vertical channel with two walls, one of which is isothermal and the

Byard D. Wood other adiabatic. The liquid film of an absorbent flows down over the isothermal wall,

Professor and Chairman while a mixture of water vapor and air flows between the liquid free-surface and the
Department of Mechanical Engineering, adiabatic wall. The whole system is kept under vacuum pressure. Water vapor is absorbed
University of Nevada, Reno by the film and air is the non-absorbable gas. The momentum, energy, and concentration

Reno, Nevada, USA equations are written with a set of interfacial and boundary conditions and solved nu-

merically for the two phases. Variable property effects are included, as well as the inter-
facial shear. Heat and mass transfer results are presented over a wide range of inlet air
concentrations. The average mass fluxes showed a continuous reduction with an increase
in the amount of air for a concentration of air as high as 40 percent by weight. But the
local mass fluxes showed a different behavior from the absorption of a pure vapor case.
The decrease was much higher at the entrance than in a pure vapor case. The numerical
results are in good agreement with the experimental data available for lithium chloride.
The model has promise as means of predicting the heat and mass transfer characteristics
of falling film absorber. [DOI: 10.1115/1.1370523

Introduction at the interface; whereas the absorption problem requires concen-
Absorption of vapors or gases into a falling liquid film is antration, temperature and pressure condition equilibrium at the

important chemical process for many applications and has beBffrface. This extra condition significantly complicates the
studied widely in chemical technology. It is complicated by th@roblem. _ _ _
hydrodynamics of the film, the heat generated at the interface, théVakoryakov and Griger'evgl | were the first to model the si-
equilibrium relation, and the presence of a non-absorbable gagmqlltaneous heat and mass transfer in film absorption. In their
the gas phase. Usually the liquidbsorbenthas a strong affinity model they assumed a linear temperature profile across the film.
for the vapor(adsorbate), and the driving potential for the absorpFo obtain a similarity solution they assumed a uniform velocity
tion is the difference between the adsorbate pressure and the vapofile across the film; essentially, this assumption overestimates
pressure of the absorbent corresponding to its concentration ahel bulk temperature and concentration on the liquid. Lat¢R]n
temperature. The heat generated in this exothermic process catiseg improved their model by solving the temperature field rather
a temperature gradient in both phases and increases the vapgh assuming it. Further i8] the same authors studied the com-
pressure of the solution. Consequently the absorption ratepified heat and mass transfer in the entrance region. They used

reduced. boundary layer equations, and assumed that a thermal layer is
formed on the solid wall and thermal and diffusion layers on the
Previous Work film free surface. The authors drew conclusions about the relative

Two types of investigations have been performed in the field #ngths of the entrance effects for each process. A convenient set
film absorption. One is concerned with the isothermal film absorpf non-dimensional parameters to describe experimental results
tion, i.e., the heat of absorption generated in the process is sniall their initial region on the plate were also found.
and the process can be considered isothermal. The other is exo¥ih and Seagrave4] studied the effect of shear stress and
thermic, i.e., the effect of heat transfer cannot be neglected. Thariable properties on laminar film absorption, using a linear tem-
high heat of absorption is a result of non-ideal mixing. This usiperature profile across the film. They concluded that the heat
ally happens when highly polar molecules are absorbed suchtggsfer and interfacial shear could have a profound influence on
water and ammonia or Libr water vapor, so the coupling betweg@fe mass transfer rate. A co-current gas shear was found to de-
heat and mass must be considered. Studies of the effect of ngpsase the film thickness and increase the mass transfer rate.
gbsorb.able gases on the heat and mass transfer in film ?‘bsorpt'oﬂndberg et al[5] solved the combined heat and mass transfer
is relatively little in the literature, but much has been published qf |aminar film absorption numerically. They concluded that ab-
Fhe effect of.non-condensmles In film condgnsatlon pecause Ofétérption is dominated by different mechanisms along the film as
importance in power plants. It is worth noting the difference bﬁhe temperature and concentration profiles developed at their sepa-

tween film absorption and film condensation. The condensationy ' - these separate regions were distinguished by both tem-

roblem requires only temperature-pressure equilibrium relation . ) - )
P q y P P q perature and concentrations developing, developing concentration

rofile, and both profiles fully developed. Grossnméhimproved
Contributed by the Heat Transfer Division for publication in th®URNAL OF p ’ P Y P nien P

HEAT TRANSFER Manuscript received by the Heat Transfer Division September 1§,he_ mOde! used by Nakoryakd] by assuming a_ parabOHC_ ve- .
1999; revision received December 4, 2000. Associate Editor: D. A. Kaminski.  locity profile; he also extended by model by studying the adiabatic
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wall. He concluded that the heat and mass transfer coefficients Vg
depend on the Peclet and Lewis numbers as well as the equilib- Toi
rium characteristics of the working materials. Co Vog, Tog, Wog

The problem of combined heat and mass transfer in a liquid
film in the presence of non-absorbable gas has only recently be-
gun to receive attention. Nakoryakov and Grigor’'¢va showed
analytically, by a smooth film model, that for only one percent air
in vapor, the mass transfer coefficient was reduced by 75 percent,
and 10 percent air reduced the mass transfer by 90 percent. How-
ever, their model is only applicable for the entrance region. Bur-
dkov et al.[8]in their experiment with absorption of water vapor
by a thin layer of lithium bromide in presence of air, reported that
an air content of 0.5 percent in water vapor reduces the mass
transfer coefficient almost 50 percent. Ydi®g in his experiment
for a laminar wavy film of lithium chloride solution found that the
non-absorbables depress heat and mass transfer at low concentra-
tions of air. He also found that the absorption reduction was sig-
nificantly lower than that reported by Burdkd8] and reported
that the reduction was continuous for up to 30 percent of air
content. Similar experiments were conducted by Anj&el with
better measuring equipment and better analysis. He was able to
obtain data for low concentration of non-absorbable gas varied
from 0 to 10 percent by volume. The experimental results indicate
that significant increase in heat and mass transfer rates can be
obtained by reducing the non-absorbable gas concentration to lev- -
els approaching 0 percent. For Re0, the mass transfer rate is L1
enhanced 35 percent by reducing the non-absorbable gas concen-
tration from 5 to 0.5 percent.

Absorption can be enhanced by adding a small amount of sur-
factants, or wetting agents which act to reduce the surface tension,
[11]. It could also be enhanced by changing the surface configu- L . )
ration by mounting disturbances in the base pla®). Along th_e Ilqmd-gas interface the temperature _and concentration

In summary, it appears that a considerable effort has been m&fethe liquid absorbent and the concentration of the non-
to understand the physical phenomena of falling liquid films arfPSorbables are unknown and are determined in the course of
the absorption into the same. However, both of these general pr8Balysis. ) ) o
lem areas still require further study, the problem of combined heatThe following assumptions are used: the flow is laminar in both
and mass transfer in a liquid film in the presence of norfluid and gas. The mass of the vapor absorbed at the interface is
absorbable gas has only recently begun to receive attention. |€f8all compared to the mass flow rate of the liquid, but it is in-
hoped that this study will further our understanding of this intepluded._The film thickness however is con_5|dered constant. There
esting process. is no _sllp between the tV\_/o_ pha_ses. D!ffu_slon-ther_mo and thermal

diffusion effects are negligible in the liquid film. Finally thermo-
dynamic equilibrium exists at the liquid gas interface.

Water Vapor-Air
Mixture

Isothermal Wall
L2

Gas-Liquid Interface
Adiabatic Wall

Fig. 1 Schematic of the physical situation

Analysis Governing Equations for the Liquid Phase.

Consider a thin film of aqueous solution of lithium bromide 4 _
flowing downward over a vertical isothermal plate under the ac- 7x P+ W(plv)_o @
tion of gravity. The film is in contact with a mixture of water
vapor and air. The mixture of the water vapor and air is pumped Ju au ap 4 Jau d du
between the liquid free surface and an adiabatic wall. As the vapor  P1Y 5 + PV y  ax X ( '“15) + ay ( "’“1@) @
flows towards the interface, the non-absorbable gases are swept
along with it. Since the interface is impermeable to the non- v v ap d v J v
absorbables, air accumulates there resulting in a reduction of thd1! 35 * PV ay ay tox ( “15) + ay ( '“l@) .9
water vapor pressure. Thus, we have a pair of interacting regions, 3

one in the liquid phase and the other is in the gas phase. It is
necessary to formulate the governing equations for the two phases .~ T~ 0T _ 0 T\ 7 [ T
and then couple them by applying the interfacial relations. A sche- P1%p1 IX Patpav ay Toox | rox aay lﬂy
matic representation of the physical model is shown in Fig. 1. The

) “

coordinates along and normal to the wall grandx, respectively, §+ JC_ a9 b aC N 9 5 9C 5
and the corresponding velocity components @rand u, respec- paU o T P1Y ay X PiE17 5% ay P11 ay ®)
tively. At the entrance, the vapor and air are introduced into the ) )
channel at a velocity and temperaturewgf, and Toy. The con- ~ Governing Equations for the Gas Phase.
centration of the non-absorbable da#) is Wy,. The liquid ab- P P
sorbent has an initial cpncentratio_n and tempera_tu(éoosindT01 a_(pgu) + a_(pgv):o (6)
and an average velocity of the film ig; determined from the X y
mass flow rate of the liquid absorbent. The film thicknésis
. . Ju Ju ap d Ju J au
determined from the relation, Nussglt3] i —=— — 4 — | u— |+ _( —
PgUTx TPV ay ax  ox | Hoax ay ’ugay ")
N 3uqv01 ; Re < 1500 3v+ v apJr d ( v N d v 8
“\ pig or Res= ' PG TP oy Ty T ax | Paax | T oy | Faay (8)
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8T+ aT_ak0T+ak9T o
PoChat G HPatoa Gy = x| Ko | Ty [ Koy | )
Wy W _ 9 awz)+ A~ awz)

PgU—ax PgU _&y T x| PePe @ Py g_ﬁy
(10)
Boundary Conditions and Interfacial Relations.
u=0, v=0 at x=0 and x=L,
T=To, v=ve C=Cy at y=0 and O<x<§
T=Tog, v=vgg Wo=Wp, at y=0 and §<x<L;
(11)
T=Ty at x=0 (12)
00—0 t x=0 13
X at x= (13)
(9T_ (9W2_O ¢ xeL "
x0T 0 At x=h (14)
Jdv Jv (15)
M1 :/Lg_
X ‘s IX s
AW,
qu|x=5_PngW =0 (16)
X=35
Yox| TRk apllax_ a7
X= X=0 xX=4
JC 9
—piDi :_Png(;—X(l_Wz) +piuly=s (18)
X=48 x=6
ﬁu_o z?v_o &T_O aC_O HWZ—O  v_lo
ay oy ey ey ey D YT
(19)

Equations(1)—(5) represent the continuity, themomentum, the

Given the vapor pressure and temperature; ) can be
solved iteratively to determine the equilibrium concentration that
is required at the interface.

Numerical Method

The governing equations were discretized using the control vol-
ume formulation. The control volume formulation ensures an
overall energy balance even for very coarse grid. The computer
code based on the mathematical model above and the SIMPLER
method[17] are validated for the case of zero concentration of
nonabsorbable gas and the results are published elsej&re

Due to the large gradients at the entrance and the liquid-gas
interface, a non-uniform grid was used with 30 grid points
through the film thickness and 20 points through the gas phase in
the crosswise direction. The grid was clustered around the inter-
face from both sides of the interface and gradually stretched away
from the interface. The grid size in the streamwise direction was
38 points with a gradual decrease in grid density in the flow
direction.

Independence of solution on the grid size was studied for vari-
ous cases for instance, for the case of 1 percent concentration of
nonabsorbable gas the grid size o688 was found to be best.
The grid independence was achieved within 0.5 percent variation,
which also resulted in a favorable C.P.U. computation time. It was
observed that further refining the mesh produced a negligible ef-
fect on the results.

A relative error of no greater than 16in all the variables at all
grid points was used as the convergence criterion.

Results and Discussions

To validate the simulation the effect of non-absorbable gas on
the mass transfer rate, as determined in this study, is compared to
the experimental data of Yari®] and Ameel[10]in Fig. 2, for
lithium chloride solution.

Due to the complexity of the equilibrium relatiof20), it is
difficult to present the results in a non-dimensional form. A case
study is selected for typical operating parameters for an absorber
[14]. The operating parameters are: inlet solution temperature,
44°C, inlet solution concentration of lithium bromide, 0.6; liquid
film Reynolds number, 30; wall temperature, 35°C; absorber va-

y-momentum, the energy, and concentration equations, respl@t pressure, 7.02 mm Hg; inlet gas temperature, 20°C; inlet con-
tively, in the liquid phase. The body forces in the gas phase a@ntration of the non-absorbable gas, 3 percent; gas Reynolds

neglected due to the presence of forced flow. Equatiéis(10)
represent their counterpart in the gas phase. Conditiénshows

number, 30.

that the wall atx=L, is adiabatic and impermeable to the mass

transfer. Condition(15) confirms the continuation of the shear
forces at the interface. Conditigth6) represents the impermeabil-

ity of the interface to the non-absorbable gases. Conditiah

represents the continuity of energy through the interface. Condi
tion (18) represents the continuity of mass for the absorbate
through the interface. Conditiorid¢9) assume that at the exit of

the channel there are no significant changes in the velocity, cor”

centration, and the temperature.

To close the problem an extra equation is needed to relate th
water vapor partial pressure, the solution concentration of LiBr/
LiCl and the temperature at the interface at equilibrium condi-

tions. Siebd14]has fitted the experimental data of Lovw&b]for
LiBr-water solutions and of Uemuid 6] for LiCl-water solutions
at a specified pressure and temperature in the form of(Z).
given below.

Log;oP=A+B/T+D/T?, (20)
where
A=a,+a;C+a,C?+a,C®
B=by+b;C+b,C2+b,C3

D= do_ d1C+ d202+ d303.
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1 ©O Yang 1987
] O Ameel 1991
2.0 — Present Study

Mass Transfer Rate x 10 ( kg/m s)

% Non-Absorbable Gas (Vol. %)
Fig. 2 Comparison of the mass transfer rate at the interface as

a function of the non-absorbable gas with previously reported
data
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Fig. 3 Local distribution of the non-absorbable gas along the

. Fig. 5 Effect of the non-absorbable gas on the concentration
interface

profiles across the film

The absorption of water vapor by a liquid absorbent decreases = ] )
the concentration of water vapor at the interface on the gas siéiguid film for different locations. As the flow progresses along the
Thus the concentration of air increases. However, this also di@ll, the interface concentration of LiBr continues to drop be-
creases the driving gradient for water vapor absorption, and evéAuse absorption at the interface occurs faster than the water may
tually, an equilibrium is reached at some distance downstreaR€ transported into the interior of the film. This dropping of inter-
This is shown in Fig. 3, where the local distribution of the nonface concentration leads to a drop in interface temperature through
absorbable gas along the interface is plotted against the stredf® equilibrium conditions that are imposed at the interface. This
wise distance. Figure 4 shows the local distribution of the nofIrop in interface temperature decreases the driving force for heat
absorbable gas across the gas phase for different locations. Wa@sfer through the film, and therefore slows down the absorption
notice that the concentration of the non-absorbables increa®&gcess as the fluid progresses along the wall. _ _
sharply at the interface and approaches its initial value at theFigure 6 shows the temperature profiles across the film for dif-
adiabatic wall. This can be explained as follows: due to the afftrent locations. The inlet region of the liquid film is governed by
sorption process water vapor is carried from the bulk to the intdpoundary layer growth at the cold wall and a diffusion layer at the
face by convective flow, which carries with it the non-absorbabl8terface. Once both heat transfer and mass transfer boundary lay-
gas. However, since the interface is impermeable to the nd¥S are fully developed, there is no latent heat release, and the
absorbables, it must be removed from the interface at the satRB)perature becomes flat, at the temperature of the cold wall.
rate at which it arrives. The removal is accomplished by a diffu- Figure 7 shows the local mass flux as a function of the concen-
sive backflow into the bulk. It is evident that the interfacial contration of the non-absorbables. It is worth noting the difference
centration of the non-absorbable gas must build up to the le\R§tween an absorption process with a pure vapor and an absorp-
sufficient for the balance between the convective inflow and ti##n process with a non-absorbable gas. As one expects from ab-
diffusive backflow. There will be a consequent reduction of thgorption of a pure vapor, at some distance down the plate, the
interface temperature and concentration of the absorbate. ~ Mass transfer decreases continuously, because the driving poten-

Figure 5 shows the concentration profiles of LiBr across tHéal for mass transfer and associated heat transfer decreases, but in

6.6
44.0 -
420
= 9
2 ¢
_g gé. 40.0
g 3
w -
2 38.0
2
36.0 0.07
\018
N ose
340 L 1
0.08 0.0 0.1 02 03
Distance from Interface, m D from the Isoth | Wall, mm
Fig. 4 Local distribution of the non-absorbable gas across the Fig. 6 Effect of the non-absorbable gas on the temperature
gas phase for various locations profiles across the film
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Fig. 7 Local distribution of the mass flux at the interface as Absorber Length, m

function of the concentration of the non-absorbable gas . ) )
Fig. 9 Comparison of the axial contact length on mass trans-

fer rate

absorption with a presence of a non-absorbable gas in the g&% mass transfer rate increases with increasing the contact length

phase the decrease is much higher at the entrance than in a R should approach an asymptotic value when the equilibrium
vapor case. But at some distance when the concentration of & dition is established at a very long distance.

non-absorbable starts to decrease the local mass flux starts to in-
crease. We notice that the local mass flux approaches the CurvwndUSiOI’]S
a pure vapor case.

Figure 8 shows the average mass flux as function of the inletA numerical study of the governing equations for the absorption
concentration of the non-absorbable gas, for the same parame@érgater vapor from a mixture of water vapor and air during the
given. It is clear that the reduction is continuous up to 30 perce@psorption of water vapor by a falling film of an aqueous lithium
and that the larger the initial concentration of the non-absorbatleomide or aqueous lithium chloride solutiGabsorbenthas been
the smaller the mass flux. presented. The results cover a wide range of concentrations of the

Figure 9 shows the effect of the axial contact length on magon-absorbable gas. The average mass fluxes showed a continuous
transfer rate with the experimental data given by Y48y The reduction with an increase in the amount of air for a concentration
mass transfer rate was calculated for four different lengths, 20, 44,air as high as 40 percent by weight. But the local mass fluxes
60, and 85 cm, for the following conditions: inlet solution temshowed a different behavior from the absorption of a pure vapor
perature, 35°C; inlet solution concentration of lithium chloridegase. The decrease was much higher at the entrance than in a pure
0.44; liquid film Reynolds number, 30; wall temperature, 30°CJapor case. At some distance when the concentration of the non-
absorber vapor pressure, 8.5 mm Hg; inlet gas temperature, 208@sorbable gas starts to decrease, the local mass flux starts to
inlet concentration of the non-absorbable gas, 5 per@@ntol- increase. Finally the local mass flux approaches the curve of a
ume); gas Reynolds number, 30. The numerical solution is inpalre vapor case down the channel. The numerical results are in
good agreement with the data except for the low contact |engt|g§,0d agreement with the experimental data. The numerical results

indicate that significant increases in heat and mass transfer can be
obtained by reducing the the non-absorbable gas concentration to
levels approaching O percent.

0.004
Nomenclature
C = concentration of adsorbate in solution, kg water/kg solu-
tion
R C, = equilibrium concentration at the interface
o8 C, = specific heat, ki/kg c°
:5‘. D, = diffusion coefficient of adsorbate in liquid,¥s
g o002 Dy = diffusion coefficient of air in water vapor-air mixture,
s mé/s
2 Ha = heat of absorption, kj/kg
k = thermal conductivity, kjin.s.°C)
0.001 Le = Lewis Number
L1 = width of the channel, m
L2 = length of the channel, m
P = total pressure of the absorber, mm-Hg
0000 - 10 2 " 0 0 P, = vapor pressure in the gas phase, mm-Hg
Pr = Prandtl Number
% “Hion:Absorbable Gas Re = film Reynolds Numbet 4v, /v,
Re, = gas Reynolds NumbetvogL 1/v
Fig. 8 Average mass flux absorbed at the interface as function T = temperature, °C
of the concentration of the non-absorbable gas u = velocity in the transverse direction, m/s
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velocity in the streamwise direction, m/s
mass fraction of air

coordinate perpendicular to flow direction
coordinate in flow direction

Greek Letters

a = thermal diffusion coefficient, Afs
I' = mean volumetric flow rate
6 = film thickness, m
# = dynamic viscosity, kdim®.s)
v = kinematic viscosity, st
p = density, kg/m
Subscripts
1 = water vapor
2 = air
g = gas phase
| = liquid phase
n = interface
0 = inlet
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Bridgman Crystal Growth of an
Alloy With Thermosolutal
Convection Under Microgravity
Conditions

The solidification of a dilute alloy (bismuth-tin) under Bridgman crystal growth condi-
tions is investigated. Computations are performed in two dimensions with a uniform grid.
The simulation includes the species concentration, temperature and flow fields, as well as
conduction in the ampoule. Fully transient simulations have been performed, with no
simplifying steady state approximations. Results are obtained under microgravity condi-
tions for pure bismuth, and for Bi-0.1 at.% Sn and Bi-1.0 at.% Sn alloys, and compared
with experimental results obtained from crystals grown in the microgravity environment of
space. For the Bi-1.0 at.% Sn case the results indicate that a secondary convective cell,
driven by solutal gradients, forms near the interface. The magnitude of the velocities in
this cell increases with time, causing increasing solute segregation at the solid/liquid
interface. Finally, a comparison between model predictions and results obtained from a
space experiment is reported. The concentration-dependence of the alloy melting tem-

perature is incorporated in the model for this case. Satisfactory correspondence is ob-
tained between the predicted and experimental results in terms of solute concentrations in
the solidified crystal. [DOI: 10.1115/1.1389058

tion, since accurate experimental determination of convection in
tallic melts is very difficult to achieve due to the opacity and

and biomedical applications, demands high-quality crystals. Thi emical reactivity of the melts._ Furthermore, the compl_Jtation_aI
compositional uniformity(and hence the qualityf such crystals modgls_ themselves are t_o be |mproved by a process involving
can be profoundly influenced by the transport phenomena WhiBdelctlon of, and comparison with, the e>.<per|mentql results. The
occur in the melt during solidification. The primary transpor@iM Of this procedure is to develop effectifidly transientcom-
mechanism causing these deleterious effects is natural convecti}#fer simulations of fluid flow related effects. Previous computa-
The low-gravity environment of space offers an opportunity tfons of Bridgman growth had been limited to steady-state growth
suppress the strength of this natural convection. Hence there i§8ge93-5l- _
great deal of interest in the study of directional solidification of Convection effects for MEPHISTO-4 space experiments were
crystals in space. modeled by means of a transient, two-dimensional FIDAP finite-
The MEPHISTO projecfl1]is a collaborative program of space€lement model by Yao et al6]. A fixed-grid approach was
experiments aimed at understanding the fundamental procesaégpted, with the enthalpy method being employed to model the
involved in crystal growth. The space-borne experimental appaighase change. Temporal averaging was used for the apparent heat
tus is a Bridgman-type furnace with an isothermal hot zone, @apacity in the discretized equations. Due to computational diffi-
isothermal chill zone, and an insulated gradient zone. The furnawgties introduced by the small partition coefficient for Bi-Sn, the
contains three ingots inside fused silica ampoules with a maxiresence of solute was ignored in Yao et[6]. Preliminary scal-
mum 6 mm inner diameter and a 10 mm outer diameter. All thréeg arguments by de Groh and Nelspn| implied that solutal
samples are solidified simultaneously under identical thermal cazenvection effects on solute segregation may be significant. How-
ditions. After flight, the samples are extracted and analyzed. Fawer, only recently has it been possible to include solutal convec-
MEPHISTO space experiments have taken place; the most receiofa into numerical simulations involving phase change for
MEPHISTO-4, flew in November 1997. The MEPHISTO-2 and -4/EPHISTO-4. This inability to include solutal convection was
experiments examined the faceted solidification of bismuth dopggtributed to difficulties with obtaining convergence in front-
with tin (Bi-Sn). S tracking methods as well as the low partition coefficient for Bi-Sn
The experimental data from the MEPHISTO-2 miss{with a [6,8]. This has led to the use of a fixed-grid approach in the
Bi-0.1 at.% Sn alloy)resulted in a greater understanding of th%resent work.
d_o.minant role of interface kinetics on morphological stapility. Sta- Many simulations of Bridgman crystal growth processes, both
bility phenomena were observed that had not been previously p{giger terrestrial and microgravity conditions, are available in the
dicted by theory or measured in terrestrial experimé@is The jierature. The majority of these simulations can be classified as
MEPHISTO-4 experiments built on to the previous results, ar@seudo steady stateodels. The key assumption in such models is

used a Bi-1.0 at.% Sn alloy. « " e . :
A . that a “steady-state” mode of alloy solidification exists, i.e., the
The. MEPHISTO project includes a prpgram O.f CornpUt"’It'on%oncentration of the dopant in the solid which forms at the inter-
modeling of the crystal growth process; in particular, comput%

tional techniques are being used to investigate the role of conv ce is equal to the_mmal dopa_nt concen_tratlon In th(_a l'C[lggd
uch models vary in complexity from simple two-dimensional

) . o analyses that consider the interface to be [f810,11]to much
Contributed by the Heat Transfer Division for publication in th®URNAL OF lex f lati that ble to handle interf
HEAT TRANSFER Manuscript received by the Heat Transfer Division October 25more complex rormula |_ons at are able 10 _an e_'n er a_ce cur-
1999; revision received March 13, 2001. Associate Editor: R. Mahajan. vature and wall conductiori2]and fully three-dimensional simu-

Introduction
The synthesis of advanced materials, especially for electron
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lations[13]. However, because of the low partition coefficient for For calculating nondimensional constafgach as thermal Ray-
Bi-Sn alloys, a steady-state mode of solidification is nevéeigh numberRa)the ampoule inside diametkris selected to be
achieved during the MEPHISTO experiments. Thus pseudo stedtg reference length. The characteristic time and velocity become
state models are not appropriate; recently developed fully trari{=H?/a) andv’(=H/t' = a/H).
sient simulations, such as those of Simpson and Garinig4a The governing equation for the conservation of energy is
and Timchenko et al15] need to be employed and improved in p
order to faithfully model this process. T~ T LT

The computat)i/onal modelin% presented in this paper is intended ATC) Zr+pCp V- (UT)=V-(KV) +B(T.Cy). (3)
to examine the effects of thermosolutal natural convection on the . .
MEPHISTO-4 solidification experiments. This will be achievemsl will be seen below that effective heat capacAyand source
using afully transient two-dimensional model, which includes erm?.may be specified in this way for _calculatlng phase-change.
most of the effects of binary alloy solidification, such as conve ol initial temperature equal @y, is appllsd throughout the flow
tion driven by both thermal and solutal gradients, distinct therm ?ld' -I(-jhl? temperatl_Jrels at the=0 andx=L walls are set to be
properties in the solid and liquid phases, conduction through thé ?]n hC’ rels%ectlv(;e Y- diti | +(H/24h
ampoule wall and the effects of interface curvature. The dep _The thermal boundary conditions alogg- —.(H .2+ ) are a
dence of melting temperature on concentration is also conside ggctlor! of time and are shown fch_emat'lcnally n '.:'g' 1.Thereisa
for the numerical results that are compared with experimentifis/ating zondconsidered an “adiabatic” zone if the tempera-
data. It must be stressed that for the growth rates and appl profile is unknownpetween the hot and cold regions of the

thermal gradients encountered during the highly controlled dire -mgg:’tlgn\:v rg?:t”:g :gTﬁ: rr?ct)ltjrfe r"nnaecaglﬁgcreeiftefeﬂ%rﬁet hrﬁeﬁglnd
tional solidification experiments modeled in this paper, the liqui I8 peratu : u perature. . 9
solid interface was experimentally found to btable and non- emperature of the material occurs somewhere within this zone,

dendriticlike that for a pure metal. Consequently, the solid/liqui?{vmch translates with time at a constaavelocity, known as the

interface modeled in our numerical analysis is also stable a &nslation velocity u, . T_hi_s is what f_acilitates the directio_nal
non-dendritic growth of the crystal. Defining thelocation where the translating

zone meets the cold furnace temperature zone to bg(8), the
boundary condition for temperature may be expressed as

Mathematical Formulation y==+ ﬂ+h .
The problem under consideration is the directional solidifica- 2
tion of a binary alloy by the Bridgman process, as shown sche- Te, X<Xa(t)
matically in Fig. 1. The gravity vector is perpendicular to the
furnace axis(horizontal Bridgman growth configuratiponThe T= TC+ATX_XA(t) Xa(t) <X=<(Xa(t)+Lp). 4)
melt region is considered to be a viscous Newtonian fluid subject La
to thermosolutal convection. Thermophysical properties are con- To, (Xa(1) + L) <X

sidered as constant but distinct for the solid and liquid phases.
Density variations are considered to be subject to the Boussind8cprinciple, the solution of the energy E(B) coupled with the
approximation. The equation for conservation of momentum ars@lution of the momentum and mass conservation equatibns
mass are and 2) would yield the temperature and velocity distribution
throughout the simulation domain. However, the problem of mod-
a - _ _ VP o eling the physics of the propagation of the solidification front and
7t TVXWXTU==Br(T—=Tc)§= Bc(C—Co)G— o +uvV  determining its location remains to be addressed. We choose to do
1) this by employing the phase-transformation model of Zeng and
Faghri[16]. In this model, apparent heat capacdityand source
V.u=0. (2) termB are given as

Jf,
A(T,CL) = pCp+ a(T,CL) ﬁ

T e —_V. W+V. - T
Te translating zone Tu B(T.Cp) V- (phot) + V- [pfs(ho+(cpL—Cpg) T)Us]
g ro e iC
—a(T, L)a_CLW

\/

pL—fL(pL—ps)
' 3 : f Cp=CpLTCpUs

L 1
p=psfstp.fL.

For the present study, the density of each phase is assumed to be
equal, and there is no dispersion of solid phase moving in the

solid l \L/ \_Jw X a(T,CL)=p|(cp—Cpa) T+ (pL=ps)CpT+pLhg (5a)

T liquid. For the results shown where the melting temperature is
Tu Tu considered dependent on concentration, the full expressiors for
""""""" andB (Eq. 5a) simplify to become:
= ! A(T,C ram
e > (T.CO=pcp+a(l) —=
Fig. 1 Schematic of the Bridgman crystal growth process and B(T,C.)=—a(T) ﬂ ﬁ_CL (5b)
furnace temperature profile L JC_ dt
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a(T)=pl(cpL—Cpe) T+ho]. velopities can be dete_rminec_i. Bou_nqary conditio_ns are e>_<plic'itly

) i . applied on the advancing solid/liquid interface which is arbitrarily
For the pure bismuth and dilute alloy results, concentratioRsjented and so the boundary conditions require special handling.
dependence on temperature is neglected, and the expressiéns pe |ocation and slope of the interface is calculated using a Hirt

andB simplify further to and Nichols[22] type front reconstruction; the boundary condi-

of, tions may then be applied once the slope and position of the front
A(T)=pc,+a(T) T are known.
The energy(4) and solute conservatiof®) equations are dis-
B(T)=0 (sc) cretized using the finite volume mesh, with an upwind scheme
incorporated for the treatment of convective heat fluxes. The dis-
a(T)=p[(cp—Cpe) T+hg]. cretized equations are solved using iterative solvers—either

The equation for conservation of solute throughout the Compu@_auss-Seldel iteration or Stone's strongly implicit proced@sd.
tional domain is or the general case where melting temperature is dependent on

interface concentration, the concentration and energy equations

aiC. ~ _ are highly coupled and are solved simultaneously.
7+V~(ucL):DV20L+S(T,cL).

This equation is analogous to the energy equation. We impose an
initial solute concentration throughout the solution domain. At th . .
boundaries no solute may exit the solution domain. Thus, Results and Discussion

t=0 C_=C, Va_lidation. A griq-indepe_ndence study was undgrtal_<en to de-
termine the appropriate spatial and temporal discretization scheme
x=0,L dC_ /9x=0 (7) to be used. This study involved examining the solution fields from
a test matrix of simulations performed using four different dis-
y=0,H dC /ay=0. cretization schemes. Four mesh sizes of increasing spatial and

Again, in principle, solution of Eq(6) along with energy Eq. temporal refinement were examined. The mesh selected on the

(4) and the fluid velocities all subject to the relevant boundary arfRfiSis of this grid independence study was a regularly spaced
initial conditions is enough to determine the solute, temperatus®0x35 mesh, with 25 of the 3y-direction cells being in the
and velocity values throughout the solution domain. However, t{§@mple and the remaining 10 in the ampoule walls. The time step
more general problem involving phase change demands that so¢¢ Was At=0.1338s. Detailed results from the grid-
ute redistribution at the advancing solid/liquid interface be ad?dependence study, including plots of key field variables, are
dressed. At the interface, new solid material forms at a concentf¥ailable in Simpson and Garimelfa9]. The key points are as
tion lower than at the adjacent liquid, in accordance with thidllows:
partition coefficien{9]: « The thermal field results were almost identical for all four
Ct=Kk,C} . 8) meshes. _ N _

» The difference between the velocities predicted by the mesh
For the Bi-Sn system under consideration in this work, the partidopted in this study and those from a finer mesh was less than 3
tion coefficientk, has a value of 0.029. This small value indicategercent.
that the solid forms at a concentration very poor in solute, and. Particular attention was given to the concentration values in
thus there is rapid and significant build-up of solute in the liquithe solidified material. The concentrations in the solid are com-
region ahead of the interface. Source teBraccounts for solute pletely dependent on the solutal, thermal and flow fields in the
rejection at the interface into the bulk fluid resulting from thenelt, and so, are very sensitive to any changes in these fields.
effect of the solid material forming at the lower concentratiorConcentration traces in the solid for the mesh employed in this
Following the work of Swaminathan and Vollgt7] and Voller  study had a maximum discrepancy of only 3.2 perderith the

et al.[18] source ternS may be written as the differential majority of values being less than 1 perdecwmpared to results
a(f,C) of at the finer mesh.
L>~L S
S(T.CH)= at + kPCLF' () These results make it clear th@p all the field variables converge

to a single result as the mesh becomes increasingly fine(land
Numerical Analysis the mesh employed in this work is fine enough to obtain mean-

. . . . L ingful results while keeping computational costs reasonable.
The numerical scheme is explained in detail in Simpson andg ping P

Garimella[14,19]; only salient details are provided here. The Pure Bismuth. Simulations for the Bridgman crystal growth
computational domain is primarily discretized using regularlpf pure bismuth were performed. The cold and hot furnace tem-
spaced finite difference mesh points. Superimposed on this gpdratures werd-=50°C andT,=700°C, respectively. Thermo-
are finite volumes which are used for the solution of the energhysical properties from Yao et 48] were used, and are shown
and species concentration equations. The finite volume centersiar@able 1. The gravity level used for this and subsequent cases
staggered with respect to the finite difference mesh point locaasg=10xg. This gravity level is a conservative “worst-case”
tions. Vorticity, velocity and vector potential are calculated at thestimate of the residual gravity value experienced during the flight
finite difference mesh points. Temperature and solute concentexperiment§7]. Key nondimensional parameters describing ther-
tion are evaluated using the finite volumes. mal transport are G¢113.6 and Pr=6.01144. For this pure Bis-
For solving velocities, the vorticity-streamfunction representanuth case, there is no solute, so the dilute model for phase chance
tion of the Navier-Stokes and continuity equatiaidsand 2)is (Eg. 5¢c)was used.
used. The numerical approach applied here is modified from aln order to start each of the crystal growth simulations, the
program[20] written for the solution of natural convection in afollowing procedure was carried out. The initial position of the
rectangular cavity. The essential details are that the discretizeanslating zone was flush with tixe= 0 wall. This zone is immo-
equation for the vorticity transport equation is solved using dbilized for the first 3000 time steps. During this time, the velocity
Alternating Direction Implicit schemf21]. The discretized equa- and concentration field solution schemes are switched off while
tion for streamfunction is solved using the conjugate gradiesblid rapidly chills in the portion of the translating zone which is
method. Once the values of streamfunction are known, the nodialver than the melting temperature. This new state is then taken to
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Table 1 Thermophysical properties. The properties (except
the solutal diffusion coefficient D) for solid and liquid bismuth
were evaluated at the mean solid and the mean liquid tempera-
tures of 160.7 and 485.7°C, respectively. The solutal diffusion
coefficient was evaluated at a position halfway into a typical
solute boundary layer, since solute diffusion occurs mainly in

this region. The reference density was considered to be equal

for both phases.

Property Units Value
Reference density, po kg/m3 10070
Thermal conductivity of the solid, ks W/mK 6.872
Thermal conductivity of the liquid, ki W/mK 14.66
Specific heat of the solid, cps JkgK 1326
Specific heat of the liquid, c,c J/kgK 1353
Enthalpy of freezing, AH kl/kg 52.3
Viscosity of the liquid, g Ns/m 1.240% 107°
Melting temperature, Tr, °C 271.3
Thermal expansion coefficient, fr K' -125x107*
Thermal conductivity of the (fused silica) ampoule, k. W/mK 2.10
Density of the (fused silica) ampoule, py, kg/m® 2020
Specific heat of the (fused silica) ampoule, ¢y JkgK 1066.8
Partition (or segregation) coefficient, k, — 0.029
Diffusivity of liquid Sn in liquid Bi, D m¥/s 3.50x 107
Solutal expansion coefficient, Pc (vol.%)" -0.305
Prandtl number, Pr — 0.01144
Lewis number, Le — 3074

Slope of liquidus line, m K/(vol%) -2.547

be at timet=0. After this, simulations proceed with the entir
solution scheme enabled and the insulated zone moving at

translation velocity, .

Figure 2(a)shows a plot of velocity vectors and isotherms aftegl

Level 1 2 3 4 5 6 7 8
T: 90.7 1719 2532 3345 415.7 497.0 578.2 659.5
— 348 pmfs
=3
Eof a
sop Ll (@)
) | )
0 10 60 70
X {(mm)
— 3.48 um/s
P
3
E O0F
>3
]
0 10
— 3% gl
—_3
E of
> .3
1
] 10 20

Fig. 2 Velocity vectors and isotherms for the Bridgman
growth of pure bismuth at  (a) 3000, (b) 6000, and (c) 9000 s. The
thick solid line indicates the location of the solid /liquid inter-
face. The velocity vectors are shown at every third location in

the x-direction.

Journal of Heat Transfer

(S)

3000 s have elapsed. Isotherms are shown in the ampoule wall as
well as in the liquid and solid bismuth. The thick line at
=16 mm represents the solid/liquid interface. The dominant fea-
ture of this plot is the counter-clockwise convective cell in the
translating zone (16x<<40 mm). For clarity, velocity vectors are
plotted on every third mesh point in thedirection in this figure.
The maximum velocity in this convective cell is 3.44#n/s at
(24.75, —1.8 mm). The ratio of this velocity to the translation
velocity, u;, is 1.03, which compares to the value of 1.12 found
from the finite-element, variable-property simulation of the same
process by Yao et al6]. Velocities in the negativg-direction at
the interface are constrained and concentrated by the presence of
the solid whereas velocities in the positiyedirection at the op-
posite(hot) end of the translating zone are much more diffuse.
The other main feature of this plot is the isotherms throughout

the solution domain. On the outside edge of the ampoule, the
(imposed)linear temperature profile within the translating zone is
witnessed by the regularly spaced isotherms on the outer edge. In
the low-conductivity ampoule the isotherms are dramatically dis-
torted, and the thermal field on the inside of the ampoule wall
differs from that imposed on the outside. B 24 mm, the tem-
perature in the ampoule is greater than the applied temperature
(the isotherms distort sharply to the leftor x=24 mm, the con-
verse is true. In the bismuth region the isotherms exhibit the same
trend, and have a gentle, crescent-shaped curvature. The isotherms
and the interface appear to be symmetric about the centesfine (
=0) and thus have not been influenced by convective transport in
the melt. The solid-liquid interface, which is an isotherm, is dis-
cernibly curved such that the solid is concave. The total deflection
of the interface is about 0.5 mm which compares to a value of
~0.46 mm found in Yao et al6]. This curvature is primarily a
result of the difference in thermophysical properties for the solid
liquid phases. Translation of the thermal boundary condition
also contributes slightly to this effect.

Figures 2(band 2(c)are plots of velocity vectors and isotherms
t 6000 and 9000 s, respectively. The progression of the translat-
ing zone (and thus of the solidification frontis obvious from
these figures. After 6000 s, the front is =26 mm, and the
nature of the convective motions is unchanged. The magnitude of
the maximum velocities at these later times is identical to that at
the previous timgFig. 2(a)). This indicates that end effects are
not influencing the results. The curvature of the interface also
remains the same.

Bi-0.1 at.% Sn Alloy (MEPHISTO-2). The growth of a Bi-

0.1 at.% Sn(0.08185 vol.% Snplloy was considered next. The
velocity, thermal and solute fields were solved subject to the dilute
alloy model(Eg. 5¢), and the dimensionless parameters for solute
transport are Ge=0.349 and Le=3074. Simulations were per-
formed using the same spatial discretization and time step as for
pure bismuth.

The nature of the convective flow for this alldyesults not
shown) is similar to that for pure bismuth. A single counter-
clockwise thermally driven convective cell dominates the domain.
The maximumu-velocity is slightly less than for pure bismuth,
and is at the same location. However, the magnitude of the maxi-
mum v-velocity is —1.77 um/s at(17.75, 0 mm)acting in the
negativey-direction, which is lower in magnitude than for pure
bismuth (=1.87 um/s). Solute rejected at the interface acts to
oppose the thermally driven convective motion, resulting in re-
tarded velocities near the interface. The thermal field is not dis-
torted by the action of convection. As time progresses to 6000 and
9000 s, the maximunw-velocity decreases te-1.72 um/s and
—1.65um/s respectively, as a result of continuing solute rejection
at the interface.

Solute concentration profiles across the height of the solidified
alloy in the domain are shown in Fig. 3. Three different
x-locations(16.18, 26.30, 36.41 mphare considered, correspond-
ing to the location of the interface gt=0 at times of 3000, 6000,
and 9000 s, respectively. To aid in visualizing the influence of
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Fig. 3 Traces of solute concentration across the solidified ma-
terial at various x-locations for Bi-0.1 at.% Sn. The dotted lines
correspond to diffusion only  (no convection ) results.

convection, results for a simulation involving diffusion orlyo

36.41 mm, respectively. The radial segregation values increase
slightly from £=50.1 percent ak=16.18 mm to 56.3 percent at
x=36.41 mm.

Traces of solute concentrations in the solid and melt at the
different times are shown in Fig. 4. These traces run longitudi-
nally along the ampoule for three different heights/ef —2.88, 0
and 2.88 mm. Note that the interface location on the centerline
(y=0) trace lags slightly behind the value for the other traces
since the interface is curved. Solute build-up near the interface,
and the exponential profile characteristic of binary-alloy solute
rejection[24] are clearly evident. The concentration at the center-
line increases fronC/Cy=9.62 at 3000 s to 20.79 at 9000 s. The
impact of convection can also be seen in this plot. Warm, solute-
poor fluid impinges on the top section of the interface. This fluid,
cooled by the interface, falls toward the bottom wall and then
returns to the bulk. This convective transport causes a thinner
solute boundary layer and lower interface concentration value for
y=2.88 mm and, conversely, a thicker solute boundary layer and
higher interface concentration value fp= —2.88 mm. The inter-
face concentrations along the centerline remain larger than those
found at the periphery for all the times shown. This effect is due to
interface curvaturésee Fig. 3). The axial segregation in the so-
lidified crystal is seen to increase with time; the radial segregation
evident in Fig. 3 is also seen in Fig. 4.

For the low-concentration alloy, the solute concentration pro-
files are governed by solute rejection at tharved)interface and
by thermal convection only. The action of solutal convection is
limited at these low concentrations. The velocity field indicates

convection)are superimposed on this plot. Note that these putRat thermal convection decreases slightly with time.
diffusion results indicate that significant radial segregation arises
due to interface curvatufel2,13]such that the solute concentra-

tions at the centerline are larger than those at the edges. The level
of curvature-induced radial segregation remains almost constant,

with values of¢é=29.1 percentbased on the mean concentrajion
atx=16.18 mm and 29.4 percentyat 26.30 and 36.41 mm. The

inclusion of convection into the calculations causes the following

effects. Solute levels are increased for low values/ @ind de-
creased for higher values gf They-location for the maximum
solute concentration is also shifted from the centerlineyto

Cmax/Co=0.30, 0.50, 0.65 for the traces at16.18, 26.30, and

Q 10 20 30 40 50 60 70
BT 7 25
y =+2.88 mm
9000sec. @ ------ y=0mm
__________ y=-2.88 mm
20 |- -1 20
°
&) 6000 sec.
(&)
c
S 5| 415
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)
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&
3000 sec.
e 10} s8¢ 10
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[=]
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0- I | - I 0
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Fig. 4 Longitudinal solute concentration traces at three differ-
ent y-locations for Bi-0.1 at.% Sn
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—1.23 mm for all the traces. This is a consequence of the con- -4
vective flow sweeping solute “down” the interface in the direc-

tion of decreasiny and away from the interface in the direction

of increasingx. The maximum values for solute concentration are

~> 3.38 um/s

659.5

y (mm)

[
T

; T 7
2938 \ 375\,1 \ 45,6»3 5376 618.9
Il Il 1 1

35

()

y (mm)

Fig. 5 Velocity vectors and isotherms for the Bridgman
growth of Bi-1.0 at.% Sn at (a) 3000, (b) 6000, and (c) 9000 s.
The thick solid line indicates the location of the solid /liquid
interface. A primary counter-clockwise convective cell is evi-
dent in all three panels. A secondary clockwise cell, driven by
solutal gradients, develops with time.
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Bi-1.0 at.% Sn Alloy (MEPHISTO-4). A richer alloy was Sn alloy result, see Fig.)3while at higher values ofx (t
simulated next. The initial liquid composition was taken to be at 23000 s) this maximum is shifted to a more positivealue. The
uniform 1.0 at.% Srt0.8185 vol.% Snjncreasing the value of Gr traces atx=26.30 and 36.41 mm show that increasing solutal
to 3.49. The dilute mode{Eqg. 5¢c) was retained for this initial convection leads to increasing radial segregation. The maximum
investigation; the validity of this is commented upon later. values areC/Cy=0.51 and 0.75 with radial segregation levels of

Velocity vectors and isotherms at three different times arg=54.7 and 82.2 percent, respectively. This behavior is different
shown in Fig. 5. At 3000 €Fig. 5a) the velocities indicate a from the case shown in Fig. 3, where the convective field re-
primary counter-clockwise convective cell in the translating zonejained almost steady with respect to the interface resulting in
along with a weak secondary, clockwise cell driven by solute granly a slight increase in segregation.
dients adjacent to the interface. The two-cell convective motion isFigure 7 is a plot of longitudinal solute concentrations at do-
in contrast to that observed for pure bismuth and for the moreain heights ofy= —2.88, 0 and 2.88 mm for the Bi-1.0 at.% Sn
dilute alloy. The maximuno -velocity in the secondary convectivecase at the three different times. As for the case shown in Fig. 4
cell near the interface @16.5, 0 mm)is 0.57um/s. The nature of there is significant solute buildup, with liquid solute concentra-
the maximum velocities for this case is also different due to th@®ns C/C, at the interface along the centerline being 9.70, 15.59,
higher levels of solute rejection and the presence of the secondand 19.20, respectively. Note, however, that this corresponds to
cell. The maximunu-velocity for this case is slightly lower than much higher concentrations than for the case shown in Fig. 4 due
that for pure bismuth. The maximumvelocity is identical to the to the higher initial concentratioB,. Near the interface, the sol-
value for pure bismuth but is located further from the interfacete concentrations in the liquid are higheryat 2.88 mm than at
(x=19.25 versux=17.75 mm for the pure and Bi-0.1 at.% Sny= —2.88 mm. Further from the interface, but still within the sol-
cases). ute boundary layer, concentration increases with decreasing

At a later time(Fig. 5(b)), the secondary convective cell hahis is due to the interaction of the two convective cells. Close to
increased in size and strength as solute—the driving force for thige interface, the secondary cell circulates solute-rich material
cell—continues to build up at the interface. The maximurwithin the boundary layer, acting to accumulate solute-rich mate-
v-velocity in the secondary convective cell near the interface gal in this region. Further from the interfadsee Fig. 5), the
(27.00, 0.48 mmjs 1.75um/s. Later in the growth proce¢Big. primary convective cell influences the solute distribution, sweep-
5(c)), the front has advanced to~36 mm, and the secondarying solute from the bottom of the domain into the bulk and thick-
convective cell has become quite strong. The maximuening the solute boundary layer in this region. In general, the
v-velocity in the secondary cefand in the domainis 2.88um/s  solute boundary layers are more compact for the Bi-1.0 at.% Sn
at (37.00, 0.36 mm). (Fig. 7) when compared to the Bi-0.1 at.% Sn c#B&y. 4). Note

Traces of solute concentration across the height of the solidifidtht concentration values of this magnitude would be sufficient to
alloy, along with pure diffusion results, are shown in Fig. 6. Thitower the melting temperature of the alloy by a significant
plot provides a stark contrast with the results shown for the moaenount. This implies that the constant melting temperature as-
dilute alloy in Fig. 3; the formation and growth of the secondargumption made in these simulations is not valid. This effect will
cell causes segregation to occur in the opposite senge that be addressed in the next subsection.
concentration values near the top of the domain are higher than aFor the higher alloy concentrations, solutal convection plays a
the bottom). Atx=16.18 mm, the concentrations are close tonuch larger role, as can be seen in the concentration profiles
those for pure diffusion; the maximum value@C,=0.28 aty  discussed above. As growth proceeds, the level of solutal convec-
=0.059 mm with a segregation value f 28.9 percent. This ser- tion grows, with a corresponding increase in radial segregation.
endipitous result is a consequence of segregation arising from fiige maximum concentration increases much more rapidly than
influence of the secondary cell balancing the segregation causlee minimum value.
by the thermally driven cell when solidification has proceeded to Figure 8 is a plot ofaveragesolute concentrations in the solid
this location. At lower values of (t<3000 s), segregation is suchat 3000, 6000, and 9000 s for both the dilute and rich alloy.
that the maximum value occursyt O (similar to the Bi-0.1 at.% Averaging is performed across the height of the solidified material

(y=—3 to 3 mm. For comparison purposes, average concentra-
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Fig. 6 Traces of solute concentration across the solidified ma-
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terial at various x-locations for Bi-1.0 at.% Sn. The dotted lines

correspond to diffusion only
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(no convection ) results.
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Fig. 7 Longitudinal solute concentration traces at three differ-
ent y-locations for Bi-1.0 at.% Sn
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Fig. 8 A comparison of average concentration values in the Fig. 9 A comparison of numerically predicted and experimen-
solidified material. The solid line is the one-dimensional ana- tally measured concentration values for the Bridgman growth
lytical result of Smith et al.  [24]. of Bi-1.0 at.% Sn. The numerical results are shown for simula-

tions with and without the effect of concentration-dependent
melting temperature being included. Reasonable agreement is
observed between experimental data and numerical results in-

tions C,,/C, for the pure diffusion case as well as those calciFluding concentration-dependent melting temperature.

lated from an analytical expression for solid solute concentrations

under one-dimensional pure diffusion growth conditipp4] are

also shown. The pure diffusion results exhibit good agreement . .

with the one-dimensional analytical result; the largest differenée 0- Then, in order to grow solid from the melt, the furnaces are
between these results is 1.2 percent at 3000 s. The lowest averdg¥ed at a constant velocity. As the furnaces begin to move and
normalized solid concentrations are found for the dilute afBiy new solid is formed, solute begins to pile up at the interface. As
0.1 at.% Sn). After 3000 s the dilute alloy concentration is 1.the concentration at the interface increases, the local melting tem-
percent less than for pure diffusion. With time, this deficit inperature decreases. Hence the front slowly “melts back” with
creases to 2.2 percent after 6000 s and 2.1 percent after 900fe8§pect to the furnaces and thus moves at a speed thivier

The average solute concentrations for the richer &lBiy1.0 at.% dhan the furnace translation velocity. After 334 seconds have
Sn)lie between those found for the pure diffusion and Bi-0.1 at. é’ﬁpsed, the furnaces have traversed 4 mm, however, the solid/

Sn results. These concentrations are 0.76, 1.2, and 1.7 per-:I d interf h d onlv 3.1 d v 3.1 f
lower than the pure diffusion values after 3000, 6000, and 9000'§lU!d INteriace has movead only 5., mm, and so only 5.1 mm 0

respectively. For the dilute alloy, the single convective cell act§'ystal is grown. The results from the numerical simulation, using
on average, to increase the size of the solute boundary (Riger the rich alloy model (Eq. 5b) that includes the effect of

5) by transporting solute from the interface out into the ng€lg.  concentration-dependent melting temperature, are superimposed
3). This results in a corresponding decrease in the average salidthis plot as the thick solid line. The experimental and numeri-
concentration levels when compared to the pure diffusion case, &l results are shown for a transverse locationyef0. These

a giveny-location. For the richer alloy, the solute boundary layefigssults agree reasonably well with the experimental data both in
Sre?]gp;pﬁ?sbc%gvren&?gncggntglr%aftgrdtﬁg%\ﬁeft(l)ogt 5’/?%‘?19;& ?cts erms of the predicted values of concentration and in terms of
make the solute boundary layers more compact than for the dil ?edlctlng. the tﬁtal gqlnount Ofén?te”al grown. Results of a simu-
alloy case, resulting in slightly higher average concentratiof&ion Using the dilute model(Eq. 5c, no concentration-
C.//Cy. The difference between the average concentration fouf§Pendence of melting temperatuege also shown as a dashed
for the pure diffusion and Bi-1.0 at.% Sn cases increases wiR€ on the figure. This simulation clearly cannot handle the “melt
increasing solutal convection levels. back” of the interface and is therefore not able to predict the

. ) . o correct final location of the solid-liquid interface or accurate val-
Comparison With Experiment.  An actual solidification pro- ;a5 of concentration.

cess carried out during the MEPHISTO-4 space experiment wasthe effect of the inclusion of concentration-dependent melting

modeled using the rich-alloy modéEq. 5b)which accounts for temperature in the calculations is to predict less net solute rejec-
the effect of concentration-dependent melting temperature. TRg, into the liquid at a given time, since the front moves at an

main difference in this simulation compared to those above is th@fera|l slower rate. If this concentration-dependence was incorpo-
the solidification cycle selected was conducted at a furnace traSeed into the results considered in Figs. 5, 6 and 7 for Bi-1.0 at.%
lation rate of 11.997%m/s for a duration of 334 seconds, resultingsy apove, the primary differences would be twofold. First less net
in a total furnace translation of 4 mm. The gravity level for thigo|yte would be rejected, so that the gradients in the liquid region
case was reduced tozg, which is more typical of residual grav- near the interface would be less steep, resulting in lower levels of
ity levels during the experimeri]. Under these conditions, the ;onyection and hence lower levels of segregation at a given time.
process is diffusion-dominated although there is some discernifie other main effect would be to alter the shape of the interface

convection-induced segregatipto]. __slightly, such that it would be flatter in regions of higher liquid
Figure 9 is a plot of concentration values along the centerline gf| te concentrations at the interface.

the sample. The square symbols are experimental data points ob-

tained via a post-flight microprobe analysis of the solidified

sample. Although there is scatter in the experimental data, a Clﬁ?r lusi

trend of increasing concentration values can be discerned. gnclusions

solidification process depicted starts at a location 143.5 mm alongA series of fully transient simulations of horizontal Bridgman
the ampoule; on Fig. 9, this location is taken as the ong#D at crystal growth under microgravity conditions have been per-
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formed. The pure bismuth simulation was found to agree reason-8 = expansion coefficient
ably well with a similar simulation of the proceg8], in terms of AT = temperature differencd,;— T¢
the convection level and the interface curvature. AH = enthalpy of freezing

For the dilute alloy simulatiofiBi-0.1 at.% Sn), a single domi- v = kinematic viscosity
nant counter-clockwise convective cell is percent for the entire ¢ = radial segregation,&max—Crmin)/Caverage
duration of the process. As time proceeds, solute is rejected at thep = density
interface and the level of solute near the interface increases. %{?oscripts
to the presence of thermal convection, radial solute segregation . »
occurs with preferentially higher concentrations at the bottom of O = initial condition N
the solid. The level of segregation increases slightly with time. C = cold furnace temperature condition
The maximum values of concentration are small and so the asH = hot furnace temperature condition
sumption of constant alloy melting temperature is realistic. L = liquid

For the richer alloy(Bi-1.0 at.% Sn), the convective field is M = at solidification front

much more complex. Higher levels of solute rejection at the in- S = solid
terface cause higher levels of solute convection. Initially, a single, W = ampoule wall
thermally driven, counter-clockwise rotating cell is present. Asl#)erscripts

time proceeds and solute accumulates at the interface, a secon
ary, solute-driven clockwise rotating cell develops. The effect of ~,
this convective pattern is to yield significant levels of segregation ,
in the solute at the interfad@nd hence in the solid). This segre-

= vector
= reference quantity
= at solid/liquid interface

gation is such that the values towards the top of the domain are
highest. The higher values of concentration near the interfaggferences

would result in a significant change in the melting temperature for

[1] Abbaschian, R., Gokhale, A. B., Favier, J. J., and Coriell, S. R., 1992, “In-Situ

the alloy. For this richer alloy, solute build-up is significant and S0 " \;onitoring of Crystal Growth Using MEPHISTO,” NASA Science Require-
the concentration-dependence of the melting temperature becomes ments DocumentSRD), NASA.

important.

Finally, simulations of Bridgman crystal growth in micrograv-
ity, incorporating the effects of a concentration-dependent meltin

[2] Abbaschian, R., 1996, In-Situ Monitoring of Crystal Growth Using
MEPHISTO: Revised Science Requirements Docum{&8RD) for the Re-
flight of MEPHISTO aboard USMP-4, NASA.

QB] Yeoh, G. H., de Vahl Davis, G., Leonardi, E., de Groh, IIl, H. C., and Yao, M.,

temperature were performed. The results agree well with data ob-" 1997, “A Numerical and Experimental Study of Natural Convection and In-
tained from the flight experiment. The combination of numerical terface Shape in Crystal Growth,” J. Cryst. Growll73, pp. 492-502.
simulations and experimental data presented here has validatédl Yao, M., and de Groh, Iil, H. C., 1993, “Three-Dimensional Finite Element

the numerical approach used and provided insight into the role of
thermosolutal convection during directional solidification.

Acknowledgments

Partial funding for this work from NASACoop. Agreement #

Method Simulation of Bridgman Crystal Growth and Comparison With Ex-

periments,” Numer. Heat Transfer, Part 24, pp. 393-412.

[5] de Groh Ill, H. C., and Yao, M., 1994, “Numerical and Experimental Study of
Transport Phenomena in Directional Solidification of Succinonitrilerdns-
port Phenomena in SolidificatipASME HTD-Vol. 284, pp. 227-243.

[6] Yao, M., de Groh IlI, H. C., and Abbaschian, R., 1997, “Numerical Modeling

of Solidification in Space With MEPHISTO-@art 1),” 35th Aerospace Sci-

ences Meeting and ExhibiReno, NV, Paper AIAA 97-0449.

NCC3-557)is gratefully acknowledged. JES was funded by a [7] de Groh Ill, H. C., and Nelson, E. S., 1994, “On Residual Acceleration During
UW-Milwaukee Graduate School Fellowship. The insightful help Space Experimentseat Transfer in Microgravity SystemSSME HTD-Vol.

290, pp. 23-33.

of Dr. M. Yao of the Ohio Aerospace Institute is muc_:h appreci- [8] Yao, M., Raman, R., and de Groh IIl, H. C., 1995, “Numerical Simulation of
ated. Professors G. de Vahl Davis and E. Leonardi and Dr. V. ~ Heat and Mass Transport During Space Crystal Growth With MEPHISTO,”
Timchenko of the University of New South Wales are thanked for  NASA Technical Memorandum 107015, NASA.

kindly providing their code, FRECON3V, which was the basis for [9] Kurz, W., and Fisher, D. J., 198%undamentals of Solidificatioirans Tech

the velocity solution scheme used in this work.

Nomenclature

cp, = specific heat at constant pressure
C = species concentration
D = species diffusion coefficient in liquid
f = volume fraction
g = mass fraction
¥ = acceleration due to gravity
Gr = Grashof numberyBr(Ty—Tc)H%/v?
Grs = solutal Grashof numbegB.CoH®%/v?
h = ampoule thickneséutside radius—inside radius
hy = reference enthalpyAH/p
H = ampoule inside diameter; reference length
k = thermal conductivity

Ko = partition coefficientC&/C} (Eq. 8)
L = length of simulation domain
L, = translating zone length
Le = Lewis numbera/D
Pr = Prandtl numbery/a
t = time
T = temperature
u,v = velocities inx andy directions

Greek Symbols
a = thermal diffusivity

Journal of Heat Transfer

Publications.

[10] Alexander, J. I. D., Ouazzani, J., and Rosenberger, F., 1989, “Analysis of the
Low Gravity Tolerance of Bridgman-Stockbarger Crystal Growth,” J. Cryst.
Growth, 97, pp. 285-302.

[11] Simpson, J. E., Yao, M., de Groh I, H. C., and Garimella, S. V., 1998,
“Numerical Modeling of Solidification in Space With MEPHISTO¢Rart 2),”
NASA Technical Memorandum TM-1998-206630, NASA.

[12] Adornato, P. M., and Brown, R. A., 1987, “Convection and Segregation in
Directional Solidification of Dilute and Non-Dilute Binary Alloys,” J. Cryst.
Growth, 80, pp. 155-190.

[13] Liang, M. C., and Lan, C. W., 1996, “Three-Dimensional Convection and
Solute Segregation in Vertical Bridgman Crystal Growth,” J. Cryst. Growth,
167, pp. 320-332.

[14] Simpson, J. E., and Garimella, S. V., 1998, “An Investigation of the Solutal,
Thermal and Flow Fields in Unidirectional Alloy Solidification,” Int. J. Heat
Mass Transf.41, pp. 2485-2502.

[15] Timchenko, V., Chen, P. Y. P., Leonardi, E., de Vahl Davis, G., and Abb-
aschian, R., 2000, “A Computational Study of Transient Plane Front Solidifi-
cation of Alloys in a Bridgman Apparatus Under Microgravity Conditions,”
Int. J. Heat Mass Transf43, pp. 963—980.

[16] Zeng, X., and Faghri, A., 1994, “Temperature-Transforming Model for Binary
Solid—Liquid Phase-Change Problems: Part 1—Mathematical Modeling and
Numerical Methodology,” Numer. Heat Transfer, Part 25, pp. 467—480.

[17] Swaminathan, C. R., and Voller, V. R., 1997, “Towards a General Numerical
Scheme for Solidification Systems,” Int. J. Heat Mass Trargd,, pp. 2859—
2868.

[18] Voller, V. R., Brent, A. D., and Prakash, C., 1989, “The Modeling of Heat,
Mass and Solute Transport in Solidification Systems,” Int. J. Heat Mass
Transf.,32, pp. 1719-1731.

[19] Simpson, J. E., and Garimella, S. V., 2000, “The Influence of Gravity Levels
on the Horizontal Bridgman Crystal Growth of an Alloy,” Int. J. Heat Mass
Transf.,43, pp. 1905-1923.

[20] Timchenko, V., Leonardi, E., and de Vahl Davis, G., 1997, “FRECON3V
User’s Manual,” University of New South Wales, School of Mechanical and

OCTOBER 2001, Vol. 123 / 997

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Manufacturing Engineering, Report 1997/FMT/1, and FRECON3V Program- Dynamics of Free Boundaries,” J. Comput. Phy&9, pp. 210-225.

mer’s Manual, Report 1997/FMT/2. [23] Ferziger, J. H., and Périt., 1996,Computational Methods for Fluid Dynam-
[21] Samarskii, A. A., and Andreyev, V. B., 1963, “On a High-Accuracy Difference ics, Springer-Verlag, New York.

Scheme for an Elliptic Equation With Several Space Variables,” USSR Com{24] Smith, V. G., Tiller, W. A., and Rutter, J. W., 1955, “A Mathematical Analysis

put. Math. Math. Phys3, pp. 1373-1382. of Solute Redistribution During Solidification,” Can. J. Phy33, pp. 723—
[22] Hirt, C. W., and Nichols, B. D., 1981, “Volume of FluitVOF) Method for the 743.
998 / Vol. 123, OCTOBER 2001 Transactions of the ASME

Downloaded 07 Dec 2010 to 194.27.225.72. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Assessment of Overall Cooling
Performance in Thermal Design
enogiso | Of Electronics Based on
"mnoeaons. | ThEFMoOdynamics

1404-1, Katakura-cho, Hachioji-city,
Tokyo, 192-0982, Japan

e-mail: 0giso@ce.teu acjp A method of assessing the overall cooling performance in the thermal design of electron-

ics is presented. The method is based on the optimization concept proposed by A. Bejan,
whose original idea was related to the trade-off between heat transfer enhancement and
pressure loss increase based on an assessment of entropy generation rate. The present
report summarizes the research conducted to date and presents a study on the optimiza-
tion of cooling systems[DOI: 10.1115/1.1387025

Keywords: Thermal Design, Heat Transfer, Pressure Loss, Entropy Generation

Introduction In this study, method is proposed in which convective cooling

erformance is assessed comprehensively, trading-off improve-

In recently produced notebook computers, the cooling syste : . L L .
designed such that the user can select either performance modﬁjerr]ts In cooling capacity with the degradation in the accompany

) ; ; . h parameters. The assessment index is connected to the entropy
silent m_ode, corr_espondlng to h'gh CPU speed with contlnl_Jo neration rate, which is derived from the irreversible loss of
fan coollng, or quiet operation ‘.N'th IO.W CP.U speepl r?md restrained 5ijaple energy through thermal resistance and fluid friction in
fan operation, respectively. This design criterion is in accordanggnvective cooling systems.
with the trade-off between cooling capacity and fluid pressure loss

. - The idea of using an entropy generation rate to estimate heat
based on the entropy generation methby and is a concept that yansfer enhancement was first propokttias a performance as-
the present author has been proposing since the 1980s. The a

: : : ment criterion for thermal systems. Since then, many papers
example is a simple choice between performai@®U speeddr  (g|ating to the entropy method have been publisfges]. These

silent (restrained fan operatiprmodes. However, if the_ design is papers were based on the Second Law of Thermodynamics and
extended to allow the parametefs.g., coolant velocityto be the main theme was that overall performance can be assessed

changed continuously, the design may be optimized by an overgding the entropy generation rate or the rate of loss of available
performance assessment using the entropy generation rate.  energy.

In electronic equipment, the temperature of each component
must be kept within an allowable upper limit, specified for each
component, from the viewpoint of operating performance ariderformance Assessment and Related Issues
reliability. Generally, in electronic equipment, the allowable temperature

The power density in electronic systems is increasing due to tbevation limit AT, (K) of any component is defined relative to
high speed of operation and the miniaturization of equipment. Fthte temperature profile inside the equipment.PIfW) is the
example, most of the heat generated in LSI/VLSI components cpawer to be applied to components and while remaining within
be transmitted from the component surface to a fluid flowinthe prescribed temperature limit, then the cooling capacity of the
through the equipment. Among the cooling techniques availabloling system for that component can be said to be high when
forced-air cooling is the most widely used because it produceacomes large. To establish this, let an overall thermal resistance
good balance between cooling capacity, reliability and economfrom a heat source to a heat sink, such as ambient air, be

To enhance the cooling capacity of forced-air cooling, therm&,(°C/W). Then, from the following inequality:
resistance must be kept as low as possible by improving the heat AT.=R.-P

i i ; al=he
transfer coefficient of component surfaces through increasing sur-
face roughness or increasing flow velocity, for example. Howevéhe smallerR; is, the largerP becomes, which means a higher
increasing surface area, surface roughness and flow velocity gigesling capacity. Consequently, the primary prerequisite for ther-
rise to an increase in flow friction loss, which in turn brings abounal resistance is tha&, be as low as possible.
increased fan/blower power consumption and wind noise. ConseAs conductive thermal resistance, determined by the properties
quently, an overall assessment of cooling performance must tra@éthe materials composing the heat path inside a component, is
off improvements in cooling capacity with the corresponding indsually sufficiently low, convective thermal resistance is the main
crease in disadvantageous factors. consideration here.

In assessing the cooling capacity of forced-air cooling, the cool- Reducing the overall thermal resistance by enhancing the heat
ing efficiency factor, defined as the ratio of allowable equipmeffignsfer coefficient is usually accompanied by an increase in fluid
power consumption to blower power consumption, was once uséttion loss. This is due to phenomena such as roughening of the
as the design standaif@]. However, this method had numer-surface or increase in flow velocity. As a result, blower power

ous failings and alone cannot properly assess overall coolifg§hSumption increases. ] )
performance. Let the blower power of the cooling system Bg(W), includ-

ing the blower’s overall efficiency. A cooling performance factor
Contributed by the Heat Transfer Division for publication in th®URNAL OF e= P/Pb has been defined as a yardstick of cooling performance,

HEAT TRANSFER Manuscript received by the Heat Transfer Division December AN terms of the ratio of al!owable power diSSiPation for the equip-
1999; revision received February 20, 2001. Associate Editor: H. Bau. ment to the power required for cooling devices such as fans or
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blowers[2]. This can be considered as a kind of performance/coBhat is, the entropy generation rate is proportional to the irrevers-
ratio in the engineering domain. In tlreeassessment method, theible work loss. Expressio(R) is identical to another formula for
target is to maximize. However, when the flow velocity becomesentropy generation, usually expressed as

sufficiently small,P,, becomes very small anfé, attributable ex-
clusively t)g forced gonveotion, alsg becomes very small. Wihgn —PITy+PIT =P(= 1Ty +1/T). ®)
tends to zeroP also tends to zero angtends to 0/Qundefined). From (1) and(2), after some transformation, we obtain
When the flow velocity becomes very large, then in spite of the .

increase NP, & deteriorates due to tk?/e stgep increasdgg',n In $1=P/TL(L+TL/AT)=PIT {1+ TL/(RXP)}, (4)
this situation, assessment byalone is inadequate. To overcomewhereAT=T,—T,. R, is the thermal resistance of the compo-
this, an assessment criterion has been proposed in whichsbothent and is defined adT/P. As can be seen from Ed4), an
andP are made as large as possib¥. However, even by that increase inR, gives rise to an increase &, and whenR,—0,
proposal it remains unclear how these two factors should be thegp-0.

retically related. Furthermore, it is still an issue thaends to 0/0 Moreover,p; is also lost to the sink as heat, giving rise to the
whenP}, tends to 0. entropy generation rai,, given by

S=p¢/TyL. (5)

Assessment by Entropy Generation Rate ,
. . Consequently, the overall entropy generation rate becomes
In the present report, a method to assess the relationship be-

tween thermal resistance and fluid friction loss is discussed within §=§;+5;. (6)

the context of the Second Law of Thermodynamics. Making Eq.(6) nondimensional, we obtain the expression
Thermal resistance is defined as the temperature drop per unit ]

heat flow. Thermodynamically, when heat is transmitted across a =T X8/P=1K1+T /(RXP)}+p;/P

ath having a temperature difference, an irreversible loss in avail-
gble energy occurs, the magnitude of which increases as thermal =UA+TU/AT) +pe/P, 7
resistance increases. Furthermore, fluid friction results in an iri@hereT is the proposed entropy generation rate index number. In
versible conversion of useful flow work to heat, which again giveBq. (7), keepingl, andP constant, ifp; is increased by augment-
rise to an irreversible loss in available energy. This fact justifies amg the velocity, for example, the first term (1417 /AT)) de-
assessment criterion in which the above two irreversible losses areases due to the lowering Bf. That is, the first term and the
added and the resultant sum is minimized. The following d&econd term§;/P) in Eq. (7) run counter to each other relative
scribes a method to express these irreversible quantities by tbehe change ip;. As R, is a function ofp;, whenp; changes
entropy generation rate. while P is kept constantAT must change bAT=R, X P, and if
In Fig. 1, letT(K) be the component heat source temperaturdT is fixed as the temperature constraint, tiemust change.
T.(K) be the fluid temperature surrounding the componB(%Y)  Accordingly, bothAT andP cannot be kept constant at the same
be component power dissipation as heat flows from a hotter taime. Usually,R;, is a function not only ofp;, but also of the
colder place, and lep¢(W) be the fluid friction power loss per structural dimensions and thermal properties of the cooling sys-
component. Out of the heat flowing from a hotter to a coldeems. Thus, it may be possible to assess overall performance by
reservoir, a part of the heat could be converted to useful work aimtluding the influence of these parameters. However, for the
the maximum work would be obtained, thermodynamically, by apresent report, onlyp; and the related parameters such as fluid
imaginary Carnot process between the hot and cold sources. velocity and heat transfer surface area will be considered.
The maximum work obtainable per unit time would then be
given by the formula ) ) )
Qu=P(1=T, ITy)=PX 7c. ) Analygs of a_FIow Model Inside a er(?ular ?|pe .
. . . In Fig. 2, which shows a flow model inside a circular pipe for
where 7c=1-T_/Ty is the reversible Carnot cycle efficiency.ihe convective cooling of electronic equipment, the outlet tem-

Qw would be, thermodynamically, the available energy. In aBaratyre rise with respect to the inlet is given by
electronic device howeveg,, is wholly transmitted to a lower

temperature sink as heat and hence lost, producing an entropy TLO—TLi:[P+{()\/d)(1/2)pur3nLS}]/(Sq“pcp), (8)

generation rate, , where whereT,: outlet air temperaturel; : inlet air temperatureh:

$,=Qu/T.. (2) friction loss coefficientD: diameter of pipep: density;u,,: mean
fluid velocity; L: duct length;S: cross-sectional area; armg:
specific heat of air.

P:Component power consumption
""""" Tx:Heat source temperature

L
heat flow </ T=TH—Tt Tu H

Hi {} Tho

Ri= AT/P
P
=4 S -

Ti:Mean fluid temperature L U Tio

PrFluid friction power loss A
Fig. 1 Heat flow in forced convection cooling Fig. 2 Flow model inside a circular pipe
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In Eqg. (8), the first term gives the fluid temperature rise due to 1
transferred heat and the second term that by fluid friction loss.

The mean fluid temperature is defined as 055 i
Tim=(TLi+TLo)/2. 9) T
To estimateT ,,, the first and second terms in E@) were cal- & 02+ .
culated for practical and typical conditions. The values obtained ‘E Tim=320K
were as low as (% 10) K. ThusT,, may be kept almost constant = "

at 300 K, 320 K, 340 K, etc., becau3g; is typically room tem- A=0.072
perature and’| ,— T, is not very large, as seen above. Next, the d=0.06m

entropy generation ratgis to be calculated using E¢7). 0.05¢ L=1Im (/)=
um(Im/s)=—
§IP=(8,+8,)/P 0.0 N
—[L1+(TLphAP)}+{(Nd)(1/2) puSLSHPY T,  (10) o= 107 107 107 107

B
where h: heat transfer coefficient; anl: heat transfer surface
area. In Eq.(10), h is calculated using Kay's formula for gas Fig. 4 Entropy generation rate versus heat transfer area
(0.5<Pr=1);

Nu=0.02 R&%%5=(hd)/k. (11)
Experimental Data

Numerical Examples The results obtained by applying the method described in the
Using Eq.(10), the entropy generation rate was calculated forfaregoing sections to the experimental heater module are pre-

fluid velocity change with heat loald as a parameter. The resultssented in the following. HereR,, a function ofp; and required

are shown in Fig. 3, whereis chosen to be 0.072 as it is assumeébr computingl’, is used(Fig. 5).

there are components inside the tube and consequently the insid€he thermal resistand®, was obtained by experimef@].

wall is very rough. The parametetsandd are chosen to bé  The module was constructed on @85 mnt alumina substrate,

=1.0m andd=0.06 m respectively, considering the actual di1.2 mm thick, on which 18 cooling fins, 70 mm long and 20 mm

mensions of a typical electronic device. high of 0.25 mm-thick Cu were attached. The total heat transfer

Next, rewriting the second term in E(LO) using heat transfer grea including the substrate was 5&0 2 mm?P.
areaA, the following expression is obtained:

SIP={1/(1+T ohAIP)+ \(1/8)pudAIPY T .  (12)

As Eq. (12) includes a parametek/P, the calculation of/P E
versusB=A/P gives Fig. 4, plotted withu,, as a parameter. As is O
seen in Fig. 3 and Fig. 4, there exist minimum points of entropy ?E’ 10r
generation rates for changesup, or B8. In Fig. 3, in the domain e o
whereu,, is small, the pressure drop is small while the tempera- &
ture difference is large because of sntallConsequently, the first g 05+
term in Eq.(10) (141+ (T ,hA/P)}) is large and the second s
term ((\/d)(1/2)pu3LS}/P) is small. In the domain wheng,, is Py
large, the relation is just the opposite. In Fig. 4, we can see the &
same behavior regarding the relationship between the increase and <2 02r
decrease of the first term and the second for the change of I
Because of this behavior, both in Fig. 3 and in Fig. 4, the entropy c_: 0.1 L L L L
generation rates have a minimum at moderate values,ar S. £ ’ 0102 051 2 5 10 20 50 100
é Fiuid friction power loss per component 21(W)

Fig. 5 Example of experimental thermal resistance

1 T T
0.25T
L P=100W S 30
— 3 ’ |
i 02 g = 20
k! = g
= g =3
Tin=320K 8
005F  A=0.072 - s 015
d=0.06m g
L=1m =
c
01
Air Thermal Properties for 320K ’ | | L1 (I
1 1
03 " : 20 0102 051 2 5 1020
um(m/s) Pi(W)
Fig. 3 Entropy generation rate versus flow velocity Fig. 6 Entropy generation rate and related parameters
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Using the above result$; was calculated witiP=100W and Table 1 Fin geometries [10]
T, =328K, giving Fig. 6, which includeAT, u,,, ande (cooling

performance factgr Here, the value op; was increased by in- (in mm) A B ¢ D E
creasingu, .
DISCUSSIOI’] Flow width 43.7 66 117 117 66

. . . . . . Fl 1 th 25.4 25.4 61 61 58.4

In Fig. 6, a minimum point fol" is clearly seen to exist. This o e'_'g

means that the optimum trade-off between thermal resistance ar B¢ thickness 25 &3 82 82 82
pressure loss can be obtained in the sense that the entropy gene Fin thickness 0.5 1.9 15 L4 L5
tion rate is at its minimum. Here, we examine in Fig. 6 the varia- Fin height 38.1 50.8 1.8 10.8 31.8

tion in AT, u,,, ande relative to the increase ip;. For P con-
stant, AT decreasing, andu,, increasing, e decreases. The
decrease ir is due to the fact that, in the terR/ P, (P}, : blower

power), roughlygstatlngP is proportional tou®® l_' andPy IS eoretical thinking, considering that it will not significantly de-
proportional tou” [2]. From this, the point at which' is mini- o546 the accuracy of the analytical results. The parameters are the
mized is the point at whiclAT is traded-off withu, or, since the 1ean flow velocities. The results are shown in Fig. 8, along with
blowing acoustic noise power is roughly proportionalify it can changes in the thermal resistanRg°C/W) and pressure drop
also be the point at which temperature elevatiamd conse- Ap(Pa) for each type of heat sink, af,=8 m/s. As can be seen
quently failure ratgis traded-off with acoustic blower noise. Inclearly, for each type and for each,, the EGR(entropy genera-
the region away from that point, there arise problems such ggn rate)takes the minimum at a certain number of fins. When the
excessive temperature e_Ie_vatlon anc_i excessive blower noise. number of fins is smallAp is small whileR, is large due to the

In other words, determining the point of minimum entropy gensma|| surface area. Thus the EGR due to temperature difference is
eration seems to mean trading-off temperature elevation or thgjrge while that due to flow resistance is small. When the number
mal resistance with blower noise, and finally with any other ag fins is large, the situation is the opposite. As a consequence, the
companying demerit factors. total EGR takes a minimum value at an intermediate number of

fins.

Heat Sink Assessment by Entropy Method

The performance of heat sinksooling fins)for electronics use Heat Transfer Enhancement and Performance Assess-
is, usually, indicated by thermal resistance, depending on the gp-

plication objective. Another important factor is size. However, izﬁem

forced convection cooling, a crucial parameter is pressure lossAn overview of performance assessment for heat transfer en-
from the point of view of blower power consumption. A report orhancement in heat exchange systems was published by] $hiah

the assessment of pressure loss for electronics-use heat sinksMhast of the criteria are defined as the combination of heat transfer
been made by Biber and Belad%0]. Usually, pressure loss in (e.g.,j factor) and fluid friction (e.g.,f factor), or more directly,
heat exchange systems has been assessed independently oftheatelationship between transferred heat and pumping power.
transfer capacity. By the entropy method, however, heat transtérious other criteria may be considered to be variations to this
and pressure loss can be integrated into a unique index; the dafinition. In practical industrial design, different criteria are cho-
tropy generation rate, and overall performance assessment inclseir, depending on whether the primary objective is to maximize
ing advantageéheat transferand disadvantagdgressure losss  transmitted heat, minimize pumping power, or obtain the mini-
possible. In the present report, the entropy assessment for thenfinm volume or weight under the prescribed constraints such as
type heat sinks described by Biber et al., which are in practiceadmponent size and time.

use in electronics, is calculated. Fin types and sizes are shown ifThese criteria have been verified thus far, from both academic
Fig. 7 and in Table 1. For each type, fixing the sizes in Table 1 ameéd industrial viewpoints, with respect to the development of heat
changing only the numbers of fims= 2~ 65 (number of fin chan- exchange system design. However, from a theorettbermody-
nels:n’ =1~64), the entropy generation rate is calculated, assuamic) viewpoint, it must be recognized that the field remains
ing that both the base thickness and fin thickness are zero. Tliggely unclear. For the sake of a clear and simple explanation, the

assumption has been adopted in the present report for clarityt@goretical limit of thermal efficiency in an engine system may be
considered. As is well known, the Carnot efficiency is the thermo-

dynamic limit of heat engine thermal efficiency and is derived
A - from the Second Law of Thermodynamics. However, it is not so
clear in heat exchange systems as in an engine, what the theoret-
ical limit is to the overall performance including both of thermal
B resistance and pressure loss. One clue to this issue will be the
entropy assessment criterion.

Comparison of Competitive Criteria and Related Issues

Performance assessment using an entropy method means theo-
retical consideration from the standpoint of the Second Law of
C Thermodynamics, and neither conforms to conventional assess-
ment criteria nor totally opposes them. The conventional, practical
assessments are multi-faceted, and it is normally recommended

E that the best possible criterion be chosen depending on the heat
exchange systems under consideration. Therefore, the entropy
D method may be said to be a guide for optimum design from the
standpoint of theoretical thermodynamics. However, issues related
MH”"””“””“”“"””""”H“”""””"“ to the size(or volume)of heat exchangers have been pointed out

[12,13]. By the entropy method, the size of a heat exchanger
Fig. 7 Fin types [10] becomes very large at the minimum entropy generation point,
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Fig. 8 Entropy generation rates for heat sinks (A-E)

which is a disadvantage as it is then also very heavy and expassessment parameters. If two of these parameters, heat transfer
sive. This was also pointed out by Ranasinghe eftla]. and pressure loss, are converted into a single index, the entropy
Bejan discussed the volume constraint, which is a common rgeneration rate, we can assess the overall performance of a heat
striction for the design of heat exchang¢is]. He pointed out exchange system using the two new parameters of entropy gen-
that the characteristic lengtfis proportional to I (Ng: entropy eration rate and size. Thus, the number of primary assessment
generation index number defined by Bejaand because the vol- parameters is reduced from 3 to 2.
ume is proportional td°>, a heat exchanger that generates a small Some other significant observations should be mentioned. In
EGR becomes inappropriately large. Figs. 3, 4, 6, and 8, the characteristic curves indicate the point of
The present author’s idea on this issue is as follows: The majminimum entropy generation rate for each parameter value. How-
parameters that characterize heat exchanger performance are &eat, information about performance enhancement by improving
transfer, pressure loss, and size; therefore there are three printhg/cooling system mechanism itself is not explicitly shown. Any
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S E L E CT Nomenclature
= heat transfer area, m

>

¢, = specific heat of air, J/k&
D = diameter, m
d = (hydraulic)diameter, m
PERFORMANCE h = heat transfer coefficient, WK
j = Colburn’sj factor
k = thermal conductivity, W/Km
OR L = duct length, m
| = characteristic length, m
SILENCE Ng = entropy generation index number
Nu = Nusselt number
_ _ L n = number of fins
Fig. 9 User selection for “PC” cooling n’ = n—1 number of fin channels
P = power consumption, transferred heat, W

. . . . = fluid friction power, W
improvement in cooling performance, by enhancing the he%fr = Prandtl numger

transfer coefficient for example, will be recognized when su = available work(imaginary), W

!mprovement causes the group of EGR curves to shift downwar . = thermal resistance, K/W '

in the entropy genera_tlon_gra_phs. _ _ Re = Reynolds number
Another important implication of this approach is the balanceS = cross sectional area.Zm

between system performangzg., computer CPU speednd en- $ = entropy generation r:':lte WIK

vironmental assessment criterfa.g., silence) Fig. 9). For ex- T = temperature, K '

ample, in recent notebook-type personal computers, as describeﬁi - fluid velocity, m/s

previously, cooling control gives the user the option of either per- ’

formance(noisy) mode or quiet(low performance)mode. This Greek Symbols

statement implies that there is a trade-off between performancg — a/p

and fan power consumption; the latter attributable to pressure 10s§ — difference

in the cooling channel. _ _ _ _ I' = entropy generation index number
The author makes the observation that this cooling design cony — performance factor
form to the entropy assessment criterion in the sense that twQ, — thermal efficiency

parameters, which run counter to each other, are adjusted such thgt — fiction loss coefficient

the performance and environmental requirements are harmonizeﬁl = density of air, kg/m

to suit the device user. _ '
Subscripts

Concluding Remarks al allowable

In conclusion, the entropy assessment method not only provide§ = Plower
thermodynamic basis for heat transfer system design, but also hds = Carnot
the practical significance of reducing the number of primary as-f = flow friction
sessment parameters. One important implication is that the siz'éll = high

parameter is, naturally, linked most directly to volume and weight ! = inlet
and should be considered to be one of the design constraints = low
within which the EGR should be minimized. m = mean

In general, the sole objective of improving the cooling of elec- © = outlet
tronic systems is to increase cooling capacity, whereas the considt = thermal
eration of accompanying demerit factors such as pressure lo¥¥ = v_vork
increase does not seem very important. It is commonly considered = first term
to be sufficient to take them as subordinate constraints. However? = second term
in forced convective cooling specifically, increases in cooling ca-
pacity can never be accomplished without corresponding in-
creases in fluid friction loss, which induces an increase in fan/
blower power consumption and acoustic noise level, both ?{eferences
which are disadvantageous in electronic systems. The assessrm:}?]tBe'an A., 1977, “The Concept of Irreversibility in Heat Exchanger Design:
of the overall performance of ele(.:trom(.: equipment IndUdmg heat[ Co]unt’erfl.é)w He’at Exchangerpfor Gas—tos—'GasyAppIication," ASI?/IE J. H?ea-t
transfer and pressure loss by a single in@®R) can be consid-  3nsfer,99, pp. 374-380.
ered to give a guide to an optimum design for an electronic equipf2] Ogiso, K. and Sasaki, E., 1977, “Design of Forced Air Cooling based on
ment cooling system from the standpoint of a balance between Power Performance Factor,” IECEJ Technical Report, CPM-77-51, pp. 49-56.

cooling capacity and acoustic fan/blower noise and powerl3] Bejan, A., 1978, “Criterion for Rating Heat Exchanger Performance,” Int. J.
g capacity P Heat Mass Transf21, pp. 655—658.
consumption.

. . . . [4] Oullete, W. R., and Bejan, A., 1980, “Conservation of Available WoEx-
With the present trend toward low acoustic noise requirements, ~ ergy)by using Promotors of Swirl Flow in Forced Convection Heat Transfer,”

this is highly significant as shown in the previous example. If size  Energy,5, pp. 587-596. _
|s Chosen as a prlmary Constralnlng factor’ then two parameteré’B] Bejan, A.,hand Pfister, Jr., P. A., 1980, "EV?%U&UOH of Heat Transfer Augmen-
. . . R . tation Techniques,” Lett. Heat Mass Transfér,pp. 97-106.
er]tropy geperatlon rate and Size, Wlll,make well balanced thl [6] Webb, R. 1., 1981, “Performance Evaluation in Criterion for Use of Enhanced
m!ZEd de5|gn between thermodynamic and technical consider-" Heat Transfer Surface in Heat Exchanger Design,” Int. J. Heat Mass Transf.,
ations possible. 24, No. 4, pp. 715-726. _ -
Furthermore, in practical applications, the bypass flow around.”] Logdon,hA.dL.l, 1982, “Economics and the S;econd Law: An Engineering View
: . and Methodology,” Int. J. Heat Mass TransT5, No. 6, pp. 743-751.
heat sinks affects cooling performance. However, for the presen[tg] Bejan, A., 1979, “A Study of Entropy Generation in Fundamental Convective
report, the effe:ct. of bypass flow on the heat transfer and pressure” Heat Transfer,” ASME J. Heat Transfetpl, pp. 718—725.
loss characteristics are not considered. [9] Kishimoto, T., Sasaki, E., and Moriya, K., 1984, “Gas Cooling Enhancement-
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Three-Dimensional Visualization
and Measurement of Temperature
Field Using Liquid Crystal
Scanning Thermography

P. M. Lutjen’

D. Mishra
V. Prasad A Liquid Crystal Scanning Thermography (LCST) technique is developed and imple-
e-mail: prasad@pml.eng sunysh.edu mented to visualize and measure three-dimensional temperature fields. Results are re-
' " Fellow ASME ported for natural convection in a differentially heated vertical cavity. Experiments are

conducted under steady state conditions at Rayleigh numbers of abbutithOglycerin
Department of Mechanical Engineering, as the working fluid. The scanning arrangement is described in detail together with the
State University of New York at Stony Brook, calibration scheme, and image processing routines that. enable_ the processing of the
Stony Brook, NY 11794-2300 thermographs and extraction of quantitative temperature information from them, includ-
ing local and global heat transfer rates. The resultant temperature fields and Nusselt
number values are computed and validated against both standard empirical relations and
numerical predictions. To date, LCT has not been used to determine Nusselt number for
enclosed fluid systems. The ability of LCST to perform this task makes this novel experi-
mental technique a useful tool.DOI: 10.1115/1.1370514

Keywords: Experimental, Heat Transfer, Measurement Techniques, Non-Intrusive Diag-
nostics, Visualization

1 Introduction ported an upper limit of 25 deg for accurate color detection. It has

| ¢ ianificant attention has b . o th ow become a standard practice to keep the subject within 7.5 deg
n recent years significant attention has been given to the dg-, perpendicular viewing axig].

velopment of precise experimental techniques, ones which incor'l_iquid crystals have been used in a variety of temperature field
porate such features as: enq effegts, heat tre.msfer through boufily flow visualization experiments. Rhee et[dl] developed a

ary layers, and full, three-dimensional velocity and temperatusgheme for simultaneous visualization of velocity and temperature
field measurements. Such measurements are necessary to devigd@is of Taylor-Gortler-like vortices in a recirculating flow. Nish-

a better understanding of complex temperature and flow fieldsura et al[5] utilized liquid crystals in a saline solution to study
and their coupling. A three-dimensional, experimental databasethi® density inversion and flow structure during solidification. Da-
also needed for the validation of advanced fluid dynamics atiti and Gharib[6] used liquid crystals to study vortex rings,
heat transfer computer codes. This paper presents the developrsbawing that even in turbulent flow, liquid crystals provide the
and implementation of Liquid Crystal ThermograptyCT) to nhecessary time response and offer excellent spatial resolution.
three-dimensional measurement of temperature field. The sckimura et al.[7] and Ashforth-Frost and Jambunath@j quan-

ning system involves a reduction in complexity compared to edffied velocity fields using Liquid crystals as tracer particles.
Ozawa et al[9] used liquid crystals in a Hele-Shaw cell to mea-

lier attempts[1] and most importantly that the test cell in the ; k .
present scheme is stationary. Any attempt to translate the cavity;f&b'e temperature and flow fields. Mukherjee e{#0,11]applied

; L : ; to study temperature fields in a simulated Czochralski crystal
?;gltg:;e ttctl;claoildflirglznsmnal data is unacceptable for measurem grog\—/vth system. Kowalewski et gl12] employed LCT in a study

Liquid tal | ¢ . terial that of internal natural convection with solidification.
Iquid crystals aré a class ot organic material that poSsesses %pplication of LCT to the study of three-dimensional flows has

unique mesostable phase between the solid and Ilqu_ld phases. Bd&n left largely unpursued. Sakakibara and Adfie8i have pre-

while in the mesostable phase that the unusual optical properti@sed a laser scanning technique, using fluorescence dye to mea-
of liquid crystals arise that allow for LCT. The material absorbgyre the three-dimensional temperature distribution in water. A
and emits light at particular frequencies, as a function of its terdcanning mirror was used to direct a laser sheet into the measure-
perature. Depending upon the angle from which it is viewed, ongent area and a fixed CCD camera grabs the scattered light from
will detect a unique frequency, a single hue, within the spectrunthe temperature-sensitive fluorescent dye. Some researchers have
From an angle perpendicular to the plane of illumination, the freattempted to capture three-dimensionality by illuminating multiple
guency of detection is a continuous function of temperatuganes and/or several perpendicular planes using LCT. Braun
through the visible spectrum from red to blgas temperature et al.[1] used an experimental arrangement that had a ten-piece
increases). From a different angle, a different progression wougtical train, includig a 1 kW Xenon lamp. This optical train

be perceived. Hence, the view angle becomes an important pardfduced a light sheet that was reportedly 0.5 to 1 mm thick. In
eter for LCT. It must be held constant macroscopicéligme to ordgr to |]Ium|n§te different vertical s!lpe§ Wlthln thg cavity the
frame)and furthermore, it needs to be consistent over the viewirfgtiré optical train was set upon a positioning rail, which was then

; ; val i ; translated. The authors focused upon the acquisition of the tem-
of the image(pixel to pixel in each frame Farina et al[2] re- o -
gelp P e (2] perature and velocity fields; no mention was made of heat transfer

" Ipresently with: Pratt & Whitney, East Hartford, Connecticut 06108 coefficient measurements. Hiller et 4l4,15]and subsequently

enty with: ¥, Bast i HS : Kowalewski et al[12] and Wisniewski et all16] have made use

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF f th lati . iff | .
HEAT TRANSFER Manuscript received by the Heat Transfer Division Feb. 1, 200021 three translation stages to acquire images at different ocations.
revision received Jan. 8, 2001. Associate Editor: D. Poulikakos. From the experimental arrangement reported by these authors, it
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appears that the cavity is mobile, as well as the camera. Tpesition across the cavity that is parallel to its front face. The light
choice to translate the cavity, as was done in these worksheet excites the liquid crystal particles within the fluid causing a
can disturb the flow. In the present work the cavity is physicallyariety of colors to be emitted in all directions. A camera,
isolated from all mobile components. Therefore, the possibility 9founted on a second translation stage that moves parallel to the

disturbing the flow pattern is eliminated. As a consequence ghyica| train, acquires images of the illuminated plane.
these improvements in image acquisition, reduction in the

complexity of the number of optical components, as compared2.1 Experimental Apparatus. A differentially heated cubic
with Braun et al.[1], enables a rapid acquisition of multiple,enclosure is a classic geometry for heat transfer research, particu-
parallel images, with potential application in the study of transieférly in the field of buoyancy-driven convection. It has inherent

systems. three-dimensionality, even at low Rayleigh numbers, but there is a
dominant two-dimensional appearance under many controlled
2 Experimental Arrangement conditions. For this reason, a cubic cavity with 76.2 mm sides

A sketch of the experimental setup, along with a sketch of tHiternal dimensionwas selected for the present experiment.
top view of the arrangement is presented in Fig. 1. Light emitted Four of the walls of the cavity are 25.4 mm thick, acrylic. The
by a Xenon arc lamp is filtered and shaped as it passes througH@faining two walls are aluminum plates maintained at constant
optical train to form a vertical sheet of light. A mirror mounted orfémperatures by recirculating water. Each of the isothermal plate
a translation stage reflects the light sheet perpendicularly. Tlassemblies is comprised of two aluminum plates and a gasket.
translation stage allows the vertical light sheet to be located at a@ye piece has a U-shaped channel milled in the central region

Cavity
Trunslation —— /
Stlage with
Mirror : /! =
Cylindrical P — e
Lens
L}quhlu l_l |:]:l:| 3\ Translation
i | Stage with
/f" | Camera
Light -
Source
(a)
Test cell

Mirror rmounted on a
translational stage

A

Doubte slif
vertical sheet
optics
Camera mounted on o
1 EW xenon lamg transiational stage

(b}

Fig. 1 (a) Top view of the experimental setup;  (b) schematic of experimental arrangement.
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Table 1 Properties of the working fluid at 25°C tion of the working fluid. The two stages used are Aerotech
ATS02020 units with DC-servo motors. The U500 controller card
Coefficient of Thermal Expansion (1/K) ~ 4.81 x 10°* from Aerotech, Inc. has output channels that trigger the
framegrabber. The Programmable Logic Control code written for
the experiment contains variable inputs for the number of dwell
locations and the index of refraction of the fluid, the latter of
which is the gear ratio for the two stages. When the stages come
8940 to rest, a dwell is initiated that lasts for the time of 6 frani®80
ms). After 66 ms, an output channel is modified from its normal,
high output to a low output. A logic level converter circuit moni-
tors this signal and outputs a signal of proper voltage for receipt
by the framegrabber software.

leading from one corner to the opposite corner by an S-like path. The program is written such that the stages take 0.25 s for
Four copper-constantium thermocouples are embedded in shalRggh motion. The stage controllersha 3 ms ramp to an appro-
channels in the aluminum near the surface in contact with tiélate top speed and a 3 ms ramp from top speed to rest. In spite
working fluid. The top of the U-shaped channel is sealed with%{ t_hl_s there is still some vnbratlpns emanating from the stages. Tc_J
gasket and clamped by the second aluminum plate. As a resuliryfibit any_effects on the e?(perlmental system the camera stage is
the high thermal conductivity of aluminum and the water flowp€t UpOn its own table with at least 1.5 mm of rubber gasket
capacity of at least 14 liter/min a uniform temperature is obtainépaterial beneath the legs thereof. The stage carrying(ftrat)
across the aluminum plate, generally to within 0.05°C of a medR!'Tor IS separated from the underlying table by rubber gasket
value. The working fluid used for the present experiments is glygaterial as well. The other components of the optical arrangement
erin. The thermophysical properties of the fluids are provided #f€ Placed on this table as well. The cavity rests upon its own
Table 1 for a temperature of 25°C, which is the approximaté'i‘blev again with rubber gasket material beneath it. Furthermore,
mean temperature of the fluid in all the experiments. cinder blocks are set against the legs with Styrofoam between to
The liquid crystals used in this study are manufactured 59h|_b|t vibrations from the floor from having any effects on the

Hallcrest, Inc. They have a mean diameter of 4 with a Cavity. o
diameter range of 20-8@m. They are active(visible when The emf of ee}ch of the type-T therchouples on the interior of
iluminated) in a temperature region of roughly 5°C starting afhe Plates and in the ambient is acquired manually by use of a

approximately 24°C. The specific gravity is within a range of 1_5qnd-held therm_ometeOmega HH23, a resistance thermompgter
to 1.1. It is common with the current system to see thermocouple fluc-

tuations of only 0.1°C across an aluminum plate with no correla-

2.2 Optical Arrangement. A Spectral Energy 1 kW Xenon tion to the direction of water flow within the channel or fluid flow
arc lamp with a two-inch diameter condenser assembly is used {githin the cavity. The temperature readings on the plates become
the current experiments. It produces stable, consistent emissiorsigady within ten minutes of beginning an experiment, and remain
the visible spectrum. Upon exiting the lamp condenser assembdyable(within +0.1°C)for the duration.
the light encounters a pair of metal plates in series that have
vertical slits. Experiments showed that slits of width 0.64 mm and
1.14 mm set at distances of 11 cm and 16.5 cm from the lamp
housing provide a well collimated light sheet when used in con; . . .
junction with a 310 mm cylindrical lens, set 67 cm from the lam Image Processing and Calibration
housing. The long focal length of this cylindrical lens gives the Image processing is essential to suppress noise from the origi-
exiting light sheet a width that is consistent as it travels. This lemal images. The noise in these images is due largely to pixels
has a coating that reflects back the UV radiation. This restricts theing void of liquid crystals, though it may also be from non-
amount of unnecessary energy input to the system. Following thisiform liquid crystal structure and material defects in the optical
is two planar mirrors to send the light sheet into the test cell. Tlwmponents including the walls, lens, and mirrors. The following
first mirror is mounted on a linear translation sta@iscussed procedures are used to remove large portions of the noise and then
later). The mirror is roughly 130 cm from the lamp housing. lenhance the image.
directs the light sheet perpendicular to its previous directsbi Each of the red, green, and blue arrays is operated upon by a
in the horizontal plane The cavity is located approximately 50Fourier filter in the two dimensions of the acquired images to
cm from the first mirror. A second mirror is positioned above theemove high frequency components which are mostly noise. The
cavity at a 45 deg angle, such that the light is directed downwarelsulting RGB arrays are each subjected to a further averaging
into the cavity. In this orientation the cavity rests approximatelgperation using a 85 window (spot size), to remove localized
15 cm below the second mirror. Throughout the experiments neeise. The 5X5 window is a matrix of all elements having a
ported here, the beam width remains within 2 mm. weight of 1.0. The resultant filtered images appear “out of fo-

A Sony DXC-9000, 3-CCD camera with a 50 mm Nikkorcus.” To bring back some of the sharpness that has been lost, an
lens is used throughout the course of the present experimemtisage enhancement procedure is applied to the image. This is
The camera has a pixel density of 6B69(<494(V). The called a high boost image preparatid’Y]. The scheme employed
automatic white balance is deactivated and the “color temperfmr this experiment uses an amplifier @A-1) on the center pixel
ture” setting used is 5600 K. The output of the CCD camerimside of a 3X3 window with the other 8 pixels having an ampli-
is component RGB-sync in NTSC format. The NTSC formdfier of —1, where A is the weight factor, set at 1.5. A detail study
has 640 vertical lines and 480 horizontal lines refreshed at a ratiethe image processing parameters and their effects on the liquid
of 30 frames per second. These comprise the input to theystal thermographs is presented i18].
framegrabber which discretizes the three separate signals into 256he smoothed color images are used to produce two-
levels (8 bit). dimensional temperature fields. First, the RGB values are con-

Because the light sheet to illuminate the cavity is mobile theerted to the HSI color space, wherein the calibration is per-
camera must also be mobile to maintain focus over the lengthfofmed. With calibration equations determined, a second
each scan. The index of refraction of the fluid requires that ttagorithm converts the hue values to their corresponding tempera-
camera be moved a distance less than the distance the light sheet values. Even after improving the contrast of the images, the
is traversed. Hence, the camera is mounted on a second translas@turation and intensity is 10\<0.2) at some pixels to correctly
stage that is geared to the first by the ratio of the index of refradetermine the hue at that point. Such pixels at this stage are as-

Kinematic Viscosity (m/s®) 840 x 10

Prandt]l Number
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signed a temperature of 0.0, which are to be assigned a corre 119
temperature value based on an average of acceptable local vali -2 w
in subsequent step. . 08 g
Because of the conservative approach taken in assigning t£ '
operational parameters in the above algorithms local anomali’g
still exist in some cases. As a result, a cubic spline is fitte®
through the temperature data along the horizontal lines from trE 03]
hot wall to the cold wall. The resulting images have smooth trar® .2 i ™
sitions in temperature and are free of erroneous data points. T 9.1 1 7
calibration images used to determine the color-to-temperature r 9 = :
lationship and the images captured from convection experimen ~ ®3% 2378 2 2425 245 2478 25 258
are subjected to the same image processing param&eusier Temperature T
cutoff, and averaging window size etc. ) o
Each slice(acquired imagesprovides thex andy data, and Fig. 3 Hue versus temperature at three  Z locations in the nar-
successive slices comprise the third dimension. The data is tH8} "a"9€ calibration
visualized using the IBM Data Explorer software. This software
allows for three-dimensional visualization of regularly and irregu- .
larly spaced grid data, and generates intermediate points by liné@p images. There is close agreement between the data for
interpolation. z=19mm, z=38mm, andz=57 mm slices for the calibration
An accurate relationship between the perceived color a¥Periments as demonstrated in Fig. 3. The hue-temperature
temperature must be established for quantitative measuremeft$ve shows a discontinuity, a property of the used liquid crystals.
In situ calibration helps to reduce the effects of systemic error e region where a few scattered points are visible are in the
the experiment, by way of it being incorporated in the calibratiofiégion of purple color. These points are solely due to the camera
By setting the constant temperature aluminum plates horizontalfgistering a wrong color at that spatial location, which can be
where the upper plate is at a higher temperature than the lowefetated to the fact that the crystals are not sensitive in that tem-
stably stratified conduction profile is obtained. Several other pRerature range. Since the calibration equations are decided by fit-
rameters allow one to describe the stratified profile as linear. Fof#19 a least square curve through the points shown in Fig. 3, and
most, over the temperature range of the crystals the thermal céfese scattered points are eliminated, from the curve fitting pro-
ductivity of glycerin is constant at 0.286 W/mK. Secondly, th&ess, they do not affect the measurement. Figure 3 suggests that
low thermal conductivity of the acrylic walls provide a relativelyone set of calibration equations is applicable at any spatial loca-
large, though not perfect, thermal resistance. Furthermore, the g0 throughout the span of the cavity. This is extremely important
bient temperature is maintained near the mean temperature of ipiethree-dimensional LCT as it greatly reduces the computational
plates during each calibration by heating an enclosed spa{@éd- ) ) )
around the test section. Therefore, the conduction profile is notln order to fit the data as closely as possible the following
only stable, but also linedat least in most part of the cavjtyds ~Strategy is adopted; the function is separated into four regions.
a result, the vertical location of each pixel can be associated whpamining Fig. 2, one can see that there is a region of high sen-
a known temperature. A median value of hue for each tusight) ~Sitivity from red to aqua, hu¢0.0, 0.649jand a second region of
is then related to the temperature for that height as describé&ptive insensitivity, hu¢0.649, 0.66}. There is a third region in
below. which the intensity and saturation curves are such that they war-
The middle fifth of the conduction image is investigated moréant hue values be disregarded, H066, 0.95}. The fourth re-
closely (avoiding any possible end effegtsThe hue, saturation, 9ion, hue{0.95, 1.0}, is set to a single value of temperature,
and intensity values for each horizontal segment are provided 2%&25°C. The correlation equations obtained are as follows:

inputs to a median filter. The result is the single median hue, 1_g 031F—4.95/F+1.76h+24.29 for h<0.6485 1)
saturation, and intensity value for a given vertical position. The ' ' ' ' '

+ 2= 18 mm

= r = 38 mm

&z = 5T mm

hue value is then plotted as a function of position/temperature. T=212.71h-112.95 for 0.6485%€=<0.660 2)
Results are presented based on two calibration experiments for
which the temperature of the top and bottom plates are 29.95°C T=24.25 for 0.95h<1.0 ®3)

and 23.4°C, and 25.2°C and 23.5°C, respectively. There is a reagor the first region, third order polynomial provides the best fit
sonable agreemertwithin the uncertainty of the thermocouples through the data. The fitted curve, Eq. 1 has a correlation coeffi-
+0.1°C)between the data of the two experiments for a slice at thgant of 0.98 and a standard deviation of 0.035 with the supplied
center of the cavity as represented in Fig. 2. _ data. The second region has a first order equation fitted. There are
Another issue relates to the spatial location of the calibrather relationships that provide only marginally better fits, but the
linear equation is simplest to implement. The fitted line, Eq. 2, has
a correlation coefficient of 0.95 and a standard error of 0.48 with

— - the supplied data.
Pr—— T L S = [

4 Measurement Uncertainty

The uncertainty in temperature measurements is due to four
quantifiable sources: the thermocouple reading, machining toler-
ance, the manual cropping operation, and construction. The ther-
mometer has an uncertainty af0.05°C. Since both the top and
bottom plates are monitored by this device there is an uncertainty
of £0.1°C in the liquid crystal temperature reading as a direct
result of the thermometer.

Tomperature °C | The machining tolerance, manual cropping operation and the
B construction of the cavity each affect the accuracy of the calibra-

= Ful ranga

Hormalized Hus

& MNarrow ranga

28.3 T3 28.3 233

tion of the liquid crystals. The error in the distance between the
Fig. 2 Hue versus temperature relationship for two separate two plates affects the linear temperature profile to which the hues
calibration experiments are matched. The machining toleranceti8.13 mm. This repre-
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sents an uncertainty of only 0.85 percent. The construction of ttreermal boundary layer continues to expand. The core region is
cavity, with the inherent uncertainty in the thickness of the conalmost stagnant and is stratified. Strong three-dimensionality as
pressed gasket material, also affects the true distance betweenddgmmonstrated by Hiller et a[15] is thought to arise from two
controlled plates. This is approximatedal mm, an uncertainty sources[19]: (i) kinematic interaction of the recirculating fluid
of 1.3 percent. In the cropping procedure, it is assumed that thith the stationary end walls, an@) thermally driven flow re-
image is square. Cropped images are only accepted diraen- sulting from a temperature gradient perpendicular to the end
sion matches thg dimension to within 4 pixels. The uncertaintywalls.
is therefore taken as4 pixels. Since the size is generally 440 The experimental results obtained here are compared with
pixels square, this represents an uncertainty of arly9 percent. two separate sources, literature and an in-house numerical model.
Under the most narrow temperature difference in the calibratidrhe literature serves as quantitative comparison of the Nusselt
experiments(1.68°C) these three sources of error, combinedjumber with two-dimensional experimental techniques compiled
can contribute an additional uncertainty ©0.05°C. Hence, the over years of researcf20]. As a result of the two-dimensional
overall quantifiable sources of uncertainty in the data sum twigin of the correlation, it is expected that the experimen-
+0.15°C. tally obtained results will be lower due to end-effects. The nu-
Other sources of uncertainty exist which are relatively insignifimerical model serves as both a quantitative and qualitative data
cant or unquantifiable. There exists “dark current” on the CCBource and, as a result of having been tailored to mirror the physi-
arrays. This is a matter of local defects and can also be a functical realities of the test section, may provide more meaningful
of the temperature of the camera. The presence of dark curresgults.
becomes increasingly apparent as frames are comakiadked)in A description of the numerical model follows below. Recon-
the multiple exposure mode of the camera. However, even whigucted images from the numerical results directly related to one
operating in NTSC mode with exposure times of 1/60 second tlé the sets of experimental conditions are provided as a means of
signal-to-noise ratio is extremely high under the well-illuminatequalitative comparison. The numerical model used to generate
conditions. comparable results, an in-house computer code based on
It would be fruitless to use a non-invasive technique lik&MASTRAP3d [21,22], provides both temperature data for recon-
LCT only to disturb the flow field with the introduction of a struction and local Nusselt numbers on the controlled surfaces.
powerful light source such that the fluid media is volumetricalliffhe physical properties of the fluid and solid materials are actual
heated. To restrict the amount of energy imparted to the fluichlues at an approximate mean temperature for the experiments of
by the lamp, foremost, the scan time is only ten seconds. Furthee°C. The physical domain is well represented in the model, but
more, the spectral absorptivity of the glycerin-liquid crystatloes not have a perfect correspondence. The two controlled sur-
mixture averages less than 8 percent relative to pure water faces are represented as isothermal surfaces as in the experiment.
the visible spectrum. Infrared light is emitted at low levels fronHowever, the four acrylic walls are treated as though they were
the light source. The special coating on the cylindrical lens radiabatic on the external surface when, indeed, there is convective
flects much of the ultraviolet emissions. Therefore the effettansfer to/from the ambient. These surfaces are able to conduct
that the light source may have on the flow field is considerdutkat laterally in the model. The no-slip boundary condition is
insignificant. enforced, which gives rise to the three-dimensionality in the re-
The view angle, as mentioned earlier, is an important paramesgeidts. The grid employed for the calculations is>X&8X33,
in LCT. The minimum distance from the illuminated plane tavhich is sufficient for the present cases. In the experiment a grid
the camera was calculated as 28 cm in order to maintain an ap-440x440x21 is obtained from each scan. Local Nusselt
propriate angle for the given geometry. For the duration of theumbers are calculated at the measured 21 planes at4MD
experiments, the camera to plane distance was approximately p2fints in each plane. The local Nusselt numbers are obtained
cm. As a result, uncertainty due to view angle is also considerdttough the temperature gradient information by fitting a cubic
negligible. spline across the two walls. From the temperature field obtained,
The experiments performed with a vertical cavity and the calan average temperature profile from hot to cold wall is also ob-
bration experiments show no appreciable difference between tagmed. The slopes of this profile at the two walls are used to
consecutive scans. The uncertainty of the arrangement and pramanpute the average Nusselt number. The slopes of the profile at
dures is negligible, especially with respect to the uncertainty dtiee walls are computed using only one pixel width first order finite
to thermocouple and cropping. As a whole the three componeutiferencing.
produces a total of about0.15°C uncertainty in the measurement The particular case for which comparison is presented has a
reported here. high temperature of 25.43°C and a low temperature of 24.05°C.
Errors in measurement introduced due to image processing dfve Rayleigh number is 3:710%. Rayleigh number is defined as
erations, which might have altered the information originally refollows:
corded by the camera is a tricky issue. Since a standard set of
operations with exactly same parameters are applied to both the Ra=gBATL% ya,
calibration and other experiments, errors due to modification of
any hue value is expected to be taken care of at the calibratimhere g is acceleration due to gravity3 is the coefficient of
stage itself. However it can not be quantified in the present wotlkermal expansion of the fluid, is its kinematic viscosityy is the
since no point measurements in the bulk of the fluid is recordéldermal diffusivity,AT is the temperature difference imposed, and
for the present set of data. It is expected that once the feasibilitys the internal dimension of the cavity. Figurgs4-(g) are Data
and applicability are demonstrated future studies will focus dBxplorer images of numerical data. Figur@yis an image in the
quantifying these errors. orientation and position of data that is directly recorded from the
experiment at thg=38 mm slice location. The symmetry exhib-
: : ited in this plane is precisely what one expects from such condi-
5 Results and Discussion tions. The three-dimensionality becomes apparent in the other re-
In bouyancy-driven, internal, convective flows the developingonstructed images. It is most clearly seen in Fig)#4notice the
boundary layer of the finite fluid volume must contend witleurvature of the yellow and aqua regions near the hot and cold
both physical limitations as it circulates and with the coupling oiall, respectively. Figures( and (g), represent vertical planes
its own motion and the motion of the fluid in the core region. The0 mm (0.125 cavity) from the hot and cold wall, respec-
velocity boundary layer grows as it ascends the lower half of
the warm wall, entraining fluid as it progresses. Above the cen-zyyizone Adaptive Scheme for Transport and Phase Change Processes—three-
terline, the boundary layer expels fluid and is reduced while th@nensional
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Fig. 4 Temperature fields obtained from numerical calculations: (d) is the diagonal plane.

tively, also exhibit three-dimensional behavior. If the flow within

the cavity were two-dimensional the temperature distribution i

these last two images and the local Nusselt number on the hot a

cold walls would be a function of only. Figure 5 demonstrates

that the local Nusselt number is a function of batandy, indi- }
cating three-dimensionality in the temperature field. Local Musselt -

5.1 Convection at Ra=3.7X10". Figures 6(a)(g) are number
Data Explorer images of the experimentally acquired and prc
cessed data for the previously stated boundary conditions. Tl
transitions from one color to another are not as smooth in th
experimental data as they are in the numerical data. However,
the whole, one can see similarity in the trends for the colore
regions. There is, perhaps, greater penetration of the bounde
layers as they exit from the walls. More convincing evidence
can be demonstrated via a comparative examination of Fa. 6
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with Fig. 4(c), and Fig. 6(d), with Fig. 4(d). One can see strongig. 5 Distribution of local Nusselt number on hot wall ob-
similarity between the numerical and experimental data sets pgfined from the numerical results ~ (the y and z-axis are marked

ticularly along the hot wall. This is an encouraging resulin the units of cm )
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Fig. 6 Reconstruction of experimental temperature field for Ra =3.7X10* (d) and (e) are the
diagonal planes
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Fig. 7 Comparison of numerical and experimental median
temperature value
since these figures are comprised of experimentally acquired d
from all 21 slices. Notice the temperature distributions in Fig:
6(d) and (e). Apart from the green region on the right hand side :
there is remarkable similarity as would be expected. Moreover, 76

viewing Figs. 6(f)and (g) one can see the same oval shaped rt
gions and surrounding regions that are visible in Figs.ahd(g).

A comparison of the numerically and experimentally obtaine
temperature fields is provided in Fig. 7. To obtain Figa)7the
vertical slices of constant value have been processed by a me
dian filter to obtain the temperature as a functiox ohly. Figure
7(b)is obtained by performing the same operation on the horizo (b}
tal slices of constant value. The comparison is within the uncer-
tainty of the calibration at all point6+0.15°C). The data com- Fig. 8 Local distribution of Nusselt number on (a) hot wall and
prising Fig. 7(a)has been smoothed by the cubic spline routingb) cold wall
in the direction corresponding to the abscissa. The data in Fig.

7(b), however shows the sensitivity of the results to the various

sources of uncertainty in the measurement data. There are the@he second case listed in Table 2, in which glycerin is the
issues of image acquisition and cropping compounding the digorking fluid, has similar boundary condition to the first
crepancy in the boundary conditions between the model and @#se. With the isothermal boundaries at 24.25 and 25.32°C, the
periment. Considering the temperature difference for which thigayleigh number is 2.8410%. Similar results are obtained. The
experiment has been constructed, 1.38°C, and the difficulty jerage Nusselt number on the two plates is 2.81, 15 percent
resolving temperature very close to the wall, this agreement Cgfjver than the 3.29 predicted by the model, and 20 percent

be considered reasonable. less than the valué3.51) as determined from the relationship in
The local Nusselt number on the hot wall has the same donfjerature[20].

nant trend in the vertical direction as the numerical results and has
a parabolic shape in the horizontal direction less than that which
appears in the numerical _resu(see Flg' 8). The Nusselt number ble 2 Average Nusselt numbers as obtained from literature,
on the hot and cold walls is determined experimentally to be 3. : :
. merical model, and the LCST experiment
and 2.57, respectively. The average of these two numbers, 3.12.

has an 18 percent error from the value in literature and 12 perct Experiment Hotwall Coldwall Average AverageNu  Average Nu
error from the numerical modéTable 2). Recall the anticipated Nu Nu Nu from,Gebhart  from
over-prediction by literature and consider the ambient conditiol etal 1988 Mumerica
on the four acrylic walls are not fully characterized in the numer "

cal model. These strong similarities serve to validate the acquir Vertical Ra=37x10°" 368 2.57 2. 379 355

data over the entire span of the cavity, be they symmetry with

the experimental data or qualitative, direct comparison with ni Vertical, Ra=2.8x10°  2.89 27 2381 3.51 3.29
merically generated data.
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further small size encapsulated liquid crystals. This will result in LCT in Natural Convection,’8th Int. Symposium on Flow VisualizatioBor-
more number of particles in the fluid and fill up the voids. Al-  rento, G. M. Carlomagno and I. Grant, eds. CD ROM Proceedings ISBN
though this will improve the image quality, theoretically speakin 0953399109, pp. 212.1-212.8, Edinburgh. _ _
it can introduce more seeds into the flow and comparatively moré’] @ZQT:'QEL,Eisiiasngomﬁs' F;-e iaiigmma' Image ProcessingAddison-
dlsturbant_:e to the medium. Resolution of color band near th 8] Lutjen?lP. M., 1999, “Three )Igimensionél Measurement of Temperature Fields
Wa”st') W_h|Ch aredaé the FWOtEXtrcej_r;;e entdts) Ofdthef (i_()lo_rdSpeCttrul Using Liquid Crystal Scanning Tomoscopy,” Master thesis, State University of
can be increased by using two different bands of liquid crystals. New York at Stony Brook.
This will stretch the color spectrum near the walls and may resuft9] Mallinson, G. D., and de Vahl Davis, G., 1977, “Three-Dimensional Natural
in better approximation of the wall heat transfer calculations. Convection in a Box: A Numerical Study,” J. Fluid Mecl&3, pp. 1-31.
[20] Gebhart, B., Jaluria, Y., Mahajan, R. L., and Sammakia, B., 1B8®yancy-
Induced Flows and TransporHemisphere Publishing Corp., New York.
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Electrochemical Mass Transfer at Eg?tal s(;ugiest, !ncluciir;‘g't;l(f]aron a:wd Gololl_stéklj, Heslloi_et arI]._
. , and Castaing e reveal a scaling law relationship
Moderate Rayleigh Numbers NU~R'T
The advantages of an electrochemical system over conventional
R. J. Goldstein heat transfer include better control of boundary conditions, elimi-

nation of sidewall conduction and radiation effects allowing more

Department of Mechanical Engineering, University of precise measurements, and the direct determination of mass trans-

Minnesota, 111 Church St. S. E., Minneapolis, fer rates from the electrical current. Electrochemical systems use

MN 55455 high Schmidt numbe{Sc) fluids and using the heat-mass transfer
analogy, these results can be extended to high Prandtl number heat

A. S. Fleischer transfer situations.

Assistant Professor Assoc. Mem. ASME Villanova The present investigation was undertaken to provide a link be-

tween the high Schmidt number/high Rayleigh number mass
transfer experiments of Goldstein, Chiang and $8and the
high Prandtl number heat transfer data available at lower Rayleigh

University, Department of Mechanical Engineering, 800
Lancaster Avenue, Villanova, PA 19085

e-mail: amy.fleischer@villanova.edu numbers. Mass transfer data is taken in the rande< Ra<1CP
and compared to the high Prandtl number data of Rog&bsnd

P. B. Hogerton the moderate Prandtl number data of Garon and Gold$ggin

3M Center, St. Paul, MN 55144 Rossby[2] and Goldstein and Tokudé]. A relationship in the

form Nu~R4 is developed and cathodic deposition patterns are
analyzed for flow patterns.

Introduction

Natural convection in a horizontal enclosure heated from below
(Rayleigh-Benard flowarises from density instabilities within the
fluid if a body force, normally gravitational, is present. Density
gradients occur in many natural environments and may resul
from non-uniform temperature or concentration distributions. If Dial Iadicator
the density instability exceeds a critical value, characterized by
the Rayleigh numbefRa), the buoyancy forces are able to over-
come the viscous forces, and convective motion begins. A com
prehensive review of Rayleigh-Benard flow is available in

Koschmiedeff1].
As the Rayleigh number is increased beyond the critical value Adjustable Dol ndical
the motion of a Boussinseq fluid will take the form of two- Anode Handle Seoport

dimensional rolls. Rosshj2], Krishnamurti{3] and Willis, Dear-

dorff and Somerville[4] have shown that the roll diameter in-

creases with the Rayleigh number. As the Rayleigh number is

increased further, the fluid motion evolves from two-dimensional BB:M”\

through three-dimensional steady state flow to time-depender s %

flow before becoming turbulent. The occurrence of these transi Steel——__

tions is strongly affected by Prandtl numb@r) (Krishnamurti ~ Anode Housing Ty

[5], Bussg6)). cy N
The relationship between the Nusselt numidér) or Sherwood Anode N 0-Rings

number(Sh)and the Rayleigh number is of both engineering and Gasket 8

scientific significance, and has been the focus of many theoretice S s

and experimental studies. The classical scaling of~Ra' is Cell DN o R /El?f‘%ii?zg

predicted by mixing-length theory assuming the thermal boundary Gasket SRR N ; -

layer is independent of the cell height. Several experiments sup A LS hade Housing

port the R&° relationship, including Goldstein and Tokudi] » NN

and Goldstein, Chiang and SE&]. However, many other experi- O-Rings % ?K

,s

I
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/
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’ Present Data (18560<Sc<2150)
—_— Rossby (1969) Ra=0.131Ra -3 for Pr=6.7
~—— =~ — Garon/Goldstein (1973) Nu=0.13Ra 0293 for Pr=6.7
----- Goldstein/Tokuda (1980) Ra=0.0556Ra '/ Pr=6.7
Curve Fit to Present Data Nu=0.139Ra 0203
Rt Rossby (1960) Nu=0.184ra 9281 for Pr = 200

100 —

|

10 —

Nusselt/Schmidt Number

1 ‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHV\‘

1.0E+004 1.0E+005 1.0E+006 1.0E+007 1.0E+008 1.0E+009
Rayleigh Number

Fig. 2 Comparison of present data to high and moderate
Prandtl number studies

Electrochemical Mass Transfer Technique

Electrochemical systems use an externally applied potential
across two electrodes, the anode and cathode, to induce curren
flow through an electrolytic solution. The current system is similar ~ (b)
to that of Goldstein, Chiang and SE&]. The electrolytic fluid is
CuSQ,, and the passage of current through this aqueous solution
is caused by chemical reactions creating' Cuons indicating the
dissolution of the copper anode and the deposition of copper onto
the cathode. The sulfate ions remain essentially inactive.

The mass transfer data is correlated using the Sherwood,
Schmidt and mass transfer Rayleigh numbers,

hL
sh=5 )
Sc:p“—D 2)
gApL3
T ®

which are analogous to the Nusselt, Prandtl, and Rayleigh num-
bers for heat transfer, respectively. The Sherwood number is cal- ©
culated usindh, the mass transfer coefficient,

(1—tp! Fig. 3 Cathodic deposition patterns:  (a) Ra=2.0X10°%; (b) Ra
= "FAC (4) =1.0x10% and (c) Ra=1.2X10°.
I I

Figure 1 shows a schematic of the apparatus used in the present
study. The test cell consists of two flat and horizontally oriented
copper rod electrodes separated by a plexiglass disc with a cirthickness forms the electrochemical test cavity. The electrode
lar hole reamed through its thickness. The rods are each 11.7 rapacing can be varied from zero to 18 mm. The clear sidewalls
in diameter and fabricated of OFHC copper. The longitudinal suallow the inspection of the test cell for entrapped air prior to
faces of the rods were rendered inactive with a 0.018 mm thidperation. A horizontal channel drilled in the plexiglass cell casing
coating of Paralene, an organic film known for its resistance frmits the injection of the electrolytic solution.
chemical attack. The power supply is a fixed current source providing a 9.0 V
The plexiglass disk is 114 mm in diameter and 31.8 mm thickRC current, stable to within 0.03 percent. Temperature measure-
A circular hole with a diameter of 11.8 mm running through thenents are made with a calibrated Teflon coated iron-constantin
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thermocouple located within 0.76 mm of the test cell wall in thanalysis of mass transfer rates and the precise control of the
plexiglass casing. The post-test copper concentration differs frdmoundary conditions. In addition, using the heat-mass transfer
the initial concentration by 5 percent and is determined usiranalogy, the high Schmidt numbe¢Sc), 1800-2150, provides
atomic absorption analysis. The estimated uncertainty=iks information on high Prandtl numbdPr) convection for which
percent. there is limited data. The resultant data provides a link between
Each run is started at low current levels and progresses tte high Schmidt number/high Rayleigh number work of Gold-
higher currents. At each current setting, convection in the testein, Chiang and S¢&0]and the high Prandtl number heat trans-
cavity is allowed to come to steady-state and the value of potentfat data available at lower Rayleigh numbers.
and current are recorded. The characteristic diffusion time of theFor 10f<Ra<10?, the relationship between Sherwood number
experiments ranges from 2-5 minutes, and in most cases, el Rayleigh number is given by SB.139R&2% These results
diffusion time is sufficient to get a steady-state signal. At thggree well with both the existing high and moderate Prandtl num-
lowest Rayleigh numbers, the post-test copper concentration Mgt data in the range & Ra<10°.
chgnge over the test .period by up to 5 percent and is determ.inedi-he observation of cathodic deposit patterns forRa 10°
using post-test atomic absorption analysis. Longer test perigqd$,ides qualitative evidence of the similarity between flow struc-
may result in larger changes in copper ion concentrations, so tegfs in the heat transfer and mass transfer processes. Distinct
are terminated immediately after the limiting current has begRyylar patterns, which increase diameter with Ra, are formed on
reached. the cathode.

Results Nomenclature

A total of 19 runs are reported, covering the range .26* AC; = concentration difference in species
<Ra<5.03x10® and 1800=<Sc=<2150. Electrode spacing varies DI = diffusion coefficient of copper sulfate
from 0.635 mm to 17.78 mm. Since Ra is varied by changing the £ = Faraday’s constant
electrode spacing, aspect ratio is not an independent parameter ing = gravitational constant

this experiment. h = mass transfer coefficient
A least squares fit (SheRd") to the data yields the following: | = current density
Sh=0.139R%2%3 (5) L = electrode spacing

n; = valence of the transferred ion
with a standard deviation of 2.8 percent. Considering the uncerNu = Nusselt number
tainties of the measured parameters4.6 percent in Ra;+4.0 Pr = Prandtl number
percent in Sh), a 95 percent confidence limit is set for the coeffi-Ra = Rayleigh number
cient of Eqg.(5) at 0.112<¢<0.190 and 0.277=<0.302. This Sc = Schmidt number
corresponds closely to a 2/7 power law relationship. Sh = Sherwood number

The data for the present experiment is compared to the high ;. = dynamic viscosity
Prandtl/Schmidt number experiment of Ros$Byin Fig. 2. The p = density
present data and fit compare favorably to Rossby’s correlations for » = kinematic viscosity
Pr=200 (Ra=0.184F%%Y). Rossby’s fit is consistently higher
than the current data, but remains parallel to it throughout tfeeferences
entire range. Figure 2 also shows a comparison of the current da . . ) -
to the moderate Prandtl number studies of Tokuda and Goldstei ]5;’,1‘.’3”;?3;’ F. L, 199%enard Cells and Taylor Vorticeambridge Un
[7], Garon and Goldsteif®], and Rossby?2]. Despite the large [2] Rossby, H. T., 1969, “A Study of Benard Convection With and Without Ro-
difference in Prandt(Schmidt) number, the correlations agree __tation,”J. Fluid Mech. 36, pp. 309-335. _
well, indicating only a weak effect of Prandtl number on heat [ Kfishnamuti R, 1970, 1On fhe T grr;fgg’srrofarggjxlegt gﬁ%"m% ;f” L
transfer. 295-307.

For Ra<2x 10°, deposit patterns which illustrate the flow pat- [4] Willis, G. E., Deardorff, J. W., and Somerville, R. C., 1972, “Roll Diameter
tern appear on the cathode. As can be seen in Fig. 3, the size of the Dependence in Rayleigh Convection and s Effects Upon the Heal Flux,"J.
two-dimensional cellular patte_rn increases with Rayleigh _number{S] Krishnamur.£i, Rp§973 “Some Further Studies on the Transition to Turbulent
as would be expected according to the work of Ro§&dyKrish- Convection,” J. Fluid Mech.60, pp. 285—303.
namurti [3] and Willis, and Deardorff and Somervillgt]. The [6] Busse, F. H., 1981, “Transition to Turbulence in Rayleigh-Benard Convec-
patterns are quantitatively similar to those observed by Rossby fon’In Topics in Applied Physics1. L. Swinney and J. P- Gollub, edsi
[2]. As the Rayle'gh_ number is increased furthe_r, the _ﬂUId mOtlon[ﬂ g%ldstein, R. J., and Tokuda, S., 1980, “Heat Transfer by Thermal Convection
evolves from two-dimensional through three-dimensional steady ~ at High Rayleigh Numbers,” Int. J. Heat Mass Tran&f3, pp. 738—740.
state flow to time-dependent flow before becoming turbulent. Thig8] Goldstein, R. J., Chiang, H. D., and See, D. L., 1990, “High-Rayleigh-Number

more chaotic flow does not leave a discernible deposit pattern. __€onvection in a Horizontal Enclosure,” J. Fluid Mec13, pp. 111-126.
P P [9] Garon, A. M., and Goldstein, R. J., 1973, “Velocity and Heat Transfer Mea-

surements in Thermal Convection,” Phys. Fluid$, pp. 1818-1825.
Summary [10] Heslot, F., Castaing, B., and Libchaber, A., 1987, “Transitions to Turbulence
. : : in Helium Gas,” Physical Review A36, pp. 5870-5873.
A series of experiments was Condu.CtEd to study electrocheml_c Il] Castaing, B., Gunaratne, G., Heslot, F., Kadanoff, L., Libchaber, A., Thomae,
mass transfer across a horizontal fluid layer at moderate Raylei S., Wu, X-Z., Zaleski, S., and Zanetti, G., 1989, “Scaling of Hard Thermal
numbers. The use of an electrochemical system allows direct Turbulence in Rayleigh-Benard Convection,” J. Fluid Mec04, pp. 1-30.
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