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Sensitivity Analysis for Nonlinear
Heat Conduction

Kevin J. Dowding Parameters in the heat conduction equation are frequently modeled as temperature de-
e-mail: kjdowdi@sandia.gov pendent. Thermal conductivity, volumetric heat capacity, convection coefficients, emissiv-

. ity, and volumetric source terms are parameters that may depend on temperature. Many
Bennie F. Blackwell applications, such as parameter estimation, optimal experimental design, optimization,
e-mail: bfblack@sandia.gov and uncertainty analysis, require sensitivity to the parameters describing temperature-
dependent properties. A general procedure to compute the sensitivity of the temperature

Sandia National Laboratories, field to model parameters for nonlinear heat conduction is studied. Parameters are mod-

P.0. box 5800, Mail Stop 0828, eled as arbitrary functions of temperature. Sensitivity equations are implemented in an
Albuquerque, NM 87185-0828 unstructured grid, element-based numerical solver. The objectives of this study are to

describe the methodology to derive sensitivity equations for the temperature-dependent
parameters and present demonstration calculations. In addition to a verification problem,
the design of an experiment to estimate temperature variable thermal properties is dis-
cussed. [DOI: 10.1115/1.1332780

Keywords: Conduction, Parameter Estimation, Heat Transfer

Introduction instead of discrete equations, are used to derive the sensitivity
Temperature dependence of parameters in the heat conduc ﬁuations. Previous investigatiofi1-15) have derived the sen-
P P P p%A(/R/ity equations from discrete describing equations. While the

equation must b_e_accounted f_or in many problems. qu EXampio approaches may result in the same numerical value for sensi-
thermal conductivity, volumetric heat capacity, convection Coeﬁc{l'vity, we believe there is additional insight available from the

gfrgtghsfgtlzsgllije, E%Zt:r?(t:eczgdtlécr;anecrgtuér‘gd Ei%lércteféfrggtﬂ/%?sitivity equations as derived in this paper, which is not avail-
p P : p e from previous approaches.

sim_ple situati_or_15 where c_Iosed form analytical solution can beTemperature dependence of parameters is discussed next. Sen-
derived, obtaining a solution when parameters depend on teg

A ) ical thod. A “Sifivity equations for nonlinear heat conduction are derived and
pertz:]u(rje_ retquwes a nutmetrrllcat me Ot. dcomrrgjon numertljc& cussed in the following section. Then numerical examples are
method 1S 1o approximate the temperalure dependence via bags,,n including a verification problem and model of an experi-

fﬁnctl(;)ns, %uchhas pleceW|se-I|ndear. F;arameters 'T) thlf functigiS ¢ peing designed to estimate temperature-dependent thermal
that describe the temperature dependence may be known perties of a low thermal conductivity materigdolyurethane
varied levels of accuracy. In many instances, data are only avgils -,

able at discrete temperatures and the analyst must use engineering ~
judgment to approximate the behavior between data poin
Knowing the sensitivity of the solution to parameters that descritiemperature'DEpendem Parameters
the temperature dependence would be valuable to the thermal anaFemperature dependence of parameters can be represented in
lyst. Sensitivity analysis for nonlinear heat conduction owing twarious ways. For generality, temperature dependence of param-
temperature-dependent properties is the focus of this paper. eterg(T) is assumed to have an arbitrary functional form
Sensitivity analysis determines the partial derivative of the state Ng
variable(temperature for thermal probleinsith respect to model 9(T)= 2 g:6%(T) @
parametergthermal conductivity, volumetric heat capacity, con- =
vection coefficient, emissivity, efc. This partial derivative is . o .
called a sensitivity coefficient. Although valuable insight may bEd- (1) could, for example, be piecewise “n?fir or a spline func-
gleaned from sensitivity coefficients in their own regard, there alon, whereg; are constants, and(T) is the | basis function
many other applications as well. They are used in parameter e§gscribing parametey(T); there areN, terms to describg(T). It
mation ([1—3]); optimal experimental desigti4—7]); and uncer- IS pos'S|bIe that dlﬁerent.temperature-dependent parameters will
tainty or error analysi§8—10). use different approximations. Representing th_e temperature de-
Previous formulations for sensitivity analysis are closely relatgendence, as shown in EG), allows for generality and flexibil-
to perturbation based methods. Probabilistic finite elements 8 ~ Furthermore,  temperature-dependent  functions  are
structural dynamics are studied for linedd1]) and nonlinear parametrized—i.e., represented with a series of constant param-
([12]) cases. Emergy and Faddl&3] present a formulation for eters_._(?onsquen_tly, standard calculus can_be used t_o compute
nonlinear heat conduction, which extends their prior work for thgensitivity (derivatives). Another approach is to consider the
linear problem([10]). Thermal properties are treated as randofgmperature-dependent parameters as functions, i.e., infinite-
field parameters in Nicolai and De BaerdermagKet,15]. dlmen3|ona_l. In_ this case vananona_l methods are needed to_calc_u-
There are several approaches to calculate sensitivitisy). late the derivatives. This approagh is not considered furth(.erlln this
The method used here is to differentiate the describing equatidi@Per but may be a more efficient way to get sensitivity to
with respect to parameters to derive sensitivity equations that dg&nperature-dependent functions.
numerically solved. All previously cited references use a similar USing Eq. (1) temperature-dependent parameters are repre-

approach, with one difference. In this paper continuum equatior?@,med as a collection of constant parameters. The number _of pa-
rameters that represent the temperature dependenckassoci-

Contributed by the Heat Transfer Division for publication in thBURNAL OF ated basis functionscan vary by parameter. We have solved

HEAT TRANSFER Manuscript received by the Heat Transfer Division October 5Pr0b|em5 that require nominally 5-10 parameters to describe the
1999; revision received August 23, 2000. Associate Editor: S. Sadhal. temperature dependence of a thermal property and/or boundary
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coefficient. Hence when multiple materials with temperature- a along X,
dependent properties are present, the total number of parameters .

can become quite large; hundreds of sensitivity coefficients may an= qe=h(T)(T—-T.) along )sz- 8)
be required. In this study only first-order sensitivity is discussed. ) 4 2 -
Computational requirements for second-order analysis are signifi- ar=e(Mo(T*=T}) along Xy,

cantly greatef[16]).
Sensitivity analysis, as will be shown later, requires the deriva-
tive of the functiong(T) with respect to temperature. The derivaonvection coefficient and emissivity are assumed to be
tive can be related to the original description as temperature-dependent. A temperature condition is prescribed
along the remaining boundary

N

dg(m) -

T = 9T, @ T(%) =Ty ©
j=1

The initial condition is
where
o ded(T) ; Tli=o=To. (10)
¢(M= dT - ) Sensitivity Equations

The derivativedg(T)/dT in Eq. (2) will have the same coeffi-  Definition. ~ Although there are other dependent variables for
cients,g;, as the functiong(T) in Eq. (1). Basis functions for which sensitivity is important, sensitivity coefficients related to
dg(T)/dT, however, are the derivatiVevith respect to tempera- temperature are studied in this paper. The sensitivity coefficient is
ture) of the basis functions fog(T); see Eq(3). We note that it the partial derivative of temperature with respect to a parameter,
is possible that the derivative of the basis function will be discoivhich is 9T/dp; for a parametep;. Scaling allows sensitivity
tinuous. An example is a piecewise linear function, which woulgoefficients for different parameters to be directly compared. A
have a discontinuous derivative at points joining linear segmerfgaled sensitivity coefficient is

with different slopes.

JT
To=Pi g (11)

Equation for Nonlinear Heat Conduction o o _ )
o . . . Scaled sensitivity coefficients have units of temperature, allowing
Sensitivity equations for general nonlinear heat conduction age, hitudes for different parameters to be directly compared to

derived in this section. Equations are implemented in an unstrygennerature scales — e.g., magnitude of the transient temperature
tured grid, control-volume finite-element code. Hence, an integralo” 1 ithin the problem.

equation description is presented. An analogy to the differential

formulation of the equations is straightforwafd7]). Sensitivity Describing equations. To derive scaled sensitivity equations,
equations in this paper extend the work(jd6]), which consid- the energy equation in E¢4) is differentiated with respect to an
ered linear heat conduction with constant parameters. Prior to disbitrary parameterp;, which represents th&" parameter de-
cussing sensitivity equations, a formulation for the temperatuseribingp(T), and multiplied by that parametegiVhile sensitiv-

field is presented. ity is being computed for paramete(T), the equations have
other temperature-dependent parameters, which are arbitrarily re-
ferred to in the coming discussion g¢T). Only one parameter
Ogétisfieqa(T) =g(T)). Note that the parametey is assumed to be
independent of time and space so that it can be moved inside the

JT L _ integral sign. Differentiating Eq(4), multiplying by the param-
f f f C(T)Edv+f f q-dA:f J' J'e”’(T)dV. (4) eter, and interchanging the order of differentiation and integration
v A v

Temperature Equations. The integral energy equation for a
multidimensional body with temperature-dependent thermal pr
erties and source term is

results in

The heat flux is represented with Fourier's Law aC(T) aT s

- fffpi——dwfffcm—'dv

gG=—k(T)-VT, (5) Jp; ot ot

v %
wherek(T) can be, in general, a full thermal conductivity tensor. 9§ R 9&"(T)
In this work k(T) only has diagonal entries that represent an +f f (pi (9_) -dA=f f f pdeV. (12)
orthotropic material ) Pi Pi
v
kq(T) 0 0
kKM=| 0 koT) 0 | ©)

The dependent variable in E(L2) is T,. The partial derivative

0 0 kaa(T) with respect to the heat flux is addressed first. Expanding the third
term of Eq.(12), after substituting from Fourier’s law, gives

Gy K(T)-VT]=—k(T)-VT ak(T) vT
piﬁ—pi*pia—pi[ (T)-VT]=~=k(T)- VT, —p; e

ffﬁ-dfbf f —(E<T>-VT))gb~d2\=ffqisﬁ-d«i, o
Ay Ap Ap

Flux conditions are prescribed on part of the boundady)(
with the three types of prescribed heat fliwonstant, convection,
and radiation)written in a single equation of the form

The differentiation process results in partial derivatives of

@) temperature-dependent parameters—for exarppiE(T)/api in
Eq. (13). First, we write these partial derivatives for an arbitrary
where parameterg(T). By taking the partial derivative of Ed1), the

2 [/ Vol. 123, FEBRUARY 2001 Transactions of the ASME
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derivative of an arbitrary temperature-dependent parameter is dlire final term on the right side of E¢L7) is only nonzero when

tained we are computing sensitivity thy, .
N g 9 _ Substituting Eq(17) into Eq. (13) allows the partial derivative
. ag(T) Zg ) i (T) 9i07(T) P=9 . (14) of the heat flux, with respect to parameggr, to be arranged as
b Capi =1 P p; 0 otherwis
Using the chain rule, the first term on the right side of 84 can 99 - dE(T)
be related to the derivative of(T) pi a_p-: fk(T)-VTpif d—T-VT Tpi
|
9 ae?(T) Ng dejg(T) dT dg(T) Ky -0.k“(T) ﬂé. p=ky
Zl g;pi ] 9 a7 pi&—p: a1 e (15) -4 29 . (18)
a I ' 0 otherwis

The final expression in Eq15) follows from the derivative de- . .
fined in Eqs.(2) and(3). Equation(14) can be rewritten with the The scalarT,, has been moved outside the product in the second

result of Eq.(15) as term on the right side of Eq18). The first term on the right side
of Eq. (18) is present even for constant conductivity; the second
term only appears for temperature dependent properties.
dg(T)  dg(T) gio%(T) p=g The remaining partial derivatives of temperature-dependent pa-
D (16) rameters in Eq(12) are written by inspection from E@16)

T aT 0 otherwise
The partial derivative of a temperature-dependent parameter has dC(T) dC(T) Ciﬁic p=C
two contributions. The first term on the right side of HG6) pisz T 'n 0 otherwis (19)
arises for all temperature-dependent parameters, regardless of '
It is the derivative of the parameter, with respect to temperature,
multiplied by the scaled sensitivity coefficient. The second termin ) ) o .
Eq. (16) is only nonzero when the parameteris a coefficient 9€"(T) de"(T) e'e;  p=e”
describing the function—i.ep=g. pia—pi:T pi 0 otherwise - (20)

The derivative of the thermal conductivity tensor, with respect
to the parametep; in Eq. (13), can be written as

Substituting the partial derivatives from Eg.8) through Eq.(20)
into Eq. (12), the integral sensitivity equation for nonlinear heat
conduction for an arbitrary parametgr can be arranged as fol-
lows:

k K ki 0 (T =k
ak(T)  dk(T) p,+[ i (T)  p=k J 17)

b ap;  dT 0 otherwisé

dC(m) aT
Hjcm_dv Hf[k” VT]dA+”” Dy v
dk T) (d'e”'(T) )
v

C

mw Fo e | [JfJtmia)ss e
0 otherwis 0 otherwis

( f f f é;”e?n)dv) =@

+ v (21)

0 otherwisg

Terms on the left side of Eq21) depend on the sensitivity coef- equation.

ficient and are present regardlessppf Right side contributions  Boundary conditions for the sensitivity equation are obtained
do not depend on the sensitivity coefficiefit,() and are nonzero by performing the same differentiation procedure on the boundary
whenp; is certain parameters—i.e., those appearing in the energgnditions in Eq.(7) through Eq.(9). Prescribed flux boundary
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conditions for sensitivity are contain the derivative of a parameter with respect to temperature
and the scaled sensitivity coefficient; these terms are zero if those
b; ij f ﬁ'd«Z\ parameters are constant. The fourth term is similar to the convec-
Lop tion term as it involves a surface integral. However, “velocity” is
Ap equal to a heat flux like term calculated using the derivative of the

conductivity (di(T)/dTVT). The third and fifth terms on the

:J f _F(T)'VTP* dk(T) ,VT)Tp} dA left side are volumt_et_ric source-like terms, but are multiplied by
i daT i % the sensitivity coefficient.
Ay When the parameter of interest is in the describing equation

- there is a right side contribution for the sensitivity equation in Eq.
+J J p-ﬂﬁd]l 22) (21). (At most, one of these terms is nonzero for a particular
" ap; parametep; .) The right side terms are completely known, assum-
Ay ing the temperature has been previously calculated. The form of
these terms is analogous to those terms appearing in the tempera-

where ture equation that contain the same parameters. However, the
< o o temperature-dependent parameter is represented with a single
ddp |90 P=do - S ' th
pi— = _ {along Xp, (23a) term from the approxmathn in Eql)—i.e., we take only thé
dpi | 0 otherwis term from the summation in Eq1).

. . Flux boundary conditions for the sensitivity equations in Eq.
A%: Aﬁzh(T)T " dh(T) (T-T.)T (23a) through Eq.(23c) have additional terms as well, with the
p'ﬁpi Pi ap; P dT P exception of a specified constant flux in E§3a). A term that
h contains temperature, and the derivative of the parameter with
N hi6i(T)(T-T.)  p=h long & respect to temperature, is added for prescribed convection and
0 otherwis along X, radiation conditions. Similarly, an additional term is added if the
sensitivity parameter; , appears in the boundary condition. The
(23b)  term looks like the appliedconvective or radiativeflux, except
only a single term from the approximation of the temperature

Pi% - piaﬂ =45(T)oT3T, + de(T) o(TH=THT, dependent parameter is included. N _
Y Ip; ' daT : An important result is that even though the describing equations
0 (T)or(TH— T4 _ for temperature araonlinear, the resulting equations for sensitiv-
L8 (Mol ) p=e alona % ity are linear. It appears to be the rule that nonlinear field equa-
. g Xp . . e . .
0 otherwis 3 tions produce linear sensitivity equations; the authors are not
23 aware of any exception published in the literature. An explanation
(23¢c) for this outcome is that the process of differentiation only operates
The sensitivity boundary condition for a prescribed boundary temn one piece of the nonlinear term in the field equation at a time.
perature is Hence, by definition we will only have linear multiples for the
derivative (sensitivity) when we differentiate. For example, con-
- Tp pP=Ts sider a term that is nonlinear ih
Tp (Xp,) = N (24)
it e 0 otherwis 2
g(MTVT. (26)

The sensitivity initial condition is

To p=To J

The corresponding terms for sensitivity ©fto parametek are
Thli=0= .
pli-o [ 0 otherwis

= da() HTTZVT T)2T aTVT T2V
T 9k +9(M)2T - VT+9(T)

aT
W) (27)
Discussion. Sensitivity to an arbitrary parametpr for non-
linear heat conduction is described by E21) through Eq.(25). Each term in Eq(27) has a linear dependence on the derivative,
Parametelp; can represent any parameter in the model. All pa#T/dk, regardless of the form af(T). We note that Eq(27) is
rameters that can depend on temperature have been includemhlinear in terms off, but since we tacitly assume we will solve
Table 1 summarizes the form of the right side of the sensitivitye field equation first this nonlinearity does not complicate mat-
equation, boundary conditions, and initial condition for the pogers. Finally, there is a difference between a nonlinear differential
sible parameters that represents. The left side of the equation igquation, which contains nonlinear multiples of the dependent
as given in Eq(21), where RHS refers to the right side of thisvariable(solution nonlinearity, and a field variablétemperature)
equation. This table parallels Table 4 presente 16]) for con- which is a nonlinear function of the parametparameter nonlin-
stant thermal properties. earity). Parametric nonlinearity exists when the unscaled sensitiv-
The approach taken in this paper differentiates the describiitg equation is a function of the parameter. Parametric nonlinearity
equations to derive the sensitivity equation. Previous investigat@an exist, and often does, even though the solution is linear; most
([11-15) have differentiated the discretized equations. Althougbensitivities for constant properties demonstrate this outcome
the two approaches should give the same numerical sensitivity, §&6]). Solution nonlinearity, on the other hand, insures parametric
believe there is additional insight available from the equation imonlinearity due to the inherent dependence of the unscaled sen-
this paper. The equations can be studied like conservation eqsiivity equations on the field variablgemperature), and hence
tions to provide physical insight to the sensitivity. The sensitivitthe parameter.
equations are discussed next. Linear sensitivity equations may allow for computational sav-
The first two terms in the sensitivity equation, E@1), are ings compared to a finite difference approximation of the sensi-
identical in form to the first two terms in the describing equatiotivity coefficient, where two nonlinear solutions are required to
for temperature, which represent the capacitance and diffusionmerically approximate a sensitivity coefficient. At most, solv-
effects in Eq.(4); an analogous term for the volumetric source ing sensitivity equations will require the same computational ef-
the temperature equation is not seen in the sensitivity equatidort as a finite difference approximation. Only when the tempera-
The third through the fifth terms on the left side of E21) are the ture is obtained with a linear solution will computational efforts
result of parameters being temperature-dependent. All three terpessimilar.
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Table 1 Definition of various right-hand side and initial /boundary condition terms for the sensitivity coefficient equations. RHS
refers to the right-hand side of Eq.  (21).

a4, 3, 3,
RHS Pin—~ Py~ P T
T, oP; %, o %, 9P %, p"|5}
T, ki, 9T . st 0 W 24D f 3 de(T) .4 .4 0
wi| [ [ky 9; (Dgper @t [ (DT, + ST -T,) ,%1 [ (n)or'T,, + S lo(r —-T,)Tk”J
7 3 1
Ty | [f@ivr-ad) 0 [h(T)Tk +‘%(TD(T—T°Q)T,€] [48(T)0T3Tk +d3(TT)c(T4-Tf)Tk] 0
2 ! ’ 1, ' ' 2,
T ¢, 0T 0 dh(T) 3. de(T) .4 .4 0
¢ | ~fffeormilay I:h(T)TCi+ - (T—Tw)TC’] [48(T)0T T+ So(r —T,)TC’_]
1 +,
Ty é6°(T)dv 0 di(T) 3. L de(T) 4 4 0
é [[fereicm [h(T)Té.<.+ . (T—Tm)Té_..} [48(T)0T T+ So(r —-T,)Té‘.<.:|
v ' "l ' ey,
T.. 0 dh(T) 3 de(T) 4 4 0
do q, I:h(T)Tq”u+ o (T—Tw)Tq”N}L [48(T)0’T 7o+ So(r —Tr)Tq”,,]}
T, 0 0 WT)T, + d';(TT)('T- TOT,| + [48(T)0T3T;,,. + ‘%G(T“— T‘:)Th_:l 0
2, iy,
(18] (T)T -T.)|,
0 0 0
T, [h(r)reﬁ‘%p(r-rm)rel] [48(T)0T3Tei+‘%G(T“—Tf)nl
2, 1
[e,05(T)o(T* = T)] .
T 0 0 dh(T) 3 de(T) _, 4 .4 0
T |:h(T)TTM+ o (T—T,,)TRL [48(T)0T T+ So(r -T,)TT”L
—W(T)T.,
Ty 0 0 [h an(T) 3 de(T) .4 . 4. 0
, (NT7, + 5 (T-TN)TTJ {48(T)GT Tr + S o(r —Tr)[T’:I
%, 3
~4¢(T)oT? \
Ty, 0 0 [h(T)TTb + dZ(YT)(T- TN)TTJ [48(T)0T3T7-h + dZ(TT)c(T“- T‘r‘)TTh] T,
%, %
0 0 T
T, Iih(T)TT” N d’;(TT )T - Tm)TTJ |:48(T)0T3TT0 + ‘iZ(T—Dc(T“ - T‘,‘)TTa] 0
% 1,

Sensitivity equations fononlinear heat conduction have sev- Emergy and Fadalgl3] suggest solving théinear) sensitivity
eral additional left side terms compared to the temperature eqegiuations for nonlinear heat conduction in an iterative procedure
tion. In contrast, sensitivity equations for linear problems do n@y avoid altering the structure of their finite element code. Global
contain additional left side terms compared to the temperatUistrices are formulated and stored to calculate temperature. Sub-
equation. Sensitivity equations for the linear case are identical §4,,ent sensitivity calculations use the same global matrices. The
the temperature equations, except for known right side contrib dditional left side terms in the sensitivity equations, compared to

tions ([16]). This outcome for the linear case allows for potenti% e temperature equations are moved to the riaht side. and the
computational savings by storing the global matrices after they ar i P | qd iterativelv. Thi q 9 ’ ¢
assembled for the temperature. Subsequent sensitivity proble ations are solved iteratively. 1his procedure saves recomput-

can use the stored global matrices, and only a right side contrid}d the global matrices, but requires an iterative solution. Effi-
tion needs to be calculated. If one can afford the storage for an 1®NCYy may be improved by adding the contributions from the
decomposition algorithm, the decomposition can be used for effidditional terms to the stored global matrices that arise in the
ciently solving for multiple sensitivities that only vary by theirsensitivity equations. Then sensitivity can be solved in a linear
right-hand sides. manner. We do not reuse any of the assembled global matrices
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since we want to address very large problems for which storage
the global matrix is not practical.

Numerical Solution. The details of the numerical methods
to solve the temperature and sensitivity equations are describe(G
([18]). An unstructured grid numerical solver based on a contrg
volume finite element formulation for spatial discretization an~
implicit time discretization is used. The code architecture has be g

designed such that multiple equations can be solved. With tt s

"~ 100

90}
80f
701
60f

design, solving sensitivity equations requires writing addition:
element assembly routines for the desired sensitivity equations &

50t

40t

Tempe rat

30t
Numerical Examples 20t o 10 elements
Verification Problem. A one-dimensional slab of thickness A ;
: ) orth S, ! nalytical
L, with temperature-dependent thermal conductivity is studie 10 Y
The boundaries are isothermal. A mathematical description of t . . . .
problem can be written as 0 0.2 0.4 0.6 0.8 1
d daT X, m
ax k(T)& =0 (28)
Fig. 1 Temperature of a one-dimensional body with isother-
Tlyeo=T, (29a) mal boundaries and temperature-dependent thermal conductiv-
a ity represented with two piecewise linear segments
Tlye =Tg. (29b)
Thermal conductivity is represented with two piecewise-linee 25 ' r v
segments 5 o 0 10 elements
20¢
T-T T-T ~ 4 100 elements
kl( 1- —— ) +k2( — ) (Ty<T<T)) < —— Analytical
T,—T, T,—T, ~ 15}
k(T): )
kol 1 T_T2)+k T_Tz) (T,<T<T,) =2
2 To—T,) P\ T=T,) 2m = for
(30) Z
An analytical solution can be obtained by integrating E28). %
Performing the integration over the two temperature segments t

conductivity is defined and applying continuity between the tw S
segments, gives quadratic equations to calculate temperature <3

BlT2+(k1 BiT)T+C, (Ti=<T<T,)
=0. (31)
B2

T2+ (ky— BoT)T+C, (To<T<Ty)

In Eg. (31) the slopes of the linear conductivity segments are

~~

S -5
A
-10
-15 . .
0 0.2 0.4 0.6 0.8 1
X, m

Fig. 2 Sensitivity coefficients for parameters describing two
piecewise linear segments representing temperature-
dependent thermal conductivity for a one-dimensional body

To obtain temperature from E@31), the physically meaningful
root of the quadratic equations is taken. Analytical expressions for
the sensitivity tdk;, k,, andk; can be obtained by differentiating
Eq. (31) with respect to these parameters.

Temperature is computed for a region of unit length (
=1 m). Boundary temperatures are maintaine@l,at0 °C and
Tr=100 °C. Conductivity is represented with two piecewise lin-
ear segments interpolating between conductivity values at three
temperaturek;=1.0 W/m °C atT,=0 °C, k,=2.0 W/m °C
atT,=50 °C, andk;=6.0 W/m °C atT;=100 °C. The varia-
tion in this example represents a 4-to-1 change in the slope of the
two piecewise linear segments representi(@). Figure 1 com-
pares the numerically computed temperature with the analytical
solution. Note that the temperature profile would be a straight line
between the boundary temperatures for constant thermal conduc-

ki+1*ki .
=l=—, i=1,2 32
PATiaT (32)
and the constant termigith regard to the unknown temperature with isothermal boundaries
are
B X'
Ci=- [ 21 L+ (ki — BlTl)TLMl_ E)
(,3 B1) X
22 - T2+[(k2_,32T2)_(kl_ﬂlTl)]Tz]E
B2,
[2 T+ (ky— :82T2)TR 0 (33)
X
Co=— [§1T2+<k1 ﬁmm}(l E)
(B2—B1) X
+ %Tg—i_[(kZ_ﬁZTZ)_(kl_lngl)]TZ}(E_l)
B X
[§T§+(k2ﬁ2T2)TR r (34)

6 / Vol. 123, FEBRUARY 2001

tivity. Agreement within 1.2 percent of the maximum temperature

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



spatial discretization is refined. Sensitivity, however, appears first-
order accurate. Grid convergence at other spatial locations dem-
onstrates the same order. For constant thermal properties the dis-
cretization schemes used to solve the temperature and sensitivity
equations have been verified as second-order acc(jregd). A
possible explanation for the sensitivity solutions only achieving
first-order accuracy could be the discontinuity in the derivative of
piecewise-linear conductivity. This point is being studied further.

Experimental Design. An experimental configuration pro-
posed to estimate thermal properties of a polyurethane foam is
shown schematically in Fig. 4. Two nominally identical foam
specimens are sandwiched about an electric heater. On the foam
surface opposite the heater is an aluminum block. All components
have cross-sectional dimensionswoX d, whereas the thicknesses

Error(°C)

° arelLy, for the heaterL; for the foam, and_, for the aluminum.
" ) The symmetry _of the configyration permits quantifying the input
10101 102 10° flux by measuring the electrical power to the heater. By knowing

the input flux and measuring temperatures elsewhere in the con-
figuration, thermal properties of the foam can be estimated. In
Fig. 3 Grid convergence study at x=0.2 m for verification most cases a known input heat flux permits conductivity and volu-
problem with temperature-dependent thermal conductivity metric heat capacity to be simultaneously estimated from a single
experiment. The aluminum block maintains a nearly constant tem-
perature on the backside of the foam. In the calculations that

. . . follow we assume the proposed apparatus can be modeled as sym-
is demonstrated with only 10 uniformly spaced elements. A co netric one dimensional heat flow with a known applied heat flux

parison for sensitivity to the three components of thermal conduc; Th i th fully desianed t tisfy thi

tivity is shown in Fig. 2. Near the location where the piecewisgo' 1€ apparatus must be careiully designed 1o sa isfy this as-
linear segments joinT(x~0.27m)=50 °C), all three sensitivity sumption, but details associated with this design process are not
coefficients have a sudden change in shape; the tiarivative) considered further in this paper. .

of sensitivities tok, and ks changes sign at this location. With Optimal experimental conditions to estimate constant thermal

only ten elements the numerical and analytical results have tAg@Perties for similar configurations are well knoW8—4j). The
largest deviation near this regiér~0.27m); the error is 4 to 8 thickness of the foam and duration of the experiment should be

percent of the maximum sensitivity value. This outcome demogé'ected such that the foam resporjds like a finite body heated by a
strates that a grid that results in small error for the temperatureS@nstant flux on one surface and isothermal on the other surface.
not necessarily adequate for the sensitivity coefficients. It is ex€Se conditions can readily be achieved in the laboratory for low
pected that the largest errors are near the location joining thghductivity materials. Based dd-optimally ([3]) the finite case
linear segments. Terms in the sensitivity equations in(Ef)to 'S SUPerior to the case where the foam responds thermally as a
Eq. (25) contain the derivative of the conductivity with respect t$€Mmi-infinite body.(These conclusions were reached while ne-
temperature. For a piecewise linear representation, this derivatf/gcting thermal effects of the heater and aluminum block.

is discontinuous. Further refining the mesh to 100 uniformly OPtimum conditions to estimate temperature-dependent proper-
spaced elements produces agreement within 1 percent of the dif @ré less clear. A sequential method can be used to combine
lytical results for all sensitivity coefficients; see Fig. 2. Notice thagXPeriments at different temperature range19]). There are
the sensitivity to conductivity is zero on boundaries where ten@n€r approaches for estimating temperature dependent properties
perature is specified. as well ([1]). In this paper the situation of estimating linearly

A grid convergence study for the verification problem is showh@'ying temperature-dependent properties from a single experi-
in Fig. 3. Error is defined as the absolute difference between the
numerical and analytical solutions. Results at locatien0.2 m
are shown in the figure. Temperature demonstrates a second-order
accuracy—that is, the error decreases with a slope of two as the

number of elements

200
180} 1 800
~ 160} I
S S 1aof kS
~ 600 =
s § 120 =
=
R
L 3 100} [y
h1[IIIIIIIIIIIII Qk-) 80 _400N
. ] Foam & T(y = 1.27cm) 5
V60
Y Heater B~
B Alum 40 y W
La . 20 g " -
0 0.5 1 15 2 25
4
| d time(sec) x10
w
Fig. 5 Temperature response for a foam thickness of 2.54 cm
Fig. 4 Experiment to estimate thermal properties of polyure- and linearly varying temperature-dependent properties (finite
thane foam case)
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Fig. 6 Temperature response for a foam thickness of 34.3 cm
and linearly varying temperature-dependent properties (semi-
infinite case )

ment is addressed. Experimental design to estimate temperatur~
dependent properties is not, to our knowledge, available in the¢J
literature. e

The case where propertigsonductivity and volumetric heat ™3
capacity) vary linearly with temperature is considered. Foam
thicknesses of 2.54 cm and 34.3 cm are used to compare expeT3
ments where the foam responds thermally as a finite and semg -04f Finite Case

ale Sensitivity

infinite body, respectively. Although the foam specimens are ob- % Sensor at(y = 1.27cm)

viously finite in size, if the thickness is large enough, thermal> -os - - . L

effects do not extend across its thickness. This case is referred 0 0.5 1 15 2 24'5
as semi-infinite. For low conductivity materials, like foam, the time(sec) x10
thermal response can be modeled as semi-infinite for appropriate

time and length scales. Fig. 7 Sensitivity normalized by the maximum temperature

Temperature variable thermal properties for a foam density @ge for estimating linearly varying, temperature-dependent
374 kg/n? are taken from([20]); k;=0.05 W/m °C and C; properties and a foam thickness of 2.54 cm (finite case)
=0.433E+0.6 J/m® °C at 25 °C andk;=0.102 W/m °C and
C;=1.19E+06 J/m® °C at 200 . A thermal model of the
heater assumes a thickness of 0.63 mm and constant properties Fensitivity coefficients tend to be larger for the finite case in
k,=0.1 W/m °C and C,=2.3E+06 J/m® °C. These proper- Fig. 7 than they are for the semi-infinite case in Fig. 8. The finite
ties are equivalent to the effective properties estimated for a micase has maximum values over 0.4, whereas the semi-infinite case
heater including contact resistan®1]). Thermal properties of has maximum less than 0.3. A second notable trend in the sensi-
the aluminum are temperature-dependent, 2024 alumi@i2®]); tivity plots is that the shapes for different parameters are more
the aluminum is not included in the model for the semi-infinitaimilar for the semi-infinite case than for the finite case, particu-
case. Simulated temperature responses assuming one dimensianigl for the sensor on the heated surfége-0). Sensitivity fork,
symmetric heat flow in the configuration of Fig. 4 for a foamand C, andk; and C,; have similar shapes in Fig. 8f thermal
thickness of 2.54 cnffinite caseland 34.3(semi-infinite casgare properties are constant, sensitivities foand C have identical
shown in Fig. 5 and Fig. 6, respectively. Two measurement locshapes aty=0) and are perfectly correlated=inally, notice how
tions are simulated for both cases: one at the heated suyfa®® dramatically the shape of the sensitivity coefficients change when
and the second within the foam. The finite case has the secdhd heat flux ends for the finite case. SensitivityGg and C,
location at the midplane of the foam thickndgs=1.27 cm). The actually change sign after the heat flux ends. Such changes in the
semi-infinite case selects a second location 2.54 cm below thigape of the sensitivity coefficients improves the information
heated surfacé/=2.54 cm). The applied heat flux is plotted withavailable in an experiment. Sensitivity coefficients for the semi-

the temperature responses in Fig. 5 and Fig. 6. infinite case have only a slight change in shape when the heating
The sensitivity coefficients for four parameters representirgnds.
temperature-dependent properties in a finite bddy=2.54 cm) In the design of experiments to estimate thermal properties, we

are shown in Fig. 7. Sensitivities are shown at the surface of thant the(scaled)sensitivity coefficients to be large and uncorre-
foam (y=0) in the top figure and at the midplane of the thickneskted or have different shapes. However, drawing conclusions
(y=1.27 cm)in the bottom figure. Sensitivity coefficients are norfrom sensitivity plots for multiple parameters and several loca-
malized by the maximum temperature rise. Results for a sentions can be difficult. It is further complicated in this case because
infinite body (L;=34.3 cm)are shown in Fig. 8 for locations at different experimental conditions are compared. Normalizing the
the surface of the foartiop figure)and 2.54 cm below the surfacesensitivity coefficients by the maximum temperature rise provides
(bottom figure). As will be discussed later, the heating conditiorsome consistency; both experiments then have the same tempera-
and experimental duration for each case are selected becauwse range. Even with normalization it may be difficult to distin-
they maximize theD-optimality criteria to estimate the four guish correlation between the sensitivity coefficients for different
parameters. parameters. A criteria may be needed to gauge which experiment
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whereT, is the scaled sensitivity matrix.

The values ofA* are 4.0E-09 and 2.95E-10 for the finite and
semi-infinite cases, respectively. The ratio is 13.6, meaning the
volume of the confidence region is an order of magnitude smaller
for the finite case. A finite body is superior for the experimental
conditions and thermal properties selected. A range of the applied
heat flux magnitude, heat flux duration, and experimental duration
were investigated to identify the optimal experimental conditions
for both cases. The sensitivity plots in Fig. 7 and Fig. 8 are for the

37

Normalized Scale Sensitivity

Semi-Infinite Case Tkz conditions that gave the largest magnitudeAdf. Superiority of
-04p 1 the finite body case is consistent with the outcome for constant
Sensor at Heated Surface(y = 0) properties([4]). However, for constant properties measurements
-0.5 v 4 v v at the heated surface alone are optimal.
()} 2000 4000 6000 8000 10000

time(sec) Conclusions

A general methodology to derive sensitivity equations for non-
linear heat conduction has been presented. Sensitivity equations
were obtained by differentiating the continuum equations. These
sensitivity equations were examined to provide insight to the fac-
tors that influence sensitivity coefficients. An important outcome
was that the sensitivity equations are linear, even for the nonlinear
temperature problems.

A verification problem demonstrated that while the numerical
temperature was spatial second-order accurate, sensitivity calcula-
tions for temperature-dependent properties were only first-order
accurate. Previous calculations for constant thermal properties
have shown that the sensitivity calculations were second-order
accurate. Sensitivity analysis was applied to design an experiment

Normalized Scale Sensitivity

_0_4_Seml—Inﬁn1te Case ] for estimating thermal properties varying linearly with tempera-
Sensor at (y = 2.54cm) ture. Using the criterid-optimality a finite geometry was dem-
05 N . . . onstrated to be better than semi-infinite for estimating
0 2000 4000 6000 8000 10000 temperature-dependent properties.
time(sec)

. L . _ Acknowledgments
Fig. 8 Sensitivity normalized by the maximum temperature . .
rise for estimating linearly varying, temperature-dependent The authors would like to acknowledge comments concerning

properties and a foam thickness of 34.3 cm  (semi-infinite ) this work from Robert Cochran, Dean Dobranich, Shawn Burns,
and Steve Kempka of Sandia National Laboratories. Sandia is a
multiprogram laboratory operated by Sandia Corporation, a Lock-

is better. D-optimality ([3]) has been used to discriminate théieed Martin Company, for the United States Department of En-

optimal experiment. Emergy and Fadf discuss several other €rgy under Contract DE-AC04-94AL85000.

criteria.

Sensitivity plots appear to indicate that the finite case is supdlomenclature

rior to the semi-infinite; sensitivities for the finite case are larger A = aream?

and have more varied shapes for the different parameters. To in- C - vol m tric heat i/ m3-°C

vestigate which experiment is better, tbeoptimality criteria is = volumetric heat capacity]

evaluated. Th®-optimality criteria maximizes the determinant of € = €nergy sourcew/m?
the sensitivity matrix g = general _temperature-depende_nt_ parameter
h = convective heat transfer coefficien/m?-°C
A=|XTX]. (35a) k = thermal conductivity\W/m-°C
X is the sensitivity matrix; k, = S\i/?r%?)réal component of thermal conductivity tensor,
T:[ﬂ LA (36) k = thermal conductivity tensolv/m-°C
apy dp, " apn. | L = thicknessm
) P ) Ny = number of parameters describing temperature depen-
whereT is a vector(lengthNgN,) of temperatures for each time denceg
and sensor location. Assuming there Blietliscrete measurements N = number of sensor locations
in time, Ng measurement locations, ahgl parameters, the dimen- N, = number of discrete time measurements
sions of X are NgN;XN,. The basis for this criteria is that it N, = number of parameters
minimizes the volume of a confidence region. To provide a fair  p = arbitrary parameter
comparison for possibly different experimental conditions, con- q" = heat flux,W/m?2

straints are introduced to the criteria. Measurements at\the
locations are assumed to be equally spaced in time at intektals

ge = convective heat fluxyv/m?
up to timet; . The maximum temperature rise of the experiment is 93 = constant value of heat fluxy/m?

Tmax. and scaled sensitivity is used. To introduce these con- 0 = radiative heat flux\V/m?
straints, the optimality criteria is modified as T,T = temperature, temperature vectog, °
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as a result of this study predicts the thermal contact resistance of several non-metallic
coatings deposited on metallic aluminum substrates quite well.
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Introduction the oxide film would lead to lower contact resistance only after

To predict thermal contact conductance at an interface form% }‘ggl?i?;]plastlc flow of the base metal through the cracks in the

by two non-conforming, roughened surfaces with non-metallic

. . ip [3] derived analytically the thermal contact resistance for
coatings, a theoretical model must be based on the knowledgec8 tact between oxidized metdi., aluminum alloywith nomi-

surface geometry, coating properties, and the mode of aspeflyy; fiat and rough surfaces, which can be characterized by a
deformation. The development of the present model was derivedjom height distribution. He considered only heat conduction at
from numerous experimental and theoretical models for nominallye oints of contact, assuming the transfer of heat through radia-
flgt, _metalllc cqated surfaces in contact. The follqwmg revieWon and convection mechanisms to be negligible.
highlights .the important experimental and theoretical develop- Veziroglu et al.[4] conducted an analytical study for the pre-
ments, which led to the development of the present model.  jction of thermal contact conductance with interstitial plates, and
Mikic and Cal’naSCIaJ[l] |nVest|gated the effect of the thermalan expression was deve|0ped in terms of known properties and
conductivity of plating material for a fixed geometry and fixegharameters. The model assumed that both macroscopic and micro-
base substrate, both theoretically and experimentally. The to&gbpic contact regions exist with two cylindrical solids having a
constriction resistance for the plated substrate was divided into tigcular contact at the center with a gap filled with a material of
thermal constriction resistance of the plating material and the wmiform conductance.
derlying thermal constriction resistance of the base substrate Antonetti and Yovanovich5] developed a thermo-mechanical
They concluded that for nominally flat surfaces, where micranodel for the prediction of the thermal contact conductance of
scopic thermal constriction predominates, the effect of the platimpminally flat, rough surface§.e., nickel substrategnhanced
material on the thermal constriction resistance could reduce twéh a soft metallic coatindi.e., vapor deposited silveand veri-
thermal constriction resistance by as much as one order fid their model with experimental measurements. The correlation
magnitude. included tribological parameters, such as coating microhardness,
Khan et al.[2] developed expressions for both the oxide filnand thermal parameters, such as coating and substrate thermal
thermal resistance and the oxide film to foreign metal interfag@nductivity. A correlation for bare joints, developed by Yo-
resistance as a function of interface pressure. The constantsapovich[6], was employed as the basis for their coated contact
their expression were obtained from a correlation of the expefnodel.
mental thermal contact resistance data measured. They were abintonetti and Yovanovicli5] presented their thermal contact
to derive from the resulting equation an expression for the oxig@nductance predictions in dimensionless form, which includes
film thermal conductance. The equation was only valid for oxidgUch parameters as surface roughness and asperity slope, effective
films produced on SAE 1020 wrought steel with 0.20 perceficrohardness of the layer-substrate combination, apparent pres-
carbon at an interface temperature of 65.5160°F), for oxide Sure, and the effective thermal conductivity of the joint. They
film thicknesses from 254 to 2032m (0.010 to 0.080 in.), and for presented two expressions for the dlmt_ansmnless thermal contact
a pressure range below the yield point of the base metal. In ade@nductance of coated surfaces. Experiments were conducted for

tion, Khan et al[2] concluded from their data that the fracture ofilver coated_nickel_specimens in contact with bare nickel speci-
mens to verify their model. They concluded that the thermo-

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF mechanical model predicted the thermal contact conductance of

HEAT TRANSFER Manuscript received by the Heat Transfer Division November 25th€ experimental data quite well, and analytically the model for
1997; revision received, July 10, 2000. Associate Editor: A. S. Lavine. the coated joint could be reduced to an equivalent bare joint by
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fore, the development of a predictive model should encomdass

microscopic parameters such as surface roughness(2amdac-

roscopic parameters such as surface profile radius of curvature.
T The development of a predictive model for heat transfer across an

Al6101-Té T Meay Plane uncoated, wavy joint is very complex and this complexity is fur-
- \ ther increased when a nonmetallic coating is added to the inter-
u - \ . e . .
Ho Flow Ho3 Py i face. Therefore, the predictive model for nonmetallic coatings on
7

n
AV
— / \”‘Q\—/\V/ metal substrates should also encompg&sshe dependence of the
Ceramic Coating ’\ M microscopic and macroscopic contact resistance on the mechani-
Lto 3 pum thickness N - S ComactPlane cal and thermophysical properties of the nonmetallic coating.
T What has heretofore not been available is a predictive model for
non-metallic coated materials that takes into account several of
the important parameters: mechanical and thermophysical proper-
ties of the substrate and coating, surface topography, and the com-
ponent geometry for relatively soft metallic substrates. In addi-
tion, the effect of surface roughness on the macroscopic contact
area for the macroscopic contact resistance is also required.
Therefore, a model that incorporates these parameters will be de-
veloped in this section. The present experimental investigation
involved the study of refractory ceramic coatings deposited on
both aluminum and copper alloys. The experimental data gathered
for model verification involved a refractory ceramic coating de-

using the concepts of effective microhardness and effective th PS'ted on a wavy metallic surface, which was in contact with a

mal conductivity. They further concluded that a silver layer coul ominally flat metallic surface.
enhance the thermal contact conductance of nominally flat, rough,
contacting nickel specimens by as much as one order of magAissumptions of Present Model
tude. However, they noted that thelr_study applied only to NOMi- For the present model, it is presumed that the following as-
nallfy flat surfaces and was not applicable to non-flat ComaCt'%mptions hold to be true:
surfaces.

Previous thermophysical models or correlations, which predict1 The microscopic contacts are uniformly distributed over the
thermal contact conductance or resistance for both bare agnfire macroscopic argaontour area)
coated surfaceg¢e.g., Cooper et al[7], Mikic [8], Yip [3], Al- 2 The determination of the macroscopic contour area between
Astrabadi et al[9], Antonetti and Yovanovich5]) have assumed two bodies of different radii of curvature can be solved by Hert-
optically or nominally flat surfaces. Other modétsg., Clausing zian contact theory
and Chao[10], Veziroglu and Chandrfl1], Kitscha and Yo- 3 The harmonic mean may be employed for both the Young's
vanovich[12], Jones et a[13], Burde and Yovanovicfi4], Ma- modulus and Poisson ratio for the coating/substrate combination.
jumdar and Tier{15], and Lambert and Fletchgt6]) have de- The harmonic mean was employed for the thermal conductivity of
veloped thermal constriction models which incorporated opticalljie two metallic substrates in contact while the effective thermal
non-flat, bare surfaces with bulk thermophysical properties. ~ conductivity was employed for the coating/substrate combination

Therefore, of practical value would be a model that incorpo- 4 Modified Hertzian contact theory for surface roughness can
rates the influence of the coating material properties such lag employed to determine the microscopic contact area and
Young’s modulus and Poisson’s ratio, and geometric parameter$ The real effective contour area of radiass placed on the
such as profile radius of curvature and surface roughness to cigin of a circular apparent area of radiBs
culate the macroscopic contact resistance. This would extend the
prediction_ of the thermal contact resistance for non-flat, coatqq)ta| Joint Resistance for Non-Flat, Coated Surfaces
surfaces in contact. The model should also be able to predict i . i
thermal contact resistance for both crown and convex surface pro¥vhen two non-flat solid surfaces in contact are considered, the
files with either metallic or non-metallic coatings; however, thiesulting real area of contact is further reduced due to the forma-

/
7
,
’
{
(d
i
3
\
\,
RN

Fig. 1 Constriction of the heat flow through the macroscopic
contact area and microscopic contact areas

investigation only dealt with non-metallic coatings. tion of a macroscopic contact area. Within this macroscopic re-
gion, the density of microcontacts is very high while, beyond its
Problem Statement boundary the density of the microcontacts becomes quite small

) . with only very high asperities coming into contact. As a conse-
When two surfaces are brought into contact with each other, tience "hoth macroscopic and microscopic thermal resistances oc-
resulting area of contact is incomplete and the real area of contgigt iy series, which may be combined to obtain the total joint
for heat transfer to occur is a fraction of the apparent Crosfﬁiermal COﬂtéCt resistance:
ew

sectional area. The real contact spots that occur are only at a
discrete spots or asperity heights, which are dependent on contact Riotal™ Rimicroscopic™ Rmacroscopic @
pressure. This may not hold true if either of the contacting sur- . . . .
faces is a soft metal or elastomeric polymer where the actuallf the microscopic contact spots are all assumed identical, and

contact area may be greater than the apparent area. The numb@&f@ll 1 be found within a single circular macroscopic contact

real contact spots is further reduced if either of the surface profilg°t that is centrally located on a nominally flat surface, the ex-

is wavy (i.e., profile flatness deviations other than nominally)flat Pression for the total joint thermal contact resistance may be writ-
If there are no interstitial fluids or materials between the surfacl& in the following form fomn contact spotsYovanovich[6]):

in contact, the heat flow lines initially converge at the macro- o(a./b)  ¢(alB)

. . . e I
scopic contact area and then converge further at the microscopic Riota= aK'n Ko 2
contacting spots. If a hard, non-metallic coating is deposited on 8e m
one or both contacting surfaces this will further influence the com¢here the constriction factap was first obtained by Roe$47]
vergence of the heat flow lines at the interface as shown in Fig.ftr the constriction resistance due to an isothermal circular spot of
The convergence of the heat flux lines is a direct result of thradiusa,, which feeds heat into a coaxial right circular cylinder
surface roughness and wavy profile of the joint interface. Theref radiusb:
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@(8c/b;)=1-1.4093a,/b;)+0.2959a,/b;)+0.0525a,/b;)* Reference Plae 1 Substrate |
®)

o s oo o e e syt s PO RO N VR
i o e | ANV A LA

striction resistance model with similar coefficients but modified t \ 1 AN \ \\\§ .

include the macroscopic contact radius. The present model a

employs this same expression but incorporates a different cc Comtact Plane  Substrate 2

Reference Plane 2

striction ratio which takes into account the real effective contou:
radius and the radius of the apparent area:

¢(a/B)=1-1.4093 a/B)+0.2959 /B)3+0.0525% «/B)°>
4
The expressions for the modified elastic contact ragiys .
modifieq _effective ther_m_al conductivit’, har_monic thermal prob(zzd)=f 0(2)dz. @)
conductivityK,,,, constriction parameter correction factor for sur- d

face two(2) C,, which contains the non-metallic coating, and real
effective contour radius were formulated for nonmetallic coated INe expected number of contact spatsan be calculated from

Fig. 2 Contact of rough surfaces

contacts deposited on relatively soft metals. the following:
oo 2KakKe 5) n=Nf 0(2)dz, ©)
C,K1+K5 d
2K 4K, whereN is the total number of asperities afqz) is the Gaussian
Km:K ot (6) probability density function. The modified elastic contact radius
1 2

a. can be obtained from the analysis of Heit®]. The equation
Such parameters as the surface roughfesand absolute asper- for n can be simplified with the introduction of the standard de-
ity slope (m,,d, the Young’s modulu$E) of the coating material, Vviation o to describe the height distribution of the asperities and
and the bulk material properties of the underlying soft substrailee apparent contact arég (Mikic [8]):

were included to predict these values. B 1 ’mabs)z expl — h?) .
n= E e a h 9)
erfc| —
Refinement of the Expression for the Elastic Contact V2
Radius 4 o h2 h
If two surfaces are brought together until their reference planes ae:\/_— m ex 2 Yo 7 (10)
and contact plane are separated by a distahcthere will be ™ abs 2
contact at any asperity whose height is initially greater than the h 1
separation as shown in Fig. 2. Therefore, the probability of mak- ol = | =Serfe(X), (11)
ing contact at any given asperity, with heightbecomes: V2] 2
28 i
el Tabulated Values

27 1 Curve Fit T

1 9 | | 1 1

0.0000 0.0010 0.0020 0.0030 0.0040 0.0050
42P
£y

Fig. 3 Dimensionless separation as a function of dimensionless interface pressure
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whereh is the standardized separation which is equal/e. ae
If the elastic contact radius expression, EtQ), is multiplied sin( gib—)

by the dimensionless plane separatidn(Mikic [8]), a simple pi= by (19)
expression for the elastic contact radius in terms of dimensionless 23 b%
interface pressure can be obtained: 1| di b;
a a
ov2 V2 E Mapbs ! !
An expression for the thermal conductivity of the thin film coating
2 o K. as a function of film thickness has been developed for the
aX=— exp(X?)erfc(X)X. (13) determination of the correct constriction parameter correction fac-
\/; Maps tor (Marotta[20]). Substitution of Eq(20) into Eq. (5) enabled

, the evaluation of the effective thermal conductividy for a sur-
A plot of Eq. (12) for the range of paramete(B, E’, andMayd  tace which contains a deposited nonmetallic coating.

considgred in the present investigation [s shqwn in Fig. 3, 'and aThis expression, E¢5), for the effective thermal conductivity
curve fit of the tabulated values resulted in a simple expression {gxc initially employed by Antonetti and Yovanovig] for soft

X: metallic coatings, which takes into account the effect of the coat-

V3P | ~00833 ing thermal conductivity on the thermal constriction factor. For
X=1 25{ 4v2p ) (14) this study the above expression was employed for nonmetallic
T\ E 'Mgps coatings deposited onto a metallic substrate.

The constant and exponent for EG4) are a direct result of the

material properties of the nonmetallic coatings and underlyin& i i )

substrate used in this investigation. In addition, Eig) for the  Refinement to the Macroscopic Resistance for Rough,
dimensionless plane separatiiis applicable only for the portion Coated Spherical Surfaces

of the macroscopic contour area that provides the microscopicAn analysis developed by Greenwood and Tfi] for rough
contact spots. . . . urfaces in contact will be the foundation for the development of
. As a result of the material properties of the nonmetallic co € macroscopic are@ontour areafor solid bodies. While they
'ngrf ﬁgdlsubritr?t?nemplroyerc: Tftr;:stistxdyhéhgir;f)]rondLiJc:]lof thel ynsidered only the physical model of an uncoated sphere in con-
pone t‘."‘ r;éci ple feE 38’3()3 bo unc 9 a ensioniess plaii with an uncoated plane since it was easier to visualize, their
Seéparatiorit term of £q. ecomes. basic concepts have been extended in the present analysis to a
2 _ physical model for coated surfaces.
exp(X“)erfc(X)X=0.530 (15) Greenwood and Tripp21] defined a dimensionless effective

Substitution of Eq(15) and Eq.(14) into Eq. (13), then solving radius o* for bodies that are brought together into contact with
for the contact radius,, gave a simple expression that can psurfaces that possess roughness. The dimensionless effective ra-

easily computed from known surface and material parameters:dius is a function of the dimensionless load, convergence
value y which Greenwood and Trip[21] conveniently chose to

o [ 4v32p 00833 be 2.36, and dimensionless bulk compliarc®(0):
a,=0.464 - (16)
Maps\ E ' Maps L XL , 0.375L* -
TR e

Refinement to the Effective Thermal Conductivity

Antonetti and Yovanovich 5] first introduced the effective
thermal conductivity for coated surfaces that were composed of a=a*\2p0, (22)
silver layers of various thicknesses deposited on a hard metaljjg,
substrate such as nickel. One underlying assumption that Al
tonetti and Yovanovicli5] made, which is not explicitly stated, is
that the thermal conductivity of the deposited silver coating is RC,+RGC,
equal to the bulk material property. While this may be a good = m (23)
assumption for metallic layers, which are vapor deposited onto
metallic substrates, there is strong evidence to suggest that thi&or the present analysis the Poisson ratio and Young's modulus
assumption may not be valid for nonmetallic coatings. are modified for the coating/substrate composite. They are as-

The expression developed by Antonetti and Yovanoyigfor sumed as the harmonic mean of the two materials, the nonmetallic
the constriction parameter correction factor for coated surface@ating and the metallic substrate; thus, the influence of the coat-
was employed but modified to include the expression develop#@ onE; andv, was taken into account:
for the modified elastic contact radigahere 5 accounts for the

and the real effective contour radius can be defined as:

ere the values foB are calculated from the averaged orthogo-
| radii of curvature measured for each contacting surface as:

influence of the coating layer ang accounts for the heat flux E;=E¢ .= 2EcE, (24)
distribution assumed Ect+Es
2v.v

ae -y =—C 25
a 16 « Ji(gibb_i) NGE “
Pl |~ _E 372 7. hy i Pi a7 The harmonic value for each componehgt, . andvg ., was

bl e i1 (gb) ‘]o(gb) . .. .

T calculated from the individual known values for the nonmetallic

b; coating and underlying substrate. The effective Young's modulus

employed in the determination of the dimensionless load and the
where K* = & bulk compliance _ incorporates thg influence of th(_e (_:oating/
K, substrate composite and the opposite substrate material in contact
(18) (Greenwood and Tripp21]):

(1+K*)+(1- K*)e’zliaef)

_K*
7 K (1+K*)_(1_K*)e*2{iaer
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2L K¢). The latter parameter was included since microscale effects

L*= —— (26) will affect the value of the coating’s thermal conductivity as di-
oE'\N2B0 mensional features achieve very small scales. Figure 4 shows
(0) these plots. The ratio of macroscopic profile radius of curvature to
w*(0)= — (27) Mmicroscopic surface roughneBC/o- was varied from 0.01i.e.,
o spherical contagtup to 100(i.e., nominally flat conditions These

TR values were chosen to encompass the range of experimental pa-
w(O)ZS\/QW L7(Es-c+E2)(RC+RG) (28) rameters employed in the investigation for both uncoated and

16RCRC, coated aluminum substrates and explore the limits where each
2 2 -1 contact resistance regime will dominate.
B ( 1-ve_, n 1- Vz) (29) The joint contact resistance increases dramatically to infinity at
Es . E, ' very low RC/o ratios while the joint contact resistance converges

to a finite value for higtlRC/o ratios. That is, at lowR C/o ratios
Present Model (i.e., values less than 0.the macroscopic contact resistance
- : . hows predominance and further dominates, as the ratio becomes
The substitution of Eqg9) and(16) into the expression for the S L9
total joint thermal contact resistance, Eg), results in the follow- smaller. OF‘ the other hand, Whgn R /o ra.tlo IS great.er than .
ing expression which has been multiplied by the apparent ardae; the microscopic contact resistance begins to dominate, which
. 1S illustrated by the asymptotic convergence of the plots as they

Aa approach a ratio of 100. These trends hold true for Fi¢s). @nd
, o(ae/bj)erfo X)exp(2X?) \/;(P(a/B) A, 4(c) Where the film_ c_onductiv_ity is relativel_y high, h_owevgr, at the
tota— 7-68 m V3P | 00833 2K , lower film conductivity and higheR C/o ratios the dimensionless
K,_abS(_s) m vra joint contact resistance begins to increase with increasing surface
o |E'mgy, roughness as indicated by the increasing dimensionless roughness

(30) ratio o/t. Convergence to a finite value was not achieved for this

where the exponential term for the expected number of cont&&se as shown in Fig. 4(a). This trend is in line with archival

spotsn, Eq. (9), incorporates the dimensionless plane separati§tdies that have shown an increasing contact resistance with in-
. creasing surface roughness for nominally flat surfaces.

The plots in Fig. 4 also show the effect that an increased sur-
face roughness.e., o/t from 0.033 to 2.66has on the dimen-
sionless joint contact resistance and the transition to microscopic
. . . contact resistance. The higher surface roughnesses tend to subdue

The model does not encompass microscopic asperity Contagls influence of the lower radius of curvature and cause the mi-
that deform plastically or may behave elastoplastically. The firstoscopic contact resistance to show more dominance. The ap-
term in Eq.(30) would have to be modified to reflect this mode objieq |0ad L was arbitrarily set to 500 N for the purpose of this
deformation in conjunction with an expression for the composité,aysis. One would tend to believe, if the present results were
microhardness. A surface that has been coated with a soft metaligaolated, that as the applied load is further increased from the
coating may sfill incorporate the second te(e., macroscopic yesent value of 500 N that the curves would begin to compress.
resistancebut the first term would need to incorporate the analyrpey \would quickly approach the regime where the microscopic
sis of Antonetti and Yovanovicfb]. The macroscopic resistanceconact resistance would control the joint contact resistance. The
term (i.e., second termassumes that only one macroscopic cofsame may be true if the applied load was decreased from the
tact spot existéi.e.,n=1) and its contact radius was defineddy  eqent value and the macroscopic contact resistance would con-
Therefore, the microscopic elastic radaswas replaced with the | the joint contact resistance. It must be noted that the variation
macroscopic radiua in the second term of Eq30). of the computed dimensionless resistance in Fig. 4 at low radius

Marotta and Fletche22] has provided the justification for the o¢ . rvature and the higher surface roughnesses approaches a
use of an elastic model rather than a plastic md¢idel, first term) single curve
to describe the microscopic contact resistance for aluminum af'Figures 5'_7 present the dimensionless thermal contact resis-
loys. The main difference between the two microscopic modejg, e a5 a function of dimensionless contact pressure for beryl-
lies in the fact that elastic asperities return to their initial conflgql-um oxide, boron nitride, and aluminum nitride coatings, respec-
ration upon removal of the applied load while plastic asperities aGely  for several coating thicknesses and interface contact
permanently set. This effect leads to the contact radius and resyliz,neratures. The parameters employed for the dimensionless pa-
ing area for plastic deformation being greater than elastic defQfimeters are effective thermal conductivity, contour radius, effec-
mation of the contacting spots. tive Young's modulus, and absolute asperity slope. Both the ra-
dius of curvature and absolute asperity slope were measured by
; : stylus profilometry. The influence on the dimensionless thermal
Results and Discussion contact resistance of the profile radius of curvature can be clearly

An experimental investigation was conducted to obtain data fabserved as the radius is decreased for the beryllium oxide coat-
both uncoated and non-metallic coated surfaces over a brdags. An increase in contact resistance as the profile radius of
range of test paramete(Marotta[20]). These data involved the curvature is decreased from approximately 10 to 1 meters be-
measurement of thermal contact conductance in a vacuum ersémes obvious. At this lower value, the macroscopic contact re-
ronment for a coated, convex profile on an uncoated, nominalljstance dominates with very little influence by the microscopic
flat plane. The thermal contact conductance values were th&ntact resistance. The profile radius of curvature for each speci-
compared to the present model which accounts for both micreren was measured by stylus profilometry and not computed from
scopic and macroscopic thermal contact resistances of non-ffgtness deviation, thus, surface waviness effects were minimized.
roughened surfaces coated with non-metallic coatings. The measured radii of curvature shown for each coated specimen

To investigate the interrelationship between macroscopic cowere measured orthogonally to each other, giving an indication of
tact resistance and microscopic contact resistance with a néfe hemispherical profile that existed prior to contact with the
metallic coatinglaluminum nitride, 3um thickness), a parametric uncoated surface. Boron nitride and aluminum nitride coatings
study of Eq.(30) was conducted. This analysis was carried out faere deposited by RF magnetron sputtering under similar gas
variations in geometric profile€.e., radii of curvatureRC), sur- mixture and substrate voltage bias conditions; thus, each coating
face roughnesgi.e., o), and coating thermal conductivitfi.e., possessed similar film microstructure. The deposition of the be-

2
h2=(g) =2X2. (31)
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Fig. 4 Dimensionless joint contact resistance as a function of dimensionless radii of curvature for varying surface roughness
and coating thermal conductivity

ryllium oxide coatings involved the sputtering of a solid BeQroating possessed similar film ture was different than the BN and
compound target onto the negatively biased substrate set betwA&d coatings (e.g., greater film porosijy These coatings repre-
100-2000 V and substrate temperatures between 200—5008€nt some of the highest achievable thermal conductivity values
therefore, the film microstrucRF magnetron sputtering under simithen measured in bulk forrfwith diamond having the highest
lar gas mixture and substrate voltage bias conditions; thus, eaetiue).
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Fig. 5 Dimensionless thermal contact resistance as a function of dimensionless pressure for beryllium
oxide coatings
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Fig. 6 Dimensionless thermal contact resistance as a function of dimensionless pressure for boron
nitride coatings
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Fig. 7 Dimensionless thermal contact resistance as a function of dimensionless pressure for aluminum
nitride coatings

103 F T T T ™ T T T T T T T ™
B Model; 2 microns; RC=2.4,2.6m 1
| +  SiN; t= 2 microns; T = 20°C ]
+  SiN; t= 2 microns, T = 60°C
102 E X SiN; t= 2 microns, T = 100°C .
- = Model; 1.0 micron; RC=2.9,4.5m B
- v SiN; t= 1 micron, T = 20°C -
B & SiN; t= 1 micron, T = 60°C ]
| *  SiN; t= 1 micron, T = 100°C i
10' E .
ot RKmy, - ¥ ]
a B .
10° .
i Ty i
E S ]
10 E
i Silicon Nitride -
10_2 L L L 1 L L 1 L I A i H 1 1 1 1 L
10 10" 10°
I*= JZ—P
Elmabs
Fig. 8 Dimensionless thermal contact resistance as a function of dimensionless pressure for silicon
nitride coatings
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Fig. 9 Dimensionless thermal contact resistance as a function of dimensionless pressure for titanium
nitride coatings on aluminum 6101-T6
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Fig. 10 Dimensionless thermal contact resistance as a function of dimensionless pressure for titanium
nitride on copper C11000-H03
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The effect of increasing coating thickness tends to increase ffable 2 RMS and T-test values for the experimental data and
thermal contact resistance while among the individual ceramitodel predictions

materials the thermal contact resistance either increases or d— Ceramic “Coating Overall % RMS Means T-test on Means
creases with the material’'s thermal conductivity. A comparisor C‘:“;‘gs T'“c‘“‘elss (um) D‘ff“;‘:f;“o“) ([Efgg _“'(‘)";1:‘) _

between the measurements and the model predictions for thern| > ) o1 U558 1 080 P
contact resistance for all three coating materials and thickness| BeO 1 0.21 1.359 ; 1.256 0.892
- 3 0.27 1360 ; 1.603 0.924
_shows good agreement throughout the range of conditions exa S5 ol1s 5937 8511 0747
|nec_i- ) ) AIN 1 031 1876 ; 1419 0639
Figures 8 and 9 present the dimensionless thermal contact 1 2 g;t? iézgigg 0.607
. . . . e . 063 ; 1. 0.713
sistance as a function of dimensionless contact pressure for silic BN : 0% SET 04T 0553
nitride and titanium nitride coatings deposited on aluminum 6101 3 0.58 0.608 ; 0.369 0.443
T6. Figure 9 shows an inflection in the prediction for the Qi@ — f gfi LR g;i(‘)
coating that would be physically diffi_gult to explain at first; how- ! 3 031 0.822 0705 0.582
ever, the measured orthogonal radii of curvature of the coat 5 0.25 0.644 5 0.701 0.877

specimen indicate a surface profile that is not truly hemispherical.
A non-hemispheric profile would result in a higher thermal con-

tact resistance prediction at low loa@., higher than the other o data points had significant deviation from the model predic-
two thicknessesgiue to a smaller contour area but a lower prefons, These data points occurred at the high contact pressures.
dicted thermal contact resistance at the higher loads because of thgn analysis of the uncertainty for thermal contact resistance for
flatter surface profile and thinner coating thickness. The two ejeryllium oxide, boron nitride, aluminum nitride, silicon nitride,
treme points would cause the predicted curve to cross the otf@inium nitride on aluminum, and titanium nitride on copper us-
two predicted curves for the 3 and &m coating thicknesses. jng the Kline and McClintocK23] method yielded experimental
Figure 10 presents a similar plot for the titanium nitride coatinggerage uncertainties of 7.8, 4.3, 5.4, 4.6, 8.3, and 8.0 percent,

that were deposited on copper C11000-HO3. The interesting asspectively. A more detailed analysis for uncertainty values may
pect of these results, in comparison to Fig. 9, is that the underlya found in Marottd20].

ing copper substrate has no influence on the interface contact re-
sistance. It appears that the coating material, present at BW8mparison of Model Predictions with Experimental
interface with its mechanical and thermal properties, has tkﬁa |
dominating influence on the thermal contact resistance. esults

The dimensionless thermal contact resistance for measured datA comparison between computed joint conductance values with
is compared to model predictions for each ceramic coating matxperimentally gathered data for beryllium oxide deposited on
rial and each coating thickness. The radii of curvature for trEuminum 6101-T6 for ongl) coating thickness is shown in
coated test specimens ranged from a low value of 2.4 meters Table 1. The table includes measured joint conductance data along
the silicon nitride coatings to a value of approximately 16.%ith its corresponding interface temperature, apparent contact
meters for the titanium nitride coatings. With this range of radii gbressure, material properties, geometric data such as surface
curvature, the comparison between measured data and model ppaghness, asperity slope, and radii of curvature, and percent dif-
dictions again shows good agreement. The largest deviation lherence. A statistical analysis was conducted to determine the
tween experimental data and model predictions occurs at low cd®eot Mean Squarérms) percent difference between the experi-
tact pressures; however, good agreement does exist at high contaettal data and model predictions, as shown in Table 2. In addi-
pressures except for titanium nitride coatings deposited on coppion, a significance test for the difference between the two means
For titanium nitride coatings deposited on copper C11000—HO&as conducted to determine whether the values were significant or

Table 1 Beryllium oxide coating on A6101-T6 (1.0 mum); experimental data and model predictions

BeO
t (1um) 1 Hasss (vis) 85 % Diff. Hs101 (vas) 48 o (pm)yss | 0.83 m (rad)gss6 | 0.155
Popp(Pa) | h(W/m*K) N* R*Exp.) | R*(Model) Euseter (GP2)| 82.825 §o (um)sio | 0.80 | m (rad)ior | 0.142
172400 620.54 3.0de-4 m 289 4314 | Eqor1s(GPa)| 64.825 § 6 (nm)eow | 097 | m (rad)eec | 0.204
344800 982.75 1.5le4 479 562 173 Kerss 15115 fomms ()| 127 | Mo (rad),o]| 0.256
(W/m-K)
689600 || 1682.61 7.61¢-5 923 994 17 Kero1 20844 | T.e(K) | 293.0
(W/m-K)
1379200 | 2869.46 3.79-5 1.715 1.689 1.5 RC; (m) 97
2758400 | 4801.05 1.92e-5 2.738 2.764 +0.9 RC', (m) 11.5
t (pm) 1 RC'; (m) 22 G (Um)ass || 0.83 | m(rad)uss | 0.155
Popp(Pa) | h(W/m>K) N* RC, (m) 20 |o(umeo || 080 | m@ad)se| 0.142
172400 17.77 3.04¢-4 195 289 +48.2 Vas6T6l 033 | o (uMecet | 0.97 || m (rad)eonc | 0.204
344800 | 1146.62 1.51e4 431 560 +29.9 Vo116 033 oo (pm)ss| 127 Mo (rad)ss] 0.256
689600 | 1982.72 761e-5 903 991 49.7 Veeo 025 | T.e®) || 3327
1379200 | 3405.27 3.79%-5 1.883 1.684 %3 TIR,(pm) | 11.83
2758400 | 5799.62 1.92¢-5 3383 2757 -16.3 TIR.(um) | 18.91
t (um) 1 o (M) yse 0.83 m (rad).ase | 0.155
Pup(Pa) | ho(W/m’-K) N* o (MMt | 080 | m (rad)sior | 0.142
172400 84201 3.04e-4 173 289 ¥67.0 o (MM || 0.97 | m (rad)eow: || 0.204
344800 | 140485 151e-4 380 560 474 Oums (WMpell 127 | Mums (rad).o)| 0.256
689600 | 2395.63 7.61e-5 795 991 1246 Tue K) | 3725
1379200 | 4061.49 3.79%-5 1.740 1.684 32
2758400 | 7112.11 1.92¢-5 3.206 2.755 141
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Fig. 11 A correlation for dimensionless thermal contact resistance as a function of dimensionless pres-
sure for non-metallic coatings

not. At a 95 percent confidence level and 4 degrees of freedom, ifAs the value of thePFI ratio approaches unity, the contacting
the tabulated-test values exceed a value of 2.571 there woulsurface approaches nominally flat conditions, the first term in Eq.
exist a significant difference between the experimental data af8D) dominates and the macroscopic term becomes negligible. In
model predictions. In addition, Table 2 summarizes the tabulatedn, as thePFl ratio deviates from unity in the positive direction,
rms percent differences and théest values for each coating em-the contacting surface approaches non-flat conditions, the second
ployed in the investigation at a representative interface tempetarm dominates and the microscopic term becomes negligible.
ture of 60°C. Each computeetest value on the means was subTherefore, théPFl ratio can be a rough indicator, of which term,
stantially lower than 2.571, which indicated no significanticroscopic or macroscopic, in E€B0) that will dominate.
difference between the two mean values. As the microscopic resistance dominaté®e first term in Eq.
(30)), a downward shift occurs for the total contact resistance,
which implies that thePFI ratio will decrease towards unity.
Correlation of Experimental Data When the macroscopic resistance domindthe second term in
.(30)), an upward shift occurs for the total contact resistance,
ich implies that theéPFI ratio increases. This is clearly exhib-
d by the experimental results for beryllium oxide, as shown in
. 5, where the total contact resistance decreases as the orthogo-
nal radii of curvature approach nominally flat surfaces.
If one considers the wide range of material properties, coating
cknesses, and geometric parameters used in this investigation a
relatively simple parameter such as ®El correlates well all the
experimental data for thermal contact resistance. PReé ratio
PFI=TIR,/TIR1om (32) ranged from approximately 1.3 for titanium nitride coatings to
r]%%proxima’[ely 10.7 for beryllium oxide coatings deposited on alu-
minum 6101-T6 substrates. This rangePiRl ratios translates to a
range of radii of curvature, which vary from 1.2 to 19.0 meters. It
TIRqom- The index is an indicator of the contribution to the flatMUSt b€ noted that thigFl ratio can be easily obtained from most

ness profile deviation caused by either the addition of the coati dern surface_ analyzers, which _determlne surfa(;e roug_hn'ess and
or the deformation of the profile surface during the depositifﬁ solute asperity slope along with surface profile deviation or

A correlation was developed to predict the total thermal contal
resistance for all the refractory ceramic coatings employed in th]
investigation. Figure 11 presents a curve fit that uses dimensi
less variables for all refractory ceramic coatings investigated. T
correlation equation was obtained from a curvédiaphically)to
a functional form, which incorporates the parameters of the.
present model. The correlation incorporates a profile geomet?q
parameter, called the Profile Flatness Indekl), defined as:

that takes into account the influence of the macroscopic resista
The PFl is the ratio of the flatness profile deviatighlR) mea-
sured post processingl R, to that for a nominally flat surface

process from a nominally flat surface. The high deposition te atness.

peratures present in the gas reaction chamber can cause thedeth® dimensionless contact resistariee and the dimension-
profile distortions. Its origin arose from experimental observatiotgSS contact pressute® are defined as:

of the measured values of the specimen’s profile flathess prior and

subsequently after the coating’s deposition onto the metallic

substrate. R* =R"K'Myd « (33)
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L* (V2ZP/E' mMgpd (34) surface roughness, absolute asperity slope, and profile flatness

. . ) .were also employed. The correlation equation, 8&), contains
the correlation equation groups the Profile Flatness Index with thgms that account for the macroscopic resistance and the micro-

dimensionless contact resistarRe as: scopic resistance with the importance of each term inferred from
R'K My the PFI ratio. As the value of th@FI ratio approaches unity, the
- contacting surface approaches nominally flat conditions, the first
a ) X .
= 1.4x10"4(VIP/E' m...) 0848 35) term dominates a_nd the_ macroscopic term becomgs ne_gllgl_ble. In
PFI ( abs (35) turn, as thePFl ratio deviates from unity in the positive direction,

To assess the applicability of the present correlation for prediépe contacting surface approaches non-flat conditions, the second

ing experimentally measured data originating from other inves ‘?rgeggrrg'qﬁgspIargﬂottinrggrgsr%%p'ﬁ ifé?gag)?cg;n@iigf?g%ble'
gators, thermal contact conductance values for non-metallic co P ’ 9 ' '

ings either grown or deposited on aluminum alloys were obtain&gCrOSCOPIC Or MACroscopic, I E(BO) that will dominate.

from the literature. Experimental anodized coating data fron%ltnh fﬁgcﬁiﬁ)@’cg Egtznfjh?Tqr:(?rlogggt?gtrgesisslf;?quev\t,ggtclgfrl]uﬂ?; d
Peterson and Fletchg24], Lambert et al[25], and Yip[3] were P P p

compared to the present correlation in Fig. 11. The experimen{gfm th_e thermophysical and _mechanlc_:al properties of both the
investigation by Peterson and Fletchi24]involved the measure- underlying substrate and coating material. Geometric parameters,

ment of thermal contact conductance of several anodized coatiiif? @S surface roughness, absolute asperity slope, and profile
thicknesses grown on aluminum 6061-T6 substrates in contigeness deviation, were also instrumental in its computation.

with a common uncoated aluminum 6061-T6 substrate. The anod-

ized coating thicknesses ranged from 61.0 to 1G3@while the Acknowledgments

contact pressure was varied from approximately 290 to 12,300pgig) support for this investigation was provided by ONR

kPa(42 to 1784 psi). o ~ Grant N00014-95-1-0842, and the Texas Engineering Experiment
To further assess the applicability of the present correlation &4tion Center for Space Power.

predict experimentally measured data from other studies, experi-

mgntal_ data obtained by AITAstraba_di et §9] for_ a thin iron N omenclature

oxide film grown on EM3B mild steel in contact with an uncoated

steel substrate were also compared in Fig. 11. The iron oxide film A, = apparent aregm?)

consisted mainly of hematite f@&;, which was grown in an oxi- a = microscopic contact spot radiis)
dizing environment of 70°G158°F) temperature and 80 percent B = radius of apparent are@n)

humidity. The experimental data from Al-Astrabadi et[8l] and b = flux tube radiusm)

the present correlation compared favorably, as shown in Fig. 11. C = constriction parameter correction factor
The surface roughness and absolute asperity slope for the oxide d = plane separatiofm)

film (2.28 um and 0.210 radian, respectivelyere similar to E = Young's Modulus(N/m?)
values encountered in the present study for ceramic coatings. E' = equivalent Young’s ModulugN/m?) [(l—vf/E1
Again, the experimental study did not include surface profile flat- +(1-0v,9)/E, t

ness deviation prior to film growth or post processing; therefore, a = standardized separatiod/e)

value of one was assumed for the PFI. The other experimental K — thermal conductivityW/m K)

studies by Peterson and Fletch24]and Lambert et al.25] pro- L = load (N)

vided flatness deviation pre and post-processing; therefore, then _— ombined absolute asperity slo —(m...2
PFI ratio was easily calculated. The thermal conductivity values @ +m2) 2 (rad) perity SIopBaps= (Maps1
for the anodized coatings were obtained from data published by abs2

Ogden et al[26]. N = total number of asperities
n = expected number of contact 2spots
Conclusions and Recommendations P - apparent contact pressuf/m’)
Q = heat transfer ratéw)
The total contact resistance for non-flat, metallic surfaces witha q = heat flux(W/m?)
non-metallic coating was obtained by superposition of the micro- R = thermal resistancé</W)
scopic (contact spotsyesistance and the macroscopeontour) R” = thermal resistance per unit aréa? K/W)

resistance. Prior to this investigation, liquid analog and non-flat RC = profile radius of curvaturém)
surfaces in contact with an optically flat, uncoated surface had s = dimensionless distance from mean reference plane
been investigated. An experimental and analytical investigation to (zl o)
study the effect on total thermal contact resistance for non-flat, T = temperature°C)
metallic surfaces coated with non-metallic matefiad., ceramic TIR = total profile flatness deviatiofm); TIR=TIR,+TIR,
materials)was conducted. t = coating thicknesgum)

The development of the macroscopic thermal contact resistance X = defined by Eq. 14
expression using Hertzian contact theory was employed with 7z = height above mean plane of surfaee)
modifications for roughened surfaces. The reduction in thermal
conductivity in dielectric ceramic materials when applied as a thii’¢ek Letters
film was also taken into account. a = real effective contour radiugn)

A comparison of the present model for total thermal contact B = defined by Eq. 23
resistance was made with several refractory ceramic coatings deAT, = effective temperature drop across interfake
posited on a single metallic substrate while the opposite contact- ¢; = roots of Bessel function,(Z;)
ing substrate remained uncoated. Experimental data from several » = defined by Eq. 18
investigations were also included for comparison. Both the X\ = eigenvalues
present data and those gathered from other experimental studies » = Poisson ratio
compared favorably with the model and correlation. p = defined by Eq. 19

A total thermal contact resistance, which includes both the mi- ¢ = rms surface roughnesm)
croscopic and macroscopic resistance, was computed from the 7 = dimensionless coating thicknessd,)
thermophysical and mechanical properties of both the substrate ® = probability density function of peak heights
and coating material. Geometric and profile parameters such as y = convergence value
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¢ = macroscopic and microscopic thermal constriction
factor
o = bulk compliancem)

Superscripts

* = non-dimensional parameter
" = effective
Subscripts

1 = substrate 1
2 = substrate 2
a = apparent
act = actual parameter
b = bare or uncoated surface
c = coating
e = elastic
Hz = Hertzian
i = index of summation
J = joint
m = harmonic
nom = nominally flat or non-wavy parameter
S = substrate
s-c = substrate-coating
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Introduction virtual periodic data is used to develop a virtual experiment pri-

The estimation of thermophysical properties for a complex Syrr}g::‘lzloz)ohfsriglcér@seﬁiréise angles and to estimate the selected

tem needs_ accurately meas_ure_d transient temperature at prep,, technique presented here is a conceptual method of using
selected sites. . In the_se applications, various inverse techr"qlétﬂsinverse analysis in the spectral domain to determine the ther-
have emerged in the literature. They permit the estimation of thefjohysical properties. This method can provide accurate results

mophysical properties from measured temperature data. Panfgfan it is not possible to obtain periodic data. Accordingly, one
et al.[1] developed the Flash method for the estimation ?f thermah, yse virtual periodic data instead of hard-to-get real periodic
diffusivity in slab specimens. Tayld2] extended Parker's flash gata for determining the thermophysical properties. A method of
method to high temperatures utilizing a laser pulse. Mottram et ghtaining a set of virtual periodic data is discussed in the next
[3] reported thermal diffusivity measurements in fiber-phenoligection. To provide a critical evaluation, a quasi-steady-state vir-
resin composites. Donaldson et [g] used a laser pulse for ther-tyal experiment is carried out using analytically calculated
mal diffusivity measurement by a radial heat flow method. Dowdemperature.
ing et al. [5,6] used electric heaters to conduct one and two-
dimensional experiments to estimate orthotropic thermal
properties of a carbon-carbon composite.

This theoretical inverse study uses phase angles and amplitu . . T
instead of local temperature to estimate the thermophysical proe:%)‘:@%StrUCtlon of Virtual Periodic Data
erties. Among earlier work, HensgT] has described use of the Preliminary to any analysis, it is necessary to discuss a method
Fast Fourier Transform(FFT) and frequency domain adjoint Of constructing a set of quasi-steady periodic data. The following
analysis in parameter estimation with applications to heat transfanalysis applies to a linear system where the thermophysical prop-
According to the sensitivity analysis for sinusoidal heat inpu€rties within a narrow temperature range are assumed constant
Haji-Sheikh et al.[8], it is possible to accurately estimate thedbout a mean temperature; potential applications include high
thermal diffusivity if phase angles are experimentally obtaineéemperature and thin film studies. The development of this con-
Often, the acquisition of the phase angle requires only the furgept is related to the behavior of the Fourier series. Consider a
tional variation of temperature; therefore, one can measureS@id that is subject to a typical non-periodic heat inp(#) dur-
temperature-dependent effect and calculate the phase angle wiid-time O tots as shown in Fig. 1(a). Assume the experimental
out knowing the exact value of temperature or heat flux. Amorf§SPonse data, e.g., temperature data are acquired during the heat-
the candidates whose magnitudes can be affected by temperatigePeriodts and the data acquisition is continued after heating
are electrical resistivity, voltage output from a bimetaliic junctionstoPS and until any change in the response is negligible. The step-

change of surface reflectance for polished metals, and emit%thep procedures to obtain virtual periodic data are described
surface radiation. In some applications, e.g., laser heating, it glow:

difficult, if not impossible, to supply a well-defined harmonic heat Step 1. The first step is to acquire response data such as tem-
flux to a surface. However, it is possible to have a heat flux pulg@rature at everyx(,y,) location and the data shall be designated
at a surface and gather a well-defined set of experimental respogs®(x, ,y, ,t) in the following steps. For the sake of brevity and
data. This paper demonstrates that response data due to a Rgthout loss of any generalization, it is assumed the conduction of
periodic heat flux pulse can be used to generate multi-frequengyat is two-dimensional.

data, referred to as virtual periodic data or virtual data herein. The . )
Step 2. This step describes the procedure to construct a set of

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF quasi-steady periodic data. One can arbitrarily select a time

HEAT TRANSFER Manuscript received by the Heat Transfer Division June 18, 199dreferablyt; =ts, and expand the input heat flaxt) in the Fou-
revision received, July 10, 2000. Associate Editor: A. Majumdar. rier series within B<t<< 7y using equation
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the phase angles and amplitudes for predetermined frequencies

2v, 3y, etc. One can apply Discrete Fourier TransfdiT) or

Fast Fourier TransfornFFT) ([9]) to the input and response sig-

nals to obtain phase angles and amplitudes for all relevant fre-

quency signals at allx(,y;) locations. Both DFT and FFT are
(a) readily available packages to perform Fourier analysis.

1.0

0.5

la(t)/q,],

0.0 . o
Step 5. At any given frequency, it is necessary to select a

suitable computation method and compute the response
R(x;,y,,t) for a given sinusoidal heat input. Therefore, in this
study, the fifth step is the analytical or numerical prediction of a
steady periodic temperature response for comparison with the sig-
nal processing results.

Step 6. The sixth and final step is to compare experimentally
determined phase angles and amplitudes with those computed
analytically and to estimate the thermophysical properties by
minimizing the differences. Before attempting to perform this in-
verse procedure, it is necessary to select a geometrical configura-
tion and perform analytical studies mainly to gain insight into the
problem.

q(t)/q,

t/tg Direct Analysis

As a test case, a two-region system, as shown in Fig. 2, is
Fig. 1 A typical dimensionless heat flux: (&) the original heat  selected. Region 1 is orthotropic with thermal conductivitigs
pulse; and (b) the constructed periodic heat flux andk,, in x andy directions, density,, and specific heat,; .
Region 2 is homogeneous with thermal conductiky density
p2, and specific heat,,. The relevant dimensiors b, ¢, andd
" are shown in Fig. 2. All surfaces are adiabatic excepyat
) where there is a heat flux overxk=<d.
Q(t)/qO:Z a sin(nmt/ 7o), (12) The analytical temperature solution for prescribed heat flux
-t over all surfaces is in Aviles-Ramos et gl0]. The conduction of
where 7q= (ts+t1)/2. The left side of this equation represents &eat in the two-layer body depicted in Fig. 2 is described by the
surface heat flux pulse duringst<tg and it is plotted in Fig. diffusion equation in region 1 as
1(a). When using a Fourier sine series, Etgp), one assumes a 5 5
periodic form forq(t)/q, as plotted versus the dimensionless time K ‘9_Tl+k ‘7_T1: c ‘9_T1 (2a)
t/ts in Fig. 1(b) for 0<t/t,<6. Figure 1(b)contains a series of )2 TRy gy TPy
positive and negative inputs. Figurél shows a period equal to
ts+t, that corresponds to a frequeney= w/7,. Once the fre-
quencyv is determined by arbitrary selection gf, Eq. (1a) ex- #T, T, aT,
presses the data as a Fourier series ofnsiti,)=sin(rut) that kzw+kza—yz+gz(><,y,t)=Psz27, (20)
represent a set of harmonic functions with pre-assigned frequen-
cies. The time domain within each period now includes a positivéhere g»(x,y,t) is a volumetric heat source function that could
pulse and a negative pulse, see Figh)1Therefore, one can ar- include the surface heat flux. The solutions of E@s) and(2b)
bitrarily selectt;, computero=(ts+t;)/2 andv=7/7,, and then are avall_abl_e in Awl_e_s-Ramos et &L.0]for the following bound-
use the frequenciesy, for n=1,2,--, to analyze the multi- ary and initial conditions:
frequency signals. T,

0 and " 2—0 at x=0 and x= 3
i an i at x=0 and x=a 3)

and the diffusion equation in region 2,
(32

Step 3. The task within this step is to use superposition and
account for the effect of individual heat pulses shown in F{g).1
The first pulse designated by | startstgt=0 and produces a (9_"'170 tv=0 4
response equal tBy(X,,Y,,t) at a location ¥, ,y,) for t>0. The ay aty= “)
next pulse, Pulse I, is the same as Pulse | except it has a negative
magnitude and begins at time; this pulse provides a response Ta(xy,)=Ta(x,y,t) at y=b (5)
equal to—Ry(x,,y,,t—ty) at (x;,y,) for t>t;. This process can
be continued for the third pulse, fourth pulse, and so on. There-
fore, for a linear system, one can use superposition to construct a
periodic responseR(X,,y;,t) from a non-periodic response
Ro(X;,Y,,t). The superposition using the relation y d

N . q oTloy=0
ROGY1 0= 3 (~ 1IR3 A1), (1b) Y
2

where tj=j 7o+ (7o—t)[1—(—1)'1/2 and Ry(x,y; ,t—t;)=0
whent<t;, yields quasi-steady periodic response to a periodic
input signal wherN; is sufficiently large. The values of,t,,t,,

etc. are designated in Fi . = [
g g() oT/ox=0 OTiay=0 L x

Step 4. Once the virtual periodic dat®(x,,y,,t) at all pre-
selected sensor locations are available, the fourth step is findifig. 2 Schematic of a two-layer body and boundary conditions

Journal of Heat Transfer FEBRUARY 2001, Vol. 123 / 25

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



aT, aT,

1XW:k2W aty=b (6)
20 at 7
25y ~0 aty=c )

T.(x,y,t)=0 and T,(x,y,t)=0 at t=0. (8)

A solution to the problem stated by Eg®a) through (8) is
([10])

% %

Tixy =2 > —u—="

n=0 m=0

FI (X,
el Y) f exd —\2,(t—7)]
7=0

a C
28 J’ fbgz(X’,y’,r)Fz,mn(X’,y’)dy’dx' dr
0

for i=1 or 2, 9)
whereF; ,,(x,y) are the eigenfunctions given as
F1mdX,y)=cognmx/a)Cos ymKy) (20)

F2,mn(xvy) =cognax/a)[ By, SIN(7mny) + Crmn COK 7mpy) |
(11)

a (b
Nimn= J'O fo Plcpl[Fl,mr(X, ,y')]zdy'dX'

afc
+L fbPszz[Fz,mrKX',Y')]Zdy'dx’ (12)

K,= \/R1X7_R1 . Ymn @and n,,, are related to the eigenvalugg,, by
the equation

Ymn= V7r2nr/a1x_(n77/a)2 (13)
Tmn= V)\mn/a’z_(nW/a)Z’ (14)

where aq,=Ki,/p1Cy1 and a,=K,/p,Cy,. The contact condi-
tions, Eqgs.(5) and(6), yield B,,, andC,,n,

Bmn= COS ¥YmnK; D) SIN( 7,,,0)
—(Yon! 7mn) (V klxkly/kz)Sin( YmnK: D) CO 7 ,b)

(15)
Cinn= €O YmrKb) cog 7mp)
+ (Ymn! 7mn) (V klxkly/kZ)Sin( YmnK0)SIN( 7 0).
(16)

P L el L el - L L L
100 200 300 400 500 600 700 800 900 1000
Time, seconds

Fig. 3 Heat flux input to produce virtual temperature re-
sponses, t;=80sec. and 7,=112 sec.

wherev is the angular frequency. It is defined as

v=mlTg (20)

and 7 is selected arbitrarily so that,>t;. When analyzing ac-
tual experimental data, the time range of available data influences
the selection ofrg.

Temperature Response to a Periodic Heat Flux. Equation
(19) contains sinusoidal components of heat flux. Figure 3 shows
the effect of the right side of Eq19) asg/q, is plotted for O
<t<1000. This figure shows a periodic heat flux with a period of
27y. It is of current interest to study the form of temperature at
selected locations if the surface heat flux has the form depicted in
Fig. 3. The temperature at any location should change periodically
and should attain a quasi-steady periodic form as time becomes
large. In an actual experiment, a quasi-steady condition may not
be attainable; therefore, the goal is to acquire a set of virtual
periodic data. Notice that the diffusion equation is linear; hence,
all sinusoidal components of temperature at a given site will have
the same angular frequenciés;, as those of the input heat flux,
Eq. (17), shown by Eq(19). However, for eaclk-component of
the surface heat flux in E¢19), the periodic component of tem-
perature will have a phase shift depending on the location, signal
angular frequency, and thermophysical properties.

The final form of the volumetric heat generation function
d2(x,y,t) is obtained by substituting E¢19) into Eq. (17),

4qo
92(xy,0) = —= &y —C)[H(x)— H(x—d)]

x>, %sinz(kvtS/Z)sin(kvt). (21)
k=1

Equation (9) can account for the effect of a surface heat flux

q(x,t) aty=c, see Fig. 2, by setting,(x,y,t) equal to

92(x,y,t)=a(x,t)8(y—c), 7

where §(y—c) is the Dirac delta function. A heat flux surface
function q(x,t) at y=c is chosen, to conform to the Dowding

et al.[6] experiments, as

The analytical solution is obtained substituting E2{) into Eq.
(9). Then, the temperature solution is cast in a convenient form for
obtaining the phase angles and amplitudes, that is

Ti<x,y,t>=k§l W, (%, Y)sikit— @ (X,Y)]

a(x,t)=0qo[H(X) —H(x=d)J[H(t) —H(t-ty)],  (18) - -
whereqq is a constant, the step functidt(-) is the Heaviside +k21 Divk(x'kaZl Cik(xy.1) (22)
function, andt is the time when the heat flux goes to zero. Equa-
tion (18) contains a square wave function expressed by two stégr i=1 or 2. The amplitude¥; (x,y), in Eq. (22) is
functionsH (t) —H(t—tg); it is expanded in Fourier sine series for
0<t<r, to produce Wi (%,Y) = VAL (6,Y) + B (XY) (23)

4q, and the corresponding phase angley(x,y), is
qx.)=—[HX)—H(x—d)]
k(X y)=tan’1 L(X'y) (24)
Frics Bi k(X,y)

1
X D, —sirf(kvtg2)sin(kvt); t<rg, 19
kzl k (knt2)sinkot) o (19) Other functions and parameters in E¢g2—-24 are
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4q0d Fiyoo(x,y) S|n2(k1/ts/2) 4q0aV
K2y m?

Ai (X,y)= - Nog

- . Fi,mn(XaY)
X 2

m=1 n=1 nNmn

® o(C)sin(nard/a)sir(kvty/2)
x N+ (kn)?

4000V < Fimo(X,Y) @po(C)sirP(kuty/2)
Nino Ao+ (kv)?

T m=1

(25)

©

4qpa
Bi (X,y)= Trg >

m=1n=1

)\?nnFi,mn(Xny)
NKNpn

X<I>mn(c)sir(nwd/a)sinz(kvts/Z)

Aot (kv)?
., 40d S NroFimo(X,Y) ®po(c)sirt(krty/2)
= KNmo Ao+ (k)2
(26)
4qpav i Fi mn(X,Y)
Ci,k(xvy!t)z 7:_)2 mEl nzl %
= = mn
X(I)mn(c)sin(nwd/a)sinz(kvts/2) 2 ¢
Ao+ (kv)? P~ Ninel)
40007 < Fimo(X.Y)
+
T m=1 NmO
® o(C)sir(kvty/2) )

)\ﬁ]o‘i‘(kV)z exq_)\mot) (27)
4qod [ Fi oo X,y) | sirP(kvtg/2)
Di(x,y)=— ( N o (28)
@ n(C) =Bnn SIN( 7€) + Cpyn €O 17mnC). (29)

N

-
N
TTTT T T 7T

[T
0

100 200 300 400 500 600 700 800 900 1000
Time, seconds

Fig. 4 Temperature data at seven locations generated using
Eq. (22) for heat flux input as shown in Fig. 3

In general, a periodic function can be expressed in terms of the
sine and cosine components using the Fourier series

©

1

h(t)=Zao+ > [a,cognut)+ b, sin(nut)] (30)
n=1

over one period. Wheh(t) is any periodic function such as tem-
perature at a sensor location, the coefficiemtsand b,, are ob-
tainable by numerical integration or by using a fast Fourier trans-
form. Therefore, it is necessary to test the accuracy and efficiency
of numerical techniques to compugg, and b,, coefficients and
then the phase angles and amplitudes.

Before addressing an experimental case, it is essential to vali-
date this inverse analysis method by simulating temperature data
analytically. A set of seven temperature responses is generated to
investigate the accuracy of numerical computations. The sensor
locations for simulated temperature sensots,Y) are selected
the same as those in Dowding et &l1]. The coordinates of
(%1,yy) for =1 through 7, usindx,y) axes shown in Fig. 2, are:
(0.889, 0.9144)(1.905, 0.9144)(3.175, 0.9144)(4.290, 0.9144),
(6.731, 0.9144)1.270, 0),(6.35, 0), respectively; all units are in
centimeters. Equatio(22) is used to generate these signals for a
virtual experiment assuming,=0.5276 W/cm during ts= 80s of
heating, then data are generated during a period of 448 sec. To
obtain simulated data, Eg€lb) and (9) yield the same results as
those from Eq(22). A sensitivity analysis in Dowding et dl11]

Equation (22) may be used to generate a set of ana|ytica||9iscusses the _seleg:tion ofthe heating tigr adequate response
produced data. Equatior(@3) and (24) provide amplitudes and I thex andy-directions. Figure 4 shows these computed tempera-

phase angles for property estimation.

Spectral Analysis and Property Estimation

ture responses. The analytically generated data in Fig. 4 show that
the temperature solution becomes quasi-steady and periodic for
times greater than =224 sec. The geometrical dimensions as
shown in Fig. 2 area=7.62 cm,b=0.914 cm,c=0.958 cm, and
d=2.36 cm. The thermophysical properties used to produce simu-

Spectral Analysis for Amplitudes and Phase Angles Estima- lated input data are for carbon-carbon composite in Region 1 and

tion.

Equation(22) represents the direct solution for temperaturglica in Region 2. The property values for Region 1 &qg

distribution in a composite region due to the heat flux shown ir0.608 W/cm-K,k,;,=0.039 W/Cm~K,p10§1=1-56 J/cm-K ob-

Fig. 3. It provides the temperature as a function of time at arigined from Dowding et al((6], Egs.(2—-4)

at a mean tempera-

given spatial location if thermophysical properties of the materiatgre of 72.5°C. The effective property values for Region 2 are

are prescribed. In an inverse analysis, the thermophysical propey=0.001 W/cm-K, p,Cp,=2.0 J/emi-K Dowding et al.[5]. For
ties may be the unknowns to be determined. For this reason, itisurface heat flux shown in Fig. 3, EQ2) produces periodic
desirable to place sensors at pre-selected locations and useténeperature responses at all thermocouple sites wkeRr,
transient response of the sensors to estimate the thermophysie@P4s Indeed, the temperature responses are quasi-steady and
properties. periodic whent>224swith a period of 224 and Eq20) yields a

A periodic input heat flux induces a periodic temperature at tfeequency of 0.028 rad/s.
sensor locations with an angular frequency of the input signal. Forln general, Eq(30) can be used to compute the phase angles
example, if the input signal has components lsit)( with k and amplitudes of temperature at any location. The sensitivity
=1,2,--+, as identified by Eq(19), then the temperature at anyanalysis for temperature response by Dowding eft1dl], as men-
location will have components with exactly the same angular fréened earlier, shows that the temperature measurements at the
qguencies. Theoretically, it is possible to decompose such a tecerners of the specimen are the most sensitive. Note that the co-
perature response into its harmonic components with the afomrdinates fol =1, 2, 5, 6 and 7 are located near the corners of the
mentioned frequencies. A spectral analysis is employed in orderspecimen(see Fig. 2). The sensitivity coefficients for the phase
extract the amplitudes and phase angles of the harmomicgles defined by E¢24)were calculated at the locations (y,)
components. for I =1 throughl =7. The results show that the sensitivity coef-
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S I L B L R R AL LI Table 2 Estimated thermophysical properties from the phase
16 [ ] angles given in Table 1
12 ]
- . N kix kyy PICpI ky
v 8 E ] WiemK | Wem-K | Jem’ K | WemK
4k | {:;\\E 2 0.6360 | 0.0411 | 1.628 | 0.00125
oF . ] +4.7% | +5.1% | +4.2% +25%
E L )12 0.6140 | 0.0396 1.579 | 0.00101
4y  |T= o +1.1% | +1.1% | +1.1% | +0.9%
8F -—=- TC7 . 516 0.6080 0.0392 1.563 0.00100
§ IV I N TN SNTEN TN NN NN N AN NI 0, 0, 0, 0,
0 20 40 60 80 100 120 140 160 180 200 220 0.065% | +0.069% | +0.066% | +0.1%
Time, seconds 219 0.6077 | 0.0391 1.563 | 0.00100
+0.013% | +0.015% } +0.013% +0%
Fig. 5 Temperature responses for application of the FFT; a Input data| 0.6076 0.0391 1.562 0.00100
window within 224 =<t=<448s is shifted to 0 =<t=<224s

ficients fork,y, Kiy, p1Cp1, andk, are linearly independent in value of the.p.hase angle i_s known a priori,.the data revgals the
the interval 0.028 radiskv=<0.7 rad/s. The sensitivity resultseffect of a finite sample size in the FFT window on estimated
showed tendencies similar to those for temperature in Dowdifgermophysical properties. The computed phase angles in Table 1
etal.[11]. are used to compute the thermophysical properties. Further details
There are established numerical schemes available in the lite¢@ncerning the method of computing the thermophysical proper-
ture to accomplish the task of computing the phase angles dif from given phase angles and estimation of error is in Aviles-
amplitudes. The accuracy of these numerical techniques depeR@mnos[12]. Table 2 shows the estimated values of thermophysi-
on the number of available data points within a computation wirgal properties for the number of data poihts- 28,2226 21° used
dow that is equal to one period. It is important to investigate thg the FFT. For comparison, the final row in the table is the true
accuracy of widely used numerical schemes by analyzing theoperty values described earlier in this paper. Table 1 shows the
simulated temperature data within the second period of those dattect of numerical integration that is an integral part of FFT.
shown in Fig. 4, after a quasi-steady response has been attainedhere are four thermophysical properties that can be estimated
Here, Egs(23) and(24) can analytically provide the exact valuesbecause the sensitivity coefficients of the phase angleks,fand
of amplitudes and phase angles. Also, they can be computed frope,, are linearly dependent. For this reason, it is assumed that
temperature data by using the Discrete Fourier Transf@RT), p,Cy,=2.0 Jlcni-K is known a priori. Next, the sum of squares
see Press et d9]. The DFT can be computed with greater nuef differences between calculated phase angles and phase angles
merical efficiency using an algorithm called the Fast Fouridrom the simulated data
Transform(FFT) ([9]). The data within a window used for calcu-

;
lating the phase angles are shown in Fig. 5. The phase angles _ _ 2

calculated from the temperature responses in Fig. 5 using the FFT szl {Lea(X1 Y0 Jeate =L @1,1(X Y1) Jrert (31)
are listed in Table 1. Results for different numbers of discrete ] ) S
points, N, within the window are shown in Table 1. is minimized. Only a single frequenck=1, is used in this mini-

For comparison, Table 1 also provides the exact valug,gfin ~ Mization. Brent'g 13]method is used in the minimization leading
column 2. WherN=28= 256 the deviation from the exact valuedo the computation of the thermophysical properties. Table 2 in-
is less than 1 percent. This deviation decreasel mereases. A cludes the error values when computing the thermophysical prop-
value with 5 accurate significant figures is obtained wién erties with different numbers of dlscretc_e points. In general, whe_n
=219=524288. These results show that the finite-duration nd\ IS arge, the error is small. The error in estimated thermophysi-
merical sequences obtained from the temperature response Hil-Properties is larger than the error in phase angles shown in
played in Fig. 5 are the typical sampled points that should be us ag'e 1.

S

when applying the FFT to temperature responses. The phasd© determine the effect of random noise on the numerical se-
angles are also calculated using the Fourier coefficients in Efji€nces fed to the FFT, a uniformly distributed random noise is
(30). They agree to 6 decimal figures with entries in column 2 Gdded to these sequences. The added random noise is equal to
Table 1; 512 equally spaced time increments are used in the Mgrcent of the maximum temperature rise at thermocouple No. 1;
merical integration. apprommatgly_tO.S C._ Accordlngly, the random numbers are
bounded within the limits—0.03T,<e=<0.03T,,, where T,
Estimation of Thermophysical Properties. Once the phase =T(xq,y;,t) iS a near maximum temperature in the data set.
angle is computed, the next task is the estimation of thermophyEiquation(22) is used to generate 513 data points within the com-
cal properties from a set of nonlinear equations. Since the exacttational window; the time between two consecutive data points
is 0.4375 sec. Random noise, as defined earlier, is added to the

Table 1 Exact and numerical phase angles, e11(x,,y) at

seven thermocouple locations,  (x,,y,), calculated using the =~ 1able 3 Exact and numerical phase angles,  ¢11(x;.y) at
FFT seven thermocouple locations with 3 percent random error
added
lin |Exact @,, | ¢,,,FFT | ¢,,,FFT | ¢,,,FFT | ¢,,, FFT 7 oL FFT [ o, FFT [ oo FFT [gr, FFT
) |Bg.24) | y=2® | N=22 | N=216 | N=2" R e ' ‘ ’
—n8 N=2"2 N =2 N=2"
1 [0.76278 |0.75604 |0.76236 |0.76275 |0.76278 oy | E@ (24 | N=2
2 0.86149 |0.85417 |0.86103 |0.86146 |0.86149 1 0.76278 0.75651 |0.76108 [0.76147 [0.76150
3 1.44307 |1.43174 [1.44237 |1.44303 |1.44307 2 0.86149 0.85495 |0.86248 [0.86291 10.86294
4 1.86533 |1.85193 |1.86449 |[1.86527 |1.86532 3 1.44307 1.43235 |1.44320 }1.44386 |1.44390
5 2.25908 |2.24537 [2.25823 |2.25903 [2.25908 4 1.86533 1.84555 |1.85895 |1.85972 |1.85977
6 1.45698 |1.44582 |1.45628 |1.45693 |[1.45697 5 2.25908 224367 [2.25342 |2.25423 |2.25428
7 221997 [2.20626 221911  |2.21991 |2.21996 6 1.45698 1.43791 |1.44881 |1.44946 |1.44949
7 2.21997 220480 {2.21955 [2.22037 |2.22041

28 / Vol. 123, FEBRUARY 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 4 Estimated thermophysical properties from the phase Table 5 Thermophysical properties for the carbon-carbon

angles with random error in Table 3 composite sample, initial temperature 65°C
kix kiy P1¢p1 ky kux kyy Aicp
N WiemK | WiemK | Jem’ K | WemK Source WiemK | WiemK | Jem K
28 0.6347 0.0418 1.628 10.00135 Dowding et al. (1996) 0.584 0.0389 1.52
+4.5% +6.7% +4.2% |+35% Spectral method
,e | 06312 | 00413 | 1627 |0.00107 0602 | 0.0367 | 161
+3.9% +5.7% +42% |+6.8% :
Dowding et al. (1996), 0.604 0.0358 1.67
g6 | 06310 | 00414 | 1627 [0.00105 owding et al. (1996)
+3.8% +5.7% +4.2% |+5.4% row 1, perfect insulation
21 0.6309 0.0413 1.627 |0.00105
+3.8% +5.6% +4.1% [+5.3%
Input data| 0.6076 0.0391 1.562  [0.00100

the measured temperature response are then compared with those
estimated using the proposed method. Experimental data from
Dowding et al.[6] are shown in Fig. 6 fot<112s They are
temperature data. The same set of data is used for each df thacquired from an experiment that can be represented as shown in
values depicted in Table 1. The interpolation between data poiffiig. 2 wheng,=0.5276 W/cm over y=c and 0<x<a surface
is used to generate the input to the FFT. Then, the resultant é&- a heating duration of 80 seconds. The datatferl12s are
quences are fed to the FFT and the computed phase anglesprogluced using Eqlb). To generate data whep-112sfor in-
shown in Table 3. The data show that the departure from the exahision inRy, Eqg. (1b), it is necessary to extrapolate the experi-
values of the phase angle is small, about 0.5 percent; for a randomantal data. Clearly, the experimental data from Dowding et al.
noise of =3 percent, especially whewis large. This is due to the [6] should approach a constant valuetase if the surfaces are
noise filtering capability of the FFT. Alternatively, instead of usperfectly insulated. However, finding this limit is not a critical
ing FFT, the phase angles are obtained by calculating the Fourségp since it only provides a small temperature offset and it has a
series coefficients in Eq30). The calculated phase angles agreeegligible effect on the phase angles and amplitudes. To obtain
with data in column 5 to four decimal places. virtual periodic data from acquired experimental data, @§) is

The computed phase angles in Table 3 are used to estimateubed and the results for-112 are given in Fig. 6. The estimated
thermophysical properties. This estimation shows the effect of tiieermophysical properties of carbon-carbon, Region 1, using mea-
random error in the virtual data on the estimated thermophysicaired temperature data, as reported in Dowding di6dl.are in
properties. These computed properties are shown in Table 4. The first row of Table 5. The second row in Table 5 contains the
error in the computed phase angles,bx 219, in Table 3 is very corresponding virtual data analyzed by this spectral method. The
small, less than 0.2 percent. However, the errors in the estimatadculation of Dowding et al[6] included the effect of heat loss
properties, Table 4, are much larger but they remain at the satheough the insulation gt=0 whereas the data in the second row
order as the input noise; 3.82 percent, 5.59 percent, and 4dssume perfect insulation. The data in the third row, Table 5, are
percent fork,, ki, andp,Cp, respectively. computed in the same manner as those in the first row except

Table 2 shows that, in the absence of the random noise, tgsuming perfect insulation gt= 0. Although the differences be-
error in the estimated property values decreases and becomes twgen data in the first and second rows is within the error bounds
ligible asN increases. In contrast, for data in Table 4, the errorsported in Dowding et al[6] see Fig. 4), the difference between
remain nearly constant fdx larger than 8 that is less than the data in the second and third rows is further reduced.
number of datg513) per thermocouple. It is likely that the ran-
dom noise in temperature data produces this anomaly as it Remarks and Conclusions
creases the phase angle error in the high frequency components
the response data. As shown in Haji-Sheikh ef H)], for a har-
monic componen\ ¢=AT/W, that is, an erroAT in the har-
monic data produces an erragp while W is the amplitude. Since
the amplitude in high frequency data is small then the noise
temperature data can amplify the error in the phase angle.

qrhe technique for the computation of the phase angle presented
here is purely analytical. When it is not possible to obtain an
analytical temperature solution for a given set of thermophysical
pyoperties, a numerical solution becomes necessary. In general,
one can consider a solid subject to a harmdginusoidal)input,

The simulated temperature data generated earlier to study ﬁ%h as heat flu, temperature, or volumetric heat source;cg.g.,

newly proposed method closely approximates the experimenia O.S'n(”t)' A.S time becomes [arge, the temperature at any point
data from Dowding et al6]. To assist the efficiency of this newW! hin the solid assumes a periodic form described by the relation

method, experimental data are studied. Properties estimated u%@é’lé&; ?rg);gang)@r;t)y—re%)s(?;cl)n(sﬁtr%uﬁgr?:gﬁgl?gg Ei)é’ri/s’t) in

V-IkOGY) VAMXGY) [+ p(X,y)Cp(X,Y) vB(X,y) =0 (33a)

:: V'[k(XIY)VB(XvY)]_P(XxY)Cp(ny)VA(va):O (33b)
10 with appropriate boundary conditions. Equatid@8a,b) may be
8 solved by a numerical scheme, see Hehggl
é) 6 This procedure is mathematically based and the initial emphasis
“ 4 N is directed toward Fourier conduction. The results, using simu-
o 2 . lated temperature data show that an accurate estimation of ther-
PI' 0 0 mophysical properties is possible. In some applications, it may be
-2 v impossible to provide accurate temperature data; instead one can
4 5 use any other temperature-dependent property to determine the
::T, gy phase angle and estimate the unknown thermophysical properties
[} 100 200 300

without knowing the temperature magnitude.
Time, seconds Figure 4 shows steady periodic temperature values beyond the
first period. There is a constant temperature offset because

Fig. 6 Experimental temperature data for ~ t<112s from Dowd-  Fjoo(X,y) in Eq. (28) is a constant that makd3; ,(x,y) a con-
ing et al. [6] and virtual data generated for t>112s stant. Therefore, a Fourier series of sine and cosine can adequately

Journal of Heat Transfer FEBRUARY 2001, Vol. 123 / 29

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



describe the temperature distribution. Since the dominant frequen- ts
cies are known in advance, the numerical integration to compuig(x,y,t)

duration of heating, s
temperature in regions 1 or 2, Eq82), °C

the Fourier coefficients is computationally faster than the FFT. TC = thermocouple
The potential applications include conduction in materials with X,y = coordinates, cm
non-Fourier behavior. However, since this proposed methodolo
. ; . . eek Symbols
is new, the computation window and consequently the period o o
the virtual data are selected to analyze the experimental data Fig. @1x = thermal diffusivity,ky,/p;Cyy, cnf/s

6. Indeed, the sensitivity of the phase angle to a specific property ~ @2 = thermal diffusivityk, /p,Cy,, cn¥/s

depends on the location of the sensor and the specific frequency in v, = =
the Fourier analysis. The sensitivity to a single parameter is dis- o =
cussed in Haji-Sheikh et gl10]. The study of sensitivity coeffi-

cients for multi-parameter estimation is a subject for future

eigenvalues, Eq(13), cm *
Dirac delta function

& = random error, °C
7mn = eigenvalues, Eql14), cm !

studies. Amn = eigenvalues for time, s
v = frequency, rad/s
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Modified Hazen-Dupuit-Darcy
Model for Forced Convection
of a Fluid With Temperature-
Dependent Viscosity

Arunn Narasimhan We investigate numerically the global pressure-drop of fluids with temperature dependent

JOSé L. Lage viscosity, flowing through a porous medium channel bounded by two parallel isoflux

surfaces. By reviewing the development of the Hazen-Dupuit-Darcy (HDD) equation we

bring to light the inappropriateness of the model in estimating the global pressure-drop of
fluids with temperature dependent viscosity. Albeit this observation, we tested the accu-
racy of the HDD model in comparison with numerical results by using three alternatives,
namely (1) fluid viscosity determined at the average bulk temperature, (2) fluid viscosity
determined at the log-mean bulk temperature and (3) fluid viscosity replaced by a
channel-length averaged fluid viscosity. The HDD model is inadequate because the tem-
perature dependent fluid viscosity surprisingly affects both, viscous and form, global drag
terms. We propose and validate a new global model, which accounts for the effects of
temperature dependent viscosity in both drag terms of the original HDD model. Based on
our new model, two regimes are discovered as the surface heat flux increases. In the first
regime both drag terms are affected, while in the second regime only the form drag term
is affected, prior to the model reaching an inviscid limit. Predictive empirical relations
correcting the viscous and form drag terms, complementing the new model, are obtained
as functions of the surface heat flukDOI: 10.1115/1.1332778

Laboratory for Porous Materials Applications,
Mechanical Engineering Department,
Southern Methodist University,

Dallas, TX 75275 0337

Keywords: Channel Flow, Forced Convection, Heat Transfer, Porous Media

Introduction served the influence of temperature on the hydraulic conductivity

Darcy[1] described his empirical studies on steady-state filtr%-alwlated using Ed1). He proposed a modification to the origi-

tion demonstrating that the water volume passing through a san%, equation in the form

layer is proportional to the pressure-drop across the length of the T*+10 AP*
layer, leading to the equation u*= T80 | X0 = (2)
_ u* whereT* is the water temperature, measured in degrees Fahren-
A= TAPT @ heit, andas, is the reference hydraulic conductivity value mea-
(L_*) sured when the water is at 50°F.

A quick inspection reveals that the correction @0/(+10),
called theFahrenheit-factor mimics the water viscosity depen-
{fgace on temperature, namek(T*)/u(50°F), to less than one
drercent for 40°F<T* <90°F. One can then rewrite E@) to read

where« is the hydraulic conductivityof the porous mediumJ*
is the channel cross-section averaged fluid speed, also know
the seepage speed, atdP* is the hydrostatic pressure differenc
(inlet minus outlet across the layer of length*. K AP*

Three observations regarding E@) are fundamentally impor- U*= ——r —, ?3)
tant and pertinent to our study. The first is that the fluid used by p(T) L
Darcy (liquid water)was not heated/cooled along the sand layewhere K =[ u(50°F)as,], known asspecific permeabailityis a
Therefore, we can consider his experiment isothermal. A secopgrameter supposedly independent of fluid properties. Keep in
observation is that Eq1), as is, involves no fluid material prop-mind that Hazen’s experiment was performed under isothermal
erty, a direct consequence of Darcy using the same incompressigd@ditions as well, that is, invariant fluid temperature from inlet to
fluid, and not heating/cooling the fluid throughout his experieutlet of the porous medium. We refer to H8) as the Hazen-
ments. Hence, Ed1) is valid, essentially, for incompressible fluid Darcy equation.
in isothermal flow through a porous medium. The third and final Dupuit[3] was the first scientist to use theoretical principles to
observation is that Darcy’s equation, as proposed, is an algebrigigrpret Darcy’s equatiof#]. A consequence of Dupuit's study is
equation involving cross-section average quantities, which we célke inclusion of a quadratic velocity term added to E). mod-
global quantities. eling the resistive form drag imposed on the fluid by the solid

Several steps have been taken to generaliz§ BqHazen[2] permeable medium
unveiled the fluid viscosity effect on the original flow equation
proposed by Darcy, Eq). By altering the temperature of the AP*  u(T)
fluid (liquid water) before entering the porous medium, he ob- K

U* +CpU*?, (4)

Contributed by the Heat Transfer Division for publication in tf@RNAL OF where the coefficierC is the form coefficient of the porous layer.

HEAT TRANSFER Manuscript received by the Heat Transfer Division May 2, 2000,\/\_/e refer to Eq.(4) as the Haz.en'DUpUit'DarCy equatios], or
revision received, August 20, 2000. Associate Editor: A. Bejan. simply, the HDD model equation.
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Another step towards the generalization of Darcy’s equation - isoflux adiabatic
the ad-hoc extension to differential form, i.e.,

du_
pu(T*) = 2.

_U*n* — * * |y * —— 2H
V*p u* + Cp|u*|u*, (5) T o

whereu* is the local(macroscopic, or representative elementar
volume) seepage fluid velocity an¥* p* is the local (macro- L2 Ls
scopic) pressure gradient. The two terms in the RHS of &.
represent the lumped viscous and lumped form eff¢ittces) L
within the macroscopic permeable medium and are usually desig-
nated as viscous drag and form drag respectively, asithpgde Fig. 1 Schematic of the flow channel considered for
the flow. (The absence of the convective inertia and Brinkmainvestigation
terms in Eq.(5) is valid for low permeability media, as treated in
the present work.

Noteworthy is the widespread use of the uniform viscosity as-
sumption when applying Eq5) to model convection through a as shown in Fig. 1. The channel has length, and the fluid
porous mediuntsee for instance Kaviar)p] and Nield and Bejan enters the channel with uniform temperatiite and uniform lon-
[6] for general reviews of the subject and Lauriat and Vafdi gitudinal speedJ% . The mass, momentum, and energy transport

and .Lage and Narasimha8] for. reviews specifip to forced con- equations in non-dimensional form are, respectively,
vection), even though most fluids have viscosity strongly depen-

dent on temperature. V.-u=0 (6a)
Ling and Dybbg 9] presented a very interesting theoretical in-

vestigation of the temperature-dependent fluid viscosity influence 0=—Vp— 7(T) U— A ulul (6b)

on the forced convection through a semi-infinite porous medium A1 A+1

bounded by an isothermal flat plate. The fluid viscosity was mod-

eled as an inverse linear function of the fluid temperature, which UT— 2

; PSR ; u-vTm VT, (6c)

is a very good model for many liquids, including water and crude \ Prg

oil. Their study showed a very strong influence of temperature . . _ %2
dependent viscosity on the heat transfer from the flat plate. Howhere)\ is the ratio of global form draglic=pCU5") 10 global

ever, they did not consider the effects of temperature depend¥l§icous drag ©,=uoUg/K), and 7 is the ratio of u(T*) to
viscosity on the global pressure-drop across the porous mediun{T5), respectively,

Also important, in their analysis they have considered the fluid CK (T*)
flow as governed by the Darcy equation, i.e., Eg).with C=0. :(p )Ug and 77:“ ’ (7)
In this case, the pressure-drop goes to zero when the fluid tem- Mo Mo
perature tends to infinitébecause the fluid viscosity goes to zero _ * : A ; .
This is not the case whe@ 0. \;vt:zrsegg n(Tg). The other respective non-dimensional vari
Equations (4) and (5) are commonly referred to as the
Forchheimer-extended Dar@guation in the literature. This is not (X*,y*) (u*,v*) p*
only historically incorrect, as ascertained by Ldd4 butitalso — (XY)=—r=— (W)= s P=Do+DKC
conceals the true significance of the viscosity in the linear velocity “
term by ignoring Hazen's experiments, which were isothermal.  (T*—T%)| du oCp q*" du
One can, for instance, question the validity of E4).for predict- T=——"—" a7 le= K "= K ’W .
ing the pressure-drop of a fluid, with viscosity dependent on tem- Ko TS € _e> TS
. . Mo
perature, being heated/cooled as it flows through a porous KC

medium. (8)

Our study addresses precisely this aspect. We consider the igére, k, is the effective thermal conductivity of the medium, as-
fects on the. glopal pregsure-drop of a fluid with temperaturgumed equal tapk;+ (1 — $)ks, with k; andks being the fluid
dependent viscosity flowing through an isoflux porous channel, ihd solid thermal conductivities, respectively, apis the poros-
which case the fluid viscosity varies continuously along the chafy of the porous medium. All other quantities are defined in the
nel. We use Eq(5) as our model equation to obtain, throughhomenclature.
numerical simulations, the global pressure-dfiofet minus outlet  Boundary conditions are shown in Fig. 1. Inlet dimensionless
cross-section averaged presguadong the channel for severalpoundary conditions, at=0, areu=uy=1 and T=T,=0. To
configurations. _ reduce the computational effort of solving E¢8a)—(6¢c), we re-

. Our main objective is to address the appropriateness and valigricted the computational domain to the regicay)<H, impos-
ity of Eq. (4) under these circumstances. Those unaware of thgy symmetry conditions ag=0 for both temperature and fluid
historical events leading to E¢4) would expect that the viscosity longitudinal velocity ¢T/dy=adu/dy=0). The upper boundary,
variation affect only the linear term in Ed4) (the only term 4y — is impermeable and isofluw &0, 9T/ay = — ).
dependent on fluid viscosityObserve, however, that E@t) does We imposed the velocity conditioau/dy=0, and ZeWrO longi-
not state how this variation affects the pressure-drop, for it doﬁ?dinal heat diffusiong2T/x2=0, at the outlek=L*/KC. To

not specify at what temperature the fluid viscosity should Bg o qre these conditions would not interfere with the numerical
evaluated. That is, one can immediately question the appropria,

' A géults, we added a buffer zone of len beyond the heatin
ness of Eq(4). This and other fundamental issues are treated %ne(see Fig. 1), along which the chagﬁal Sl}J/rfaces are moo?eled
detail in the following sections. y

as adiabatic. This buffer zone allows the flow to reach thermal
equilibrium along the transversedirection before reaching the
; end of the channel, recovering uniform temperature and velocity
Physical Model profiles, matching the imposed outlet boundary conditions. The
Consider the forced convection of a fluid with temperaturdength of the buffer zone, not knowen priori, is determined nu-
dependent viscosity(T*) through a porous medium sandwichednerically by increasind_g until the numerical results were no
between two parallel isoflux surfaces, spaced by a distahte 2 longer affected within the accuracy of our calculations.
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Observe that by using the nondimensional parameters listed -
Egs.(7) and(8), the HDD equation, Eq4), can be written as  ap/. e
AP [5(T) )\ 17

L [a+1] Ia+1

. 9)

038
Specific Parameter Values

We take Polya-olefins(PAOs)as specimen fluids that suit well
our purpose. These are low molecular weight, branched, synthe
cally produced, saturated hydrocarbons that have lubrication prc
erties superior to that of naturally occurring mineral oil. This ha
led to the widespread use of PAOs in a variety of application
ranging from industrial lubrication to high grade synthetic motc
oil basestock to cooling military avionioKioupis and Maginn
[10], Maginn[11], Lage et al[12], Lage et al[13], Nield et al. 0 T . T . . T T
[14]). 0

The wide applicabaility of PAOs has merited the study of the..
viscosity with renewed interest in chemical engineering and a
plied chemistry(Kioupis and Maginn[10]). Fluids (like PAOs,
motor-oils, synthetic lubricants, etavhose viscosities are depen-
dent on temperature are modeled using different relatidvisite
[15], Darby [16]) involving power, logarithmic(Kioupis and
Maginn [10]) or exponential functiongMaginn [11]), yielding
better accuracy over different temperature ranges. The dynamic

viscosity (Chevron[17]) of PAOs can be modeled as
T*)=0.1628T ~1988 5oC<T*<170°C. 10y Wherei andi+1 are two consecutive iterations, awdcan be
#(T) (10) either|AP|, i.e., the difference of the cross-section averaged pres-
Within the same temperature range, the variations of density, sgeres ak=0 andx=L+Lg, in the case of momentum equation,

cific heat and thermal conductivity of PAO are negligible. or|T|, the volume averaged temperature within the entire channel,
Obviously, neither the theory proposed nor the fundamentg the case of the energy equation.

results of the present work are restricted by this fluid selection asgyiq accuracy tests were performed with a uniform grid, the
they can be extended with reasonable validity to other fluids withharsest being 20x23 and the finest 40x49. The maximum rela-

SITrllI%rréeeTFt)c?rf%tclzjl:z gipg:adsgltic\jliltscg?lgdg) we desianed our tive errors for|AP| and|T| are less than two percent, respec-
Y ’ 9 tively, when going from 3&36 to 40Xx49 grid. Results are then

numerical experiments with specific parameter values. We assu . : .
the distance between the plated”=0.10 m, and the length of Ei%fsein;ﬁﬂggcia f:;@nﬁhgl_r:gd; (())_gi?ve that this grid includes the

the heated section* =1 m. The adiabatic buffer zone length was
determined to bé§=22.5 cm. The inlet temperatufg, of the

0.6

0.4 7

Ei_g. 2 Longitudinal nondimensional pressure-drop versus
drag-ratio parameter A for several heat fluxes

5i+l_ i

MAX T

<1077, (11)

PAO is chosen as 21°C, yielding,=5.95x10"2 kg/ms, p
=768.5 kg/m, c,=1971.35 J/kg°C, ankl;=0.1424 W/m°C. Our
hypothetical porous matrix hag=0.58,K=4.4x10"° m?, and

Results and Discussion

The results of our numerical experiments are presented in Fig. 2
in terms of the nondimensional glob&tross-section averaged

C=1.2X10° m . These values are representative of values otessure-drops P versus the nondimensional parametefThree

tained from isothermainon-heatingexperiments utilizing an alu- important observations are mals for a fixed\, as the heat flux

minum foam havingks=170 W/m°C, as reported by Lage et alincreases the global pressure-drop across the channel decreases, as

[12]. The dimensional inlet fluid velocityy and the dimensional expected because of the decrease in fluid viscog®y; the

heat fluxqy,” are chosen to highlight the effect of temperaturepressure-drop is progressively less affected by the heat flux as the

dependent viscosity on the pressure-drop, varying fron?1f/s heat flux increases; an(B) the curvature of the pressure-drop

to 10! m/s and from 0.01 to 1.0 MW/fn respectively. versus fluid-speed curve changes as the heat flux increases, indi-
The corresponding nondimensional quantities arel=2 cating that the heat flux effect is not uniform as the fluid speed

X 10, L=2x10% Lg=440, Pg=0.164,\ varying from 0.065 to Varies. This last observation is predominant at the lowest heat

0.65, andq, from 0.38x10"2 to 38x10 2. flux, i.e.,qj,=0.38x10"°. o .

To verify the appropriateness of the original HDD equation,
written as Eq.(9), we consider three possibilities. The first, and
simplest one, is to sej= 7(T e, WhereT 4 represents the arith-

Numerical Scheme metic average of the inlet and outlet fluid bulk-temperatures, at

Adopting a control volume formulation, the balance equationts= 0 andx=L, with the bulk temperatur&,(x) defined as
are discretized by a fully implicit scheme and solved through a 1 (H
line-by-line relaxation metho@Thomas Algorithm. A modified Tp(x)= ﬁj (uT)|,dy.
version of the general-purpose algorithm SAINTSoftware for 0

Arbitrary Integration of Navier-Stokes Equation with Turbulenceypserye that the outlet bulk temperature can be obtained from the
and Porous Media Simulaorproposed by Nakayanfd8]as an first jaw of thermodynamicéneglecting longitudinal diffusionas
enhanced adoption of SIMPLE explained in detail in Patankar

[19], is used in this study. 1 (gL
For each heat fluxno heating being a special case of zero heat Tb(L)_Tb(O):m( )
flux), the governing equations are solved numerically for various

flow velocities to obtain the corresponding pressure-drop and tem-The second possibility is to usg= 7, yp = 7((T{up)! o).
perature distribution along the channel. The convergence criteriohere T},p is the dimensional log-mean bulk temperature, de-

(12)

m (13)

employed is
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Fig. 4 Longitudinal velocity profiles at mid-plane (x=L/2) for

i ing heat fl
TE(L*)=TE(0) increasing heat flux

* *

b(L*)

T*(0) compensated by a reduction in fluid speed elsewhere along the
b . . X

cross section of the channel. This happens as we approach the axis

And, the third, and final possibility considered here, is to caly=0) of the channel, Fig. 4.

culate a length averaged viscosity along the entire channel, usingience, heating the channel makes the fluid viscosity become a

the known temperature dependeneyT*) in terms of the bulk spatially (in x andy) varying parameter, distorting the uniform

temperature, i.eu(T). Hence, in dimensionless form, we havehlet velocity profile. Observe that the velocity variation ynis
caused entirely by thermal effects via viscosity variation.

_ 1(t Another interesting observation is the shape variation of the
= [J 7L Tp(x)]dx. (19) velocity profile asq], is increased beyond 3810 3. In fact,
observe a decrease in the fluid speed adjacent to the heated wall as
Observe that the three alternatives, with=7(T.d, 7 qi is increased from 19%0 ° to 38x10 °.
=nwp . and =7, are all implemented in Eq9), which as- On the other hand, Fig. 5 shows that the shape of the fluid
sumes that the viscosity effect on the global pressure-drop is temperature profiles at mid-channel are preserved as the heat flux
stricted to the linear velocity term. increases. The temperature dependency of the viscosity induces a
The predicted results from these three alternatives are compagiedrease in the fluid temperature, the decrease being sharper near
in Fig. 3 against the numerical results for the cagg=38 the heated wall where the fluid speed is greater. Worth noting is
x 1073, Observe that the length averaged viscosity approgch,the increase in the difference between nonheating and heating
=7, yields a curve with curvature similar to the numerical result&mperatures, for increasing heat flux.
curve but with a consistent deviation. The arithmetic mean bulk When the fluid is heatedor cooled)along the channel, the
temperature approach=7(T,.9, and the log-mean bulk tem- spatial variation of fluid viscosity distorts the velocity profile, thus
perature approachy= 7 yp, Yield similar results, and smaller
deviation from the numerical results than the length averaged vis-
cosity approach. However, their curvature is different from th
curvature of the curve obtained from the numerical results.
The insert graph in Fig. 3 shows the relative erzor

Timp= (14)

In

0

:APEq.(g)_APnum (16)

Apnum

between each one of the three alternatives for computing the g
bal pressure-drof Pgg (9) from the HDD model, Eq(9), and the
global pressure-drop predicted numericall,,,,. It is clear that
the HDD model, even when adapted by any of the three alterr
tives considered here, does not capture correctly the temperatt
dependent viscosity effect on the pressure-drop.

To understand why Eq9) is inappropriate, we consider the
local (at mid-channel, i.ex=L/2) profiles of longitudinal mac-
roscopic fluid speed and temperatur@ in Figs. 4 and 5, respec-
tively. These figures show the heat flux effect when0.67.

For a nonheating configuratiog,, =0 (equivalent ton=1 0
throughout the entire channgthe velocity profile in Fig. 4 is flat,
as expected. As the wall heat flux increases, the fluid temperat
next to the wall increaseig. 5), decreasing the fluid viscosity,
which in turn increases the local fluid speed. Mass conservatipiy. 5 Variation of the temperature profile at mid-plane (x
requires this increase in fluid speed near the heated surface to=1g2) for increasing heat flux

12
T
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affecting the energy transport equation. The resulting altered te! P TR
perature profile affects the local fluid viscosity, which in turn gg;gg} @, | G Le=1
affects the fluid speed owing to the coupling between energy aiap.. o J OO — L&

momentum transport equations.
Obviously, the local viscous drag and form drag terms of Ec 107
(5) vary when the fluid is heated because the local veloaity

changes. More specifically, whenis function ofy, the unidirec- 0.8 7

tional differential Eq.(5) in non-dimensional form becomes 06
aply) 1 )

~ o D IO F | g Jun® 17 0.4 1

The algebraic representation of H4.7) is obtained by cross- 0.2
section averaging, i.e.,

1 (" ap(y) 1 1(H 0 0.1 0.2 03 0.4 0.5 0.6 N 0.7
(ﬁfo _Tdy)‘ A+l ﬁfo ””)“(WdV)
Fig. 6 Verification of one (¢, ,fc=1) and two (£, ,{c) coeffi-
N 1(H 24 g cients model, Eq. (21)
a by iy . u(y)<dy| (18)

The first term of Eq(18) can be replaced by the cross-section
averaged quantityP/gx. Similar replacement is not possible for
the second term, ag(T) also is function ofy. The replacement we could calculate from Eq20) values ofZ,, and{¢ for Eq. (21).
also does not work for the third term, because yHategral of This is preposterous because testing model () by determi-
u(y)? does not equaHU? whenu is function ofy! This last ining {, andc from the numerical resuls is redundant. What we
observation is interesting for highlighting the indirect dependendyust verify is the correctness of E@1) from an experimentalist
of the quadratic term on the fluid viscosity, something not anticpoint-of-view. That is, an experimentalist having obtaine®/L
pated by the original HDD model, E¢5). and A would desire to find an appropriate analytic correlation
We progress with our objective to obtain an algebraic represdpgtween these two quantities. In this regard, we use the numerical
tation of Eq.(17) by averaging Eq(18), now along the channel results ofAP/L and\ as if they were experimental results. For

lengthL validation, model Eq(21) then would require the determination
. L ; of suitable values fog,, and {¢ that best correlatd P/L and\.

1 _ﬁdx: L l i (T)u(y)dy | dx The deviation ofAP/L predicted by the correlation from the ex-
L), ox N+1/ L\ H S, K y)cy perimentally (numerically in our caseobtainedAP/L is then a

measure of the appropriateness of our proposed model2&y.
N V11 H ) Therefore, we curve-fit the numerical results using Efl)
I T/T o H S, u(y)“dy dx. (19) allowing both¢, and{c to vary. This is shown in Fig. 6 as the
continuous-line curves, where the numerical results are marked
The first term of Eq.(19) is again trivial, with the integral with symbols. It is evident from Fig. 6 that model E@1) satis-
leading toAP/L. The second and third integrals cannot be refactorily correlates the numerical results.
solved because the integrands are functions a$ well, and we A simpler situation in which the form drag correcting-facter
cannot resolve the integrals unless we know the temperature afidEq. (21) equals unity yields a poor curve-fitting res(dtashed
velocity variations inx andy. curves in Fig. 6). Nevertheless this is done to isolate the tempera-
The question is how to alter E¢L9) to fulfill the experimental ture effect on the fluid velocity profiléhe effect responsible for
need for an algebraic representation of the pressure-drop verggp. Setting{c=1 does reveal where the temperature effect on
fluid speed in terms of global, cross-section averaged quantiti¢® velocity profile is strongest, i.e., whej~3.8x1073.
(quantities that are easily measured in experimeift& propose  Figure 7 shows the corresponding average deviatibetween
the introduction of two new coefficients, and{c, defined as  curve-fit model results and numerical results for several heat flux
1 (L1 (H values. The maximum deviation can be as high as 20 percent
#=—f (—J ﬂ(T)U(y)dy)dx when using the model witic=1, but only 3.8 percent when
LJo\H Jo using ¢, and {c. Model Eq.(21), using¢, and (¢, predicts
AP/L with superior accuracy than the previous HDD model.
Figure 8 presents in graphical form the values{gfand {¢
141 (H ) leading to the best curve fit results of Fig. 6, for several heat flux
é“c:Ef (ﬁf u(y) dy)dx (20)  values. For increasing heat flux, by following the circles, we ob-
serve that{, becomes negative beyorgj,= 19x10 % (white
allowing us to rewrite Eq(19) as circles). This is physically inconsistent. Therefore, whigp<0
AP 1 N the curve fitting is redone witlf, =0 (black circles beyondy,
T:{" N T 1l (21) =19x10"%). Consequently, the previou& values (white tri-
angles beyondy),=19x10 %) are replaced by new/ values
This new algebraic model, ER1), when dimensionalizede- (black trianglesfrom the best curve fitting. The region in which
tainsthe same form of Eq4). The coefficientg, and{c repre- ¢, is set to zero is referred as thell global viscous drag regime
sent, respectively, the correction for viscous and form drag terras shown in Fig. 8.
due to the global effect of temperature on viscosity and on thelt is difficult to precisely identify the switch by, , from non-
fluid velocity profile (via viscosity). Obviously, for no heating zero(positive)to zero value, hence we prefer to present a transi-
(uniform viscosity, {,={c=1 and Eq(21) becomes identical to tion region, shown as a shaded rectangle in Fig. 8. The corrected
Eq. (4) upon dimensionalization. values of{,, and {¢, valid beyond the transition zone, are indi-
Model Eq.(21) is tested using the numerical results for variousated by black circles and black triangles, respectively. Based on
heat flux values. Observe that with the available numerical resultgese results we propose two empirical correlations, namely,

and

0 0

+{c
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model
14 1 —A— (m’ CFI AP/L — nonheating viscous &
form drag limit: uniform viscosity
G (%) - Cu & Z;C 1 & uniform velocity profile
h heating viscous & form drag regime:
e variable viscosity &
velocity profile

a transition
t
1 heating form drag regime:

0.5 4 n variable velocity profile
g \ heating form drag limit:

uniform velocity profile

(x 107)

Fig. 9 Summary of hydrodynamic regimes for forced convec-
tion of fluid with temperature-dependent viscosity through a
Fig. 7 Average deviation between curve-fit model results and heated porous medium channel

numerical results

zero beyond the transition region, the fluid still feels the viscous

q |23 1 \182 effect locally along the channel because of the distorted velocity
e 15 d (22)  profile. Indeed, we notice a continuous decreasgifor increas-
Aw Aw ing heat flux, even whet, is set to zerdFig. 8). As the heat flux
{c=2+q!0- g;o.oe (23) increases further, the viscosity effect gp will eventually sub-

) ) o ) ~side throughout the channel, makigg equal to one, a constant
as best curve fits with average deviati@milar to o, defined in  yajue independent of the heat flux. At this stage, the velocity
Fig. 7)for £, and (¢ of 7 percent and 8 percent, respectively. profile would become flat again—similar to the slug flow profile.
Now reconsider the observation made earlier regarding the veyrther heating will have no significant hydrodynamic effect
|OC|ty proflles when dlSCUSS|ng F|g 4. We noticed a switch on th_ﬂrough viscosity’ and this ||m|(at which gC: 1 and gﬂ:o) is
curvature of the velocity profile from,=3.8x10"2 to q;,=38 termed theheating form drag limit as the global form drag be-
%1073, As q), increased beyond 2910 3, the fluid velocity comes independent of the viscosity effect. Consequently, for this
adjacent to the heated surface decreased with the velocity profitgiting case, the longitudinal pressure-drop will be equal to the
tending to flatten again. This phenomenon can now be explaintdm drag when the channel is not heated. In other words, this
by the reduction of viscous effect as the heat flux increases. As fisit can be predicted by the simple equation
fluid temperature in the region adjacent to the heated surface in- AP N
creases, the viscosity progressively is reduced allowing the form LE———
drag to predominate. For a certain heat flixour casegy,~19 L A+l

><10_3), the viscous drag effect on the global IOngitudinaI pres- This result, a|ready shown as the CUW@HO@ in F|g 2, is
sure drop becomes insignificant because the local viscosity vaf@damental in nature—true for all fluids with viscosity inversely
becomes very small. o dependent on temperature—and of great practical importance, as
“More interestingly however, the effect of viscositipes not it sets an upper bound for the magnitude of the reduction in the
disappear! It is still felt by the global pressure-drop throu@h  global pressure-drop achievable by heating a fluid with tempera-
the correcting form drag coefficient. Although tigbobal {,, is  tyre dependent viscosity.
A summary of our findings is presented in Fig. 9. Start from the
upper curve, valid for a nonheating configuratiomiform viscos-
ity), when AP/L=1. When the heat flux is progressively in-
creasedfollowing the arrow we immediately get into a viscous
4 1 and form drag regime in which both viscous and form drag terms
¢ of the global pressure-drop equation are affected by the viscosity
dependency on temperature. This regime is then followed by a
transition beyond which a form drag regime is achieved where
only the form drag term is affected by the viscosity variation.
Finally, when the heat flux is large enough, the viscosity effect

(24)

0.5

Null global
viscous drag
regime

ZO—H—~»nZ> R

[l
oce

-0.5

x10%)

Fig. 8 ¢, and { versus heat flux
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becomes negligible, the fluid velocity profile becomes uniform
again, and the global pressure-drop is predicted by(Z4). This
is called theheating form drag limit

One of the reviewers questioned the usek& in Eq. (8),
instead ofH*, as the length scale. Notice, firstly, that the choice
of length scale is irrelevant to the momentum equation. One can
simple substituteKC by H* in the nondimensional length and
pressure expressions and E€b) will remain exactly the same.
This is not true, however, when the energy equation is nondimen-
sionalized. UsingH* as a length scale will result in being sub-
stituted in Eq.(6¢) by (pH*Ug)/ 1, which can be defined as a
Reynolds number, leading to known misconcepti@ng., the use
of Re~1 as the criterion for the transition from linear to quadratic
flow regime,[4]).
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Moreover, choosindC as length scale for nondimensionaliz-  For higher heat fluxe§in our caseg),~19x103%), the effect
ing the heat-flux in Eq(8) has another advantage. Observe in Eqef ¢, becomes negligible because the fluid temperature gets so
(22) and (23), that choosindd* as length scale leads to tifes  high that the viscous effect becomes negligible making the flow
being independent of the porous medium characterigisS). form drag effect dominant. Nevertheless, the effect of the viscos-
This, for an experimentalist interested in calculatifig using ity variation is still felt by the form drag term via'c. This null
Egs.(22) and(23), wrongly indicates the apparent independenagiobal viscous drag regime is characterized by a modifiedb-
of {’s on the porous medium characteristics. tained after setting,,=0.

The same reviewer criticized our choice of including a buffer Moreover, the correcting form drag coefficiafg decreases for
zone for the numerical simulations and questioned also the usef@fher increase in heat flux eventually reaching the lower bound
the boundary conditiou/dy=0 at the outlet of the channel, value of unity. At this limit, the flow becomes essentially inde-
instead of the conditio@u/dx=0. pendent of viscosity effects, the fluid velocity profile becomes

We must recognize that the problem under consideration usiform, the plot of global pressure-drop versus average fluid-
much more complex than when the fluid viscosity is uniform anspeed reaches a minimum, and the pressure-drop becomes depen-
constant. When the viscosity is dependent on temperature, tent only on the square of the fluid speed, as if the channel was
velocity profile continuously changes until a fully developed venot heated.
locity profile of slug flowis achieved. We do not knowa priori We identified the heat flux influence on the valuelgfand ¢
how long the channel must be for the flow to achieve this profiley proposing two empirical correlations.

Therefore, the boundary condition imposed at the end of the chanA final interesting observation: the analogy between Hagen-
nel would affect the solution whenever the chosen channel lengRbiseuille flow([20]) and ([21]) through capillary beds and flow
happens to be short. through porous media is also limited when considering flow of

Now, along the buffer zone, where the fluid is not heated, tiiiids with temperature dependent viscosity. In Hagen-Poisedille
temperature profile tends to become uniform much quicker and figw, the pressure-drop decreases without limit, with an increase
consequence does the viscosity, and so does the fluid velocitythe heat flux. In porous medium flow, the decrease in pressure-
Hence, with a relatively short buffer zone the flow can achievedrop by increasing the heat flux is limited by the pressure-drop
fully developed(slug flow) profile before the fluid reaches thecaused by the form drag, which is always present at high enough
outlet. In this way, the boundary conditiau/dy=0 (or du/dx  fluid speed.
=0) is satisfied before the fluid reaches the outlet boundaoy
effect on the solution

Finally, the outlet conditiorvu/dy=0 is less restrictive than
duldx=0. Observe that the latter yielddrom the continuity
equation)he conditiondv/dy=0. Together with the impermeable'\lomendfJlture
conditionv =0 at the top and bottom surfaces of the channel, we C = form coefficient, m?*
conclude thatv=0 at the outlet, which restricts the possible D = global drag, Pam*
solutions. H* = half-channel spacing, m

K = permeability, i
L* = channel length, heated section, m
Summary and Conclusions p* = macroscopic pressure, Pa

. L . . . P* = global (cross-section averagedressure, Pa
By investigating three alternatives, namély) fluid viscosity Pr, = effective Prandtl number, E@g)
determined at the algebraic average of inlet and outlet bulk tem- .7 _ heat flux. W 2 '
perature,(2) fluid viscosity determined at the log-mean of inlet ™ = temperat,ure °c
and outlet bulk temperature, af@) fluid viscosity function of the * x-componen't seepage macroscopic velocity s

bulk temperature a_verage_d along t_he entire channel, we have asq« _ global (cross-section averagetbngitudinal velocity,
sessed, by comparison with numerical results, the accuracy of the ms !

Hazen-Dupmt-Darcy(HDD) .model in estimating the global * — seepage macroscopic velocity vector

pressure-drop of a fluid flowing through a heated porous channel. ", —COMDONent. seepage macrosconic velocity—i s
The best estimate, obtained with alternatitg although lead- =y P ' pag P Y,

ing to a discrepancy within 10 percent, did not yield the corre€reek Symbols

curvature of the pressure-drop versus fluid-speed curve. There- hydraulic conductivity, kg*m®s

fore, this alternative is likely to diverge further when a wider z = relative pressure-drop error
\-range is utilized. & = porosity

The heating of the fluid as it flows along the channel results in 7 = viscosity ratio] = u(T*)/u(T%)]
a non-uniform fluid temperature in the transve(perpendicular X = form and viscous drag ratioo E67)
to the heated plategind longitudinal directions. This causes the ¢ = drag correction factor '

viscosity of the fluid to vary iny, resulting in a non-uniform
velocity profile (in y) as well. As the velocity is non-uniform Superscripts
alongy, the local viscous and form drags, dependenti@md u? * = dimensional variable
respectively, are no longer uniform i Therefore, the cross- .
section averaged viscous and form drags are altered leading>t?SCTiPts
different global coefficients. This observation highlights the inap- ave = arithmetic-mean
propriateness of the HDD model, which does not account for b = bulk
these effects. B = buffer zone
We proposed a modification to the original HDD model to ac- C = form
count for the effects of temperature dependent viscosity and the e = effective
effect of viscosity variation on the transverse velocity profile. The f = fluid
modification is done by including two new parameters, nanfgly LMD = log-mean
and{, to correct the viscous and form drag coefficients, respec- s = solid

tively. Our analysis of this new model indicates that bgthand w = wall

{c are necessary, apart from physical grounds, for an accurate 0 = inlet

curve-fitting of the numerical results. M = viscous
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Heat Transfer in a Radially
&4.mang | Rotating Four-Pass Serpentine

s.c.eng | Channel With Staggered Half-V
c.”.Mma0 § Rib Turbulators

Department of Power Mechanical Engineering,

National Tsing Hua University, The present work is concerned with experimental investigation of the convective heat
Hsinchu, Taiwan 30043, transfer in a radially rotating four-pass serpentine channel. Two types of staggered half-V
Republic of China rib turbulators are considered to examine their effects on heat transfer enhancement. The

coolant air is pressurized and pre-cooled to compensate for the low rotating rate and low
temperature or density difference in key parameters of thermal and flow characteristics.

C.Y. Soong The geometric dimensions are fixed, whereas the ranges of the thermal and flow param-
Professor, Mem. ASME eters in the present measurements are 20:0R@ <40,000, 6<R0<0.21, andGr/Ré&
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1 Introduction cooling is achieved by passing the coolant through several serpen-
Most power machinery such as turbo-engines convert energytt')ne passages inside the blades and, then, extracting the heat from

rotation. In gas turbines, the thermal efficiency can be imprové) tSide.‘ OV.V‘“Q to incre_ased secondary flow and turbulent mixing,
by increasing the turbine inlet temperature. High operating terﬁpglriarllt():?)c;ﬂntheTraotflaetlriglis(,:tr;atrr]]gelji;nehr?sri]gﬁatlh:nQedail:nterﬁggﬁlrefszr
perature may cause material degradation, thereby shorten the ﬁ'ftg 9-

of the turbine blade. Under a high turbine-inlet temperature, ﬂp@rameters of some recent experiments in radially rotating serpen-

cooling design must be subject to the limits of turbine blade mgpghchanntelsl V‘{'th a rlb-rodu?hhetlj sulrfﬁlcet.t ¢ ¢ .
terials. For cooling and maintaining the structural integrity of ang et al[1] assessed the local heat transfer performance in

blades and vanes in gas turbine engines, the cooling systemefer-Otating serpentine passage with rib-roughened surfaces. Ac-

quires complex airflow passage incorporated inside the rotatiﬁrgrdlng to their results, th_e heat transfer |s_S|gn|f|cantIy_enhanc_ed
airfoil section. IT'the stationary and rotating cases, as attributed to an installation

Problems associated with applying the cooling technique on t fthe ribs. Also, their results revealed that both the Rotation and
ayleigh numbers profoundly influence the heat transfer perfor-

turbine blade are well known in design and operation of turboma- f the trail d leadi lls. Besides. R d
chines. Understanding of the heat transfer mechanisms is signi ance or the trailing and leading walls. Besldes, Reynolds num-
r is also an influential factor to the Nusselt numbers in the

cant and useful in design of the cooling devices of the turbi hed t the stafi d rotati dit
blades. Because of its effectiveness in removing locally concéfg;fougned passage at he stationary and rotating conditions.
Johnson et al.2] elucidated the heat transfer in multi-pass pas-

trated heat, the internal cooling has been widely studied for cool-

ing elements exposed to high temperature and high heat flux efges with both radially rotating inwar_d a’?d outward ﬂOW.S' Trip
vironments. In addition to the main flow effects on thetiPS: skewed at 45 deg to the flow direction, were machined on

hydrodynamic and thermal behaviors, the Coriolis-induced sdbe leading and trailing surfaces. The heat transfer coefficients on
' -rF_urfaces decreased to as low as 40 percent of the value without
fluential factors inside a heated rotating channel. Since ghgtation. However, the maximum values of heat transfer coeffi-

rotation-induced effects vary locally over each wall of the flovg'ents with high rotation were only slightly above that obtained
passages, this fact leads to a significant difference in heat trandt ‘?&"%U?H t\{wih tt)h?hsrgoqtfr. walldmé)del. The |?rve?tlgar:|onldccl>)n-
rates on the leading edge, trailing edge, and sidewalls. Moreo Hn e’d ‘3:( ()j 0 ofrlo 'E. anbl duoyanfy e _erc] S shou ) e
accurately predicting the rotational effects on heat transfer onsidered in designs of turbine blade cooling with trip stri@s; .
mains a challenging task because of the complexities of flo N rotatlonal_effepts markedly differ from each _other, depenc_ilng
mechanisms involved. Due to its variety of flow phenomena a _the flow direction; ancﬂs)_t_he heat transfer with skewed trip
significance in applications, the gas turbine quickly became tjHips is relatively less sensitive to buoyancy than that in models
most highly researched engine in history. Many investigations Wf'th smooth walls or normal trips.

the rotational effects and geometry effects on flow and heat trans-Faﬁn eé al.[3] Stt.Ud'ed the heqtthtran_?fer in ali kr]otattl;}g nt1)'-h
fer characteristics in turbomachinery, especially turbine bladk ughened serpentiné passage with unitorm wail heat fiux. The
have been reported for decades. investigation also compared results obtained for heat transfer dis-

In general, gas turbine blades are cooled externally and intdiPutions with those having smooth surfaces. The channel rota-

nally. External cooling is also referred to as film cooling. Intern% on, wall roughness, and angle-of-attack of ribs significantly in-
uence the heat transfer performance in both stationary and

Contributed by the Heat Transfer Division for publication in tHGUBNAL OF rotating cases. . . . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division March 20, Parsons et a[-4] investigated how channel orientation and wall

1999; revision received, July 21, 2000. Associate Editor: J. Han. heating condition affect the local surface heat transfer coefficient
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Table 1 Some recent experimental investigations on heat transfer in radially rotating serpentine
channels with rib turbulators

AUTHOR g COMPRESSED PASSOF RIBMODE  B.C. MAX. D(mm) L/D R/D Re ReReg G, ¢/D Ple
AIRFLOW CHANNEL RPM 3 6 ”
(MPa) x10 x10 x10
(Rex1073)*

Zhang et al. No 2 90 deg UHF 327 254 886 —- 23-70  291.06 00787 113
(1993) 0.1) (70)
Johnson et al. Yes 4 Skew-ribs ~ UWT 875 127 14 49 125-75 21875 22932 01 10
(1994) 6] 25)
Fann et al. No 4 45,6090deg UHF 332 254 886 -—- 102313 1456 - 0.0787 113
(1994) ©.1) UWT (10.2)
Parsons et al. No 2 60,90deg UHF 800 127 12 30 25-25 22 256 0.125 10
(1995) ©.1) (25)
Dutta & Han No 2 Half-V60deg UHF 800 117 26 55 25-25 18.75 402 0125 10
(1996) ©.1) 25)
Present study Yes 4 Half-V60deg UHF 1250 10 10 53  20-40 160 2144 0125 10

0.5) (40)

* The values of Reynolds number are used to define the Rotation number

in a rotating, two-pass, square channel with 60 deg and 90 degation plane. In addition, altering the channel orientation with
ribs on the leading and trailing walls at Reynolds number ranginigspect to the rotating frame changes the secondary flow structure
from 2500 to 25,000 and rotation number ranging from 0 to 0.35and the related flow and turbulence distributions. Consequently, a
The Nusselt number ratios for the channel with 60 deg ribs are apange appeared in the heat transfer rate from the individual sur-
to 30 percent above the corresponding Nusselt number ratios faces. According to their data, half-V ribs generally resulted in
that with 90 deg ribs. higher heat transfer coefficients than those with 90 and 60 deg
Dutta and Har{5], and Ekkad and Haf6] examined the heat continuous ribs.
transfer in two-pass square channels with smooth and ribbed surin the light of previous investigations of heat transfer in rotating
faces. In their investigations, the ribs were placed in a half-ehannels, the present work is planned to study the rotational ef-
fashion. The channel orientation was varied with respect to tifects on the local heat transfer in a radially rotating four-pass

Table 2 Parameters for aircraft engine and present test rig

Parameters Aircraft engine* Present study**
Coolant passage diameter D (mm) ~4 10
Coolant passage length L (mm) 48 ~70 100
Mean rotational radius R (mm) 200-360 530
Mean rotational radius/diameter ratio R /D 50~90 s3
Rib height/hydraulic diameter ratio ¢/D 0.01~0.15 0.125
Pitch/rib height ratio P/e 7~13 10
Maximum passage wall temperature T, (K) 1256 (1800°F) 356.3
Inlet coolant bulk temperature T,,; (K) 867 (1100°F) 283
Density ratio (A%)a = (Puim p‘%” == Tb'%ﬁ 0.366 0.229
Rotational speed € (rpm) 0~15000 0~1250
Mean coolant velocity W, (m/s) 34.5~69.0 6.17~12.34
Flow Reynolds number Re 2.0~ 4.0x10* 20~ 4.0x10°
Rotation number Ro = Re%e 0.091 ~0.182 0.1~ 02
Mean rotational Buoyancy parameter G_r = ar—%Rez 0.152 ~ 0.608 0.134~0.536

*  The thermophysical properties for an aircraft engine are valued at P =17 atm, p =6.002 kg/m’,

T=1000K and R/D =50

** The thermophysical properties for the present test rig are valued at P =5 atm, p =5.94 kg/m’,

T=300K and R/D =53
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serpentine square-sectioned flow passages with 60 deg staggspesbd yields a low rotation number and a low rotational Grashof
half-V rib. The coolant flowrate, rotational speed and wall heatingumber. In the present study, strategically, the pressurized airflow
power input are controlled to vary the experimental conditiongs employed to compensate for the low rotational speed in the
The pressurized and pre-cooled coolant air is used to obtain #eriment. By using the pressurized air, a lower velocity of main
values of parameters approximately the same as those of a fft@l is needed to keep the same value of a Reynolds number.
turbo-engine. The main flow directions are two radially outward@herefore, the low axial velocity yields a high rotation number.
flows and two radially inward flows in the flow passages. Th&he coolant airflow was also pre-cooled to obtain a high-density
rotational effects in these multi-pass serpentine channels may ddtio before entering the rotating duct. This high-density ratio
fer from each other for the different main flow directions and thgields Grashof numbers of the same order-of-magnitude as that in
presence of 180 deg bends. Two rib arrangements of different eélreal engine. Table 2 lists the ranges of parameters in an aircraft
angle in the second and fourth passages are studied. Finally, engine and the present test rig. Due to the limitation of electrical
attempt of this work is to correlate the measured data for hgabwer input to the wall heaters, the values of some parameters in
transfer in a radially rotating four-pass serpentine channel withis study are slightly lower than those in the designed test rig.
staggered half-V rib turbulators.

3 Experimental Apparatus and Test Section

2 Parametric Analysis ) o . )
The flow in a heated, rotating four-pass serpentine channel is-lthe experimental appar_atus, as shown in Fig. 1 consists of five
three-dimensional and extremely complex in nature. The corfjiyor parts{1) a coolant air supply systert) heater and power

bined effects of the Coriolis induced cross-stream secondary iGNl system(3) speed controller(4) test section; ané5) data
and centrifugal-buoyancy radial flows influence the flow and he quu'S!t'r?n gy;tl\?lrg T_he coolant air VAV%S supplledl from ﬁ stor_ag}a
transfer characteristics in rotating channels. Refer to the previot 3 s\{\gtra ae iank ;nglraC%?ve::tS;?:ré)ntro{_\?;\s/zV:t\;ﬁ;t;xi? g?lihoe
parametric analysis by Soong et g, with fixed geometric pa- .~ gt dt intain th ired fl ¢ d
rameters, heat transfer rate can be expressed as a functiorP'Bf9 System were used 1o maintain the required flowrate an
through-flow Reynolds number, ReW,D/u: rotation number, pressure. Two eleqtrlc d_|g|tal flowmeters with the_ ranges of 0
Ro=OD/W. and rotation-induced buovancy parameter* Ra . 670 and Gv17_00 Ilte_r/_mln were mounted on the piping system.
01 . y_ y P Q2 *“Also, two electrical digital pressure gauges with the range of 0
=Ray /R€ or Gr§=Gry /R€. Accordingly, in the present work, 1 0 MPa were installed. Therefore, the pressures and flowrates
Nusselt number is expressed as a function of the key parametgfsine coolant air at both ends of the test section can be detected.
VIZ. The average values were used to evaluate the parameters in this
Nug, = f(Re,Ro,GF,) 1) study. The differences of the two-end pressures and rowrates are
the pressure drop and the flow leakage, respectively. A chiller was
in which Prandtl number is not included for its constant valuised to decrease the coolant temperature to aretth8C before
Pr=0.72 entering the rotating shaft. A condenser is installed on the up-
To simulate the real operating conditions, this study attempts ¢aeam pipeline system of the coolant air inlet to collect the water
keep the parameters in the test rig as close to those in a real engidedensed from the vapor contained in the air. The rotating shaft
as possible. Table 2 reveals the geometry of the present test figd two co-axial cylinders: an annular passage for the coolant
including coolant passage diamelgrlengthL, and mean rotating inlet and an inner passage for the coolant outlet. A high-speed
radiusR are similar to that in a real engine. On the other hand, thietating joint and four sets of mechanical seals were used in the
temperature and rotational speed of the test rig are significanttating shaft to prevent airflow leakage. The flow leakage was
lower than those of an aircraft engine. Notably, the low rotation&kpt within 3 percent for minimum flowrate. Next, the pressure

1. Compressor 6b. Outlet pressure gage 13. Tachometer

2. Water pump 7. Flow meter 14. Slip ring for thermocouples
3a. Water filter 8. Rotary joint 15. Electric moter

3b. Air filter 9. Shaft sealing 16. Inverter

4. Water tank 10. Test section 17. Power supply

5. Chiller 11. Counter weight 18. Recorder

6a. Inlet pressure gage 12. Slip ring for input power 19. Computer

28]
2B

Fig. 1 Schematic diagram of experimental apparatus
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Film heater (0.01 mm)

Polyethylene (0.014 mm)

Copper (0.5 mm)
Bakelite

s Thermocouple

Trailing edge

Side A ~—[1

Leading edge Side B

Rotation direction

1st turn 3rd turn
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Inlet 2nd turn Outlet
(D

v 9_ .......... A=A 8 —— Rotation axis

7 . along main flow direction for all passages

Z, . along main flow direction for each passage

Where R_ = 530 mm
Z,= 480 mm

Fig. 2 Heat transfer test section of the four-pass channel model with staggered half-V ribs

was measured 0.51 MPa at the inlet and 0.49 MPa at the outletfake of the flow passage. Two T-type thermocouples were posi-
water cooling-cycle system was used to cool the mechanical sedilsned at the duct inlet and outlet for measuring the inlet and exit
A 3.73 kW AC induction motor impelled the rotating hollowcoolant bulk temperatures. Finally, a 20 contact point slip ring
shaft with a belt-pulley system. The rotational speed can be adas used to transfer outputs of fifty-eight thermocouples to a 60-
justed continuously by an inverter to a maximum rotating speed pbint hybrid recorder by a switching device.
1250 rpm. The rotational speed was detected by a photoelectricTo reduce the measurement errors in the experimental data and
tachometer. The shaft rotating direction could be in a clockwise tite signal of temperature from slip ring, the eccentric bearing in
counter-clockwise direction to measure the leading and traililge rotating part was used to minimize the vibration of the ma-
wall temperature distributions with only one wall thermocouplehine. Also, a pump was installed to cycle the extra coolant water,
installation. thereby alleviating the temperature rise coming from the rotating
Along the flow passage, T-type thermocouples for measurisfpaft. The measurement process was tested in a closed space
the wall temperature were embedded under the interior wall st200x400x1200 mm) to reduce the heat loss. Further, the air
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Table 3 The values of local Nusselt number for Q=0 in four-pass
staggered half-v rib serpentine channels

Re=20000 Re=30000 Re=40000
Model A | Model B | Model A | Model B | Model A | Model B
1.0 113.01 | 146.01 | 132.72 | 163.57 | 148.87 | 184.17
25 147.41 | 156.21 | 168.88 | 176.30 | 194.43 | 201.82
1st Passage 4.0 17558 | 170.27 | 196.05 | 190.46 | 223.31 | 219.83
5.5 194.61 | 187.14 | 214.69 | 212.71 | 239.10 | 236.64
7.0 211.43 | 206.98 | 226.98 | 247.81 | 251.22 | 267.11
8.5 202.08 | 258.64 | 211.86 | 277.83 | 230.72 | 290.80
10.5 178.52 | 277.65 | 190.97 | 29346 | 210.18 | 304.26
12.0 174.49 | 201.55 | 186.82 | 228.18 | 209.68 | 257.36
13.5 158.34 | 163.87 | 171.35 | 200.05 | 190.37 | 230.78
2nd Passage| 15.0 139.61 | 155.48 | 15222 | 193.80 { 168.57 | 22434
16.5 128.51 | 161.63 | 141.31 | 190.89 | 154.30 | 218.15
18.0 131.83 | 179.59 | 14420 | 200.39 | 159.02 | 225.79
19.5 148.25 | 236.67 | 165.99 | 24536 | 182.40 | 264.04
21.5 177.33 | 224.76 | 201.72 [ 238.29 | 226.64 | 255.02
23.0 168.01 | 162.31 | 191.15 | 188.15 | 212.81 | 215.11
245 157.63 | 14517 | 177.92 | 170.61 | 198.26 | 195.82
3rd Passage| 26.0 172.38 | 145.87 | 197.54 | 17090 | 219.79 | 194.27
27.5 191.79 | 145.88 | 216.72 | 172.04 | 246.05 | 197.17
29.0 21097 | 172.22 | 240.26 | 198.83 | 275.96 | 21247
30.5 236.50 | 251.38 | 275.78 | 260.01 | 300.24 | 271.62
325 250.58 | 279.83 | 290.64 | 290.03 [ 325.58 | 301.92
340 192.83 | 213.14 | 219.22 | 224.03 | 250.96 | 257.66
355 175.71 | 18525 | 197.59 | 208.47 | 225.64 | 232.35
4th Passage | 37.0 167.64 | 170.88 | 189.24 | 19243 | 212.76 | 213.71
38.5 152,31 | 153.09 | 17033 | 175.24 | 191.58 | 199.42
40.0 102.35 | 149.58 | 112.25 | 169.92 | 122.79 | 189.81

Position Z/D

1st Turn

2nd Turn

3rd Turn

flow inlet and outlet was clogged up and the varying power wasalls. In Model A, the ribs were oriented 60 deg to the bulk flow
input. The electric power was supplied to the film heater until thfer each passage, which is the same as that of Dutta and3jan
every wall temperature readings reached the steady state. Th&lodel B, the ribs were oriented 60 deg to the bulk flow for first
steady-state wall temperature was measured for several power l@ve third passages and the ribs were oriented 120 deg to the bulk
els to establish the relationship between wall to ambient tempefw for second and fourth passage. The staggered half-V ribs
ture difference. mostly generated higher turbulence due to orientation of the ribs

3.1 Test Section. The rotation number in the test proces?gainSt bulk flow in second and fourth passage. Copper ribs of

was increased by compressing the inlet airflow to 5 atm to sub éwar:tet crr?s(? se;:ng_n ar? gluid _toot;lESheaLe[hsur_f?cr:]ets. r']l'h_eh;lb
quently increase the density of the coolant airflow. Therefore, thg!'9Ntto-nydraulic diameter ratio 1S ©. 125, and the piich-to-neig

entire test section was uniquely designed, in which the material 810 is 10. The ribs on the opposing surfaces were aligned with
the test section, including the base and cover was made h other rather than staggered. To characterize the heat transfer

Bakelite. The base part had groove for installation of the rate on each wall, the circumferential wall heat conduction was

O-rings to prevent the compressed air flow from leaking. THeEliberately suppressed by using material of a low thermal con-
thermocouple was embedded into the copper block. To prevéictivity. The heaters started Af =480 mm and attached on the
the air leakage, the back of the copper having the two level spad¥lls including straight sections and sections of 180 deg bends.
filed with seal glue to mount the Bakelite. Also, the O-ring was A thermocouple was positioned at the duct inlet for measuring
inserted between the test section and the support section, andtpg-bulk temperature of inlet coolant air. A mixing chamber with
tween the support and the rotating shaft. Two sets of mechanigi?ggered rod bundles was attached on the exit plane to provide a
seals were installed into the front and back of the bearing in th¢ell-mixed condition. The outlet bulk temperature was read by a
rotating shaft. Therefore, the entire test section was not affectd¢rmocouple located behind the mixing chamber. Twenty-six
by the room environment temperature. thermocouples were installed on the trailing wall. The thermo-
The test section of the serpentine channel had two outward fi@@uples were arranged along the centerline on the trailing wall at
passages, and two inward flow passages, along with three 180 gegition Z/D as indicated in Table 3. Sixteen thermocouples on
turn sections as shown Fig. 2. The test section was of a hydradfie sidewall A and fourteen thermocouples on the sidewall B were
diameter of 10 mm and a mean rotational radius of 530 mm. Toeounted at the same axial distance as that of the trailing wall. The
compare our experimental data with that of Han ef&]at 1 atm, temperature on the leading wall was measured by merely chang-
a 180 deg turn section was designed by consisting of two 90 digg the rotation direction. In the present study, the thermocouples
bends with 10 mm apart. The main flow direction of the passagere embedded in a copper block having a thickness 1.5 mm. The
was perpendicular to the centerline of the rotating shaft. The ribspper blocks were electrically insulated from the heater by a
were mounted correspondingly on both the leading and trailimmplyethylene film of thickness 0.014 mm. The installation of ther-
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mocouples resembled that of Dutta and H&# only the leading 4 Results and Discussion
and trailing walls were fitted with T-type thermocouples. Further . .. . .
constructional details of the test section are shown in Fig. 2. In t%g?éﬂ?}’tfsg O\tvta:]II?s, I?g?' t’#gsfgg lli_mgf rF\{/\éasnglztserm?ﬁéj%zlong
present study, the channel walls were uniformly heated by a CON50 500 p30 000. and 40 ODOOtati%naI speeoﬁ% 250. 500. 750
stant heating power but with the presence of heat loss. Stric %00, and 1250 rpm), and outlet-to-inlet temperature differences
speaking, it is neither exactly uniform heat flux nor.unlform wal T, o—Tp;=20, 30, and 40 °C). Data presented herein were ob-
e e e e I e 2 {ined in'the fist, second, third and fourth passages with radially
thermal boundary condition is very close to uniform heat flux. &utward, inward, outward and inward flows, respectively.
detailed discussion on the heat transfer condition of this design of4.1 Heat Transfer in Stationary Channels. Figure 3 gives
rotating channel can be found in Hwang and K8¢. the wall and coolant bulk temperatures at=R9,000, 30,000, and

An adapter of 42 cm in length was made of Bakelite and place),000 for }=0. The temperature differences among those of
between the test section and the rotating shaft to increase B&ding (trailing) and side walls are not significant. As the Rey-
radial length of the test section. The data of heater power inpalds number increases, the gradient of the coolant bulk tempera-
and the wall temperature distributions were recorded and analyzage decreases. The average slope of the wall temperature distri-
to obtain the heater transfer coefficients. Dynamical balance Wastion is the same as the slope of the coolant bulk temperature
examined and achieved for the assembly of a rotating shaft agidtribution at the selected Reynolds numbers. The temperature
test section. difference in the regions of two 90 deg bends drops due to a large
heat transfer rate in this region. As the Reynolds number in-
creases, the effect of bends on the wall temperature is less
pronounced.

The Dittus-Boelter correlatiofil1] for the stationary condition

3.2 Data Reduction. The local heat transfer coefficieht,
was evaluated as the ratio of the net wall heat fijix to the
temperature difference between the wall temperafiyje and the
coolant bulk temperatur@, 7, i.e., hz=0ne/ (Twz—Tpz). The is
net heat flux from the duct walls to the airflow was obtained by
subtracting the external heat loss from the electrical power sup- Nu.,,=0.023 R&8 P4, 3)
plied by the film heaters. The heat loss tests were performed not S . .
only at stationary but also at various rotating rates, k=0, T:%r Pr=0.72(air) in the this study, Eq(3) is reduced to
250, 500, 750, 1000, and 1250 rpm. Thermocouples were installed Nu,,=0.0202 R&# (4)
on the outer surfaces of four walls. The measured electrical po
input and steady state temperature determine the amount of
loss at the measured temperature. By varying the electrical po
input, the relationship between the heat loss and temperature

er . .

\ﬁg ithe fully developed turbulent flow in a smooth circular duct
wWéh a uniform wall temperature. As generally assumed, the Nus-
ggH numbers in Eqg3) and(4) are roughly the same as those in

be obtained. The external heat loss including the axial conductigrpduare duct with uniform wall heat flix2]. On the first, second

and convection is attributed to both conduction from the heat&§d third turns, the Nusselt numbers are higher than those in the
test section to the model support structure and convection to ,E@ssages due to the secondary flow induced by the two 90 deg
ambient air in the test cell. The value is about 445.12 watfan P€nds. The Nusselt number achieves its highest value at the sec-
the extreme cases. The heat loss of 7.3 percent heat loss of R 90 deg bend. . .

total input power was estimated. For airflow across each heating19ure 4 illustrates the heat transfer rates in stationary channels
element of copper block, The local bulk temperatiige, can be at” selected Reynolds numbers. Measured data indicate that the
determined by considering a local energy balance of input hegﬁlues of Nusselt of these passages increase with an increase in

estimated heat loss and the fluid enthalpy change. The bulk tem-

perature at downstream station of the previous heating element is

used as the upstrea, ; for the next station. The local Nusselt ' I ' I ' [ '
number was calculated from the local heat transfer coefficiel 75 |- Re=40000 y

io di i i 1st sty 2nd 1 2nd; 3rd i 3rd;  4th
hydraulic diameter and thermal conductivity of air as Passage | Tum Passage !Tum' Passage ITum! Passage

50

Nug=h,D/ky . 2 b L b
0= NZD 1 Kair o) 25_....-:..:.....:. et ach::j
The value of the thermal conductivity¥,;, was evaluated at the amumus RymgEgy mEEER we mme

local bulk temperature. e fy :, |
O I L | I } i ' I I I ! I

3.3 Uncertainty Analysis. The errors in the temperature 75 Re=30000 M Suktemperature A | Side A 4
reading were obtained in a preliminary calibration of the thermc @ LeadingdTraling V  SideB
couples. The uncertainty was0.1°C from the readout of data 50 - b Lo b _
recorder. The difference between wall temperature and bulk te T | | ! PR FELEE
perature was greater than 15°C. The flow rate was calibrated (Hegog, gu®*te . tammm

using compressed air at 5 atmospheric pressure. The maxim(°C) 25 amumnu'n -i- ammnm

error in the flow rate was about 3 percent at XID * m¥s. The 0 o 3, E ]
T I T l 1 | T

1 | mmnm &
mEn

L | t

1 |

rotational speed was detected by a tachometer with only a little

oscillation, and the maximum error of the rotational speed was 75 + Re=20000 The operating pressure is 5 atm 7
percent at 250 rpm. The analysis also included uncertainties of L L A
thermophysical properties and the probable error from each jur 50 - Lo L eses  gee*?
tion. Uncertainties in parameters were estimated by using the ro . ! PR R o .;’ e :;. anu®
sum-square method of Kline and McClintofk0]. The measured P R L wwawm wmEmEEEE T 4
quantity and its uncertainty can be expresseRasR+ SR. The pmmnmE ® Lo b
uncertainties of cross-sectional area, power, volume flowra 0 N i I I
pressure, temperature, Reynolds number, Nusselt number, rota 0 10 20 30 40
number, and Rayleigh number were estimated withih41 per- Z/D

cent, £4.04 percent+2.33 percent*+2 percent,£9.9 percent,
+2.73 percent10.88 percent;=3.24 percent, anc:13.14 per- Fig. 3 Local distribution of wall and fluid bulk temperature at
cent, respectively. Re=20,000 and Q=0 (the operating pressure is 5 atm )
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Model A Model | (wangetal, 1999) Dittus-Boelter(1930) correlation
- —A— 20 r = -
e - ——— 3 Re=20000 Nu,, = 0.023Re%® pr®4
—o— —— —— 40 400 +— . " —
*  Dutta and Han (1996 " Leading & Trailing —@— Model A
400 . I . I . I . - —l— ModelB -
Dittus-Boelter(1930) correlation, Nu,, = 0.023Re®® pr®# 300 - A—  Smooth Wall |
- . I | | | | |
—---  Re=40000 L
—--— Re=30000 | ! Nu, o
300 Re=20000 1 | :
é ¥ 200
Nu, '
200 | 100 |
' T st “fst1 T2nd T2nd T 3rd  '3rd | 4th
Passage 'Tum! Passage ! Tum! Passage | Tumn' Passage
100 ep B 0 1 | | P i [
=3 0 10 20 30 40
g el _ «d -t Z/D
1st | 1st |  2nd | 2nd | 3rd |3rd | 4th
Passage %Tulml Passage ITIuml Passage llTumI Passage Fig. 5 Rib effects on the local heat transfer at Re  =20,000 and
0 1 L L . Q=0 (the operating pressure is 5 atm )
0 10 20 30 40
Z/D
Fig. 4 Reynolds number effects on the local Nusselt numbers To highlight the rib effects, typical results of heat transfer ratios
in both smooth channel and ribbed channel at Q=0 (the oper-  (Nu, /Nug) for Model A at Re=20,000 and R06:042, 0.127, and
ating pressure is 5 atm ) 0.210 are shown in Fig. 6. For a rotating channel, heat transfer

from the rib surfaces themselves varies significantly between the
different rib surfaces. This indicates that heat transfer enhance-

Re f h d bendi . D di h ment by the ribs is about23 times than that on smooth walls.
e for each passage and bending region. Depending on the 0, tansfer from ribbed trailing wall increase for small rotation

geometry, heat transfer is enhanced by up to threefold more thaih\her and then decreases at higher rotation number as opposed

a smooth wall circular tubg11]) at zero rotation. Also, the larg- 1, gecrease in trailing smooth wall. Interaction of rotation with

est difference of the heat transfer rates occurs from the Smo%@:ondary flow from ribs and flow separation near ribs are the
V‘r’]a” [1:;’)] ?nd with a stfaggert;d half-v an%lehrlﬁ.\l/t IS atlt”b.Lgec_ian:ause of this beneficial increase in heat transfer rate from the
the turbulent mixing from the staggered halt-V angle rib. Thgaiing walls at small rotation number. Heat transfer from the

Nusselt_number in the half-V ribbed passage_is ”_ea”y two to thrfeeading wall with ribs behaves similar to that for the smooth walls.
times higher than for the smooth wall, which is close to that

observed by Dutta and HdB]. Since the orientation of the ribs in
the second and fourth passage against bulk flow, Model B can
generate a higher level of turbulence than Model A. The loc ° 6.0 . I T | ; i T
Nusselt number of Model B is higher than that of Model A in the

second passage. In the first and second turns, the local heat tri

fer rates in Model B are still higher than that in Model A. It is 50
possibly attributed to the higher turbulence generated by the ri )
in the second passage of Model B. In the fourth passage, there
only little difference between heat transfer rates.

Ro Leading Trailing

Model A
Re=20000 0727 % -

4.0

4.2 Comparison of Heat Transfer in Smooth and Ribbed
Channels. Figure 5 compares the rib effects on the heat transf NU,
at non-rotating condition at Re20,000. Obviously, the Nusselt ny,
number for ribbed walls are higher than the smooth wall. It i" S
speculated that this behavior is due to the increase of the de\
opment of the secondary flow with ribbed wall effect and interac 2.0
with the separate flow, destabilized near-wall flow field. The con
plex flow interaction results in the different heat transfer chara
teristics of Model A and Model B. It could be conjectured tha 1.0
separation flow at inter-rib space has a profound impact on t 15t
heat transfer results. In both the second and fourth passages, | [ Passage
transfer in Model B are higher than that in the Model A. This i 0.0 !
attributed to the different rib arrangement in the second and foul ) 10 20 30 40
passages of Model B. The ribs in these two passages are place 7/D
an angle-of-attack 120 deg with respect to the main flow direction.

This arrangement is just like to sweep the ribs against the maiy 6 Heat transfer ratios Nu ,/Nu, at Re=20,000 in rotating
flow and, therefore, results in better turbulent mixing and heghannel model A with Ro= 0.042, 0.127, and 0.210 (the operat-
transfer performance. ing pressure is 5 atm )

3.0

o

** O
»
*
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" TTTTTTTTTTTTTITT
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Fig. 7 Local heat transfer rates at Re =20,000 on the leading

wall, trailing wall, and two side-walls of rotating channel model

A (the operating pressure is 1 atm

)

Nu,

| T

Mode! A Model A
400 Re=20000 (5 ATM) Re=20000 (1 ATM) |
Ro=0.039 R0=0.039
B Leading | Leading
&  Traiing & Trailing 7]
A SideA A SideA
300 ¥ SideB YV  SideB —
| I le |
l I Re=20000 ! |
||~ RoomPMen) R ]
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I
i I
I ! | I
| I |
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0 PR ! [ ! (I
0] 10 20 30 40
Z/ID
Fig. 8 Heat transfer performance of pressurized (5 atm)

and atmospheric (1 atm) airflows in rotating ribbed channel

Model A

In the first and third passages, heat transfer enhancement bytRlid passagesradially outward flow, but lower in the second
effect on trailing wall is obviously larger than that on leadingnd fourth passagesadially inward flow). It is a consequence of
wall. In the second and fourth passage, the superior changes! gyiolis force effect. As to the differences in results of Models A
the first and third flow passages, the rib effects on heat transfitd B, the leading wall heat transfer rates in the portion including
enhancement of the leading wall reduce with increasing rotatidhe first tum, the second passage and second turn of Model B are
number, whereas the situation inverses in the second and fodficeably higher than that in model A. The different arrangement
passages. Considering the outward and inward mail flow and tﬂ@the rib is responsible for this deviation. In the downstrea_m part,
change in Coriolis-induced cross-stream in these flow passades; the third and fourth passages, the fluid turbulence might be-
the above mentioned phenomena are reasonably attributed t6°H'€ sufficiently high. The differences between flow characteris-
combined effect of the Coriolis-induced secondary flow and the

presence of the ribs.

4.3 Effects of Operating Pressure. In Fig. 7, the present
measurements of the local heat transfer with staggered half-V

deg ribs on the leading and trailing walls are compared with tt

experimental data of Dutta and H&B]. Basically, two sets of

Nug at 1 atm have the same order. The deviation in the entrar
region is caused by the different design of the model inlet. O1

model has an extension of long pipe upstream the inlet. Als
Dutta and Han’s data in the second passage increase along

channel for the exit effect.

Figure 8 shows the local heat transfer performance of press
ized (5 atm)and atmospheri€l atm) airflow in Model A at Re
=20,000 and R06.039. The pressurized flow results in a station
ary channel, Ro#, are also plotted for comparison. Generally

speaking, the pressurized coolant airflow performs better he ¥4
transfer performance than the atmospheric flow.

4.4 Effects of Rib Arrangement on Heat Transfer. Figure

9 compares the heat transfer in channels of smooth Wa8$,

Model A and Model B at Re20,000 and Ro.2. Notably, the

arrangement of the ribs in Model A is oriented 60 deg to the bu
flow for each passage. Also, in Model B, the ribs were oriented ¢
deg to the bulk flow for first and third passage. While the rib
were oriented 120 deg to the bulk flow in the second and four
passages. Refer to the inner wall of the 180 deg-turn, the ribs
the second and fourth passages are swept upstream againsi
main flow. These staggered half-V ribs in Model B mostly gene

8.0

6.0

4.0

Half-V 60 deg ribs wall Smooth wall
Model A Model B (Hwang et al., 1999)
Leading | Trailing | Leading | Trailing | Leading | Trailing
—— —o— —— | 8- —h— —t—
T T T I T T T
Re=20000 Leading edge ™|
Ro=0.2 ]

Nu

©

ated a higher turbulence due to the orientation of the ribs against
bulk flow in the second and fourth passages.

In Fig. 9, it is observed that the rib-effects on heat transfer @hannel, ribbed channels Model A and Model B at Re

1st

2nd

3rd
Passage Ium | Passage —

Trailing edge |

[ 3rd | 4th

Fig. 9 Comparison of local Nusselt number ratios in smooth

leading walls are higher than that of trailing walls in the first andnd Ro= 0.2 (the operating pressure is 5 atm )
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2.0 T I T T T T T tensified with an increase of the rotation number, the local Nusselt
Leading Traiing Ro Gr* (Leading) Gr* (Trailing) number ratios on the trailing wall for the outward flow and on the
18L ¥ ~= 002 0001~0.012 0.002~0.012 leading wall for the inward flow increase as well. This tendency
' —— —— 0.04 0.007~0.050 0.007~0.048 becomes more apparent at a higher rotation number than that at a
—&— —a— 007 0.012~0.115 0.143~0.097 lower one. On the trailing wall for the outward floi®.g., the first
16—® & 008 0021~0.203 0.024~0165—  and third passagesind on the leading wall for the inward flow
—+ —< 010 0031~0.328 0.039~0.251 (e.g., the second and fourth passag#se heat transfer rates are
14 - | Model A increased. Notably, tht_a effect_s of rotation number on heat transfer
AN _ are most pronounced in the first passage. In the second, third and
Nug, ; Re=40000 fourth passages, the effects of rotation number become attenuated.
Nu 1.2 This is largely attributed to that the effect on turning geometry in
° those passages dominates the heat transfer
1.0 Figure 11 shows the local values of NINu, with variations
of rotation number on the selected sections of flow passages at
Re=20,000 and’, ,— T, ;=20 in Model A and Model B. With
0.8 increasing Ro, the deviations between values of, \Nu, for
leading and trailing walls are enlarged. By examining the data at
0.6 ! Ro=0.2, itis found that the rotational effect is most remarkably in
F,;:S‘age 1 2 F‘,‘;';sage the first and third passages, eZ/P =4.0 and 26.0. In these two
04 C | . passages, the main flow is radially outward and the heat transfer
0 10 30 40 performance can be benefited from the Coriolis-induced second-

Fig. 10 Effect of rotation number on the local Nusselt num-

ber ratio at Re=40,000 for Model A

is 5 atm)

(the operating pressure

ary flow and the centrifugal buoyancy effect. In the second and
fourth passages, e.gZ/D=15.0 and 37.0, the reverse effect of
Coriolis force changes the roles of leading and trailing walls and
also shortens the deviation between the rotational effects on the
heat transfer of two walls. In the bend regions, although the flow
physics could be very complicated with the presence of turbu-
lence, separation and recirculation, the rotational effects are still

tics and, therefore, the deviations between heat transfer rated\@iiceable. The above observations are valid for both Models A
two models reduce. On the trailing walls, the differences in heand B.

transfer of Models A and B are relatively small. It is speculated
that the turbulence levels induced by the two rib arrangements

not too much different on these pressure sides.

4.5 Rotational Effects on Heat Transfer. Figure 10 dis-

Rte.

4.6 Rotational Buoyancy Effect on Heat Transfer
Figure 12 depicts the centrifugal buoyancy effect on the
mean heat transfer rate at each passage in Model A at Re

=20,000. The inlet-to-outlet bulk temperature was maintained at

plays the effect of rotation number on the local heat transfer ratid, ,— Ty, ;= 20, 30, and 40 °C. In a rotational flow field like this,
Nug /Nu, at Re=40,000 in Model A. The notation flulenotes centrifugal force exerts in the mail flow by producing radial pres-
Nusselt number under stationary condition. The rotation numbessre gradient. With density variation in the non-isothermal flow,
are 0.02, 0.04, 0.07, 0.8, and 0.1. Since the strength of thdditionally, the thermal buoyancy stemmed from centrifugal
Coriolis-induced cross-stream secondary flow is increasingly iferce emerges, alters flow and heat transfer characteristics signifi-

Model A Model B

Re=20000 A > Leading
‘ A < Trailing ‘
T T T T T T
Z/D=8.5 Z/D=10.5 Z/D=30.5 Z/D=32.5
15} 1st Turn 1 1stTumn 1 3rd Turn [ 3rd Turn ]
. A A A A A
A A . * A IS a 4
1.o,rg§§§3--—3-0‘32--—§§§;§*-Q§§$§-
AT RE ] S S S S—
Nu0 Z/D=4.0 Z/D=15.0 Z/D=26.0 Z/D=37.0
15¢% 1st Passage |l 2nd Passage 1 3rd Passage . 1 4th Passage ]
s 3 . . a & R : a s 6 6 8
1_0*2 <+ % § § e e -n-z 2 i Z ° qrg ¢ 6 N m
Pay Z X &> ° A
05 L " . AI T + I T + I T L 1
0.0 04 0.2 | z/D=195 Z/D=21.5 0.1 0.2
15} 2nd Turn 2nd Turn J
2 2
A A Y 3
| 104 % e g g oo 880 ‘
05 o L 1 T 1 1
0.0 01 0.2 0.1 0.2

Ro J

Fig. 11 Local heat transfer performance at Re =20,000 in both ribbed channels A
and B with variation of rotation number on the selected cross section of flow pas-
sages (the operating pressure is 5 atm )
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Fig. 12 The centrifugal buoyancy effects on the mean heat transfer rate at Re
=20,000 in each passage of ribbed channel A (the operating pressure is 5 atm )

cantly. In the extreme case of the present study, the ratio of theitional flow regimes, centrifugal buoyancy effects usually de-

mal centrifugal force to hydrodynamic centrifugal forceAT. creases the Nusselt number ratio, NMu, , [7,14,15]. However,

In addition, the heat transfer is enhanced for a higher temperatifiea turbulent mixed convection, increasing buoyancy parameter
difference. The direction of main flow and buoyancy flow is afn 4 buoyancy opposing flow may result in an increasing velocity

tributed to the difference of the results. In the outward-flow Pa%yctuation [16], therefore, the heat transfer can be enhanced.

sage, the direction of forced flow is in contrast to the buoyanGy,.qe phenomena can be observed when analyzing the mixed
flow (opposing flow). In the inward-flow passage, these two

forces are in the same directi¢émiding flow). The Nusselt number conyection of buoyancy-induced opposing and aiding ﬂOWS. na
ratio increases with an increase in the Grashof number in all pé(?—rt'cal heated tUb_éﬂ;lg_' In the present results, the growing
sages. This observation differs from that of Hwang and Ki#] trend ofNu, /Nu, with Gr* is most pronounced for the buoyancy
at Re=5000 in the transitional flow regime. In laminar and trarepposing flow in the first and third passages. When increasing the

Leading edge rms (%) Rex107 Trailing edge rms (%) Rex107
Ist 2nd 3rd 4th 1st 2nd 3rd 4th
¢ Model A 9.52 7.85 7.70 8.76 20, 30, 40 € Model A 9.90 8.58 1021 8.20 20, 30,40
O Model B 10.12 10.46 8.43 9.28 20, 30, 40 O Model B 9.67 9.85 10.04 8.48 20, 30, 40
* Duttaand Han (1996) | 559 | 5.16 25 * Duttaand Han (1996) | 8.08 | 11.67 25
5 2.0 || T T IIIIIII T T I||l||| g 2-0 || T T IIIIIII T T T IIIII|
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< 20|| Lol e V20|| L gl ol
5 . I| 1 T Illllll T T IIIIII| = . || T T IIIIII| T T IIIIII|
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Fig. 13 The correlation of heat transfer data for the four passages of serpentine channels with staggered half-V rib turbu-
lators: (a) leading wall; (b) trailing wall (the operating pressure is 5 atm )
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rotational buoyancy parameters in the outward flow passagéoncluding Remarks

Wagner et al[20,21], Morris and Ghavami-Na$§22], and Han . .
and Zhand 23] observed the increasing tendency on heat transf rTh? present study th(f)roughly elﬁmdat:as _tne rotauon;lhhﬁa\}
either. Generally, the present data in Fig. 12 are quite reasonaitﬁns er In a serpentine four-pass channel with staggered half-

, . I

e : . : .
in qualitative sense. However, the rapid change of the data i0turbulators. The intake coolant is pressurized and pre-cooled in
Tp.0— Tp,i=40 seems to need further study.

the present experiments, therefore, the ranges of Reynolds num-
ber, rotation number and Grashof number closely resemble those

4.7 Heat Transfer Correlation. Figures 13(a)and 13(b) of a real turbine engine.
show the correlation of the present heat transfer data for the four-

pass serpentine flow passage with staggered half-V rib turbulat 'b% From the experimental results of the present two models of
on the leading and trailing walls. The correlation is for the outlt::(l ed four-pass channels, it is found that the rib effects on the

and inlet temperature differende o — Ty ;=20 °C and Reynolds cal heat transfer are significant through the whole channels.
,0 b,i ™

) . 2 In arotating channel, for example model A, the rib effects on
number=20,000, 30,000, and 40,000. By using the relation qf .
Nug /Nu,—F(RoZ'/D). the data of the outward and inwardqocal heat transfer enhancement,MNug can be coupled with the

flows on the leading and trailing walls can be fitted. According trotational effects. In radially outward flow in the first and third
the results for R0~ 0.2, they are correlated by the foIIowingBassages‘ the influences of rotation are relatively remarkable.

expressions: For Model Athe ribs were oriented 60 deg to theair?lolvr\} tshh%\;,)vrsets)zrt']tterreﬁgzlitts ’trI;I!]SS]I;'u Sgr’;g?gglnecgressunzed coolant
bulk flow for each passageit is given by :

4 From the comparison of the measured data on Models A and
B, it is observed that Model B with ribs placed 120 deg against the
main flow in the second and fourth passages has beneficial effects
in local heat transfer, especially in the region of the first turn, the
second passage and the second turn. It implies that the rib arrange-
ment is one of significant factors in design of ribbed coolant
channel.

5 With increasing characteristic temperature difference, the
Nusselt number ratio increases with buoyancy parameters in this
Fain(Trailing)=1—0.24 RoxZ'/D)+0.26 RoXZ'/D)?. turbulent mixed convection with the presence of rotation-induced

(8) buoyancy effects.
) . 6 The empirical correlations for local heat transfer data in the
For Model B(the ribs were oriented 60 deg to the bulk flow forresent parameter ranges are proposed. The previous data of Dutta
first and third passage and the ribs were oriented 120 deg to Han{5] are also well correlected with the present correlations.
bulk flow for second and forth passag is given by It is believed that the correlations are useful reference in design of
the multi-pass ribbed coolant channel.

Faoufleading=1—0.35§RoxZ’'/D)+0.21(RoXZ'/D)?
(5)

Fain(leading=1-0.14RoxZ'/D)+0.03RoxZ'/D)? (6)

F a ouf Trailing) = 1—0.08 RoxZ’/D) +0.13RoxZ'/D)?
(7)

Fg.ou(leading=1—-0.41RoxZ'/D)+0.2QRoxZ'/D)?
9)

Fg.in(leading = 1—0.06RoxZ’/D)+0.0§4 RoxZ'/D)?2
(10)
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Fg.ouf Trailing)=1+0.26 RoxZ'/D)—0.12RoxZ'/D)?

(11)  Nomenclature
Fg,in(Trailing)=1—0.21ARoXxZ'/D)+0.25 RoxZ'/D)>. A cross sectional area of the flow passage,’mm
(12) Cp = specific heat, J/(Kg-K)

The correlation is curve fitted independently to correlate the 2
data of the radially rotating four-pass serpentine channel with
staggered half-V ribbed turbulators on each passage. In Model A, ¢ X
for the leading wall, root-mean-square deviations of 9.52 percent G?;
and 7.70 percent are found in the first and third passages, 7.85
percent and 8.76 percent are in the second and fourth passages;—
Also for the trailing wall root-mean-square deviations of 9.90 per- @
cent and 10.21 percent are in the first and third passages, 8.58 Grt
percent and 8.20 percent are in the second and fourth passage. In—
Model B, for the leading wall, root-mean-square deviations of Gr*
10.12 percent and 8.43 percent are found in the first and third hz
passages, 10.46 percent and 9.28 percent are in the second and
fourth passages. Also for the trailing edge root-mean-square de- Kair
viations of 9.67 percent and 10.04 percent are in the first and third L
passages, 9.85 percent and 8.48 percent are in the second andNu
fourth passage. The maximum error of root-mean-square devia- Nu;

in

tions in the correlation Eq10) for Nusselt number ratio is 10.46 Nug
percent. Nu,

The experimental data of Dutta and HEs for uniform wall Nug
heat flux at Reynolds numbei25,000 are also presented. In gen-  Nu,

eral, those data correlate well with the present correlation on both

the trailing and leading edges. The error of root-mean-square de- P
viations is about 5 percent for the leading wall. It increases to  Pr
11.67 percent in the second passage for trailing wall, which is  Qnet
possibly attributed to the difference in the arrangement of the ribs R
in second passage. Re
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hydraulic diameter 2ab/(a+b),mm

rib height

correlation function for inlet passage
correlation function for outlet passage

local rotational Grashof number
B(Tw,z—Tp2)(e+Z'ID)RE R

mean rotational Grashof number
B(Tpo—Tpi)(e+2Z'/D)RER

local rotational Buoyancy paramete®r,, /R€&

mean rotational Buoyancy parametdBr,,/Re
heat transfer coefficient qpetz /(Tw,z— Th 2,
W/(m2.°C)

thermal conductivity of air, Wim-K)

coolant passage length, mm

Nusselt number#;D/ky;

Nusselt number for ribbed wall

Nusselt number for smooth wall

Nusselt number for non-rotating condition
Nusselt number for rotating condition
Nusselt number for fully developed turbulent flow
in a non-rotating circular tube

rib pitch or streamwise spacing

Prandtl number€p- u/ky;

net wall heat flux, W/rf

mean rotational radiusZ,+L/2,mm
through-flow Reynolds numberpW,D/u
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Experimental Study of Heat

Convection From Stationary and

Oscillating Circular Cylinder in
wcrare | Cross Flow

Jet Propulsion Laboratory,

California Institute of Technology An experimental study is made on the processes of heat transfer from the surface of a
Pasadena, CA 91109 forced oscillating cylinder in a crossflow. A range of oscillation amplituce/D
. =0.1,0.2, forced oscillation frequency0<St.<1), and Reynolds number (R&50,
Morte_za Ghal‘llb 1100, 3500) is covered in watafPr=6). Besides the increase at the natural vortex
Graduate Aeronautical Laboratories, shedding frequency, large increases in the heat transfer are found at certain superhar-
California Institute of Technology, monics. By using Digital Particle Image Velocimetry/Thermometry (DPIV/T), the in-
Pasadena, CA 91125 crease in the heat transfer rate is found to correlate inversely with the distance at which

vortices roll-up behind the cylinder, i.e., the distance decreases when the heat transfer
increases. The cause of the increase is found to be the removal of the stagnant and low
heat convecting fluid at the base of the cylinder during the roll-up of the vortices.
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Keywords: Convection, Cooling, Cylinder, Enhancement, Entrainment, Experimental,

Fluids, Forced Convection, Heat Transfer, Heat Exchangers, Image Processing, Nonin-
trusive Diagnostics, Recirculating, Separated, Surface, Temperature, Thermal, Unsteady,
Vibrating, Vortex, Wakes

Introduction forced oscillation of the cylinder. Under forced transverse oscilla-
The process of heat transfer from the surface of a body to tﬂgns, \{arious vortex shedding patterns are possjble by .varying the
surrounding fluid is of great interest in the field of thermo-fluiScillation frequency and amplitude. An extensive review of the
ake patterns is given by Williamson and RosHRd], and some

mechanics. This process is of technological importance in the dédssible patterns are shown in Figaab) in their paper. At os-

sign of heat exchanger Qeviceg such as co_oling or heating systeﬁ. Ption frequencies below the vortex shedding frequency of a
One body shape of particular importance is a bluff body, and t tionary cylinder, the vortices may be shed and paired in various

most commonly studied is the circular cylinder. Despite its simp a o :
shape, a circular cylinder generates a wake which is dynamica erent ways. At oscnlat_lon freque_nmes above Fhe vortex shed-
' g frequency of a stationary cylinder, the cylinder may shed

complex. The most essential parameter which characterizes . . . )

wake of a smooth circular cylinder is the Reynolds number, énall_ vortices which then coalesce |ntp large vortices. For small

=U..D/v, whereU,, is the freestream velocity) is the diameter, amplitudes £/D<0.5), the large vortices may recover to the

andv is the kinematic viscosity. Below Re5, the wake is steady K.arman .vort.ex street far.ther downstream. The wake patterns at
high oscillation frequencies have been studied by Ongoren and

h I i hed. A h : X ;
ﬁgﬂn(tjaery ?g;ggag] tgge;;née&?tlgrsn 223;.(5;1:3(1;02\/53??(;? Rockwell[17]who reported that the large vortices, which for_m in
file near wakeX/D<5) by the coalescence of smaller vortices,

gives rise to a pair of steady symmetric vortices in the wake. T . :
vortices become elongated as the Reynolds number is increas 8d at or near the vortex S_hedd'ng frgqugncy of a stationary
until the symmetry is broken at Ret0, where the wake becomescYlinder. At the super-harmonic frequenues, ie, multiples of the
unsteady, and the Karman vortices appear downstream. Ab{ftex shedding frequency of a stationary cylinder, they observed
Re~90, the wake is characterized by alternate shedding of VOR(gamzed vortex shedding pat_terns whe_re a parr of small vort|c_es
ces at the top and bottom of the cylinder with opposite signs gfe shed fo_r each cycle of cylinder o_smllatlon and coalesce with
vorticity: a process termed “vortex shedding.” While unsteady €2y vortices to form the large vortices.

the flow remains laminar and two-dimensional until ~RES0 It is intuitive to believe that oscillating a cylinder in a fluid will
(Williamson [24]), above which the wake becomes thre increase its heat transfer from its surface. Martinelli and Boelter

dimensional and “turbulent.” At above Rel000, the separated 12] measured that the heat transfer from the surface of a cylinder
shear layers, which roll-up to form the vortices, become turbuleri§, INcreased up to 500 percent compared to that of free convection

; : y illating it in water. Surprisingly, for the case of forced con-
and the wake progressively grows more turbulent. Finally, abo¥ ©SCi : : .
Re~200,000, or the “critical” Reynolds number, the boundar)\/eCt'On over a circular cylinder (5080Re<25,000), Sreenivasan

layer on the cylinder surface becomes turbulent, and the wa®8d Ra@machandraj2l] found no appreciable increase in heat
narrows to produce a large reduction in drag. A review of thi ansfer for large forced transverse oscillation 'amplltudgs of
Reynolds number region is given by Bearmfdd. Beyond this /D=0.43 and 3.7 as compared to that of a stationary cylinder.

Reynolds number, little is known about the structure of the wakdoWever, the oscillation frequencies they concentrated on were
of a circular cylinder well below the vortex shedding frequency of a stationary cylinder.

Thus by varying the Reynolds number, a rich set of flow paf® different study by Kezios and Prasanial] (5500<Re
terns is observed, but even more wake patterns are observed by000) focused on oscillation frequency corresponding to the
vortex shedding frequency of a stationary cylinder. The study
Contributed by the Heat Transfer Division for publication in tf@JBNAL OF found that the surface heat tr.ansfer increased by approximately 20
HEAT TRANSFER Manuscript received by the Heat Transfer Division January :i)er(_:en_tv even for small amplitudes (%B/D<O-O75) when the
2000; revision received, May 17, 2000. Associate Editor: Bau. oscillation frequency matched the vortex shedding frequency. It
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was noted that the increase in heat transfer could not be accour

for by the relative increase in the freestream velocity due to t 223w Oscillating

Diam. Heated
L ERle Mechanism

transverse motion of the cylinder. Saxena and La#d] found Cylinder 15.2x 152cm
that a large increaset0 percent to 60 percenii heat transfer / Test Section
occurs in water as the forced oscillation frequency approached

vortex shedding frequency of a stationary cylinder for large osci —_— ey -J’ﬁ/ Recireulaing
lation amplitudes (0.894/D<1.99) at Re=3,500. The maxi- Hot
mum frequency reached was 0.8 times the shedding frequen L4 | g

More recently, Karanth et &l9] conducted a computational study] Hsadn Konon -

at Re=200 where increases of 1.2 percent and 3 percent in | Rods Assembly

surface heat transfer were observed for forced transverse oscil= <«
tions amplitudes oA/D=0.25 and 0.5, respectively. Cheng anc = < Cold
Hong [5], in another computational study at R200, observed

that the heat transfer increased 1.6 percent, 3.9 percent, 7.5 pei-
cent, and 12.5 percent féx/D=0.14, 0.3, 0.5, and 0.7, respec-
tively. Following their computational study, Cheng et[dl] mea-
sured increases in the surface heat transfer from 3 percent to 30
percent forA/D=0.138, 0.314, 0.628 at Re&00, 500, and 1000
when the cylinder was forced to oscillate at the vortex sheddi
frequency of a stationary cylinder. A new study by Gau ef&l.
found increase in the heat transfer up to 50 percentAdD
=0.064 at Re=1600 in air for an oscillating cylinder. The stud
covered small amplitude#y/D=0.016, 0.032, and 0.064 and R
range of 1600, 3200, and 4800. For=RE500, the cylinder was
oscillated to three times the natural vortex shedding frequen
and they found even higher incred3@ percentjn the heat trans-
fer rate.

Fig. 1 Schematic of water tunnel facility

flow through the test section could be raised by a bank of stag-
red heating rods in the inlet pipe to the diffuser section of the

tunnel and could be lowered by a re-circulating chil(dleslab

RTE-110) at the downstream section of the tunnel. Using a

e}flosed-loop temperature controll€fronac PTC-41), the mean

freestream temperature could be maintained to withih02°C at

a flow speed of 5 cm/s or withirt0.01°C at a flow speed of 40

The test cylinder was an electrically heated rod of diameter
The previous authors have cited the phenomenon of “Iock-in9'53 mm(Watlow Firerod). The electric heating element was pro-

S ) . . tected by an outer sheath made from Incoloy alloy. A J-type ther-
or the synchronization of the vortex shedding with the mechani bcouple, which gave an estimate of the cylinder temperature,

nized with the mechanical oscillation, a pair of vortices is alwayéop 50-4M), and its temperature was measured by a thermo-
shed for each cycle of cylinder oscillation. However, it has nev%rOuple therm,omete(Omega HH21)which had a resolution of
been fully explained why this synchronization leads to higher sug-" o ; . _
face heat transfer. In addition, Cheng et[dl] noticed that past ~0.1°C. The cylinder had a thermal boundary condition of con

the synchronization frequency, the heat transfer continued to ﬁgnt integrated heat flux over the surface. The cylinder was
crease for large amplitudesA{D=0.626), decreased then in- ounted horizontally to a transverse oscillating mechanism by

. ; - two vertical hollow supports at the ends of the cylinder. The elec-
creased for medium ampl|tude$\/(D—Q.314), or returned {00 wical and thermocouple leads were passed through the hollow

eSSUpports from the cylinder to the power supply and thermocouple
ermometer, respectively. The supports were thermally insulated
the cylinder by a layer of silicone. The disturbance to the
was minimized by placing the supports outside of two flat
end plates that had rounded leading edges. The distance between
tHE two end plates was 12.1 cm, and thus the effective aspect ratio
(L/D) of the cylinder was 13.
The oscillating mechanism was a 15 cm cone speaker in which
cone was stiffened by a circular thin-aluminum plate. The

; . . ﬁ te provided torsional stiffness to the cone and kept the cylinder
ding frequency for 0.018 A/D <0.064. This result hints that per- vel with respect to the bottom of the tunnel. The speaker was

ha;la(s c_oherent m_obtllor]l(s t?ﬁ vc_)rtlc_est,r:.e.ﬁ ortg?nlzefd strutctu;e Oft en by a feedback amplifier that was fed a sinusoidal signal
wake, IS responsibie for e rise in the heat transter rate at cer P@‘n a multi-wave generatdHP 3314A). With the cylinder mass,

(A/D=0.138).(See Fig. 6 of Cheng et d4]) The study stopped
at 1.5 times the synchronization frequency, and the increase in
heat transfer for larger oscillation amplitudes at higher frequenciﬁgw
was attributed to the “turbulence” effect. The “turbulence” ef-
fect was left unclear and is presumed to be connected to so
unsteadiness in the wake or boundary layer of the cylinder.
Recent flow visualization study of Gau et 88] showed that

the vortices roll-up close to the cylinder when the oscillation freth
guencies are one and three times that of the natural vortex sh

oscillation frequencies. Thus a comprehensive set of experime ; : : : .
is carried out to study the relationship between the heat trans, Saesgfe an‘ingif:aﬁigﬂikogrgﬁngrt%t'?g ;?ﬁﬁf glctrggltlgigpallarpcg-l
and the wake beind the cylinder. First, a study is mgde of tfﬂr‘?ent of the cylinder was measured by an optical transducer
overall heat transfer of a forced oscillating heated cylinder negly, i, getector gridwhich generated a voltage proportional to
the nat_u_ral vortex shedding frequency, s[m!lar to previous studu? displacement of the laser diode mounted on the cylinder os-
In addition, the heat transfer characteristics of a forced heatgﬁating mechanism

cylinder is examined all the way up to five times the natural shed- '

ding frequency where new findings are uncovered. Second .

study is made of the wake structure at selected frequencies g{%IOCIty and TemperaFure Measurements )
amplitudes to address the primary cause of the increased heathe freestream velocity measurements were made using a

transfer near the natural shedding and other frequencies. single component Laser Doppler AnemomeiebA) placed sev-
eral diameters upstream of the test cylinder. The velocity and
Experimental Setup and Procedure temperature measurements in the wake were made using Digital

Particle Image Velocimetry/ThermomettPPIV/T). The details
Experimental Setup. A schematic of the water tunnel facility of DPIV/T are found in Par{ 18], Dabiri and Gharif6], and
where the experiments were conducted is shown in Fig. 1. Théillert and Gharib[23]. The flow was seeded with encapsulated
cross-sectional dimensions of the test section were 15.2 cm witleC particles and was illuminated by a reflector assembly which
and 15.2 cm high. The tunnel was operated by a pair of pumpeoduced a sheet of light at the center of the test section. The light
and had a speed range of 3 to 50 cm/s. The temperature of thector assembly was a mirror surfaced elliptical cylinder with a
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thin slit on top. The light, which was produced by two 25 cm longumber, Pr, of water at this temperature is 6. The cylinder was
xenon flashtubes located at the foci of the ellipse, escaped througtated with constant power inputs of 45.5, 58.4, and 90.9 W for
the slit and was collimated by two lenses to form a light sheet &e=550, 1100, and 3500, respectively. The ratio between the
2-3 mm thickness. Each flashtube was fired at 15 Hz with a flagftashof number and the square of the Reynolds number, &r/Re
duration of 150us and had an energy release of 8 J. Alternaighich is a measure of the buoyancy effect, was low endQgbil )
firing of the flashtubes synchronized with the 30 Hz frame rate @ not affect the wake structure.
the video camera. The measurements were made at two amplitudéf =0.1

The flow was imaged from the side of the water tunnel usingand 0.2. The range of Strouhal frequency of the cylinder, &as
3-CCD color camer&aSony DXC-9000)which has a standard setfrom 0 to 0.95 for Re=550 and 1,100. The Strouhal number of the
of NTSC R, G, and B color filters. The camera, which was placesylinder is defined a§.D/Ux wheref. is the cylinder oscillation
approximately 2 m from the test section, imaged an area of 60 nfraquency. The ranges in physical frequency unit were from 0 to
wide by 50 mm high at the mid-span of the test section. The flo/6 Hz for Re=550 and from 0 to 11.4 Hz for R&,100. For
was seeded with 4@m diameter thin-walled encapsulated TLCRe=3500, the range of Stvas from 0 to 0.35, corresponding to a
particles(Hallcrest BM40C26W2pwhich had thermal responserange in physical frequency from 0 to 13.4 Hz. The maximum
time of 4 ms (Dabiri and Gharilj6]). The response time wasfrequency at this Reynolds number was limited by the mechanical
much smaller than the expected time scale of the vortex sheddihgving mechanism which could not exceed 14 Hz.
(=600 ms). The flow was illuminated from the bottom of the test
section by a xenon white light sheet of 2—3 mm thickness, and the
images were digitized to a real-time digital video recorder wit ;
8-bit resolution per RGB channé24-bit total). Nusselt Number CaICUIa_tlonS

The velocity distribution was measured using standard DPIV The Nusselt number, defined as

technique. While temperature distribution of the wake was ob- hD
tained using DPIV/T, only the velocity measurements are pre- Nu=—,
sented for the purposes of this paper. The heat transfer rate was k

not derived from the temperature distribution of the wake. Insteaghereh is the average convection heat transfer coefficient,kand

the rate was measured directly from the thermocouple and hegghe thermal conductivity of the fluid medium, is computed from

input measurements as described in a later section. the estimate of the average surface temperature of the cylinder and
. the input power. Because the Biot number, defined as

Phase Averaging Methodology

For each of the frequency and amplitude, the structure of the Bi= h_D
wake was studied by phase averaging the DPIV/T velocity data. Ke
The phase averaged statistics were generated from 1000 pairgyfrek is thermal conductivity of the cylinder, is of the order
image, corresponding to 1000 instantaneous velocity fields. Thigity, the approximation that the temperature at the surfceis
number represents roughly 95 vortex shedding cycles. For i ‘same as the temperature at the cditg, cannot be made.
forced oscillating cases, there was no ambiguity in phase since Hjgarefore, a first order approximation is made to estimate the
phase averaging was synchronized with the mechanical motionspfitace temperature from the core temperature as measured by the
the cylinder. Depending on the case, the displacement signal Vidgphedded thermocoupld ().
divided into either 6 or 12 evenly spaced phases. However, anthe procedure is as follows. We assume that the temperature
ambiguity was encountered in the phase for the stationary cylindgiries only in the radial direction and that the cylinder is com-
since the period of the shedding varied slightly for each cyclgosed of a uniformly heated inner shell and an unheated outer
This ambiguity has been encountered by both Cantwell and Col@s|| (Fig. 2). If we assume uniform material properties, the
[3] and Matsumura and Antonfd3] who had to adjust slightly steady-state temperature distribution in the inner shell is then

the period of each vortex shedding_cycle to compute the ph_agqgen by the heat equation in radial coordinates:
average correctly. Similarly, the period of each vortex shedding

cycle was adjusted in computing the phase average quantities.
For the stationary cylinder or a case in which the vortex shed-

ding is not synchronized with the mechanical oscillation of the

cylinder, a reference signal from which the phase of the vortex

shedding can be determined is needed. Cantwell and C8les

used the signal from a static pressure tap on the surface of th

cylinder 65 deg from the forward stagnation point of the cylinder,

while Matsumura and Antonifl3] used the signal from a hot- \

wire just outside of the wake. Others have used the lift signal as

the reference signdKarniadakis[10]), but any clean signal gen-

erated by the vortex shedding process is sufficient. For this study

the vertical velocity ¢,) at the location of maximum fluctuation

level on the centerline of the wake was used as the referenc

signal. The maximunu,, fluctuation level occurs just downstream 4—

the region where the vortices roll-up, and the signal there is bott

clear and large in magnitude. The period of each shedding cycl

was determined by measuring the time between consecutive zel

crossings of thau, signal, and each period was divided into 12

evenly spaced phases.

Nusselt Number Versus Oscillation Frequency

Experimental Conditions. The average heat transfer from
the surface of a cylinder undergoing forced oscillation was mea-
sured for three different Reynolds numbers of 550, 1100, and
3,500 based on a freestream temperature of 25.8°C. The Prandtl Fig. 2 Layout of the cylinder
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7+__+_:0 (R1SI’$R2), (1) ase é - ~Re =550
ars o roar ok 15 | Swso21 - AN ~-Re = 1100
whereq is the power input per unit volume, or: Ste=0.34 / \ *~Re = 3500
1.4 - . . |—Eff. Vel.
3 :
. ’ 2 © 131
R R @ 4
. S §
whereQ is the total power inputl. is the length of the cylinder, = L
R, is the radius at which the thermocouple is located, Rads 1] Sosol !
the outer radius of the inner shell. The steady-state temperat / o
distribution in the outer shell is given simply by 1 == o
T 14T
—+—-—=0, (Ry=<r<Ry). (3) 0.9 ; T T T T T ; T T
ar ror 0.00 0.10 020 0.30 040 050 0.60 0.70 0.80 0.90 1.00
The boundary conditions for these equations are: Ste
T(R) =T, (4) Fig. 3 Normalized surface heat transfer as function of oscilla-
_ tion frequency for A/D=0.1
k il h(T.—T Q 5
COgr| (Te °°)_27TR3L' ®) 17 — :
r=R3 Case V H Case IX —+—Re =550
wherekco is the thermal conductivity of the outer shell, aRglis 164 S";*’f‘ A Ste=031 +~Re =1100
the outer radius of the cylinder. The matching condition iRat : , * Re =3500
where the temperatures of the outer and inner shells must 1.5 - :

— Eff. Vel.
equal. Solving Eqgs(1) and (3) with the appropriate boundary '

conditions, the temperature at the surfatg, is given by gl 1.4 1
. £
R 1(1 RS R 313
SRS I E S N L L)
27TL kco RZ kc| 2 RZ_Rl Rl 12 4
(6)
wherekg, is the thermal conductivity of the inner shell. From Eqs 117/ /
(5) and (6), we can compute the convection heat coefficien /.
where 1 P i ey
0.00 0.10 020 0.30 040 0.50 0.60 0.70 0.80 0.90 1.00
Q Stc
2mR,L Fig. 4 Normalized surface heat transfer as function of oscilla-
h= (TeTo) . tion frequency for A/D=0.2
tc™ leo
Q|1 | Rs . 1(1 RS | R,
= Tl =2+ = 2= nl == _— . .
27L | keo \Ry) ket |2 RE*RE R, oscillation amplitude, a peak near.St0.21 is observed. These

) peaks are associated with the synchronization of the vortex shed-
ding with the mechanical oscillations. This phenomenon has been
Fromh, we can then compute the Nusselt number. well documented by many previous researchers starting from
The computed Nusselt number inherently has a level of uncé¢ezios and Prasanrjd1]. For each Reynolds number, higher os-
tainty because the surface temperature of the cylinder is not tr@jation amplitudes results in higher Nusselt number at this fre-
uniform. The temperature at the base of the cylinder is typicalf/€NCy as noted by previous researchiszios and Prasanna

: : : : . 1]; Cheng et alf4]).
higher than at the forward stagnation point. This was confirm The locations of all of the peaks appear to be correlated with

e amplitude of oscillation. The figures show that the locations of
e peaks and valleys are nearly coincident for given amplitude,

higher than the circumferential direction. To quantify this error, ]

; X X - X . ! broad valley from S&0.3 to ~0.45, and a broad peak at St
detailed two-dimensional finite element simulation was carrleéo_6 with roughly the same height as the peak at®t21. For

out using circumferential distribution of Nusselt number from Gay ,~ _
et al.[8]. The results show that the bias error in Nusselt numb}é/D 0.2, there are valleys att0.3 and 0.4, and two peaks at

: ; : as errorir t.~0.35 and~0.55.
using the one-dimensional approximation instead of two-
dimensional is roughly 25 percent. However, the relative uncer-, .
tainty, i.e., uncertainty between two measurements, is smallerlscussion
10 percent and is the quantity of interest in this paper. This iswhile it has been well documented that there is an increase in
discussed further in the error analysis section. the Nusselt number at the synchronization frequency~8t2),
the increases in the Nusselt number at other frequencies have not
been well documented. The results of this study show that the
Results Nusselt number does not increase or decrease monotonically past
The plots of normalized Nusselt number versus oscillation fréhe synchronization frequency ¢8t0.2) but has definite peaks
quency are shown in Figs. 3 and 4 #&fD=0.1 and 0.2, respec- and valleys. As will be seen in the following sections, the peaks
tively. The Nusselt number is normalized by the respective stare associated with certain modes of the wake. The increase at
tionary values at each Reynolds number. The stationary Nuss&it~0.6 for A/D=0.1 is associated with a mode at three times the
number values for Reynolds number 550, 1100, and 3500 aratural shedding frequency, whereas the increases seen. at St
19.5, 24.8, and 56.0, respectively. For each Reynolds number an@.35 and 0.55 foA/D =0.2 are associated with modes at twice
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and three times the natural vortex shedding frequency, resp 30 -
tively. At the higher amplitudeA/D =0.2), the mode frequencies g | [ ® A/D=0.1
appear to have shifted slightly away from exact multiples of th CaseIx “-.. Case VI WA/D=02
fundamental synchronization frequency. 28 1 N N [ ] A Statlonary
The increase in the Nusselt number cannot be simply accoun 7 | ) Case v
for by the “effective” velocity of the cylinder due to added ve- &
locity from the oscillatory motion of the cylinder. Following 21 Case IV 9 T, Case VI
Sreenivasan and Ramachandi2h], the effective velocityy,, is 2 25 - Casell - el
defined as: o4 M Case VII
Ve=1UZ+V?, (8) 23]
where 22 | Case Tl @
2mfA 21 Case?
VU: 3 , (9) 20 . . . . . . . ; ;
0.5 0.7 0.9 11 1.3 1.5 1.7 1.9 2.1 23 25

is the RMS velocity of the oscillation. For a stationary cylinder Wake Bubble Length (x/D)

the MacAdams relatiofiMacAdams[14]) predicts the Nusselt
number as function of the Reynolds number (&0R®e<4000) or Fig.5 Nusselt number versus length of the mean wake bubble

the freestream velocity as: (formation length )
NuocReP47% Y2475, (10)
SubstitutingV, into Eq. (7), the Nusselt number as function of@ll Nusselt number. There is, however, a dependence on oscilla-
oscillation frequency and freestream velocity becomes: tion amplitude. The wake bubble length is computed by averaging
5 5 the velocity field and locating the closure point of the recirculation
NU(A,f.,U..) o (UZ+272fEA2)0475 (11) bubble. For example, the wake bubble length is much shorter for

This relationship is plotted as the solid curves in Fig. 3 and 4. A%et_forced osl,_cilcliatedccylinclierb(iazs% "x/ﬁ. :hl'hs) than if10rl the
noted by previous researchgi@heng et al[4]), the relation in sta Lotnaryfcylnter,F asltla %Xt(h 7h' 'h)hW tlct a]:s muc ovcver "
Eq. (11) cannot account for the increase in the Nusselt number f pat transter rate. -or all of the high heat transfer cases, L.ase fl,
the oscillation frequencies of interest. .V, VIl and IX, the wake bubble lengths are show/D

The trends in Figs. 3 and 4 are actually consistent with thOS%:ti.?’/l\ll:lht”he f?r alihof the :OW r}%a;tlra;sligr cgses, Case [, IIl, VI,
observed by Cheng et 4] and Gau et al[8]. Chen et al[4] an » the fengths are long/L = 1. (Fig. .)'.
observed that foA/D =0.138, the Nusselt number decreased an The length (.)f the wake bybble IS a quantitative measure of the
remained low past St0.2 while atA/D=0.314 the Nusselt downstream distance at which the wake vortices roll-up. Thus the

number first decreased then began to increase again. Since t é'?ortw btihmd;hg |n9rtatﬁs$?hheat ttfa”Sfer Wh|§|n the vorgces m”th“p
did not measure the Nusselt number beyond 1.5 times the shgd: e to the cylinderis that the vorlices are able 1o scrub away the

; : : ot fluid at the base of the cylinder. For Casestiationary cylin-
glsns%ftri(;?;; n\(,:\,)i/ﬂgst; ngﬁéytk}fgn\flv e; gk?? l);(? bjgl’:/llglgfgrdi(/:g% as der), there is a region of stagnant fluid just behind the cylinder
—0.134. and an increase associated With a peék at B85 for which does not convect any heat away from the base of the cyl-

. y C

A/D=0.314. They attributed the rise a@/D=0.314 past St inder. Figure 6 shows the closest approach that a vortex makes

~0.3 to the “turbulence” effect. They did not precisely deﬂneduring its roll-up. The vortex is sufficiently far away that the fluid

what the “turbulence” effect was, although it is inferred fromnear the base of the cylinder remains stagnant and does not carry

; o . . G away any heat. In the high heat transfer cases, this region of
tmhg'tgoﬂagfe{h?ﬁ;tkésoér‘stﬁgcﬁﬁg dvglrg]lggge unst herent) stagnant fluid is non-existent. As an example, Fig. 6 shows the

Further information about the wake comes from Gau &8l closest approach that a vortex makes during its roll-up in Case Il
who found a rise in the heat transfer for-S0.6 or 3 times the. The vortex is close enough to induce flow around the base of the
. S0.

shedding frequency foh/D=0.064. Their flow visualization re- cylinder and carry away heat from the base. While the local Nus-
sults gave an impression that organized structures in the w t number was not measured in this study, and thus the increase

may be responsible for the increase in the heat transfer. TherefdPe h? hegt _transfer at the_base of the cylinder could not be directly
a detailed DPIV/T study of the wake is presented to clarify th erified, it is strongly believed that the heat transfer increases at

connection between the wake structure and the rate of heat trans- base when the vortices scrub away the normally stagnant and
fer. non-heat convecting fluid away from the cylinder at the base. The

overall heat transfer thus increases when the heat transfer rate at
the normally low region(Eckert and SoehngdiT]) is increased.
DPIV/IT Study Intuitively it is interesting to correlate the length of the wake
; bubble with the rate of surface heat transfer. However, the heat
A detailed DPIV/T study of wake ansfer cannot be a simple function of the wake bubble length
fpause the length can grow or shrink as function of only the

perature was 25.8°C, and the cylinder was heated with a const
power input of 63.8 W. The wake velocity-temperature field me Reynolds number. It hqs been observed that the Ier]gth of the wake
ubble, or the “formation length” of the vortices, increases for

surements were made for two different amplitug&&d =0.1 and . X .
. : ghly 200<Re<1500(Bloor [2]). For a cylinder with “high”
0.2) at frequencies corresponding to peaks and valleys of the hé%ll:)ect ratio IL/D>50), the length of the wake bubble increases

transfer versus oscillation frequency curve in Figs. 3 and 4. .
total of nine cases, denoted by Roman numerals | through IX, fam x/D=1.6 10 2.2(~40 percent |nqrea$ér0m Reynolds num-
presented at frequencies and amplitudes shown in Figs. 3 and2" 500 to 1000 for a stationary cylindeoca et al[15]). The
Nusselt number may also increase in this span of Reynolds num-
Roll-up Distance Versus Heat Transfer. The most impor- ber by~40 percen{MacAdams14]). Since the trends are oppo-
tant result from the DPIV/T study is the connection between thste to those of the forced oscillating cylindéncrease in wake
length of the mean wake bubble, i.e., length of the recirculatidsubble length results in decreased heat trahstee Reynolds
bubble, and the surface heat transfer. Figure 5 shows that therausnber, not the wake bubble length, must be the essential param-
a strong correlation between the wake bubble length and the oveter in determining the heat transfer from a stationary cylinder.

Experimental Conditions.
was carried out at Reynolds number of 610. The freestream te
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Fig. 7 Nusselt number versus mean total vorticity flux of the
lower shear layer at x/d=0.8

and this may result in the roll-up of the vortices very close to the

cylinder. In Cases Il and V, the wake is synchronized with the

mechanical oscillation frequency since the wake and oscillation
frequencies match. For other frequencies that are multiples or
close to multiples of the large-scale vortex shedding frequencies,
period doubling(case VII)and period tripling(cases IV and 1X)

are observed with respect to the cylinder oscillation period. This

Fig. 6 Stagnant and non-heat convecting fluid near the base phenomenon of period doubling and tripling has been observed by
of the cylinder for Case (1), and vortices scrubbing away fluid Ongoren and Rockwel[l17] through flow visualization in water
near the base of the cylinder for Case  (Il). Note the close roll-up  (hydrogen bubble techniquéor cylinders of various shapes. For a

of the vortex and large velocity near the base of the cylinder in wedge shaped cylinder, they observed the formation of one small

Case (Il) as compared to Case (I). Note: the contours are lines

of constant vorticity. vortex per sidgtop and bottom¥for each oscillation of the cylin-

der when the oscillation frequency was an integer multiplenf

the large-scale vortex shedding frequency. Titdistinct vortices
merged downstream to form the large-scale vortices which then
When the cylinder is in forced oscillation, the wake bubble lengtighed at a much lower frequent/n of the oscillation frequendy

not the “effective” Reynolds number or freestream velodiBg. The merging process is shown in Fig. 11 of Ongoren and Rock-
11), appears to be the essential parameter in correlating the H¥gH [17]. Similar observations are made in this study, except that
transfer. These effects must be kept in mind when examining tA¥r9ing appears to occur much closer for the case of the circular
trend between the wake bubble length and Nusselt number Gdinder, especially for Case IV and IX.e., n=3). Figure 9
shown in Fig. 5. shows the sequence of phase averaged vorticity fields for Case IV.

The increase in the heat transfer may be also correlated with {iBgoren and Rockweltl 7] observed that oscillating the cylinder

increase in the vorticity flux through a surface normal to the wakBree times the natural shedding frequency generated three distinct
centerline as shown in Fig. 7. The measured vorticity flux is thgrtices per side, of which the first two merged some distance

amount of surface normal vorticity(,) passing in the streamwise (X/D~2.5, whereD is the side length of a 60 deg wedgtown-
direction through a surface below the wake centerlines/a  Stream followed by a merger of the third vortex with the first two

=0.8, i.e., the location of the lower shear layer. The most likel§tX/D~4. In this study(circular cylinder as opposed to a wedge
reason why the Nusselt number correlates so well with the vortitirée distinct vortices are not observed. Instead, one large vortex
ity flux is that the amount of vorticity a shear layer contains may
have direct influence the formation length, i.e., length of the mee~4 45

wake bubble. It is observed that the larger the amount of vortici M Case VIII

flux, the shorter the length of the bubble. This is consistent wit 1% " .\IV

the “free-streamline” or “cavity” theory (Roskho[19]) which & 1111  cuerx —  ~ oAb =04
predicts that the bubble length will decrease if the vorticity flux i€ 109 ] AN BAD =02
increased. Hence, a shorter bubble length implies more cIos% ’ L A Stationary
rolled-up vortices which are more effective in transporting awag 1.7 CaseTl " Case V

the non-heat convecting fluid at the base of the cylinder. TI2 g5 | \\

correlation between the vorticity flux and the length of the meeg "

wake bubble is shown in Fig. 8. z 1031 “

Structure of the Wake. The observation of a short wakeg 1ot " Case VII
bubble length, or a roll-up of the vortices close to the cylindes 0.99 4 Case VI \l\ Case
always coincides with the synchronization of the wake with sonm g7 | n N A
integer fraction(1/n, n=1,2,3) of the mechanical oscillation fre- 005 Case Il g

quency. Regardless of the oscillation frequency, the frequency
the large-scale vortex shedding remains near B2 (Ongoren
and Rockwel[17]). When the frequency of oscillation approaches
some multiples of the large-scale vortex shedding frequency, thig. 8 Vorticity flux versus the length of the mean wake
wake pattern becomes synchronized with the cylinder oscillatiomybble

0.5 0.7 0.9 1.1 1.3 15 17 1.9 2.1 2.3 2.5
Wake Bubble Length (x/D)
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Fig. 9 Sequence of phase averaged vorticity fields for forced oscillating cyl-

inder at St ,=0.58, A/D=0.1 (Case IV). (|[{w,)D/U.|)1.0, contour increment
0.5). See Fig. 13(D) for phase corresponding to each letter.

is generated in two cylinder oscillation, and a second smaller vor-While a lack of synchronization of the wake with the mechani-
tex is generated which does not appear to merge with the largal oscillation of the cylinder results in vortices rolling-up far
vortex in the near wakérig. 9). from the cylinder, a simple synchronization of the waken@ a

In this study, a lack of synchronization of the wake with theufficient condition to cause the vortices to roll-up close to the
cylinder oscillation is associated with roll-up of the vortices facylinder, i.e., high heat transfer. Figures(A2and (B) show the
downstream of the cylinder. For Case Ill and VI, the wake is not
synchronized with the motion of the cylinder. The PSD of Case
l1l, computed from the time-trace af, (transverse velocityat the o
location of maximum fluctuations on the wake centerline, shows
that the dominant frequency in the wake is at8t20 (Fig. 10).
The Strouhal number, St, is defined as=$D/U.. , wheref is the
wake frequency. The cylinder is oscillated at=50.34, but there
is little sign of wake excitation at the frequency of oscillation
(St.;=0.34) in the PSD. This suggests that the shedding of the
large-scale vortices is unaffected by the cylinder oscillation and
remains near the frequency of the stationary cylinder at St
~0.20. A sequence of the phase averaged vorticity field locked to
the mechanical oscillation of the cylinder shows that the vorticity
field at each phase looks remarkably like the mean vorticity field
(Fig. 11(A)). This further confirms that the large-scale vortex
shedding is unaffected by the cylinder oscillation at this oscilla-
tion frequency. By phase averaging with respectufoas de- Vo1 6z 03 04 o5 o6 o7 o8 05 1
scribed in the phase averaging section, the large-scale vortex *
shedding cycle can be recovered as shown in FigBl1The Fig. 10 PSD of u, at location of maximum v, fluctuations on

same behavior is observed for Case VI which has higher ampiie wake centerline for forced oscillating cyllnder atSt  .=0.34,
tude of A/D=0.2. A/D=0.1 (Case lIl)
Journal of Heat Transfer FEBRUARY 2001, Vol. 123 / 57
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Phase {a) Phase (a)

Phase (c)

Phase (e)

Fig. 11 Sequence of phase averaged vorticity fields for forced oscillating cyl-

inder at St ,=0.34, A/D=0.1 (Case lll). (|{w,)D/U.|)1.0, contour increment 0.5 ).
The phase averaging is done with respect to the cylinder oscillation frequency in

(A) and v, at location of maximum  u,, fluctuations on the wake centerline in (B).
See Fig. 13(A) and (B) for phase corresponding to each letter.

wake patterns are synchronized with the one-half the cylinder dails to generate a pattern where the vortices roll-up close to the
cillation frequency for both Cases VII and VIII, respectivelycylinder. Analogously, the heat transfer does not increase for o0s-
However, in Case VIII, which is of only slightly higher frequency cillations frequencies corresponding to four or five times the
the vortices roll-up farther downstream as compared to Case MHyge-scale vortex shedding frequency. The reason for why the
and this case has a low effective heat transfer rate. wake has certain preferred frequencies at which the vortices
Finally, the oscillation frequencies corresponding to the peaksll-up close to the cylinder is unknown at this time.
in the heat transfer rate seem to shift slightly as function of oscil-
lation amplitude. FOA/D =0.2, the oscillation frequencies corre-,, "
sponding to the maximum heat transfer rates seem to shift |Owe'l;urbulence Effect
than the multiples of the vortex shedding frequency of the un- From the results, we attempt to address the “turbulence” effect
forced cylinder(Fig. 4). For smaller amplitudeA/D =0.1), the as described by Cheng et §] who attributed it to the rise in
maximum heat transfer rate seem to nearly coincide with the miileat transfer ad/D =0.314 past $t=0.3. The “turbulence” ef-
tiples of the vortex shedding frequency of the unforced cylindefect, as it turns out, appears to be an organized pattern in the wake
Oddly, no peak in the heat transfer rate is observedAdp associated with the synchronization of the wake with the cylinder
=0.1 at twice the large-scale vortex shedding frequency. Thisascillation through processes of period doubling and tripling. For
consistent with the results of Gau et @8] which also showed an A/D>0.2, the increase in the heat transfer just above the natural
increase atonly three times the shedding frequency f&/D  vortex shedding frequency is associated with period doubling and
<0.064. While the results from Case Il do not show any syris the result of vortices rolling-up closer to the cylinder and scrub-
chronization of the wake pattern with the oscillation frequencyiing away the stagnant fluid at the base of the cylinder for se-
the oscillation frequency may be too low (St0.34). It is likely lected oscillation frequencies. At the lower amplitudagD
that the wake achieves synchronization a=81.4 but probably <0.1, the heat transfer decreases because the vortices roll-up
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Phase (a) Phase (a)

x/D x/D

(A) (B)

Fig. 12 Sequence of phase averaged vorticity fields for forced oscillating cyl-

inder at St .=0.37, A/ID=0.2 (Case VIl) (A), and St.=0.42, A/D=0.2 (Case VIII)
(B). ([{w,)DIU,])1.0, contour increment 0.5 ). See Fig. 13(C) for phase corre-
sponding to each letter.

close to the cylinder only for three times the vortex sheddindimensional approximation of the surface temperature. A two-
frequency. This result is confirmed by measurements by Gau etdimensional simulation shows that one-dimensional approxima-
[8] for A/D<0.064. There may be indeed an effect from incohetion produces a somewhat large bias error, i.e., absolute
ent or “turbulent” motions in the wake as suggested by the resulihcertainty, but the relative error is less sensitive. In other words,
of Nusselt number never quite returning to the value of the stiu, may be off, but Nu/Ny is accurate. Irrespective of our re-
tionary cylinder(Figs. 3 and 4, and Gau et §8]). However, the sults, there is a large scatter in the Nusselt number found in lit-
large increases observed at particular frequencies are the resub@fure. Again, one cause of the scatter might be the cylinder
coherent or synchronized motion of the wake with respect to thgpect ratio I(/D). It has been observed that decreasing the as-
cylinder oscillation. pect ratio increases the wake bubble length; hence, the distance at
. which the vortices roll-ugNorberg[16]; Noca et al[15]). Since
Error Analysis the distance at which vortices roll-up plays an important role in
The relative uncertainty in the Nusselt number is given by: the surface heat transfer when the cylinder is oscillated, the aspect
) 42 ratio may be an important parameter in determining the relative

L\ 2

(Tie—T.) z 6Q sD\? [6L increase in the heat transfer between a stationary and oscillated
SNUu (Tme) + 3 + F + T + cylinder. Review of the aspect ratios used in previous studies
= ~ show a range of rather low values, frdniD=3 of Saxena and
Nu 2 [6R\Z [k\® [ Skeo\® [ Skei\? Laird [20], L/D=10.7 of Kezios and Prasanfal], L/D=16 of

2 — +(—) + ) +(— Cheng et al[4], L/ID=17 of Gau et al[4], to UD=17.5 for

=1\ R K kco Tei Sreenivasan and Ramachandf2d]. The end boundary condi-

tions of these experiments have not been well documented. There-
The relative uncertainty in the Nusselt number is on the order fsfre, the measurements from these studies, as well as the present
10 percent. The absolute uncertainty is roughly 25 percent. Thiudy, may not be truly representative of heat transfer from an
large absolute uncertainty in Nusselt number comes using ori@finitely long” circular cylinder which may be achieved only
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Fig. 13 Reference velocity and displacement of the cylinder corresponding to each letter of
phase average

Table 1 Parameters from different studies

Authors Re Medium A/D Max. Nu,/ T.T.. L/D
Nw/Nu, | Re™pr®®
Sreenivasan 5,000- Air 0.43- =1.0 =0.5-0.7 | =75°C 18
and 25,000 37
Ramachandran
(1961)
Kezios and 5,500- Air 0.02- =1.2 277 | =85°C 11
Prasanna 14,000 0.075
(1966)
Saxena and 3,500 Water 0.89- =1.6 77?7 =9 °C 3
Laird (1978) 1.99
Cheng et al. 200- Air 0.14- =1.3 =0.55 | =65°C 16
(1997) 1000 0.63
Gau et al. 1600- Air 0.064- =14 =0.55 77 17
(1999) 4800 0.016
Present Study 550- Water 0.1- =1.6 =0.4-0.5 | =10°C 13
3500 0.2
60 / Vol. 123, FEBRUARY 2001 Transactions of the ASME
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A review of the previous measurements shows that there is a

wide scatter in the measured heat transfer increase at the wake

synchronization frequency (St0.2). Experimentally, Kezios Nomenclature

and Prasanngll] measured increase of 20 percent #fD

=0.075 at Re=5500, while Cheng et p.] measured increase of A

10 percent forA/D=0.138 at Re=1000 Gau et 4B] has found Bi B ﬁlottnumbe_r LY

increase up to 40 percent f8/D =0.064 at Re=1600. There are DP ; d;%g;ﬁagf'tg linder

some possible reasons for these discrepancies. First, some experi- f = frequenc y

ments were conducted in water and others in air, thus there may _ freguency of cevlinder oscillation

be Prandtl number effects. Second, each study used a differentGCr — Grash fy by T —TD32

technique of computing the Nusselt number. Kezios and Prasanna ~_ rasnor num erq,B(_ ¢~ T=)D%/v%)

[11] used thermocouples on the surface of a cylinder which was g = accelera}tlon of gravity -

heated continuously, and the Nusselt number was estimated from h = convection heat_tr_ansfer coefficient

the continuous power input and the average surface temperature, k = thermal conduct!v!ty .

Gau et al[8] made measurements similar to Kezios and Prasanna<co — thermal conductivity of outer shell of cylinder

[11] except the heater strips were used to measure local NusseIIkC' B therma; COPd(;JCtIVI'[y of heat coil inside cylinder

number. Cheng et al4] used thermocouples embedded within a L _ span of cylinder

cylinder which was first heated then allowed to cool by convec- Nu = Nusselt number{D/k) . .

tion. The Nusselt number was computed indirectly by measuringNuo = Nusselt number of stationary cylinder

the cooling rate of the cylinder. In this study, the cylinder is con- r= Pranc_itl number ¢/ &)

tinuously heated, but the Nusselt number is computed using an Q = heat input _

estimateof the surface temperature from a thermocouple embed- @ = heatinput per unit mass .

ded in the cylinder core and the power input. It can be argued that Re = inner radius of heating coil inside cylinder

the methods of Kezios and Prasaridid] and Gau et al[8] are R, = outer radius of heating coil inside cylinder

the most accurate since they are the most direct measures of theRs = outer radius of cylinder

Nusselt number. The results of this study are closer to those of R€ = Reynolds numberl{..D/v)

Gau et al[8] than those of Kezio and Prasanfid ] and Cheng St = Strouhal frequencyf(D/U..)

et al.[4], but the issue is far from resolved. Since the cylinder St = Strouhal frequency of cylinderf(D/U..)

used in this study was primarily designed for DPIV/T measure- _| — teémperature

ments, the computed Nusselt numbers in this study is not precise 1= = freestream temperature

enough to address this question. However, the observed trends in ¢ = Surface temperature of cylinder ,

the heat transfer rate as function of oscillation frequency and am- Ttc = témperature of thermocouple inside cylinder

plitude in this study are believed to be completely accurate. t = time )
U, = freestream velocity

) U = velocity vector
Conclusion u; = i" velocity component
In this study, we examine the effect of forced transverse oscil- Ve = effective velocity of cylinder
lations on the heat transfer from the surface of a circular cylinder V, = RMS of transverse velocity of oscillating cylinder
for Re=550, 1100, 3500. A map is made of the heat transfgj;eek
versus forced oscillation frequency for oscillation amplitudes, o .
A/D=0.1 and 0.2. It is found that besides the increase in heat ¢ = heat diffusion coefficientk/pCp)
transfer at the oscillation frequency corresponding to the unforced 8 = coefficient of thermal expansion

A = amplitude of oscillation

vortex shedding frequency, there are other higher frequencies, P ~ d,e“Sity, ) .
namely super-harmonics, at which there is a large increase in the ¥ = kinematic viscosity
heat transfer. In particular, there is a large increase in heat transfer @ = Vorticity

at approximately three times the unforced vortex shedding fre-

quency forA/D=0.1, and there are large increases at approxi-

mately two and three times the frequency D =0.2. A close References
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M. R. Heikal medium duty truck Diesel engine the gas thermal conductivity may need to be increased
School of Engineering, by more than 100 percent at the initial stage of calculations to account for transient
Faculty of Science and Engineering, effects during the process of droplet heatingdOl: 10.1115/1.1337650
The University of Brighton, .
Brighton BN2 4GH, UK Keywords: Droplet, Heating, Heat Transfer, Spheres, Sprays, Thermal
1 Introduction 2 Basic Equations
Newton'’s law of cooling gives the expression for convective Let us assume that a sphere of radiygnd temperatur@; is
heat flux leaving a solid surface in the forfri]): immersed into an infinite homogeneous gas at temperaiyye

The temperature of sphere remains constant, but the changes in
gas temperature are described by the heat conduction equation in

q=h(Ts=Tgo), @ the form ([8)):
whereh is the convective heat transfer coefficient, is the tem- ﬂ: « (72_T+ E f ®)
perature of the surface of the body,, is gas temperature at at o o)’

sufficiently large distances from the body. Although the expres-
sion (1) is traditionally called the cooling law, it can be equall
applied to the problem of heating of the body.

The value ofh can be estimated dgl]): h=Nuk/L, where Nu
is the Nusselt numbek is the gas thermal conductivity, is the
characteristic size. This expression can be considerably simplif

here k=k/(cpgpg), Cpq is the gas specific heat capacipy, is
the gas density, is the distance from the center of the spheiis,
time, T(rg)=Ts.

The assumptio ¢=const made to simplify the mathematical
ifé)amulation of the problem has a number important physical im-

in the case of spherical bodiés.g., droplets, particlgsassuming plications. For example, in the case of fuel droplets, their heating

that both Reynolds and Prandtl numbers are small. In this case Qe N€at transfer from the hot gas can be compensated by their

can assume that N2 and simplify the expression fdr to cooling through evaporatioftf. [9,10)). .
Equation(3) can be reformulated in terms of new variables

h=k/rs, 2) V=rT—rgls R=r—ryg

and written as
whererg=L/2 is the radius of the sphere. oV 2V
Strictly speaking, this form of the expression tois valid in L —s.
stationary cases only. However, it has been widely used for mod- at IR?
eling not only stationary but also transient processes, including th - - . . )
combustion of fuel dropletée.g..[2—6]). This assumption allows s:-rl;theed k;osundary and initial conditions for this equation are pre
the analysis to be considerably simplified, but its applicability has
never been rigorously justified to the best of our knowledge. V(0,H)=0 V(R,0=f(R), (5)
The objective of this paper is to investigate the transient heat
transfer between a spherical body and surrounding gas in ordefigere
clarify the range of applicability of Eqg1l) and(2). The aim of
this paper is to generalize these equations so that they can be f(R)= RTgo+rs(Tgo—Ts) when R>0
applied to both stationary and transient processes. The effects of (R)= 0 when R=0.
evaporation and combustion will be ignored. This enables the re- ] ] N )
sults to be applied to a heat-up period of fuel droplets—a problem The solution of Eq(4) subject to condition$5) can be written
complementary to the unsteady effects in droplet evaporation amei(11]):
combustion discussed by Crespo anddrifi7]. 1 . R £)2
Basic equations will be derived and discussed in Section 2. In V(R,1)= J f(g){ex;{— (R=9) }
Section 3 our results will be applied to the modeling of a typical ' 2\mktJo 4kt
problem of heating fuel droplets in a Diesel engine. The main 5
conclusions of the paper are summarized in Section 4. —exp{ ~(R+9)
4kt

“

dé. (6)

Contributed by the Heat Transfer Division for publication in tHGUBNAL OF . . .. . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division September 23, Hav_'ng SUbSt'_tUted the explicit expression f¢g) into (6) and
1999; revision received June 21, 2000. Associate Editor: J. P. Gore. returning to variable§ andr we obtain:
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= fs r=rs — [CpgPyg
T=Tgot T(TszgO) 1erf(2\/z) , @) {=2rg TKAL (13)
On the other hand wheAt<ty Eq. (12) is simplified to
where c
- [CpgPg
g_ rS 7Tkt0 . (14)

2 X

erf(x)= —| exp—t?)dt. . .

() \/;fo Xp—t) 3 Discussion
L . L Equation (9) is applied to a typical situation of gas cooling
In the limit r=r Eq. (7) givesT=Ts. In the limitt—0, but 45und a fuel droplet in a medium truck Diesel engine where
r#rs, this equation give§ =Ty, in agreement with conditions qrqplets are injected at room temperature into ail gt==880 K
(5). . . . . . and pressure 60 bar. Under these conditipgs 23.8 kg/n?, k

Equation (7) gives the radius of the effective cooling zone_ gg1 wim-K,c,,=1120 J/kg-K. For a typical timestep used in
around the cold bodydroplet)in a hot gas as a function of time. D calculationspztzlo’S s) we obtain from Eq(13) that at
If, for example, we assume that time is large and define the cogl- = i '

the start of calculationg~1.4. This means that the thermal con-

ing zone as the one whefle=0.8Ty, then the radius of this zone >LC > o
(r.,) can be obtained as ductivity of gas used for the estimate of the rate of the initial
droplet heating can be significantly highgnore than 100 per-
cent)than commonly believed. This time scale is much less than a
typical droplet evaporation time (18 s). Moreover, the change
If Tgo~=3T; (realistic situation in Diesel engines: sgi]) then of droplet temperature ovekt=10 % s can be safely ignored.
r.~10rs. This condition needs to be accounted for in computéence the assumptions of our model regarding the absence of
modeling of heat exchange between droplets and gas in orderet@poration and the condition thif=const are satisfied in this
avoid grid dependence when coupling Lagrangian droplet trackipgrticular case.
W|th t_he _Eulerlgn_ gas phase in CFD calculatlons. It is usua_tIIX Conclusions
satisfied in realistic Diesel spray calculations where the drop sizes . )
are of the order of 1&m and the grid sizes are of the order of 250 It is pointed out that the Newton’s law of cooling can be ap-
um, although this effect can be important in the case of largghed to the problem of transient cooling or heating of a spherical
droplets. body (droplet)in a homogeneous gas if one replaces gas thermal
Based on(7) the heat flux from the surface of the sphere (conductivity by the effective thermal conductivity. The latter re-
=rg) can be estimated as: duces to the gas thermal conductivity in the limittef oo, but can
be substantially larger than the gas thermal conductivity in the
s limit of t—0. In the case of fuel droplet heating in a medium duty
1+ . truck Diesel engine gas thermal conductivity may need to be in-
Kt creased by more than 100 percent for the initial stages of calcu-
. . lations to account for transient effects during the process of heat-
Comparing Eqs(l), (2), and(8), it can b_e seen that _the New-ing of these droplets.
ton’s law of cooling can be used to describe the transient process
discussed above, if the gas thermal conductikiig replaced by References
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rCZ: 5|’S(Tg0— TS)/TQO .

T KT Ty0)
o rs

q= 8)

keff: k( 1+ é’) ’ (9)

where

(10)

[CpgP
_ pgrg
£=rs mkt’

In the limit t—o0, ks—k as expected. On the other harkd
can be infinitely large wheh—0.

The average value d{;; over the period fromt=t; to t=t,
+ At can be estimated as

keir=k(1+0), (11)

where

— 1
= a1

to+At 2 CogPy
J {dt=mrs W( \/tO+At—\/E).

to

(12)

In the case whemy=0 Eq.(12) is simplified to
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1 Introduction 3 Results

There has recently been renewed interest in hypersonic flightBefore testing the models under hypersonic conditions, a tran-
vehicles. Projects such as Sandia laboratories’ Hypersoar awhic flow test case is examined. In all calculations presented here
NASA'’s Hyper-X are current examples. The engine inlets of theske boundary layer was allowed to develop and transition natu-
vehicles typically involve compression ramps which, through @ally, starting from a freestream inflow. All models were initial-
series of shocks, reduce the engine inflow Mach number to supeed with eddy viscosity equal to the molecular one.
sonic levels to enable supersonic combustion. Such a shock sys:- . . .
tem imposes, however, a severe penalty in terms of surface hegts-1 Transonic Flow Over an Axisymmetric Bump. A

ing, requiring careful attention to the choice of materials and/ a(c)? 0.875 flow over an axisymmetric bump at.Rd3.6
cooling devices to avoid the possibility of local melting of theX10°/m was computed. Experimental data are by Bachalo and

vehicle’s skin. It is important, therefore, to be able to predi&Ohnson[lo]- Here a normal shock, impinging on the bump,
hypersonic flow over ramp configurations, including surface hedtduses flow detachment from the surface with subsequent reat-
ing characteristics, with the aim of using this capability for analyi@chment further downstream on the cylindrical portion of the
sis and design purposes of vehicle components such as endl} el. The computations were performed on aX81 grid with
inlets. The ability to predict turbulent hypersonic flows with higty <1 at the first centroid away from the wall. Streamwise clus-
level of confidence carries much broader benefits, namely ent{f$ing was also imposed, centeredxt=0.7 where the shock
vehicle external/internal flow prediction capability for preliminaryMmpinges on the wall according to the experiment. A second cal-
design and, later, for various analysis purposes. culation on a 214>115 mesh(twice the previous gridconfirmed

Sincek- e models are known to severely overpredict heat tran§id independence of the results as seen in Fig. 2. A sketch of the
fer levels in flows involving adverse pressure gradi¢ai), it is 9eometry and main flow features is included in Fig. 1. Figures 2
desirable to evaluate the performance of single equation closu@$l 3 present surface pressure coefficiey)(and skin friction
under such flow conditions. This paper aims, therefore, at testikfgt) Profiles, respectively. In the figures the origin of the axial
the performance of three single equation turbulence models GRordinatex, is at the bump leading edge; the radial coordingte,
predicting hypersonic flow heat transfer: tRg model ([2]), the Originates at the axis. All lengths are scaled by the bump aord,
Spalart-Allmaras mode[3]) (henceforth denoted as “S-A’and The R, model predictions on the two grids coincide. Figure 4
Menter's one-equation modél4]). To this end, the Mach 9 flow shows velocity proflle_s at two streamwise locations; one within
over a 38 deg cooled ramp, with experimental data by C0|emgp_p rever_sed flow region, the other (_:iownstream of reattachment.
and Stollery[5], was chosen. The formulations of the latter twdinally, Fig. 5 shows convergence history.

models are given in detail in Ref§.3]) and ([4]), respectively. ~ The R; and Menter models predict the pressure best, whereas
The R, model is described in the Appendix. the S-A closure predicts the shock further downstream than indi-

cated by the data. The post-reattachment pressure level is corre-

2 Highlights of the Numerical Approach spondingly overpredicted by this model. On the other hand, the

A Navier-Stokes solver for either compressible or incompress-
ible fluid flows was used in the present work. The solver features
a second order Total Variation Diminishiri@VD) discretization
based on a multi-dimensional interpolation framework which is
utilized also for the viscous terms. An HLL@Harten, Lax, van
Leer, with Contact wavenonlinear Riemann solver is used to M=0.875
define the(limited) upwind fluxes. This Riemann solver is par- ————> D=15.2cm

ticularly suitable for hypersonic flow applications since, unlike ¢ =20.3cm
classical linear solvers such as Roe’s scheme, it automatically h =1.90cm bubble
enforces entropy and positivity conditions. Further details regard-
ing the numerical methodology can be found in R&f6-9]). {h c
| pr2

Contributed by the Heat Transfer Division for publication in thBURNAL OF -t - o
HEAT TRANSFER Manuscript received by the Heat Transfer Division August 4,
1999; revision received, September 5, 2000. Associate Editor: J. Gore. Fig. 1 Axisymmetric bump: geometry and flow features
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Fig. 2 Axisymmetric bump: wall pressure distribution
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Fig. 3 Axisymmetric bump: skin friction distribution
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Fig. 5 Axisymmetric bump: convergence history

the standard- e closure. Turning to the velocity profiles, the S-A
model overpredicts the extent of the reversed flow while Rhe
and Menter’'s model capture the reversed flow profile quite well.
All models predict a sluggish boundary layer post-reattachment
recovery, but Menter's model is slightly better in the near-wall
region, again, typical ok-e models which tend to underpredict
the extent of flow separation. Ti&g model yields the best overall
prediction of this flow case.

3.2 Hypersonic Flow Over a Compression Ramp. This
case is a two-dimensional Mach 9 flow over a 38 deg cooled
ramp, with experimental data reported in Rg6]). An oblique
shock, impinging on the boundary layer downstream of the ramp
corner, induces flow detachment with subsequent reattachment
onto the ramp surface, where a large heat transfer peak occurs.
Figure 6 shows the geometry and main flow features. The flow
conditions are as follows: inflow Mach number is 9.22,,Re
=0.47x10P/cm, total temperature is 1070 K,.=64.5K and the
wall temperature is 295 K.

The computation was done on a 25R00 grid with at least 20
cells inside the viscous sublayer, first centroidal point away from
the wall being aty*~0.1. The grid was clustered in thedirec-

02 : M 0'87,5 T tion too, centered at the ramp corner. A 20060 grid was also
i used to ascertain grid independence of the reported fine mesh
Rt mode 1 results.
———S-A | Figure 7 shows wall pressure distribution as predicted by the
02 | | —-— Menter 1-eq. I | single equation models and Fig. 8 shows the corresponding wall
O exp. x/c=1.00 i heat transfer. Comparison with the experimental data indicates
O exp. x/c=1.39 that the R, model predicts this flow better than the other two
< 041 1 models. It captures the extent of the separation region; hence, it
also captures correctly the shock location and the peak pressure
level. The S-A model predicts less than half the size of the ex-
0.1 ] perimentally observed bubble, and Menter's model predicts an
even smaller reversed flow, thus both models place the shock too
0.0 .
-0.2 0.2 .0.6 1.0 M=922
U/linf )
Fig. 4 Axisymmetric bump: velocity profiles o
j38
S-A andR; models capture the skin friction well, whereas Ment- 1
er's closure underpredicts the extent of the separation bubble by

about 40 percent, reminiscent of some linkat models’ perfor-
mance. This aspect of Menter's model is evident also in the next
flow case and stems from the fact that it was largely derived fromFig. 6 Hypersonic ramp flow: geometry and flow features

X =56 cm
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38 DEG. RAMP M=9.22 38 DEG. RAMP M=9.22

wall pressure time history of skin friction
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) ) o Fig. 10 Hypersonic ramp flow: convergence history
Fig. 7 Hypersonic ramp flow: wall pressure distribution

38 DEG. RAMP M=9.22 , :
perimental data as welhlbeit to a lesser extenand may stem
wall heat transfer from a local structure in the reattachment zone. Predictions on the
1.0 T1 two grids exhibit relatively minor differences. Figure 9 depicts the
— Rt250X200 i heat transfer distribution in the reversed flow region upstream of
Iy i the shock, showing that th® model captures the start of increase
—-— Menter 1-Eq i in heat transfer above th_e flat plate level, associated with the lead-
O exp. data ) i '\ ing edge o_f the separation bubble. The o_ther_twp mgdels do not
. H . capture this flow region correctly, resulting in inferior perfor-
I
!
!
]

—— Rt 200X150

e ——

mance further downstream.

Figure 10 is a convergence history plot, based on skin friction.
It shows that theR, and Menter's model converge about four
times faster than the S-A model.

Qw/Qw_ref

4 Summary and Conclusions

0.425 0.675 The performance of three single equation turbulence models
X [m] was evaluated under transonic and hypersonic flow conditions,
both involving adverse pressure gradients strong enough to im-
pose a large reversed flow region. In the former case all models
performed well, but Menter's model underpredicted the extent of
38 DEG. RAMP M=9.22 flow separation. In the latter case neither the S-A nor Menter’s
model was able to capture the pressure profile correctly due to
wall heat transfer underpredicting the bubble size. The S-A model nevertheless pre-
02 i dicted the heat transfer distribution quite well, whereas Menter’s
— Rt closure yielded about four times the observed peak level. In con-
——-S-A trast, theR, model predicted this flow very well, even though it
—-— Menter 1-Eq. has not been optimized to high-speed flows. It was also observed
O exp. data that Menter's model behaved similar to a typi&ak closure un-
der adverse pressure gradient conditions.
01} ] It is concluded that the topography-parameter-fRgemodel
may be the best choice, within single equation closures, for reli-
able prediction of hypersonic wall-bounded flows.

Fig. 8 Hypersonic ramp flow: heat transfer distribution

Qw/Qw_ref

5 Appendix: R; Model Formulation

0.0 . The R, model consists of solving the following transport equa-
0.45 )(()'[50] 0.55 tion for the undamped eddy viscosifR):
m

DR 4 mi) IR o

Fig. 9 Hypersonic ramp flow: heat transfer distribution detail P DT % pt orl %, +C1p(RP) 7= (Csf3—C;)pD,
)

gere the turbulence production is expressed in terms of the
oussinesq approximation

far upstream and underpredict the peak level. The heat transfe
again, best predicted by tHg, model, but the S-A closure also

performs quite well. Menter’'s model, however, yields a peak heat aU;  dU;\ dU; 2 dUy 2

transfer some four times the observed level, much like the perfor- Py=; o + -~ o 3 (77) 2
mance ofk-e models. The oscillatory behavior exhibited by the ] R k

R; model in the peak heat transfer region is observed in the exnd the destruction term is
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Fig. 11 Pipe flow: law-of-the-wall and shear stress profiles

FLAT PLATE M=0.2 FLAT PLATE M=0.2
skin friction velocity profile at x=0.84 m
1.0 2.0 T T T
B —— Rt model
—_— modael —— —_
——— S-A S-A
—-= Menter 1~Eq. T —-—- Menter 1-Eq.
S O Theory —
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0.0 0.5 1.0 0.00 0.05 0.10 0.15 0.20
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Fig. 12 Flat plate flow: skin friction and velocity profiles

IR IR cific flows was done. Figures 11 and 12 show grid-independent
I I >0 results for fully developed pipe flow and flat plate flow. All mod-
D= R ’ @) els predict the same flat plate boundary layer thickriEgs 12).
0, otherwise TheR; and S-A closures are in close agreement regarding the skin
where friction distribution and slightly underpredict the theoretical
curve.
dQ IR Further details about the model are given in RE2]). Final
o= 0—)(1 &—)(j, (4)  results for the closure parameters are as follows:
and f3=1+2al(3BCsx), 9)
Q=[(U—Ug)*+(V—Vo)*+(W—W)*]* (5) C1=x*(C3=Co= "), (10)
Here{U(,V,, Wy} is the velocity vector of the frame of reference C,=—-5a/(3B0R), (11

(often 0); U;=(U,V,W) are the cartesian velocity components(‘le d
xj=(X,y,z) are the corresponding coordinatgsand w, are the n

dynamic molecular and eddy viscosities, respectivelys den- C3;—C,=3/(207R), (12)
sity; andy, is the kinematic eddy viscosity, /p. The conditional

application of the sink term avoids sharp turbulent/nonturbuleif"€ré or=0.8, «=0.07, ands=0.2. L
interfaces at shear layer edges since the term is used only in thEduation(1) is subject to the following boundary conditions:
lower portion of the boundary layer, whege>0. It is noted that 1 gglid Walls

this term vanishes naturally at the location of maximBRmsince R=0 (13)
VR=0 there. The formulation retair®=0 from that point to- '
ward the boundary layer edge. 2 Freestream Inflow and Initial Conditions
The eddy viscosity field is given by
R.<v. (14)
m=TupR, (©) The model has been validated for numerous two-dimensional and
where three-dimensional wall-bounded internal and external flow cases
_ 2 2 across the Mach number rang@,11]). While its formulation is
f=[tantax?)J/[tanh(Bx)], @) general, it has not been validated for free-shear flows.
and
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Practical Experience With the

Discrete Green’s Function

Approach to Convective Heat
Keith A. Batchelder Transfer

e-mail: kito@genemachines.com
Genomic Instrumentation Services, Inc.,

935 Washington Street, The heat transfer from a short uniform heat flux strip beneath a turbulent boundary layer
San Carlos, CA 94070 with and without freestream turbulence was measured using a liquid crystal imaging
technique. Freestream turbulence intensities were on the order of 12 percent. Data were
John K. Eaton taken at momentum thickness Reynolds numbers on the order of 1000 and 2000 for the
e-mail: eaton@vonkarman.stanford.edu turbulent and steady freestreams, respectively. Heat transfer enhancement due to the
Department of Mechanical Engineering, presence of freestream turbulence was quantified in terms of the ratio of the average St's
Thermosciences Division, on the strip: turbulent freestream divided by steady freestream. Compared to the baseline
Stanford University, case of a uniformly heated surface upstream of the strip, the heat transfer enhancement
Stanford, CA 94305-3030 decreased by 20 percent. The temperature distribution measured on and downstream of

the heated strip represented one column of a discrete Greens function that was used to
predict the heat transfer for any arbitrarily specified thermal boundary condition given
the same flowfield. Predictions are compared against correlations and numerical predic-
tions as well as data from the literature. The details and practical applications of this
approach to handling heat transfer with non-uniform thermal boundary conditions are
presented. [DOI: 10.1115/1.1336509

Keywords: Conjugate, Experimental, Forced Convection, Heat Transfer, Turbulent

Introduction transfer for any distribution of wall temperature or heat flux using

Usually convective heat transfer takes place over surfaces w imple matrix-vector multiplication. Contrast this to using a mod-
y p CFD code which requires the user to set up the boundary

non-uniform temperature and heat flux distributions. Analysis Qb itions and re-solve at least one differential equation for each
the heat transfer is important to insure that maximum tempergs., thermal boundary condition.
tures stay below material limits, and to calculate thermal stressesta Green's function description suggests appropriate experi-
Prediction of average component temperatures or bulk heat 10ggs,s for measuring heat transfer. One technique to measure the
is not sufficient in many applications. Analytical or computationatyeen’s function is described and its accuracy is assessed relative
methods also must be able to yield local temperature distributiofgScomputed and conventionally measured resuits. This technique
often requiring conjugate solutions of the conduction and conveg-demonstrated for a simple flat plate flow here. The same tech-
tion problems. nique is also applicable to more complex flows, although a more
The majority of convective heat transfer data are given in terngne consuming set of experiments is required.
of the conventional definition of the heat transfer coefficidmt,
which has the shortcoming that it does not incorporate any con-
sideration for variations in th_erm_al boundary conditid@BC). A Existing Methods for Describing Heat Transfer Inde-
measured or calculated distribution lotan only be used to pre-
dict heat transfer in situations with the same TBC. For a conjugaﬁ@ndem of the TBC
solution, the distribution oh must be recalculated at each itera- The idea of using superposition to calculate heat transfer rates
tion, or worse yet, re-measured if experimental data are uséginot a new one. Rubesjf]showed that the heat transfer for any
Little regard is given in most experiments to matching the TB@rbitrary distribution of surface temperature could be calculated
expected in an application. Typically, data are obtained in simpldy representing the surface temperature as a series of finite tem-
fied laboratory experiments where the hydrodynamics aperature steps. Sellers et @] developed a superposition solution
matched, while the TBC is dictated by the measuremefar the case of laminar flow in a tube. Reynoli® derived an
technique. approximate integral analysis for calculating the heat transfer
What is needed is a description of the heat transfer that is itiom a step change in wall temperature after an unheated starting
dependent of the TBC and can be measured with reasonable effefgth for a flat plate turbulent boundary layer. He used this so-
and accuracy. This paper presents a discrete Green’s function &ion as a basis for calculating the heat transfer from any arbi-
scriptor for the convective heat transfer that is independent of tHarily specified distribution of surface temperature. These tech-
TBC as long as the thermal energy equation can be assumed td\§iles are now incorporated in many textbooks, but they are not
linear. We show that the discrete Green’s function offers a coAPplicable to complex flows. N
venient formulation of heat transfer problems and is applicable toArvizu and Moffat[4] showed that superposition could be used

arbitrarily complex flows. Once the Green’s function has bedf describe the heat transfer in more complex electronics cooling
laws. Heat transfer was measured on an array of heated rectan-

determined for a given flow, it can be used to calculate the he !
gular elements. In order to account for upstream heating effects on
Contributed by the Heat Transfer Division for publication in tf@RNAL OF local element heat transfer they used the concept of the adiabatic

HEAT TRANSFER Manuscript received by the Heat Transfer Division February ot€mMperature risel,q, de_ﬂned_ as the temperature rise which
2000; revision received, May 26, 2000. Associate Editor: B. Chung. would occur on a local adiabatic element due only to the effects of
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upstream heating. Anderson and Moff&i extended the concept U
of T,q by introducing an adiabatic heat transfer coefficidnt;, T
defined as

7

qglement . . .
hyy=m——77 1 \L D :
ad Tetement Tad @ i ; :

They demonstrated thdt,q is independent of TBC'’s. This de- e
scription is well suited to electronic cooling flows and other cases '
where isolated elements are heated. y

Vick et al. [6] analytically determined Green’s functions for T_>
laminar and slug flow in tubes and used them for numerical evalu-
ation of the heat transfer with arbitrarily varying boundary condi-
tions. Ramanathan and Ortelgd used approximate Green'’s func- Ax = AY
tions, determined by assuming uniform flow velocity, to solve
conjugate heat transfer problems in simplified electronics cooling
situations. They showed that such a representation allowed non-
iterative solutions to conjugate problems.

Hacker and Eatof8,9] introduced the discrete Green’s func-
tion (DGF) as a generalization of Anderson and Moffat's work tq:i
the case of a continuous heated surface. They developed a tig
sient technique to measure the heat flux for a large number of
different surface temperature distributions in a separated flow
field. They then inferred the discrete Green'’s function from the set
of experiments. They were able to demonstrate the validity of thgsulting heat flux distribution is integrated over each strip to ob-
DGF method by using it to predict heat transfer in separated flowsin the discretized heat rate distributi@n, (power/unit width.
with a wide variety of TBC'’s. The complexity of this approach led The Discrete Green’s Functiof, relates a specified discrete
to relatively large uncertainties that will be partially remedied byemperature rise distribution to a resulting discrete heat rate dis-

X N

. 2 Two-dimensional finite difference domain with discrete
en’s function thermal boundary condition

the more direct measurement technique described below.  tripution. It is defined as an array of elements for which the fol-
lowing relation may be written:
The Discrete Green’s Function Formulation DGF 4i;=9;;AT;, (2

The general Green’s function approach is applicable to lineahereg;; is the element os which relates the average tempera-
differential equations where superposition can be applied. In thige rise on stripj to the resulting heat rate on strip In SI
case of convective heat transfer, the energy equation is ling@tationg;; will have units of W(m-K).
when the fluid velocity field and the fluid properties are indepen- The method of superposition allows the effect of each ofrthe
dent of the temperature field. This limits the applicability to relasquare pulses in temperature rise to be considered individually.
tively small temperature differences. However, once a descriptidfie net effect on elemenis found by summing the contributions
of the convective heat transfer has been quantified for the consttiatm all n elements

properties case, it should be possible to correct it for variable n
property effects as is commonly done using conventional descrip- = 2 gi AT @)
tions of the heat transfer. We introduce the DGF for the simple = T

case of an external flow with a constant free stream temperature. . .
Again, generalization of the technique should be possible aihe net effect of all the square pulses in temperature rise on the

though we have not done a full analysis. total heat rate distribution can be written in terms of a matrix
The DGF method is illustrated for a one-dimensional he&ultiplication
transfer surface with an unheated starting length. Heating begins 4=GAT, (4)

at a distancex, downstream of the start of the hydrodynamic ] o ) i
region is discretized intm strips, each of lengttr=_L/n in the each Iocatlon.anq is a vector containing the resulting heat rates '
streamwise direction. The value &f is chosen short enough toat €ach location. In the most general case, each square pulse in
adequately resolve the temperature distribution. The specifigdnperature rise will contribute to the resulting heat rate anall
temperature rise distribution is discretized in terms of a series l@gations. ThereforeG will be annxn array. For attached flows
square pulses in temperature, where the term pulse refers to Sgere upstream heating effects can be considered negligible, a
tial rather than temporal extent. Each square pulse representsfidare pulse in temperature rise will have no effect on the heat

average temperature rise over each strip as shown in Fig. 1. TAE at the upstream locations. In terms of the DGF notation this
means that all of the above-diagonal termsSefwherej <i, will

be zero. The diagonal elements @frelate the local temperature
rise to the local heat rate and are thus equivalent to Anderson and

AT(X) Moffat's adiabatic heat transfer coefficient normalized by the
length of the strip

gii
> had=7. 5)
The inverse Discrete Green’s Functid®; !, relates a specified
= heat rate distribution to a resulting temperature rise distribution. It
2 is an array of elements equal in dimension @ where each
i=1 2 . ...n element is defined so that
_1 .
Fig. 1 Discretization of the heat transfer surface AT, =30 q;- (6)
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Using the method of superposition the total temperature rise 1 10 e
sponse can be written in terms of a matrix multiplication

AT=G 1. @)

The formulation of the DGF makes it particularly useful for nu+"
merical solution of conjugate heat transfer problems. The DG 05
allows explicit solutions to the coupled problem as illustrated be
low for a simple second order finite difference scheme. Figure 10f S S S T e e e e s
shows a typical discretization of a solid conduction problem wit ¢ Relative Error in Gayggo ]
a convective boundary condition on one surface. A DGF is usi .» °°f =
with elements the same size as the surface elements. The ent : ]
balance equation for elementjlis then

Ay (Tyioa=Ti) Ay (Ty 1—Ty,
k_y( =Ty AY (M1~ Tay) Fig. 4 Relative error in elements of first column of non-
2 Ax 2 Ax dimensionalized G

0.5

Relative Error in Gg¢

T T T T
sl b b by

| 1 | | | | | | | 1 | 1 | 1 |

=1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(T2i—Ty) j
:kAXA—erEl gj,p(Tx—lep)Ax. (8)
P STAN7 in which a single element was held at an elevated tem-
Writing a similar equation for each element results in a set @erature and all other elements were held at the freestream tem-

linear algebraic equations that can be solved for the temperatpezature. The resulting heat flux distribution was averaged over

of each element. the elements to fines.
) Figure 3 shows the first column d& determined by direct
Calculating G from G™* calculations and by inversion d&;¢'. The matrix obtained by

In most flows, it is considerably simpler to meas@e® than inversion is calleds;. The first element is omitted because it has
G. At first glance, it appears possible to obt@rthrough direct the same value in both cases and is much larger than the other
matrix inversion of the knowis ~! matrix. However, because theelements. The off-dlagonal_s are all negative and decay monotoni-
Green'’s function is discretized, this matrix inversion results iﬁa"y as expected for the directly calculated However, the ver-

. . . 71 . .
non-physical oscillation of the off-diagonal elementsGfTo get Sion obtained by invertings,5~ shows non-monotonic behavior.

the correct behavior d&, G~ ! must be measured at higher resoJ he relative error of the elements is plotted in Fig. 4. It is obvious

lution, then inverted. The resulting matrix is a high resolutiofat the direct inversion produces large errors in the most impor-
version ofG that contains non-physical oscillations. This matrix 2Nt off-d_|agon_all components. A second estimat&atas found
averaged in blocks to eliminate the oscillations and reduce tR¥ invertingGqg then averaging the result over< blocks to
matrix to the desired resolution. form a 15Xx15 Green’s function. The relative error using this ap-

To test this procedure, we used a pseudo data set produgé@ach is also plotted in Fig. 4 showing much improved results.
using the STAN7 boundary layer codd.0]) to mimic the experi- The relative errors are larger for the far off-diagonals, but these
ments. We considered the case of a flat-plate boundary layer wigdues are very small so have a relatively small effect on heat
an unheated starting length and the heated section discretized tra@sfer calculations.

15 elements. A 1545 inverse Green’s functioftalledG ') was
determined by fifteen separate runs of the code. In each run, : :
element had gconstant t?eat flux and all other elements were aﬁpe”memal Apparatus and Technique
batiC. ThUS, the resulting temperature distribut(eneraged over Wind Tunnel. All experiments were run in a C|Osed_|00p
the elementsjepresented one column & *. A high resolution boundary layer wind tunnel with a 500 mm wide by 220 mm high
(90x 90) version ofG~* was found by averaging the same temby 2.4 m long test section. The mean flow across the cross section
perature distributions over elements 1/6 the original size. Thi$ the tunnel test section was uniform to within 1.4 percent.
gave 15 columns 0G4. The remaining 75 columns were filled Freestream turbulence levels were maintained below 0.1 percent
in by interpolation. A referenc& against which inverted forms of through the use of a converging nozzle with an 8:1 area ratio. The
G~! were compared was determined by 15 separate runs tep wall of the test section was flexible and was adjusted to ac-
commodate boundary layer growth and maintain a uniform static
pressure. A 2 mm high boundary layer trip was placed at the inlet
— of the test section so that the boundary layer was turbulent from
the start of the test section. A complete description of the tunnel
can be found in Ames and Moffal1].

Two flowfields were investigated: a turbulent boundary layer
under a steady freestream and a turbulent boundary layer under a
turbulent freestreantreferred to as steady freestream and high
turbulence, respectivelyIn order to generate freestream turbu-
lence, the wind tunnel was fitted with a removable square-bar
grid, having an open area ratio of 69 percent, in series with a jet
grid.

For a mean freestream velocity of 10.5 m/s, freestream turbu-
lence intensities were 12 percent at 1.05 m downstream of the
boundary layer trip, and 7.5 percent at 1.85 m. Turbulence char-
acteristics and boundary layer parameters were measured using
single-wire and cross-wire anemometers. The mean velocity for
e the high turbulence flowfield was uniform within4.0 percent,

and the streamwise and vertical RMS velocities were uniform
Fig. 3 Elements of first column of non-dimensionalized G be- Within £6.0 percent and=2.0 percent, respectively, at a stream-
ginning with second element wise location of 1.05 m.

First Column of Gg;

6 7 8 9 10 11 12 13 14 15

First Column of G

IR FRETE SNETE FRRTE RETE] SRNEI SRETE PR FEREE RRET

i=2 3 4 5 6 7 8 9 10 11 12 13 14
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Fig. 5 Apparatus: cross section of short heated strip 2

Fig. 6 Stanton number for uniform heat flux,
freestream and high freestream turbulence

steady

Heat Transfer Surfaces

Two different TBC’s were employed in this investigation. First

a uniform heat flux condition was used to generate baseline h
transfer results. Second, a square pulse in heat flux on an otf}
wise adiabatic surface was used to measure the elements of t
inverse DGF. A different heat transfer surface was used for eq;&

€

ercent considering the uncertainty in temperature and power
r_asurements and additional uncertainty caused by imperfect cor-
ctions for back losses and radiation.
he Stanton number for the high freestream turbulence case
s approximately 100 percent higher than the low-turbulence
se at the most upstream measurement point, where the
Th se in heat f ted b ; freestream @urbule_nce intensity was 35 percent. As the freestream
€ Square pu’se In heat liux was generated by passing a Gy jence intensity decayed, the Stanton number relaxed back
rent through a 0.0127 mrthalf mil) stainless steel foil. This foil towards the baseline value. At the downstream end, the freestream

was 2.54 cm Io_ng in the streamwise d|r_ect|on and 50 cm Iong{ ulence intensity had decayed to 6 percent and the Stanton
the spanwise direction. The stainless foil was attached to a 0.0 mber was augmented by 4 percent

mm (half mil) polyester film using a 0.0127 mm adhesive film.
The polyestgr film was mour)ted on top of a phenolic resin.ho hort Heated Strip
eycomb, which was secured in a foam core frame as shown in Fig.
5. The thermal conductivity of the polyester film was estimated to Surface temperature data were acquired with the heated strip in
be on the order of 0.1 W/m-K. The polyester film and phenoligv0 positionsx=1.37 m andx=1.73m. The strip heat flux was
resin honeycomb provided a near adiabatic boundary conditiBR0 W/nf and the remainder of the surface was unheated. All
surrounding the heated foil, minimizing the pathway for lateraneasurements were performed at a freestream velocity of 10.5
conduction. m/s. Figure 7 shows the measured surface temperature profiles for
Temperatures were measured on the foil and adiabatic surfdléé upstream position with both low and high freestream turbu-
using both thermochromic liquid crystal§LC'’s), and thermo- lence. Agreement between the thermocouple and TLC measure-
couples. TLC temperature measurements were obtained using fNts was within 0.1 K. Also shown is the temperature distribu-
calibration technique and imaging system described in detail fpn computed using the STAN7 code. The predicted temperature
Farina et al[12]. TLC’s with a nominal activation range of 25°Cprofile had a higher peak value possibly due to lateral conduction
to 30°C were applied over black paint on a 30 mm wide strifi? the foil. No correction was made for lateral conduction since
along the centerline of the test surface. The uncertainty in tHee data were later averaged over the width of the strip to compute
absolute temperature measurements were estimated+@46C. the DGF. Measurements at the downstream position were very
The emissivity of the TLC and black paint layer was measured gmilar and are not shown here.
be 0.91 using a Device and Services AE 657 emissometer. The-0il averaged St from the short heated strip and baseline St are
heat transfer surface was also instrumented with AWG d3abulated in Table 1. The average Stanton number measured on
chromel-alumeltype K) thermocouples. The thermocouples were
placed at streamwise intervals of 2.54 cm. The uncertainty in the
thermocouple measurement was estimated-@t1°C. Both the 10
TLC’s and the thermocouples were located in the central one-third

TBC. The uniform heat flux TBC was generated using a guard
constant-heat-flux surface developed by Ames and Moffat.

LI A N S L N LY L L L ) L L L B

—— Stan7 prediction

of the heat transfer surface and were far enough away from the 5 8 - — SteadyPSImagedata
i e B /o 0 High-Turb Image data 3

ends of the foil so that there were no end effects. r 6 @ Steady FS Thermocouple data 3
[« % . |

E 4 © High-Turb Thermocouple data

5 E

Experimental Results T 3
100t

Baseline Results. Baseline boundary layer heat transfer data
were acquired using the constant heat flux surface and are shown
in Fig. 6. Numerical and analytical predictions for the low- %
turbulence case are represented by the solid and dashed linesg %°
respectively. The data are plotted against momentum thickness & o.4

Reynolds number in order that a comparison with the high- #

0 1 2 3 4
0.8

T T T TR T T T T T T

turbulence case may be made. In both cases heating began at th
samex location. For the low-turbulence case, the experimental
data were within 3 percent of the correlation of Reynolds and

0

b b b g

] 8 10 12
X/L from start of heating

within 7 percent of the STAN7 numerical prediction. The uncer-

tainty in the measurements was estimated to be approximately Fig. 7 Temperature rise profile, x,=1.75m, Re=1.74X 10*
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Table 1 Stanton number at two X locations for two thermal 0.20 T T T T T T T T T T T T
boundary conditions, steady and turbulent freestreams r ]
0 0.15 - —O— Steady Freestream _'
TBC X Freestream Ré’aa St S',S’mv U — O — Hi-Turb ]
(m] = -
turbulent 989 | .0031 - [ ]
1.37 1.38 &> F ]
. steady 2127 | .0023 =< 0051 e T ]
Uniform Heat Flux & F A T e T

turbulent 1258 .0028 C 1
1.75 1.30 o —
steady 2617 | .0022 C ]
turbulent 989 0065 K - A
1.37 112 0.05 [ ]
R steady 2127 .0058 C B
Short Strip U I BRI DI BRI VIR Wi

175 turbulent 1258 .0064 13 10, P 6 s 10 12

steady 2617 | .0057 i

Fig. 9 First column of

G*~1 normalized by

911

the short heated strip for the low-turbulence case was 5 percent
higher than the STAN7 value. The estimated uncertainty of the

experimental data at this streamwise location wa3 percent. 0.007 H

Comparing measurements at the satlecation, the ratio of the
high-turbulence St to the low-turbulence St was 1.3 for the bas

. ; Al 0.006

line data and 1.1 for the short strip data. This indicates th 3

freestream turbulence has a greater effect on the temperature- *

downstream of the heated strip than on the heated strip itself. T ¢,005 O Experimental DGF prediction

x Stan7 DGF prediction

distinction between the effect of high-turbulence on local he_ o
Stan7 prediction

transfer and its effect on the influence of the upstream TBC can®

more easily understood when the heat transfer from the sh  0.004
heated strip is formulated in terms of an inverse DGF as shou
below.
0.003
Measurement of the Discrete Green'’s Function A
Measuring the Inverse One-Dimensional DGF. The intent 0002 — ; —_ 1|0 — 1|5

is to formulate a 155 inverse discrete Green’s functio (1)

with the first element located at=1.37 m and an element length

of 25.4 mm. The discrete temperature profilxatl.37 m shown _ _

in Fig. 8 represents the first column@f*. To find the remaining Fig- 10 Unheated starting length followed by a uniform heat

fourteen columns 062, it would be necessary, in principle, tofluX boundary condition: STAN7 and experimental discrete

measure a complete temperature profile with the heated strip gr_een s function predictions

cated at each of the fourteen other positions. Instead, a second

temperature profile was measured only for the strip located at the .

fifteenth position k=1.73m). The temperature rise on the foil~ 3 Plotted on an expanded scale to emphasize the decay of the

strip increased only 2.8 percent for the low turbulence case GW§'Mal wake far downstream of the heated element. The tempera-

compared to 1.4 percent for the high turbulence case. Thus, EHE]-E rise decays approximately 30 percent faster in the high tur-
ule

intermediate columns d& ! were determined by linear interpo- nce case indicating that the thermal energy from the heated

lation of the results measured at the first and fifteenth positioﬁ?ment was mixed outward more rapidly. This rapid decay of the

Experimental low and high-turbulends * arrays were calcu- 2 BEE BERE LRl S GEE o e
lated in this manner. Figure 9 shows the off diagonal termg forlence. The large increases in heat transfer coefficient observed in
high turbulence experiments on constant temperature or constant
heat flux surfaces are due mostly to the fact that the downstream

X/L from start of heating

1'0: T T R wall is not “shielded” as effectively by the thermal wake of the
oL ] upstream surface. The measu®d* can be used to predict the

08~ - = temperature-rise for any arbitrarily specified distribution of heat
T r Steady FS data x; = 1.37 m . flux. Figure 10 shows a comparison between the experimental
P I “Experimift:%:;g:::t;qr:;r;;ﬁ"“ E DGF prediction and STAN7 predictions for the case of a constant
S F ] heat flux boundary condition with an unheated starting length of
e F 1 1.37 m. The experimental DGF prediction agrees with the STAN7
T oal ] prediction within the uncertainty interval over the first half of the
e L ] heat transfer surface then falls slightly below further downstream.
For ] Recall that the baseline experimental data also fell slightly below

o2 7 STANT7 predictions.

] 5 10

X/L from start of heating

Fig. 8 Comparison of low-turb temp profiles with heated strip

at first and last streamwise locations
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Predicting Temperature With the One-Dimensional
DGF

The matrixG was computed fronG !, and then used to pre-
dict heat transfer for several specified temperature distributions.
Figure 11 shows the comparison between STAN7 and the experi-
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008 T T 1 T T T T T T T T T 7 where the relatively small absolute magnitude of the heat flux
C 1 resulted in differences which were large on a percentage basis.
0.007 1 Also plotted is the predicted heat flux based on the standard
N 1 unheated-starting-length correlation from Reyndl8k This cor-
C i - 1 relation was developed for the case of an unheated starting length
0.006 [~ © Bxporimental DAF prediction -] followed by a uniform temperature boundary condition. It is in-
an7 prediction . R . .
C 1 cluded here to illustrate how errors can arise in heat flux predic-
& o0.005 - tion when heat transfer correlations developed for uniform bound-
C 1 ary conditions are applied in situations where the boundary
C 1 condition is non-uniform. The correlation compared to the
0.004 = - STAN?Y prediction underestimated the maximum heat flux by 26
C ] percent while the experimental DGF prediction had only a 4 per-
0.003 - 3 cent deviation. The correlation also failed to predict the negative
C IR STTTS T 1 heat transfer rate which occurs at the temperature minimum.
—| 1 1 1 1 I Il 1 1 Il ' 1 1 1 1 l ] H
0.002 = 5 1 15 Conclusions

The preceding results show that the one-dimensional DGF ap-
proach is a practical and effective means for predicting heat trans-
fer in two-dimensional flows. A simple experiment yielded results
that were used to predict heat transfer within an uncertainty inter-
val of approximately 10 percent. The DGF predictions showed
good agreement with experimental data and the STAN7 boundary
layer code.
mental DGF prediction for the case of an unheated starting lengthThe DGE array was determined in terms®f ! by measuring
followed by a uniform temperature boundary condition. Agreqemperature profiles with the short heated strip located at the first
ment between the different predictions followed the same trengfd last streamwise locations and filling out the entire array by
as for the uniform heat flux case. The uncertainty intervals for thigterpolation. This approach worked well for a boundary layer
unheated starting length prediction made usigvere approxi- flow with an unheated starting length. However, in situations
mately 50 percent larger at the downstream locations than theggere the flowfield changes more drastically over the streamwise
for the prediction made using~*. This is a result of the associ- extent of the surface, such as in the case of a separated flow, it
ated uncertainties being amplified by the matrix inversion. would be necessary to make measurements at more streamwise

Figure 12 shows a comparison for an unheated starting lengdgations. This would require additional time for experiments but
followed by a sinusoidal temperature distribution. DGF angiould not cause any additional complexity.

STANY predictions are compared against the experimental data offhis investigation also provided insight into the effects of high-
Hacker and Eaton. The current experimental DGF predictiongrbulence on boundary layer heat transfer. It was found that high-
have been scaled to match the experimental conditions of Hack@mbulence had a more pronounced effect on the thermal wake of
and Eaton. No uncertainty interval was given for their data andtite heated strip than on the strip averaged heat transfer. This
is likely that the uncertainty was relatively large. In view of thisindicates that in real-world flows, where freestream turbulence is
the agreement between the experimental DGF prediction and #fgen an important factor, this simplified approximate approach to
data was relatively good, 17 percent at the peak value of heat fltie DGF may be viable.

The solid line in the plot represents a STAN7 prediction for the
exact experimental situation of Hacker and Eaton, where a cdQomenclature
tinuous temperature distribution was used. Agreement between ) , . .
the STAN?7 prediction and the experimental DGF prediction was _ discrete Green's funct|?n matrix ,
within the uncertainty interval except at the minimum heat flux G,l = inverse discrete Green’s function matrix

X/L from start of heating

Fig. 11 Unheated starting length followed by a uniform tem-
perature boundary condition

Gi5 = inverse Green’s function measured with 15 elements
Gst = Green’s function calculated by inversion Gf¢"
gij = element of discrete Green’s function matrix
L A A N h = heat transfer coefficient
10F . v h,q = adiabatic heat transfer coefficient
oF . v Applied Thermal BC v E k = thermal (_:onductivity _
x f - o ] /L = streamwise length of Green’s function element
5 °F v E g; = heat transfer out of element
JF v v 3 Re = Reynolds number
e v v E St = Stanton number
3 E Ti; = temperature of element in finite difference scheme
e L T, = freestream temperature
L Uniform Temp Correlation ] X = streamwise coordinate
600 - Stan7 Prediction i _ .. .
n v « Stan? DGF Pradiction - Xg = position of start of heating
‘<; E NG vgackeDéEa’;ondDa_ta ¥ do = enthalpy thickness
s “°F (., O Fxe-DOFFredcton T AT = vector of element temperatures
L E AT; = temperature of elemet
:
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Numerical Study of Three-
Dimensional Oscillatory Natural
Convection at Low Prandtl
~ 1 Number in Rectangular
Shunichi Wakitani
e-mail: wakitani@cit sangitan.ac.jp E n c I os u re s

Department of Mechanical Engineering,
College of Industrial Technology,

1-27-1 Nishikoya, Amagasaki 661-0047, Japan Numerical investigations are presented for three-dimensional natural convection at low
Prandtl numbers (Pr) from 0 to 0.027 in rectangular enclosures with differentially heated
vertical walls. Computations are carried out for the enclosures with aspect ratios (length/
height) 2 and 4, and width ratios (width/height) ranging from 0.5 to 4.2. Dependence of
the onset of oscillation on the Prandtl number, the aspect ratio, and the width ratio is
investigated. Furthermore, oscillatory, three-dimensional flow structure is clarified. The
structure is characterized by some longitudinal vortices (rolls) as well as cellular pattern.
[DOI: 10.1115/1.1336508

Keywords: Crystal Growth, Enclosure Flows, Heat Transfer, Instability, Liquid Metals,
Natural Convection, Three-Dimensional

Introduction Viskanta et al[12] performed three-dimensional steady calcu-
Since experiments of Hurle et dI1], the problem in natural lations for Pr=0.02 in rectangular enclosures withr=1 and
Lo - Wr=1, and with a few combinations &fr andWr. Their numeri-
convection in low Prandil numb_e{Pr)_ fluids hf'as attracted many cal results were preliminary because of using coarse finite-
investigators, because of growing interest in the transport phigerence meshes. They measured several temperature distribu-
nomena in crystal growth processigg]). In the processes from ajons of liquid gallium in the enclosures experimentally. They
liquid phase, convective flow in the crystal melt affects the homeg gy that for low Pr fluids three-dimensional effects develop not
geneity and purity of crystals. It is well known that under certaignly near the walls but also in the core of the enclosure, and
condition, convective oscillations appear in such low Prandthyltiple longitudinal flows exist. However, they used the param-
number fIU|d_s as the crystal melt. The oscillations frequentl_gter range, Grashof number5t0’, in which oscillatory convec-
cause undesirable structure of a growing crystal called as stfigms have already developéd.3]).
tions. Hurle et al[l] observed thermal oscillations in a differen- A small number of three-dimensional, time_dependent simula-
tially heated boat of liquid gallium experimentally. H4&] ana- tions have been performed for low Pr fluids. Afrid and Zelil]
lyzed the stability of shallow flowg¢Hadley circulationsfor an  have obtained numerical results for a zero Pr fluid in an enclosure
infinitely long layer of low Prandtl number fluids. In actual crystaivith Ar=4, andWr=1 or 2. For both a rigid upper boundary and
growth processes, aspect ratibs(=length/height) are finite, so a stress-free upper boundary they found the critical Grashof num-
the oscillatory characteristics are different from those of their sther Gi, at which the onset of oscillation occurs, and the fre-
bility analyses. quency of oscillation. They also found that the steady flow was a
Winters [4] carried out two-dimensional calculations for Prunicellular structure, unlike the multicellular flow predicted by
=0 in an enclosure with finitéAr. Since then, extensive two- two-dimensional simulations. However, three-dimensional struc-
dimensional numerical studies were performed as a benchméike of oscillatory convection is not clarified for low but finite Pr
problem at GAMM Workshop5] for low Prandtl number. Their fluids. _ _ _
studies were mainly focused on an enclosure with=4, and  In this paper, we perform three-dimensional, time-dependent
fluids of Pr=0 and 0.015. Several two-dimensional calculation@umerical simulation of natural convection in enclosures with
have still been tried for low Prandtl number fluids in enclosurddgid boundaries. FoAr=2 and 4 we investigate the dependence
with rigid horizontal boundaries, or cavities with rigid lowerCf the onset of oscillation and the flow structure & and Pr in

boundary and stress-free upper bounddey example,[6—10) details, and compare the results with available experimental re-
Most of their two-dimensional numerical results sﬁow tha.t thaults. Then, the unsteady heat transfer characteristics in low Pr

. . uids are clarified. This paper is the first of a series of papers on
f'OW. evolves from u_nlcellular to multicellular steat_jy .ﬂOW’ and tO?uch practical applications as heat transfer control for low Pr flu-
oscillatory convection as the Grashof number is increased. s

. . ids related to crystal growth.
crystal growth processes or experiments, the width r&tio
(=width/height) as well a#Ar are finite. Therefore, these two-
dimensional, numerical results may not represent the correct flilNumerical Calculations

configurations and instabilities. In fact, two-dimensional calcula- ) . ) . .
tions could not predict the unicellular flow observed in Governing Equations. Consider three-dimensional natural

experimentg[11]). convection of low Pr fluids in an enclosure of heightlengthL,
and widthW (Fig. 1). The vertical walls at=0 andL are main-
Contributed by the Heat Transfer Division for publication in tHGUBNAL OF t.alned at uniform qonStant temperatur-é'&andTC(;Th)’ respec-_
HEAT TRANSFER Manuscript received by the Heat Transfer Division April 12,tively. The other sidewalls are adiabatic. We define the coordinate
2000; revision received, September 27, 2000. Associate Editor: F. Cheung. system as shown in Fig. 1. We consider the flow of a Newtonian
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Fig. 1 Geometry of the enclosure and coordinate system

fluid and assume that the fluid satisfies the Boussinesq approxi-
mation. According to Ostrach’s suggestifitb] for natural con-

vection of GM?=1 and Pr<l, we introduceV,=(gBATH)'? as

at t=0.
(8)

Numerical Algorithm. The numerical technique used in the
present study is same as previous payEt8,17]) based on the
finite difference method of Kawamura and Kuwahpt&]. If ve-
locity and temperature fields are known at a time siap, then
the Poisson equation for the pressure, which is derived by taking
divergence of Eq.(2), is solved by using the SOR iterative
scheme, subject to the appropriate boundary conditions. The Pois-
son equation is

v=T=p=0 (O0<x<Ar,0<y<Wr,0<z<1)

aT
V2p=—V-(v-V)v+ — R 9)
where
R= 7D ! V’D, D=V 10
T et D PV (10)

In the same manner as the MAC method, a correction fisn

reference velocity, where Gr is the Grashof number, Pr the Prantfained to prevent the accumulation of numerical errors and is
number, g the acceleration due to gravityg the coefficient of discretized as

thermal expansion, andT the temperature difference=(T,

D"t-D" 1 D"
—To). , , . , . R=———7—tgm V0" =31, (11)
The governing equations are the continuity equation, Navier- At Gr At

Stokes equations, and energy equation. These equations ca
put into dimensionless forms by scaling length with the helght

velocity with V, , pressure wittpV?, temperature withAT, and
time with H/V,=Gr *?H?/v, wherep is density, andv is kine-

rQ/vpgreD”+1 is set to zero to satisfy the equation of continu(ity

at each time step.
Then, using the pressure obtained in this manner, the velocity
and temperature at the next time stap+(1)At are computed

matic viscosity. The dimensionless temperature is define@ asfrom discretized ones of Eq¢2) and (3). The Euler implicit

=(T*-T)/AT with T,=(Tp+T.)/2, where T*
temperature.

is fluid

scheme is used for time marching. The nonlinear terms in their
equations are linearized and approximated by means of a third-

The governing equations can be written in the following dimergrder upwind schemé18]). Such a higher order upwind scheme

sionless forms:

V.v=0, )

i V)v=—-Vp+Tk ! V2 2
EHV' Jv=—Vp+ + gV 3
al V)T= ! V2T 3

- Hv ) “prom2Y T 3

for inertial terms may be required to simulate natural convection
of low Pr fluids, even if the Grashof number is not large enough
([19]). The spatial derivatives in the remaining terms are ex-
pressed in terms of the second-order central-differences. These
finite difference equations are solved by using the SOR method.
An orthogonal, nonuniform, and nonstaggered grid system is
used. One-dimensional transformations:x(¢), y=Y(7), z
=2({), into the generalized coordinate system are introduced to
concentrate the grid points near the wall. Equati®)s (3), and

wheret is the time,v=(u,v,w) are the velocity components in (9) have been solved by applying the above transformations. For
the (x,y,z)directions,p is the deviation from the hydrostatic pres-example, thex-grid points have been determined as a function of
sure,V is the gradient operator, aridis a unit vector along the the equally divided coordinatef(0<¢<1) as x=0.5Ar{1

+z-axis.
The boundary conditions are
v=0 at all boundaries, (4)
T=05 at x=0 and T=-05 at x=Ar, (5
dTlagy=0 at y=0,Wr, (6)
dTloz=0 at z=0,1. )

+tanha(2¢—1)/ tanha} with a stretching parametex.

The effects of the grid size and the stretching parameters on the
flow characteristics have been examined. AccordingMg the
grid of 41x25X41 to 41x91x41 points is adopted foAr=2,
and 101>31X41 to 101x91X41 points forAr=4. The stretch-
ing parameters, typicallyl.4, 1.2, 1.4)in the (x,y,z)grid points,
are used so that the finest grid size near the walls is about two
times smaller than the one corresponding to a uniform grid. To
minimize errors occurring from discretization of time derivative in

As the initial condition, a motionless and isothermal state is takéine Euler scheme, the sufficiently small time increm&ntis re-

Table 1 Comparison of the average Nusselt numbers with those of other studies

Nu
Authors Grid Ra=10¢ Ra=10 Ra=16 Ra=10
Present study 413 2.068 4.378 8.742 —
613 — 4.365 8.711 16.54
813 — 4.359 8.694 16.52
Haldenwang and Labros$20] — — — 8.61 16.12
Le Peutrec and Laurig®1] 313 — 4.356 8.665 —
413 — — 8.657 16.40
Fusegi et al[22] 623 2.100 4.361 8.770 —
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quired. The time increment has been tested in the range 0.000% (a) Ar=2
0.002. In consideration of accuracy and computing cast, 107
=0.001 is generally used in the present computations.

Accuracy Assessment. The computation based on the above
algorithm was first tested for three-dimensional steady convectiol
of air in a square enclosui@r=Wr=1, Pr=0.71) at Rayleigh
numbers Ra(=PrGr)£0®, 10°, and 18. The average Nusselt
numbersNu were compared with the other resyi29—22. Local = 106
Nusselt number is given as ©

Wr=0.5 ——0
e —

Ve

S
"
2

Al SE
w"—’dr—’«/d

N

N A il A il 12
u=—Ar-— ) or —Ar-— ) (12)
x=0 x=Ar
on the hot wall or the cold wall, respectively. Therefore, the av- /% i
erage Nusselt number was evaluated from IPE] e SR PPN NIV IR BPE
1 1 Wr 0 0.01 0.02 0.03
Nu:mf f Nudydz (13) Pr
0Jo (b) Ar=4

by numerical integration using Simpson’s rule. The first-order ap- 10’ T
proximation todT/dx was used at the boundary. Table 1 gives the i ; : i
average Nusselt numbers obtained from steady solutions for son

grid points. The difference between the average Nusselt numbel

on the hot and the cold wall could not be found. Our results as

well as those of([21]) show the results from stretching param-

eters, which obtain a reasonable compromise between accura o
and computing cost for each grid. The maximum difference from 10°
the result of([20]) calculated using a spectrum method is 2.5
percent at Ra=10 The present results are in good agreement

with those of other authors obtained from finite difference
method.

m, Wr=1; o, 2: Hart & Pratte [23]
A, Wr=1; A, 2: Hung & Andereck [24]

Wr=1 -

,_,// 3
o

2
105||||||||||l||||:||||||||

Results and Discussion 0 0.01 0.02 0.03
Pr

Onset of Oscillation. All computations have been conducted
by starting with a fluid at rest. Generally, onset of oscillationkig. 2 Critical Grashof number as a function of Prandtl num-
appears suddenly when Gr is slightly increased from steady fl&&r for (a) Ar=2, and (b) Ar=4
near the critical state. The value of Gr is taken as a critical one, at
which the amplitude of oscillation in dimensionless velogityv,
or w) is larger than 0.01 in approximately steady oscillation. The o .
amplitude of temperature oscillation is usually smaller than that 8Pruptly along with increasingvr. It may be expected that tran-
velocity. To check some values of Grwe have also conducted sition of flow structure occurs in the vicinity of such a range of
several computations by starting with steady solutions. The resuW ’
show no differences among them. Structure of Oscillatory Flow. Figure 4 shows unsteady ve-
Figures 2(a)and (b) show the dependence of critical Grashofocity vectors and instantaneous streamlines af iBrthe case
numbers Gy on the Prandtl numbers Pr fé«r=2 and 4, respec- Pr=0 andAr=4. Those foMWr=1 and 2 at a dimensionless time
tively. In the caseAr=2, the values of Grfor Wr=0.5 and 1 t=300 are displayed in Figs.(@ and (b), respectively. Though
slightly decrease as Pr is increased from zero to 0.005, and thdse instantaneous streamlines have no obvious physical meaning
for Wr=1 and 2 largely increase as Pr exceeds about 0.01 aiod three-dimensional flows, they are effective to understand flow
0.018, respectively. Similarly, as shown in Figh® in the case state.
Ar=4, Gr, for Wr=1 largely increases as Pr exceeds about The upper in either Fig.(4) or (b) corresponds to the result in
0.008. In the casér=4, we can compare the results for=Rr the y-z plane onx=Ar/2, and the lower in the-z plane ony
with those of Afrid and Zebif14]. Table 2 gives the critical =Wr/2. The arrow with figures outside an enclosure shows ref-
Grashof number and the nondimensional frequehoy oscilla- erence velocity scale. In generaland w-velocities are an order
tions forWr=1 and 2. The Grashof number and the frequenayf magnitude larger than-velocity as shown in Figs. 4 and 5.
used by([14]) are multiplied byAr and Gr'? to fit with our Therefore, the convective structures are roughly unicellular for
notation, respectively. FoAr=4 andWr=2, our results agree bothWr=1 and 2, unlike the multicellular flow predicted by two-
with those of([14]), but forAr=4 andWr=1 they do not agree. dimensional studies. These results agree with the steady solutions
This discrepancy will be discussed later. The experimental resuistained by Afrid and Zebipl4]. However, they assumed that the
for Pr=0.026([23,24])are plotted in Fig. 2(b). The experimentalflow was symmetric with respect to=Wr/2, and they calculated
results roughly agree with the numerical results. the half region of the enclosures using second-order central dif-
Figure 3 shows the dependence of, @n width ratioswr for ~ ference scheme for spatial derivatives. The oscillatory flow at Gr
Ar=2 and 4 in cases Pr=0.015 and 0.025. Some experimerfial Ar=4 andWr=2 is symmetric, but the one fokr=4 and
results of Kamotani and Sahratii3] are plotted in Fig. 3. They Wr=1 is asymmetric with respect o=Wr/2 as shown in Fig. 4.
conducted experiments using rectangular enclosures filled wkier Ar=4 andWr=1, the flow structure is characterized by lon-
mercury of Pr=0.02. The numerical results are in good agreemgitudinal vorticegrolls). To demonstrate this point, fé«r=4 and
with their experimental results. In general \s is increased, Gr Wr=1, we carried out a few calculations by assuming flow sym-
decreases. However, every numerical result shows an existencenefry with respect toy=Wr/2 and using a grid (101%6x41).
a short range, in which values of Gincrease and decreaseThe result(Gr,=4.8x10°, f=0.051)roughly agrees with that of
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Table 2 Comparison of the critical Grashof numbers and the frequency of oscillation for Pr =0
with those of Afrid and Zebib  [14]

Ar=4, Wr=1 Ar=4, Wr=2
Authors Grid Gr, f Grid Gr, f
Present study 10431x41 2.35%10° 0.060 101>61x41 1.18X10° 0.102

Afrid and Zebib[14]  62X17Xx32  5.0x1P 0.055 42502%32  1.2X10° 0.106

([24]) as shown in Table 2. Thus, the disagreement ip 8r Wr>1 are unicellular. Therefore, fohr=2, abrupt changes in
Wr=1 may be attributed to this asymmetry. In the case®rthe Gr, with Wr may be attributed to behaviors of rolls.
convective structures fokr=2 are also unicellular except in the
vicinities of the corner, X,z)=(0,0) and @Ar,1), where weak
cells appear.

Figure 5 shows velocity vectors and streamlines at several
mensionless timest for Ar=4, Wr=1.5, Pr=0.025, and
Gr=5x1C. The value of Gr is slightly higher than Gr At t

=200 and 300, the convection is a two-cell structure with fo h . - o
rolls but a unicellular flow at=400. The arrangement of rolls is appear in the profile. On the other hand, for=4, Wr=2, and

symmetric with respect tg=Wr/2 att=200, but asymmetric at Gr=3x1@, the Nusselt numbers are osc[llat.ory as shown in Fig.
t=300. Att=400, existence of rolls becomes obscure. In the ca9&?)- Only a peak appears in their profiléSig. 9(a)), and its
Ar=4, our calculations show that oscillatory flows at Gr slightlyP0Sition fluctuates in thg-direction, periodically. The phase dif-
higher than Gr are two-cell structures fowr<1.4, but are uni- ference in position of the peak in Nu is about 180 deg between the
cellular forWr=1.6 at any time. These results are different fronfiot and the cold wall. )

those for Pr=0. In the cag®r =2, such a two-cell structure could _Figure 10 shows the average Nusselt numbarss a function

be observed for Pr=0.025 in the ranyér<1. However, the Of Gr for Pr=0.015 and 0.025. Figures (&0 and (b) correspond
structure is limited to a narrow region around the center of widd time-averaged and root-mean-squafeds) values ofNu, re-
(y=WTr/2). In the case Pr=0.015, convective structures are u§iPectively. In the region that Gr exceeds; Gtheir values are
cellular for anyWr except in the vicinities of the corner. evaluated after approximately steady oscillationsNo have

Figure 6 shows the time evolutions of thevelocity and tem-
perature at a poiriix=0.3174,y=0.2668,z=0.5) under the same
condition as Fig. 5. Ad exceeds 100, small oscillation clearly
appears in velocity, but then &t-300 it changes into oscillation
with double period and larger amplitude. This occurrence corr
sponds to the change in flow structure of convection. The abru
change in Gy with Wr as shown in Fig. 3 may be attributed to
such a change. Time sequence of these oscillatory pattems ¢
>400 is shown in Fig. 7 over roughly half a period. This figure
demonstrates that two rolls exist and their senses of rotation 1
verse in half a period.

Figure 8 shows velocity vectors and instantaneous streamliry:;
in they-z plane onx=Ar/2 att=400 for Ar=2, Pr=0.025. Fig-
ures 8(a)(c) correspond to those faNr=2.3, 2.4, and 2.5, re-
spectively. The value of Gr is slightly higher than each criticg
value. Obvious four rolls appear in Figie and three rolls in Fig. [
8(b), but no rolls appear in Fig. 8(c). F@/r>2.5, such obvious
rolls have not been found except in the neighborhood of corne
of an enclosure. As mentioned above, in the case 2, flows for

Heat Transfer. It is important in crystal growth processes to
understand the effect of oscillatory convection on heat transfer
ite. Figure 9 shows an example of local Nusselt numbers Nu on
e cold wall for Pr=0.025. A steady profile féxr=2, Wr=1,
and Gr=2x16 att=300 is displayed in Fig. 9(a). The value of
ugr is lower than the critical value. It is noted that three peaks

10 e

10°
o E
© o
5 L
10° 3 E
E —om , Ar=2; —e—, 4 E
: A, Ar=2.5; A, 5: Kamotani & Sahraoui [13]| T
104 ||||I4x||i||||l|:||‘|:||I||||“||||I||||
0 1 2 3 4 Fig. 4 Velocity vectors and instantaneous streamlines at criti-
Wr cal Grashof number for Pr =0 in enclosures with (a) Ar=4,
Wr=1, and (b) Ar=4, Wr=2 at t=300. The upper is those at
Fig. 3 Critical Grashof number as a function of width ratio Wr x=2 in the y-z plane, and the lower is at y=Wr/2 in the x-z
for Pr= 0.015 and 0.025 plane.
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(@) =200 (d) =416

Fig. 7 Time sequence of velocity vectors and instantaneous
streamlines at Gr =5X10° for Pr= 0.025 in an enclosure with
Ar=4, Wr=1.5

reached. The results fohr=2 show that the average Nusselt
numbers for Pr=0.025 are about 30 percent higher than those for
Pr=0.015 at Gr=3x 10(Fig. 10(a)). The ratio of the rms value of
Nu to the time-averaged value reaches about 3.6 percent at
Gr=2x10¢ for Ar=4 andWr=2 (Fig. 10(b)). There, amplitude

of Nu is about 5 percent of the time-averaged value. The result for
Pr=0.025 withAr=2 andWr=1 show that amplitude of oscil-
lations takes the large peak value in a narrow region around

Fig. 5 Velocity vectors and instantaneous streamlines at Gr
=5X10% for Pr= 0.025 in an enclosure with Ar=4, Wr=1.5 at
(a) t=200, (b) 300, and (c) 400. The upper is those at x=2 in the
y-z plane, and the lower is at y=Wr/2 in the x-Zz plane.

(c) Wr=2.5

i

0 100 200 300 400
t
Fig. 6 Time evolutions of the u-velocity and temperature at a Fig. 8 Velocity vectors and instantaneous streamlines in the
point (x,y,z)=(0.3174,0.2668,0.5) at Gr=5X10° for Pr= 0.025 y-z plane on x=1 at t=400 for Ar=2, Pr=0.025. (a) Wr=2.3;
in an enclosure with Ar=4, Wr=1.5 (b) 2.4; (c) 2.5.
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Fig. 9 Local Nusselt number on the cold wall for Pr ~ =0.025 at _ )
some times in enclosures with  (a) Ar=2, Wr=1, and (b) Ar Fig. 10 Average Nusselt number on the cold wall as a function
=4, Wr=2 of Grashof number: (a) time-averaged value; (b) rms value.

Each vertical segment indicates the critical Grashof number.

Gr=5x10. A variation in Wr has little effect on the average

Nusselt number. The average Nusselt number is sensitive to %c%knowledgment

for Ar=4 thanAr=2. This work is partially supported by Grant-in-Aid for Scientific
Research No. 11650238 from Japan Society for the Promotion of

Summary Science.

_ In th_is paper, three-dimensional, time-dependent_ numerioﬁbmenclature
simulation has been performed on natural convection in rectangu-
lar enclosures filled with low Prandtl numbg®r) fluids. Calcula- Ar = aspect ratio£/H
tions are carried out for the enclosures with aspect rafgs2  H = height of enclosure
and 4, and width ratioéWr) ranging from 0.5 to 4.2. _L = length of enclosure

In cases Ar,Wr)=(2,1), (2,2) and (4,1), the critical Grashof Nu = average Nusselt number
number (Gg) at which the onset of oscillation occurs largely Gr = Grashof number gBH3AT/?
depends on Pr. The numerical results fog @gree with available T, = temperature at cold wall
experimental results. The flow structure is characterized by celld+, = temperature at hot wall
lar pattern and weak longitudinal vorticémlls). As Wris in- W = width of enclosure
creased, Grdecreases except in a short rangeWif. In such a Wr = width ratio=W/H
range an abrupt change in Gyccurs. This is attributed to such a B = volumetric expansion coefficient
change of flow structure as transition from two-cell to unicellulaAT = temperature differenceT,— T,
pattern, or to variation in the arrangement of rolls. In casesOPr
and 0.015, the convective structures at @ unicellular in gen- References
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Rectangular Enclosure at High
c...no | Rayleigh Numbers

Professor
Fellow ASME

- . An experimental and numerical investigation is presented concerning the natural convec-
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tion of water near its maximum-density in a differentially heated rectangular enclosure at
F.J. Tu high Rayleigh numbers, in which an oscillatory convection regime may arise. The water
- e in a tall enclosure of A=8 is initially at rest and at a uniform temperature below 4°C
and then the temperature of the hot vertical wall is suddenly raised and kept at a uniform
temperature above 4°C. The cold vertical wall is maintained at a constant uniform tem-
perature equal to that of the initial temperature of the water. The top and bottom walls
are insulated. Using thermally sensitive liquid crystal particles as tracers, flow and tem-
perature fields of a temporally oscillatory convection was documented experimentally for
Ra,,=3.454x10° with the density inversion parametér,=0.5. The oscillatory convec-
tion features a cyclic sequence of onset at the lower quarter-height region, growth, and
decay of the upward-drifting secondary vortices within counter-rotating bicellular flows
in the enclosure. Two and three-dimensional numerical simulations corresponding to the
visualization experiments are undertaken. Comparison of experimental with numerical
results reveals that two-dimensional numerical simulation captures the main features of
the observed convection flow DOI: 10.1115/1.133651]1

Department of Mechanical Engineering,
National Cheng Kung University,
Tainan, Taiwan 70101, ROC

Keywords: Density Inversion, Enclosure Flows, Heat Transfer, Natural Convection,
Unsteady

Introduction shallow rectangular enclosure with aspect ratios of 0.1 to 0.5, and
yleigh numbers from P0to 16°. They demonstrated through
ye-injection flow visualization that the interior sinking jet-like

near its density maximunicold water)in a vertical rectangular fruct | h X densit i f cold wat
enclosure of high height/width aspect ratio as depicted in Fig. HC.)W structure along the maximum density con our7o cold water
the shallow enclosures was unstable foryR40". This is

Cold water is characterized by an anomalous density-temperatlﬁ}e_ .
relationship, the so-called density inversion phenomenon, haviﬁgn”ar to the findings reported by Lankford and Befd2] for a

its maximum density at about 4°C at sea-level atmospheric pré§-| vertical enclosure. In a_finite-element simulation, Nishimura
sure. Natural convection of cold water commonly arises in tHe &-[14]attempted to predict the occurrence of unstable natural
environment and in technolog]. The natural convection of cold CONVection of cold water in a vertical rectangular enclosure of
water is of fundamental interest, as well as having practical réiSPect ratio 1.25 at Rayleigh numbers of¢a(P. Their simula-
evance in the study of numerous natural systems and in technig@ns, however, predicted stable buoyant flow and temperature
applications. Thus, a number of studies have been made of stedf}/dS, even at the high Rayleigh numbers in which unstable con-
state natural convection of cold water in vertical rectangular eMection may be expected to arise. In a recent experimental study,

closures, representative works being given in REgs-6]. How- Nishimura et al[15] examined the effect of initial temperature on
ever, there are relatively few previous papgfs-11] regarding the inception of oscillatory natu_ral convection of _cold water in a
transient natural convection of cold water in vertical rectangul¥grtical enclosure of aspect ratio 1.25. The vertical walls of the
enclosures. enclosure were maintained isothermal at 8°C and 0°C, respec-
Among the existing works concerning either steady state tively, while the others were insulated. With an initial water tem-
transient natural convection of cold water in enclosures, onlyRgrature at 4°C, an unstable buoyant flow in the enclosure was
few have considered Rayleigh numbers (Rabove 16. Lank- 0bserved for Ra>9x1(P, featuring an oscillatory sinking jet-
ford and Bejarf12] studied steady state natural convection of coltiké flow structure. At initial temperatures other than 4°C, how-
water in a vertical rectangular enclosure of a 5.05 height/widffV€r, no oscillatory flow was detected experimentally. In their
ratio with Rayleigh numbers from $6-10. A mixed thermal correspond_lng flnlte-(_alemen_t S|mulat|ons_, only partial agreement
boundary condition of constant heat flux and isothermal tempet@S found in comparison with the experimental results. More re-
ture below 4°C was used for the thermally active walls of thgently. motivated by the related problem of natural-convection-
enclosure. Ivey and Hambl[i13], on the other hand, presented a ominated melting of ice in a rectangular enclosure, the present

experimental study of natural convection in a differentially heate%“th_Ors pres_ented_a two-dlm_ensmnal numerical S‘[".‘N con-
cerning the inception of oscillatory natural convection of cold

Contributed by the Heat Transfer Division for publication in thBURNAL OF v_vater in a vertical e_nclosure of high asp.eCt I’atk@% 8)'. Selec-
HEAT TRANSFER Manuscript received by the Heat Transfer Division December dion of a tall Water'ﬂ"ed enldosure Was.lntended to simulate the
1999; revision received, July 20, 2000. Associate Editor: C. Beckermann. early stages of the ice-melting process in a rectangular enclosure,

The present study deals with the natural convection of wat
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adiabatic closure AT) is 7 percent. In the present work, the following

+

7 y density-temperature correlation proposed by Gebhart and Mollen-
N adiabatic dorf [17] was employed for evaluating the density of the cold
13 cold . T, water
e e I p=pm(L=rSPIT=Ty/"), &
Le— W —> T where p,=999.9720 kg/m, rsp=9.297173x10"%(°C)"®, b
Tn + Te H T H =1.894816, andr,,=4.029325°C. The uncertainties in estimat-
AY k ! ing the Rayleigh number, the Prandtl number, and the dimension-
olj N less time-period are 18 percent, 0.1 percent, and 5 percent,
<+ //’T [ * respectively. _ ' .
X . AN Distilled water was used in all tests. All experiments were ini-
W_ 7 z W adiabatic tiated from cold start; namely, water was initially at rest and at a
adiabatic uniform temperature equal to that of the cold wall of the enclosure
) o ) ] ) (T;=T.). To this end, before the test run the hot and cold walls of
Fig. 1 Schematic diagram of the physical configuration and the test cell were connected to two constant temperature baths
coordinate systems setting at the initial temperature of the wafer. The water within

the test cell was then given sufficient time to reach thermal equi-

librium with the temperature of thermally active walls. A test run

was initiated by switching the connection of the left vertidabt)
during which water occupies a narrow vertical region. With increwall of the enclosure to another constant temperature bath, which
mental increase in the Rayleigh number, transition to a selitas already tuned to a selected temperafyehigher than the
sustained oscillatory convection regime througkepf bifurca- initial temperature of the water.
tion was predicted, featuring an oscillatory multicellular structure Temporal variation of the water temperature in the test cell was
within counter-rotating bicellular flow regions. The maximum wamade visible by using encapsulated thermochromic liquid crystal
ter density contour exhibited, accordingly, a traveling wave m@TCL) particles(type BM/R3C2W/S-33, Hallcrest, Inc., USAs
tion. The transitional instability into oscillatory convection washe temperature tracer. The liquid crystal particles in water have a
demonstrated to be buoyancy-driven. specific gravity of 1.028. For vivid visualization of the maximum-

The present study represents our continuing research effafitnsity temperature range of cold water, the TCL particles were

concerning natural convection of cold water in vertical enclosureselected to be visible over a temperature range o53C. A
It focuses primarily on experimental documentation of buoyancyoncentration of 0.02 percent in weight of TCL particles was
driven flow and temperature fields at the high Rayleigh numbesgided into and premixed with the water in the test cell before each
in which oscillatory convection was predicted in our previous nuest run started. The TCL particles were illuminated, during the
merical study{16]. To this end, visualization experiments of bothest runs, by a pair of fluorescent lamps located symmetrically in
temperature and flow fields were conducted to unravel the traffent of the test cell. A Nikon F-4 camera using a typical exposure
sient development of buoyancy-driven convection in a cold-wateime of 1 sec was used to record photographically the color pat-
filled enclosure with a height/width ratio of eight. Supplemental teerns of temperature field in the test cell.
the experiments, corresponding two and three-dimensional nuFlow visualization experiments were performed separately us-

merical simulations were also undertaken for comparison. ing another type of TCL particleBM/ROC1W/S-33 as the flow
tracer. The cross-sectional view of the transient buoyancy-driven
Temperature and Flow Visualization Experiments flow structure in the test cell was visualized via a He-Ne laser

. ) light sheet and recorded photographically on black and white
The experiments were performed in a rectangular test cell of thgns with exposure times ranging from 20 to 60 sec.
same height/width aspect ratio considered in our previous numeri-

cal study[16]. The inner dimensions of the test cell are 3 cm in
width, 24 cm in height, and 7 cm in depth. The hot and col . . .
vertical walls of the tgst cell were construc?ed of aluminum plate 'umerlcal Simulations
within which a thermally regulated fluith mixture of water and ~ Numerical simulations were undertaken to predict the transient
ethanol) is circulated through milled channels. The thermallyatural convection of cold water in the physical configuration of
regulated fluid was supplied by constant-temperature bath. Thig. 1 under the cold-start conditions considered in the experi-
horizontal (top and bottom)walls of the enclosure were con-ments. Initially, water inside the rectangular enclosure is at rest
structed of acrylic plates. For optical observation of the flow anahd at a uniform temperature @ . At time t=0 the left-hand
temperature fields, a double-pane window made of 5-mm-thisfertical wall is instantaneously heated and thereafter maintained at
glass plates with a 1-cm gap between the panes was construgetbnstant isothermal temperatdrg, while the right-hand verti-
for the front and rear walls of the test cell. The 1-cm gap wazal wall remains isothermal at the initial temperatuig£T;).
filled with nitrogen gas to prevent moisture condensation and Tde remaining sidewalls of the enclosure are taken as adiabatic.
provide good thermal insulation for the test cell. The test cell was The physical properties of water, except for the density in the
covered with 12-cm-thick Styrofoam insulation and housed insidgioyancy force terms, are assumed constant. The governing equa-
a temperature-controlled cold chamber.

Surface temperature measurements at the hot and cold vertical
walls were made by seven copper-constant thermocouples embed-
ded in the aluminum plates. Surface temperature variations on Pl 1 Summary of experimental conditions — (A,=8, A,
hot and cold walls were found to be less than 0.2°C both verticalﬁ/2'333)
and horizontally. In addition, a thermocouple placed in a stainless TestNo. T4(C) T.(C) Om Ray Ray
tube with an outer diameter of 1.5 mm was inserted from the . 7 L 05 3454x10°  1768x10°
ceiling of the test cell to monitor the temperature variation at the
geometrically central point of the enclosure. The thermocouples
were calibrated and the uncertainty in temperature was estimated 3 7 2 04 2.522x10° 1.291x108
as 0.1°C. In the temperature range encountered in this study, the
uncertainty in estimating the temperature-difference across the en-

2 8 0 05 5957x10° 3.050x10°

4 8.5 1 04  5437x10° 2.784x10°
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Fig. 2 Photographs of the transient evolution of the flow structre (upper) and temperature field (lower) at (a) Fo=0.023 (t
=2 min and 30 sec ), (b) Fo=0.054 (t=6 min), (¢) Fo=0.077 (t=8 min and 30 sec ), and (d) F0=0.127 (t=14 min) for 6,=0.5,

Ray,=3.454X10°

tions for the two- and three-dimensional transient natural convetimensional simulations follows essentially those detailed in our
tion in the cold-water-filled enclosure are expressed by meansprevious work[16]. For the three-dimensional simulations, the
the stream-function-vorticity formulation and the pseudovorticitynormalized governing equations in terms of the pseudovorticity
velocity formulation[18], respectively. The mathematical formu-vector, velocity vectorV and temperaturé can be expressed as
lation as well as the numerical methods adopted for the twésllows:
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Fig. 3 Two-dimensional prediction of transient streamlines
cold-water-filled enclosure for ~ 0,=0.5, Ra,,=3.454X10°

(upper) and isotherms (lower) in the

The initial and boundary conditions of the present simulation are

N
“Eo T VX(@+Prvxv)=0 )
Fo=0; V=%=0,6=0 ®)
V2 =VX[VX(VXV)]+Pr Ra,Vx(|6—0,"6) (3)
Fo>0;
70 +V-Vo=V?9 4
— +V.V§=V2y, (4) x=0: V=06=1 (6a)

dFo
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Fig. 4 Three-dimensional prediction of transient cross-sectional (x-y midplane) flow (upper) and
temperature (lower) fields in the cold-water-filled enclosure for 0,,=0.5, Ra,,=3.454X10° with A,
=2

x=1; V=0,0=0 (6b) The foregoing formulation reveals that the relevant dimension-

less parameters for the three-dimensional natural convection in the
y=0 or A,; V=0,06/dy=0 (6c)  cold-water-filled enclosure include: the Rayleigh numbia,;
- ) _ _ the Prandtl number, Pr; the density inversion paramekgr, the
z=0 or A;; V=0,06/0z=0 (6a) height/width ratio,A,; and the depth/width ratioA,. In the
The boundary conditions for the pseudovorticity on the sidewalfgesent work, the height/width ratio of the enclosug, was

of the enclosure, as shown in REE8], can be evaluated explicitly fixed at eight. Due to the constraints on the available computing

from the wall vorticity. resources and times, the actual value of the depth/width ratio of
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the enclosure in the experimem =2.333) was not considered Table 2 Summary of buoyancy-driven flow regimes in the
in the numerical simulations. Instead, two values of the deptﬁ‘i"d-water enclosure

width ratio, A,=1 and 2, were considered to reflect possible ef- Parameters Flow regimes
fects of the lateralfront and rear)yertical walls on transient con- o Experimental ~  2-D 3D 3D
vection in the enclosure. Furthermore, the two-dimensional mo ey visalization szrzuff)n S'(‘Zulf;" st";”‘i"f;"
simulations may be viewed as the three-dimensional simulations PP — — - -
with AZ:W. 0.5 454 % Periodic Periodic Steady Steady

The above differential equations along with the initial/boundary 05 5957x10°  Steady Steady Steady Steady
conditions were solved by a finite difference method. The differ- 04 2522x10°  Steady Steady Steady Steady
ential equations were discretized spatially using a second-order s o

0.4 5437x10 Steady Periodic Steady Steady

central difference approximation for the diffusion terms and the
QUICK schemd19]for the advection terms. A non-uniform grid

in the x-direction was constructed for effectively capturing the
steep gradients along the thermally active walls of the enclosure,
while uniform grids were used in both and z-directions. The  Transient Convection Development. The transient evolution
time-dependent velocity and temperature E@.and (4) were of the buoyancy-driven flow structure and temperature fields ob-
integrated in time using an explicit approximation with secondserved experimentally in the cold-water-filled enclosure is typified
order accuracy. by the sequence of photographs shown in Fig. 2 dgr=0.5,

The explicit simulation used in this study starts with solvingan:3.454x105. During the early stage, the buoyancy-driven
Egs. (2) and (4) for the velocity and temperature fields, respeciow in the enclosure is, as can be expected, dominated by a coun-
tively, based on the initial condition of stagnant flow and uniforngerclockwise circulation flow. AtFo=0.023 (t=2 min and 30
temperature fields in the enclosure. A time step of® ° was sec)a secondary clockwise eddy confined roughly by the maxi-
found sufficiently small for the present simulations. At each timgum density contour arises at the bottom left corner of the enclo-
step, the discretized pseudovorticity B@) is calculated itera- sure as shown in Fig. 2(a). As the isothermal heating continues at
tively by a successive relaxation method until a relative convethe hot wall, the sequence of photographs in Figh)-2d) re-
gence criterion of less than>610” is met. The transient solution veals that the clockwise circulation flow structure proceeds to
is considered asymptotically approaching the steady state corstrengthen and to grow with the vortex center moving upward,
tion if the relative convergence criteria of 70and 5<10 7 are, while the counter-clockwise circulation becomes gradually sup-
respectively, satisfied for the solutions of temperature and velgaressed. Closer examination of Fig. 2 reveals a vortex-splitting
ity. The relative convergence criterion adopted is of the form: phenomenon occurring within the counter-rotating double-

mel am circulation structure in the enclosure. Meanwhile, from the color

™"~ B max e @) patterns of the transient temperature field in Fig. 2, it is evident

[ 6™ Y max ¢ that the maximum density contour of water exhibits an upward

Haveling wave movement during its transverse penetration pro-
cess into enclosure core.

Throughout the present simulations, double-precision arith- For comparison, Figures 3 and 4 present, respectively, the tran-

metic was incorporated to achieve high solution accuracy. Bas?f']ﬁm developn&ent ?f the fI(()jV\;hand t(jgmperaturel figldsl ptr'edicttedtﬁy
on a grid-size variation study, a grid of 3201X31(xXyXz) e corresponding two- and three-dimensional simuiations to the

was found sufficiently fine for the three-dimensional simulationé:.onqition Oc]; Figi 2. Int the C;OS]IOUI‘ ﬁlOtS. 0:; thet izog]ermg, tned
CPU times required for a three-dimensional calculation on j:;/axmum ensity contour or the water IS denoted by a dashe

wherem denotes the iteration number or the time level of the fiel
variable of interestp.

IBM SP2 workstation range from 290 to 400 h, depending on t we. T?ﬁ contour plots c\j/ver_e_drawn V\ll'th an'tiqu?r! |ncr$ment k?e-
Rayleigh number and the occurrence of the oscillatory convecti /€€n the maximum and minimum vaiués within the entire enclo-

The accuracy of the present three-dimensional code was valire: Furthermo_re,_ the velocity vector plo_ts were scaled V‘.’ith the
%'i_xmum velocity in the cross-section of interest. Comparison of
the

dated against the reported solutions for steady state natural c . ; . Y
vection in an air-filled cubical enclosuf@0,21]. The calculated predictedFigs. 3 and 4jand observedFig. 2) results indi-
results of isotherms and velocity distributions in the cubical e@_a}es that thedpredlcted trar;slﬁjnt.de\éelopn}ent ofbthehbuoyancg-
closure for Ra=0*~1¢° were found to agree well with thosetr:'vend.OW an telmperalltu_re lelds in the 3“0 osure by t ehtwr? an
obtained in Refs.[20-21. The maximum difference in the ree-dimensional simulations are in good agreement with the ex-
surface-averaged Nusselt number was less than one percent. perimental visualization. In- partlcular,_ the predicted traveling
wave movement of the maximum density contour of water asso-
ciated with the vortex-splitting process throughout the develop-
Results and Comparisons ment of the clockwise circulation structure agrees well with the
. i i L . experimental observation shown in Fig. 2. Further scrutiny of the
The conditions for the various visualization experiments pefedicted flow patterns in Figs. 3 and 4 reveals that in comparison
formed here are summarized in Table 1. Cold and hot verticg the two-dimensional results, the transient development of the
walls of the enclosure were maintained at temperatures, respggickwise circulation structure in the three-dimensional simula-
tively, lower and higher than the maximum-density temperature gh, proceeds rather slowly. This may be due to the effects asso-
water T, leading to two values of the density inversion paramsiateq with the presence of lateréitont and rearwalls in the
eter, 6,=0.4 and 0.5. The temperature difference across the colgee.-dimensional configuration. With a lower depth/width ratio
water-filled enclosureAT(=T,—T.), was purposely selected to A,=1, the corresponding three-dimensional simulatioot
yield the Rayleigh numbers in which oscillatory convection wagno\n hereyeveals a similar transient development to that dis-

predicted to arise in our previous numerical stidg]. It should 5ved in Fig. 4 forA.=2 but at a somewhat slower pace.
be noted that in Ref.16] the calculations at the higher Rayleighp y g z P

numbers were initiated from the numerical results of the lower Convection Regimes. As summarized in Table 2, the tran-
Rayleigh numbers, instead of the initial cold-start condition corsient flow and temperature fields were observed to approach a
sidered here. For the four test conditions listed in Table 1, tis¢eady state for all the test conditions with the exceptior,pf
temperature and flow visualization experiments were performed0.5 and Rg,=3.454x10°, under which a self-sustained tempo-
separately. Corresponding to these experimental conditions, tvedly oscillatory convection regime was detected. Figure 5 dis-
and three-dimensional numerical simulations were conducted faays a timed sequence of visualization photographs of the flow
comparison. and temperature fields taken over one period of the oscillatory

Journal of Heat Transfer FEBRUARY 2001, Vol. 123 / 89

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



Fo=0.54  Fo0=0.54+P/4 Fo0=0.54+P/2 Fo=0.54+3P/4

Fig. 5 Photographs of the flow structure (upper) and temperature field (lower) of the
oscillatory convection in the cold-water-filled enclosure at 0,,=0.5, Ra,,=3.454X10°
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(-62.3, 68.4)
(-65.9, 60.5)
(-70.2, 62.3)

(-64.5, 66.1)

Fo=0.54 Fo0=0.54+P/4 Fo0=0.54+P/2 Fo=0.54+3P/4

Fig. 6 Predicted cyclic flow (upper) and temperature (lower) fields of the oscillatory
convection in the cold-water-filled enclosure by the two-dimensional numerical

simulation at  @,,=0.5, Ra,,=3.454X 10°
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(b) @)

Fig. 7 Steady state cross-sectional (x-y midplane) ( a) flow
and (b) temperature fields predicted by the three-dimensional
numerical simulation at  ,,=0.5, Ra,,=3.454X10° with A,=2

convection atf,,=0.5 and Rg=23.454X10°. A cyclic sequence
of onset at the lower-quarter-height region, growth, and then de-
cay can be vividly observed for the upward drifting secondary
vortices within the counter-rotating double circulation regions.
Accordingly, as shown in the temperature-visualization photo-
graphs of Fig. 5, an upward-traveling wave movement of the
maximum density contour through the core region of the enclo-
sure can be discerned. The upward traveling wave motion of the
maximum density contour was observed to sway at a time period
of about 60 secor a dimensionless period &=0.0091), which
is greatly shorter than the oscillation periods observed by Nish-
imura et al.[15] for an enclosure of height/width aspect ratio
1.25.

Also included in Table 2 are the convection regimes predicted

by the corresponding numerical simulations to the visualization
experiments. As indicated in Table 2, contradictory results were
obtained from the corresponding two and three-dimensional simu-
lations to the case of,,=0.5 and Rg,=3.454x10°. By the cor-
responding two-dimensional numerical simulation, a self-
sustained oscillatory convection regime was indeed predicted to
arise, as depicted by the cyclic sequence of streamlines and iso-
therms in Fig. 6. The predicted main features of the upward-
drifting multicellular structure along with the wavy maximum
density contour agree well with the experimental observations of
Fig. 5. Moreover, the predicted period of the swaying motion of
the maximum density contour is 59.3 sec, also in excellent agree-
ment with the measured data. In contrast, the corresponding three-
dimensional simulations for both values &f predicted an as-

—————

[
i
iy
i
' L
'
5
3

(-68.5,64.8)

ymptotically steady-state convection regime. Figure 7 illustratéSg. 8 Comparison of the steady state flow patterns

the steady-state cross-sectional velocity and temperature fieldsund temperature fields

the enclosure predicted by the three-dimensional simulation foent, (b) three-dimensional
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(A,=2), and (c) two-dimensional

A,=2. A bicellular flow structure can be seen to prevail inxag ~ simulations at 6,,=0.5, Ra,,=5.957X 10°
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mid-plane of the enclosure, featuring a wavy jet-like maximum-
density flow sinking from the mid-ceiling. The waviness of the
sinking maximum-density flow gradually diminishes as it de-
scends to the central core of the enclosure. The disparity between
the two- and three-dimensional simulations may be attributed pri-
marily to the viscous dissipation effect associated with the pres-
ence of the lateralfront and rear)vertical walls in the three-
dimensional configuratiof22].

With further increase of the Rayleigh number to,Ra5.957
X 10° under#,=0.5, a reverse transition to steady-state convec-
tion regime was found both experimentally and numerically. Fig-
ure 8 compares experimental and numerical results of the steady
state flow and temperature fields forRa5.957x10° with 6,,
=0.5. The experimental results agree closely with the predicted
flow structure and temperature distribution from the three-
dimensional simulation, featuring a bicellular flow structure de-
marcated by a descending maximum-density stream from a point
of the ceiling closer to the cold wall. By contrast, the two-
dimensional prediction shows a different bicellular flow structure
such that the maximum-density stream emerges from a point of
the ceiling very close to the hot wall. Such a disparity between the
three and two-dimensional simulations further reflects the lateral
wall effect of the enclosure on the buoyancy-driven convection of
cold water.

Next, atd,,= 0.4, steady-state convection was found from both
experiment and simulations at & 2.522x10°. Comparison of
numerical and experimental results of flow and temperature fields,
as illustrated in Fig. 9, reveals very good agreement between ex-
periment and predictions from three or two-dimensional simula-
tions. As indicated in the visualization photographs, a counter-
rotating bicellular flow dominated by clockwise circulation
prevails, with a sinking maximum density jet emanating from the
upper part of the cold wall. The clockwise circulation in the top
region stretches downward along the hot wall through a narrow
region shaped like and referred to hereafter as a bottleneck region.
Around the bottleneck region, waviness of the thermal boundary
layer along the hot wall can be discerned. Further increase of the
Rayleigh number at R@g=5.437x10° under 6,,=0.4, both the
visualization experiments and three-dimensional simulation pro-
duce steady-state convection flow and temperature figids
shown) similar to those displayed in Fig. 9 for R&2.522
X 10°. By contrast, with the absence of the damping effect of the
lateral vertical walls, the corresponding two-dimensional simula-
tion at Rg=5.437X10° yields a convection regime of self-
sustained periodic oscillation, as illustrated in Fig. 10. This ap-
pears similar to what was predicted in the earlier sti@§]. A
cyclic sequence of splitting and merging of the upward-drifting
secondary vortices evolves within the counter-rotating bicellular
structure. A traveling wave motion of the maximum density jet-
like flow arises as it turns through the bottleneck region into the
enclosure core.

Additionally, the foregoing disparities among the experimental
observations and numerical predictions may be associated with
the assumption of constant properties in the mathematical model.
In fact, the temperature difference imposed across the enclosure in
the experiments has appreciable and differential effects on the
thermophysical properties of water, particularly the viscosity.

Finally, in Table 3, comparison is made for the measured re-
sults of the steady-state or periodically-mean water temperature,
(Teentedss OF (Teente)mean @t the central point of the enclosure,
with the corresponding numerical predictions. It can be seen from
the table that the measured and predicted values of the Steadﬁj 9 Comparison of the steady state flow patterns (upper)
state or periodically mean water temperature at the central pointapid temperature fields (lower) among (a) visualization experi-
the enclosure are in good agreement, within experimental uncewent, (b) three-dimensional (A,=2), and (c) two-dimensional
tainty. Also included in Table 3 is the amplitude of temperaturgmulations at 6,,=0.4, Ra,,=2.522X 10°
fluctuation, A1, at the central point of the enclosure when the
self-sustained oscillatory convection occurs. The measured fluc-
tuation amplitude of 0.3°C for the case of ga3.454x10° and
0,=0.5 appears to be smaller by half of that predicted by the
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(-54.1,79.8)
(-60.1, 83.4)

(-53.1,78.4)

(-57.5,67.1)
(-60.7, 64.2)

Fig. 10 Periodic variations of the flow structure (upper) and temperature field (lower) predicted
by two-dimensional simulation at  #,,=0.4, Ra,,=5.437X10°

corresponding two-dimensional simulation. This is a further indisnder strong density inversion influence, in a vertical water-filled
cation of the dissipation effect associated with the threenclosure of high height/width raticA(=8) at high Rayleigh

dimensionality of the enclosure in experiment. numbers, in which a temporally oscillatory convection regime
_ may be expected to occur. A convection regime of self-sustained
Concluding Remarks periodic oscillation in time has been confirmed, via temperature

In the present study, the primary objective has been to docdd flow visualization experiments, in an enclosure of depth/width
ment experimentally the features of buoyancy-driven convectioratio A,=2.333 at Rg=3.454x10° under#,,=0.5. The oscilla-
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Table 3 Comparison of measurements and simulations Subscripts

Teenter)ss O (Teomer Ymean (°C) 4 0 ¢ = cold wall

o, Ray Exp. Num. Num. Num. Exp. Num. Num. Num. center = central point of enclosure
(4,=0)(4,=2)(4.=1) (4, =0) (4.=2) (4.=1) cr = critical state
0.5 3454x10° 41 41 40 40 03 08 - - h = hot wall
0.5 5.957x10° 41 40 39 40 - ; ; . m = maximum density
s max = maximum value
0.4 2522x10° 32 35 34 33 - - - - A
mean = periodically mean value

04 5437x10° 27 25 25 24 03 - - ss = steady state

Superscripts

m = iteration number or time level

tory convection has been visualized experimentally, and was
found to feature a cyclic sequence of onset at the lower quarter-
height region, growth, and decay of the upward drifting secondagyeferences

vortices within counter-rotating bicellular flows. A periodic trav-
eling wave motion of the maximum density contour of water has

[1] Gebhart, B., 1979, “Buoyancy Induced Motions Characteristics of Applica-
tions in Technology,” ASME J. Fluids Eng101, pp. 5-28.

also been detected in the temperature visualization experimentz] watson, A., 1972, “The Effect of the Inversion Temperature on the Convec-

The corresponding two-dimensional numerical simulation is able
to capture the main features of the observed oscillatory convectio
flow and temperature fields in the enclosure and provides a goo
agreement with the measured time period of the cyclic traveling

wave motion of the maximum density contour.
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1 Introduction wavelength instability mechanisms. Krishnamoorthy et[aD]
showed that long wavelength disturbances may lead to a sponta-
. -~ Reous rupture of the layer. VanHook et fl1] documented the
_bounded from aboy_e by a passive gas. A _sufﬁcnently strong he Kistence of a long wavelength instability that leads to rupture of
ing leads to instability. The instability motion can be a result gf, . layer.
either the Marangoni effect associated with the temperature de;5-anqoni instability in a finite cavity was studied by Winters
pendent surface tension or the buoyancy effect associated with they| 112]who determined the critical condition for short cavities
temperature dependent density. The Marangoni effect in the 3ty a nondeformable interface. Dijkstfa3] provided a detailed
sence of gravity is investigated in the present study. ~ description of the associated bifurcations. Dijksffat,15] and
Benard[1] carried out the first study concerning the origin anghauby and Leboiil6]extended this analysis to three-dimensional
development of thermal instabilities in liquids in 1900. He obcayities. Because of the presence of a fixed interface, the long
served convection in a layer of spermaceti just beyond critic@lavelength modes were effectively eliminated from the analysis.
conditions and noted that convection cells formed a regular hex-The main objective of the present work is the determination of
agonal pattern and that the upward flow was below the surfaew the finite size of the containgin two-dimensionsand the
depressions and the downward flow was under the surface eleygformability of the interface affect the critical conditions leading
tions. Banard[1] assumed that buoyancy was the main force thad the onset of convection. In particular, it is of interest to analyze
drove this convection. Block?] indicated that in shallow liquid the difference between the instability in finite cavities and in in-
layers, as in Beard's experiment, the temperature dependent suinite layers, to identify the dominant instability mechanisms and
face tension was more important than density gradient. to elucidate the pattern of the most unstable modes. A successful
Pearsor{3] gave a linear theory for the Marangoni instabilityresolution of the last issue should permit critical evaluation of the
for an infinite layer of fluid with a nondeformable interface. Heesults based on the analysis of infinite layers, and especially the
found that the critical condition giving rise to the onset of conrole played by the long wavelength deformational modes. The
vection was governed by a non-dimensional group consisting @falysis is limited to two-dimensional flow configurations only.
the Marangoni number MéVia measures temperature sensitivityrhe problem formulation and the governing equations are pre-
of the surface tensiorgnd the Biot number BiBi measures effi- sented in Section 2. The methodology used in the analysis is dis-
ciency of the heat transfer from liquid to gas cussed in Section 3. Section 4 presents a discussion of the results.
Scriven and Sterling4], Smith[5], Davis and Homsy6], and Section 5 gives a short summary of the main conclusions.
Davis[7,8]discussed the role of the deformability of the interface
for infinite layers. The deformability provides an additional “de-
gree of freedom” and cannot be neglected even if the actual de-
formation is infinitesimal(e.g., in the linear stability analygis ~ Consider a rectangular cavity of length and heightd, as
The capillary number Cé&Ca measures softness of the interfaceshown in Fig. 1. The upper surface, describedybyh(x,t), is a
must therefore be included as an additional parameter. It has bé&¢ surface bounded by a passive gas of negligible density and
found that the surface deflection stabilizes the system if buoyandgcosity kept at a constant temperatiigs. The free surface is
is dominant and destabilizes the system if the Marangoni effectd§sociated with a surface tensionthat decreases linearly with
dominant ([6]). The system becomes unconditionally unstabf¢mperature, i.eg =0y~ ¥(T—Tgd. The liquid is incompress-
with respect to disturbances with a sufficiently long wavelengtR!€, Newtonian, has density, thermal conductivityk, specific

([4,7)). Goussis and Kelly9] identified separate short and longheat per unit mass, thermal diffusivity x=k/pc kinematic vis-
cosityv and dynamic viscosity.. The bottom of the cavity is kept
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Consider a quiescent liquid layer heated from below that

Problem Formulation
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Fig. 1 Sketch of the flow configuration and the coordinate system used in the present analysis

Ue+vy=0, (1a) sion scaled/U, as atime scale anfiT= Ty, — Tgasas a tempera-
ture scale. The dimensionless parameters are defined as follows:

Re=Udp/u, Ma=U.,d/k, Ca=vyATlo,, Bi=Hd/k
Re(vi+Uvytovy)=—pyto,toyy, (1c) (5)

Ma(T+uT+oTy)=Tet Ty, (1d) whereH stands for the coefficient of heat transfer from the liquid

. to the gas. The dimensionless temperature was defined as
whereu andv are, respectively, th& andy components of the _ (1« —Tgd/AT where star denotes dimensional temperature.
velocity vector,p is the pressureT is the temperature of the

liquid ds for the ti d vel Pearsor{3] used a temperature scale based on the temperature
Iquid, It stands for the time, Re and Ma are,_respectlvefy, NSadientb in the basic state, i.eAT=bd. This scale is equal to
Reynolds and Marangoni numbers, and subscepist stand for ¢ temperature difference between the cavity bottom and the in-

dldx, aldy, andalat, respectively. These equations are subject ace 5 e AT =Ty~ Ty ASSuming stati¢no motion)steady
the following boundary conditions: state. it is eas;’; to show that

Re(Ui+ Ul +vUy) = — Pyt Uy + Uy, (1b)

x=0: UZO, U:o, TXZO’ (2a) TintZ(Tb0t+BiTga5)/(l+ Bl) (6)
x=L: u=0, v=0, T,=0, (2b)  For Bi—0, temperature scalaT,—0 and this type of scaling
y=0: u=0, v=0, T=1, (2c) becomes singular. As a result, the result§ 81) for Bi=0 do not

correspond to any realistic physical situati@ee alsd13]). The

y=h(x,t): v=h;+uh,, (2d) temperature scale used in this analysis avoids this problem.
) - The definition of capillary number given ii%) has been used in
—p+2[hiuctvy—hy(vgtuy)1(1+hy) the analysis of Marangoni instability in short containgds3]). An
ol 2. -3/ alternative definition used in the analysis of stability of infinite
Ca(1-Cahhy(1+h) (2€) jiquid layers([8]) has the form
2h(—u+oy) +(1—hd) (v, +uy) = —(T,+h, T (1+ hi)l’(z,zf) Cay = purldor, %
(—h,T,+T,)(1+h?) Y24+ BT =0, 29) Ca=CaMa. ®)

In the above, Ca and Bi stand for the capillary and the Biot nun3 Numerical Solution

bers, respectively. Equatiof2d) describes the kinematic condi- The : " C e : :

X . i question of the stability of the liquid is investigated using
tion atl thedlr:terfac?(zlef) and (th) t(rj]esprltbef the balanc?. Ofl thedirect numerical simulation. The required algorithm has to be able
normal and tangential forces at the interface, respectively, apds e the unsteady free-boundary problem. The irregular, time-
(29) specifies a general heat transfer condition at the 'merfa?f'ependent solution domaias defined by(x,t)) is mapped onto

Equation(2g) assumes that the Newton’s Law of Cooling is valida fixed rectanaular domain in the computatio lane (Fi
which is an idealizatior{[17]). Detailed derivation of conditions 1) B(Sing a trar?slfformationlorll the form putatiotgly) p (Fig.

(2d)—(2g) is given by([18]). The deforming interface must satisfy

the mass conservation constraint and contact conditions &=x, n=ylh(x,t). 9)
L The flow problem is expressed in terms of the stream
o h(x,t)dx=V, ®3) function—vorticity formulation that permits a simple enforcement
of the incompressibility condition. The field equations to be
h(0)=h(L)=1. (4) solved numerically have the form
Equation(3) describes conservation of the global volume of the A%+ w=0, (10a)
liquid in the cavity. Equation(4) expresses assumption that the 1 1 )
contact points between the interface and the side walls remain o= 7™ "hw, +h™ (0~ y0,)=Aw/Re,  (10b)
unchanged during motion of the liquid. The above problem has T nh’lhtTﬂJrh’l( z//,,TgﬂpgT,,)zAzT/Ma, (10c)

been scaled with cavity depthas a length scalé) ,= yAT/u as
a velocity scaled/uU,, as a pressure scaley as a surface ten- where
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U:l/Iy, v=—1y, W=vy— Uy,
52 92 &
2= -1 +h23(9?h%+1) — 1E-1
A PP 27nh¢h Eam h™“(n°hg 1)(;1]2

steady-state
convection

1E-2
+(2h§—hh§§)nh*28i. (10d) % 1E3
7 < phase 3

The boundary conditions take the form __E 1E-4
£=0: ¢=0, ¢;=0, T,=0, (10e) 3 Es
é=L: =0, =0, T,=0, (10) T tes
7=0: =0, =0, T=1, (109) 1E-7
n=1. h+4,=0, (10h) 1E-8
_p+2(hgcpfg—(1+hé)h’l¢§n+h§h’2(l+h§—hh&)w,j) 1E-9
(1+h) 1E-10

=Ca H(1-Cahg(1+h) > (100) 1E-11 numerical zero
—(1=hD) et h™2(1+05)2y,,—2hh ™ (1+h3) gy, 12

+[(1=h)hhg+2hZ(1+h3)]h ™2y, = —T(1+h3)"? 1500 2000

(10))

(1+ hf)”zh‘lT,]— he(—1+ h?)_l/zTg-i- BiT=0. (10k) Fig. 2 Evolution of perturbations for a subcritical (Ma=100 —
; lower line) and supercritical (Ma=300 — upper line ) Marangoni

The above problem is discretized using a second-order finit@tmbers for Ca=1.5, Bi=2, Pr=1 and L=3. The critical value of
difference approximation for the spatial derivatives and a firsthe Marangoni number is Ma ,=210. The maximum value of the
order, fully implicit approximation for the temporal derivativesvorticity |w|ma is used as a measure of the magnitude of the
The method used and its testing are describelifi]). The cases perturbation. The classical, short wavelength disturbance pat-
where steady, saturated states exist were investigated using g dominates, leading to the formation of a saturated super-
steady algorithm described if20]). critical steady convection.

4 Stability Investigation

The stability investigation relied on the primary meaning of thgw| ., must fulfill two conditions. The first is that the resulting
instability. The basic state was perturbed and the evolution wistantaneous motion must exceed by a few orders of magnitude
disturbances was followed in time. The solution was consideredtige “numerical zero” level(approximately 10*2 for the stream
be stable if the disturbance decreased in time. If the disturbarfe@ction for the time-dependent algorithnThe second is that the
increased then the solution was considered to be unstable. InaHplitude of the motion must be significantly lower than any
unstable cases considered, the growth of disturbances resultedtigndy state solution that may exist for the given values,dsi,

the appearance of a convective motion. . L, Re and the Marangoni number equal toM&0.5. Here Ma,
The basic state considered in this analysis consisted of quiggnotes the critical value of the Marangoni number and the value
cent liquid, i.e., 0.5 stands for the accuracy of determination of,Ma

After introducing one of the above perturbations, the evolution
of the flow system was followed in time. A typical behavior of the
solution is presented in Fig. 2. At the beginnifghase 1xhere is
Several methods have been used for perturbing the liquid, m@gf dominant tendency; the disturbances can either decrease or
commonly through perturbing the temperature field. Two shapgfrease depending on the shape of the perturbation used. This is
of perturbation function were used. In the delta-like perturbatiogp because this perturbation consists of a number of modes that
the temperature at one grid poiftlose to the side wallwas have their wave numbers close to the wave number of the most
increased by a value of the order of 78-10"°. Such perturba- unstable mode. These modes decay very slowly and, conse-
tion contains symmetric and asymmetric modes of all wavelengthgently, it takes a long time to sort out the decreasing and increas-
admissible by the flow system. This is an important property dfig modes.
this form of perturbation because we do not know a priori which After the end of phase 1 a distinct tendency can be observed,
of the possible mode&@nd whether it is symmetric or asymmet-with both the maximum of the stream function and the maximum
ric) is the most unstable one. In the second approach, the sunobfthe vorticity either decreasing or increasifighase 2). The
a few basic(symmetric and asymmetjienodes was used as an(in/de)crease lasts for a long tinfthousands of time unitsuntil
initial perturbation. In this case the shape function was repreither a steady state is reached or the calculations have to be
sented as’T(t=0,¢, =0.5)=10 °3; cos@r&/L) with i typically terminated for numerical reasons. Small oscillations of the solu-
varying from 1 to 10. This perturbation was added to the station are usually observed around the steady state if it efpsiase
temperature at deptly=0.5. The reader may note that certairB).
properties of the resulting motiatike, for example, direction of  The solution was classified on the basis of its behavior in phase
rotation in the cell), may depend on the shape function. The v&: If both || ma and |o|max changed monotonically for a few
ues of the critical Marangoni number, however, are the same foundred time steps, the solution was classified as either stable
both shape functions within the error of the present analysis, gperturbation was decreasingr unstable(perturbation was in-
cept in some extremal cases. creasing). After a decision had been made, the calculations were

The amplitude of the perturbation as measured, for example, inyerrupted and repeated with a new value of Marangoni number
maximum values of the stream functio|,., and the vorticity until Ma,, was found with accuracy of 0.5.

$=0, =0, T(t,&7)=1-Big/(1+Bi), h(t,&=1.
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Table 1 Critical values of the Marangoni number Ma

resolutions. Calculations were performed for Bi

o and the number of cells for different grid

=2, Ca=1.5, i.e., close to the region of transition from

the one-cell regime to the two-cell regime  (see Fig. 2).
Grid Size
11x11 32x64 64x64 101x101
Length
2.0 207, 1 cell 225, 1 cell 230, 1 cell 231, 1 cell
2.6 226, 1 cell 221, 2 cells 224, 2 cells 225, 2 cells

Ca=0

Pearson's limit

Fig. 3 The critical Marangoni number Ma

cavity length L for different values of the Capillary number Ca
and for Bi=2. The half-wavelengths of disturbances leading to

the unconditional instability, according to the linear stability

analysis of an infinite layer

then to three, four, five, etc., cells are marked by points A and

B, Cand D, E and F, G and H, | and J, respectively, for Ca

o as a function of the

([8]), are marked on the horizontal
axis. Transition of flow patterns from one cell to two cells, and

=0,

and by points aand b, c and d, e and f, g and h, respectively, for
S-pattern and the 3 cells
L-pattern for Ca=1 are shown in Fig. 4. The thick lines indicate
critical conditions for the

Ca=1. The four and five cells

L-pattern of response for Ca

=1.

5 Results and Discussion

4.1 Cavity With a Nondeformable Interface. Marangoni
instability in a two-dimensional cavity with a nondeformable in-
terface has been studied by a number of authors. The initial analy-
ses (see, for examplef3]) were concerned with infinite liquid
layers only. More recently, Dijkstrfl3] consideredshort)finite
cavities with lengthL=<4 and determined the corresponding bi-
furcation structures. The transition between the finite cavity and
an infinite layer has not yet been studied. This problem provides a
good starting point as well as a test for our methodology. Thus,
we seek Mg as a function of Bi and. with Ca=0. For conve-
nience and without loss of generality we set=Rr since the
Prandtl number Pfor the Reynolds number Réo not effect the
neutral state.

Figure 3 displays variations of the critical Marangoni number
Ma., as a function of the cavity length. The curve with Ca0
corresponds to a nondeformable interface and its pait fo# is
qualitatively similar to the one obtained (fL3]) (results in([13])
are for a different value of Bi The reader may note a non-
monotonic character of variations of MaasL increases and the
existence of an asymptotic limit of Mafor L—~. The local
maxima of Mg, correspond to the change in the number of con-
vection cells found in the liquidthe corresponding flow patterns
are not shown), in qualitative agreement with experiments de-
scribed in([21]). The very sharp form of these maxima under-
scores the fact that there are well-defined cavity lengths that sepa-
rate flow patterns with a different number of cells. These border
points are double points since they give rise to two flow patterns,
one being symmetric and the other one being asymmetric. These
double points correspond to the intersections of the symmetric and
asymmetric bifurcation branchegl3]).

When the cavity length increasek =), the symmetric and
asymmetric bifurcation branches approach each other and the lo-

The method is very sensitive with respect to Marangoni nuneal maxima and minima of Mabecome less and less distinguish-
ber; hence, the critical value of Ma could be determined with gble (see Fig. 3). In the limitL =, there is no distinction be-
good precision. The limit of the precision is imposed by the grilyeen both branches. The limiting value of Mas equal to the

size. In the calculations, the grid Wit_h resolution _either 1/32 ®¥ne determined if[13]) in the case of an infinite layer. Detailed
1/64 had been used. The corresponding error of, M&a3-5 (for

grid 1/32) and 1-2(for grid 1/64) for flat parts of the neutral
stability curves and could be larger close to the region of t

unconditional instability—see Table 1 and Figure 3.

Table 2 Critical values of the Marangoni number Ma
(i.e., Ca=0) and the Pearson’s ([3]) results for the infinite layer

comparison between the present and Pearson’s results is given in

hTable 2. WherL increases, the flow pattern alternates between

sei/mmetric(with odd number of cellsand asymmetrigwith an

o for the finite container and the rigid interface

Length of the cavity L
Bi 4 6 12 16 Pearson’s Pearson’s
re-scaled original
2 239 229 227 226 225 150
4 277 272 - 271 271 217
6 349 335 331 331 330 283
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even number of cel)sflow patterns. The cells’ configurations ap- 07 —=== Y I ——
proach the common limit consisting of cells characterized by they o5 5 ;
critical wave numbergq,~2.4, ([3]). 00 e J —
0 05 1.0 15 20 25 3. 0 55 60 65
5.2 Cavity With a Deformable Interface. The questions to b e 3'5,(4'0 19 8055 60 68
be addressed in this section &ehow the interface deformability
affects the critical stability conditiondji) what are the corre-
sponding flow patterns, an(di) what is the character of transition ¥ *
from the behavior of a finite cavity to the behavior of an infinite e
layer. In the case of an infinite layer the system is unconditionally
unstable with respect to disturbances with the wave nunaber
such thain?< 1.5 Ca([4,8]). For convenience, and without loss of
generality, we set Prl and carry out calculations for various vy
cavity lengthsL and various Capillary number Ca, and for se-
lected values of Bi.
The form of plots of Mg, as a function ot for different values
of Ca(see Fig. 3)suggests the existence of two qualitatively difFig. 4 Flow patterns associated with the most unstable distur-
ferent types of response of the system, depending on the lengttp@fices in the case of a deformable interface for Ca =1,
the cavity. ForL smaller than a certain critical value<L;, an gﬂrﬁz;lwflgrmp]o?t:rzgzb;ggsgéer{'icee de;?g;‘t?gﬁ‘no'fsré%%%rﬁge?ss ”tlc:;_
increase of deformabi_lity of the in.tfen(a(tan increa_se of Caje- trated for cavity lengths L=6.9 and 7.0 (see Figs. 4( g—h), while
sults in a small reduction of the critical Marangoni number:Ma e | _pattern s illustrated for cavity length L=7.6 (see Fig.
The maximum cavity length that supports such response decreag@$. The corresponding flow conditions are marked by points
at the same time. The magnitudes of both changes increase wjih, and i, in Fig. 3, respectively. The forms of the interface for
an increase of Ca. The qualitative character of this responseLis 7.0 and 7.6 are shown in Fig. 5. Flow normalization condi-
very similar to the case of a nondeformable interfacempare tion used in all cases —  |#]max=1. The system evolution corre-
neutral curves for Cal and Ca=0 in Fig. 3). We shall refer tosponds to phase 2 in Fig. 2.
this process as th8-pattern of respond& stands for short cav-
ity). When cavity length increases above the maximum length that
supports thes-pattern of responsk>L;, the critical Marangoni
number rapidly decreases and the system becomes unconditibhe reader should note that the data displayed in Figs. 4-5 has
ally unstable for.>L,. BothL; andL, are functions of Ca. We been taken from phase 2 of the instabilisee Fig. 2). In order to
shall refer to this process as thepattern of responsg. stands for take time out of considerations, the data has been normalized with
long cavity). We shall demonstrate, by looking at the form of theondition ||n.,=1 which corresponds to the selection of an ar-
most unstable disturbances, that tBeand L-patterns are very bitrary constant in the linear stability theory. Figure 4 presents
distinct and are driven by different physical mechanisms. streamlines with the deformation that has not been normalized
The above result is qualitatively consistent with the known rédeformation is too small to be visible in this plotrigure 5
sults for infinite layers. The results @f6,7]) indicate that the presents normalized deformation. All calculations were nonlinear,
presence of a deformable interface reduces the critical Marangbawever, the nonlinear effects played no role due to early stages
number if the system is dominated by thermocapillary effect. Dis-
turbances of a sufficiently long wavelength\(\
>2x[2/(3 Ca)¥?) become unconditionally unstablg8]). The
cavity sidewalls have, however, a very strong stabilizing effect on
such disturbances. If one uses results obtained for an infinite layer
as a guideline, the minimum cavity length that permits appearance
of the unconditionally unstable disturbances should be no less half
the wavelength of the shortest unconditionally unstable distur-
bance, i.e.L>#[2/(3 Ca)? Results displayed in Fig. 3 show
that such disturbances are conditionally stable in a finite cavity,
and the length of the cavity has to be significantly larger before
the onset of the unconditional instability is possible. h-1
The transition between the and S-patterns is illustrated in
Figs. 4-5 for Ca=1. The five-cell symmetric flow pattern exists in
a very narrow range of cavity lengtlisee Fig. 3)and then it is
replaced by a three-cell flow pattern illustrated in Fig).4We
were unable to find any intermediate state with four cells. This
means that the transition from tl&pattern to the new state-
pattern) is not continuous and should not be interpreted as a
gradual change of the aspect ratio of Bwpattern cells. The dis- S RARARAE L L o R ARARERRAS!
continuous character of this change is well illustrated in Fig. 5 0 1 2 3 4 5 6 7 8
displaying interface deformation. TheandS-patterns give rise to L
qualitatively different shapes of the interface, with thgattern
inducing deformation larger by a factor of ten. The new, three-cdllg. 5 Deformations of the interface associated with the most
flow pattern and the associated deformation pattern, which remaitable disturbances for Ma =Ma,,, Ca=1, Bi=2. The S and
unchanged with any further increase of the cavity length, repré=Patterns are illustrated for cavity lengths ~ L=7 and 7.6, re-
sent the characteristic features of theattern of response. The $|:r>]ect|vely._ Tge c;)l?]resg%ndlng _flowr?elds are |$hg‘]ﬁ"” in r']: ig. 4.
lengths of the cells are always approximately equal #, L/2, e magnitude of the deformation shown resulted from the use

: . .. of the same normalization condition  |i]ax=1 in all cases. Note
andL/4 in sequence from the left to the right end of the cavity ;¢ the L-pattern gives rise to the defornr;qagtion that is by an

(Fig. 4(i)). We investigated this problem in detail and found thajider of magnitude bigger than the deformation associated
even for very largé (equal to several times the critical lendth  with the S-pattern. The system evolution corresponds to phase
lengths of the cells always remained approximatel, L/2,L/4. 2 in Fig. 2.
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Fig. 6 The critical length L, for the unconditional instability as 40 T I T I T |
a function of the Capillary number Ca and the Biot number Bi

of the |nstap|I|ty. Thls faqt had been verl.fled by qhecklng shape gf,, ; Comparison of the critical Marangoni numbers Ma , for

the streamlines, i.e, taking data from different time instances afdinite container and for an infinite layer with a deformable

comparing them under the same normalization. interface for Bi =2 and for the ratio Ca /Ma=0.005 kept constant.
The above results can be interpreted as shown in Fige8 In the case of a finite layer, L denotes the length of the con-

curve for Ca=1). There are two branches of the plot of Mes a tainer, while in the case of an infinite layer L denotes half of the

function of L; one for the S-pattern and another one for thewavelength of the most unstable disturbance. See text for a

L-pattern. The lower value of Magiven by either of these two discussion.

branches should be treated as the proper critical value for the

complete system. At=L; both branches intersect and the

S-patten is replaced by thepatter. The point of intersection is should be stressed that this agreement may be fortuitous because

a double point. the flow patterns in the infinite layer and in the finite cavity are
For L>L;, the critical value of the Marangoni number de- erent %ne should keep in mindythat we have investi ate()jl cavi-

creases dramatically and reaches zero when the length of the Q?g;s- 'th. lenathl < 20 onlp' it is possible that for lon ergca ities

ity reaches a critical value,. ForL>L,, the static solutiorf11) Egl)othV\gurvesgmay separa)t/é ! Olng maly note that (Ea)goverp\;lel-

is unconditionally unstable, i.e., it is unstable for any value of M Jicts Ma, (for L<20)which suggests that a cell that is bounded

The critical lengthl , depends on the capillary Ca and Biot Bi identical cells on both side@s in an infinite layeryequires
numbers; it decreases with an increasing Ca or a decreasing BFXS . ; Yerreq
arger heating than a cell that is bounded by a solid wall on one

illustrated in Fig. 6. . ) . : .
The approach of the system towards the unconditional instaﬁif.—de and a cell twice as big on the other side. Results shown in

ity asL increases can be illustrated by using the definition of t 1. 7 suggest that, when the length of the cell increases, the effect
capillary number given by Eq(7). This definition is of interest of the difference between the forms of the neighboring cells on

because it permits direct comparisons of our results with thdBer becomes less and less important.
known results for infinite layers. In particular, it is know#,8]) 5.3 Physical Mechanisms of Instability. The existence of
that infinite layers in the large wavelength limit are unconditiontwo neutral branches indicates the existence of two different
ally unstable for disturbances with the wavelenytgreater than physical mechanisms of the instability. The “classical” mecha-
the critical value, i.e., nism, which we shall refer to as the advective mechanism, can be
2 2 described as follows. Let us assume that a hot spot appears on the
A>87(3 Ma Ca). (12) interface as a result of some random temperature perturbéifion
A question arises whether this formula can be used for the predithe resultant change of thermocapillary streséesproduces a
tion of the onset of the instability in finitébut very long)cavities. surface flowsv away from the spot. Conservation of mass is then
The reader may note that in the case of infinite layers all distusatisfied by a vertical up-flow, which forms below the spot. Since
bances have the same wavelength while in the case of finite caie temperature of the fluid increases beneath the interface, this
ties the flow pattern consists of two types of cells, with one havingp-flow additionally increases the temperature of the spot. If the
the lengthd./2 and the other one having the lendti. Figure 7 temperature gradient in the layer is large enough, the convective
displays the neutral curve for tHe-pattern of response for Ga heating will overcome the cooling effects of conduction and vis-
=Ca/Ma=0.005 computed directly using the methodology decous friction leading to an increase in the temperature of the spot
scribed earlier in this paper. For comparison, the same figusad liquid flow, i.e., the system becomes unstable. Deformation of
shows critical Marangoni numbers evaluated on the basis of Ehe interface may result from the instability, but is not essential for
(12) as this mechanism, as demonstrated[i8]).
o2 1y -2 The second mechanism, which we shall refer to as the defor-
Mag,=87(3 Cap) A%, (13) mational mechanism, can be described by starting with a random
with \ taken to bel/2 (i.e., describing the shorter cell; the readedeformation of the interface. If the interface moves locally down
may note that while the length of the shorter cell is alodt one by Jh, its temperature at this location increasesdiydue to an
has to take two cells to get the equivalent wavelengtihe fact increased heat flux from the bottom. This leads to a local decrease
that both neutral curves approach each othet @screases sug- of surface tensiordo that, in turn, produces flowsv away from
gests that formuld13) provides a meaningful approximation ofthis point. Conservation of mass is then satisfied by a vertical
Ma,, (as long as the shorter cell is considered to be domjinént up-flow, which further increases the temperature of the spot. An
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Fig. 8 Comparison of the stream function and temperature
disturbance fields for the most unstable (linear) disturbances B
for Ca=1, Bi=2 for the S and L-patterns. Figures 8 A, B display

stream function and temperature, respectively, for L=7 -100 . I . I " I T
(S-pattern) and Ma=Ma=215. Figures 8 C, D display stream

function and temperature, respectively, for ~ L=17 (L-pattern), 0 4 8 2 Y 1
Ma=10 and Pr=1. The critical Marangoni humber for these con-
ditions is Ma ,,=0. Data for presentation were taken from the
exponential growth period described by the linear theory. Nor-
malization condition used in all cases — || na=1.

Fig. 9 Surface pressure distribution for the L-pattern re-
sponse for Ca =1.0, Ma=150, Bi=2, Pr=1 and L=16 at t=200,
400, 593. Calculations had to be terminated at  t=594. Normal-
ization condition used — | ¥maxlinstantaneous =1 Slight asymmetry
in the pressure distribution is due to the growth of asymmetric
analogous process can be described for the interface moving disturbances present in the initial conditions (see text for a
cally upwards and thus creating a cold spot. In order to understaffgeussion ).
when this mechanism may become operative, it is essential to
realize that interface perturbations consist of decaying capillary
waves. For a nonisothermal system, a restoring surface tensiaa instability did occur and it had the form of thepattern. The
force competes with the pressure field induced by the convectiegpparent lack of adiabacity of the side walls in FigDBis the
and the deformation increases when the latter prevails. We sletlifact of plotting resulting from omission of isotherms corre-
describe this process in detail later in the text. The instability maponding to temperatures very close to zero.
occur only if the rate of decay of the interface deformation is In real systems both instability mechanisms exist simulta-
slower than the rate at which convection sets in. For a givdtgously. In the case of sufficiently short cavitiée., those with
temperature gradient across the liquid, a cavity of increasifige S-pattern of respongethe deformational mechanism rein-
length admits longer and longer, less damped capillary waves af@ices the advective mechanism resulting in the reduction of Ma
eventually, if the cavity is made long enough, there will be ésee Fig. 3). For sufficiently long cavitiege., those with the
capillary wave decaying slowly enough to permit initiation of thd--pattern of response), the deformational mechanism dominates
convection. Our results show that when this mechanism beconiegding to the unconditional instability. There exists a narrow
active, the instability is always initiated by the least damfiedl, range of cavity lengths, ;<L <L, (Fig. 3), where the deforma-
longest)capillary wave permitted in the system. The deformatiotional mechanism leads to a conditional instability.
pattern associated with such a wave is well approximated by aThe flow configuration in long cavities is very similar to the
sine function with wavelength. This deformation gives rise to case of a cavity with differentially heated sidewalls. It has been
only one hot spot located approximately eithet.&t or at 3./4, shown([22]) that as the length of the cavity increases, the con-
and one cold spot located approximately at eithief43or atlL/4, Vvection cell can be separated into two turning zones attached to
respectively(initial conditions determine whether the hot spot i¢he side walls and a core zone where the flow is well approxi-
atL/4 or at &./4). Such a temperature distribution determines th@ated by the Couette-Poiseuille solution. For a sufficiently long
convection pattern, which always consists of one central cell 6vity, the form of the interface deformation is dictated by the
lengthL/2 and two side cells of length/4 each(see Fig. 4(i)). It flow in the core zone. The pressure gradient in the core zone
is the deformational mechanism that is responsible for tlanges as "1, the total pressure difference along the cavity
L-pattern of response and, indeed, this mechanism gives rise to té@ains constant, the magnitude of deformation increases propor-
interface deformation that is much larger than the one created tignally to L? and, as a result, the steady deformed interface can-
the advective mechanisfsee Fig. 5). not exist if the cavity length is larger than a certain critical value.
The difference between the way both mechanisms operateTise central cell arising from the instability has a similar structure,
illustrated in Fig. 8 displaying the flow and temperature perturbae., it has two turning zones and a casee Fig. 4(i))character-
tion patterns. The disturbance temperature field associated wited by a constant pressure gradiés¢e Fig. 9). For a certain
the S-pattern(Fig. 8(B)) is characterized by closed isothermsrange of cavity lengths pressure difference produced by the cen-
which points to the importance of advecti@Ghthe advection was tral cell can be balanced out by the capillary forces. Increase of
not active, appearance of closed isotherms would imply existencavity length rapidly reduces the available restoring capillary
of heat sinks/sources which is clearly not the ga3de distur- force, which reduces the magnitude of pressure required to main-
bance temperature field associated with lthgattern(Fig. 8(D)) tain the deformation. This, in turn, translates into reduction of the
is characterized by open isotherms suggesting negligible effectashount of heating required to maintain the motion and thus re-
heat advection. To confirm this observation, we carried out calcduction of the critical Marangoni number. For a sufficiently long
lations without the advection term in the energy Efid). Al- cavity (L>L,) the restoring capillary force is negligible and any
though the advective mechanism cannot work in such situatiomsnount of heating results in instability. It will be shown in the
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In order to understand the mechanics of the growth process, the
reader should recall that the instability in thepattern regime is
initiated by capillary waves that are amplified by thermocapillary
effect (Section 4.3). The essence of the deformational instability
mechanism consists of a delicate interplay between the interface-
deforming thermocapillarity-induced pressure forces and the re-
storing surface tension forces. When pressure prevails, interface
deformation increases inducing a stronger thermocapillary force
and a larger pressure difference that, in turn, further accelerates
the growth of the deformation. This process is well illustrated in
Fig. 9 displaying time evolution of surface pressure. The simplic-
ity of this closed-loop self-amplification is underscored by the fact
that there is no change in the flow pattern during the rapid accel-
eration of the growth of the instability caused by nonlinear effects.

Results shown in Fig. 9 raise an interesting question regarding
pattern formation and suggest the existence of a rich bifurcation
structure in this problem. In all our calculations, the initial flow-
field disturbances used to trigger the instability contained both
symmetric and asymmetric modes that lead to the symmetric
3-cell flow pattern at critical conditions. The symmetric flow pat-
tern leads to asymmetric pressure. Pressure distribution during

187 T ] T [ ' | exponential growth shown in Fig. 9 shows a small departure from
0 200 400 7 600 asymmetry suggesting presence of asymmetric modes in the flow
pattern growing at almost the same rate as the symmetric modes.
Fig. 10 Maxima of the interface deformation  |h—1|a , VOrtic- The same Calcwat'o'(‘th, shown)with only asymmetrlc 'n't'al, .
ity |@|ma and stream function  |#],.. as a function of time for disturbances showed initial growth of the instability at a rate simi-
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the L-pattern response for the same conditions as in Fig. 9. A lar to the one shown in Fig. 10, and the emerging flow pattern
characteristic acceleration of growth of perturbations as a re- correlating well with the deformation induced by the first symmet-
sult of nonlinear effects can be easily observed. This behavior ric capillary wave. This suggests that the pattern formation could
is qualitatively different from the one observed in the case of be easily affected by the form of the initial disturbances, espe-
the S-pattern, where a nonlinear saturation and a steady final cially in very long cavities admitting a number of capillary waves

state are observed (see Fig. 2). long enough to trigger the deformational mechanism. This issue

requires further investigation.
As discussed above, our results indicate that whenever the

next section that under such conditions, i.e., negligible restorihgPattern of the instability sets in, it initiates a process of continu-
force, the instability leads to large deformations and, possibl§Us increase of deformation leading, most likely, to rupture of the
rupture of the interface. ayer. We cannot answer the question whether, in real systems, the

interface ruptures or not. When deformation becomes large, new

5.4 Finite-Amplitude Convection. Calculations of the fi- physical effects associated with attraction between the interface
nite amplitude convectiofi.e. for the Marangoni number exceed-and the bottom wall may arise, and they may or may not prevent
ing the critical value Mg) have been performed in order to ex-segmentation of the layer. These effects are not accounted for in
plore the differences in the response of the system in the regine®s model. The recent experiment of Van-Hook et[all] show,
corresponding to th& and L-patterns of response under criticalhowever, that long-wavelength deformational instability does lead
conditions. The Prandtl number Ror the Reynolds number Re to rupture of the interface, in qualitative agreement with our re-
appears now as an additional parameter. sults. Simulations of Krishnamoorthy et f10] carried out for an

In all cases considered, tf&pattern of response was characinfinite layer with long-wavelength periodic disturbances showed
terized by the existence of a nonlinearly saturated steady(stse interface evolving towards rupture, again in qualitative agreement
Fig. 2) that is analogous to th8-pattern found at critical condi- with our results. Finally, one may note that the form of the central
tions. Detailed analysis of this response will not be presented hegell in the L-pattern is very similar to the convection cell in a

The L-pattern of response is qualitatively different. We consideavity with differentially heated sidewalls. Floryan and CHi22]
ered several cases of supercritical conditions Witk L <L, and showed that a continuous interface could not exist in such a cavity
observed that, typically, the maximum deformation of the inteif its length is too large. Hamed and Floryfh8] demonstrated
face increased steadily up to several tens of percent after whilat the critical length could be made very small by increasing the
the calculations had to be terminated for numerical reasons. Jalue of Ca, which is in qualitative agreement with our results.
spite of a significant effort we were unable to find any stable, It should be stressed that our analysis does not account for the
steady-state solution. It may be concluded that the steady-stgigsible presence of hexagonal cells and other three-dimensional
response either does not exist or the region of its existenceei$ects. While, undoubtedly, such effects will alter the evolution
extremely narrow and thus impossible to capture in a numericsfl the instability, their presence does not prevent the liquid from
experiment of the type attempted in this study. rupturing, as documented by the experiment§ iri ]).

Figures 9—10 present an example of the evolution of the super-
critical convection corresponding to tHepattern of response.
The maximum stream function)|nay, VOrticity || may, and de- 6 Summary
formation|h— 1|, increase exponentially in tim@ig. 10). The Marangoni instability in a finite, two-dimensional container
exponential growth is accelerated when the nonlinear effects séth a deformable interface was investigated using direct numeri-
in. This acceleration suggests that the system does not tend tocah simulations as the main methodology. Complete governing
steady state but that nonlinear effects initiate a process that leadsiations were solved using an implicit unsteady algorithm. Cer-
to segmentation of the layécompare Figs. 2 and 10). The patterrtain cases, such as steady supercritical convection, were checked
of convection during this acceleration is essentially the same asing a separately developed steady version of the algorithm.
for the most unstable mode bfpattern at critical conditions, i.e., It has been found that deformability of the interface always
it consists of three cells. destabilizes the system. The magnitude of the destabilization as
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well as the pattern of response change qualitatively depending on  Ty,s = temperature of the gas far above the interface

cavity length, from being a contributing factor in short cavities to t = time

being a dominant factor in long cavities. u,» = velocity components in thex(y) directions
Two different physical mechanisms driving the instability have U, = velocity scale € yAT/u)

been indicated. The advection of heat is essential for the first, V = volume of the liquid

advective(“classical”) mechanism, which dominates response of X,y = cartesian reference system

the system for short cavities. The resulting flow pattern is referred v = surface tension gradient

to as theS-pattern because the length of the resulting convection « = thermal diffusivity

cells is of the order of layer thicknegshort cells). This pattern is N = wavelength of disturbances

very similar to the one found in infinitely long layers with a non- p = dynamic viscosity

deformable interface. The interface deformation is responsible for v = kinematic viscosity

the second, deformational mechanism. The resulting flow pattern p = density

is referred to as thé-pattern because the length of the resulting o(o,) = surface tensioltreference surface tensipn

convection cells is of the order of the length of the contaiiwrg = vorticity

cells).

The S-pattern appears in short cavities when critical conditions, &
expressed in terms of critical Marangoni number.Maare met.
The flow pattern alternates between symmetric fofodd num-
ber of convection cellsand asymmetric forméeven number of References
convection cellsvhen the length. of the cavity increases. This [1] Bénard, H., 1900, “Les Tourbillons Cellulaires dans une Nappe Liquide,”
comesgonds to the symmetic and ssymmetrc biwroaon, Her, e 5o, D e, eS0T S pp ok B
branches crossing each other as a functioh..ofncrease of Ma SR ~ )
above its critical value leads to steady supercritical CONVECHON) pearson, 3. R. A, 1956, “On Conveston Cells ndced by Surtase Tension.
whose pattern is analogous to that found at critical conditions. J. Fluid Mech. 4, pp. 489-500.
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1 Introduction scattering near the interface plays a far more dominant role than
ny other mechanisiib]. Though scattering near the interface has
%en considered in the padt8], these models were either far too

E%mplicated or were too simplge., inaccuratefor engineering

Solid-solid thermal boundary resistance plays an important r
in determining heat flow, both in cryogenic and room-temperatu

applications, such as very large scale integrated circuitry, SUPGEe. A new model called the scattering-mediated acoustic mis-

lattices, and superconductdis-3]. The acoustic mismatch modelmatch model(SMAMM) is developed in this paper, which accu-

(AMM) describes the thermal transport at a solid-solid interfaq,gtely describes the behavior B, at high temperat'ures and re-

below a few degrees Kelvin quite accurately. Another modelyces to the AMM at low temperatures, where the AMM is very

known as the diffuse mismatch mod@MM), though seemingly sy ccessful in predicting, .

more suitable for interfacial transport above a few Kelvin, is no smaAMM is developed by observing the close analogy between

better than AMM for predictinR, at a solid-solid interfacél]. radiative and phonon heat transpf#i. The equation of phonon

According to Cahill[2], no experiment has yet been able to disradiative transportEPRT)and the equation of radiative transport

tinguish between the AMM and DMM for energy transport be(ERT), as written below for the one-dimensional case are identi-

tween solids near room temperature. cal, except for the absence of in-scattering, emission and absorp-
At moderate cryogenic temperatures and abd®gis domi- tion terms in the EPRT9]:

nated by scattering caused by various sources, such as damage in

the dielectric substrates and formation of an imperfect boundary 0

layer near the interfadd ]. The properties of the material near the 1 ﬂ +#ﬂ = _— (EPRT) (1)

interface could also be widely different from those of the bulk v dt X I '

material on either sidp4]. All these contribute tdR,,, making it

larger than that predicted by AMM and DMM. Swartz and Pohjyherey is the speed of phonons,the mean free pathy the

[S] attributed the large value &, above 30 K to the formation of irection cosine) the intensity, and® the equilibrium intensity.

an amorphous layer near the interface. The form of the ERT i§9]

Deviation from the Debye density of statd30S) at high tem-
peratures also contributes to a differenceRp, as shown by

Phelan[6] for high-temperature superconduct¢TSC) and by ta A 19— (e 0 gua)l + 25
Stoner and Maris for FCC materiglg]. But incorporation of a cat Hoax 90 TabsT Tsca 4
more realistic DOS also falls short in explaining the large values
of Ry, at high temperaturds$]. % , /
From a careful review of the literature dR,, it seems that 4W¢(W —~WI'dW - (ERT), @
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HEAT TRANSFER Manuscript received by the Heat Transfer Division June 1, 1999¥herec is the speed of lightg,ps and ooy the absorption and
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the solid angle. Note thatin the EPRT corresponds to the recip-
rocal of the extinction coefficiento{ypst Tscan) i the ERT[9]. 7)
It is well recognized that absorption of the EM wave is respon-

sible for a complex refractive index for photons, but to a certaifjheref is a function. The concept of an effective refractive index
degree the attenuation of light through a slab of particles imbed-yery convenient as far as transmission and reflection are con-
ded in a homogenous medium is also governed by the scatterfigned. It is this relation which forms the basis for the develop-
of light by these particles. Bohren and Huffmii®] have shown ment of SMAMM. Even if the particles and the medium are non-
that in this kind of a medium the extinction is a sum of absorptiogbsorbing the imaginary part dP can be nonzero due to
and scattering of light by these particles. They also write that eV§Eattering.l
if the particles are non-absorbing, the imaginary part of the refrac-
tive index can be non-zero, as shown in the next section. For a
collection of such particles, therefore, the concept of an effecti@ Scattering-Mediated Acoustic Mismatch Model—
complex refractive index is meaningful at least as far as transmfsgrmulation
sion and reflection is concerned. S L .

It is also plausible to consider some inelastic scattering pro- Considering the similarity between the EPRT and ERT dis-

cesses, such as Umklapp and Normal scattering, as absorpfYfiSed in Section 2, the solution of the EPRT at a boundary for a
processes. In these processes two phonons are destroyed to §ef-dimensional system is given by
erate another ph_onc[rl2]. In metals electron-phonon, normal, and I =1gexp —x/1), (8)
Umklapp scattering mechanisms can also be present. These pro- ) ) . _— )
cesses can be thought of as absorption processes in phow&q:re 1/lis the reciprocal of the scattering or extinction coeffi-
transport. cients, as the absorption term is absent in EPRT. The effect of the
As the model developed here is closely analogous to radiati@Bove relation is to dampen the incoming wave or phonon in the
transport, a brief review of radiative transport is given in the sef2€dium, as shown in Fig. 1. Medium 1 in Fig. 1 is nonattenuat-
ond section. The third section is devoted to the development of - It is to be noted that Ed8) describes the effect of scattering

SMAMM. Finally the SMAMM is used to calculat®, for two  Within the medium on the scatterireg the interface. In the AMM,
sample interfaces. scattering manifested as specular reflection at the interface is as-

sumed to be independent of the scattering in the bulk of the me-
dium. If the medium is acoustically thin, thérs much larger than
the physical thickness of the medium. In such conditions there is
hardly any scattering within the medium, which is given by the
probabilistic relatiorp’ =exp(—x/1)[9], wherep’ is the probabil-

rgy that the particle would travel a distangavithout undergoing a

ol o

=1+if(oscads

2 Extinction of Electromagnetic Waves by a Slab of
Particles Embedded in a Homogeneous Medium

Both scattering and absorption affect the transport of elect
magnetic(EM) waves across an interface. Scattering and abso
tion are not mutually independent proces§#8]. Refraction of
EM waves at an interface is a manifestation of scattering by ma
molecules that comprise the medium. Because of this reason,
the different models of radiative propertiésg., Drude and Lor-
entz modelsontain a scattering time in the form of a dampin

ing the scattering by small particles and other sources in the
dium, and the scattering considered in the Lorentz and Dru

ollision. A careful comparison shows that this relation is another
orm of Eq. (8). Therefore, in acoustically thin media it is ex-
cted that there is hardly any scattering within the medium.
Ejlﬁcel increases with decreasing temperat(Fg[12], it is also
expected that scattering has hardly any effect on the reflection and
nsmission of acoustic waves at very low temperatures, and thus

ra
term [9,10]. The effect of both scattering and absorption is ipe AMM is very accurate in predictingy, at low temperatures.

attenuate the incoming wave. Care has to be taken in differentig]

The discussion in the preceding paragraph is analogous to the
ysorption of sound in fluidsl3]. Kinsler and Frey13]discussed

e effect of heat conduction on the attenuation of sound. It is to

€ noted that the relaxation time associated with heat conduction

m?r(ljzlz.absorbing medium the refractive ind@ is complex and in fluids is nothing but the mean free time of the heat carriers in
is given by the fluid [13].

P=p+iq, ©)

wherep is the real part oP, andq is the complex part, represent-
ing attenuation of the wave. Bofhandq are related to the com-
plex dielectric constant of the medium. In a perfectly homoge
neous medium attenuation is primarily due to absorption and
given by[10,11]

Reflected//\

Transmitted

I =1gexp—oaX), 4) m
wherel is the incident intensity and Um(
41q
Oabs™ ) ®)

. ) Medium 2 (attenuating)
whereN\ is the wavelength of the EM wave. The combined effec

of absorption and scattering is called extinction. A good examp

At f A . P,=p,+iq,
of extinction is the extinction of EM waves by a collection of
small particles in a homogeneous medium. In this case the inte
sity is given by[10] incident
I=1gexpl— ogX) (6) Medium 1 (non-
P - attenuating)
Where o= 0 apst Oscat- 17 P1a Ve

Noting the similarity between a purely absorbing case and a

combined scattering and absorbing case, from Bfjsand(6) an  Fig. 1 Reflection and transmission of a normally incident pho-
effective refractive indexP, can be defined and is given by0] non wave on an attenuating medium
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Before delving into the development of the model some of the 100
key assumptions are described below:

LA L B A 0 B O B O

1 Debye DOS is used for the calculation of the energy within
the solid.

2 No mode conversion is assumed in this model because theg_ 10
idea is to explore the effect of scattering Bp. Furthermore, the
inclusion of mode conversion, although theoretically straightfor-
ward, is mathematically too complex. Therefore only longitudinal
vibration is assumed. This was also the assumption by L[itdg.

3 Even though mode conversion is neglected, the combined & 1
effect of other modes is considered by using the Debye speed for el q/pa
phonong15]. Tl

4 Diffuse scattering at the interface is totally ignored. As dis- Ty
cussed earlier the DMM model, based on diffuse scattering atthe g4 Leeviton b ben b i b s a 10000
interface, gives results that are largely indistinguishable from 0 05 1 15 2 25 3 35 4
those of the AMM for solid-solid interfaces.

T T 7T

.Q
S

/pa or q/

T T T
B

10
The effect of damping on wave motion is described by the
well-known wave equation Fig. 2 Real (p) and imaginary (q) parts of the acoustic refrac-
tive index, normalized by the AMM refractive index (pa)

d’y 1dy d?y

Ly T2

a2 ydt Ve ©
whered is the damping term, which has units of time. The solu- v 1
tion to Eqg.(9) can be easily obtained if a wave of the following b/=—=-—"—, (18)
form is considered 2o 27w

y=Y exdi(kx—wt)], (10) Where 7=I/v is the scattering time. This comparison between

Eqgs.(8) and(17)is applied in radiation as welllL1]. With the help
whereY is the amplitude of vibratiork the wave vector and the  of Egs.(18) and(14) a’ can be deduced as
angular frequency. Direct substitution of EG0) in Eq. (9) gives

12 a'=\/1+ (i)z (19)
) (11) 27w)

i
+ [
L Jdw

(1)

k=

The above relation can be separated into real and imaginary pa-er?e value ofir given by Egs.(18) and (14)is

by the following treatment, which is quite similar to the treatment
of EM waves[11]. Let P — (20)
. 1 2
i —
1+ 5- er)

Now from Egs.(11) and (12) a complex speedd() of the wave Thus, the damping timé& depends on both scattering timeand

1/2

a'+ib'= (12)

motion under consideration can be defined as frequencyo. S .
Now a complex refractive index for the acoustic case can also
_ v be defined along the lines of the EM waves. The refractive index
VS XD (13)  of the acoustic wave is complex because of the scattering and is
analogous to Eq(7) for radiation. But note that the refractive
Simplification of Eq.(12) leads to index of EM waves can be imaginary even in the absence of

scattering 10,16]. Thus for the acoustic case

12 / 12
’2714‘ %) -1+ 1+ %) 1
a 2 ’ 2 :

1+ _
b'2= P=ﬁ=p+|q, (21)

(14) wherep is the mass density amg=a’/pv, g=b'/pv. P is just
Using Eqs(10)—(12) the solution of the damped wave equation ighe reciprocal of the acoustic impedand® ( whereZ= pv [5].
Since the attenuating term is absent in AMM, for that limiting
o NEO caseP is real and is written ap,, and is simply given byp
y:Yexp( 5P x)ex;{l 22 X_‘"t> : (15)  —1/pu. The subscripta refers to the properties calculated in
AMM. The ratios ofp andq with p, are plotted againstw in Fig.
Therefore, the amplitude of vibration of the damped wave is given Some of the key features of Fig. 2 are as follo@@3:bothp and
by g are equal and very large, at low valuesraf This is consistent
with the EM wave case, whene and q are equal at long wave-
Yq=Y exp{ ——b x) (16) lengths or equivalently smad [11]. This behavior op andq can
also be attributed to the decrease in the scattering time, which
results in more attenuatiofR) p approacheg, andqg approaches
0 at large values ofw. The reason for this behavior is that an

whereY/ is the damped amplitude. It is well known tHais [11]

—2wb’ increasing value ofw means an increasing scattering time, which
locY3ecY? ex;{ X) (17) results in a largé Largel means less attenuation and thereby less
deviation from AMM.
Comparing the exponential terms in E@8) and (17) it is easily The reflectance coefficient,’, at the interface between two
seen that solids is given by{14,17]
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cog6;) cog6,) 1.6 S A A R R AAAAAARS AR RARAA
— o PN --- p21a=025
.Y p101 p2U2 22 14 . el e p21a=05
= —= L« hEY — a= ]
' Y; |[cog6;) cog6,)]|’ (22) s . F/ AT - brac2 ]
- t——= w.2 | . ——p2ia=a
pP1U1 p2vU2 E ] b ~"‘~\ .
2 Tl =
whereY, andY; are the reflected and incident amplitudes, respec- ; N RRETIORN
tively, and#, and 6, the complex incident and refracted angles in ~ <0.8 3
medium 1 and 2, respectivel{1]. 4, and 6, are both real in the [ N ]
AMM limit. Application of Snell’s law provideqd11,14] ?'6 Ey .
T, Sin(0,) =T Sin(0y) (23)  SO4F
which reduces to 0.2 2
5 5 0_||I|IIIIIII|III||||IIVI|||IIIIIII|I||L||||||||_
COSQZ):\/ 21 (] sy, (24) 1 3 5 7 9 11 13 15 17 19
s Ty 1 !

n
Using Eq.(13), Eq.(24) can be separated into complex and imagi-

nary parts as shown below Fig. 3 Ratio of the normal transmissivity calculated from the
SMAMM and AMM versus 7

cog 6,) (a§+ib§)2 (ai+ib1)2
== 2 - 2

%] Uy Uq

A—iB sir(6,).
(25)

; : : (P21~ 1)%+(qz0)?
The values ofA and B, obtained by a simple mathematical ma- oA 7,
nipulation[11] are (P21t 1)+ (d20)

it wherep,;=p,/py,, anddz;=qz/py, . With the help of Eqs(18)

(CHY)

2

12 12 12 12
a"—by" a;"—b;” ajb; _ }
2A2= ~ —sirt(6;) | +4| ——sir?(6,) and(19) and the definition op andq the following holds between
v2 V1 U1 p andq:
a’b! 2711/2 arZ_er arZ_bIZ 2_n2_ 2
_ 222 } ( 2 2 2 1 2 1 sin2(61)) (26a) g =p“—ps (32)
U2 U2 U1 Substitution of Eq(32) into Eq. (31) results in
12 12 12 12 2 T/
a"—by" a"—b;” 101 4p
2B%= - Sirf(6;) | +4| —sir?(6 — =
v) vi (o v1 (o anorma'_(pzl"‘1)2+(p21)2_(p21a)2' (33)
azhs\?|"? [a®—by? aj’~b;® wherep,; =p,_/p;_. The corresponding for the AMM case is
- - — >—sir?(6;) |. (26b) . a la
v v5 v given by
Thereforer’ from Eq.(22) reduces to 4pay, 34)
a =—. 34
cog6y) , A » cog 6;) - B} MM (pgy +1)?
— —|+i a;+—
, PV P2 pww1 T P2 The ratio of the twaa’s from Eqgs.(33) and (34) is
r'= . 27)
cog¢,) , A| Jcogd,) , B 2
—aj+ —|+i a;— — 1
p1v1 P2 p1v1 P2 7l 1+ —
o . ) ®normal P21,
Now the reflectivity R") is the product ofr’ and its complex P = 1.2 ) (35)
conjugate, giving romag |+ o +pP—1
21,
cog6y) , Al]? [cog6;) , BJ? _ _
> a;——| + > ajt+ — where »= p21/p233. The ratio of apma and Qnormal, VErsus7 is
R/ (0,)=1T = 21 Pz, L Pita b2, plotted in Fig. 3. Note that the minimum value ofis 1. For
cog 01) al+ A n co 6,) - E} P21,>1, Fig. 3 shows that,oma i less thanenmay. INcreasing
P1U1 P2 P11 P2 value of » means increasing,, and g,,, resulting in more at-
(28)  tenuation. Therefore,n is a measure of attenuation, and
The transmissivity is given by ozno,m,/ozm,,maL1 decreases for increasing For large values of,
o is much less thany , which would result in an in-
a( 91)= 1— R'( 01). (29) normal normal,

crease inRy. It is interesting to note that fop,; <1, apomal

Note thata is the equivalent of emissivity in radiation. Just likereaches a peak and then decreases again. The analogous regime in
the normal emissivity in radiationy for normal incidence is a radiation is called the regime of “anomalous dispersidd0].

very valuable parameter in providing physical insight to the be- «, for any angle of incidence is written below only in terms of
havior at the interface. For normal incidence E28) reduces to 6, [14]

2
(30) 4pzy, cog 61) \/1- 2sin( 01)}
U1

;o _(Pamp2)*H (i —G2)?
nomal (py +po)®+ (ay +02)%
If it is assumed that medium 1 is non-attenuating, the physical

ay(0,)= (36)

basis for which is provided later, theml=pla andq,=0. With

this assumption E¢30) reduces to

108 / Vol. 123, FEBRUARY 2001
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cog01)+pa \/1- U—Zsin(ﬂl)} }
1

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



The evaluation ofR,, is now a relatively simple task and thethe most common methods is to estimatizom thermal conduc-
actual derivation is not repeated here as it is available in the Itvity measurements by using the following kinetic theory expres-
eraturg[14,6]. But there are a few concepts that are only pertinesipn[19,20]
to this work, such as no mode conversion and the presence of a

nonattenuating medium on one side of the interface. If the usual 1
simplification to make the calculation from only one side of the K= §Cv|9ff' (40)
interface, by invoking the ™ law of thermodynamics, is made
then[1,6] whereK is the thermal conductivityl.¢ the effective mean free
path, andC the specific heat per unit volumé,; is given by
_ 3 1 (™ “’d<ﬁ 3 1 Matthiessen’s rul¢12] and results from a combination of differ-
a= 477 ;f o Jo @ ho ent scattering mechanisms. Some of the common scattering
F{m)— mechanisms are: lattice imperfections, inelastic scattering, and
boundary scatteringl2,21]. Boundary scattering is basically the
] reflection at the interface and as already mentioned it is indepen-
T T e |@fw)sin()codfdedd,  (37)  dent of scattering occurring in the bulk at very low temperatures
ex;{— -1 (AMM), and is dependent on the scattering within the medium at
Ko Ty high temperaturegSMAMM). There are two types of three-

whereq is the net heat flux across the interfaag,_ the smaller Phonon inelastic scattering: the N process and the U process

dhaP ) [9,21]. Both of these processes conserve phonon energy before
Eetbhyee éﬁ?zunfgﬁ% 2?:3?2;? eNt(\)/\t/g tmhgtis al?onc;kfﬁnc;irésr:a:it; i?]nd and after the scattering. The N process also conserves momentum
b .

i : _and therefore does not pose any resistance to heat/flayv Al-
the SMAMM’ but is independent Qf’ in the AMM. The calc_:ula though N processes have been shown to influence the heat flux
tion of g is performed from the side of the nonattenuating Me- directly. it is usually ne lecte]. At very low temperatures
dium. This simplifies the analysis because the integration éver d v, ually d g€ " y di P .
can now be performed without worrying about the critical anglgoun ary scattering is dominant. At intermediate cryogenic tem-

as the critical angle generally occurs on the side of the attenuatI rrzt;srgz 'lTp?ég)éssscgtggggése'mr%?:i%gtrﬁl]nc: tailz \t/cgrttﬁ rrr:]%ir_ature
medium. The reason for this is that the material having a high P p :

Debye temperatured) is the nonattenuating medium because o oning that different temperature regimes are r_elative and are de-
its largerl [12], and for most pairs of materials used in enginee éemndgp;tﬁizdfbfg; r;é?‘rgpsgaig;riesCsnnof)nigﬁsr}s'?;reggjas very low
ing v is higher for materials having largéy , thereby making the P ! y 1arges].

nonattenuating medium independent of the critical angle. This fak%tnfogfti?é sscaaftft:Criggk,) ovtxtlh;\%hdll?s usltugl(% sdg(r)ntlgifgtctit avse?h/ eIOW
about 64 and v can be verified for the cases considered i P ! b

Swartz’'s Ph.D. thesifl]. For the common dielectric substratedSmperature is increased Ry is still dependent on the boundary

: L Scattering. The effect of bulk scattering on boundary scattering,
El?lié%hlgf?eof tef:;rzet?l; %fftgz?ﬁ?ﬁrdzfpﬁgggd}(ovr\:htlﬁgrﬁ generally which increases as the temperature is increased, has mostly been
Sincea is also a function ofw, an integrated transmission co-negleCted in the past because of two reas@isit doesn't affect

efficient [14,18] cannot be directly defined. But following theK and(2) lack of applications wher®, plays an important role at

method used in radiation to obtain total hemispherical propertig]gghneq? nﬁg?&ﬁigitg;eos]; (?euvti Cneoswa\r%tilhglz d'\r/'g:]etisf'ﬂ? gﬁg% tg\;\g:lrﬁz
from the directional spectral propertig$l] an integrated trans- ) P

_ o . superconductors, accurate predictiorRgfis essential6,22]. The
mission coefficient 'smamr for the SMAMM can be defined as bulk scattering affecting the boundary scattering is basically the
w2 (04_ a(0,0)G(w) scattering occurring very close to the interface. This is because
J f h—sm( f)coq 6)dwd scattering occurring within one mean free path will only affect the
exp{ _) -1 oundary scattering. The scattering time near the interface is dif
I _ kpT ferent from the scattering in the bulk of the medium for the rea-
smamnt— vq.  G(w) : sons shown later.
f F{wa Even though impurity scattering is dominant at moderate cryo-
0
ex ) 1

|- genic temperatures, only U processes are considered here as the
Ko T idea is to show the effects of scattering By and to keep the
(38) analysis simple. But note that the model is very general in nature
whereG(w) is the density of states. and different kinds of scattering can be easily incorporated into
Ry, is finally given by the model. , o
Several expressions for the relaxation times for U processes are
T,—T; AT available in the literature, but which is correct is still a matter of
Rb:q—: q° (39) discussion19]. The most commonly used expression for the U
process relaxation timer,, is[21,9]
where it is assumed that the net heat flux is from medium 2 to
medium 1. For calculation d®, aAT of 0.2 K is chosen, and the — T F{ Od)

results are plotted against the substrate temperaiue ( TuzD_gdw ex ﬁ

(41)
whereg is a parameter of the order unity representing the effect of
4 R, Calculation for Various Interfaces E:Zr)ﬁtal structure, an® is a nondimensional parameter, given by
Until now the development of the SMAMM is very general in
nature, as there have been no assumptions regarding the scattering
types and conditiongi.e., the value ofr has not been fixed).
Scattering within a solid is a complex phenomem®2]. Usually
different simplifying assumptions are made to understand diffewherey is the Gruneisen constarjtL7], M the atomic mass, aral
ent properties dependent on the scatterfitg,15]. The direct the lattice spacing. Equatiqad1) shows that there can be multiple
measurement of the scattering time is a monumental task amdhxation times because of the dependence.ddut the phonons
indirect methods are used to calculate the scattering time. Oneodfthe dominantw are primarily involved in the thermal transport

Mav

D= 16w y*h’

(42)
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10" At high temperatures the exponential term in E43) is not

dominant and is of the order unity, ang is primarily dependent
5 Data ] on D, whereas at low temperatures the exponential term is far
10 | D=1x1016s more dominant. The value @=2.5x10"'¢s gives the best fit
- d E for Ry in Fig. 4. The values oD (D) calculated from Eq(44)
X sl D=25X1016 s 3 are also listed in Table 1. Using the valueld§ does not predict
%10 E E Ry, anywhere close to the data but it does pre8givery close to
- E 3 that of the AMM. The value oD that provides the best fit to the
510'7 L ] experimental data is approximately 3 orders of magnitude lower
) thanD,. SinceD is dependent only on the material properties, its
x P o N Tt ] value near the interface will be different than that in the bulk,
10 RN O because the properties of the interface material can be different
E . Y, T e S from those of the bul{4]. Another reason for the very small
10° Lottt |1| value ofD is that we have completely ignored defect scattering,

which can also be prominent at the interface due to substrate

0 20 40 60 80 100 120 140 160 damag€g5]. As D is the measure of scattering time, its value is

T(K) further reduced by neglecting defect scattering to m&glwith
the experimental data. Although the valuelbfs an indication of
Fig. 4 Comparison of R, calculated by SMAMM with experi- the scattering time, the exact value of scattering time at the tem-
mental data [1] for Rh/MgO interface peratures under consideration is an order of magnitude more than

the value ofD, as seen by Eq43) due to the contribution of the
exponential term. The value af at 100 K for Rh, assumin®
process, and so in Eq. (41) is usually replaced by the dominant=2.5x10"'®s (Fig. 4), isr=3fs.
phonon frequency, given by =kyT/% [9]. With this Eq.(41) It is also to be remembered that due to substrate damage, the
reduces to interface behaves more like an amorphous solid than a crystalline
0 solid[5]. The mean free path of phonons in an amorphous solid is
7,=D ex;{ _d) (43) generally much lower than in its crystalline counterpart. In amor-
eT phous quartt is as much as 3 orders of magnitude lower than that
where in crystalline quartz at moderate cryogenic temperatiifies.
Even though the scattering here is modeled solely as U processes,
D Mawv (44) the scattering time calculated by using the valuerasbtained
167ky Y264 from the curve fitting is a reflection of the overall scattering time

. . . . . Il rin rces. Aer 7for amorph li n
It is interesting to note thd®d has the units of time and is generallydue to all scattering sources. her rfor amorphous solids can be

f the order of pi nds or lower. and it is dependent onl more than 2 orders of magnitude less than those for crystalline
orthe order of pIco-Seconas or lower, a s dependent only Qyigs it is expected that this will be reflected in the valuerof
the properties of the material. The valuegfs taken as 2 for the

resent calculation8,23]. As shown latelRR, is very sensitive to obtained from thek, experimental data.
P ool %= Y The valuer=3 fs is still approximately 5 times lower than the
the value ofD, andD is used as a fitting parameter for the pre-

diction of R, scattering time possible for amorphous solids. This may be a con-

The first Set of calculations is performed for a Rh@J inter- sequence of the fact that at higher temperatures the Debye DOS is

face as shown in Fig. 4. The required material properties are Iis%%t a very good assumptidia]. For a YBCO/MgO interface De

in Table 1.v is taken as the Debye speed, and the experimen llis et al.[24]have shown that aRy, prediction using a realistic

, I S without considering scattering is approximately 2 times
data are taken from Swartz's Ph.D. thddi$. Figure 4 shows the . . . ;
general trend that decreasibg which means an increasing scat-h'gher than that predicted by AMM or DMM. If a realistic DOS is

tering rate because, decreases, increases the valueRyf at used in the SMAMM models will increase compared with that

higher temperatures compared to that predicted by AMM. Figur lculated by using the Debye model. The various studies in the
4 also shows that the SMAMM reduces to the AMM at low tem” erature[_5] have also |_nd|cated the presence of a disordered layer
peratures because, increases as the temperature is lowered€ar the interface. It is reasonable to expect that the measured
AMM and SMAMM match very well with the data at low tem- value of R, also includes the bulk thermal resistance of these

; : ; rs. Reduced bulk transport in the disordered layer also con-
Fhegaélgg;é Zg%vgg?stzii r;eg;edcgr;gut:qeptirr;%de conversion and us’ﬁites to the observeR, [5]. Swartz and PoHI5] tried to ex-
' plain the high values oR, at high temperatures by taking the

worst possible thermal conductivity of these disordered layers, but
were still unable to match the high values Rf. If from the
measured value oR, one subtracts out the contribution of the
bulk thermal resistance of these layers, and tries to match the
Material v(msh p (kgm?) 8; (K) Dg (s) remainder with the SMAMM prediction, the calculated valuerof
will be closer to 10 fs, as expected for an amorphous solid.

In spite of this approximation in choosing the appropriate value
Rh® 4318 12400 480 %107 of D to fit through the data, Fig. 4 clearly shows the importance of
scattering in the prediction d®, . Figure 5 shows a second set of
calculations performed for a YBCO/MgO interface, selected be-
ALOS 7144 3970 1042 - cause of its practical importan¢22]. The data are taken from the
work of Phelan et al.25]. Though the experimental data in actu-
ality are those of EBCO and MgO, owing to the similarity in

Table 1 Physical properties of the considered materials

b
YBCO 3313 6338 410 4.5x107 properties they can be used in place of YBEZ5]. AgainD is
used as a fitting parameter. The valueDbthosen to match the
MgO® 6667 3576 946 . data is 4.5X0 s. For YBCODj, is calculated using an effec-
tive lattice constant and an averalykincluding all its constitu-
* Swartz (1987); * Phelan (1998) ents. The effective lattice constant is given [26]
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Fig. 5 Comparison of R, calculated by SMAMM with ex- RT
perimental data for a YBCO /MgO interface [25], where D
=45x10""s v
v
W
Yd
a= —7—m (45) M
(67°n) 1 Y,

wheren is the atomic density per unit voluni@7]. Again the Greek
value of D chosen to match the data is 3 orders of magnitude Iessa
thanD,, but the scattering time in the regime of interest is 1 fs,
and some of the reasons for this low valuerdbr this interface
are the same as those for the Rb@J interface. Both Figs. 4 and
5 show that with the proper choice Bff SMAMM not only pre-
dicts the magnitude but also the general shape of Rgwaries
with the temperaturel. Both figures also show that increased
scattering can lead to &R, increasing withT.

The discussions in the preceding paragraphs indicate that the
exact physical composition and properties of the interface are not
known. But SMAMM provides new opportunities to characterize
the interface by matching experimentd) data with calculated
values by choosing the proper value of the scattering time. Dif-
ferent models of scattering can easily be incorporated in SMAMM
because of its generality. Since the scattering time depends on the

abs

q
S e Parno =< re »b

parameter in Umklapp scattering; defined in E4R)
Planck’s constant divided by72=1.055x10 %*Js
intensity (W m~2 sterad %)

equilibrium intensity(W m~2 sterad™?)
incident intensity(W m™~? sterad %)

wave vector(m™?)

Boltzmann constart1.3806x10 22 J K2
mean free patlim)

average mass of atonfkg)

atomic density(m™3)

probability

real part of refractive index

refractive index

effective refractive index

complex part of refractive index

heat flux(W m™2)

reflectance coefficient

reflectivity of phonons as defined in E®8)
temperaturgK)

speed of phonongns 1)

complex speed of phonons

solid angle(sterad)

damped amplitude of vibratiofm)

incident amplitudgm)

reflected amplitudém)

absorption coefficientm ™)
damping coefficientN m™*
defined in Eq(41)
direction cosine
extinction coefficien{m™1)
Gruneisen constant
integrated transmission coefficient in the AMM
mass densitykg m3)

transmission probability of phonons
wavelength(m)

angle of incidence or refractiofrad)

Debye temperaturé)

scattering timg(s)

phonon angular frequendyad s %)

s)

= Debye frequencyrad s %)

physical properties and the microstructure of the solid, the value .
of scattering time obtained from,, data and applying SMAMM Subscripts
can be used as a quantitative tool to study the properties near the 5 — properties calculated by AMM

interface. smamm= properties calculated by SMAMM
u = Umklapp processes

5 Conclusion 1, 2 = sides 1 and 2, respectively

A new model called the scattering-mediated acoustic mismatch
model (SMAMM), which incorporates scattering in the basi
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Experimental Investigations
of Radially Rotating Miniature
High-Temperature Heat Pipes

Jian Ling A radially rotating miniature high-temperature heat pipe employs centrifugal force to
- return the condensate in the condenser section to the evaporator section. The heat pipe
Yldmg Cao has a simple structure, very high effective thermal conductance and heat transfer capac-
ity, and can work in hostile high-temperature environments. In this research, a high-speed
Alex P. Lopez rotating test apparatus and data acquisition system for radially rotating miniature high-
temperature heat pipes are established. Extensive experimental tests on two heat pipes
Department of Mechanical Engineering, with different dimensions are performed, and various effects of influential parameters on
Florida International University, the performance characteristics of the heat pipes are investigated. The ranges of the

Miami, FL 33199 important parameters covered in the current experiments ares4#tZa/g<1881; 47

W=Q=325W; d;=1.5 and 2 mm; and 1.0810 > m%/s<W=13.4x10"° m%s. The
experimental data prove that the radially rotating miniature high-temperature heat pipe
has a high effective thermal conductance, which isBID times higher than the thermal
conductivity of copper, and a large heat transfer capacity that is more than 300 W.
Therefore, the heat pipe appears to be feasible for cooling high-temperature gas turbine
components[DOI: 10.1115/1.1332777

Keywords: Cooling, Heat Transfer, Heat Pipes, High Temperature, Turbines

Introduction Construction of a High-Speed Rotating Test Apparatus

A radially rotating miniature high-temperature heat pipeand Fabrication of Radially Rotating Miniature High-
or a radially rotating miniature high-temperature thermosyphon, lmperature Heat Pipes

an effgctive heat transfer device which employg the centrifugal o high-speed rotating test apparatus specially built for the ex-
force in the heat pipe to return the condensate in the condenggfimental investigation is shown in Fig. 2. For this particular
section to the evaporator section, as shown in Figl34]. Com-  5pparatus, the major parameters which could be adjusted in the
bining the traditional air-cooling technique with radially rOtat'ngexperiment are the revolution of the test apparatus, heat pipe op-
miniature high-temperature heat pipes for gas turbine blade cogfating temperatures, heat inputs to the evaporator section, and
ing represents a new cooling methffsl|. However, before the cooling-air flow rate in the condenser section. The vibration of the
heat pipe is employed for the turbine blade cooling, its perfogpparatus should also be controlled to ensure a safe operation. The
mance ch_ara(_:terlstlcs mgst be fully understoqd. Extensive analghaft is driven by a motof1] having a revolution range up to

cal investigations for various rotating heat pipes have been ca@B00 rpm. In order to dampen the vibration of the rotor, a flexible
ducted in the past, and analytical solutions for the vap@bupling is used to connect the shaft with the motor. The springs
temperature drop along the heat pipe length, liquid film distribyi3] connecting the rotor and frame would have a significant damp-
tion in the condenser section and heat transfer limitations hagging function when the rotor system has a slight unbalance which
been obtained1,2,6—11]. Experimental investigations have alspauses vibration. As a result, the rotating test apparatus con-
been conducted for some rotating heat pipes. However, these sixucted is of certain self-balance capability. Two slip-ring assem-
periments are limited to axially rotating or revolving heat pipeblies [7] are mounted on the shaft. One is used to supply the
with a low-temperature working fluid. To the authors’ knowledgeglectrical current from the power transformer to the heater that
no experimental study related to high-temperature heat pipes pnevides the heat input to the heat pipe evaporator, and the other
der a radially rotating condition has been conducted in the paist. used to feed the temperature data from the thermocouples
Also, no attempt has been made in the literature to test miniatur@unted on the heat pipe shell to the data acquisition system. The
rotating heat pipes having a diameter on the order of 1 mm. Tetor disk of the apparatus consists of an inner cylirfd&] and
prove the performance and reliability of the radially rotating minan outer cylindef11]. The inner cylinder is mounted on the shaft,
iature high-temperature heat pipe and provide experimental e@id the outer cylinder is in turn fixed on the inner cylinder. The
dence of the applicability for the turbine blade cooling applicdadially rotating miniature high-temperature heat pipe is mounted
tion, it is necessary to conduct extensive experimentﬁ] the outer cylinder. To balance the rotor system, a counter

investigations close to turbine blade cooling conditions, which Weight[9]is also mounted in the cylinder opposite the heat pipe.
the objective of this study. The heater capl2] connected to the outer cylinder has two func-
tions: one is for the protection of the heater, and the other is for
adjusting the cooling-air flow rate over the condenser section
through the adjustment of the cooling-air flow window on the
Contributed by the Heat Transfer I_Division for publication in threUBNAL OF  heater cap. The flow rate of the cooling air can be calculated
HEAT TRANSFER Manuscript received by the Heat Transfer DIVISlonerUQh the averaged relative velocity at which the cooling air

June 11, 1999; revision received, September 5, 2000. Associate Edit A .
T. Avedisian. flows through the window and the area of the window. If the
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Fig. 1 Schematic of radially rotating heat pipes
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Fig. 2 Schematic of the high-speed rotating test apparatus
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Fig. 3 Schematic of radially rotating miniature heat pipes (d
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diameter of the outer cylinder is extended, the rotating radius of
the heat pipe could be increased.

In general, gas turbine blades are made of nickel-based alloys.
Considering the high costs and difficulty in fabrication of the heat
pipe using a nickel-based alloy, the heat pipes tested are high-
temperature sodium/stainless st€gype 304W)heat pipes. Two
radially rotating miniature high-temperature heat pipes of 80 mm
in length were designed. One has an inner diameter of 1.5 mm and
the other 2 mm. The heat pipes designed are shown in Fig. 3. To
facilitate sodium charge for the heat pipe, a reservoir with a di-
ameter of 4 mm and length of 5 mm was designed on top of the
heat pipe evaporator section. The two heat pipes have the same
outer diameter, 6 mm, and the same evaporator and condenser
lengths, 40 mm. Four circular fins were manufactured on the outer
surface of the condenser section to enhance the convection heat
transfer in this region. To install the heat pipe onto the rotating
disk, threads were machined at the condenser end so that the heat
pipe could be screwed into the outer cylinder of the high-speed
rotating test apparatus. The sodium charge for the heat pipes was
undertaken by Thermacore, Inc.

For the heat pipe with an inner diameter of 1.5 mm, the sodium
charge was approximately 0.06 g, and the sodium charge for the
other heat pipe with an inner diameter of 2 mm was approxi-
mately 0.08 g.

Five thermocouples of typ& were used to measure the heat
pipe temperature distribution along the heat pipe length. Two ther-
mocouples were installed at the end cap and the outlet of the
evaporator section, respectively, to measure the temperatures in
the evaporator section, and the other three thermocouples were
mounted in the condenser section to measure the temperature dis-
tribution in that section, as shown in Fig. 3.

The heater was mounted on the evaporator sections firmly, and
the insulation material of about 16 mm in thickness was clamped
between the heater cap and heater to reduce the heat loss from the
heater to the surroundings.

Experimental Results and Startup Behavior

According to the analytical investigation on a radially rotating
miniature high-temperature heat piffe], the temperature distri-
bution along the heat pipe length without an adiabatic section can
be expressed by the following relations:

Evaporator Section, L .<z=<L

B i N I P (e
v,z v,e hfgpv Sin¢ eff L— Lc
T,w?sing

z

(z +EL)L—(2 +}z 1)
) 072
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Condenser Section0=z=lL, where
1/2

2rh,
AT, ,=AT,  +T, . —clexpm(2L.—2)) —expm2)] - ko(ra—r?)|
- LenszsL, L. n is the condenser length occupied by non-condensable gases,
v,z= _ _ andAT, ,andAT,  are the temperature drop frors0 toz and
Tsta-AT, +AT, +a[expmz) —1] the total temperature drop along the entire heat pipe length, re-
Osz=L.,, spectively, without the diffuse effects of non-condensable gases.

(2) The expression foAT, , is given by the following equation:

ﬂzq_” w2l z +Ezsin¢>)z (0=sz=<L,)
AT - 2higp,Lcsing ™ hyg °' 2 ¢ @)
Y R =% T o, L Le=<z=L
— — = <z<L).
2higp, Sin (L | hy @ |2t g2sine )z (Le=z=L)

From these analytical relations, it can be seen that the tempefalarge, extra heat sink is thus formed at the condenser end, and
ture distribution along the heat pipe length is a function of rotatingpme heat from the condenser end is directly transferred into this
speed, geometrical size of the heat pipe, working fluid propertidseat sink. As a result, the heat pipe temperature near the con-
heat input in the evaporator section, cooling condition in the codenser end is forced to stay at a low level close to the temperature
denser section, and diffuse effects of non-condensable gasesofithe outer cylinder. The closed-form analytical solution from
the experiments that follow, the tilt anglée, of the heat pipes is Egs.(1)—(3) gives the temperature distributions along the dimen-
fixed at 90 deg. The ranges of the parameters that are covereditnless heat pipe length with the diffuse effect of non-
experimentgheat inputs, geometric dimensions, flow rates of theondensable gases, but without taking into consideration of the
cooling air, and the rotating frequencieare as follows: 42  heat sink at the condenser end. Comparing the closed-form ana-
<Q=325W;di=1.5 and 2 mmL =80 mm;L.=L.=40 mm; |ytical solutions with the experimental data in Fig. 4, it is evident
La=0; 30Hz<f<60Hz; 1.05X10 % m¥s<W=13.4x10 3
ms; 470=w?Zalg=<1881.

To illustrate the effectiveness of the heat pipe, Fig. 4 shows the
comparisons between the experimental data and closed-form ana-
lytical solution along the heat pipe length and the temperatu~- goo

distributions along a heat pipe contairiére heat pipe shell with- . g0

out charging any working fluidwith the same flow rate of cooling » 700 ——Heat Pipe,

air, dimensionless centrifugal forces, and geometrical dimensiorg 4, Experimental,
From Fig. 4, it can be seen that the heat transfer capacity of t& - _._‘:::fgiw

heat pipe container is very low, which is 47 W for the containes 400 Ana!yticpael,’

with an inner diameter of 2 mm, and 60 W for that of 1.5 mm. Th<f§’ ( Q=280W

temperature distributions along most of the container length ag 300 A Contaiver.

approximately linear, and the temperature in the portion near tg 200

end of the container is close to the temperature of the cooling &~ " 1 {

For the heat pipes under the same operating conditions, m. 9

more heat can be transferred, which is up to 280 W for the he 0 02 ) o4 _0'6 08 !

pipe with an inner diameter of 2 mm, and 250 W for that of 1.! Dimensioniess heat pipe length, /L

mm. If the thermal conductivity of the copper is taken to be 38 (@)

W/m-°C, the effective heat conductance of the heat pipes is abc 000

60-100 times higher than the thermal conductivity of coppe

This is in turn about 1000—1700 times higher than the conducti € 800 '

ity of the stainless steel used as the shell in the current stuc § ’® +H§§;§,ﬁ:ﬁta|,

These comparisons from Fig. 4 prove that radially rotating minic 2 5% Q=250W

ture high-temperature heat pipes can work very effectively arg 500 1 +,§*ﬁ:,’yfi"c‘f,_'

reliably. Their heat transfer capacities are much higher than a g 4% Q=250 W

metals available. g 30 AW
It can be seen from the experimental data that the temperati & 200

distributions along the evaporator section and most of the co & 100

denser section are nearly uniform. It indicates that the heat pi 0

works perfectly in these sections. However, there exists a lar 0 02 04 06 08 1

temperature gradient near the end cap of the condenser. This la Dimensionless heat pipe length, z/L

temperature gradient may be attributable to the non-condensa (b)

gases remaining in the heat pipe that were swept to the condenser

end cap by the vapor flow. It is believed that during the sodiuffig. 4 Comparisons of temperature distributions and heat in-

charging process, the air was not completely driven out of the héxits between the experimental data, closed-form analytical so-_

pipe before the sealing of the heat pide]. luton (L.,=4 mm), and the heat pipe container: (a) w’Z,/g
In addition, the condenser end is mounted onto the outer cylig470, d,=2 mm, W=6.7X10"3 m%s; (b) w?Z,/g=470, d;=1.5

der of the high-speed rotating test apparatus with a screw threagh, W=6.7X10"2% m¥s.
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that the closed-form analytical solution from Ed4$)—(3) is in  pipe startup was completed. Similar to the startup of a high-
good agreement with the experimental results in the entire evapemperature heat pipe under a non-rotating condifib®|, the
rator section and most of the condenser section. Due to the exdgrtup behavior of the current rotating heat pipe is frontal in
tence of the heat sink at the condenser end, however, a relativeiture with a sharp drop off in temperature across of vapor front
large deviation from the experimental data occurs close to thed no pressure recovery in the condenser.

condenser end.

Figure 5 illustrates typical temperature distributions of the tw@perating Characteristics of Radially Rotating Minia-
heat pipes along the heat pipe length in the process of heat pipee High-Temperature Heat Pipes
startup. Att=0, a heat input of about 176 W was applied sud- As mentioned earlier, several parameters would significantl
denly to the heat pipe evaporator section through the heater d i th ‘ ’ f th hp t pie. Th 9 t Y d
scribed earlier. At the initial moments, the temperatures along tmﬁ uence the periormance ol the heat pipe. These parameters an
heat pipe length were unaffected because of the retardation of g influence on the heat pipe performance are examined next.
heat transfer from the heater to the heat pipe, as shown in Fig. SEffect of Heat Inputs.  Figure 6 shows the steady-state tem-
With an increase in time, the temperatures in the center of therature distributions along the heat pipe length with different
evaporator section rose faster than those near the end cap oftibat inputs for both heat pipes. At a low heat input in the evapo-
evaporator, and the condenser sections were still at a temperatafer section, most of the condenser section remains inactive with
close to the ambient temperature. its temperature close to the cooling-air temperature. As the heat

Because the evaporator end has a larger metal mass and hpigat is increased, the active zone expands from the evaporator
almost all of the solid sodium, it needs to absorb more heat $ection into the condenser section towards the condenser end cap.
raise its temperature. In general, this phenomenon, in which tiiae active length of the condenser at the steady state is deter-
temperature at the outlet of the evaporator section was higher thaimed by the surface area necessary to reject the heat applied in
that at the end cap of the evaporator, lasted only about 60 s. Aftee evaporator section. With a low heat input and a relatively high
that time, the temperature at the end cap of the evaporator resgating speed, which would provide a high heat transfer coeffi-
higher than that at the outlet of the evaporator section, and thient, only a small portion of the total condenser surface area is
temperature in the condenser section increased gradually dugé@ded to reject the applied heat. As a result, most of the con-
the axial heat conduction along the container wall.

As the temperature in the evaporator section was further in-
creased, the sodium in the evaporator section was vaporized. ™ ~gqq
generated vapor flowed from the evaporator section to the cc
denser section, and the heat pipe started to be operational. Az 800
result, the temperatures along the heat pipe length rose quiclty; 7gp

After about 800-1200 s, the temperature distribution along tl 5
heat pipe length reached a steady state and the process of the § 600 -
5 500 1 —e—a=100W
o ® 400 | —W—Q=150W
o 80 £ 300 { |—&—Q=200W
g ——t=0 ] _
é 700 4 —m—=50S g 200 | |—®—Q=250W
3 600; —A—1=60 § 2 100 ] |I——Q=280W
5§ 500 ] —=—t=90 S
‘@ 400 ——1=1208 0 " ’ ’ ' '
-g 300 ——t=150S 0 0.2 04 0.6 0.8 1
& 200 ——tR200S Dimensionless heat pipe length, z/L
& 100 —=—1{=1800 S
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Fig. 5 Temperature distributions along the heat pipe length
with the diffuse effects of non-condensable gases during

the heat pipe startup process: (a) wzfa/g=470, d;=1.5 mm,
Q=176 W; (b) w?Z,/g=470, d;=2 mm, Q=175 W.
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Fig. 6 Temperature distributions along the dimensionless
heat pipe length with different heat inputs: (a) w?Z,1g=470,
di=2 mm, W=6.7X10"% m¥s; (b) w?Z,/g=470, d;=1.5 mm,
W=6.7X10"% m7s.
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X107% m¥s)
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denser would remain inactive at the steady state when the h
input is low. In the current experiment, the inactive part of th
condenser may also be attributable to the existence of nc
condensable gas remaining in the heat pipe.

When the flow rate of cooling air, dimensionless centrifuge
force, and inner diameter of the heat pipe are fixed, the operati
temperatures in the evaporator section will be increased with
increase in the heat input, and consequently the temperature al
the condenser section will go up, as shown in Fig. 6. According|
the heat transfer characteristics and effective thermal conductal ' '
will be improved significantly. When the heat input is furthel 0 0.2 0.4 0.6 0.8 1
increased and reaches about 300 W for the heat pipe with an in
diameter of 2 mm, as shown in Fig. 7, the temperature distributic
stays relatively uniform until reaching the region close to the col. (b)
denser end. AIsp, a tempelrature.peak emerges near.the conde'glseg Comparisons of temperature distributions along the di-
end, as shown in '.:lg' 7. With an. increase in the heat |n_put, alar nsionless heat pipe length with different flow rates of the
amount of vapor is generated in the evaporator section and the . o5 _ _ ]
vapor flows with a high speed towards the end of the conden§8fl—'ng ai.  (a) ©°Z,/g=470, d;=2 mm, Q=200 W; (b)
section. Because of this high speed, the vapor compressibilftyZa/9=1306, dj=2 mm, Q=200 W.
would take effect, and the vapor flow has reached the choked
condition. The vapor continues to expand in the condenser séeat pipe temperature, the vapor pressure is accordingly increased.
tion, which is followed by a pressure recovery. Owing to thét the same time, the non-condensable gases in the heat pipe are
effect of non-condensable gases and the heat sink at the condensane likely to be compressed towards the condenser end owing to
end, the temperature at the condenser end is forced to stay dhe increased vapor pressure. As a result, the non-condensable
relative low temperature. As a result, a temperature peak wowjdses would occupy a smaller portion of the condenser section,
appear near the end of the condenser section. and the temperature distribution near the condenser end would

Effects of Flow Rates of the Cooling Air. Flow rate of the become more uniform.
cooling air in the condenser section has a dominant influence orEffects of Dimensionless Centrifugal Forces. At a higher
the operating temperature level of the heat pipe. As the flow ratvolution or rotating frequency, the dimensionless centrifugal
of the cooling air is increased, the convective heat transfer coéérce plays a dominant role in the temperature drop along the heat
ficient at the outer surface of the condenser section is increaspighe length. With an increase in the dimensionless centrifugal
Therefore, the heat transfer capacity at the outer surface of floece, the vapor pressure and temperature drops along the heat
heat pipe is increased. If the heat input is kept at a constant, as pliyge length will be increased. Therefore, to some degree, the di-
cooling air flow rate is increased, the operating temperature of theensionless centrifugal force dominates the slope of the tempera-
heat pipe will be decreased, the working section of the condensere distribution and the temperature drop along the heat pipe
will be shortened, and the temperature distributions along the cdength.
denser section will become less uniform near the condenser endAlthough the dimensionless centrifugal force has a similar ef-
In this case, when the operating temperature is too low and tfeet on the total temperature drop along the heat pipe length com-
heat input is too high, the sonic limit of the heat pipe will bgared to that of the cooling-air flow rate, the mechanisms that
reached. cause the change of the temperature drop are different. As the

Figure 8 compares the temperature distributions along the heabling-air flow rate is increased, the convection on the outer
pipe length with different cooling-air flow rates when the temsurface of the condenser section will be intensified, the working
perature of the cooling air is kept at 3D? It can be seen from the section of the condenser will be shortened, and the temperature
figure that, for the same heat input and dimensionless centrifugmhdient along the condenser length will become steeper. But the
force, the temperature along the heat pipe length is increased wgtbpe of the temperature distribution along the evaporator section
a decrease in the flow rate of the cooling air. Due to this increaseguld remain a constant. On the other hand, when the dimension-

—e—W=0.011m3/s
—i—W=0.0057m3/s
100 | |—&—W=0.0021m3/s

Temperature distributions ( C)

T T 1

Dimensionless heat pipe length, z/L
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Fig. 9 Temperature distributions along the dimensionless dimensionless he?t_plpe length with d'ﬁerﬁgt |n3ner diameter:
heat pipe length with different rotating frequencies: (@ 0 (@ Q=200W, w°Z,/g=470, W=6.7X10"" m7s; (b) Q=200 W,
=225W, d;=1.5 mm; (b) Q=225W, d;=2 mm. w?Z,/g=1881, W=13.4X10"3 m¥s.

less centrifugal force is increased, the temperature drop causecf‘?fé?e'_-rhe friction of the vapor flow is proportional B, . F, is
the vapor centrifugal force will be increased, and the total terff?€ frictional coefficient for the vapor flow which is inversely
perature drop including that in the evaporator section will be ifroportional tor;, wherer, is the vapor core radiugt]. For a

creased. Therefore, the analysis here is limited to the slope l§fat pipe with a larger diameter, the friction is usually small and

temperature distributions along the evaporator section in orderftggligible. But for a miniature heat pipE, in the heat pipe will
illustrate the effects of dimensionless centrifugal forces. increase dramatically with a decrease jn As a result, a minia-

Figure 9 shows temperature distributions along the heat pip#e heat pipe having a smaller inner diameter must be subject to
length at different rotating frequencies. As shown in the figure, atlarger friction of the vapor flow, which results in a larger tem-
a low rotating frequencyf =30 Hz, which corresponds to a di- Perature drop along the heat pipe length. Conversely, for a radially

mensionless centrigual forceﬁZa/g, of 470, the slopes of the -
temperature distributions along the evaporator section are refiied on the vapor flow is smaller.
tively small and temperature distributions in the evaporator sec-
tion are relatively uniform. When the rotating frequency is in<
creased fromf=30 Hz to 60 Hz, the slope of the temperaturéa
distribution in the evaporator section becomes steeper with
increased temperature drop in the evaporator section.

rotating heat pipe having a larger inner diameter, the friction ex-

Figure 10 shows the comparisons of temperature distributions
along the heat pipe length for the two heat pipes with inner diam-
ters of 2 mm and 1.5 mm, respectively. It is evident that the
temperature drop along the heat pipe with an inner diameter of 1.5
mm is larger than that with an inner diameter of 2 mm when the
heat input, dimensionless centrifugal force, and flow rate of cool-

Effects of Inner Diameters of the Heat Pipes. The inner ing air are kept at constants. On the other hand, the operating
diameter of a heat pipe determines the cross-section area of vajgonperature in the evaporator section of the heat pipe is higher
flow in the heat pipe. The analytical investigation indicates thathen the inner diameter is smaller. This is because a higher pres-
for the incompressible flow, the temperature and pressure drause drop is needed to overcome the friction of vapor flow in the
along the heat pipe length are mainly due to the friction and ceheat pipe having a smaller inner diameter. Accordingly, the satu-
trifugal forces of the vapor flow if the effect of the non-rated temperature in the evaporator section of the heat pipe having
condensable gases is neglected, as shown i(3Eg. a smaller inner diameter is higher. This trend would be more

The first term on the right hand side of E®) represents the evident with a further decrease in the inner diameter of the heat

friction of the vapor flow, and the second term is the centrigualipe.
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Error Analyses of Experimental Measurements Michael of AFOSR for his interest in this research project. The

. . .. _authors would also like to thank Thermacore, Inc. for charging the
The errors of experimental results include the uncertainties 'r%rking fluid of the heat pipe.

temperature and heat input measurements. In all experiments,‘%e
accuracy of type K thermocouples was @5the accuracy related
to the slip ring which was used to transfer the temperature signAf9menclature
was about 0.5 percent, and the temperature accuracy of K¢ = constants
HP34970 Data Acquisition system is about 0.2 percent. In addi-d = heat pipe diameter, m
tion, since it was difficult to weld the thermocouples onto the heaiv = frictional coefficient of vapor flow
pipe shell, a high-temperature chemical cement was used to holg — gravitational acceleration, nf/s
the thermocouples in the small holes drilled in the heat pipe shelh . = average heat transfer coefficient in the condenser sec-
Therefore, it was possible to result in an error in the temperature tion, W/mP-K
measurement due to potential contact thermal resistance between — |atent heat of vaporization, J/kg
the thermocouples and the heat pipe shell. If the error caused lkg = thermal conductivity of heat pipe wall, W/m-K
the contact thermal resistance was assumed to be 1 percent, tfje — length of heat pipe, m
totally maximum uncertainty in the temperature measurement wag, — coefficient, 1/m
about 2 percent. o Q = heat transfer rate, W
The flow rate of the cooling air is calculated through the aver- [ _ paat pipe radius, m
aged relative velocity of the cooling air and the area of thet _— temperature, K
cooling-air flow window. The totally maximum uncertainty for yy, _ flow rate of cooling air, kg/rh
the flow rate of the cooling air is estimated to be about the 5, _ . i-1'|ocation of heat p’ipe m
percent. _ : : Y : -
For the measurement of the heat input, the heater in the evap%)Q L?\iﬁglggorr%?éistgrggtéhn? hn?at pipe bottom to the origin
rator section was insulated with an insulation material of 16 m . ] .
in thickness. The insulation material was clamped between tifea — average revolving radius of the heat pipe, m .
heater and the heater cap in order to reduce the heat losses in te = t_'lt angle betwe_en the_ heat pipe centerline and the radial
evaporator section. It was measured in experiments that the tem- |ine Of the rotating axis, degree
perature on the outer surface of the heater cap was abouf ~ density, kg/m_
40-45°C, which corresponds to a maximum heat loss of about 26 — angular velocity, rad/s
W when the highest temperature in the evaporator section Waghscripts
between 800—-85@ and the heat input was 250—-300W. On the
other hand, the maximum fluctuation range of the heat input in
experiments was-2 W, which would result in an error of about

a = adiabatic section
¢ = condenser

0.8 percent for the heat input. If the accuracy of the wattmeter ang ~ e;apqrator
slip ring for the heat input was about 1.5 percent, the maximurfi’ B effective
uncertainty in the heat input was about 10 percent. - I(;]l?tgrr

Conclusions surrounding
vapor phase

Based on the experimental investigations presented in this pay — ayial location
per, the following conclusions may be made:

< o —
[
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The Effect of Working Fluid
Inventory on the Performance of
Revolving Helically Grooved Heat
Pipes

The results of a recently completed experimental and analytical study showed that the
capillary limit of a helically-grooved heat pipe (HGHP) was increased significantly when
the transverse body force field was increased. This was due to the geometry of the helical
groove wick structure. The objective of the present research was to experimentally deter-
mine the performance of revolving helically-grooved heat pipes when the working fluid
inventory was varied. This report describes the measurement of the geometry of the heat
pipe wick structure and the construction and testing of a heat pipe filling station. In
addition, an extensive analysis of the uncertainty involved in the filling procedure and
working fluid inventory has been outlined. Experimental measurements include the maxi-
mum heat transport, thermal resistance and evaporative heat transfer coefficient of the
revolving helically grooved heat pipe for radial accelerations@f =0.0, 2.0, 4.0, 6.0,

8.0, and 10.0-g and working fluid fills of .5, 1.0, and 1.5. An existing capillary limit
model was updated and comparisons were made to the present experimental data.
[DOI: 10.1115/1.1339982

Keywords: Experimental; Heat Transfer; Heat Pipes; Porous Media; Two-Phase

Introduction

Helically-grooved heat pipeHGHPs)have potential applica-
tions in the thermal management of rotating equipment such

were methane, ethane, and ammonia. Brennan g3 Jaltated that
the mathematical model agreed well with the experimental data
fgé ideally filled and overfilled heat pipes, but some differences

aircraft alternators, large-scale industrial electric motors, and sp ere nqted for undgrﬁlled heat pIpes. In general, it was f°“”‘?' for
ning satellites. In two recent studié,2], the performance of ! eally filled heat pipes the pr.edlgted transported heat was hllgher
revolving HGHPs was investigated. It was found that the capillaffan that measured. Also, this discrepancy was more significant
limit increased with the strength of the acceleration field perpeffr lower operating temperatures. In addition, it was found during
dicular to the heat pipe axis. In order to move HGHPs closer {Be experiments that the maximum transported heat increased with
application, knowledge must be gained concerning the sensitivit volume. ) _
of the capillary limit to working fluid fill amount, since variations ~ Vasiliev et al.[4] performed a series of experiments on an alu-
in the fill amount are inevitable during the manufacture of thedginum axially grooved heat pipe which was overfilled and ideally
devices. Very few studies were available concerning the effect dfed. The width and height of the grooves wene=0.123 mm
working fluid fill on the performance of axially grooved hea@ndh=0.7 mm, respectively, with an overall heat pipe length of
pipes, but those found have been outlined below. In additioh;=80.0 cm. The working fluids were acetone and ammonia. Va-
synopses of the two aforementioned studies on revolving HGHFi§ev et al. showed that the temperature difference from the
have also been provided. evaporator to the adiabatic regions increased at a much slower rate
Brennan et al{3] developed a mathematical model to deterwith increasing overfills. This was attributed to a thin film of
mine the performance of an axially grooved heat pipe which atiguid emerging from the overfill pool wetting the upper grooves.
counts for liquid recession, liquid-vapor shear interaction andasiliev et al. stated that this thin film was lifted over the grooves
puddle flow in a 1-g acceleration environment. The model consigly capillary forces due to microroughness on the groove surface.
ered three distinct flow zones: the grooves unaffected by themathematical model was developed for low temperature axially
puddle, the grooves that emerge from the puddle, and the groo¥gsoved heat pipes to estimate heat pipe performance for 0-g and
that are submerged by the puddle. The model for the puddle cang applications. The mathematical model was a set of boundary-
sisted of satisfying the equation of motion for the puddle and thgyjue problems applied to each groove and was solved by a nu-
continuity equation at the puddle-groove interface, and was solVgghrical iteration method. The model was based on pressure bal-
by a fourth-order Runge-Kutta integration method with selfance equations and mass continuity written for a single groove.
adjusting step SIZES. The assumptions made by the model for temperature of the vapor in the adiabatic region was an input
puddle were ””'form heat addition and_ removal with a S'”Q' arameter, and the vapor pressure gradient was assumed to be
;Vrﬁﬁlcgf;g/ﬂrr]\dthae SISgtleeC?'Eietrr]asr?g Sc?r??:(;négirl]i(tj %??r;glmr%r;?/le -dimensional. In addition, the liquid-vapor shear stress was
unaffected by the Buddle- and the gl?oovespexter?ding be%/ond ssumed to be constant, anc_i the starting liquid fllm_thlckness was
the same order of magnitude as the groove microroughness.

puddle were approximated by a closed-form solution with lamin .
liquid and vapor flow. The working fluids used for the experimen ery good agregment was reported between the 'T‘athem?t'ca'
model and experimental transported heat results for ideally filled

. _ o and overfilled heat pipes under gravity.
Contributed by the Heat Transfer Division for publication in thBURNAL OF Th t all2 ted . tal dat btained f
HEAT TRANSFER Manuscript received by the Heat Transfer Division April 21, omas et al[2] presentea experimental data obtained from a

2000; revision received September 27, 2000. Associate Editor: G. P. Peterson. helically grooved copper heat pipe which was tested on a centri-
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fuge table. The heat pipe was bent to match the radius of curva
ture of the table so that a uniform transvetperpendicular to the
axis of the heat pipebody force field could be applied along the
entire length of the pipe. The steady-state performance of the
curved heat pipe was determined by varying the heat i@t
=25 to 250 W)and centrifuge table velocityradial acceleration
|a,]=0.01 to 10-g). It was found that the capillary limit increased
by a factor of five when the radial acceleration increased fro
|a,|=0.01 to 6-g due to the geometry of the helical grooves. A+
model was developed to calculate the capillary limit of each
groove in terms of centrifuge table angular velocity, the geometry
of the heat pipe and the grooves, and the temperature-dependent
working fluid properties. The agreement between the model and
the experimental data was satisfactory.

Fig. 1 Helical groove geometry

Klasing et al[1] developed a mathematical model to determine 2mr,\2 |2
the operating limits of a revolving helically grooved straight heat Lg=L¢ ( ) + 1} . (5)
pipe. The capillary limit calculation required an analysis of the p

total body force imposed by rotation and gravity on the liquidthe radius of the helix is given by
along the length of the helical grooves. The boiling and entrain-
ment limits were calculated using methods described by Faghri r :E(D +h) ®)
[5]. It was found that the capillary limit increased significantly hop -vs '
with rotational speed due to the helical geometry of the heat pi
wick structure. The maximum heat transport was found to be
function of angular velocity and tilt angle from horizontal. In
addition, a minimum value of angular velocity was required to 2m(s—5Sy)
obtain the benefits of the helical groove geometry. p= W (7)
The first objective of the present study was to determine the !
sensitivity of the performance of revolving HGHPs to the working he helix angles corresponds ts, which is the distance traveled
fluid fill amount. This required a precise knowledge of the geon@long the centerline of the heat pipe.
etry of the heat pipe and helical grooves. In addition, a precisionIn order to calculate the working fluid inventory for the HGHP,
filling station was constructed and calibrated to determine the umeasurements of the appropriate geometric parameters were
certainties involved in the filling procedure. The copper-ethangtade. In addition, an extensive analysis was performed to deter-
heat pipe was tested on a centrifuge table at Wright-Pattersmine the uncertainties of both the measured and calculated vari-
AFB (AFRL/PRPG)to determine the capillary limit, thermal re- ables used in finding the working fluid inventory.
sistance and evaporative heat transfer coefficient for fill ratios of The physical variables given in E¢4) for the cross-sectional
G=0.5, 1.0, and 1.5, and radial accelerationdayf=0.01, 2.0, area of the grooves have been measured. A sample of the HGHP
4.0, 6.0, 8.0, and 10.0-g. The second objective of the present st@@ytainer was set in an epoxy resin mold, polished, and examined
was to improve the existing analytical capillary limit model deunder a microscope with 50 xnagnification. Computer software
veloped by Thomas et 2] using the above-mentioned geometwas used to make bitmap pictures of ten different grooves and a
ric measurements and by using improved equations for the workicroscopic calibration scale. These pictures were then analyzed
ing fluid properties. to determine the geometric values shown in Fig. 1. Since the
corners at the top of the land between grooves were not well
Determination of Heat Pipe Working Fluid Inventory defined, a special procedure was established to determine the ge-
o ] ) ) ~ ometry of the grooves. First, lines were drawn along the bottom
The objective of this analysis was to determine the workingnq sides of each groove. Then, a line was drawn across the bot-
fluid inventory of a HGHP, which con_S|sts of the mass of Ilqpld iRom of the land between grooves, as shown in Fig. 1. This line
the grooves and the mass of vapor in the vapor space. Since [} then transposed to the top of the land. The intersections be-
heat pipe is a closed container under saturation conditions, f)feen this line and the lines along the sides of the groove were

Rfe helical pitch is the distance through which the helix makes
dhe revolution around its radius.

total mass of working fluid in the heat pipe is given by defined as the upper corners of the groove. Note that the two lines
V. GV along the land tops are at different angles due to the radius of
me=m,+m=—+ —2, (1) curvature of the heat pipe container. The anglgsand 6,, and
Uy vl the height and width of the groove andw were found using a
where G=V, /V,, is the ratio of the volume of liquid to total bitmap picture of the microscopic calibration scale as described
groove volume. The volume of the vapor space is by Castle[6].

An optical comparator was used to determine the vapor space
2) diameter of the heat pipe container sample. The cross hairs of the
optical comparator were carefully aligned with the top of the land
between grooves on the left edge of the pipe. The comparator
table was then moved until the land tops on the right edge of the
pipe were aligned with the cross hairs. The diameter of the heat
pipe vapor space was the distance of the table movement.
Vgr=LgNgAg:- (3) The helical groove pitch was found using a vertical milling
machine and an angular displacement transducer. The heat pipe
Eontainer material was originally 1 m long. Approximately one-
If was used to form the heat pipe, and the other half was used to
determine the pitch. The rotation anglé < ¢;) and the corre-

T
4

The second term in Eq2) accounts for the increase or decreas
in the vapor space volume when the param&ss varied. The
total volume of the grooves is

Vys= 7 DZL+Vy(1-G).

A cross-sectional view of a typical helical groove in the exper
mental test article is shown in Fig. 1. The cross-sectional area
the trapezoidal groove accounts for the differing side angles.

1 sponding distance along the centerline of the heat p#pes()
Agr=wh+§hz(tan 6,+tane,) (4) has been found as shown in Figag
A heat pipe holding device was constructed from two angle
The total length of each groove is aluminum uprights mounted to the table of a vertical milling ma-
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(a) Table 1 The geometric variable values associated with the
working fluid inventory
@ Measured Values
h 0.03831 £ 0.00076 cm
w 0.03445 £ 0.0010 cm
}D_ P — 6, 15.44° £ 0.91°
@D ' 8 13.80° £ 0.96°
- Do, 1.359 + 0.005 cm
L, 43.8 + 0.084 cm
©® Table movement Calculated Values
1. Angular Transducer 4. Shaft | Ag | 1708 x 107 £6.0 x 107 cm’
2: Milling Machine Spindle 5'. Heat Pipe Container p 135.8 £5.9 cm
3. Milling Machine Collet 6. Milling Machine Table Th 0.6992 & 0.0025 cm
Ly 43.82 + 0.84 cm
Heat Pipe Container (b) Ver 3.73 + 0.13 cm®

lix radius, groove length, groove volume, vapor space volume,
and total mass of the working fluid inventory have been calcu-
lated. The measured and calculated uncertainties for all geometric
variables presented are shown in Table 1.

A literature survey was completed to determine the specific

Shaft volumes of ethanol vapor and liquid at various saturation tempera-

tures, as shown in Fig. 3. This information was needed to deter-

Spr}mg mine the total mass and uncertainty of the working fluid inventory
Pin m,*= Am,. While existing texts report these propertjés3—13, it

was found that most simply referred to previous sources. There-
) ) ] ) ) fore, the data shown in Fig. 3 represent information gathered from
Fig. 2 _Schematic of the helical pitch measurement technique: primary sources that cannot readily be traced further. In Rig), 3
g) ge?nor ;Ohrgﬁé’;e”rts' (b) cross-sectional view of sprung pin the available data for the specific volume of liquid in the range of
gaging groove Ts,=0 to 100 °C are relatively scattered. Vargaffik3] stated
that the ethanol used was 96 percent pure by volume, with water

. - . .making up most of the other 4 percent. Ethanol is aggressively
chine. Precision alignment blocks were attached to the l.Jr.]derS'(I’]%roscopic, so special procedures are required for further purifi-
of the uprights to engage one of the grooves in the milling m

chine table for improved alignment. Nylon bushings were plac%- tion as _outlined by Timme_rmar{a4] concerning anhydrous
in the uprights to center both the heat pipe container and the she%E"aml' Since the data by Timmermdis] and TRC[15] are

which was concentric with the heat pipe container. A small pigr arly coincident, it is believed that the data reported by TES]

i . e also for anhydrous ethanol. Dunn and REHES/] do not pro-
was made from a 1.58 mif®.0625 in)dowel pin, where one end . | " p ; .
was ground to 0.26 mm to fit in the base of the helical groovV|de information concerning purity. Therefore, the Vargaftlid]

Bata and the Dunn and Ref}6] data have been discarded in Fig.

This sprung pin was set in a hole in the shaft where it engaged ; e
of the grooves, as shown in Fig(l®. An angular displacementof@)' In Fig. 3(b), the deviation of the Dunn and R4a$] data

transducer was mounted onto another piece of angle aluminuml% the specific volume of vapor is significant. Therefore, the
vertical 6.35 mm(0.25 in) dowel pin was placed in the angle nn and Reay16] data has been discarded in Figbg Poly-

aluminum to align with the angular displacement transducer Shaggmial curve fits from €= T,=100°C have been obtained for the
The dowel pin was held by a collet installed in the milling may; ta shown in Figs. 3(aand 3(b)for the specific volumes of

. - : ' - - quid and vapor ethanol. These curve fits have been evaluated at
chine spindle in order to fix the location of the displacement transsom temperature to determine the proper values to be used in the

?hucir. 'I;he_ Sh%ft ct)tf1 the tra;nsducer v'vAastIrllnked_”t_o the Shh"’.m V\{['th certainty analysis, since the heat pipe was filled at room tem-
€ heat pipe by three Set screws. As e milling machine tayi .y re. Information concerning the uncertainty of the original

moved the pipe over the stationary shaft, the pin followed t ata was not available. Therefore, the uncertainties of these prop-

helical groove, causing the shaft to rotate. Thg angular displa flies have been estimated to be the maximum variance of the data
ment transducer measured this rotation. A multimeter was use tom the curve fits fv,=3.5%10 8 m¥kg, Av, =0.39 mkg)
measure the output voltage of the angular displacement tra e specific volumes olf qufjid and vapor étha(vm?/kg) as funé-

ducer. The distance of the table movement was g,), which . f saturation t tfeC) are shown below for the
was read from the milling machine display unit. The transduc%ff? 0<Sfolér?c' n temperatu are shown wior range
output voltage was measured over 10 cm lengths for ten different ' sat
groups. Backlash errors were avoided by not reversing the table vy=expag+a; Teart azT'g‘at+ a3T§at+ a4T‘S‘at)/1000 (8)
movement while taking data. The pitch was calculated using Eq.
(7) at a point in the center of each 10 cm length. An average of 88 v, =exp(bo+ b Teart Do T2 baTo+ b, T,)/1000,  (9)
values were used to calculate the helical pitch.

Using the analysis given by Millef7], the root-sum-square
uncertainties for the groove cross-sectional area, helical pitch, he- a9=0.2153 by=10.35

where the coefficients are
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0.0015 T I T T Pressure Relief
Valve
0.00145 [ TRC (1983) -o— (a)
pun e ok 3
argafti -
5 00014 Timmennans (1950) - Pressure
= Curve fit &~ Gage (\P 1
g 0.00135
5 0.0013 -
Dispensing
0.00125 J= - N Burette
0.0012 -
20 40 60 80 100
Tsat (OC) Dry
Nitrogen
25 P, T
— | ] Vacuum
& SE - Pump
(‘0\ r -
é - on, b
3 | S 1978%%&% ] Working Fluid ||
t Dunn and Rea o— By, - .
- Vargaftik (1975) —+- Fs.., Reservoir
' Timmermans (1950) &-- \’ﬁ\*‘
0. Clllrve fit i b Heat Pipe
o 20 40 60 80 100 LN, Dewar
T (°C) Lab Jack
Fig. 3 Specific volume of ethanol versus temperature: (a) H

saturated liquid;

(b) saturated vapor

Table 2 The calculated total mass of the working fluid

Fig. 4 Schematic of the heat pipe filling station

inventory runs were very shoion the order of 2 cm). In addition, the tubes

Agm ( ) which intersect the main vertical tube between_valves 2 and 5

Am, (g) . d & (Fig. 4) were offset from each other and ran at a diagonal from the
G | my (g) Fllllng main tube. Again, the purpose of this design was to reduce the

Calculated Station possibility of vapor bubbles adhering to the tubing walls, thus

causing errors in the fill amount. However, it is likely that some
0.5 1.47 + 3.6% + 5.0% vapor still does adhere to the tubing, so certain procedures were

1.0 2.92 + 3.7% + 2.9% carried out during filling to eject as much vapor as possible. For
instance, the 1 psig relief valve over valve 1 was cycled on and off

1.5 4.38 + 3.6% & 1.9% several times. In addition, valves 2 and 5 were cycled on and off

while noting the meniscus displacement within the dispensing bu-
rette. If the meniscus was displaced more than 0.08, aapor
was probably trapped within the valve. The valve in question was
then cycled until the bubble was ejected.

To fill the heat pipe, the container was first evacuated to a
pressure of 10° Torr using a turbomolecular vacuum pump. The
b;=5.714x10"" sealed pipe was then connected to the filling station at valve 5.

_ 11 _ 9 The working fluid was frozen and thawed repeatedly to reduce the
a,=—5.474x10 b,=—6.003x10 amount of dissolved air within the fluid. The entire filling station

The total mass of the working fluid inventony, and the associ- Was then evacuated by a roughing pump, except the working fluid
ated uncertaintdm, for the range of fill values are given in Tablereservoir. After evacuation, the liquid working fluid was drawn up
2. into the dispensing burette and into all interconnecting tubing.

After noting the height of the meniscus, the desired amount of

. - . working fluid was metered into the heat pipe by carefully opening

Heat Pipe Filling Station the heat pipe fill valve 8. The difference in height of the liquid
A filling station has been constructed which is capable of placolumn was related to the dispensed mass of working fluid.

ing a low-temperature working fluid.e., water, ethanol, metha- During initial testing of the filling station, it was found that the
nol) into a heat pipe without also introducing ambient(&ig. 4). mass of working fluid dispensed into the heat pipe container was
The station consisted of a manifold of valves and interconnectinifferent than what was indicated by the dispensing burette.
stainless steel tubing, a working fluid reservoir, a dispensing bliherefore, a rigorous calibration of the filling station was under-
rette, a vacuum pump, and a container of compressed dry nitrogaken to determine a correlation between the change in volume
gas. Previous experience with filling stations showed that lomgad by the dispensing burette and the change in mass of a receiv-
runs of horizontal tubing could cause significant filling errors duieg burette attached at valve 5, which was measured using a pre-
to vapor bubbles within the tubing. To address this problem, tloésion scale. The total uncertainty of the working fluid inventory
manifold was constructed such that the interconnecting tubiniispensed by the heat pipe filling statiamy is given in Table 2.

b,=—6.375x10"2
b,=1.735x10*

a;=1.049x10 3
a,=—1.345x10"8
a;=2.025x10"8
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Experimental Setup Inboard

The purpose of the experiment was to examine the steady-sta— \7’a Le La b\‘/
performance of a helically-grooved copper-ethanol heat pipe un ‘,W\
der various heat inputs and transverse body force fields using 1 10

centrifuge table located at Wright-Patterson AFF-RL/PRPG). 23 . 45 79

Specifically, the amount of working fluid was varié@=0.5, 1.0, Outboard

and 1.5)to determine the effects of under/overfilling on the cap-

illary limit, thermal resistance and evaporative heat transfer coef __ ., I T (o TR x m)
ficient of the HGHP. To ensure uniform radial acceleration fields 1, - 1524 mm JITOB 540 81 238,

over the length of the heat pipe, the pipe was bent to match th L,=823mm | o 3ITOB 921 90 259.
radius of curvature of the centrifuge tablR£1.22 m). Physical Il;c—=21553::1mmm ‘;ESE }Zg }‘1)10 g35-1 _—
information concerning the heat pipe is given in Table 3. 1t ShoUIC  Eu4 cans:9.53 mm . o s 12 Coolant Outlet

be noted that the total helix angle was very small: Each groove
rotated through an angle of approximately 2.03 (atl6 arc de-
grees)over the length of the pipe. The heat pipe was mounted to
a platform overhanging the edge of the horizontal centrifuge table.
This allowed the heat pipe to be positioned such that the radius of
curvature was equivalent to the outermost radius of the centrifugerature of the coolant was maintained at a constant setting by the
table. Insulative mounting blocks were used to ensure that the heggirculating chiller. Coolant was delivered to the centrifuge table
pipe matched the prescribed radius as closely as possible. T a double-pass hydraulic rotary coupling. The mass flow rate
horizontal centrifuge table was driven by a 20-hp dc motor. Thegas constant for all experiments. Values of the specific heat of
acceleration field near the heat pipe was measured by a triaxgg@hylene glycol/water mixtures were obtained from ASHRAE
accelerometer. The acceleration field at the centerline of the hgar], which were in terms of percent ethylene glycol by weight
pipe radius was calculated from these readings using a coordinai®l temperature. The average temperature between the calorim-
transformation. eter inlet and outlet was used to evaluate the specific heat. The
A pressure-sensitive nichrome heater tape with an aluminizegecific heat did not vary appreciably during testing since it is a
backing was uniformly wound around the circumference of thgeak function of temperature.
evaporator section for heat input. Power was supplied to the heaHeat pipe temperatures were measured by Type T surface-
pipe evaporator section through slip rings. While the current reaghount thermocouples, which were held in place using Kapton
ing could be made directly using a precision ammeter, the voltagge. Mounting locations for the thermocouples are shown in Fig.
across the electric heater had to be measured on the rotating t&lé short unheated length next to the evaporator end cap was
because of the voltage drop between the control room and thetrumented with thermocouples specifically for accurate thermal
table. Therefore, the voltage at the heater was obtained througBistance measurements. In addition, groups of four thermo-
the instrumentation slip ring assembly and read by a precisigduples were arranged around the circumference of the heat pipe
multimeter. at stations in the evaporator section for local heat transfer coeffi-
The calorimeter consisted of a length of 1/8 in. OD coppetient information. Temperature signals were conditioned and am-
tubing wound tightly around the condenser section. The size giified on the centrifuge table. These signals were transferred off
the tubing was chosen to be small to minimize the effects @fe table through the instrumentation slip ring assembly, which
acceleration on the performance of the calorimeter. Thermahs completely separate from the power slip ring assembly to
grease was used between the heat pipe and the calorimeteretfuce electronic noise. Conditioning the temperature signals
decrease contact resistance. Type T thermocouples were insefiger to leaving the centrifuge table eliminated difficulties associ-
through brass T-branch connectors into the coolant inlet and exitd with creating additional junctions within the slip ring assem-
streams, and a high-resolution digital flow meter was used to mesly. Temperature and acceleration signals were collected using a
sure the mass flow rate of the cooldB0 percent by mass ethyl- personal computer with data logging software. Since a shortage of
ene glycol/water mixtune The mass flow rate was controlled usthermocouple channels existed on the centrifuge table, a series of
ing a high-pressure booster pump, which aided the low-presstiigee electrical relays were engaged to read one set of thermo-

pump in the recirculating chiller. The percentage of ethylene glyouples, and disengaged to read the other set.
col was measured periodically during testing using a precision

hydrometer to ensure that the mixture did not change. The tem-

Fig. 5 Thermocouple locations and relevant lengths

Table 4 Maximum uncertainties of measured and calculated

Table 3 Helically grooved heat pipe specifications values Moasured Values
Working fluid Ethanol Coolant mass flow rate Am, ==+ 0.05 g/s
Working fluid charge | m; = 1.47,2.92 and 4.38 g B —
eater voltage AV=£05V
Evaporator length L.=152+0.16 cm Heator carrent AT—L01A
Adiabatic length L,=82%0.16cm Radial accoleration Ao =T 0L
Condenser length L,=152%0.16 cm . , T e
Tube outside diameter | D, = 1.588 & 0.005 cm Calorimeter inlet temperature AT, = £ 0.07K
Tube wall thickness tw = 00757 cm Calorimeter outlet temperature | AT, = £ 0.08 K
Radius of curvature R=12m Evaporator end cap temperature | AT, =+ 0.09 K
Wall/wick materials Copper Condenser end cap temperature | AT, = £ 0.11 K
Wick structure Helical grooves Calculated Values
Number of Grooves Nge = 50 Heat input See Fig. 6
Heater element Nichrome heater tape Heat transported AQy=+32W
Fill valve Nupro B-4HW bellows valve Thermal resistance See Fig. 7
Calorimeter 1/8 in. OD coiled copper tubing Heat transfer coeflicient See Figs. 12 and 13
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Since the heat pipe assembly was subjected to air velocities deater was turned off, and the heat pipe was allowed to cool
to the rotation of the tabléup to 11 m/s=25 mi/hr), efforts were before shutting down the centrifuge table.
made to reduce convective heat losses from the exterior of theUsing the analysis given by Millgi7], the uncertainties for all
heat pipe. A thin-walled aluminum box was fabricated to fibf the measured and calculated values for the experimental data
around the heat pipe. Ceramic wool insulation was placed insidee presented in Table 4.
the box and around the heat pipe through three small doors on the
top of the box. This insulation/box arrangement provided an eResults and Discussion

fective barrier to convective losses from the heat pipe to the.l-he objective of this experiment was to determine the steady-

ambient. : ; .
. . state performance of a revolving helically-grooved heat pipe as a
The c_opper-_ethan_ol HGHP was tested in the following Manngfinction of the working fluid inventory. The heat input, radial
The recirculating chiller was turned on and allowed to reach the. ..o 4400 and working fluid fill were varied as follow®;
setpoint temperature, which was measured at the calorimeter inlet, ", "1 \y/ |4,]=0.01 to 10-g, and3=0.5, 1.0, and 1'”5
The centrifuge table was started from the remote control room 13111ermocouples’onr the inboard out’board top- énd t;ottom sidés of
a slow constant rotational speed to prevent damage to the po ' Y

d inst tati lio ri In thi th dial lerati heat pipgFig. 5) were used to determine the axial and cir-
and instrumentation stp rings. in this case, the radial acce'eralighlyarential temperature distributions. Typical steady-state tem-
wasdless th?d‘akf|<0'%l'g' In all cases,fthe cebntrlfuge table roEerature distributions for the heat pipe f@=1.0 at |a,|
tated in a clockwise direction as seen from above. Power to t P L

. ; =0.01-g are shown in Fig. 6. For | rin levels, th
heater was appliedd;,=10 W) and the heat pipe was allowed to[eeo 01-g are shown in Fig. 6. For low power input levels, the

h a steadv-stat dition. Th t0 the heat i mperature distribution was uniform. As the power input in-
reach a steady-staté condition. 1h€ power to tneé heatér was Ia%hsed, the temperatures within the evaporator and the short un-
increased tdQ;,=20W and again the heat pipe was allowed t

”» . ’ Reated section adjacent to the evaporator increased significantly,
reach a steady-state condition. This was repeated until the mam'dicating a partial dryout situation. Since the coolant temperature
rlwum Oallowable evaporator temperaiure was reacheq) e and flow rate were constant for all tests, the adiabatic and con-
=100°C). After all data had been recorded the power to the, e temperatures increased slightly with input power. Figure 7

shows the thermal resistance versus transported heat over the en-

T~y T T T T T 1T T
120 = (a) =100+ 218 W = | 7 ' ‘ ' '
100 - A in = 20.0 &£ 3.05 W +- 4 |
N =300 367 W & 6
— 80 HX = in = 40.0 £ 420 W > -
& 60 A : 0.0 £ 470 W A 5 =
=~ .o E 4 |
40 -1 <
20 — = 3 -
0 1 ] ] ] ] ] ] ] ] A
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Fig. 6 Steady-state temperature distributions for |a,/=0.01-g, Fig. 7 Thermal resistance versus heat transport: (a) G=0.5;

G=1.0: (a) inboard; (b) outboard; (c) top; and (d) bottom (b) G=1.0; and (c) G=1.5
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500

T T T T 10.0-g due to reaching the maximum allowable heater tempera-
450 F T, = 40°C Thomas — - ture. The capillary limit was considered to be reached when the
400 k- :Ii’ﬁ = ggzg %Egﬁg: - L thermal resistance began to increase.
350 - 7, = 40°C Present - e d Thomas et al[2] presented a mathematical model which pre-
— 300 L % = 60°C Present ——- .7 i dicted the capillary limit of a helically-grooved heat pipe sub-
3 a = 80°C Present --=~.- _ jected to a transverse body force. This model accounted for the
& 250 = o o geometry of the heat pipe and the grooviesluding helix pitch,
@ 200 body force field strength, and temperature-dependent working
150 fluid properties. This model was updated to include the improved
100 measurements of the wick geometry and working fluid properties.
50 Castle[6] provides a detailed comparison of the present model
0 and that given by Thomas et 4R]. The capillary limit versus
radial acceleration is given in Fig. 8 for various working tempera-
la:) (g) tures with _thg T_homas et 4] m(_)del a_md the_present mod_el. The
capillary limit increased steadily with radial acceleration and
Fig. 8 Capillary limit versus radial acceleration comparison of working temperature. The present model shows a significantly
present model and Thomas et al.  [2] lower prediction for the capillary limit when compared to the

Thomas model due to the improved geometric measurements and
working fluid property equations.
Figure 9 shows a comparison of the experimental data and
resent analytical model for the capillary limit of a revolving
ically-grooved heat pipe. In the legend of this figure, No Dry-

tire range of radial acceleration for each fill level. In Figa)ithe
thermal resistance was quite high, which indicates that the h

pipe was partially dried out fog=0.5, even at the lowest power o, and partial Dryout refer to the experimental data. No attempt
input levels. However, the thermal resistance decreased signifiss made to maintain a constant adiabatic temperature during the
cantly as the radial acceleration increased, showing that the C@Rperiments. Therefore, the working fluid temperature in the

lllary pumping ability of the helical grooves increased. Rar model was set to the adiabatic temperature found experimentally.
=1.0 and 1.5, the thermal resistance decreased and then increase

with transported heat when dryout commenced. Tel1.5 fill
tests showed dryout occurring only fla,|=0.01 and 2.0-g. Dry-

out was not reached fo6=1.5 with |a,|=4.0, 6.0, 8.0, and 120 , : , , — _ Bottom ©—
110 . OutbO,%rd —+-
op G-
100 - Inboard -
No D - 90
- T T LG Q out — Q -
180 I I Partial Dgput - 2 80
160 | (a) 1~ Analytical ---- g 70 I
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Fig. 9 Comparison of present model and experimental capil- Fig. 10 Temperatures within the evaporator section versus
lary limit data versus radial acceleration: (@) G=05; (b) G transported heat for |&,/=0.01-g: (a) x=54.0mm; (b) x
=1.0; and (c) G=1.5 =92.1mm; (c¢) x=130mm; and (d) x=168 mm
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For G=0.5, the heat pipe operated successfully only |@
=8.0-g. In Fig. 9(b)(G=1.0), the capillary limit increased sig- Fig. 12 Heat transfer coefficients within the evaporator sec-
nificantly with radial acceleration. With the heat pipe overfilled bjion versus transported heat for ~ |a,|=0.01-g: (a) x=54.0 mm;

50 percent G=1.5), the capillary limit increased dramatically,(?) X=92.1mm; () x=130mm; and (d) x=168 mm

showing the effect that overfilling has on performance. The agree-

ment of the analytical model was very good Gr=1.0 as ex-

pected. ForG=0.5, the model overpredicted the experimental )

data because it was assumed that the grooves were complef@@y the same value around the circumference. It should be
filled. For G=1.5, the model underpredicted the data due to tHtoted that the temperatures around the circumference were rela-
assumption that no liquid communication occurred between thgely uniform for |a,|=0.01-g. Evaporator temperatures for
grooves. |a,|=10.0-g are shown in Fig. 11. In comparison ta,]|

Temperatures within the evaporator section are shown in Figs0.01-g, the evaporator temperatures were in general lower due
10 and 11 forla,|=0.01-g and 10.0-g, respectively. In generalto the improved pumping ability of the helical grooves under in-
the temperatures within the evaporator increased with transportgdased radial acceleration. In addition, the temperatures tended to
heat. In addition, the wall temperatures decreased Bitfor a overlap over a greater range of heat transport values. In contrast to
given heat transport due to the fact that more grooves were actij@&|=0.01-g, the evaporator temperature variation was greater
The temperatures along the length of the evaporator section carabeund the circumference at high@y, but no pattern was distin-
tracked by examining the case f@&=1.0. Near the evaporator guishable in the data.
end cap, the temperatures departed thoseéGferl.5 at approxi- Local heat transfer coefficient data versus heat transport is
mately Q;=15W (Fig. 10(a)). At x=92.1 mm(Fig. 10(b)), this shown in Figs. 12 and 13 f¢a,|=0.01-g and 10.0-g. Overall, the
departure was delayed until approximat€y=25W, and atx values forh, were very low forG=0.5 due to the fact that most
=168 mm(Fig. 10(d)), the data fo66=1.0 and 1.5 were nearly of the grooves were dried out. As the percent fill increased from
coincident. This behavior shows that the grooves were essentigly=0.5 to G=1.0, the heat transfer coefficient increased signifi-
full near the adiabatic section, and proceeded to dry out closerdantly. For|a,|=0.01-g (Fig. 12), h, increased and then de-
the evaporator end cap, as expected. Dryout forGhel.5 case creased with transported heat. This trend was also reported by
can be seen in Fig. 10(ayhere the temperatures converged t&asiliev et al.[4] for an aluminum axially grooved heat pipe with
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% seen in the experiments. The maximum percent difference was 2.7
< percent, which was not deemed to be significant.
. 0 100 120 140 Conclusions
20 40 60 8 The effect of fluid inventory on the steady-state performance of
a helically grooved copper-ethanol heat pipe has been examined
both experimentally and analytically. It was found that the capil-
o lary limit increased and the thermal resistance decreased signifi-
g cantly as the amount of working fluid within the heat pipe in-
E creased. In addition, the evaporative heat transfer coefficient was
2z found to be a strong function of the fill amount. The updated
< analytical model was in very good agreement with the experimen-
tal capillary limit results forG=1.0. However, the analytical
model overpredicted the capillary limit data f&=0.5 and un-
derpredicted the data f@s=1.5.
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Nomenclature
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) a = adiabatic length near the evaporator end cap, m
a, = radial acceleration, mis
Fig. 13 Heat transfer coefficients within the evaporator sec- A. = surface area in the evaporator sectiﬁmgLe, m?
tion versus transported heat for  |a,|=10.0-g: (a) x=54.0 mm; Ag = cross-sectional area of a groove? m
(b) x=92.1mm; (¢) x=130mm; and (d) x=168 mm b = adiabatic length near the condenser end cap, m
D, = tube outside diameter, m
D,s = diameter of the heat pipe vapor space, m
G = Ratio of liquid volume to total groove volume,
acetone as the working fluid. F&=1.0 and 1.5, the heat transfer Vi Vg
coefficient near the evaporator end d&jpy. 12(a))decreased un- h groove height, m

til all of the values around the circumference converged. Closerto hg
the adiabatic section, the heat transfer coefficient values around
the circumference had not yet converged, showing these portions |
to still be active. Fota,|=10.0-g(Fig. 13), the values dfi, were L,
significantly more uniform around the circumference and along L.
the axial direction, even during a dryout evei@=1.0, Fig. Le
13(a)). In addition, the heat transfer coefficient seems to be more L,
constant with respect to the transported heat compardd,to L
=0.01-g. my
During the experiments, the heat pipe working temperature was
not constant, which resulted in changes in the specific volume of m,
the liquid and vapor of the working fluid. Since the heat pipe was m,
filled at room temperature, it was important to quantify the poten- m,
tial effects of the change in volume of liquid in the grooves with  m,
temperature. Figure 14 shows the variation of the percentage ofNg,
groove volume occupied by liqui@ with saturation temperature p
for the three fill amounts over the range of working temperaturesQc,,
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local heat transfer coefficient in the evaporator sec-
tion, Q;/Ae(Tyw—Ta), W/mM*K

heater current, A

adiabatic length, m

condenser length, m

evaporator length, m

helical groove length, m

total heat pipe length, m

mass of working fluid dispensed by the filling station,
kg

mass of liquid, kg

total mass of working fluid inventory, kg

mass of vapor, kg

coolant mass flow rate, kg/s

number of grooves

helical pitch, m

capillary limit, W
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Sub-Continuum Simulations of
Heat Conduction in Silicon-on-
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Stanford, CA 94305 The temperature rise in sub-micrometer silicon devices is predicted at present by solving
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. , needs to be carefully examined for semiconductor devices in which the channel length is
Associate Mem. ASME comparable with or smaller than the phonon mean free path. The phonon mean free path
IBM Corporation, in silicon at room temperature is near 300 nm and exceeds the channel length of contem-
Almaden Research Center porary transistors. This work numerically integrates the two-dimensional phonon Boltz-
mann transport equation (BTE) within the silicon region of a silicon-on-insulator (SOI)
transistor. The BTE is solved together with the classical heat diffusion equation in the
silicon dioxide layer beneath the transistor. The predicted peak temperature rise is nearly
160 percent larger than a prediction using the heat diffusion equation for the entire
domain. The disparity results both from phonon-boundary scattering and from the small
dimensions of the region of strongest electron-phonon energy transfer. This work clearly
shows the importance of sub-continuum heat conduction in modern transistors and will
facilitate the development of simpler calculation strategies, which are appropriate for
commercial device simulators|[DOI: 10.1115/1.1337651
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Department of Mechanical Engineering,
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1 Introduction can also be used to calculate a reduced effective phonon thermal

Each successive generation of transistors is scaled to sma&%PdUCtiVity accounting for interface scattering. Thi.s appro ach
dimensions to improve speed and functionality. This scaling es not account for the severe departure from equilibrium in the
currently yielding transistors with channels of length near 200 nfiihonon system that occurs when the phonon mean free pais,
This is comparable to the effective mean free path of phono,{g’qmparable to or exceeds the characteristic heat source dimension
which are quanta of lattice vibrations and dominant heat carridst]. There have been no simulations that resolve non-local pho-
in silicon, near room temperatufé,2]. The large electric fields non transport in practical device geometries.

near the drain side of transistors create regions of highest electronThe present work integrates the two-dimensional BTE to simu-
phonon energy transfer in a transistor with characteristic dimelate heat transport in a practical silicon-on-insulai®0l) device
sions of approximately 100 nfi3,4]. These regions dominate heaggeometry schematically drawn in Fig(kl. This type of device
generation within the device and decrease in width with deviensists of two distinct regions: the silicon device layer and the
scaling. Silicon-on-insulatafSOI) devices are fabricated in a thinburied oxide layer in which energy carriers have effective mean
silicon layer that is electrically isolated by a buried oxide layer agee paths of approximately 300 ni] and 1 nm, respectively, at
shown in Fig. 1(a). The isolation provided by the buried oxidgoom temperature. Although the phonon transport theory and
reduces the effective electrical capacitance of the channel regipR efore the stated mean free path of 1 nm are not strictly appro-

and allows for greater transistor speed. However, SOI deViceseﬁWate for amorphous materials.g.,[12]), the important conclu-
particularly susceptible to thermal failure because of the low th Lron gained from this scaling re.rr.llains \}alid The phonon BTE is

_mal conductivity of the underlying S|I|con_ d'O.X'de quer. COOIIngs]plved in the silicon layer to accurately model heat transport, but
is enhanced by lateral thermal conduction in a silicon layer

thickness as low as 50 nfis]. Because dimensions are compa(.Ehe simpler hgat diffusion equation is u§eq in the amorphous bur-
rable with the phonon mean free path, thermal simulations m(§f ©ide region because the characteristic lengthscale of conduc-
consider the impact of phonon scattering on material boundarf@n is much smaller than the film thickness. The two distinct
and the small dimensions of the heated region on the temperatGf&putational regions are coupled through interface conditions
distribution. These sub-continuum thermal conduction phenometii@t account for differences in material properties. Predictions are
cannot be directly calculated using the heat-conduction equatie@mpared to the temperature distribution obtained using the heat
based on the Fourier law. diffusion equation with bulk thermal properties in the commer-
Phonon transport in semiconductor devices is modeled @hlly available semiconductor device simulator, MEDIQI3].
present using diffusion theory based on the Fourier [@yg., The electrical behavior of the SOI device is simulated in both
[4,6,7]). However, past work has illustrated the impact of nortases using MEDICI, which solves the Poisson equation together
local, or sub-continuum, phonon conduction in relatively simplith number conservation equations for electrons and holes. The

geometries, including thin films, superlattices, and polycrystallingectrical simulations are used to extract the spatial distribution of
materialg 1,8,9]. SondheimeL0]analytically solved the BTE for pea; generation for incorporation into the phonon heat conduction
electron transport in thin films, yielding a reduced effective ele%;

trical ductivit tinal for bound ttering. Thi imulations. The goal is to determine the impact of the small
fical conductivity accounting for boundary scattering. This resUffi, o hsinns of the heat source and the small film thickness on the

, . o temperature distribution within the device. This will help with the
Contributed by the Heat Transfer Division for publication in thBURNAL OF

HEAT TRANSFER Manuscript received by the Heat Transfer Division September 2épterpretatlon of transistor failure data, 6-9-’ du? to electrostatic
1999; revision received June 25, 2000. Associate Editor: A. Majumdar. discharge(ESD) [14]. Furthermore, the simulations developed
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, — scopic devices, and this approach can yield significant errors in
Py i sub-micron devices. Due to the ballistic nature of electron trans-
Transistor b

port, the peak in the dot product of current density and electric
field profile can be displaced slightly from the peak in the transfer
rate of electron energy to phonon energy. This shift in the heat
] source distribution could be expected to effect the peak tempera-
) . - ture and temperature distribution within the device.

: However, for two reasons detailed in the following paragraph,
Oxide Insulator the use of the heat generation profile calculated from the dot prod-
uct of current density and electric field is appropriate for this
it manuscript. Detailed simulation of hot electron effects in GaAs
Silicon Wafer -~ FET structures using the hydrodynamic electron transport equa-
tions [17] and Monte Carlo techniqud4.8] have demonstrated
that the peak in the heat generation profile can be shifted from the
peak in the electric field by as much as 100 nm. This work on

Silicon Layer eoion of Heat Release GaAs found that the displacement of the maximum heating rate
y\ Gate(} &

from the peak in the electric field is caused by the finite rate at
Drain which electrons leaving the high field region emit optical
phonons. This shift can be approximated by multiplying the elec-
tron velocity (16 m/s) with the electron-optical phonon scattering
rate,~1 ps [17], to yield a shift in the heat source of 100 nm. In
silicon, the relaxation time for electron-optical phonon scattering
is approximately 0.3 p$19]. The electron drift velocity is ap-
proximately 18 m/s in the saturation regime in silicon. The prod-

Source

Buried Oxide

Fig. 1 (&) Scanning electron micrograph of an IBM SOI tran- uct of these two numbers yieldSejecron-optical phonsi 30 NM. This
sistor, which shows the thin silicon device layer separated can be compared to the 400 nm channel length of the transistor
from the bulk silicon substrate by a buried oxide layer (Cour-

and the phonon-phonon mean free path for heat transport, which
device used in these simulations. The region of heat release N es“”.‘ated to .be 300 nm ".’u room temperature. Based on th.ls
corresponds to the region of strong electron-phonon scatter- approximate estimate, the shift in the peak of the heated region in
ing. The simulated device is a NMOS transistor with source  / the transistors~30 nm)may be a factor of ten smaller than the
drain doping of arsenic at 1.5e20 cm ~3, phosphorous source / Cchannel lengt{400 nm)and the phonon mean free path300
drain extensions, and a background boron doping nm). While the impact on the lattice temperature distribution in
concentration of 1e17 cm 3, the device may not be entirely negligible, the effect is indeed
anticipated to be small and not expected to significantly alter the
basic characteristicpeak and general shagpef the lattice tem-
here will facilitate the development of simpler modeling strategigeerature distribution obtained in the analysis.

that can be readily incorporated into MEDICI and similar simula- The displacement of the heat source due to ballistic transport by
tion packages for industrial use. the electrons is one among many important effects, including re-

combination of electrical carriers, that are neglected when the heat
: : : source is approximated as the dot product of current density and
2 Governing Equations and Solution Approach electric field. While the MEDICI simulations do not capture the
This manuscript demonstrates the impact of sub-continuuprecise location of the heated region, the magnitude of the heat
phonon transport on the temperature distribution in a practicgéneration calculated by the dot product of the current density and
device. The vehicle for demonstrating this is the SOI transistgfie electric field is a reasonable approximation to the actual heat
with channel length of 400 nm shown in Figh). Because of the generation rate in the steady stf2®)].
computational demands presented by the phonon BTE, this initial ) -~ )
study does not bi-directionally couple the electrical and thermal 2-2 Phonon BTE in the Silicon Region. The phonon BTE
behavior in the device. Electrical transport and the spatial distf® integrated in the silicon device layer becauseexceeds the
bution of energy transfer to the phonon system are simulated lRyer thickness and the heat source dimensions. The transient BTE
ing the standard industrial approach, which solves the Poissgf be written in the relaxation time approximation as
equation and coupled conservation equations for electrons and of f
holes. The phonon heat conduction simulations solve the BTE in —t5.Vf=-
the silicon layer, in which the mean free path is comparable to the at Tphonon
layer thickness and the dimensions of the heat source. The con-

tinuum heat diffusion equation is solved in the underlying oxidd/heref(x,y.t,wx, ») is the number of phonons in a given state
described by the spatial coordinateandy, the timet, the phonon

2.1 Electrical Transport and Rate of Heat Generation in frequency o, and the direction cosinesu=cosé and »
the Phonon System. The Poisson and electron and hole conser= Sin #cos¢, which project the directions of phonon transport
vation equations are integrated using a commercial device sinfito thex-y plane using the polar and azimuthal angiésnd ¢.
lator (MEDICI), which incorporates the distributions of impurities!n these simulations, the phonon velocity is assumed to be isotro-
in the device based on a standard processing history. This & and is given byv. The first term on the right of Eql)
proach is not the most detailed available for electron transpofccounts for phonon scattering in the relaxation time approxima-
More complicated simulations integrate the electron and hol@n using the Planck distribution function,
Boltzmann equation$15] or take the hydrodynamic approach
[3,16]to model electron energy and momentum transfer. In these - 1 )
simulations, energy transfer from highly energetic electrons, ed ho
which are accelerated by the electric field in the device, to the heat ex kb_T -1
conducting phonon system is calculated as the dot product of the
electric current density and the electric field. This heat generatiand the phonon scattering ratg,,ono,,. The mean free path is
term is only approximately modeled in this manner in macrazalculated using

tesy of IBM Corporation ); (b) schematic representation of a SOI

+ C1e|ectr0n-phonon (1)
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A =v Tphonon: 3) ae” €oq—€”

9 T + CIélectron-phonon (6)
The second term on the right hand side of Eb.is the heat phonon
generation term, which is modeled as the dot product of curréntwhich the parameters are frequency independent.
density and electric field. The transfer of energy from the elec- The phonon energy per unit volume per unit solid angle,
trons to the silicon lattice occurs on a timescale of about 0.3 pgepends on the two dimensionabndy grid location as well as
through interactions between electrons and optical phoft®k the direction of phonon transport within the sphere of solid angles.
while the transport of thermal energy by phonons has an effectier calculations of the heat flux and total energy per unit volume
relaxation time of approximately 70—80 [#&l], yielding a differ- at a given location, the Discrete Ordinates Metib®M), origi-
ence of two orders of magnitude. Consequently, the energy transdly developed for neutron and radiative transport, is used for
fer from the electrons to phonons is assumed to occur instantategration over all solid angles. The solid angle sphere is divided
neously when compared to heat transport time scales. This allowt discrete directions of phonon transport distinguished by sets
direct incorporation of the heat generation term from the devia# x and » values with weightsw; , corresponding to solid angle
simulator into the BTE solver without solving coupled phonoffractions on the unit sphef@5-27. The weights satisfy
and electron equations.

To be rigorous, phonon transport simulations should incorpo- 2 W, = 4. 7
rate the frequency dependence of the phonon mean free fpath, i

and account for interactions between phonons of different fre; . .
guencies. This requires solution of the BTE for many differen‘TEhIS work uses the level symmetric hybidSH) scheme 26] for

frequencies, which has been performed for one-dimensional traﬁ"E—gmar discretization. Level symmetric techniques use the same

et of direction cosine values in each coordinate directian (
port by several authof®,11,22]. The present study focuses rathéi P1ria= 2s...). Inaddition, the directions of phonon transport

on the complexity of two dimensional transport in a practical de- ohosen such that anv particular direction has correspondin
vice structure, and aims to illustrate the key phenomena throu ff h y P . P 9
H_ectlons with 90 deg rotations about any axjs,€ 7, ,un=

calculations neglecting the frequency dependence of phonon pr_e77n = o= 71— pin= — 7). This simplifies the implementa-

erties while capturing the essential heat transport physics. T£ of boundary conditions and removes directional biasing. The

present calculations are based on a simplified phonon ene H method calculates directions and weights based on constraint
transport modef2,21], where phonons are grouped into propage ations such that moment equations of the phonon intensity are

tion and reservoir modes based on the dispersion relationships

-g
: isfied[26].
the phonon modef23]. The reservoir mode phonons have ver§a IS . T .
small relaxation times or group velocities, and are assumed toIn order to obtain the temperature distribution, &8} is inte-

remain near equilibrium. The propagation mode accounts for tvated forward in time in each of the discrete directions. The
o

entire heat transport, and is characterized using a single effect gcCor_mack time integration method, which is frequ_e_ntly used
mean free path under the gray medium approximation. The d F solving hyperbohc equationi28], is used for explicit time
tinction between the two modes is particularly relevant for c advancement in order to capture the sharp features associated with
valently bonded semiconductors, where neglecting phonon dispgls >04r¢€ term ar,'d N reS(,)Iv+el t.he wavelike natur,e of SO'E:'onS ©
sion can lead to significant error in estimating an effective carriét€ BTE. AI each time ste""" is calculated frome"" andegg .

mean free patfi24]. Based on the experimentally measured thefnen, eqq "+ is calculated before the solution can proceed. The
mal conductivities of silicon films with thickness below 300 nmequilibrium energy per unit volume per unit solid anﬁq, is

Ju and Goodsor{2] proposed that the longitudinal acousticassumed to be the average valuesbfover all solid angles that
phonons are dominant heat carriers in silicon near room tempevigsuld be obtained if the phonon system was allowed to relax to a
ture and above. The present study assumes that the longitudimaiform state. The equilibrium value of phonon energy per unit
acoustic phonons constitute the propagation mode, which yieldg@lume per unit solid angle is calculated as shown in [Bg.

value for the effective mean free path consistent with the experi-

mental data. The mean free path and phonon scattering rate used e’ :i e"dO = iE o @)

in this work are effective values for bulk silicon which account for AT ) ooan 4ot T

scattering between all types of phonon modgsopagating-

propagating and propagating_reseryoihhrough Matthiesen’s If the temperatu_l’es of the System are .Iar-ge Cor_np_al’ed to the Debye
Rule. The effective reduction in thermal conductivity caused pgmperature or if the temperature variations within the system are
boundary scattering occurs when phonons travel near boundarf@8all, the phonon heat capacity per unit volur@g,can be as-
without any additional parameters. The mean free path and rel&med to be constant. In this case, integration of the equilibrium
ation time are extracted from the bulk thermal conductivity usin@nergy density per unit volume per unit solid angle over all solid
the longitudinal acoustic phonon or propagating mode heat capafgles results in

ity and velocity in the following equation: egq(T):C(T—Tref). 9)

1 5 In this study, Eq.(9) is used to set appropriate values for the
k= 3 Cpro? prop = 3 Cpror? propTphonon: (4)  boundary conditions and to extract the final equilibrium tempera-
ture of the system using the frequency averaged heat capacity.

The BTE can be transformed into an equation that describes thd" order to capture the essential physics with the gray medium

: ; : : approximation, the heat capacity of the dominant longitudinal
thgri(])n energy density by introducing the following qualntltgcoustic phonon heat carriers must be properly calculated using

the phonon dispersion relation. The temperature dependence of
the heat capacity of longitudinal acoustic phonons is evaluated

e":fﬁw[f—feq(T,ef)]D(w)dw, (5) Uusing[21]

wheree” is the excess energy of phonons per unit volume and per c (10)
unit solid anglefw is the phonon energyf.( T is the fre-
guency dependent distribution function at a reference temperatusere 6, is the Debye temperature for longitudinal acoustic
and D(w) is the density of states per unit volume. The tranghononsw,, andv,, are the phase and group velocities of the

formed BTE becomes longitudinal acoustic phonons, respectively, and a nondimen-

kﬁ opIT 1 xAeX
=527 T3f —_— Tldx,
0 VpnVgr (e )
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sional frequency given byx= (A w)/(k,T). Equation(10) is a 1.5 . . T T
direct extension of the dispersion model for thermal conduction ir
silicon developed by Hollanfi29] who provides the parameters
used here.

14 [ ]

Si, a=1.0

2.3 Heat Diffusion Equation in the Silicon Dioxide Region i 13 } .
The heat diffusion equation is valid in the amorphous buried oxidey

layer, and is written as E’ 12 L 1
19T ~ o)
— —=VT, (11) ;,
a; ot : 1.1 o
where a; is the thermal diffusivity. Parabolic equations of this x © o
type have severe time step restrictions when integrated using e‘fu 11 © oo o 9P
plicit methods, resulting in time steps that are much smaller thaf-
required for stability by the MacCormack time integration of the 0.9 | ; | :
BTE. Consequently, the Alternating Direction Implicit scheme 0 0.2 0.4 0.6 0.8 1
[30]is used for time integration of the diffusion equation such that TRANSMISSION COEFFICENT, «

the time step can be made equal to that used for the silicon region.

. . . Fig. 2 Impact of the energy transmission coefficient at the
3 Modeling the Silicon/Oxide Interface silicon/silicon dioxide interface on the peak device temperature

In order to couple the silicon and oxide solution domains, it {4¢
necessary to calculate the flux of energy through the interface
between the two materials at each point along the interface for

every time step. When phonons strike an interface between tho Debve t ture if onlv elasti tteri ¢
dissimilar materials, a fraction of the phonons will be transmitted"/E" DERYE lemperature it only elastic scatieéring events are con-

through the interface with the remainder being reflected. T dered. For the ensemble of phonons at all energy levels, this

I : b Its in a smaller transmission coefficient than is predicted by
acoustic mismatch modéAMM) and the diffuse mismatch model resu X .
: - i e DMM. The Debye temperatures of interest for a SOI device
(DMM) predict the boundary resistance between dissimilar mattgle 570 K[29] and 492 K[34] for silicon (longitudinal acoustic

rials [31,32]. The acoustic mismatch model assumes that & A S .
1onons)and amorphous silicon dioxide, respectively. At tem-

phonons have a specular interaction with the interface. This pgratures significantly below the Debye temperature, phonons are
sumption is appropriate at low temperatures, for which the phon occupying modes near the cutoff frequency and the DMM is

wavelengths are much larger than the characteristic length sc:ﬂg% - .
of the surface roughness.g.,[33]). For room temperature devicevalld. In th!tsh cfase, the dewcetterrtllﬁ)erature exceetdfdoahd.t
operation, the dominant transport phonons have a much sho gfnons with irequencies greater than,oxige Cannot transmi
wavelength than low temperature phonons, and the diffuse scAEMVEEN silicon and oxide if only elastic collisions are allowed.

: ; . In the graybody approximation used here, the effect of the cut-
tering of the DMM is more appropriate. The DMN32] calculates 8Ff frequency might be considered by reducing the transmission

the phonon transmission probabilities by using the principle g X . .
detailed balance and the densities of phonon states in each m&li)eqmc'em for transport from the material with the higher Debye

rial. Written in a form appropriate for calculations using a sing| eq_u?nc]:‘y. Tktw)e reducttltc:_n yvguld dep(a:]dfon tt_he t?‘mﬁerature Eear
phonon mode, this yields e interface because this influences the fraction of phonons above

the lower Debye frequency. However, this approach might incur
V3 important errors due to inelastic scattering at the interface and
aj(w)= , (12)  nonlinearity in the phonon dispersion relationships near the Bril-
V;Z louin zone edge. For this reason, the present calculations use val-
[ ues of the transmission coefficients calculated using E2j.with-
wherei is the material type1 or 2 andv is the speed of the out modification. In practice for this work, the precise value
phonon. For small temperature differences across the interdacechosen for the transmission coefficients is not critical. This is
is frequency independefi83]. Equation(12) does not rigorously SNOWnN in Fig. 2, which plots the peak temperature rise for a given
account for the dispersion relationships of phonons and is mdg@nsmission coefficient normalized by the peak temperature rise
appropriate for low temperatures. This equation yields values @ptained by assuming that all of the incident energy on the silicon/
the transmission coefficient equal to 0.52 from silicon to oxid@Xide interface can pass through into the oxide=(1). This fig-
and 0.48 from oxide to silicon, using phonon velocities equal {/¢ Shows that the peak device temperature rise changes by less
4240 m/s and 4100 m/s for silicdhigh temperature longitudinal than two percent resulting from varying the transmission coeffi-
acoustic phononsand oxide, respectivelj29,34]. cient for materials with similar acoustic propertiese (
Both the DMM and the AMM theories have larger discrepan- 9-2=0.8). The thinness of the silicon layer results in many pho-
cies with the experimental data near room temperature than at IR boundary scattering events at the silicon/oxide interface as the
temperatures. One explanation for this discrepancy is that thé @t iS transported along the silicon layer. This means that a large
theories neglect nonlinear phonon dispersion and the phonon d{fgction of the heat in the phonon system can pass into the oxide,
off frequency, wy. Lattice vibrations cannot exist with wave-Yielding results insensitive to Fhe transmission coefﬂugnt for the
lengths smaller than the separation between neighboring ato@&emetry and boundary conditions used in this analysis. .
resulting in a phonon frequency,, above which phonons can- The interface condition can now be specified with these coeffi-
not exist[35]. The cutoff frequency is related to a characteristig€NtS and an energy balance at the interface depicted in Fig. 3.
temperature known as the Debye temperatége, by The resulting Eqs(14) and(15), are listed below.

) hwg q=G—-J=G—(eE,+pG) (14)
"k J=eE,+pG. (15)

If the materials on opposing sides of the interface have differentThe parameteq is the flux of energy into the oxide, ar@ is
Debye temperatures, the maximum frequency that can be tratige irradiation or incident flux on the interface from the silicon
mitted across the interface is determined by the material with te&e. The radiosity,], is the flux of energy into the silicon and

(13)
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silicon layer. The boundary condition for the BTE at the silicon/
oxide interface must be changed to yield the correct energy flux
from the boundaryJ. This is accomplished by resetting the values
of e” leaving the boundary into the silicon. Diffuse mismatch
theory assumes that all scattering events at the boundary are dif-
fuse, resulting in a uniform distribution of phonon intensity over
the hemisphere of solid angles leaving the interface. For diffuse
scattering, the phonon intensity leaving the surface in each direc-
tion is given by

Silicon
BTE

: J
Ox1de | == (20)

Diffusion 77

where the intensity is
I=ve". (21)
q Using these relation®” in all directions leaving the interface in
Fig. 3 Energy balance at the silicon /oxide interface the positive direction is
1
€= = e > nel T Hw+p >, ne'w. (22)
7t 7

consists of phonon emission at the oxide surface temperature aiflagianatic condition is maintained at the top of the silicon de-
the fraction ofG that is reflected back into the silicon. The quanyice which yields

tity E,, is analogous to the blackbody emissive power from radia-
tion theory, but differs slightly due to the complexity of the dis- o 1

persion relationships of a solid. It can best be defined as the 7 772 € Wot 7. (23)
energy flux that would be emitted into a silicon region by a sur- K
face maintained at the temperature of the neighboring oxide andfiae bottom of the simulation domain is assumed to be at a uni-
given by form temperature of 300 K because of the high thermal conduc-
tivity silicon substrate that is beneath the silicon dioxide layer.
_ wo Ly P n+1_ The left and right boundaries are also at a uniform temperature of
E VpZ 7ed Toxi JW 47TC (Toxi Tref)Z - 300 K at a distance from the heat source of the order of the
7 7 . e .
(16) thermal decay length in the silicon layer. These boundary condi-
tions minimize the impact of the boundaries in the heat source
region and effectively illustrate the importance of boundary scat-
tering and small heat source size on the temperature distribution.

The parameter, defined by Eq(12), is the fraction ofG that
passes into the oxide,=1— « is the fraction ofG reflected back
into the silicon, antt = « is the emissivity of the interface.
The numerical integration procedure is as follows. First, th . .
solution in the silicon layer is explicitly advanced from time steg Numerical Methods and Code Verification
n to n+1, assuming that the entire system is initially in equilib- A cartesian grid is used for the discretization of #g plane in
rium at a uniform temperature. This calculation yields the distrthe silicon and silicon dioxide region. The minimum feature size
bution of phonon energy per unit volume and allows for calculaf the heat generation region is of the order of Quoh
tion of the irradiationG, of the interface at each grid point with =210 nm. This is more than two orders of magnitude smaller than

integration over all solid angles the domain width. Consequently, a non-uniform or stretched grid
must be used in order to minimize computation time while accu-

G= VE 7e"W, (17) rately modeling the physics !n the heat source rt_egion. The grid i_s

= centered around the peak in the heat generation profile and is

whereo is the lonaitudinal acoustic phonon velocity. which iSincreased in size using a geometric series with each consecutive
v 9 P Y, rtlg spacing increasing by

assumed to be a constant. Next, the oxide must be advance
time n+1 using the flux,g, as a boundary condition. The Alter- A%, =Xl "1 (24)
nating Direction Implicit method is used for solution of the oxide hichr is th id stretchi ter. In th imulati
temperature distribution, and this requires knowledge of the intdp- Which r1s the gnd stretching parameter. in these simufations

. . is 1.04.
face flux at timen+1 given by This code uses the explicit MacCormack time advancement

, ol scheme in order to capture the wave like nature of the solution.
qi=v| @ ne'w—e>, nerTarhw|, (18) ' The time stepping criterion can be written in the familiar form
n a used for advection type simulations in fluid mechanics

where the diffuse blackbody radiatioB, , leaving the surface is dt
written in terms of the equilibrium energy per unit volume per v —=cfl (25)
unit solid angle at the oxide temperature at the time stefl, dx
To" "t However, T, is an unknown that is obtained by so-in which v is the carrier velocitygx is the minimum grid sizeglt
lution of a system of equations. Iteration must be used wiik the time step, andfl is a number which relates the grid size and
guesses for the oxide temperature in Et8) until the following time step. For the BTE, thefl number must be less than 0.5 for

condition is satisfied: numerical stability.
Gi= ko VT (19) The numerical solution of a transport equation such as the BTE
i ox* " boundaryt=n+1 also requires angular discretization within the sphere of solid
which states that the flux given by E(L8) is equal to the flux angles to account for transport out of the two dimensional simu-
given by the diffusion equation in the oxide. lation plane. In these simulations, the S4, S6, and S8 discrete

The solution is now updated to the time step-1, and the ordinate approximations are used, corresponding to 12, 24, and 40
solution can proceed with another solution of the BTE in thangular directions, respectively. The run times and relative accu-
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2 . ‘ ' ‘ ' ' 0.985 channel lengthL ., is approximately 400 nm. Each of these di-

1015 20 25 30 35 40 45 mensions is comparable with the mean free path in silicon, indi-
NUMBER OF DISCRETE ORDINATES cating that boundary scattering effects will be important.

This SOI device structure is then imported into the semiconduc-
tor device simulator, MEDICI. This simulator couples electrical
transport with the heat equation to model both electrical and ther-
mal characteristics. For this simulation, the gate and drain of the
o o ~ SOl transistor are biased =2V andVp=2V, respectively,
racy are plotted in Fig. 4 and indicate that the S6 approximationafiowing current to flow through a thin conducting channel be-
sufficient for reasonable numerical accuracy and run time. tween the source and drain of the transistor. The electric field

The BTE code was numerically validated at both of its “mitSpeakS near the drain junction of the device and imparts a |arge
the diffusion limit in which the phonon mean free path, is thermal energy to electrons in this region. These hot electrons
much smaller than the domain size and the near ballistic regimedsllide with the lattice through electron-phonon scattering and
which A is greater than the domain size. Excellent agreementti@nsfer their energy into the phonon system, which conducts the
observed between the coupled BTE/diffusion solver and the solkkat out of the device. In the steady state, the heat generation rate

tion obtained using a diffusion solver throughout the domain. Thgy/m?) can be extracted as the dot product of the current density,
near ballistic limit can be verified by making comparisons witly . and the electric fieldEq

analytical solutions from radiation theory. Heaslet and Warming . .
[36] calculated the ratio of the heat flux between two parallel "= Qelectron-phonor Jeurrent Efield - (26)

plates compared to the heat flux from blackbody emission at the.l.he extracted heat generation rate is shown in Fig. 5. The heat

two wall temperatures Wh.e” the mean free path of the rad'latl Bneration is peaked on the drain side of the transistor. The con-
exceeds the plate separation. This is analogous to comparing {1

e u%ting channel through which the electrical current flows is lim-
heat flux from the BTE 1o the heat flux from diffusion theory, ed to the first few nanometers of silicon below the gate electrode.
Excellent agreement is obtained between the BTE code and

) - . . h nsequently, the region of heat generation is also confined to
analytical solution for all mean free path to film thickness ratiogy reg?ion y>i/elding agiocalized heagt] source. which has character-

. . istic dimensions much smaller than the mean free path of phonon

5 Results and Discussion energy carriers. The small dimensions of the heat source are ex-

In order to compare the temperature fields predicted by devipected to increase the temperature rise over that predicted by dif-
simulators and the BTE code in a relevant device geometry,fusion theory[11].
model for a SOI device was generated using the semiconductofigure 6 plots the temperature contours in the silicon layer and
process simulator, TSUPREM43]. This simulator models the buried oxide layer obtained from the heat diffusion equation and
processing steps required to fabricate transistors, including oxidelk thermal properties in MEDICI. The peak temperature in the
tion, diffusion, etching, and ion implantation. The result is a Sajevice is 317.8 K and is located near the drain junction of the
device structure in which the silicon layer thickneds;, is 72 device. The isotherms in the silicon layer are nearly perpendicular
nm, the buried oxide layer thickness,,, is 243 nm, and the to the silicon/oxide interface indicating that the silicon layer is
nearly isothermal in the out-of-plane direction and that heat is
predominantly transported along the plane of the silicon layer.
This is expected because of the relatively large thermal impedance
of the buried oxide layer.

The temperature contours within the SOI device from the

Fig. 4 Numerical characteristics of discrete ordinates approxi-
mations

//[/m {Dmi" coupled BTE/heat equation code are presented in Fig. 7. The tem-
%’%"‘ perature contours have the same characteristic shape, indicating
2
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Fig. 5 SOl device heat generation rate caused by strong
electron-phonon scattering. This quantity is extracted from an Fig. 7 Temperature contours in a SOI device calculated using
electrical simulation in MEDICI. the coupled BTE/heat diffusion equation code
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that heat is flowing laterally out of the drain junction region. Howprovide the opportunity to diminish the uncertainty in measure-
ever, the boundary scattering and the effect of a heat source thanisnts of the temperature rise, the device dimensions, and the
smaller than the phonon mean free path result in a peak deviogurity concentrations.

temperature of 346.0 K, an increase in the temperature rise of 159

percent over the value predicted by MEDICI. The entire channél Summary and Conclusions

region has a significantly higher temperature rise, which will ef- This work presents a simulation approach for sub-continuum

fect electrical transport in the device. - . . .
; . . heat transfer in a SOI device geometry. The simulation couples
6 .T%esg’i?f K tetnﬁperatllj(r? contoutr in theﬂl:/lEleC;l solugon of .Fl[gth phonon BTE and the heat diffusion equation. The solution of
IS V.o 1 from the peak temperature in the device and consisis,f phonon BTE captures the impact of boundary scattering and
straight lines that extend across the entire silicon layer thicknesy, oy gimensions of heat sources on the peak temperature rise in
In contrast, the 345 K temperature contour in the BTE solution miconductor devices. The results from the coupled BTE/heat
more curved and does not reach the oxide even though it is 1 iffusion equation simulation are compared with temperature dis-

from the peak dewcg temperature. T.h.'s. indicates that theretrl?outions obtained using the existing heat diffusion capabilities of
more temperature uniformity in the vicinity of the heat sourc(sa—I

o P . ._the commercial device simulator MEDICI. For a SOI device in
region in the diffusion solution as compared to the more localiz

hot spot of the BTE solution. The increased temperature riseI g:rh éhe s;!cgz;agrir tg;]c; qﬁ:ggﬁélr?nz E?é&e ?Sur;%?)%ﬂﬁe
i) ox E) i)

caused by the fact that the heat source is smaller than the pho zﬂely 400 nm, there is a 159 percent discrepancy in the peak

mean free path. This effect is confined to a distance appro.x'mat%t%\éady-state temperature rise in the device between calculations
two mean free_ paths from the edge of t_he heat source. Th|s_ can&de with the heat diffusion equation and calculations that con-
understood with the help of the survival function from klnetlc‘sider micro-scale heat transfer phenomena. New thermal conduc-
theory tivity models must be developed that can account for both bound-
ary scattering and the small dimensions of the heat source with the
X diffusion equation. More detailed calculations accounting for the
N=N, exp{ N X) (27) " combined behavior of optical, transverse, and longitudinal acous-
tic phonons can be considered in future work. Optical and high
frequency transverse phonons will be grouped into a reservoir or
gﬂacitive mode with zero group velocity, and the longitudinal
oustic phonons will be characterized as the propagating mode.
teractions between the two modes will yield solutions appropri-
ate for short transient high current electrical pulses. The solution
method developed here for the two-dimensional BTE will be used
or studies of the thermal characteristics of short time-scale elec-
ostatic discharge events in which accurate prediction of tempera-
re fields is currently not possible.

which states that only a small fractioN/N,, of phonons gener-
ated in the heated region can traverse a distance much larger f
the mean free path without having a collision. This small he
source effect is expected to have a large impact on short ti
scale transient temperature rise under brief electrical stressing

As stated in the introduction, Sondhein{é0] has developed
an analytical solution to the BTE that can account for the redu
tion in thermal conductivity by boundary scattering. This effectiv:
thermal conductivity is appropriate for SOl devices because So 4
heimer’s assumptions for the electrical problem are equivalent {0
assuming that heat flows only laterally within the silicon |aye|,_&cknowledgments
The reduced thermal conductivity given by Sondheimer’s relation The authors appreciate technical input and comments from
was inserted into MEDICI, and the resulting peak temperature rieistan Burton, Mehdi Asheghi, William King, Robert Jacobs, and
was 339.6 K. This temperature is still 16.3 percent smaller thafounes Shabany, all from Stanford University. The authors also
the peak temperature rise calculated using the coupled BTdppreciate financial support from Texas Instruments through a fel-
diffusion code because it does not account for the small dimensilmwship for Per Sverdrup and from the Semiconductor Research
of the heat source. Corporation through contract SJ-461.

The solutions from the BTE/diffusion code can also be com-
pared to experimentally measured temperatures in SOI devicefNomenclature
order to explain the observed thermal behavior. Precise compari-
son of temperature distributions with experimental devices is not
possible at present because experimental techniques do not exist
for measuring temperature distributions in sub-micron transistors. d.. — buried oxide laver thickness. m
Average temperature rise in the channel region can be measured X silicon laver thi)ékness m ’
and can be used for comparison. Goodson dt53lmeasured the SE' — vhonon gner J !
average channel temperature in SOI field-effect transistors using E _ Elackbod engeyr’ flux. W/RY
electrical resistance thermometry. The device structure differs £ aloctri f'yl q V/gy '
from that simulated in this paper; consequently, direct compari- field € ectric field, vim . .
sons are not possible for an additional reason not related to ex- e’ = phonon energy per unit volume per unit solid
perimental methods. The processing conditions and doping pro- angle, J/(rfk-sr)

C = volumetric heat capacity, JAK
D(w) = phor;on density of states per unit volume,
1/m

files used in the study of Goodson et [&] are unknown, making €eq = equilibrium phonon gnergy per unit volume per
it difficult to construct an accurate representation of the device in unit solid angle, Jm®-sr)

a process simulator. However, the experimental results for a 78 €.q = equilibrium phonon energy per unit volume,
nm thick silicon layer fall within the temperature rise range ob- J/m?

served in this numerical study at the simulated power of 0.6 mw/ f = phonon distribution function

um. The study of Goodson et 4b] yielded temperature rise data feq = equilibrium phonon distribution function,
that were somewhat larger than their predictions, which were cal- Planck distribution

culated using diffusion theory. This discrepancy could possibly be G = irradiation of silicon/oxide interface from sili-
explained by the phonon non-equilibrium effect examined in this con, Wint

paper and by phonon boundary scattering, but might also result i = Planck’s constant divided by2=1.054e 3*Js
from the uncertainties in the dimensions and impurity concentra- I = phonon intensity, W/

tions for those devices, which influence predictions. More re- J = flux of energy leaving silicon/oxide interface
search needs to examine the phonon non-equilibrium effect in into silicon, W/n?

dedicated experimental structures, which resemble transistors and  Jyene = current density, A/
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Photo-Acoustic Measurement of
Thermal Conductivity of Thin
Films and Bulk Materials

Xinwei Wang
The photoacoustic (PA) technique is one of many techniques for measuring thermal con-

Hanping Hu' ductivity of thin films. Compared with other techniques for thermal conductivity measure-
ment, the photoacoustic method is relatively simple, yet is able to provide accurate ther-
Xianfan Xu mal conductivity data for many types of thin films and bulk materials. In this work, the PA
measurement in a high frequency range is made possible by a newly developed PA
School of Mechanical Engineering, apparatus, which extends the limit of the PA technique. Thermal conductivities of SiO
Purdue University, with thicknesses from 0.05 to OwBn on Si wafer, e-beam evaporated thin nickel film on
West Lafayette, IN 47907 Si wafer, and thermal barrier coatings are obtained. In addition to the commonly used

phase shift fitting, which is only appropriate for thermally-thin films, an amplitude fitting
method is developed and employed for measuring both thin films and bulk materials with
smooth or rough surfaces. Comparing results by amplitude fitting to those obtained by
other methods and reference values shows good agreements. Applications and limitations
of the photoacoustic technique are discuss¢BOl: 10.1115/1.1337652

Keywords: Contact Resistance, Heat Transfer, Measurement Techniques, Thermoacous-
tics, Thin Films

| Introduction temperature response of the sample structure under thermal load-
Thermal property data are important for anv material that e)i(r_lg is sensed by the circuit, and related to unknown thermal prop-
property P y “erties. Methods in this category include the bolometer mefBgd

periences heat transfer. The thermal conductivity and diffusiv@w and extended @ method[4—6], pulse heating methdd], and

of thin films are essentlal _for _the th'n f'l.m manufact_urlng PrOCESRyicro bridge method8-10]. Drawbacks of the contact methods
as well as for their applications in microelectronic devices. In

X o i " ‘are that they are limited to dielectric thin films only, and the
devices such as radiation detectors, laser diodes, and tranS'Stor;?aW]ple preparation process is laborious
electronic circuit.s, heat accumul.ate(_j during device operatianhe other category of the thermal cdnductivity measurement
needs to be rapidly removed, which is greatly affected by the[lé
th(latrmhal ct())nductlvﬁykand d'zf#stlvt'rt]y' th | ductivity of thi this category, for which the optical response of a probing beam is
i as been well known that thé thermal conductivity OF thify, o 5¢req when the sample is subjected to photothermal excita-
films may dn‘_fer significantly from the bulk_valge due to the dlf'tion. The thermal conductivity of the sample can be obtained by
ference in microstructure such as the grain size, amorphousn gasuring the phase shift of the reflected beam due to surface

and concentration of foreign atoms and defects, which strongh¢,rmatior[11], the reflectivity change due to pulse laser heating
affect the scattering process of the energy carriers. Although th 0], or deflection of the probing beam due to change of the index

ries have been developed to predict the thermal conductivity Of refraction of air near a heated sampl®]. For the reflectance
thin films, experiments are often needed to determine thermal cQRz 2 surement pico and subpicosecond lasers have beefi@3ed
ductivity of thin films owing to the complexity of the thin film \ ich make it possible to measure thermal conductivities of thin

microstructure. Since the microstructures of thin layers depeg s as thin as nanometers. In addition to the measurement of

strongly on fabrication techniques, thermal conductivity measurga,mal properties, the picosecond pulse induced ultrasound was

ments must be performed on the same microstructures fabrica{g%d to simultaneously determine the thickness of the thin film
with the same processes as those used in real devices for wT%:

the thermal conductivity is needed. In the last decade, many te
nigues have been developed to measure thermophysical propert

]?f ol _materr]ials. (|300dsdon and Fll[li] reviegi/ved technit?_uefs_l this method has not received much attention for measuring ther-
or measuring thermal conductivity aong and across thin M al properties of thin films. For example, there is no discussion of
layers. It is concluded that more detailed uncertainty analysis (s technique in the review papers mentioned above. In the PA
required for most of the available techniques. More recently,oaqyrement, a heating source, normally a laser beam, is periodi-
M|rm|_ra and Fletcher[z_] reviewed e_xp_enmental and analyt!calc lly irradiated on the sample surface. The acoustic response of
techniques for measuring and predicting thermal conductivity i "5ir above the sample is measured and related to thermal prop-

thin film§. o erties of the sample. A review of the PA technique was given by
Techniques for thermal conductivity measurement can be caly [15]. The PA phenomenon was first explained by

egorized into contlzlict akr:.d non-clz?_?ta_ct (;netho_dsc.i In co?‘tact M@Hsencwaig and Gershab]as the result of thermal expansion of
surements, normally a thin metal film is deposited onto the sampje, gas adjacent to the sample surface. An analytic solution of the
surface that is subsequently patterned into electric circuitry. Thgy response of a single layer on a substrate was also given by
- Rosencwaig and GersHd6]. Since then, a number of detailed
10n leave from the Department of Thermal Science and Energy Engineerir]g,vestigations have been performed. Fuijii et[dl7] derived an
University of Science and Technology of China, China. analytical solution of the PA response of two layers of films on a
Contributed by the Heat Transfer Division for publication in ttGUBNAL OF i | | f
HEAT TRANSFER Manuscript received by the Heat Transfer Division October 25SUDstrate. Baumann and Tilgri@8] developed a model for cases
1999; revision received, June 25, 2000. Associate Editor: A. Majumdar. of any number of layers. The constraints of their model are that

chnique is the non-contact method. Optical techniques belong to

. The photoacousti¢PA) method is a relatively simple, non-
i%tact method for measuring thermal conductivities. However,
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the laser beam has to be absorbed within the first layer, and no Gm

thermal contact resistance is considered. Cole and McGHdtedn Env=———; (4a)
provided a solution which can be used for more general PA prob- B~ 0

lems, which considers optical absorption in any layer and contact Bulo N

resistances between layers of a multilayer system. Numerical in- Gm:Te‘Ei:mﬂﬁi'i for m<N, (4b)
tegration is required to calculate the temperatures in films and in m

substrate. The PA technique has been used successfully to obtain Bulo

thermal conductivity of thin films. By fitting amplitude and phase Gn for m=N, G,,=0, for m=N+1.

shift of PA signals, Lachaine and Pou[@0] measured the ther- 2k
mal conductivity of 18um-thick polyester films. Raman etal. In the above equationsyi=(1+j)a; with j==1 and a;
[21] measured the thermal diffusivity by determining the fre=./7f/qa;. «; is thermal diffusivity of layei, f is the modulation
quency ascertaining whether a layer is thermally thin or thermalijequency,k; is the thermal conductivity of layer p is surface
thick. By fitting the phase shift of the PA signal, Rohfi22] reflectivity of the sampleg; is the optical absorption coefficient
measured the thermal conductivity of films as thin as 500 nm. of layeri, andR; ;; ; is thermal contact resistance between ldyer
In this work, a PA measurement apparatus is designed for meg@rd i+ 1. In the calculation]y ; is taken as 0 andl™ 2U, is
surements up to a frequency of 20 kHz, higher than the h'ghefﬁken as[(l) g]’ wherem is any integer between 0 ardH 1.

fretquen;:)t/hgsed l?ll othter anestigattj&dkllzl). This aIIovl\{;s gm?{t. The temperature in the gas layer is related to the phase shift and
erues ot thinner nims {0 be measured. AISo an ampiitude Titing, o amplitude of the PA signal. According to the generalized PA

method is developed to measure bulk materi_als or films wi eory [23], the phase shift of the PA signal is calculated as
rough surfaces. The data reduction procedure is based on the FQ(BN 1)‘_77/4 and the amplitude is calculated A (1
+ )

cently developed generalized photoacoustic m@28]. By fitting "Bu. . P~ /V3l T hereP T h :

phase shift and amplitude of PA signals, thermal conductivity d le)ésupg é\n&/tem’:;elrgtNJré Or]e,svr\)legtri(\e/el(;/and o are the ambient
of thin SiG, films, thin nickel film, thermal barrier coatings, and ’ ’
bulk materials with smooth and rough surface are obtained. Il Experimental Details

The schematic of the experimental setup is shown in Fig. 1. A
Il Theory of the Photoacoustic Method diode Ias_er, which operates at a wavele_ngth_ of,@ﬁ is_used as
) o ] ] the heating source. The laser power driver is sinusoidally modu-
The sample considered in this work consists of a backing mgited by the internal function generator of a lock-in amplifier. The
terial (0) andN successive layers (1;2;,N), and is heated by a output power of the diode laser is around 150 mW at the modu-
modulated laser beam with an intensity of J/f1+coset)). lation mode. After being reflected and focused, the laser beam is
The coordinateis originated from the surface of the sample andirected onto the sample mounted at the bottom of the PA cell.
pointing outward. Absorption of the laser beam is allowed in angyring the experiment, the maximum temperature rise at the
layer, and in more than one layer. An additional mediuN ('sample surface is less than 0.5°C. A condenser microphone,
+1), such as air, is in contact with the surface lai. The which is built into the PA cell, senses the acoustic signal and
backing material(0) and the surrounding mediunN(+1) are  transfers it to the lock-in amplifier, where the amplitude and phase
considered to be thermally thick. It has been shown that when thethe acoustic signal are measured. A personal computer, which
thermal diffusion length in gas is much less than the radius of theconnected to the GPIB interface of the lock-in amplifier, is used
sample chamber, the PA signal is independent of the energy di§r data acquisition and control of the experiment.
tribution of the incident laser bearf4]. Therefore, a one-  The PA cell used in this experiment is a cylindrical, small vol-
dimensional model of the PA effect is adequate. The transiefne, resonance-free cell made of highly polished acrylic glass and
temperature field in the multilayer sample and air can be derivgdsapphire window. Both acrylic glass and sapphire have low
by solving a set of one-dimensional heat conduction equatioigflection and high transmission for the laser beam used, so most
Details of the derivation process have been described elsewhgféne laser energy reflected from the sample surface transmits out
[23]. The solution of the complex temperature distributian;  of the cell. At a frequency of 20 kHz, the wavelength of the

in the air can be expressed as acoustic wave is about 17.4 mm. In order to avoid resonance
Ono1=(1—p)- By, & N+ 1Xglot 1) occurring in the cell, the cha_racter;snc cell size has to _be less than
N1 =(17p) By @) 8.7 mm. Therefore, the cell is designed to have an axial bore of 4
where mm in diameter and 6 mm high. The side of the bore facing the
N /m-1 laser beam is sealed by the sapphire window, and the other side is
[0 1]- 2 U l.v.. Em sealed by the sample with an O-ring. In order to enhance the
= \izo ' ™ Emi1 signal, the microphone is mounted 2 mm away from the inside
Bni1=— N ; (2) wall of the cell, which is the smallest distance allowed by the size
H 0 of the microphone and the cell. On the other hand, the smallest
(o {11 uif-|;
=
_ 1)U Ulz,i}; Vi—l[ Vi1 V12 : (3) Power driver Diode laser iror
2| Uy Uy, 2| vy Vo, —)D:::::::::::::::: >
Utni = (1=K 110711 /Kioi+Kivq o
X0i+1Ri,i+1)' exp(Fojqlir1), n=12; (3b) Triggering Lens $ Window
signal
Uzn,i = (15 Kis 10711 /Ko + Ky g
X o R . . = | =12 Photoacoustic cell
Oi+1 |,|+1) expFoisalive), N 'Ly (3c) :
Vnpi= 1*+Biloj,n=1,2; (3d)  Lockein amplifier
Vn2,i=(—1%Ki11Bi+1 /Koy +Kigq Sample
XBiv1Riiv1) - expl—Bivaliva); (3e) Fig. 1 Schematic diagram of the photoacoustic apparatus
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size of the cell is limited by the dimension of the microphone. It is -62.0 T T
believed that the cell designed in this work is optimized consid- ok E
ering both the signal to noise ratio enhancement and resonance ) -y b
suppression. -66.0
The PA response is delayed by the time for the acoustic wave to 68.0
reach the microphone and the electronic circuitry. In order to re- ’
move the delay of the PA signal, reference samples of known g -70.0
thermal properties are used for calibration. Two reference samples ©

ift (deg)

Fitted results

T TTTT

are measured, ons & 3 mm thick graphite with its surface pol- § 720 o  Experiment

ished to 50 nm surface finishing, the other is a pure silicon wafer £ 740 &+ & | K = 1.65 W/mK

(0.381 mm thick)with a 70 nm thick nickel coating. Because of r - ]
-76.0 |- --=--K = 1.77 W/imK ]

the small size of the laser beam (1 mar®@ mm), at frequencies o
lower than 2 kHz, the two-dimensional heat transfer effect could ggo b e L e b
exist, hence, only frequencies from 2 kHz to 20 kHz are used. ) 3 4 4 4 4
Within this frequency range, both the polished graphite and the 010 510 110 1510 210 2510
Ni-Si are thick enough to be considered as bulk materials, and the Frequency (Hz)
phase shift is—=90 deg. For the Ni-Si reference sample, the am-,
plitude of the PA signal only depends on surface reflectivity ar@
thermal properties of the silicon substrate.

After the phase shift of graphit@)g i, iS Obtained, the true
phase shift of the samplep, is calculated asp= ¢’ — bgrapnite

—90, where¢' is the measured phase shift for the sample. Theig. 2. Figure 3 shows thermal conductivities of all the four SiO
amplitude of the sample signal needs to be normalized with theins. From the figure, it is seen that thermal conductivities of all
reference signal since its absolute value is difficult to obtain. Thge Siq, films are around 1.66 W/, higher than the thermal
normalized amplitude of the sampléy, is calculated asA  conductivity of fused silical.4 W/m-K). As shown in Fig. 3,
=A"IAisi- Anisi, whereA' is the measured amplituddy.s; is  variations of the thermal conductivity with thickness are not evi-
the measured amplitude for the Ni-Si reference sampleAang  dent. This could indicate that the structure of the thermally grown
is the amplitude for the Ni-Si sample calculated using EQSiO, film changes little with thickness.
(1)—(4). Thermal conductivities of SiQare also obtained by fitting the
The experimental setup is calibrated before each measurememiplitude of the PA signal. Since the same 70 nm Ni layer is
At each frequency, the signal is allowed to stabilize first, then dagaated on the Ni-Si reference and the samples, reflectivity is ex-
are taken every 8 sec. The phase shift and amplitude data pegted to be the same, which is verified by measurements. Figure
averaged every 5 min. A computer code determines whether théllustrates the normalized amplitude for the 484.5 nm thick,SiO
variation of the average phase shift over the five minutes tilample. The thermal conductivity is found to be 1.47 \AKm
span is less than 0.2 deg, and the relative variation of the aver@sed on the+0.5 percent experimental uncertainty of the mea-
amplitude is less than 0.5 percent. Data are stored when the absuged amplitude of PA signal, the numerical uncertainty analysis
criterion is reached. In order to determine the drift of the signaghows that the thermal conductivity has an uncertainty of about
with time, the references are also measured after each samp@1 W/m-K. Thermal conductivity data of SjQwith different
measurement. thicknesses obtained by amplitude fitting are summarized in Fig.
A least square fitting procedure is used to determine unknown From this figure, it seems that thermal conductivity of SiO
properties such as thermal conductivity and thermal contact resifightly decreases with the thickness increase, which is not seen in
tance. Trial values of unknown properties are used to calculate the results obtained from phase shift fitting. However, this trend is
phase shift and the amplitude of the PA signal at each experimet conclusive due to the experimental uncertainties of the mea-
tal frequency. For each trial value, the sum of the square of teared amplitude of the PA signal. For thinner films, the signal is
difference between calculated values of phase shift and amplitudeaker and less stable, therefore the signal has a larger uncer-
and experimental ones is calculated. The trial values for which tkginty of about=1.5 percent, which causes a larger uncertainty in
least square is obtained are taken as the property values. the final fitted results. Also when the film thickness is much less
than the thermal diffusion length, for the same experimental un-

g. 2 Phase shift as a function of the modulation frequency
the 70 nm Ni—484.5 nm SiO ,—Si sample

IV Results and Discussion

Thermal conductivities of thin SigXilms, nickel film, and ther-
mal barrier coatings are measured. Results of the PA measure-—. ;5
ments will be first presented. Then, the measurement uncertainty?
of the PA technique will be discussed. £

IV.1 Results of the PA Measurement 20

SiO, Films. Thermal conductivities of four SiOfilms ther-
mally grown on Si wafer are measured. The thicknesses of the
SiO, films are 50, 101.9, 201.9 and 484.5 nm. In order to absorb
the laser beam, a 70 nm thick nickel film is deposited on top of the
SiO, layer by e-beam evaporation. The thickness of the nickel
film is monitored during the evaporation process. The final film
thickness is measured with an accuracy of 0.5 nm.

In Fig. 2, the phase shift as a function of the modulation fre- B e
quency for the 484.5 nm thick Si&ample is shown. The thermal 010° 1102 2108 3100  410° 510
conductivity of SiQ is fitted to be 1.71 W/m-K. Based on the Thickness (nm)
+0.2 deg uncertainty of the experiment, the uncertainty of ther-
mal conductivity is found to be-0.08 W/m-K. The fitting lines Fig. 3 Thermal conductivity of SiO , films obtained by phase
corresponding to the experimental uncertainty are also shownsitift fitting

1.5

LELI I T B B LI LR
—a—
-
i1 riyi

Thermal conductivity (W/
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Frequency (Hz)
Fig. 4 Normalized amplitude as a function of the modulation

frequency of the 70 nm Ni—484.5 nm SiO ,—Si sample Fig. 6 Phase shift as a function of the modulation frequency
of the 999.5 nm Ni—Si sample

certainty, the thinner film will have a larger uncertainty for its
fitted thermal conductivity. The measurement sensitivity is distormalized amplitude, respectively. By fitting the phase shift data,
cussed in more detail in 1V.2. the thermal conductivity of the nickel film is found to be 47.5
From Fig. 3 and Fig. 5, it is seen that there is some discrepandy/m-K, with an upper limit of 56.0 W/nK and a lower limit of
between the thermal conductivity measured by phase shift fittidd..0 W/m-K. Using amplitude fitting, the thermal conductivity of
and amplitude fitting. This discrepancy mostly comes from thtae nickel film is found to be 35.3 W/rK. Based on the 1 percent
uncertainty in the reflectivity measurement, which is required faeflectivity measurement error, the thermal conductivity has an
amplitude fitting, but not for phase shift fitting. If the calculatiorupper limit of 54.2 W/mK and a lower limit of 26.0 W/rrK.
includes the effect of the uncertainty in the reflectivity measur&herefore, the thermal conductivity of the nickel film prepared in
ment, the uncertainty of the thermal conductivity resulted frorthis work is less than the bulk value of 90.7 Wi The thermal
amplitude fitting will be larger, on the order of 15 percent for theontact resistance between the nickel coating and the Si wafer is
484.5 nm thick Si@film and 25 percent for the 50 nm-thick SiO also found to be less than 19K-m2/W.
film. The thermal conductivity of the Sifilm measured in this  Similar to the measurement of the Sifims, the accuracy of
work is slightly larger than that of fused silick€ 1.4 W/m-K).  determining thermal conductivity of the Ni film with amplitude
For thermally grown thin Si@films, measurements using otherfitting is influenced by uncertainties in both the amplitude mea-
techniques also showed similar res\if§, which were explained surement and the surface reflectivity measurement. Since reflec-
as a higher level of crystallinity in Sithin films than in fused tivity is not needed for phase shift fitting, the thermal conductivity
silica. obtained from amplitude fitting has a larger uncertainty range than
From both phase shift and amplitude fitting, the thermal contagtat obtained from phase shift fitting.
resistances between the nickel coating and the, 8i@, and be- ) ) . ) )
tween the SiQ film and the Si wafer, are found to be less than Bulk Materials With Mirror-Like Surface. For bulk materials,
10 8K-m%W. When thermal contact resistances are less thgr"ne phase shift of the PA. S|gn_al 1590 deg, no mformathn can_b_e
10"8K-m2\W, they do not affect the PA signals, and thus can n&xtracted from phase shift fitting. Therefore, only amplitude fitting

be determined. Larger thermal contact resistances were founaﬁemgﬁsltjrsaig ;[geogf'?eg;ﬁimli ?g{‘?n”:;'gﬁnc’f t%lcje”r(mrgﬁtc%rrﬁic J\z
some other sampld23]. d 9

ties of bulk materials, the thermal conductivity of a glass slide is
Nickel Film. A thin nickel film is deposited on a pure 0.381measured. A 70 nm thick nickel coating is deposited onto the
mm thick Si wafer using e-beam evaporation. The thickness of tiéass to absorb the laser beam. Calculations show that this thin
nickel film is 999.5+0.5 nm. Reflectivity of the sample is mea-nickel layer has no effect on determining the thermal conductivity
sured to be 0.595. Figures 6 and 7 show the phase shift and dfelass. The fitting results are shown in Fig. 8. Thermal conduc-

Q2'5:"""""""""""": 3~010'7_"“|'Hw*"'y"'wi"'g
g §2510_7 _ Fitted results _
< r : - ’ H * Experiment ]
2 20 F - s L — — -K=26.0 W/imK ]
> : ] SE2010°F 0N - K=54.2 W/mK 4
° - ] ] C ]
3 L - © L
I } ] o 15107 |
F . o L [ ]
8 1.5 - {__ 'g R
£ "E.l.o 107 [ ]
4 L ] < [
': -
= 10 PRRPRRTERTYON JOTTOT S YOI N RN TS VU WO (U YO TN T HAE TR WO W0 5.010'3~.--.I.(..Iy..\l.y..l..
010° 1100 2100 310° 410" 5107 010° 510° 110 1510 210° 2510
Thickness (nm) Frequency (Hz)
Fig. 5 Thermal conductivity of SiO , films obtained by ampli- Fig. 7 Normalized amplitude as a function of the modulation
tude fitting frequency of the 999.5 nm Ni—Si sample
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Fig. 10 Normalized amplitude as a function of the modulation

Fig. 8 Normalized amplitude as a function of the modulation frequency of Sample #1787

frequency of the 70 nm Ni—glass sample

tivity of glass slide is found to be 1.38 W/, with an upper coatings are summarized in Table 1. Sample #1897 is a copper
limit of 1.43 W/m-K and a lower limit of 1.31 W/mK_. This result based alloy used as the substrate of the thermal barrier coatings,
agrees with the literature value of 1.4 W [25]. and Sample #1736 and Sample #1758 are thermal barrier materi-
) ) . . als prepared by different techniques. The reference values are
Bulk Materials With Rough Surface For bulk materials with measured using a laser-flash method at TPRL, with an uncertainty
mirror-like surfaces, measuring surface reflectivity is straightfogf gpout+5 percent. It is seen that the thermal conductivity val-
ward. For those with rough surfaces, an ellipsoid is used to MQgss obtained from the PA method are in close agreement with the
sure the diffuse reflectivity. The apparatus is shown in Fig. 9. Thgyta obtained from the laser-flash method. To reduce the uncer-

sample is placed at one focal point, F1, of the ellipsoid and thginty of the PA measurement, a more accurate diffuse reflectivity
detector is placed at the other focal point, F2. The diffusely r¢neasurement method is required.

flected light from the sample surface is reflected by the inner wall
of the ellipsoid and directed to the focal point F2, then is detected!V.2 Discussions. Using phase shift fitting, the photoacous-
by the power meter. In the measurement, the sample is tilted #§ technique is most suitable for measuring thin films whose
about 10 deg, so the specular reflection can reach the inner waltfieknesses), are on the same order of the thermal diffusion
the ellipsoid. Some diffusely reflected lighB,, will be lost depth,| (= a/#f). Since the frequency can be varied in a
through the open aperture of the ellipsoid. This lost energy iange, thermal properties of samples within a certain thickness
estimated a$,=P.xQ,/Q, whereP; is the energy measuredrange can be determined accurately. On the other hand, for thin
by the detector(}, is the solid angle of the open aperture withilms with thicknesses much less or larger thgn the measure-
respect to the sample, ad, is (27— (),). The variation of the ment will be less accurate. Based on the results obtained in this
directional reflectivity of the rough sample surface is found to beork and the uncertainty of the phase shift measureneft2
between 10-15 percent over the surface. Based on this, alordeg), the numerical uncertainty analysis indicates % percent
with considering the 5 percent measurement error of the poweancertainty of the thermal conductivity measurement wihgh is
meter, the error for the diffuse reflectivity measurement is estround 10(e.g., the 484.5 nm SiCsample). When,, /I is around
mated to be 1015 percent. 100, the uncertainty of the thermal conductivity measurement is
Thermal conductivities of three thermal barrier coatings and itsound=+15 percente.g., the 50 nm Si©sample). On the other
substrate material, all with rough surfaces are measured. Samgiiaad, when the top layer is thick enough thatl is less than 0.15
and sample numbers are provided by TPRIhe normalized am- (e.g., the thermal barrier coatingshe modulated temperature
plitude as a function of frequency for Sample #1787, which is feeld does not penetrate to the interface of the first two layers,
68 um thick thermal barrier coating on an alloy substrate, igus, the top layer should be considered as a bulk material. In this
shown in Fig. 10. Thermal conductivity is fitted to be 0.98&ase, its thermal conductivity cannot be obtained using phase shift
+0.05W/m-K. The uncertainty of this thermal conductivity valuditting. These uncertainties are summarized in Table 2. Note that
mostly comes from the reflectivity measurement. Surface refleitie above analysis only applies to the experiment with0a2 deg
tivity and thermal conductivity values of all the thermal barrieuncertainty. For an apparatus with a different measurement uncer-
tainty, the uncertainties of the results need to be re-evaluated.
Thermophysical Properties Research Laboratory Inc., West Lafayette, IN. When the thermal conductivity is determined from amplitude
fitting, the uncertainty of thermal conductivity is mostly deter-
mined by the uncertainty in the surface reflectivity measurement.
ellipsoid Based on numerical sensitivity studies, the uncertainty of thermal

detector

Laser beam Table 1 Thermal conductivity of samples from TPRL

Thermal conductivity Thermal conductivity
Sample index Surface reflectivity | measured by the PA measured by the laser
method (W/m-K) flash method (W/m-K)

#1897 0.30 + 10% 37132 333 5%
sample #1736 0.10 £ 15% 0.45 = 0.02 042 + 5%
. o . . #1758 0.35 x 10% 0.61  0.07 0.66 + 5%
Fig. 9 Schematic diagram of the apparatus for measuring dif-
fuse reflectivity #1787 0.15 % 15% 0.98 + 0.05 0.96 + 5%
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Table 2 Uncertainty of the thermal conductivity measurement Acknowledgments
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evaporation.

conductivity is found to be about twice of that of the absorptivity&\l omenclature

measurement. Note that in Table 1, the measured surface reflec-a = 7fla

tivity has a large uncertainty, on the order of 10 percent—15 per- A = amplitude

cent. However, the uncertainty in absorptivity is much less, which B = intermediate coefficient

results in a relatively accurate measurement of thermal conductls: G = intermediate parameter

ity that compares favorably with the results obtained by the laser f = modulation frequency

flash method. | = intensity of laser light
Comparing the PA metho@amplitude fitting with the laser j = imaginary unity

flash method for measuring thermal conductivities of bulk mate- k = thermal conductivity

rials, the advantage of the PA method is that it can measure ther- | = thickness

mal conductivities of coatings that can be treated as bulk materi- P = laser energy measured by power meter

als. On the other hand, the amplitude fitting method has two R = thermal contact resistance

limitations in comparison with the laser flash method. One is that u = element of matrixJ

reflectivity is required for the PA method. The other one is that v = element of matrix/

the PA method works only at the room temperature. Technically, V = intermediate coefficient matrix

it_is possible to develo_p a high temperature PA apparatus, with thea ol Symbols

highest temperature limited by the operation temperature of the

transducefnormally around a few hundred degrees Celsilife a = thermal diffusivity N
laser flash method, on the other hand, can measure thermal diffu-8 = optical absorptlon coefficient
sivities above 1000 °C ¢ = phase shift

Although all the film samples measured in this work do not ¢ = complex temperature
have significant thermal contact resistance, the current PA appa-» = reflectivity
ratus does have the capability of measuring the thermal contact? = (1+))a
resistance. For example, for a sample of 1@8-thick Ni on o = modulated angular frequency

glass, the thermal contact resistance between the nickel film and? = solid angle
the glass substrate is found to be 5B8x10" ' m*K/W [23].  Subscripts
For a film with thicknes$ and thermal conductivitk, its thermal
resistance will bé/k. If the uncertainty of the thermal conductiv-
ity measurement idk, then the uncertainty in the thermal resis-
tance id - Ak/k?. Therefore, the smallest measurable thermal cofReferences
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Heat Transfer Regimes and
Hysteresis in Porous Media
Convection

Results of an investigation of different heat transfer regimes in porous media convection
are presented by using a truncated Galerkin representation of the governing equations
that yields the familiar Lorenz equations for the variation of the amplitude in the time

domain. The solution to this system is obtained analytically by using a weak non-linear

Peter Vadasz analysis and computationally by using Adomian’s decomposition method. Expressions for

Professor the averaged Nusselt number are derived for steady, periodic, as well as weak-turbulent
_ Fellow ASME (temporal-chaotic) convection. The phenomenon of Hysteresis in the transition from
Department of Mechanical Engineering, steady to weak-turbulent convection, and backwards, is particularly investigated, identi-
University of Durban-Weslville, fying analytically its mechanism, which is confirmed by the computational results. While
Private Bag X54001, the post-transient chaotic solution in terms of the dependent variables is very sensitive to
Durban 4000, South Africa the initial conditions, the affinity of the averaged values of these variables to initial

conditions is very weak. Therefore, long-term predictability of these averaged variables,
and in particular the Nusselt number, becomes possible, a result of substantial practical
significance. Actually, the only impact that the transition to chaos causes on the predicted
results in terms of the averaged heat flux is a minor loss of accuracy. Therefore, the
predictability of the results in the sense of the averaged heat flux is not significantly
affected by the transition from steady to weak-turbulent convection. The transition point is
shown to be very sensitive to a particular scaling of the equations, which leads the
solution to an invariant value of steady-state for sub-transitional conditions, a result that

affects the transition point in some caselDOI: 10.1115/1.1336505

Keywords: Weak Turbulence, Hysteresis, Porous Media, Free Convection, Chaos, Lo-
renz Equations, Heat Flux.

1 Introduction difference between the bottom and top boundaries. The transition
ér_om a motionless-conduction to a steady-convection regime is

: : : o : |néjependent of whether a Darcy or a Forchheimer model is used
dia motivates this study. Examples of such applications are liste - Lo . : . i
Sihce this transition is obtained from a linear stability analysis

in Nield and Bejar{1] and Bejan 2], such as insulation of build- - - .

ings and equipment, energy storage and recovery, geothermal rg_um a motlton:gss sc_)ll;]tl?fnt,hhence non-llnte_ar effez_u?h afs th?
ervoirs, nuclear waste disposal, chemical reactor engineering, ann0 iha‘?lir:(zs:c:ciast/:gl\?vit.h a \?eforsorlrglmvaa{l:xecgp SDIZrScO nrﬂrite)(-ar
the storage of heat generating materials such as grain and coal. e . y ) Y

The latter applications fall into the category of energy sel .a<10 ) and the fluid’s Prandil numper is of an order of mag-
sufficiency and pollution of the environment. In addition oné‘ItUde around Pri0, then the transition from s_teady to non-
needs to indicate some geophysical applications, such as gro h%ady convection leads to a weak-turbulent regime. This transi-

water flow(where the heat transfer analogy may apply to the ma an |st_assg(:|attedthwnh tlhe Io_sst of t_stabll!tythof the steady
transfer equations when considering underground water contafffvection due 1o the noniin€éar interactions in he€ energy equa-
t‘g)n, while the resulting filtration velocity values are still within

The wide variety of applications of heat transfer in porous m

nation) and the flow of magma in the earth mantle close to thF e Darcy regime

earth crust. In particular, the problem of estimating the heat flux ' .
convective flows in porous media places a special theoretical chall-\/%dafz ak?d t‘?'e‘{fﬂ]( ?ertr:olnsirated th?t the transition f(rjc_)m
lenge, as the raw experimental results are very much disper§ gady to chao idweak-turbulent)convection In porous media
over a wide range, beyond the experimental efsee Fig. 6.9 in could be recovered from a truncated Galerkin approximation,
Nield and Bejar{1]). The reason for this dispersion is associate‘gh'Ch yields a system that is equivalent to the familiar Lorenz

with a wide variety of possible heat transfer regimes, namel _guat|ons(Lorenz[_4] and Sparrow5]). In pa_rpcular It was no-
motionless-conduction, laminar-Darcy, laminar-Forchheime ted that the transition to chaos when the initial conditions are not

weak-turbulent-Darcy (or “temporal chaotic’) and strong- too far away from any one of the convective steady state solutions

turbulent (“spatio-temporal-chaotic). These regimes can occurP3SS€s through a limit cycle at a earticular_ SUP'.C“tical value of
depending on the combination of appropriate values of Rayleidﬁayle'gh number. !—!ere the term SUb'Cr't'(.:al is used in .the.

Darcy-Prandtl, and Darcy numbers. The present paper is C&Q_ntext of_ the transition from steady convection to a non-periodic
cerned with the transitions from a motionless-conduction reginfsate: typically referred to as chaotic. The critical value of the
to steady laminar-Darcy convection and further to weak-turbulerft®y!€igh number is the value at which this transition to chaos is
Darcy convection. The accurate definitions of each of these f¥edicted by the linear stability analysis of the convective steady
gimes can be introduced by considering a fluid layer heated froffpie Solutions. It is the objective of this paper to investigate the

below and following a procedure of increasing the temperatuF@paCt of this transition on the heat flux and the corresponding
Hysteresis phenomenon linked to the transition from steady con-

Contributed by the Heat Transfer Division for publication in thBURNAL OF vection to chaos an.d backvv_ards. Vadé&]zu_sed a weak nonlin-
HEAT TRANSFER Manuscript received by the Heat Transfer Division September 1:9,?“ method of SOlu“or_] to this problem, which revealed a r_neCh_a'
1999; revision received, August 17, 2000. Associate Editor: M. Hunt. nism for the Hysteresis phenomenon. The same method is being
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used and extended in this paper in conjunction with the computaek this substantial sensitivity. This paper shows that the mean
tional Adomian decomposition method in order to analyze ardusselt number is just an example of such a case. Its affinity to
investigate the resulting heat flux. different initial conditions is very weak, and subject to a minor

This is accomplished first by using the weak nonlinear resulisss of accuracy, one can predict its value even within the weak-
presented by Vadads] in order to evaluate analytically a rela-turbulent regime, except for some transition regions where the
tionship for the Nusselt number corresponding to the most genehgisteresis phenomenon may substantially affect it. Actually, it
post-transient but time dependent conditions. This relationshipvisll be shown that the only impact that the transition to chaos
expected to break down when transition to chaos occurs. Hoeauses on the predicted results in terms of the averaged heat flux
ever, the qualitative properties of the derived analytical relatiois a minor loss of accuracy. Since chaos is a result of limited and
ship are shown to be compatible with supercritical conditions arfithite accuracy of the solution, one can not expect to obtain results
therefore a similar approach was adopted while using a computhat within the chaotic regime can be reached up to any desired
tional method of solutiofAdomian’s decomposition methpdo accuracy. This accuracy is limited also by the fact that we have no
provide an estimate of the Nusselt number in the weak-turbulemly to anticipate a finite number of frequenciesid their corre-
regime. Adomian’s decomposition methéddomian[7,8]) was sponding periodspver which to integrate the heat flux in order to
shown to provide extremely accurate results and in particular y&ld an accurate average Nusselt number. It will be shown that
robustness in solving problems that are sensitive to variationsthrese effects introduce only a minor error in the estimation of the
initial conditions was demonstrated by Vadasz and @8k Nusselt number.

Nield and Bejar{1] provide an excellent summary of the ana-
lytical as well as the experimental work available so far on thg Problem Formulation and Reduced Set of Equations
estimation of Nusselt number in porous media convection. ForA —W. /H. <1) fluid saturated | b-
example, for values of Rayleigh number slightly beyond the con- narrow (W=W, /H, <1) fluid saturated porous layer su

vection threshold a linear relationship between the Nusselt aj(‘Fc?t to gravity and heated from below, as presented in Fig. 1, is

Rayleigh numbers is suggested[i] based on Elde10], which considered. A Cartesian co-ordinate system is used such that the
fits well with experimental data. Such a linear relationship can B fF'Ci'. aX|tsz |s_coII|rt1ear \INmt] gr‘f’“"g' 1.€. &= _etZ.' The tlmde_t_
derived analytically via a weak nonlinear analysis of the proble privative term 1S not neglected in arcy s equation, a concition

using an expansion around the convection threstesie Braester Nt Was well discussed and SUbStamiated, by Vadasz and Olek
and %/adasz[pll] and Vadasz and Braes{d2]) anr:jmcan be ex- [3,14]and VadasZ6]. Other than that Darcy’s law is assumed to
pressed in the f,orm govern the fluid flow, while the Boussinesq approximation is ap-

plied for the effects of density variations. Subject to these condi-
Nu=1+2(R—1), 1) gg?:irfgg' following dimensionless set of governing equations is

where R=Ra/Rga, is the scaled Rayleigh number and .Ra V.q=0 )

=477 is the critical value of the Rayleigh number associated with

the loss of linear stability of the motionless solution, i.e., on the

convection threshold. It is shown in this paper that Bq.repre-

sents the first two terms in a Taylor expansion of a more general

relationship, that is derived here, and applies to a much wider

range of Rayleigh number values. ﬂJrq,VT:VzT 4)
Bau[13]indicates that, “One of the hallmarks of chaotic sys- ot '

tems is their sensitivity to initial conditions and small perturba-

tions (noise). ... Of course, when one is modeling real systenide valueswes /H, M, u, aex Ik, My, andAT =(Ty—Tc) are

the initial conditions are not precisely known and all real systemigsed to scale the filtration velocity components, (v, ,W, ),

are subject to perturbations and noise. Hence, , nolong term pressure (6,), and temperature variationsT{—Tc), respec-

prediction of the detailed behavior of a chaotic system is possiblé/ely, wherea.« is the effective thermal diffusivitys, is fluid’s

The lack of long-term predictability is a fundamental property ofiscosity,k, is the permeability of the porous matrix, ai}; is

chaotic systems just like the uncertainty principle is a corndhe ratio between the heat capacity of the fluid and the effective

stone of quantum mechanics. One of the practical implications i€at capacity of the porous domain. The height of the laygr

that when one deals with chaotic systems, the availability of largeas used for scaling the variablgg , vy, , z, andH2/ae for

computational resources will not enable one to generate lorsgaling the time, . Accordingly,x=x, /H, , y=y, /H, andz

term predictions.” This conclusion is somewhat disappointing as z, /H, andfzt* Aer /Hi- In Eq. (3) Ra is the gravity related

it implies that it is hopeless to attempt modelling real systeniayleigh number in porous media defined in the form Ra

within the chaotic regime due to lack of long-term predictability—= By AT 0, H, kM /aev, . The time derivative term was in-

It is shown in this paper that despite the sensitivity of the post-

transient chaotic solution, in terms of its dependent variables, to

variations in initial conditions, the dissipative nature of the cor-

vective system reduces substantially this sensitivity, when the

dependent variables are being averaged over a sufficiently la

time range. In this context, Sparrdw] indicates that in attempt- Z

ing to provide an explanation about the irregularity of the trajec

tory in the chaotic regime, We know we are seeing a portion of a

very high period orbit.” If chaotic solutions are a result of a veryyr

large period, it implies that by averaging the results over a pericy ~= 0

smaller than the largest period of the solution, it might compre

mise the accuracy of the averaging process. This loss of accuri

may be significant, in which case the high sensitivity of the solt

tion to initial conditions applies to the averaged values as well, «

this loss of accuracy may be minor, the latter being expected

dissipative systems. Then, despite the sensitivity of the po

transient solution to variations in initial conditions, the corre-

sponding averaged values over a sufficiently large time interval Fig. 1 A fluid saturated porous layer heated from below

g=—-Vp+RaT§, 3)
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cluded in Darcy’s Eq(3), where Pg is a dimensionless group The fixed points of the systeifi0)—(12) are obtained by setting
(Darcy-Prandtl numbgrwhich includes the Prandtl and Darcythe time derivative to be zero, in the forky=+(R—1)"2 Yq
numbers as well as the porosity of the porous domain and is+(R—1)Y)R and Zg=+(R—1)/R. They represent steady-
defined by Pg=¢Pr/Da. Vadasz and Olel3,14] have shown state solutions consisting of convection cells moving clockwise or
that when investigating wave phenomena, such as the presgfinter-clockwise. These fixed points lose stability in the linear
case, the time derivative in E(B) needs to be included irrespec-sense at a value &= R,= 25 (for =5 pertaining to the present
tive of how large the value of Bris. Without including this term investigation), at which point a sub-critical Hopf bifurcation oc-
the possibility of oscillatory convection is wiped out, and subseyrs (see Vadasg6], for details). The bifurcation diagram repre-
quently the transition to turbulence by using the present modgdnting the convective fixed points and the unstable bifurcating
becomes impossible. Including the time derivative term inBy. oscillatory solutions is presented in Fig. 2. A rescaling of the

is equivalent to maintaining the highest derivative in an equatiqiriables with respect to these fixed points in the form
in order to satisfy all boundargor initial) conditions.

As all the boundaries are rigid the solution must follow the

X RY RZ

impermeability conditions there, i.ay, &,=0 on the boundaries, Xs——=s Y= —= Z= 75— (13)

whereé, is a unit vector normal to the boundary. The temperature (R=1) (R=1) (R-1)

boundary conditions are as follow§=1 atz=0, T=0 atz=1 provides the following set of scaled equations:

andVT-é&,=0 on all other walls representing the insulation con- )

dition on these walls. X=a(Y—X) (14)
For convective rolls having axes parallel to the shorter dimen- .

sion (i.e.,y) v=0, and the governing equations can be presented Y=RX-Y—-(R-1)XZ (15)

in terms of a stream function defined hy=dy/dz and w .

= — gyl x, which upon applying the culVx) operator on Eq. Z=2(XY=2), (16)

(3) yields the following system of partial differential equation

from Egs. (2), (3), and(4): Svhere the dots () denote time derivativesl( )/dt. Equations

(14),(15), and(16) are equivalent to Lorenz equatiofioorenz[4]

1 g P P JT and Sparrow[5]) although with different coefficients. The dem-
4 i + i =—-Ra— (5) onstration of this equivalence is provided by Vadasz and ¢k
Piy gt Xt 9z X Their convective fixed points adés=Ys=*1, Zg=1 for R>1.

It is appropriate at this stage to list all assumptions made in
deriving the system of Eq914)-(16) from the original set of
partial differential Eqs(2)—(4), in order to assess the validity and
limitations of the present model. There are four inherent assump-
tions in the derivation of the present model:

aT  ayaT oy aT  PT  9°T

ot 9z%’

= 6
X dz  Ix? ©)
where the boundary conditions for the stream function ya+€0

on all solid boundaries. 1 The spatial convection structure remains unchanged qualita-

The set of partial differential Eq$5) and(6) form a nonlinear
coupled system, which together with the corresponding boundary
conditions accepts a basic motionless conduction solution. To ob-
tain the complete solution to the non-linear coupled system of2
partial differential Eqs(5) and (6) we represent the stream func-

tion and temperature in the form 3

tively, i.e., within the range of Rayleigh number values con-
sidered any possible variations in this structure as Ra humber
varies are small.

The wave number variation within the spatial convection
structure is small as well.

The very truncated Galerkin system might not represent cor-

rectly the detailed dynamics within boundary layers that may

[ TX) form at high Ra number values.
y=-ax sm( T) sin(mz) () 4 Temperature or energy equation related turbulence precedes
hydrodynamic or momentum related turbulence, i.e., turbu-
2y mX\ 7 lence is created by the nonlinear terms in the energy equa-
T=1-z+ ?COS(T sin(mz) - ;SIH(ZWZ)- (8) tion, rather than quadratic drag terms in a Forchheimer for-

mulation of the momentum equation.
This representation is equivalent to a Galerkin expansion of t
solution in bothx andz directions, truncated whent+j =2, where
i is the Galerkin summation index in thedirection andj is the
Galerkin summation index in thedirection. Substituting7) and
(8) into the Egs.(5) and (6), multiplying the equations by the
orthogonal eigenfunctions corresponding(79 and (8) and inte-
grating them over the domain, i.d.gdx/3dz(-), yields a set of

tl1\]aevertheless, the model is expected to represent qualitatively well
the effects related to the overall dynamics of the system. Some
wide thermal boundary layers near the top and bottom of the layer
can be recovered. However this model excludes the possibility of
formation of narrow thermal boundary layers, or of hydrodynamic
boundary layers, next to these walls. Note that the formation of
three ordinary differential equations for the time evolution of thﬁgwso dﬁ/}h&gg:gubsoumnggir;/ I:?:ﬁ:rs Tﬁ: ' sgrl:fjsl\;:)alfoﬁdﬂgntg pac: l ;%2
amplltudgs(see Vadasz and OlgB, 14]). . . apply for the filtration velocity next to these walls. Assumption
By using the wave number corresponding to the convectiqny” o he testedr posteriori by using a relationship obtained
thr_eshold, rescaling the tinte and introducing the following no- iz 4 scale analysis, between the pore scale Reynolds number
tation: and the scaled Rayleigh number in the present model. This
relationship yields Reg=Re D&”?=4x(R—1)Y?Da?X/(MPr)
=47(R—1)Y?X¢/(M{Prp,Da"?). Then by using typical porous
media parameter values and typical valueX &fom the solutions
presented by Vadasff]| and Vadasz and Olek3] we obtain
Re\ max=61.56D&" Pr=61.564/(PryDa*’?) for R~25. The tran-

_ Ra
T 4n?

o= ﬁ t:2772’f,

9)

yields the following set of equations

X=a(RY-X) (10) sition from Darcy to a nonlinear Forchheimer regime in porous
) media occurs at a pore scale Reynolds number of an order of
Y=X-Y-XZ (11) magnitude of 1. Therefore, for fluid Prandtl numbers around 10
) o the condition for validity of the Darcy regime is Ba<1, which
72=2(XY-2). (12) isclearly valid. As the value of the fluid Prandtl number decreases
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post-transient, but time dependent variations of the heat flux. This

8
c e is accomplished first by using the conservative form of the energy
- 2 i I Eq. (4), integrating it over the horizontal plane in order to obtain
4 el D—l% 2 a spatially averaged Nusselt number, and then substituting the
V/ /W'Ud,jfu/ > £ expression from Eq8) for the temperature. The definition of the
2 e ©7 horizontally averaged Nusselt number is given by
LS — 1 L w aT
2 \ \ix‘---.\___ - 2 Nu ZWVL dxf0 dy| WT—E . a7
) \ I - |
X mp™ | i"('}*@-\‘- ______ Averaging horizontally the conservative form of the energy equa-
-6 i Moart’] tion and using the boundary conditions on the sidewalls yields
]
o 5 10 15 20 25 30 fwdyJ'de £+V-(qT—VT)
— R-R, |
WL 9T 9 (W (L aT
=] dy| dx—|+— | dy]| dxjwT——|=0
@ 0 0 at Jz Jo 0 0z
0.6 T (18)
o — Y= (1%1_ and upon introducing Eq17) into (18) yields
0.2 Bt B 8 aT 19
; ' VY = _;--:- 7 9z 19)
=}
1 0 S _
> —— o where(-)"=[f{'dyf§dx(-)]/(WL) stands for the horizontal av-
02 f f\ Ja) 'ﬁv i eraging operator. Integrating EA.9) in the z-direction and using
/—’t' J e the boundary conditiomw=0 atz=0 vyields a relationship for the
0.4 il horizontally averaged Nusselt number in the form
_p RD™
£ z 5Th(} Th
0.6 — aT(t,0) T
0 5 10 15 20 25 30 Nu(t,2)= *J —di—|—] (20)
R v o 4t ra—
=R where ¢ is a dummy integration variable. Substituting now the
expression for the temperature from E8) and using the rescaled
(b) variables from Eq(13) yields
— 2(R-1) (R-1).
L6 - Nu'(t,z)=1+ Z+ Z[1—-coq27z)]. (21)
1.4 A R R
- / Y\N An alternative form of Eq(21) can be obtained by substituting
' Y S Eg. (16) into (21) to yield
o SN s o o i o s s s g 8
" 35 — . 2(R-1 2(R-1
N 08 f e Nu'(t,z2)=1+ ( = )z+ ( = )(XY—Z)[l—cos{ZTrz)].
0.6 L o (22)
[\
0.4 I R AV Clearly when the post-transient solution is not time dependent and
0.2 a steady state is reacheti=0 andZ=Zs=1; therefore, Eq(21)
yields
0
— 2
0 5 10 15 20 25 30 NUe =3— =. 23)
steady
R=1 R
A Taylor expansion of Eq23) aroundR= 1, corresponding to the
© neighborhood of the convection threshold, produces
— 2
h
Fig. 2 The bifurcation diagram obtained analytically from Egs. Nugggedy: 3- R =1+2(R-1)-2(R— 1)2+ SR (24)

(10)-(12): (a) X versus R, (b) Y versus R, and (c) Z versus R. ) _ ) _
The first two terms in expansio(24) represent the first order

) o N ) approximation presented in E¢l) as obtained via a weak non-
the Darcy regime validity condition may be violated by som@near solution by using an expansion arouRe1. Nield and
combinations of solid-fluid ma}erlals forming the porous matrixgejan[1] (based on Eldef10]) suggested a linear approximation
In such cases the Darcy regime can not be recovered and #€a good curve fitting of the experimental data in the neighbor-
conditions for the validity of assumpticd) might be violated as hood of the convection threshold. The present mdeeg|. (24)]

well. recovers a linear first order approximation as a particular case of
the more general expression for the Nusselt number at steady
3 Heat Flux and Nusselt Number state, as presented by H@3). However, since we are interested

This section is dedicated to the derivation of relationships fan considering more general time dependent post-transient solu-
the average Nusselt number that are sufficiently general to inclutitens, the more general equatiof2y) or (22) need to be used. For
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the evaluation of the heat flux one is interested in an expression . 2(R-1)

for the Nusselt number which is independentzofThis can be D =Nu"r=1+ R
accomplished in two ways. First, one can consider the heat flux
into the domain crossing the bottom boundarygat0 or the heat which is identical to Eq(23) for the steady state Nusselt number.
flux from the domain crossing the boundaryzat 1. They both While the limit ast;— < has significant theoretical value in pro-

(30)

yield viding an upper limit for the heat flux, in real and practical cases
2(R-1) its applicability is problematic, especially when chaotic solutions

Ny — N Ay N — N 1) — - are considered. In such cases evaluating the time average over a
NUo() = NU(,0)=Nu(t) =Nu'(t, 1) =1+ R z large, but finite, post-transient time range can provide an approxi-

(25) mation for the heat flux. Because of the finite time range to be
used in such a time averaging process the result is expected still to
include oscillations, however it is also expected that these oscil-
lations become smaller as the time range used for averagjng,
L 2(R—-1) (R—1). 2(R—-1) becomes Iarger. We will observe_t_his beha\_/ior wher_l pres_enting
Nuhv(t)z 1+ 7+ = XY, the computational results. An additional particular point of inter-
R R R est can be observed from E@O) when an upper bound for the
(26)  heat flux is to be estimated. This can be evaluated using the limit

where ()" = f3dZ f¥dy 5dx(-)]/(WL) represents the overall ©f Ed.(30)for '@ﬁvaliehs;fR'_"e” agq_ﬁf' For this “ﬂLEq'
spatial average operator. While Eq@5) and (26) represent (30) producesNug . =Nu."=limg_(NUp.) =limg_.(NU:"")
equivalent forms for the averaged heat flux they do not in generai3- Therefore, the heat flux over the convective porous layer is
yield identical values. However, particular cases of interest can B@ited in the present model by this upper bound value of 3.
considered when these two different forms of Nusselt numbEligher values can only be obtained by including more modes in
produce identical results. The first particular case of interest §3€ truncated Galerkin representation of the spatial variation of the
when the solution is periodic with possible multiple harmonicgolution, by allowing the variation of the wave number as the
Then, a time average over the largest period of both B§8.and value of R varies, or by considering a Forchheimer model. The
(26), while taking into account the property of a periodic solutiofftter includes nonlinear interactions in the momentum equation
that Z(t,) = Z(t,+ 7,), wherer, is the largest period, yields and therefore allowing for the possibility of strong turbulence,

which is likely to produce complete time dependent, and three
2(R=1) 1 [((to*m) dimensional convection structures. However, this is out of the
R T—Of[ Zdt. (27) scope of the present paper.

The second alternative way of obtainingandependent Nusselt
number is by a vertical averaging of E@1) or (22) to obtain

NG =g = N =1+
0

The major limitation of this representation is the need to evalua . . .

a priori all the periods of oscillation®r alternatively the frequen- &e Analytical and Computational Methods of Solution
cies)in order to identify the largest period. For chaotic solutions, 41 The Analytical Solution, Amplitude Equation, and

for example, this becomes theoretically impossible because thgpsteresis. The analytical solution to the problem is evaluated
the largest period is either very largee., beyond the time over vz 3 weak nonlinear analysis by using an expansion around the
which the solution is computgdr does not exist. Nevertheless,oint where the convective stationary solutions lose linear stabil-

for s_,u_ch cases one can ad(_)pt an alterna_tive, practical, approac_:lit YThe stationary(fixed) points of the systeni14)—(16) are the
realising that chaotic solutions are obtained because of the fi vective solutionXs=Ys=+1, Zs=1 and the motionless so-

(and therefore limitedaccuracy of the solution, hence two nearbytion Xs=Ys=Zs=0 (occasionally referred to as the origin
solutions will diverge. However, this divergence is limited by thhe expansion around the motionless stationary solution yields
dissipative nature of the convection system. Therefore, by takifge familiar results of a pitchfork bifurcation from a motionless

advantage of this limited divergence one can attempt to integrai@ite to convection &= 1. We expand now the dependent vari-
the spatially averaged Nusselt number over a very large tiny

A : _ Bles around the convection stationary points in the form
ranger;=t,—t, (starting from arbitrary post-transient values of
the solution, at,). By separating the constant and time dependent  [X,Y.Z1=[Xs,Ys,Zs]+&[X1,Y1,Z1]+&%[X5,Y,,Z,]
parts ofZ in the formzZ=1+Z'(t), averaging over the time range 3
71, and looking for the limit as-;—, yields from Eqs(25) and TelXa, Ya 2ol (31)
(26) We also expand in a finite series of the fornR=R,(1+¢&?)
. which now defines the small expansion parametere%s (R
N =1+ 2(R-1) i 2(R-1) lim [iJ' 1Z’dt} (28) —R,)/R,, whereR, is the value ofR where the stationary con-
© R R t vective solutions lose their stability in the linear sefs®e Vadasz
and Olek[3,14]). Therefore, the present weak nonlinear analysis

T1—® T1 °

— 2(R-1) 2(R-1)  [1 (u is expected to be restricted to initial conditions sufficiently close
N =1+ ——+ —(p—lim T—f Z'dt to any oneof the convective fixed points. Introducing a long time
Ea R scaler=¢2t and replacing the time derivatives in E¢$4)—(16)
(R-1) [1 with d/dt—d/dt+e2d/dr yields a hierarchy of ordinary differ-
+ R lim T—(Zl—ZO)}, (29) ential equations at the different orders. The solutions to order
7=l 11 O(e) have the following form:
whereZ, andZ, are the values of att=t, andt=t,, respec- X;=a,e'% +a¥e 17 Y, =h,el%'+hFe oot
tively. The dissipative property of the convection system repre- i ]
sented by the Eqs(14), (15), and(16) imposes the following Zy=c,e'%' +cie 1o, (32)

. . . t1—, ..
restrictions on the solution Ilple[ftiZ dt]—finite as well as \,pare the coefficients, (7), a*(7), by(,) b¥(7), c1(7), and

lim, _.[Z,]—finite and lim _.[Z;]—finite. This requirement c*(7) are allowed to vary over the long time scaland +i o, are

to obtain finite values for the integral and f@, and Z; as the imaginary parts of the complex eigenvalues corresponding to
T,—0o0 causes the limits in Eq$28) and(29), which consist of a the linear system at marginal stabiliti.e., the real part of the
ratio of a finite value overr;, to vanish asr;—o. Then, both eigenvalues is 0). The details of this solution including relation-
Egs.(28) and (29) yield ships between the coefficients are presented by Vd@dsnd are
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therefore skipped here. A solvability condition is obtained at ordelecays, spiralling towards the corresponding fixed point around
O(&®) in order to prevent terms of the forel’s' ande™'?o' on which we applied the expansion. When the initial conditions sat-
the right hand side of th®(&3) equations to resonate the homoisfy r2=¢ a solitary limit cycle solution around this fixed point
geneous operator, hence forcing secular solutions of the foenists(the terminology “solitary limit cycle” is used to indicate
tel“o' andte™ 70! that are not bounded as-. Hence, the coef- that this limit cycle can be obtained only |ef;= £). As the initial
ficier_ns of these sgcular terms must vanish, a req_uirement whigbhditions move away from this fixed point angi> ¢, the other
provides a constraint on the amplitudes at oi@¢t) in the form  fixed point may affect the solution as well. However the

of an amplitude equation asymptotic expansion used does not allow it, and it is because of
dr this reason that the solution diverges, indicating the breakdown of
E:X[f—rz]r, (33) the expansion used, while physically representing the homoclinic

explosion. Transforming the condition for this transition to occur,

where theO(&) complex amplitude was presented in the faam from r3>¢, to the original physical parameters of the system by
=ga,=re'’, a*=ca’ =re "’ with aa*=r?, and y=¢/B and substituting the definition of ands? one can observe that there is
¢=e2/o=(R—R,)/R,¢, wherep and 8 are parameters that de-2 v_alue ofR=R,, sayR; ' beyond which the transition occurs,
pend on the value ofr. For «=5, corresponding to a Darcy- Which can be expressed in the form

Prandtl number of B=98.7, and consistent with the present R=Ry(1-| \rz) 37)
study ¢=—2.4, B=0.403226, and the following critical values t— o ¢l

apply R, =25 ando,=60. CzlearIyX<0 over all the cases 10 be \pere the minus sign and the absolute value @ippear in order
considered, whilg>0 for £°<0 (sub-critical conditions £<0 {5 show explicitly thatp<0. If R<R, the solution decays, spiral-
for £2>0 (supercritical conditions and =0 for £*=0 (critical  |ing towards the corresponding fixed point, andRat R, we ex-
conditions). The post-transient solution to E@3) yields r> pect the solitary limit cycle solution. Beyond this transitional
=+ ¢ which produces a real value ofonly for 2<0 (because value ofR, i.e.,R> R;, the solution moves away from this fixed
¢<0 as indicated above). The Hopf bifurcationRs=R,=25 is  point either (a) towards the other fixed point, aib) wanders
therefore sub-critical and in order to investigate the breakdown afound both fixed points before it stabilises towards one of them,
the periodic solution aR=R,=25 we derive the transient solu-or (c) yields a chaotic behavior. The present expansion can not
tion of Eq.(33). This transient solution is obtained by direct inteprovide an answer to select between these three possibilities.

gration in the form However, it is important to stress that for any initial conditic
¢ which we choose, we can find a value RER, which satisfies
2= for ££0 (e2#0) (34) Ed. (37). At that value ofR we expect to obtain a limit cycle

solution and beyond it a possible chaotic solution.

Experimental and numerical results of transitions to chaos in
the Lorenz systenfWang, Singer, and Ball5], Yuen and Bau
5 5 ) [16], and Sparrow5]) suggest the existence of a Hysteresis
r 1t 2r2] for £=0 (e°=0), (35)  mechanism. The Hysteresis phenomenon is described as follows:

© when increasing the value &gradually by approaching, from

where the following initial conditions were introducek=r, at below, the transition to chaos occursR#R,, while repeating
t=0. the same procedure, but approachiygrom above, the transition

Clearly, both solution$34) and(35) are valid at=0 and yield from chaos to the stationary solution occurs at a valueRof
thenr?=r2, which can be easily recovered by substitutirgd in  <R,. We provide an explanation of the Hysteresis phenomenon
Egs. (34) and (35). Therefore the question which arises is whaf connection with the transitional value B which is presented
happens at a later time>0 which causes these solutions to disin Eq. (37). Let's imagine a process of approachiRgfrom be-
appear wher?>0, (i.e., whené<0). Vadasz6] has shown that low, sayR<R;. This means that the initial conditions lead the
both solutions(34) and (35) become singular, i.e., their denomi-solution to one of the convective fixed points, ifes 0 (the fixed

nator vanishes at a value tfidentified as the critical time, ex- points represent the steady solutions of convective rolls moving
pressed by the equation clockwise or counter-clockwise As we gradually increase the
value of R by starting the next experimelor numerical proce-

[1—(1— ré) exp(—2&xt)

o

2

- 1 nl 1— i3 36 dure)with initial conditions taken from the post-transient previous
o 2xé : rg ' (36) solution obtained at the slightly lower value Bf the new initial

. L L . conditions are very close to the fixed point, i.lef,feo. They are
The existence of this critical time is linked to a condition for the,; exactly at the fixed point because the post-transient values of
argument of the In() function in Eq36) to be positive and ¢ previous solution are reached asymptotically, and at any finite
greater or smaller than 1, depending on whethe negative or ime there is a slight departure between the solution and the steady
positive, respectively. The latter requirement comes 10 impoS&@ye For numerical solutions this is particularly correct when one
positive value oft,, ; otherwise no physical significance can be, o ihe systertl0)—(12) for the variablesX, Y, Z, instead of
associated with this critical time. This condition exists only f0514)_(16) for X. Y. Z. The reason for the dist’inc,tioﬁ between the
subzcrltlcal vglues OR, ie., fqr§>0, and is presented in th.e. forrntwo systems, which are equivalent, is the fact that the fixed points
¢/ro<1, while for supercritical values oR(¢£<0) the critical gyxpressed in terms of the former are dependent on the valRe of
time exists unconditionally. The significance of the existence of\gnile the scaling of the latter removes this dependence. As a
critical time when the limit cycle solution qlverges is explained iRagylt the latter system will provide an identical post-transient
terms of the breakdown of the asymptotic expansion. The latigg|ytion which is independent & that may converge accurately
implicitly assumes(a) that the solution is local, arounahy one (yithin machine precisiorto the fixed point, hence preventing the
(but only one)of the fixed points, andb) that the expansion is ransition to chaos even for values Bf>R,. Otherwise, transi-
valid around the critical value R, i.e., aroundR, . The second tjon to chaos occurs and according to E8j7) the corresponding
assumption does not seem to be violated; however, the first gsmsitional valueR, is very close toR,. However, when one
sumption is strongly violated by a 30'“"‘32” that tends to infinityapproache®, from above, the initial conditions taken from the
starting at sub-critical conditions whefir;<1. This condition previous solution at a value &> R, are quite large and far away
impliesr2>¢, i.e., at a given sub-critical value &, as long as from the fixed point(because they correspond to a chaotic solu-
the initial conditions forrf, are smaller tha@(r§< £) the solution tion obtained at a higher value &), i.e.,rﬁ is far away from O.
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£220001 =-=--12=005 —----r2=0.15 « i tn v io12 20
(= Cin— i=
— = - r2=001 e r2=01  =---12-02 i(t) &, 'l " m (40)
100 H T 1
P P : | where
I R _
i I i Cio=Xi{(0) V i=12...m (41)
i [ . ' .
i I i and the general term fan=1 is defined through the following
0l P [ recurrence relationship:
N [
Pl " V0001 C1n= —a(Cyn-1)=C2(n-1)) (42a)
S H to01
N

T (n—1)ley¢c
—D!C14Ca(n-k-1)
Con=RCy -1y~ Con-1)— (R~ 1)123 KI( :

n—k—1)!
1F (42b)
n-1
(N=1)!'cixCoin-k-1
ngn— _2031(n_1)+2k20 kl(n—k—1)| . (42C)

,,,,, i The advantages of using this method as compared with other,
-15 -10 5 0 5 10 15 20 standard and traditional, numerical methods lies predominantly in
its robustness and in the fact that it yields an analytical form of the
solution to support the computational results. The computations
were performed to double precision accuracy on an Apple Power
Macintosh G3. In all computations 15 terms in the series and a

0.1

R-Ro

Fig. 3 The critical time as a function of (R—R,) for six values
of initial conditions in terms of  r2. The transition from steady

convection to chaos (or backwards) is linked to the existence time interval ofAt=10"3 were used, and all computations were
(disappearance ) of this critical time, explaining the mechanism performed up to post-transient valuesteft,,,,=210, or in cases
for Hysteresis. of particular interest=t,,,,=420. Subject to these conditions the

accuracy of the computational solution reaches saturation at ma-
chine precision[9], hence releasing the user from the need to

Therefore, in such a case it is expected to obtain a chaotic solutf¥fFasionally fine-tune the accuracy of the results. .

for sub-critical values oR until the value ofR; is reached from n order_to compare the c_omputatlc_)nal r_esults to the analytlcal
above, which would be quite far away froRy, according to Eq ones obtained in the previous section via the weak nonlinear
(37). In graphical terms this process can be observed on Fig.tlgeory we have to make sure that the initial conditions for the

where the variation of the explicit critical time is presented as GMPutations are consistent with the initial conditions correspond-
function of (R—R,) for different values of 2, by using Eq.(36) '?]g to th? weak lno_nl_lnelar solution. It ?Ihould Ee pol!nted oult that
and the definitions of ande2. The disappearance of the criticalt @ set of possible initial conditions in the weak nonlinear solution

time atR=R; is an indication that the amplitude does not divergeg34) and (35) is constrained because we did not include the de-

. ! X aying solutions of the forra exp(ost) (with o3<0 and real
and therefore a steady convective solution can be obtained. Frg{r)éq.g(sz). Therefore. this cltz)(nTs)traiF;](gsv%rgich isagquivalent to )set-

the figure it is evident that for small values _of, (e.g., r2 ting (a3),—o=0 and (6),_o=0, is kept valid for all computa-
=0.001), corresponding to the forward transition from steadyonal results as well. The present weak nonlinear solution pro-
convection to chaos, the asymptotetgf(i.e., the point when the yjges the following conditions, which are necessary and sufficient
critical time disappeaysoccurs very close tR=R,, while for {5 ensure the consistency of the initial conditions between the
values ofr2 which are not so small, corresponding to the reversgeak nonlinear and computational solutions

transition from chaos to steady convectiée.g.,r2=0.2) the as- (0)_ (o) )
ymptote oft., occurs at values dR<R, which are quite far away XO=Y=1+2r,;

from R, . This explains the reason for observing Hysteresis in the o2 252

transition from steady convection to chaos and backwards, by — z=14 __°% _[xO@O_1]=1+ —2—r_  (43)
using initial conditions corresponding to a previous solution at a a(R,—1) @(R,—1)

slightly different value ofR. whereX(©, Y(© andz( are the initial conditions foX, Y, and
Z respectively and, is the initial condition forr, as used in the
tion Method. Adomian’s decomposition methodAdomian weak nonlinear solution. Furthermore, using E4) it is noted

[7,8]) is applied to solve the system of Ed44), (15), and(16). that rO:(X(f’)—(loglzz(Y(O)(g)l)lz. Clearly this yields negative
The method provides in principle an analytical solution in th¥alues ofrg if X®*' <1 or Y'®<1. Therefore, we extend the defi-
form of an infinite power series for each dependent variablBition of r and allow it to take negative values. This is equivalent
However, the practical need to evaluate numerical values from tiea@ phase shift in the limit cycle solution of the forér= 6+ 7
infinite power series, the consequent series truncation, and €Hed can be rigorously justified. Fog this corresponds to a phase
practical procedure to accomplish this task transform the othe&hift 6,= 6,+ 7=, becaused,=(6),-,=0, implicitly in the
wise analytical results into a computational solution achieved ygsesent case.

to a finite accuracy. This is accomplished by using the decompo-

sition method as an algorithm for the approximation of the dy-

namical response in a sequence of time interva[g Results and Discussion

[0,t),[ty,t2), ... [th_1,ty) such that the solution df, is taken

as initial condition in the intervalt,,t,, ), which follows. A Before presenting the comparison between the computational
detailed description of the method of solution is provided by Veand weak nonlinear analytical results in terms of the resulting
dasz and Olek3,14]and its convergence and accuracy as relevahusselt number, a brief sequence of computational results are
to the present problem was presented by Vadasz and[@]ekhe presented in Fig. 4 to demonstrate the transition from steady con-
solution to Eqs(14)—(16) was obtained in the form vection to chaos. These results correspond to initial conditions

4.2 The Computational Solution, Adomian’s Decomposi-
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| « X versus [I R=23

- X versus tI R=23

v >
t
(b)
- X versus tI R=24.9
3 1 ! 1 ! : ? '
P9 >
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Fig. 4 The computational results for the evolution of X(t) in the time domain for three values of Rayleigh number (in terms of
R): (a) X as a function of time for R=23—the solution stabilizes to the fixed point; (b) the inset of Fig. 4 (a) detailing the
oscillatory decay of the solution; (c) X as a function of time for R=24.9—the solution exhibits chaotic behavior; (d) the inset
of Fig. 4( ¢) detailing the chaotic solution;  (e) X as a function of time for R=24.422—the solution is periodic; and  (f) the inset
of Fig. 4(e) detailing the periodic solution  (data points are connected ).
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computational results obtained by using initial conditions consis-

analytical tent with their corresponding analytical ones by using the consis-
® computational tency Eq.(43). From the figure it is evident that as long as the
Ll [ initial conditions are not too far away from the convective fixed
point, i.e.,|r,|<1, the computational and analytical solutions are
1k v : identical. For values of, close to the convective fixed point, i.e.,
in the neighborhood af,~ 0, both solutions overlap. However, as
| r, moves away from this neighborhood the weak nonlinear solu-
0.9 tion loses accuracy and the analytical resultsRordepart from
. the accurate computational ones. Higher order corrections of this
. 0.8 7 analytical transition value could improve the accuracy of the ana-
» '/ : lytical results, a task that is left for future investigation.
~ 07 . The spatial as well as time average of the Nusselt number was
) / \ evaluated by using the computational solutions, in order to inves-
M : tigate the impact of these solutions on the heat flux. This was
0.6 accomplished by evaluating the averaged Nusselt number follow-
. / ing the relationship
0.5
—hr 2(R=1) 1 (tofn
/ \ Nuy =1+ ——— —f zZdt, (44)
0.4 71 Jtg
/ ; \ . which is identical to Eq(27) with the only exception that, is not
03 : h X
06 04 02 0 02 04 06 Necessarily a period of convection. The lack of knowledge about
these periods of oscillations, especially in the chaotic regime, sug-
I, gests the use of an alternative approach. The valtgwés taken
as any arbitrary post-transient value of tifigg=50 was found to
Fig. 5 Transitional sub-critical values of Rayleigh number in correspond to this conditionwhile the time range for the integra-

terms of R,/R, as a function of the initial conditions  r,. Acom-  tion was allowed to vary in such a way that one can present the
parison betwe_en the weak nonlinear solut!on (—analytical )and  gccumulative effect of this time averaging procesﬁl%fl(rl).
the computational results (@ computational ). The result of this procedure fdR=26 is presented in Fig. 6,
where the initial conditions used for evaluating the solution were
X =y =7(0=0.9. It can be observed from Fig(zj that the
consistent with ;= — 0.1 (X(@ =Y =0.8 andz(®=0.9)and are accumulated effect of this averaging process converges to a very
presented at two values @&, the first atR=23 just before the narrow band of variation around an almost constant value for the
transition to chaos occurs, and the second just after the transitusselt number when the time range is large. From the inset pre-
atR=24.9<R, (note thatR,= 25). The results for these two val- sented in Fig. 6(bpne can estimate the fluctuations around this
ues ofR in the time domain are presented in Fig. 4 f%ras a mean Nusselt number to be abou0.005 around~2.619, i.e.,
function of t. The decay of the solution, corresponding Ro approximately 0.2 percent. Such an accuracy in estimating the
=23, towards the steady state valueXof 1 is clearly identified Nusselt number should be more than sufficient in most engineer-
in Fig. 4(a), and the inset presented in Figbyhighlights its ing applications, and therefore even during the chaotic regime the
oscillatory behavior. On the other hand, fB=24.9, Fig. 4(c) predictability of the heat flux is not substantially violated by this
shows a typical chaotic result and the inset presented in Fay. 4limited accuracy due to the oscillations of this mean Nusselt num-
focuses on the post-transient time domain 4€7€210. It is ber. We can therefore use this procedure and evaluate the Nusselt
worth emphasising the fact that the computational results showidamber over a wide range of values Rf In order to do so we
transition to chaos at a sub-critical valueRfthe critical value is need to take into account the already established fact that in the
R,=25). A comparison between Figs@} and 4(c)at a common chaotic regime the results are very sensitive to variations in the
transient time domain €t<50 shows that the envelope of theinitial conditions. While this sensitivity might not affect the mean
function X(t) converges folR=23 (Fig. 4(a)) and diverges for Nusselt number directly, when using the procedure suggested
R=24.9 (Fig. 4(c)). This suggests that somewhere in-betwRen above, the transitional value & is significantly affected by the
=23 andR=24.9 the envelope of the functiok(t) will neither initial conditions as demonstrated above. As a result, the mean
converge nor diverge, producing a typical limit cycle. Looking foNusselt number around this transitional valueRo expected to
this limit cycle provides the result presented in Fige}¥ where it be affected significantly. Therefore, the evaluation of this mean
is evident that the envelope of the functid{t) does not con- Nusselt number was performed for three different cases, as rel-
verge nor diverge, and the inset presented in Fif) @here the evant to the impact of the initial conditions on the results. The first
data points are connectedemonstrates the periodic behavior otase corresponds tiixed initial conditionsfor all values ofR
the solution. The objective in the presentation of the followingonsideredthe values used correspondXf) =Y(© =7(=0.9),
results is to demonstrate the appearance of this solitary limit cy¢hlee second case uses the final valueX,0f, andZ obtained at the
at a particular value oR prior to the transition to chaos and toprevious,slightly smaller, value oR as initial conditions for the
present the computational values RE R, where this transition current value oR. This case is referred to as ttferward mov-
occurs(the analytical values oR; where presented in Eq37)) ing” case. The third case is similar to the latter however it differs
for different initial conditiong(consistent with the weak nonlinearfrom it by moving in the opposit& direction, i.e., the values &
solution). It should be stressed that this limit cycle was obtainebkcrease and the initial conditions for the solution at the current
computationally irrespective of whether the initial conditions werealue ofR are taken from the final values &f Y, andZ obtained
consistent with the weak nonlinear solution or not; the consistenaythe previousslightly larger, value ofR. This case is referred to
is imposed only for quantitative comparison purposes. A compass thebackward moving” case. This procedure was followed for
son between the computational and analytical results regarding ttdues of R ranging between £R=<150, with a step ofAR
transition value ofRR as a function ofr,, representing the initial =0.1. The results are presented in Fig. 7. It is evident from the
conditions, is presented in Fig. 5. The continuous curve represefigsire that the transition from steady convection to chaos is asso-
the analytical results following Eq37) while the dots represent ciated with a sharp decline in heat flux. This can be linked to the
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t, time R=26 Hysteresis - rescaled eqs.(14)-(16)
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. Fig. 7 (a) The variation of the mean Nusselt number as a func-
Ty, time range tion of R as obtained by solving the system of Eqs.  (14)—(16) in
(b) terms of the rescaled variables, via constant initial conditions,
forward and backward variation of R, and compared with the
Fig. 6 (a) The impact of the accumulated effect of the variation analytical relationship, Eq. ~ (23), for sub-transitional values of
of the mean Nusselt number as a function of the time range of R; (b) the inset of Fig. 7( a), highlighting the transition from
the integration, 7,; (b) the inset of Fig. 6 (a), highlighting the steady convection to chaos, and the corresponding Hysteresis
details of the oscillations. effect.

solitary limit cycle that appears at this transition, hence the retari@; =25, as indeed anticipated from the analytical results and the
ing effect that this transition has on the heat flux is due to thdiscussion on Hysteresis presented in Section 4.1 an(BEy.On
oscillatory nature of the transition point, rather than the chaotibe other hand the results pertaining to the “forward moving”
(weak-turbulent)nature of the solution beyond this transitioncase do not experience any transition to a weak-turbulent regime
point. Furthermore, it is evident that the weak-turbulent regimever the whole range oR values considered. This apparently
following the transition point contributes to a recovery from thisurprising result can be explained in terms of the scaling used for
sharp reduction in heat flux. The retarding effect of oscillatorthe computationsThe system of equationd4)-(16) yields a
single frequency convection on the heat flux is well documentgubst-transient steady state fo</RR;, which is independent of.R

in other heat transfer problems. Mladin and Zumbrunf&n] Actually they yield accuratel =1 if the post-transient solution
indicate, for example, that in their investigation of the heat trans left to be evaluated over a long post-transient time range. By
fer in a pulsating stagnation flow “both theoretical and experidsing the “forward moving” procedure starting from sub-critical
mental results indicate a significant decrease ind@verageNus- values ofR, the solution will eventually converg@after a few

selt number with increasing flow pulsation amplitude.” Anvalues ofR)to this accuratéwithin the machine precisigrsteady
additional impressive result evident from Fig. 7 is the effect dftate. Clearly, when the computational procedure starts with initial
Hysteresis linked to the transition from steady to weak-turbulenbnditions corresponding to this convective fixed point, which
convection. While the solution corresponding to constant initiddelongs to the stable manifold associated with this fixed point, the
conditions experiences the transiti@bserved by the jump in the solution will remain at the fixed point even at super-critical values
value of the mean Nusselt numbext a value ofR close toR of R, because this fixed point is independenRolt is also a well
=R,=25 (actually slightly below it the transition for the “back- known experimental result that non-turbulent solutions were re-
ward moving” case occurs at a value Bf substantially below covered in carefully performed experiments in a quiet environ-
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Fig. 8 (a) The variation of the mean Nusselt number as a func-
tion of R as obtained by solving the system of Egs. (10)-(12),
via forward and backward variation of R, and compared with
the analytical relationship, Eq.  (23), for sub-transitional values
of R; (b) the inset of Fig. 8 (a), highlighting the transition from
steady convection to chaos, and the corresponding Hysteresis
effect.

malization with respect to their fixed pointay have a substan-
tial impact on the transition from steady to weak-turbulent con-
vection. In both solutions, corresponding to E¢B0)—(12) and
(14)-(16) presented in Figs. 7 and 8 it is clear that the computa-
tional and analytical solutiondq. (23)) yield identical results for
conditions pertaining to steady state convection. Furthermore, the
computational results confirm the analytical upper bound for the
average Nusselt number represented by(B@) and in particular

the value ofN )=, =3 for the limit asR— .

6 Conclusions

The investigation of heat transfer regimes in a fluid saturated
porous layer heated from below was presented by using the weak
nonlinear theory and Adomian’s decomposition method to pro-
vide solutions to a truncated Galerkin representation of the gov-
erning equations, which is equivalent to Lorenz equations. Both
the analytical and computational results confirmed the transition
from steady convection to chaos via a solitary limit cycle at a
sub-critical value of the Rayleigh number. The sub-critical transi-
tion was explained by investigating the transient amplitude solu-
tion obtained via the weak non-linear theory. This investigation
reveals analytically the mechanism for the experimentaliynu-
merically) well known phenomenon of Hysteresis in the transition
from steady to weak-turbulent convection. Despite the difficulty
to evaluate the averaged heat flux up to any desired accuracy in
the weak-turbulent regime, it was demonstrated that the only im-
pact that this regime has on the average heat flux is a minor
reduction of accuracy. Hence, in this sense the concept of predict-
ability of the results is not violated. Analytical expressions of
upper bounds for the averaged Nusselt number were derived and
their comparison with computational results confirms their valid-

ity.
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Nomenclature
Latin Symbols

ment even for super-critical conditions. A quiet environment in
our case is associated with initial conditions of perfect steady state
convection and very gradual increase of the valuR gpertaining

to the “forward moving” case. To qualify this explanation that
the scaling of the variables prevented the transition to occur in the
“forward moving” case an additional solution was sought, this
time in terms of the pre-scaled variablEs Y, andZ as repre-
sented by Eqs10)-(12). These variables have fixed points (cor-
responding to the steady state) which depend on the value of R
Therefore, it is anticipated that the forward moving solution will
not be able to converge to an invariant constant value, indepen-
dent of R, and prevent the transition, because the fixed point is a
function of R. An identical computational procedure was adopted
for the solution of the system of Eq§l0)—(12) producing the
results presented in Fig. 8, where the case of fixed initial condi-
tions was omitted because of lack of current interest. It is evident
from Fig. 8 that indeed the transition from steady to weak-
turbulent convection occurs in the “forward-moving” case as
well, at a value ofR very close but slightly higher thaR,= 25.

The transition for the “backward moving” case occurs at the
same sub-critical value dR as in Fig. 7. Therefore, it can be
concluded that the scaling of the equatidespecially their nor-

Journal of Heat Transfer

Da = Darcy number, defined bl /H2
€, = unit vector in thex-direction
€, = unit vector in they-direction
€, = unit vector in thez-direction
€ = unit vector in the direction of gravity
&, = unit vector normal to the boundary, positive out-
wards
H, = the height of the layer
H = the front aspect ratio of the porous layer, equals
H, /L,
k, = permeability of the porous domain
L, = the length of the porous layer
L = reciprocal of the front aspect ratio, equalsil/
=L, /H,
Nu = Nusselt number
M; = a ratio between the heat capacity of the fluid and
the effective heat capacity of the porous domain
p = reduced pressur@imensionless)
Pr, = Darcy-Prandtl number, equaisPr/Da
Pr = Prandtl Number, equals, /@«
g = dimensionless filtration velocity vector, equal§,
+vé+wé,
Ra = porous media gravity related Rayleigh number,
equalsB,AT.g,H, K, M¢/aev,
Ra, = critical value of Rayleigh number for the transition
from steady convection to chaos
R = scaled Rayleigh number, equals Raf4
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— ~ 0

Tc

Ex-ééc CI_|

<<t
N NN <

X,
X,

= critical value ofR for the transition from steady

convection to chaos

= absolute value of the complex amplitude

= initial condition of r

= time

= rescaled time, Eq9)

= dimensionless temperature, equals ¢ T¢)/(Ty

—T¢)

= coldest wall temperature
= hottest wall temperature
= horizontalx-component of the filtration velocity
= horizontaly-component of the filtration velocity

vertical component of the filtration velocity

the width of the porous layer

the side aspect ratio of the porous layer, equals
W, /H,

horizontal length and width co-ordinates

= vertical co-ordinate
= pre-scaled amplitudes, Eq¥), (8)
= scaled amplitudes, Eq13)

Greek Symbols
o

aer = effective thermal diffusivity
B, = thermal expansion coefficient
e = asymptotic expansion parameter, defined in the text
following Eq. (31)
¢ = porosity
v, = fluid’s kinematic viscosity
my = fluid’s dynamic viscosity
¢ = stream function
AT, = characteristic temperature difference
7 = long time scale
7 = large post-transient time range
0 = the phase of the complex amplitude
o, = linear frequency
Subscripts
* = dimensional values
¢ = characteristic values

a parameter related to the time derivative term in
Darcy’s equation

156 / Vol. 123, FEBRUARY 2001

transitional values
critical values

t =
cr =

Superscripts

* = complex conjugate
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M. Al-Busoul Five different magnetic particles have been used to investigate the effect of a transverse
Assistant Professor magnetic field on the thermal behavior of a gas fluidized bed, with an immersed heating
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Amman College for Engineering Technology, behavior of the temperature distribution and the local heat transfer coefficient at different
Al-Balga’ Applied University, radial and axial positions in the bed was investigated. In the present study a correlation
P.0. Box 340558, relating Nusselt number to the magnetic field intensity is proposed.
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1 Introduction coefficient from a spherical immersed heater in various axial and

. L . . radial locations in a bed of ferromagnetic particles, in connection
Magnetic stabilization of fluidized beds of magnetically susce jith bed structure and porosity.

tible particles is considered as one of the technologies developed

to eliminate the drawbacks of fluidized beds while maintainin .

their advantagef1)). It has been shown both experimentally ang Experimental

by modeling that magnetic stabilization of fluidized bed results in 2 1 Experimental Setup and Materials. A schematic dia-

an improved fluid-solid contactor that combines the most deS@ram of the experimental setup is shown in Fig. 1. The column is

able characteristics of both fluidized and packed beds. The pebnstructed from Plexiglas to facilitate visual observations. The

mary advantage of magnetically stabilized béNSFBs) is the column height is 0.9 m with 0.07 m |.D. At the base of the col-

combination of low-pressure drops of fluidized beds withumn, a stainless steel non-magnetic grid of 0.33 mm whole diam-

the bubble-free operation at high gas flow rates of packed beter is used to support the solid phase. Below the supporting grid,

([2-5)). the gas enters from a calming section filled with polyethylene
The suppression of the solid phase mixing movements is caparticles of 3_mm dlgmeter. This sectlor_l serves to distribute the

sidered as one of the major consequences of magnetic stabiligas Phase uniformly in the bed. The gas is withdrawn from the top

tion of fluidized beds. This effect is expected to represent a cofli '€ column using a suction fan. In this way, the gas enters the
) ) . R Obed uniformly and at the ambient temperature. The configuration
siderable drawback of magnetic stabilization if this approach 5 the magnetic system is described elsewt(Et8,14]). Figure 1

applied to fluidized beds where temperature control throughogltco 13)shows the heating system used in the present investiga-
the bed represents a primary requirement, since heat transfer (g |t consists of a spherical copper heater of 15 mm o.d., and
in stabilized beds is lower than that of fluidized b&f&7]). surface area of 1.76810 * m?, with an electrical resistance in-
Only a few contributions have paid attention to thermal behavide it. The electrical power of the heat&V, is constant and is
ior of these magnetically stabilized systerti8—10]). Lucchesi equal to 5W.
et al.[8] found in tests of bed-to-wall heat transfer, that the MS- The magnetic particles consist of the ferromagnetic magnetite
FBs performance agreed well with literature values for packdée;O,). The magnetic particles were covered by a stable layer of
beds of the same superficial velocity. Neff and Rubingklstud- activated carbon or zeolite using epoxy resin as an adhesive in the
ied the effect of magnetic stabilization on wall-to-bed heat tran§ame manner as described ear[@2]). The characteristics of the
fer coefficient and found that each flow regime of the magnetizégagnetic system and magnetic particles used in this investigation
bed is characterized by a different heat transfer rate. Arnald®& shown in Tables 1 and 2, respectively.
et al.[10] studied the effect of magnetic field stabilization on the 2.2 procedure. The mean diameter of the magnetic par-
temperature distribution for beds with an immersed heating sufcles d, is determined using the following formula proposed by
face under different operating conditions, and proposed a modeBetterill [15]:

calculate the effective thermal conductivity of the bed from ex- q

perimental data. Recently, Qian and Saxgl] reported that the dy= 2 (% 1dp) Q)
heat transfer rates in all flow regimes of the magnetized bed are
similar. The initial bed height is 0.10 m. A ruler attached to the column

In a previous study[12]) the effect of a transverse magnetiowall is used to measure the bed height. The following equations
field on the wall-to-bed heat transfer coefficient in gas fluidizebold for the initial solid holdupgs,, solid holdup after bed ex-
bed was investigated. The intent of this study is to characterize tp@nsion,ss, and the bed porosity, respectively

effect of a transverse magnetic field on the local heat transfer _
g £s0=(W/p)/AHp, (2)
Contributed by the Heat Transfer Division for publication in tH®JBNAL OF es=1—(Hpo/Hp)eso 3)
HEAT TRANSFER Manuscript received by the Heat Transfer Division October 21,
1999; revision received, July 12, 2000. Associate Editor: P. Ayyaswamy. e=1— Eg. (4)
Journal of Heat Transfer Copyright © 2001 by ASME FEBRUARY 2001, Vol. 123 / 157
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h,=QI[A(Ts— Tp)]=IVI[A(Ts— Tp) ]W/m2.K (5)

10
_,—l.—___._% The heating probe is introduced in the bed at an axial position
L_UE 1 of 0.06 m above the supporting grid. The radial positions of the
heating probe are such thatR=(-0.5,-0.3,0,0.3,0.5). A cop-

per constantan thermocouple is used to measure the temperature
difference between the heater surface temperature and that of the
inlet gas.

The bed temperature at radial positions-68.3, —2.5, —1.5,
8 —-0.7,0.7, 1.5, 2.5 and 3.3 cm from the center is measured, when
™~ the heater is located at the center by using a copper constantan
thermocouple.

In this study, experiments were conducted in two modes of
operation: magnetizing first and magnetizing last mg@sieigell).

3 Results and Discussion

3.1 Effect of Magnetic Field on the Hydrodynamics. Itis
well known that the application of a magnetic field to a bed of
magnetizable particles imposes constraints upon the bed hydrody-
namics not experienced in conventional fluidized beds. A mag-
netic field changes the bed structure and eliminates solid mixing
and suppresses bubble formatigd]). As a consequence, heat
transfer behavior and temperature profiles across the bed are af-
mene{ \ fected([8—10Q)). In this study the effect of a transverse magnetic
Canridge nesier field on the bed structure and porosity is investigated, in order to
understand the thermal behavior variations in the magnetized bed.

Sramiess ste2i DO

Teflon wsulaion

Fig. 1 Schematic of the experimental setup: (1) Gas entrance; Bed S_tructure. In magneticg!ly stabili_zed beds, the stabilized
(2) Polyethylene particles; (3) Flanges; (4) Supporting grid: (é) bed regime represents an additional regime to the_ packed bt_ed and
Heater; (6) Magnetic particles; (7) Magnetic system: (8) col- the fluidized bed regimes that are usually found in conventional
umn; (9) Manometer; (10) Orifice; (11) Gas suction; (12) Details fluidized beds. This stabilized regime is bounded between two
of the magnetic sheets; and  (13) Details of the heater transitional velocities. Beyond the first transitional velocity, which
demarcates the stabilized bed regime from the packed bed regime,
the pressure drop starts to attain a constant value as the gas ve-
o ) ) . locity increases and while the bed expands with restricted and
The effect of radiation heat transfer in this study is neglecteglyq particles. At the second transitional velocity, the stabilized
Temperature is measured with a copper constantan thermocouplgy preaks down and unrestricted movement of the bed particles
The readout of the temperature device gives directly the diffegraris. As a result, the definition b, in magnetically stabilized
ence between the heater and the inlet gas temperature. Gas flys represents a matter of argument between the researchers who
rate was measured using an orifice met@rmfield, England a6 concemed in this technology. The properties of the bed re-

located on the line between the suction fan and the top of tRgnes under the effect of a magnetic field are shown in Table 3.
column. The magnetic field intensity is measured using Hall probe

(Leybolo-Heraeus, Germajy Bed Porosity. Bed porosity or bed void fractiom, is consid-
The local heat transfer coefficient is calculated using the fobred as an important parameter affecting the heat transfer rate in
lowing equation: fluidized beds. Beyond the minimum fluidization veloclty,s,

and as the gas velocity 4 increases, both the bed porosity and the
gas turbulence inside it usually increases. As a result the convec-
tion heat transfer coefficierit increases. In MSFBs bed, the bed

Table 1 Summary of the characteristics of the magnetic sys- porosity also increases &, increases, but the behavior of this
tem increase differs from that in conventional fluidized beds.
Coil | Number | Core | Number | Shest [ Inner | Outer | tme | Buuss Figure 2 illustrates the effect of Re on the porosity of ACM3

bed at magnetic field intensities of 0, 20, and 40 mT. One may
find that an initial small expansion occurs in the packed bed di-

Material | of turns | Material | of sheets | Thicknes| Diameter| diameter

Copper 1500 Cast 180 0.9mm | 200mm | 320mm 5A 200m T
0.9mm Steel Table 3 The main characteristics of MSFBs the flow regimes
in magnetizing first mode
Property Ranges of Bed state Pressur| Gas Bed Solid
Table 2 Characteristics of the magnetic particles used in this Regime gas velocities Drop | bubbles | Height | mixing
study
Packed bed 0<U< U, randomly packed | High | none Constant | mnone
Material used to P Ps Shape | dp | Uno | Bs [ Porosity| C,
Cover magnetite | (kg/m") | (kg/m’) | Factor| (mm)| (m/s)| (m T)| &, () | (J/kg) Stabilized bed | U, < Uy < Ungo Expanded Low none | Increases| Nonme but
Activated carbon 1| 1360 2305 0.9 |0.52 | 039 590 | 041 340 horizontal strings as Uy | the bed is
Activated carbon 2| 1600 2760 0.9 0.7 | 0.46 | 590 | 042 351 increases | flowable
Activated carbon 3| 1750 3020 0.9 0.9 |0.574| 590 | 042 362 Fluidized bed | Unr < Uy < Uy | strings then Low | bubbling | Increases | slow
Activated carbon 4| 1905 3230 0.9 1.0 {0.690| 590 | 0.41 370 particulate then as Ug then
Zeolite 2100 3500 0.8 1.1 [0.803| 590 | 0.40 478 fluidization slugging | increases | intensive
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Fig. 2 Effect of Reynolds number on the bed gas holdup for

various magnetic field intensities Fig. 3 Temperature profiles in the bed at constant magnetic

field intensity and different Reynolds numbers (B=20mT,
heater height =0.12 m)

rectly after the application of the magnetic field and before start-
ing the gas flow. This initial expansion increases from 0 to 8
percent of the initial porosity as the magnetic field intensity inphase. With further increase in the gas velocities, both the gas
creases from 0 to 40 mT. Its expansion is attributed to the fact thaglume and the intensity of solids mixing increases and as a result
as the bed height is shorter than that of the magnetic system, the heat transfer coefficient continues to increase but with slow
field lines tend to stretch up the magnetic particles to cover thetes.
whole height of the magnetic system. In the stabilized regime, i.e., The radial variation of Nusselt number with magnetic field in-
U.<Uy<Up;, & rapidly increases as Reynolds number. For exensity at a Reynolds number of 51 is shown in Fig. 5. The initial
ample, atB equal 20 mT e increases from 0.435 to 0.51 as Rebed height was 15 cm and the particle diameter was 0.52 mm. The
increases from O to 48. Bed porosity at the onset of fluidizatidreater height from the distributor was 0.12 m. It could be seen in
increases from 0.42 to 0.71 as the magnetic field intensity ifig. 5 that for a certain value d, Nu number increases until it
creases from 0 to 40 mT. In the fluidized regime, the bed porositgaches a maximum at the center of the column. For examj@le at
increases as Re increases in the same manner as in conventiegahl 20 mT Nu increase from 9.6 near the wall to about 10.4 at
fluidized beds. the center. This is attributed to the radial profile in the gas phase.
- . Normally, the gas phase concentration increases from the wall to
3.2 Effect of Magnetic Field on Heat Transfer Behavior the center. On the other hand, Nu at the same radial position
Radial Temperature Profile. Figure 3 shows the temperaturedecreases aB increases. It is evident that etR equal 0.39, Nu
profiles in a bed of ACM3 particles at constant magnetic fieldecreases from 11.8 to 5.3 Bsncreases from 0 to 40 mT owing
intensity of 20 mT and three different Reynolds numbers of 29.1) the change of the bed regime from fluidized to frozen state,
41.31, and 53.28 corresponding to the three subsequent flow figspectively.
gimes: the fixed, the stabilized and fluidized bed, respectively. Figure 6 shows the effect of the heater height axial position on
One finds that as the relative distance r/R increases from 0.2 to
0.94, the measured temperature decreases from 52 to 34.5°C, 45
to 37°C and 43.8 to 40.5°C as the bed passes from the packe” 47

through the stabilized to fluidized regime. Although the tempera- .

ture profile in the stabilized regime is not abrupt as that in the 15 | . ¢ i ]

packed regime, it is still steep compared to the relatively flat one M 1 o i

in the fluidized regime. This asserts a significant drawback of 13 | .

magnetic stabilization of fluidized beds, as it causes a loss of thi °

isothermicity, which represents one of the major advantages o7~ 44 | u X

fluidized beds. These results agree with those of Arnaldos et a‘; ¢ X

10].

[10] Z 9] . e *[BomT
Variations of Nusselt Number.Figure 4 shows the effect of 'Y X " B=12(m T)

Reynolds number on Nusselt number for various magnetic fielc 7 X AB=20(m T

intensities in a bed of ACM3 particles. The heater in this part was ¥ =20(m T)

located in the center of the columha6 cm axial position. It is 5 1 . ] ¢ B=30(m T)

evident that the heat transfer coefficient increases slowly as th ! * B=40(m T)

gas velocity increases until the minimum expansion velddity 3 ' ‘

owing to the slow increase in the turbulence of the flowing gas in 29 34 39 44 49 54 59 64 69 74

the existing packed regime. Beyond,, h increases but with

relatively high rates, owing to the increase in the convective hea Re (-)

transfer rate in the porous stabilized bed. Beybhg¢, where the

fluidized or bubbling regime exists, a sharp increase in the hgag. 4 The effect of Reynolds number on Nusselt number at
transfer coefficient is observed owing to the existence of stringrious magnetic field intensities (Re=65.5, heater height
like mixing motions and to the increased turbulence in the gas0.12m, B=15mT)
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Fig. 5 Effect of the magnetic field intensity on the radial pro- Fig. 7 Effect of particles diameter on Nuselt number at five
files of Nusselt number (Re=52, d,=0.52mm, heater height different radial positions ~ (heater height =0.12m)
=0.12m)

of 0.9 mm particle diameter exists in the particulate fluidized bed
the radial profiles of Nusselt number at two valuesBof The regime, while that of 1.1 mm particle diameter exists in the string
initial bed height was 0.13 m and the particle diameter was 0.7Widized bed regime.
mm. One may find that for a certain radial position and a certain Figure 8 shows the variation of Nusselt number with the mag-
value of B, the changes in Nusselt number are not significant fifetic field intensity at three different Reynolds numbers 47.3,
heater is immersed in the bed. For example, in the absence afq11 and 71.2 in a bed of ACM3 particles. For a particular Rey-
magnetic field i.e.B=0 mT, The values of Nu at the same radia}, ;|45 nymber, Nusselt number decreases drastically at the onset of
position slightly increase as the heater height increases above {08 - ~tion and continues to decrease until the vall@ rfaches

distributor. On the other hand, for a heater height of 0.18 m, tf . oo . ;
stabilized bed height was less than the 0.18 m and the heater \}v@@ of the minimum stabilization intensitfy; . At that point Nu

above the bed, i.e., in the air. For this reason Nu values drasticdRAChes its minimum value. It can be seen that the minimum value
drop to values in the order of 13 percent of those values for & Nu decreases from 11.06 to 7 as Re decreases from 71.2 to
immersed heater. 47.3. This behavior can be attributed to the fact that the porosity,

The effect of the magnetic particle diameter on Nusselt numband, hence, the gas holdup in the frozen bed increases as the gas
Nu, at eight radial positions across the bed is shown in Fig. 7. Alelocity increases.
experiments in this section are conducted at a constant ReynoldBased on the experimental data, the following empirical equa-
number 65.5 and a constant magnetic field intensity of 15 mT. Iti®n, which represents the relation between the Nusselt number
evident in Fig. 7 that for a given particle diameter, Nusselt nunand Reynolds number was obtained:
ber slightly decreases from 13.8 to 14.9 as the heater position _ ] o
changes front/R 0.19 to 0.83. This behavior can be attributed to Nu=1.04 R€*"{B/B,) "% ®)
the decrease in the convective heat transfer towards the wallsThe range of parameters in this equation covers Re from 41.5 to
owing to the existence of radial profile in the gas holdup in fluid71 andB from 5 to 76 mT. The standard error of estimate is 0.076.

ized beds. In addition, Fig. 7 illustrates that as the particle diam-

eter increases, Nusselt number decreases, due to the expected dagat Transfer Coefficient. The effect of magnetic particle di-
crease in the intensity of solid phase mixing. In addition, thameter on the radial profile of the local heat transfer coeffickent,

particles of different diameters exist at the same conditions i Various values oB is shown in Fig. 9. The heater height was

different flow regimes of different thermal properties. For ex9-12 mand Re was 56. Itis evident in Fig. 9 thaBatO mT the

ample, at Re 65.2 and magnetic field intensity of 15 mT, the b&g!ues ofh for the smaller particles, i.ed,=0.52 mm are higher
than those for larger particles. The smaller particles have larger

surface area for heat transfer. At a valueBef 25 mT the values

660
a L}
610 - n - 14
560 { 5 ™ R . Rl 13
510 - o ! * . 12 - P
. . #B=0 mT, dp=0.74 ! i 4 .
& 460 A ; ; A uB=0 21 d:=0.52$$ 1 ] ' ’ [
o 410 A X X oA, AB=0 mT,dp=0.9mm 10 A A 4 A, . *
= 1 X X B=25 mT, dp=0.52 i _—
S x ¥ x XB=25 mT, d=0.74mm | To " 4 oB=10mT  WB=OmT
= 300 A smmmnaen 2
0] ¢ & 4 % X o % e | BBa40 mT, dpeo.74mm | 81 AB=20mT  XB=25mT
x X A N X x| ! oB=40mT,dp=09mm | 7
260 A A & A, w X X XB=30mT @B=f0mT
A a o o a A 6 x X . ‘ X oy
210 N 3 o ° ° e 8 g 5{ » ¥ * I
160 T T T 4 . : .
E 0.5 0 0.5 1 4 05 0 05 1
1R (-) VR ()
Fig. 6 Effect of heater height on the radial profiles of Nusselt Fig. 8 Variation of Nusselt number with magnetic field inten-
number (Re=52, d,=0.74 mm, initial bed height =0.13 m) sity at various Reynolds numbers  (heater height =0.12 m)
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17 d, = particle diameter, m
16 | + Re=47.3 H, = bed height, m
L ® e A Re=59.1 Hpo = initial bed height, m
R L ] 9T, (o} ’
151 4 a A ® . _ h, = local heat transfer coefficient, WK
| A ® Re=71.2 _
14 | = current, A
13 + R . Nu = Nusselt numbert{d,/k)
-~ 12 | . R = column radius, m
Pt . e o o R = radial position, m
2 1 R Re = Reynolds numberd,U,/v)
10 - . T, = bed temperature, K
9 | A 4 a4 a T, = heater surface temperature, K
U. = minimum expansion velocity, m/s
8 . Uy = gas superficial velocity, m/s
7 MRS U,¢ = minimum fluidization velocity, m/s
6 : : : : : Ui, = minimum fluidization velocity in the absence of mag-

netic field, m/s
U, = transitional velocity, m/s
V = voltage, V
Fig. 9 Effect of particle diameter on the radial profiles of the W = bed weight, kg
heat transfer coefficient (Re=56, heater height =0.12 m) X; = fraction of particles—)
Greek Letters

0 10 20 30 40 50 60
B(mT)

of h for these particles drops drastically as they become stabilizelt? _ Enucl)ll(dggn; (Iatr):s(i)tf tg? theagr:)nn: tﬁeﬁ)izrtlc;reﬂsc,l é( gl% m
while the larger particles are still fluidized. For example, at apg — bed porosit y g P '
radial position of 0.39, the heat transfer coefficibntof a 0.52 e initialpbed )é)rosit

mm particle drops from 600 to 310 W as Bincreases from 0 ° lid hold P y

to 25 mT while it decreases from 448 to 350 \Wkrin the case of ©S _ isnci)t:al s(())IicliJ%oldu

0.9 mm particles. As the magnetic field intensity increases to fﬁ;}’ _ Kinematic viscosi‘t))(mzls)

mT the 0.9 mm particles became stabilized, &ndalues of the

smaller particles became higher again.
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An Experimental Study of Heat
. Lo | Transfer of a Porous Channel
k.c.Leong | SUDjected to Oscillating Flow
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Experiments have been conducted to study the heat transfer of a porous channel subjected

X. Y. Huang to oscillating flow. The surface temperature distributions for both steady and oscillating
C. Y. Liu flows were measured. The local and length-averaged Nusselt numbers were analyzed. The

= 0 experimental results revealed that the surface temperature distribution for oscillating flow

) is more uniform than that for steady flow. Due to the reversing flow direction, there are

School of Mechanical two thermal entrance regions for oscillating flow. The length-averaged Nusselt number

and Production Engineering, for oscillating flow is higher than that for steady flow. The length-averaged Nusselt

Nanyang Technological University, number for both steady and oscillating flows increase linearly with a dimensionless

50 Nanyang Avenue, Singapore 639798, grouping parameter k/k(D./L)Y?Pe* 2. The porous channel heat sink subjected to

Republic of Singapore oscillating flow can be considered as an effective method for cooling high-speed elec-

tronic devices[DOI: 10.1115/1.1336510

Keywords: Cooling, Enhancement, Experimental, Forced Convection, Heat Transfer,
Porous Media

1 Introduction Chao[12], the local temperature of the substrate surface is more
mportant than the averaged surface temperature in the application
o electronic cooling. A temperature difference of more than 50°C
een the most upstream and the most downstream locations of

The rapid development in the design of electronic packages
modern high-speed computers has led to the demand for new
reliable methods of chip cooling. As reported by Mahalingam an . . .

L e channel was measured in the casejef3.2 W/cnt in their
Berg[1], and Burd[2_], the averaged dls_S|pat|ng heat flux can bgxperiments. This indicates that steady flow through a porous
up to 25 W/cn for high-speed electronic components. However

th nventional natural or forced convection ling method channel heat sink still yield a relatively high local surface tem-
e conventional natural or forceéd convection cooling methods ik 5y e In the foregoing review, the research conducted has been

o_nly capable of removing small heat fluxes per unit_ temperatuge, peat transfer of steady flow through a porous channel. Sozen

difference, about 0.001 W/CC by natural convection to air, o Vafai[13] conducted a numerical study of compressible flow

0.01 Wicnt.oC k_Jy force_d convection to ar, and.o'.l W/%ﬁ(.: by through a packed bed. The effect of oscillating boundary condi-

forced convection to I|qU|d[3])_. Therefore, it is imperative t0 tons on the transport phenomena was investigated with the

look for new methods of cooling the modern high-speed elegyked wall insulated. Peak et Fl4] experimentally studied pul-

tronic components. One of these methods is to implement a Ch@ﬁting flow through a porous tube. The tube wall was insulated.

nel filled with high conductivity porous media. Transient heat storage characteristics were studied. To the best of
Extensive investigations have been conducted on the flow af authors’ knowledge, there is no previous experimental study

heat transfer of a channel filled with porous media. The earpf transverse heat transfer of a porous channel subjected to oscil-

works related to heat dissipation are those by Cheng €#al. |ating flow. In the present investigation, a facility was set up to

Kaviany [5] and Hunt and Tieri6]. Cheng et al[4] studied the study the heat transfer of a porous channel subjected to both

steady flow forced convection in a packed channel with asymmeteady and oscillating flows. Local surface temperature distribu-

ric heating. Hunt and Tief6] studied the heat transfer augmentions were measured. The local Nusselt numbers were calculated.

tation in a duct filled with foam material subjected to steady flowrhe surface temperature distribution and heat transfer of steady

More recently, due to increasing applications in electronic cochnd oscillating flows were analyzed and compared.

ing, many researchers have studied the heat transfer enhancement

of a channel filled with porous media. Tong et[al], Huang and

Vafai [8], Hadim and Bethancouf®], and Sozen10] numeri-

cally studied the heat transfer enhancement of a chgoneluct) )

filled fully or partially with porous media subjected to steady? Experimental Apparatus and Procedure

flow. Fedorov and Viskantgl1] studied the conjugate heat trans- . . -

fer of a porous channel with discrete heat sources numericall _Test Section and Facility. The schematic diagram of the ex-

Relatively little experimental work has been performed on ele érimental facility is depicted in Fig(). The facility consists of
o co)(l)ling witr? Sorous channels as heatpsinks Hwang arﬁ‘& oscillating flow generator, a test section, two unheated sections,
Chao[12] studied the heat transfer of sintered bronze bead cha*%” coolers and a velocity-measurement section. The oscillating

; . w generator is a mechanism that generates a sinusoidal oscil-
nels with uqurm_ he?‘t flux of up to 3.2 W/cinLocal surface lating flow. The mechanism consists of a compression cylinder, a
temperature distributions and local Nusselt numbers were m

sured, In the above literature, steady flow through the poro ton and a crankshaft with adjustable stroke lengths. The piston

h | . tiqated. H b d by H s connected to the crankshaft. The crankshaft was driven by a
channel was Investigated. However, as observed by FAwang afifior to move the piston forward and backward sinusoidally. By

T adjusting the motor speed and the stroke length, oscillating flows
duesnrently at Advanced Interconnect Technologietk) Lid, S/F Southeast In-wiith different amplitudes and frequencies were generated. In the
Suliding. ~oad, an, Hong fong. present experiment, oscillating frequencies ranging from 2 to 8 Hz
Contributed by the Heat Transfer Division for publication in tiG®URNAL OF -
HEAT TRANSFER Manuscript received by the Heat Transfer Division November 15VEI€ ‘used- The test section was a well shaped block of porous
1999; revision received, July 12, 2000. Associate Editor: C. Beckermann. material. A 1 mm copper plate was attached on the top of the test
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Fig. 1 The schematic of experimental facility and test section: (a) experimental setup; (b) test
section.

section. This copper plate was cut with many narrow slots tmlumn of 16 mm diameter. The hot wire sensor was mounted in
minimize the heat conduction along the flow direction. A filnthe center of the two parts packed with 40 mesh woven screen
heater was firmly mounted on the surface of the copper platediscs. Due to the extremely thin boundary layer of flow through
supply a constant heat flux. By adjusting the supply voltage to tiperous media, the velocity measured by this arrangement is ap-
heater, the power input can be adjusted. The two unheated se@ximately the cross-section-averaged velocity through the col-
tions are aluminum foam materials with the same dimensions @sin. A schematic of the test section is shown in Figh)1The

the test section. They were installed adjadbnt separatedp the bottom wall of the channel is adiabatic while the upper wall is
two ends of the test section. The two unheated sections built ugw@bjected to a constant heat flux. The porous media in the channel
nearly uniform velocity profile for flow through the test sectionis assumed to have uniform porosity and to be isotropic. Two
The heat carried by the flow is also transferred to the surface kihds of foam materials were used: ERG Aluminum foam 40
coolers through the aluminum foam material of the unheated s&PIl—pores per linear inch, and ERG Reticulated Vitreous Carbon
tions. The four coolers are channels filled with aluminum foartRVC) foam 45 PPI, to cover wide range of conductivities. The
materials. Cooling water was forced through the four coolers timensions of the test section areX680x10 mm. Table 1 shows
remove the heat generated by the film heater. In the present the physical parameters of foam materials. The permeability and
periment, the oscillating flow amplitude was chosen to be larger

than the length of the test section. This ensured that the heated air

can be cooled by the coolers adjacent to the test section. As shown

in Fig. 1(a), the test channel was made of two parts: bottom base Ttapje 1 Physical parameters of test section materials

and upper covefTeflon material). In setting up the experimental
facility, the width of the teflon channel was carefully machined to
be exactly the same width as the test porous block. The thickness Ligament diameter, d [m) 1.194 % 107 1.086 x 10°
of the teflon channel was designed to be 1 mm smaller than that of

Test section material ERG Al40 PPI ERG RVC 45 PPI

the test porous block. The bottom base and the upper cover of the| "% ¢ 0% e
teflon channel were combined together by screw bolts with the [Permeability, & (] 336 x10° 2.09 % 10°
test porous block, the film heater, the two unheated porous blocksl___ _

and the four coolers tightly fixed in the channel. This method of | Ineri# coefficient. f 0.9 008
assembly ensures the absence of air gaps. The whole section Wal selid phase conductivity, & [W/m-K] 170.0 8.37

well insulated. The velocity-measurement section is made from a
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inertia coefficient constant were determined using a method pmstimated to be 1.0, 1.0, 1.0, 1.5, 2.0, 1.0, and 3.0 percent, respec-
posed by Hunt and Tief6] with the pressure drop and flow ve-tively. Using the root mean square method, the uncertainties of
locity data of adiabatic steady flow experiments. Re,, and Ny are calculated to be 2.7 and 5.7 percent,

. . respectively.
Instrumentation and Experimental Procedure. In the

present experiments, the pressure drop across the test section, the . .
temperature along the axial direction as well as at the two exits 3t Results and Discussions

the test section and the velocity through the test section Wereaat Transfer of Steady Flow through a Porous Channel.
measured. A differential pressure transdudlidyne DP15SWas  \sicroelectronics devices may be damaged by excessively high

connected to the two taps along the test section. Seven K-ty temperatures. Therefore, the temperature distribution along
thermocouples of 45um diameter were flushed on the coppefq fiow direction of the test section is of practical interest in
plate_to measure the surface temperature along the amal_d;recnggsign Figure 2 presents the local surface temperature distribu-
The inlet and outlet temperatures were measured by fixing thg, aiong the flow direction with the effect of Reynolds number
thermocouples in the gaps between the test section and the #4-q=0.8, 1.6, 2.4, and 3.2 W/cmThe bulk inlet and outlet
heated sections. The velocity was measured by a hot-wire seng@fperatures of the fluid are distinctly lower than the surface
with an anemomete(TSI IFA 100 and TSI 1210-20win the temperature.

velocity-measurement section. The velocity through the velocity- The Reynolds number here is defined based on the ligament
measurement section was then converted to that through the t&sketer of the porous foam as

section channel. All the signals were connected to a data acquisi-

tion system consisting of a 12-bit A/D cafHeithley DAS1402, Rg=Ud, /vy, (1)

a computer and a softwa(@estPoiny). _whereU is the Darcy velocity through the test sectiah,is the

The oscillating flow facility is also capable of performlng”gament diameter of the porous foam ang is the kinematic
steady flow experiments. By leaving one end of the test sectigjicosity of the fluid.
open to the atmosphere, steady flow, and heat transfer experiprom Fig. 2, it is obvious that the temperature increases with
ments can be conducted with the same test section configuralga increase of dimensionless axial positiiD, , the decrease in
and sensors. In the steady flow experiments, the main compresg@qnolds number, or the increase in power input. It is seen that
air line was connected to the facility. A valve and a regulator wekge syrface temperature approaches a constant value when the
installed to adjust the flow velocity through the test section. Aftgfow approaches the thermally developed region. Similar results
passing the test section, the coolant air was discharged to {hgre also reported by Hwang and Chgk®]. It is shown that
environment. The experiments were performed by increasing thgsher Reynolds number will produce a more uniform surface
power input while keeping the flow velocity constant. During oSemperature distribution. From Figs(a2 and 2(b), it can be seen
cillating flow experiments, cooling water was passed through thgat using a porous material of lower thermal conductivity will
four coolers installed at the two ends of the test section to I’emOf‘(%un ina h|gher surface temperature for the same Reyn0|ds num-
the dissipated heat. Frequencies from 2 to 8 Hz and two oscillger and power input.
tion amplitudes were tested in the present experiments. The exfigure 3 shows the local Nusselt number versus dimensionless
periments were proceeded by increasing the power input whiigial position for Al 40 PPl and RVC 45 PPI porous foams. The
keeping the oscillating frequency unchanged. To obtain a cycligscal Nusselt number was calculated by
steady state, the oscillating velocity, pressure drop, and surface
temperature were monitored. Over 80 cycles of data for each case he=a/(Ty,—Ti) @)
were recorded at sampling rate of 200 Hz or 300 Hz depending on Nu.=h.D./k ©)
oscillating frequency once the cyclic steady state is reached. X TxTelth

) ) . ) where h, is the local heat transfer coefficierid,=5H/3 is the

Data Reduction and Uncertainty Analysis. A time- pydraulic diameter of the flow channed is the height of the
averaging method was used to process steady flow experimerighnnel, andr,, andT; are local surface temperature and the inlet
data. 300 data points were used in each case. For electronic cogjik temperature, respectively.
ing applications, time-averaged characteristics are of practical in-The choice of the inlet bulk temperature to calculate the local
terest instead of instantaneous quantities. Therefore, in the presg@i§selt number takes into consideration the thermal potential for
experiments, experimental data for oscillating flow were reduce@at transfer from the heated surface to the cold flaid. In the
by time-averaging 80 completed cycles. To differentiate this prgresent study, bulk air temperature inside the porous medium
cess from an arbitrary time-averaging process, we call this kind 8bng the test section cannot be easily measured due to the com-
time-averaging procesy/cle-averagingThe time-averaged abso-pactness of the porous foams. In Fig. 3, it is seen that the local
lute velocity was used to calculate the Reynolds number. In th@sselt number increases with an increase in Reynolds number. In
data reduction process, net heat input to the test section was usgé.thermal entrance region, the local Nusselt number is higher.
The heat losses through the insulation were measured at differgyith increasing axial distance, the Nusselt number for fixed Rey-
surface temperatures under the condition of no airflow through thelds number approaches the value for thermally developed flow
test section. The net heat inputs were obtained by subtracting th€inimum constant valyeFor lower Reynolds number, the varia-
heat losses from gross heat inputs at the corresponding tempéih of local Nusselt number along the axial direction is much
ture. Energy balance was checked by calculating the air enthalgyaller than that of larger Reynolds number. This means that the
rise along the test section. The error is within 6 percent. Tempegaermal entrance length is shorter for a small Reynolds number
ture dependent properties of air were used in the data reductipan for a large Reynolds number. Obviously, the higher conduc-
process. Uncertainties were analyzed based on the method tiléty porous material yields a much higher local Nusselt number
scribed by Taylof15]. The uncertainties of the measured quantthan a lower conductivity material.
ties in the present experiment are assumed to be random witlFigure 4 presents the distribution of local Nusselt number ver-
normal distribution. The accuracy of the thermocouple tempersds Reynolds number at four dimensionless axial locations. The
ture readings is within=0.1°C. The accuracy of the velocity mea-ocal Nusselt number increases with the increase of Reynolds
sured by hot-wire anemometer i50.01 m/s. After the time- number and approaches a limiting maximum value. Higher Nus-
averaging proceggor steady flow)or the cycle-averaging processselt numbers in the thermal entrance region are observed. Down-
(for oscillating flow), uncertainties of temperatuféC), velocity —stream of the test section ¥tD.=2.70, the local Nusselt number
and pressure are 3.0 percent, 2.0 percent and 2.0 percent, resppproaches the thermally developed values indicated by the solid
tively. The uncertainties ok;, ks, v, d;, De, H, and g are lines in the figure. The results reported by Hwang and 29

164 / Vol. 123, FEBRUARY 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



120 120

Re=37
Aluminum 420PPI Re=62 Aluminum 420PPI
100 A q=0.8W/cm Re=83 100 { a=16Wiem
Re=112 L)
Re=138
Re=164 80
Re=251

40 % d 0]

ey

0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0

80 -

O 2K 2R BN R BN J

Temperature (°C)

e Re=34 ¢ Re=134
= Re=59 e Re=159
A
v

Re=84 & Re=245
Re=110

120 120
Aluminum 40PPI Aluminum 40PPI
100 1  g=2.4wW/em® 100 { g=3.2Wrcm?
< . s
o 80 80 -
3 vl
w N
8 60 - v 60 A Re,=78 *
§ . Re=101 °
2 N b4 v Res
v Re=105 ¢ Re=130 ¢
40 1 & Re=134 40 e Re-152
e Re=156 & Re|=235
& Res=238
20 -~ ; ; : ; » — 20 . ; . : - -
00 05 10 15 20 25 30 00 05 1.0 15 20 25 30
X/D, X/,
()
150 Re=17 Re=113 1%0
| o e= ° e | W
140 RVC 45PP R '_36 R '_138 140
130 4 q=0.4W/cm2 o €= o] e= 130 - E/E/J}/B———B——E’_E’
120 4 Re=62 o Re=172 120 4
o 1oy v Re=86 & Re=233 110 1 /’*"6—_&_—“
s 100 - 100 | w
3 4 4
3 90 W 20
T 80 W 80 1
Q
£ 70 R 70 4 W
F e —m——% % X —K % 60 - o Ref15 o Re=102
50 1 Mﬁzg:m:@ d 50 RVC 45PPI_ o Re=30 o Re=126
40 i 40 o q=0.8W/cm & Re=55 o Re=155 ol
30 E 30 Re= -
v e=77 & Re=217
20 ; . : . . v@t 20 & , ; — ! 8'
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
X/D, X/,
(b)
Fig. 2 Surface temperature distribution along the flow direction—steady flow: (a) Aluminum 40 PPI; (b) RVC
45 PPI.

show the same trend. The present study gives a lower valueledal temperatures near both entrances are lower than that at the
local Nusselt number than that of Hwang and Chao’s. This enter of the test section. The maximum temperature point occurs
because of the use of bulk inlet temperature rather than the balkthe center of the test section. The distribution curves of the

temperature along the test section to calculate the local Nussglial surface temperature are convex with the center of the test
number. section as the symmetric point.

Heat Transfer of Oscillating Flow Through a Porous Chan-  Fi9ure 6 presents a typical variation of the Darcy velocity and
nel. Figure 5 shows the cycle-averaged local surface tempefjessure drop through the test section. From the figure, it is noted
ture distributions of the test section with the effect of Reynoldd1at the measured velocity is always positi@olid line) even
number for Al 40 PPl and RVC 45 PPI foam. Once again, wiough the velocity through the test section is reversosgillat-
observe that the cycle-averaged local temperature decreases igh- This is because a single wire hot-wire sensor cannot distin-
the increase of Reynolds number but increases with the incregisésh the direction of the velocity. To obtain a correct velocity
of input heat flux. The surface temperature for RVC foam is mugtirection, the velocity signal was processed by reversing its sign
higher than that for Al foam. Due to the reversing flow directiongn every other half cyclédotted line). From the figure, it is seen
there are two thermal entrance regions in the test section. Tthat the velocity through the test section varies in oscillation style
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(a) y
180 ? — — Re=233
RVC 45pp] © 0=0.4W/cm 6=233 ——-Re=102~112 )
i O q=08W/em? —— Re=217 ——-Re=62-77 Figure 8 shows the cycle-averaged local Nusselt number versus
160 g —— Re—191 9 Y g
0~ A gelewem o Re=30~36 Reynolds number for different dimensionless axial distances. The
\\9\\ Re=155 Re=15~17 . 3 .
1401 A "o To— o local Nusselt number increases with the increase of the Reynolds
T o——_ g TTo——0— o number. On closer observation, it is noted that the local Nusselt
L - A\"\-‘L..:Z‘_f:#z:_—_—i number reaches the lowest value at the center of the test section
2 1004 A o g ) (X/IDe=1.44). This reflects the concave shape of local Nusselt
—8_ g R - Qo I number curves. In calculating the cycle-averaged local Nusselt
80 8~\_§_\ ——8-._4a__. g8 @ number of oscillating flow, the experimental data covering fre-
——8-—p5__ -5 ¢ quency range from 2 to 8 Hz and two oscillating amplitudes were
60 1 Q\—B\g_\g‘g_g___g used. From Figs. 7 and 8, it is seen that the Nusselt number varies
40 4 e s < — very smoothly with the Reynolds number. This means that, after
the time-averaging process, the oscillating frequency has no sig-
20 ; ; ' : ' nificant effect on cycle-averaged Nusselt number in the frequency
0.0 0.5 1.0 15 2.0 25 3.0 range covered by the present experiments.

X/D Comparison of Heat Transfer of Steady and Oscillating
. Flow through a Porous Channel. In the present study, experi-
(b) ments for steady and oscillating flows were conducted with ex-
actly the same test section and measurement setup. Therefore, the
comparison is more convincing.

For steady flow, the surface temperature increases along the
flow direction and approaches a constant maximum value when
the flow approaches the thermally developed region as seen in

due to the sinusoidal movement of the piston in the oscillatifgl9- 2. However, for oscillating flow, there are two thermal en-
flow generator. It is also seen that the pressure drop varies aiméafce regions. The surface temperature distribution curves are of
sinusoidally due to the reversing velocity direction. The maximu¢Pnvex shape, as seen in Fig. 5. From Figs. 2 and 5, it is observed
pressure drop across the test section is very low for this kind ¥t the temperature-liftthe temperature difference between the
porous material. This suggests that power required to drive the Bi@Ximum and the minimum temperatures on the heated surface of
through the test Section can be Very Sma”. the test SeCtlonﬁor Steady ﬂOW is 1.5-3.5 times hlghel’ than that
Figure 7 shows the cycle-averaged local Nusselt number verdgs oscillating flow. For example, for the case @f 2.4 Wicnf,
the dimensionless axial distance with the effect of Reynolds nuf€,=76, the surface temperature-lift for oscillating flow is about
ber for oscillating flow. The definition of the Nusselt number i8°C, but for the case ofj=2.4W/cnf, Rg=81, the surface
given in Eq.(3). In the calculation, the cycle-averaged absolutemperature-lift for steady flow is about 30°C.
velocity was used to calculate Reynolds numBgy.is the cycle- To quantify the temperature distribution uniformity, an index is
averaged surface temperature whilgis the cycle-averaged air defined as
temperature at leftor right) exit. From the figure, it is seen that = (T T )T )
there are two thermal entrance regions in the test section. In the uni max. = min Tt max:
thermal entrance region, the cycle-averaged local Nusselt numbdrere T, @and T, are the maximum and minimum tempera-
is higher. The cycle-averaged Nusselt number decreaskslas tures in Kelvin on the surface of the test section, respectively. The
approaches the center of the test section. As a consequence,iridex indicates the ratio of the maximum temperature difference
distribution curves of the cycle-averaged local Nusselt number gmethe maximum local temperature on the surface. When the sur-
concave with the center of the test section as symmetric point. Tlaee temperature distribution is uniform, the indegx approaches
numerical results of oscillating flow through an empty tube byero. Figure 9 shows the temperature distribution uniformity for
Zhao and Chen{jl6] also show the same pattern. It is also seesteady and oscillating flows for the aluminum foam test section. It
that the cycle-averaged local Nusselt number increases with fheseen that the temperature uniformity index decreases as Rey-
increase of Reynolds number. For higher Reynolds number, thelds number increases. The higher flow rate through the porous
curvature rate is bigger. This implies that the thermal entranckannel results in more heat removal, thus lowering the global
length for higher Reynolds number is longer than that of the lowsurface temperature level. The index increases with an increase in
Reynolds number flow. heat input. From Fig. 9, it is obvious that the temperature distri-

e

Fig. 3 Variation of local Nusselt number along flow direction—
steady flow: (a) Aluminum 40 PPI; (b) RVC 45 PPI.
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Fig. 5 Cycle-averaged surface temperature distribution along axial direction—oscillating flow: (a) Aluminum

40 PPI; (b) RVC 45 PPL.

bution uniformity index for oscillating flow is much smaller thannumber for the whole length of the test section. A length-averaged
that for steady flow. This indicates that the surface temperatuxeisselt number is used. It is defined as the averaged value of the
distribution for oscillating flow is more uniform than that forcycle-averaged local Nusselt number along the axial direction.
steady flow. Figure 10 shows the length-averaged Nusselt number for steady
As seen in Fig. 3, the local Nusselt number decreases along #ral oscillating flows with Reynolds number. It is clear that the
flow direction for steady flow. As the dimensionless axial inlength-averaged Nusselt number for oscillating flow is higher than
creases, the local Nusselt number approaches a minimum consthat for steady flow. The larger the Reynolds number, the larger
value (the thermally fully developed regionFor oscillating flow the difference between the length-averaged Nusselt numbers of
(Fig. 7), the local Nusselt number does not decrease monotooscillating and steady flows. For Rell4, the typical length-
cally. The local Nusselt number decreases first and then increaaesraged Nusselt number of oscillating flow is 1.4 times that of
after the center point of the test section. steady flow for aluminum foam test section. The higher length-
To evaluate the total heat dissipation rate from the electroréweraged Nusselt number for oscillating flow is due to the higher
devices by a porous channel heat sink subjected to steady or losal Nusselt number in the thermal entrance region. From Fig.
cillating flow, it is necessary to calculate the averaged Nussdld, it is also noted that the heat transfer enhancement of oscillat-
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ing flow for RVC foam is not as significant as that for aluminum

foam. This is due to low thermal conductivity of RVC foam.
If the data in Fig. 10 are reduced using the groupin
k*/k¢(Do/L)Y2Pe Y2 the data collapse to two lines for stead

ia, which includes thermal dispersion conductivity due to flow
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Fig. 8 Effects of Reynolds number on local Nusselt number—
oscillating flow

and oscillating flows, respectively, as shown in Fig. 11. The d&eclet numberk* and P& are defined as
pendence of this grouping parameter can also be obtained from a
scale analysis of the macroscopic governing energy equations of

porous mediak* is the effective conductivity of the porous me-
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Fig. 7 Variation of local Nusselt number along axial
direction—oscillating flow: (a) Aluminum 40 PPI; (b) RVC 45

PPI.
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Fig. 10 Comparison of averaged Nusselt number of steady
and oscillating flows
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700 ported. Figure 12 shows a comparison of our steady flow data

ey with the data reported by Hwang and CH4@] and Chend17].
97w oscilating flow (RVG 45 PP) P It should be noted that the bulk inlet temperature was used to
o steadyfow (VC4SPRY - calculate local Nusselt number in the present experiments rather
5007 T Nugg =t OSKA(DAY Pe” gl than the bulk air temperatures along the test section used by
200 | T Mg 08T RS y-4 Hwang and Cha¢12]. The bulk air temperatures along the test
g section are unknown in the present experiment. The results are
2 w0l lower than that of Hwang and Ch&b2]. The discrepancy may be
attributed to the difference in porous material structure.
200 4 =0.8~3.2 W/cm® for Al 40 PP!
q=0.4-0.8 W/cm? for RVC 45 PPI 4 COnCl USiOnS
100 -
In this study, experiments were conducted to study the heat
: ; , ; ; ; transfer of a porous channel subjected to both steady and oscillat-
0 100200 30 s0 S0 80 700 ing airflows. The velocity through the porous channel, the
K/i(D,/L) "Per™™ pressure-drop across the test section and the temperatures along
the hot surface were measured. The following conclusions can be
Fig. 11 Length-averaged Nusselt number as a function of pa- drawn:

rameter k*/k/(Do/L)Y? pe"? .
(DelL) 1 For steady flow, the local surface temperature increases

monotonically as the dimensionless axial direction increases. The
local surface temperature distribution for oscillating flow is of a
convex shape with a maximum point at the center of the test
section. The surface temperature distribution for oscillating flow
is more uniform than that for steady flow.

2 For steady flow, the local Nusselt number decreases along
kdzpfcpfy\/RU, (7) the flow direction and approaches the thermally developed value.
The cycle-averaged local Nusselt number for oscillating flow,
however, decreases first and then increases after the center point
Qf the test section. There are two thermal entrance regions for
chciIIating flow through a porous channel. Both the local and
qength-averaged Nusselt numbers increase with an increase in
ligament Reynolds number for steady and oscillating flows.

M3 The length-averaged Nusselt number for oscillating flow is

uﬁ'i]gher than that for steady flow. The higher length-averaged Nus-

bers between oscillating and steady flows. A larger grouping PEEIt number indicates that the porous channel heat sink subjected

rameter_ _implie_s a higher Reynolds number and high% oscillating flow has a higher heat dissipation rate compared to
conductivity ratiok*/k;, and, hence, a longer thermal entran

C&teady flow. The length-averaged Nusselt numbers for both steady

region. The higher local Nusselt number in the thermal entranggy gscillating flows increase linearly with the grouping param-
region results in a higher length-averaged Nusselt number for Ser K*/k;(Do/L)"2P&' 12 and can be correlated as Ny
e

cillating flow. The Nusselt numbers can be correlated empirically -, . 112 o 102 _ L
with C=1.06 and 0.875 for oscillating and steady flows, respeﬁ_-oc\kaagéf(s?géld‘))/ f|o|\31vek resvggkc]tﬁ/(;;oe and 0.857 for oscillating

tively, with an accuracy of-13 percent. 4 The results obtained in the present experiments and the
analysis demonstrate that a channel filled with high conductivity
Nuavg:Ck*/kf(De/L)llz per 12 ©) porous material subjected to oscillating flow is a new and effec-
For transverse heat transfer of oscillating flow, no experimentiée method for cooling electronic devices.
data is available in the literature for comparison. Peak dildl]
presented an experimental study of pulsating flow through an iEP- K led t
sulated porous tube. No transverse heat transfer results were grnowiedgments
The authors gratefully acknowledge the financial support pro-
vided under the National Science and Technology Board, Sin-
10 gapore Grant No. JT/ARC 5/96 for the development of the experi-

is the effective thermal diffusivity of porous medilajs the length
of the test section, anki; is the thermal dispersion conductivity.
As proposed by Hunt and Tidi6], thermal dispersion conductiv-
ity of porous media can be modeled by

wherey is the dispersion coefficient taken to ke=0.025 in the
present study.

From Fig. 11, it is seen that the length-averaged Nusselt nu
ber increases linearly with the grouping paramet
k* /k¢(D¢/L)*2Pe 2. The slope of the line for oscillating flow is

mental facility described in this paper.
.
° ° oo Ve ., Nomenclature
5 Vo vve ., -
LN * cp, = specific heat
. ® Re,=164 Aluminum 40 PPI ce = equivalent specific heat of porous medligc+ (1
2 11  m Re=1s9 — ¢)Cps
e vcaseRl D, = hydraulic diameter of channel5H/3
f H:I'a'ngandcmo(wg‘t)’ d, = ligament digmeter of porous material
Sintered bronze beads, d, = 1.59 mm H = channel height
Rei= 417 h, = local heat transfer coefficient defined in Eg)
¥ Qreng (1991), Square duct lini = tEe(;nE)‘le)rature distribution uniformity index defined in
0.1 T T T T ) - .
1es 1e-4 163 162 161 K = permeability of porous media
& k = thermal conductivity
kq = thermal dispersion conductivity defined in )
Fig. 12 Comparison of local Nusselt numbers with other ex- k* = effective thermal conductivity of porous media defined
perimental data in Eq. (5)
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ke = equivalent thermal conductivity of porous medigk;
+(1-g)ks
L = length of porous channel
Nua,q = length-averaged Nusselt number
Nu, = local Nusselt number defined in E@)
Nu; = local Nusselt number based on equivalent properties
=h,D./ke
Pe" = effective Peclet number defined in E&)
Pe" = equivalent Peclet numbbeip.c.,UD./k,
gq = wall heat flux
Re, = Reynolds number based ah
T = temperature
U = Darcy velocity
X = axial direction
X" = inverse Graetz numberX/(DPe")
o* = effective thermal diffusivity defined in Eq6)
¢ = porosity of porous media
v = thermal dispersion coefficient defined in K@)
v; = kinematic viscosity
p = density
pe = equivalent density of porous meeiapp;+ (1 — ) ps
Subscripts
f = quantity based on fluid
s = quantity based on solid
w = quantity based on wall
x = local quantity
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Transient Elastic Thermal Stress
Development During Laser
Scribing of Ceramics

Michael E. Modest Lsaers are emerging as a valuable tool for shaping and cutting hard and brittle ceramics.
IChael . Modes Unfortunately, the large, concentrated heat flux rates that allow the laser to efficiently cut
and shape the ceramic also result in large localized thermal stresses in a small heat-

Thomas M. Mallison affected zone. These notable thermal stresses can lead to micro-cracks, a decrease in
) o strength and fatigue life, and possibly catastrophic failure. In order to assess where,
Department of Mechanical Engineering, when, and what stresses occur during laser scribing, an elastic stress model has been
The Pennsylvania State University, incorporated into a three-dimensional scribing and cutting code. First, the code predicts
University Park, PA 16802 the temporal temperature fields and the receding surface of the ceramic. Then, using the

scribed geometry and temperature field, the elastic stress fields are calculated as they
develop and decay during the laser scribing process. The analysis allows the prediction of
stresses during continuous wave and pulsed laser operation, a variety of cutting speeds
and directions, and various shapes and types of ceramic material. The results of the
analysis show substantial tensile stresses develop over a thick layer below and parallel to
the surface, which may be the cause of experimentally observed subsurface cracks.
[DOI: 10.1115/1.1332779

Keywords: Ceramics, Computational, Heat Transfer, Laser, Stress

Introduction oped a simple one-dimensional model incorporating compressive

. . . lastic deformation to predict the thermal stresses. The model
Various types of ceramics appear to be excellent candldatesé

high-temperature, high-load applications due to their hig Yedicted that, during cooldown, the residual circumferential

o ) tresses are in tension in the deformation zone and are in com-
temperature strength, oxidation resistance, and _thermal shock féssion outside the deformation zone. The model also predicted
sistance. However, bec_ause ceramics are so brittle, they are s{i&-adial thermal stresses are tensile everywhere with a maximum
ceptible to cracking during machining and are extremely hard Iy e deformed zone boundary. Experimentally, they observed
fabricate and machine into delicate or complex parts. Most cerapgia| cracks that extended to the deformed zone boundary and
ics can be efficiently scribed or cut with a laser, although manyycymferential cracks that followed the zone boundary. Both
aspects of this process are still poorly understood. During lasgghes of cracks confirmed qualitatively the nature of the theoreti-
machining of ceramics, laser irradiation produces thermal stresg@fly predicted stress.
that often result in micro-cracks and even catastrophic failure; inpModest[11] also developed a two-dimensional, axisymmetric
all cases laser processing severely reduces the bending strengtf@el for laser drilling of ceramics. The model was able to handle
the ceramid1-3]. CW and pulsed laser operation and elastic as well as viscoelastic
Most analytical investigations of thermal stresses have beeftess calculations. He noted that during drilling, substantial hoop
limited to thermoelastic bodies using one-dimensional analysis aid normal tensile stresses develop over a thick layer below and
commercial finite element programs. Hasselman €ftdat6] sub- parallel to the surface. These stresses could result in experimen-
jected a one-dimensional slab to external radiation to investigatdly observed subsurface cracks in the same region. He also
the transient thermal stress field. They found the largest tendieind that viscoelastic effects were mostly limited to an extremely
stresses occurred in slabs of medium optical thickness~3 to thin layer near the ablation front. There the ceramic had softened,
5 with « being the absorption coefficient of the ceramBradley relaxing the compressive stresses during heating and causing
[7] performed a similar analysis for an opaque slab using a pretrong tensile stresses during cooling.
cedure to describe the total strain energy at fracture due to thdn the present paper our three-dimensional laser machining
thermal stresses. code has been augmented by an elastic stress model, to predict
Sumi et al.[8] used an analytical/numerical solution for tranthermal stresses as they develop during CW and pulsed laser
sient stresses for a simplified three-dimensional problem. Th&gtibing of ceramics. It should be realized at this point that me-
described a local square surface heat source moving in nical properties of ceramics at high temperaturesar the
x-direction across an infinite flat plate in tke/-plane. The results @blation/decomposition poinare not very well known, let alone
were a largely compressive stress field with some small tensf€ir fatigue and fracture behavior at such temperatures. However,
stresses. However, the tensile stresses did appear near the ed42§est[11] has shown that non-elastic behavior is limited to a
the heat source. Ferrari and Hardiigj used a one-dimensional, ery thin surface Iayer. Thus, the obJectl_ve of the present paper is
ceramic-coated sphere to simulate the residual thermal stress figffP fold: (1) to predict, at least on a semi-quantitative level, when

They observed moderate compressive stresses in the radial dif”‘e‘gj Wh(;e(rg)(;iestrucp(;/e tetnsnlef str:ahsses oceur Ot'u“”g _Ias_er macr?ln-
tion, and large tensile stresses in the transverse direction. ing, an 0 provide a tool Tor (n€ engineer (o minimizeé suc

Gross et al[10] investigated crack formation in thin silicon stresses by varying laser parameters.
wafers during drilling with CQ and Nd-YAG lasers. They devel-

Theoretical Background
Contributed by the Heat Transfer Division for publication in thBURNAL OF . . .
HEAT TRANSFER Manuscript received by the Heat Transfer Division December 7, Modest[12] used several assumptions in order to obtain a re-
1999; revision received, September 11, 2000. Associate Editor: D. Poulikakos. alistic, yet mathematically simple description of the laser scribing
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aT
pcpa—t_=V-(kVT) (1)
subject to the boundary conditions
Laser beam—— X=0 : T—T. Xx=L: T—T. (2a)
: V=0 : T=T. y=W: T—T. (2b)
z=0 : —A-(KVT)+v,pAh=ayFN
= o) 20T UG
(20)
z=H : a—I:o, (2d)
Jz
and appropriate initial conditions such as
=0 : T(xy,z0=T. (3)
s(x,y,2,0)=50(X,Y,2), 4

wherep, ¢,, k, and ay,s are the density, specific heat, thermal
conductivity, and the material's absorptance, respectively;
and z are the Cartesian coordinates amds the local depth of
groove under the lasér.e., thez-coordiante of the top surfagen
) - . is the unit vector normal to the surface pointing into the salig;
Fig. 1 - Laser scribing setup and coordinate system is the local surface recession velocftyormal to the surfagedur-
ing scribing, andr is the irradiation intensity distribution. For a
focussed laser beam the intensity is a relatively involved expres-
process. Although the heat transfer code allows for many scon. depending on the local surface coordinatgs as well as
narios, the following assumptions will be used in the preseffi€ local groove deptiz=s [12]; we give here only an approxi-
stress model: mate expression valid in the vicinity of the lens’ focal poiat (
=0), in which Fy(t) is the (time-varying) laser intensity at the
1 The solid is isotropic, has constant density, and is opaqugnter of the laser beam, E(c). The overbar quantities distin-
i.e., the laser beam does not penetrate appreciably into #\g¢ish the present dimensional quantities from the non-
solid. dimensional quantities below. The boundary conditions are suffi-
2 The solid moves with constant velocity. cient to solve Eq(1) for the temperature distribution, if the shape
3 Change of phase from solid to vapor occurs in a single stgpthe groove is known. The previous work assumes that ablation/
with a rate governed by a single Arrhenius relation. decomposition of the solid material is governed by a simple equa-

4 The evaporated material does not interfere with the incomirigin of the Arrhenius type. This relation gives the rate of mass loss
laser beamor is removed by an external gas)jet per unit area as

5 The heat transfer properties are temperature independent. _

6 Heat losses by convection and re-radiation are small com- m'=pv,=pC,e En/RT, 5)
pared to conduction. ) - — )

7 Multiple reflections of laser radiation within the groove ar&vhere Ey, is the decomposition energf is the universal gas
neglected, restricting the model to shallow holes, holes wigPnstant, andC, is the preexponential factor that depends on the
steep sidewalls, or material with high absorptivity. type of ablation. _ 3

8 Heat transfer is unaffected by thermal expangiways true ~_ The governing equations and boundary conditions are non-
for opaque ceramics as shown by an order of magnitu@@ﬂenslonallzed using the beam radius at the focal pWﬁlt,and

analysis). the ablation temperature of the materig,,
In addition the following assumptions are made for the stress x—z _i - z 6
calculations: “wo Y Tw, g (62)
1 The mechanical properties, such as the modulus of elasticity, Kt 35 T-T
are temperature independent. t= 5= — fg=—> (6b)
2 Displacements are small quantities that vary over the entire pcpwg Wo Tre= T
\é(r)éurrroi.aLIﬁnjr\lg\glgddlsplacements, such as buckling of thin plateﬁ]is leads to two basic non-dimensional parameters governing the
3 No external forces are applied to the solid. Stresses occ!a?er/ material interaction
only _due to thermal expa_nsion or contraction. K(Tre— T Ah,e UW,
4 Inertia effects are negligible during stress developntaht Ny= Ewn e:c TT.) U= (K/pc.) (7)
ways true of opaque ceramics, but may break down for semi- o™o plire = Pep):
transparent ceramics subjected to ns laser pulsing Boundary-fitted coordinates are employed for the numerical so-

Heat Transfer. The heat transfer model developed by Ro%:itg]n' A detailed discussion can be found in Roy and Modest
and Modest{13] is summarized here. The transient conduction -

equation for a solid workpiece of dimensioh&k WX H, irradi- Thermal Stresses. The extreme temperature gradients that
ated by a Gaussian laser beam moving into the positidieeciton occur during laser machining result in large, localized thermal
with constant velocityu, may be expressed in terms of temperaexpansion. This thermal expansion, in turn, causes large thermal
ture as(see Fig. 1): stresses in the ceramic. While under most conditions ceramics
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may be considered elastic, during laser machining there will be aThe governing equation, E@8), is an elliptic vector equation
thin zone near the receding surface where significant creep mraguiring three boundary conditions at each surface point. The
occur. Theoretically, stress distributions for the shapes and teswfaces perpendicular to the laser beas ¢ andz=H) have a
perature distributions obtained from the heat transfer code canrmetraction boundary condition,

determined using a commercial finite-element package. However,
the extreme temperature gradients normal to the top surface en-

g-n=0, (18)

countered during laser machining necessitate extreme aspectared the side surfaces parallel to the laser beam(, y=0, X

tios for the finite volumegup to 1000:1 and mojewhich pre-

=L, andy=W) have either no traction or clamped boundary

cludes the use of such commercial finite-element codes. In tbenditions. If the heat-affected zone of an actual workpiece is
present first attempt to quantify the thermal stresses during lagenfined to a small internal area, it is reasonable to confine the
scribing, the influence of the thin creep zone near the top surfac@iculations to a smaller piece containing the heat-affected zone,
will be neglected, since its contribution to the overall stress field tegether with a clamped boundary condition. On the other hand,

expected to be sma]lL1].

for operations where the laser is near the edge of the part or where

Under the conditions given by the heat transfer portion, theignificant temperature gradients remain at the edge of the part,
stress distribution is solved using the following sets of equationte no-traction boundary condition must be invoked on that
The first set is the non-dimensional governing equation for th®undary. For the present research all operations are assumed to

entire stress distribution of the part,
V.g=0 (8)
or expanding Eq(8) into the three following equations:

do. aT. aT.
X Iy, X

ox ay 0z (%)
07’Xy ﬁo'yy z?TyZ

X ay 0z 0 (%0)
aT. aT, Jdo
4+ X oy, (%)

ox | day | oz

take place on a small heat-affected zone in the middle of a large
part.

Inserting Eqs(12)—(17) into Eq.(9) and applying the boundary
conditions, Eq(18), gives a set of equations in terms of displace-
ments, from which the stress distribution of the entire part can be
determined. This final set of three equations in three unknowns
contains partial derivatives of the displacement vector that must
be solved numerically. The numerical solution follows the ap-
proach of the ablation code as given by Roy and Mod#8{.
From this previous work the temperature field, and equally impor-
tant, the shape of the part, are known. The stress code will use the
temperature field and the shape of the part as inputs. After a
coordinate transformation from physical to computational coordi-
nates, as outlined by Thompson et[db], and finite differencing,

The second set are the constitutive equations, in nondimensiotie code solves the displacement field using an over-relaxation
form, relating stress and strai and strain and displacement scheme with a block-tridiagonal solver. Special consideration

for an elastic body, as given by Boley and Weifg4]:

1oy
€~ 2| x,

,

O'|]:€|l+5”[a6_(a+l)9], v
I

) . (10)

Whereo11= 0y, 012= Txy, €11= €xx, €12= €y, €IC.,€=1/3(€x

+ ey, €;,) and the following non-dimensional quantities are deg

fined as
7 <
I (T T & a(Te-Ty M9
u 3v
U Woa(Te—Ta) ' & (1-20) (11b)

whereu is Lamés elastic constant=G, the shear modulisv is
Poisson’s ratio, and is the coefficient of linear expansion.
Expanding and inserting the relationships from EtQ) pro-

duces the equations for the stress components in terms of the

displacements:

ajdu  Jdv  Iw Ju
O'XX—§ & W‘f‘ 5)4‘&—(&4‘1)0 (12)
aldu Jdv Iw Jv
U'yy—§ &"r W—J’_ E)-F@—(a-l-l)ﬁ (13)
~a &u+&v+8w)+8w Y 1
923 ox T oy T oz - (a+l) (14)
1/du v
Txy= 7'y><:§ W X (15)
1/du ow
Txz— szzi E+ K (16)
1/dv ow
TyZ: sz:E E+W . (17)

Journal of Heat Transfer

must be given at the no-traction boundaries because of the out-of-
plane derivatives. The internal node equations and the no-traction
boundary condition equations are combined to remove the desired
out-of-plane derivatives using integration over half-nodes adjacent
to the surface. After long and tedious manipulationst shown),

the result is a set of three equations for each of the
<N, XN, nodes that forms the overall gr{dutting through is

not allowed for the present stress calculatjofifie final nineteen
point stencil is of the following form:

Pijk ®i,j k= Dijk Di,j+ 1kt Sijk Dij- 1kt ijk i+ 1 kT Wijk Di- 1k
ik Pij k1T BijkPi k-1t N8 (Piv 11k
Fhio1j-1k™ Dirrj-1k Pim1j+10)
Fteijk(Pirrjk+1t Pi-1jk—1" Pi+1jk-1
—di—1jk+D) FIiK(Dijrakr 1t Dij-1k-1

—dijrik-1" Pij-1kr1) T Rijk -

Equations(19) are a system of linear equations in the form
A¢=R, whereA is a coefficient matrix, whose overall dimension
is determined by the number of nodes and where each individual
component is a 33 matrix (for examplep;;). The solution vec-
tor, ¢, is the displacement vector, and the right-hand-side vector,

R, contains the temperature gradients at the interior nodes and
temperatures at the boundary nodes. Once the displacement field
is known the strain and stress fields are easily obtained using Eq.
(10) and EQgs.(12)—(17). Finally, the principal stresses are the
eigenvalues for the stress matrix, sorted by magnitude, at each
node.

(19)

Numerical Uncertainty.  All results were obtained with an
x-y-z unequally-spaced nodal system of>984x51 nodes. Re-
sults are, of course, affected by nodal numbers and also by their
(unequal)spacing(especially near the surface in tkedirection,
where the nodes open up rapidly across the thin heat-affected

FEBRUARY 2001, Vol. 123 / 173
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zone). Using a 6432x31 nodal system resulted in different Top Plane View
groove depths of up to 1 percent of maximum, temperatures of
to 0.1 percent of maximum, while stresses deviated also by ab
1 percent of their respectivéiensile or compressiyemaxima,
with up to about 5 percent deviation for intermediate values.

0.1000
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=1 0.0000
- -0.1000
-0.2000
-0.5000
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-1.0000

Results and Discussion

The principal aim of the present study was to develop a toc
which—at least on a qualitative level—can predict what kind ¢
thermal stresses occur during laser machining of ceramics tl
cause a decrease in strength and fatigue life,valmehandwhere
they occur. At this point we know too little about temperatur: , Center Plane View  Normal Plane View
dependence of elastic material properties, and even less ak —E] F— (along dashed line)
ceramics’ non-elastic material behavior. However, a previoys ] /y ¥
study on drilling showed that non-elastic deformations are co
fined to a very thin surface layer, causing no appreciable char
in the overall stress fielfil1]. Only a few typical scenarios are
presented here to show, qualitatively, how damaging tens
stresses occur during laser scribing of ceramics. These scenal
include scribing operations for a CW laser and a conventionall
pulsed laser, with pulse duration on the order of hundreds of n
croseconds. The simulated material is silicon carbide because of
its wide range of applications. The pertinent material propertigsy. 2 Intermediate principal stress distribution during CW
for silicon carbide at 1500°C are given in Table 1. All these mas0, laser drilling; time =1.8 ms
terial properties are assumed to be temperature independent.

The laser simulated is a typical GQaser(such as the one in

our laboratory), with a beam radius =170 um and absorbed gor |imited to a thin layer near the surface, and a small spot with
laser power otz =600 W. The speed of the laser for all of the trong tensiorfabove 0.1 or 400 MPa, inside the material directly
scribing operations is 10 cm/sec. The simulated silicon carbidg jer the laser centerFigure 3 shows the maximum principal

workpiece has non-dimensional dimlensions_ OKI2 X5 ((I)r 2  Stresses whose directions are primarily normal to the top surface.
mmx2 mmix0.85 mm). As previously mentioned, actual work—rie oniy exception is the lobe of maximum principal stress ex-

pieces tend to have much larger length and width dimensiongging“from the interior tensile region to the top surface, as
although stresses decay rapidly beyond the heat-affected zag,n'in the normal and center plane views of Fig. 3. In this
Thus, smaller dimensioned workpieces, clamped on all sides, hquggiie region the maximum principal stress is in the radial direc-
essentially the same distributions, but the stress distributions G}, The maximum tension is 0.1840 MPa)in a ring approxi-

be calculated on a smaller piece much more rapidly. mately 0.17 mm below the top surface, just outside the heat-
The first simulation is a drilling operation with a CW laser t0¢tacted zone.

allow comparison with our previous two-dimensional model], Figure 4 gives the maximum principal stress distributions for

and to highlight the differences between drilling and scribingaser seribing starting in a previously drilled hole and shows the
This is followed by a CW scribing operation starting the laser igyegs field skewing and shifting to the region in front of the laser.
the pre-drilled hole to investigate the development of the streggging conditions are identical to the drilling case, except that the

distributions. Finally, CW and pulsed laser operations are COlfser starts moving after= 1.8 ms(i.e., the time in Figs. 2 and)3
pared for a pure scribing operation. '

The principle stresses are sorted by magnitude and the results
shown are the maximum principal stress, which generally consist
of stresses in the direction normal to the top surface, and t Interior Plane View (0.17mm below surface--dotted line)
intermediate principal stress that generally consists of stresses _
the radial and hoop directions. The smallest principal stress [ &
always compressive and, thus, uninteresting and is not shown.

Figures 2 and 3 show the half-views of the principal stresses 1
laser drilling lasting 1.8 ms. The stresses are symmetric about 1
x and y-axes, with the laser positioned over the center of tt]
workpiece. Figure 2 shows the intermediate principal stress disi|
bution, composed primarily of hoop stresses in the heat-affect|
zone and radial stresses elsewhere, with a large tension stk
above 0.05(190 MPa)in a region just outside the heat-affectec
zone. There are large compressive stresses directly under the

x Center Plane View  Normal Plane View
—EI F—' (along dashed line)

0.1000
0.0500
= 0.0000
= -0.1000
o -0.2000
-0.5000
-0.7500
-1.0000

Table 1 Properties of silicon carbide
Thermal Mechanical
Tre 3000K P) 3185 kg/m’
Cp 1359J/(kgK) | v 0.17
kn 17.3W/(mK) | o 4.02 x10-%/K
Ahyge 12.1 MJ/kg W 175GPa
Labs 09
Ste 33 Fig. 3 'N_Iaxin?um principal stress distribution during CW CO 2
laser drilling; time =1.8 ms
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Interior Plane View (0.17mm below surface--dotted line) Interior Plane View o
(0.17mm below surface--dotted line)
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1
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1
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1
1
I
1

—c[ Center Plane View NOfanL ;‘321? View —:I Center Plane View  Normal Plane View
{2 F—' (along dashed line)

! .e., x-paosition of laser center)

laser
center

Fig. 4 Maximum principal stress distribution during CW CO , Fig. 6 Maixmum principal stress distribution during CW CO
laser scribing commencing after drilling for 1.8 ms; time =25 laser scribing; time =3.5 ms
ms

applied atx=0 where the laser scans onto the surface. For pure
with a velocity of 10 cm/sec in the positivedirection. The in- scribing the shifting and twisting of the stress fields is more dra-
termediate principal stresses are very similar to those for pumtic. As shown in Fig. 5 for CW laser scribing, the subsurface
drilling (Fig. 2), and are not shown here. The maximum principd¢nsile region has completely shifted to the front and the sides of
tensile stresg¢shown in Fig. 4)moves toward the region in front the laser. Additionally, there is a region of tension forming close
of the laser and increases to 11440 MPa), with its direction to the top surface near the edge of the groove behind the laser.
being normal to the top surface. This tension region is now in thgis is due to the region behind the laser expanding outward
shape of a moon crescent, with less tension behind the laser. Tagier, causing the material to tear near the edge of the groove.
shift in the stress fields is due to the fact that the hot region behiAgain, the intermediate principal stresses are primarily hoop
the moving laser is spreading and becoming larger than in frontgiffesses in the heat-affected zone and radial stresses outside the
the laser. This again causes sharper temperature grad@nts heat-affected zone. The dramatic shift in the stress fields is also
thus, larger stresseahead of the laser than in the cool-down zongisible in Fig. 6, which shows the maximum principal stresses are
behind it. primarily in the direction normal to the top surface, with a lobe of
For the pure scribing cas@vith the laser scanning onto theradial stresses extending from the interior tension region to the top
workpiece from outsidethree of the side surfaces have been asurface of the laser. For the pure scribing case there is no subsur-

sumed clamped, while the no-traction boundary condition wéagce tensile region behind the laser as there was in the drilling and
pre-drilling cases. Figure 6 also shows increased tension in the

* Center Plane View Normal Plane View
_El (along dashed line)

20kyv . 154kx

Fig. 5 Intermediate principal stress distribution during CW Fig. 7 SEM cross-section of CW CO , laser scribed of a-SiC
CO, laser scribing; time =2.5ms (power P=600 W, laser scan velocity =5 cm/s)
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i stress fields are more concentrated. In our sample calculations,
- Top Plane View average absorbed laser power is again 600 W with a duty cycle of
: . 25 percent(on-time is 25 percent of total pulse timerhe total
duration of the operation is such that the total amount of energy
released into the part is the same as for the CW laser scribing case
shown in Figs. 5 and 6.
Figure 8 shows the combination of hoop and radial principal
stresses for the pulsed laser scribing case as they exist at the end
v of a pulse(i.e., just before the laser shuts offt is seen that the
_,:1 stress field, compression as well as tension, are thinner in depth,
and smaller in area, with a much shorter cool-down tail, essen-
tially following the trends of the much thinner and smalléer
. Coniiar Blans View Normal Plane View area) heat-affected zone during pulsed scribing. Surprisingly,
_El I:,— (along dashed line) ~ pulsing has little effect on the magnitude of hoop and radial
D E stresses. The maximum normal principal stress, shown in Fig. 9, is
higher for the pulsed laser scribing operation, the maximum value
being 0.178(675 MPa)located to the side of the laser, while in
the CW case the maximum tension was in front of the laser.

G

Conclusions

To investigate the stress distributions during CW and pulsed
laser scribing of ceramics, an elastic stress model has been incor-
Fig. 8 Intermediate principal stress distribution during pulsed porated into our three-dimensional machining code. Simulations
CO, laser scribing; time  =2.2 ms have been performed on thin wafers of silicon carbide to observe

the development of the stress distributions. Because of simplify-

ing assumptions, such as constant properties and elastic behavior,
maximum principal stresses in front of the laser, at 0.17 mm bgssults obtained are only semi-quantitative but serve to illuminate
low the top surface, with a maximum value of 0.1&2B0 MPa). the damaging thermal stresses as they develop during laser scrib-
On a qualitative level the results explain beautifully the damagﬁg The stress fields for the scribing operations are non-
we have routinely observed when scribingSiC with our CW  symmetric and shift to the region in front of the laser as compared
CO; laser(see, e.g., Fig. 7, which showsSiC scribed at 5 cm/ to the drilling operation. For the simulated CW conditions, the
sec and CW power of 600 W; this particular photo was choseRaximum principal stress was found to be 480 MPa in a direction
because it displays much stronger than average thermal strgsfmal to the surface and located in front of the laser just outside
damage). the heat-affected zone. The maximum principal stress shows, on a

There is a substantial difference in the temperature profiles kgsalitative level, the damage observed during experimental laser
tween a pulsed laser and a continuous wave laser. The he@fribing. The intermediate principal stress consists of compressive
affected zone for the pulsed laser scribing case is consisterniyop stresses in the heat-affected zone and smaller tensile radial
shallower than for the CW case. Even for a laser with a r9|atiVE§(resses outside the heat-affected zone. For CW and pulsed scrib-
long pulse duratior(~1 ms, the groove becomes much deepejng a region of tensile stresses forms below the surface near the
since there are much lower conduction losses into the material.dfige of the groove to the side and behind the laser. For pulsed
general, temperature gradients during pulsed laser operation Rir scribing, stress fields are considerably more compact but,
much larger, and because they occur over such a short depth, {fi the exception of normal tensile stresses, not greatly in-
creased. The maximum principal stress for pulsed laser scribing is
again normal to the surface, but located to the side of the laser

" nterior Plane.View Al T with a value of 675 MPa for the conditions simulated here.
(0-10mm below surface--dotted line) = 01000
B el R 0.0500
i = o000 Acknowledgments
; L 05000 Support by the National Science Foundation through Grant no.
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By S ¥ Nomenclature
7 §

a = stress constant, E¢l1b)
¢, = specific heat of cerami¢,)/(kg K)]
; ; C, = preexponential factor for the ablation process/s]
_‘3] Santer Plane Visw N?rm(:Ll:lzr:h\;ﬂ:e) E = modulus of elasticity[Pa]
F_ e E, = decomposion energy,J/kmol]
20, f0mm s Ah,. = ablation enthalpy}J/kg]
' F = laser irradiation flux] W/m?]
Fo = laser irradiation flux at center of beafiyv/m?]
k = thermal conductivity[W/(mK)]
L,W,H = length, width, and thicknesses of ceramic workpiece,
[m]
A = unit surface normal pointing into workpiece,
N, = Conduction-to-laser power parameter, [Ef).

Fig. 9 Maximum principle stress distribution during pulsed R = universal gas constart)/(kmol K)]
CO, laser scribing; time =2.2 ms s,s = (nondimensionalhole depth, Eq(6b) [m]
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Ste = Stefan number, Eq7)
= (nondimensionaltime, Eq.(6b),[s]
T = temperature[K]

u (nondimensionaldisplacement vector, E¢l1b),[m]
displacements i, y, andz directions, respectively
,u = (nondimensionallaser scanning speed, E@c),

[m/s]
v, = local surface recession spe¢nh/s]
wy = focal radius of laser beanim]
X,¥,Z,
X,y,z = (nondimensionalCartesian coordinates, E(b), [m]

—
-
I

oy

S

=3
I

a = coefficient of thermal expansiofk ~1]
aqps = laser absorptancé;-]
J = identity tensor
€,€ = (nondimensionalstrain tensor, Eq(11b),[—]
e = Average of trace for the strain tensor, E0)
K = absorption coefficient of ceramipem™ 1]
n = Lameelastic constant=G, the shear modulus[Pa]
v = Poisson’s ratio[ —]
p = density of ceramickg/n]
g,0 = (nondimensionalstress tensor, Eql1b),[Pa]
&,m,{ = computational coordinates,
# = nondimensional temperature, Eb),
Subscripts

» = at ambient, or at far-away conditions
re = at removal temperature

X X-component

y = y-component

z = z-component

Superscripts
— = dimensional quantity
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Experimental Investigation of

Heat Dispersion Due to

Impregnation of Viscous Fluids in

Heated Fibrous Porous During
xuang-Ting isiao | GOMposites Processing

Hans Laudorn Resin Transfer Molding (RTM) is a composite manufacturing process in which a fibrous

Suresh G. Advani preform is placed in a closed m_old and a viscous_resin is inje_cted into the mold to fill the
' empty spaces between the stationary network of fibers. The fiber preform and the mold are

usually hot and transfer the heat to the moving resin. In this paper, we carried out an
experimental investigation to validate the importance of heat dispersion in RTM and the
local thermal equilibrium assumption during the non-isothermal mold filling process. In
addition, we have developed an expression for the temperature boundary condition at the
moving flow front for this moving boundary mold filling process based on volume aver-
aging method and verified it with experiments. The heat dispersion was found to vary
linearly with Peclet number and contributed significantly to the temperature distribution
in RTM. Using order of magnitude analysis, it was clearly shown that the local thermal
equilibrium is a reasonable assumption to model RTM processes and was verified with
experimental results. Finally, as many fiber preforms consist of two scales of pore sizes,
it is pointed out that further research is necessary in characterization and prediction of
heat dispersion in dual scale porous medigDOI: 10.1115/1.1338131

Mechanical Engineering Department,
University of Delaware,
Newark, DE 19716

Keywords: Composites, Heat Transfer, Manufacturing, Moving Boundaries, Packed
Beds, Porous Media, Thermal

Introduction In this non-isothermal mold filling process, the heat conduction
ahnd heat convection play an important role. The heat transfer phe-

A composite is a combination of two or more materials that caj menon in a porous medium is more involved as the Microscopic
inherently furnish desirable characteristics, which the compon 1 P P

materials cannot provide separately. Several manufacturing te rﬁ::tfj(r)gvci‘cttrﬁn ?gf%rﬁ?nglrj](:'gn ?gzcin:]oar%cgge;jﬁ]ee tr?egletrgg;?grs
niques exist for making composites. The Resin Transfer Moldirk 0cess is o zogm into .a unit c?eﬁ of the porous medium and find
(RTM) is one of the widely used techniques. In this process, P

fiber preform is placed and compactéahich anchors the pre- the \t/)cl).lumti-averagled tk_lermal p:jo;;)r(]ertles |0f the l:.n't Ctﬁ”' B% as-_
form firmly) in a closed mold. The mold and the stationary pres-em Ing these volume-averaged thermar properties, the volume

form may be heated. A resin is injected into the mold to fill th veraged energy equation is obtained with the volume-averaged

empty space between the fibers. The resin cross-links and sol \I/r_gfaeriz:l}tur(e) :rsatit)hne tﬁgv(?(;ﬂlt?i%uzgm‘?(l)% ta:ng‘l?cr:)hsiovﬁ:lut?;it

fies and then the mold is opened and the part is de-molded. Tﬁbsndu%ti\?it ICi)s lum éd into an “effective thermal conduc?ivit "

study will focus on experimental investigation of the role of he it Y 1S ump ) . Y
igFm. The deviation between the total microscopic heat convection

dispersion in fibrous porous media when describing heat trans d the volume-averaaed heat convection is represented by and
in processes such as RTM where a fibrous preform is placed i . aged " P y
led as the “heat dispersion” term.

closed mold and a viscous resin is injected to saturate the fibro : . .
) n this paper, the values for the “effective thermal conductiv-

porous media. In almost all advanced resin systems, the mold j

heated to a higher temperature before the resin is injected into We a_md heat dlspersmn_ terms are p_rlmarlly _eva_lluated by per-
mold to saturate the porous preform. Heat diffuses to the re pming controlled experiments. We first qualitatively character-
from the mold wall and the fibrous porous preform to the resif® the Importance Of. heat dlsper5|on n RTM by repeating .the
during mold filling. This approach is widely used in practice t(pon-lsothermal mold filling process with identical Darcy velocity

trigger and expedite the curing cycle as well as to reduce the regi'}].]d por_osny(ldennca_d Peclet ”U“?Wby changing only the fiber
orientation of a unidirectional fiber preform. The temperature

viscosity during filling. It is important to predict the transient oo X .
heatingyof the ?esin ags it flows Fi)nside the r?]old because the h&gnd the flow direction of the resin was recorded during the mold

will trigger chemical reactions in the resin which will cross-link 'Y Process for the case when the fibers were parallel to the

the resin molecules around a critical temperature increasingsl{tk W 3.”0' ftc_)r th%_?fase \t/v?en the J'berz."\;%e tperpendltf:_ularc}of the
resin viscosity rapidly. This will arrest the impregnation proce ow direction. Difierent temperature distributions confirmea Tor
and leave empty spaces between the fibers called “dry spots” first time that the differences were definitely due to the differ-
voids that are detrimental to the properties of the composite parft degrees of “heat dispersion” during flow. The dispersion
Hence, it is important that the resin saturates the preform co naracteristics were distinctly different for the two cases due to
pletely‘before this critical temperature is reached different microscopic heat convection pattern invoked by the fiber
' orientation architecture. Hence, for the first time, the importance
Contributed by the Heat Transfer Division for publication in tf@JBNAL OF of heat dispersion was systematically evaluated and validated in

HEAT TRANSFER Manuscript received by the Heat Transfer Division January Gt,he RTM proce_ss. .
1999; revision received, July 20, 2000. Associate Editor: S. Sadhal. The generalized volume-averaged energy equdtidns used
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to model this non-isothermal mold filling process. One importaiig computationally inefficient and expensive, as one has to solve a
feature of this energy equation is the ease with which one caaupled set of governing equations for the average fluid and solid
perform an energy balance in a moving observation frame, whitdmperatures in this model. For lack of a criterion as to when the
is pertinent in RTM, at the moving flow front as the resin saturatdégcal thermal non-equilibrium effect is significant, the decision to
the porous preform. This energy balance at the moving flow froeither include it or ignore it has been left to the convenience of the
boundary in the porous medium was derived for the first time amdsearcher. In fact, in RTM all researchers assume local thermal
shown to be consistent with experimental measurements. Anotleguilibrium without justifying it. Hence, a need for an evaluation
important feature of the energy equation is that it can also captumgterion.
the local thermal non-equilibrium phenomena with one lumped In the following sections, we will describe the carefully de-
temperature instead of using fluid temperature and solid tempeségned experiments to systematically study the role of heat disper-
ture separately as in the two-phase moddl Hence, we con- sion in RTM. We will also evaluate the local thermal equilibrium
ducted experiments to evaluate the contribution of local thermassumption in RTM process by using an order of magnitude
non-equilibrium phenomenon in RTM as the thermocouples camalysis and validate it with experimental results.
only measure a temperature value that will represent the “lumped
temper_ature” in the generalized energy gquation. Experimental Investigation

Scaling analysis of the energy equation for RTM was con-
ducted to explore the conditions when a quasi-steady state soluThe experimental system was constructed to be able to control
tion will be valid. Experiments were conducted under those coff€ resin injection rate and the mold temperature separately and
ditions to verify the analytical steady state solution foRccurately. First, an existing injection system that produced a con-
temperature. A transient numerical solution was developed afi@nt flow rate for the lab-scale RTM process was calibrated.
compared with the experimental results in the transient zone.NgXt, aluminum was chosen as the mold material and a heat ex-
was found that the experimental results, the analytical solutiéhanger was designed and manufactured within the mold plates to
and the numerical solution could be made to agree by selectigtimize the control of the mold surface temperature. Water, the
the right dispersion coefficient and effective thermal conductivitgoolant, was circulated through the small ducts inside the mold
value. The experimental data and the order of magnitude analy#ills. Two plate-heaters were used to heat the circulating coolant.
suggest that the use of local thermal equilibrium in RTM is justifhe resulting mold allows the circulating coolant to pass through
fiable at low Peclet number. The experimental results for a wovée small ducts inside the mold walls at a flow rate of 6.3 liters/s
preform highlight the deviation of the experimental measuremerf?8d could maintain the mold surface temperature to within 1C.
from the predictions due to the presence of dual porosity scale inFourteen thermocouple&-type, 0.4 mm in diameter, error in
such fibrous porous media. This suggests that one may havettd.1K or 0.4 percentwere arranged perpendicular to the flow
resort to advanced homogenization techniques to find the tempe#iection to minimize disturbances. Seven thermocouples on the
tures in such non-isothermal processes. mold walls were attached to the aluminum surface. The remaining
seven thermocouples were located along the mid-plane of the
. mold cavity and were supported by Kevlar fibers stretched be-
Previous Work tween the sides of the spacer plate. The distance between the

Previous non-isothermal studi¢8—6] for liquid composites thermocouples in the flow direction was 5.08 cm. The entry region
processing assumed that heat dispersion could be neglectgfore the fluid came in contact with the fiber preform allowed the
Tucker and Dessenbergff] showed that heat dispersion is im-flow to be developed and was 10.16 dein.) in length. The
portant in typical RTM process by conducting a non-dimensionalidth of the mold cavity was 24.77 cit® 3/4 in.). The length of
analysis. Dessenberger and Tuck&} conducted experiments by
using random preforms and compared the data with numerical
results with and without heat dispersion. They used the local the
mal equilibrium model, which assumes that the fiber tows ar }
resin system reach the same temperature instantaneously on «_
tact, in their study. The comparison showed that heat dispersi
through the thickness made a significant contribution to the tet

ing and therefore should not be ignored in non-isothermal sim (i
lations. However, they did not compare different architectures

their experiments neither did they measure the temperature of & e DRI Pl v —— Thermocouples |-~
resin without the preform in the mold. Hence, their conclusio § contotier I g _,‘":ﬂ’z«\»nn:»

was based solely on the fact that they needed a dispersion coe
cient in their theoretical predictions to match their experiment:

results. Also the boundary condition at the moving flow fron =

applied by them was incorrect and could have influenced the Pm"'e Computeﬂ Mold  Spacer
theoretical solution. Hence, we wanted to carry out a systema Plates [~ Plate
study to exhibit the significance of heat dispersion in RTM a iThelmocouples :

some researchef8,9]recommended that heat dispersion be cor : : : g
sidered in the non-isothermal modeling of the RTM filling proces 8 | pesiniid ks d Liad dicy
while others have ignored i[B—6]. Another unresolved issue was /
the validity of using local thermal equilibrium assumption in sucl Fibrous Porous Preform  M°ld —
a manufacturing proce$9,10]. These researchers resorted to us Walls

of the two-phase model to predict the fluid temperature and tl

solid temperature. However, it is impossible to distinguish whic ——

temperature is measured by the thermocouple and hence it is Heat Elements Heat
easy to compare the predictions with experimental results. Als Heater Exchanger
the two-phase model needs many volume-averaged thermal cc Controller

ficients as input before it can be applied effectively. The experi-
mental measurement of those coefficients are very difficult fag. 1 Experimental setup of the mold (photograph and
achieve and not very reliabl@]. In addition, the two-phase modelschematic)
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10.160cm (4in) Table 2 Material thermal properties

. o () e () (2
L=38.10cm (15in) Material n )| & |ige wK || 4,0m

>|4

Carbon fiber 1180 712 7.8 8.0x10™
E-Glass fibers 2560 670 0.417 1.4x10™
1/3 ethylene glycol + 2/3 glycerin 1202 2500 0.276 -

>

2.54cm 5.08cm
W=
© afhe o o e Py O experiment was completed. Preforms were weighed to calculate
Fiber Preform accurate volume fractions and a constant flow rate for the fluid
was maintained for each experiment performed.
Tables 1 and 2 list the experiments and the thermal material
properties. The principal purpose of experiments 1 and 2 was to
Thermocouples evaluate the existence of heat dispersion in RTM by directly com-
62.87cm (24 3/4in) paring the _influence of the_fiber architecturt_a on the_ t(ansient tem-
»> perature history. In experiment 1, the resin was injected at the
constant rate through a line gate into the mold containing unidi-
L=38.10cm (15in) rectional preform(in which the fibers are all aligned along one
» Outlet (Vent)  girection) creating a one-dimensional flow perpendicular to the
[ fiber direction. Experiment 2 was repeated with identical flow
ﬁ: : : : : j. X parameters with identical unidirectional preform with the fibers
% 4 k oriented along the flow direction. The hypothesis we wanted to
/ N\ systematically test was whether the temperature history was influ-
enced by the microscopic heat convection, which depends on the
fiber orientation. That is, when the flow is along the fiber direc-
tion, the fluid motion at the scale of the fiber diameters or fiber
tows and therefore the microconvection will be distinctly different
as compared to when the fibers are perpendicular to the flow di-
rection. One would expect, the bulk flow will be disturbed more
when the fibers are perpendicular to the flow direction invoking a
higher degree of microconvection. As in the generalized volume-

the mold cavity was 62.87 cit24 3/4 in.). Finally, a composite averaged energy equation, microconvection is expressed as dis-
specimen was made to insure a uniform and accurate measupersion, one would expect a higher dispersion coefficient for the
ment of the cavity thickness that was measured to be 1.02 cm. Tease of flow across the fibers. The comparison of the measured
experimental configuration is shown in Fig. 1. The dimensions é¢mperatures at the seven locations during experiments 1 and 2 are
the mold cavity are shown in Fig. 2. shown in Fig. 3. The differences in the temperature history for the
Experiments were performed using a non-curing fluid to avoggme flow parameters, initial and boundary conditions for the
complications caused by exothermic reactions that actual res@sin and mold temperatures with identical fiber volume fractions
systems undergo. The fluid used was a mixture of 2/3 Glycergtearly underline the significance of heat dispersion in RTM at
and 1/3 Ethylene Glycol. This combination provides a viscositgast qualitatively. Experiment 1 due to higher degree of micro-
similar to typical resin systems, 200—220 centipoise at room tei@envection causes higher degree of dispersion and hence records
perature. In addition, the thermophysical properties of the flultigher temperatures, which supports our hypothesis. Note that the
were also very similar and known. Experiments were first conabove experiments were repeated and the same results were ob-
pleted in a mold made of Plexiglas to ensure and observe ts@fved. This is the first time that the relation of heat dispersion
uniform Darcy velocity during the injection. During the actuawith fiber preform architecture is systematically depicted. Experi-
experimentation, which used the aluminum mold, race-trackingents 3—7 were performed to screen the suitable model of the
[11]was avoided by monitoring the outlet port as well as inspecgffective thermal conductivity for both glass and carbon preforms
ing that the preform was saturated fully, immediately after thiom several candidates, since the carbon has much higher thermal
conductivity than the fiberglass and the fluid. Experiments 8—-12

were performed to explore the dependence of thermal dispersion

24.77cm (9 3/4in)

A

A

Inlet

2h=1.02cm

Fiber Preform  Thermocouples

Entry
Region

Fig. 2 Dimensions of the mold cavity and the locations of
thermocouples

Table 1 Experiments on the mean velocityor the Peclet numbgiof the resin. Experi-
ments 12 and 13 have the same flow front velocity = (u;)’
okt f
Topo | Tor | Fiber szggx =(u)/e¢) but different fiber volume fractions¢ (which is equal
No. Preform (c) | (c) | yolume ) y to unity minus the resin volume fraction/l;). This provided us
% ) with an opportunity to explore the influence of fiber volume frac-
Uni-directional fiberglass roving tion as well.
1 (Flow perpendicular to 24 | 60 23 0.462
fiber tows)
o | U e | e {eo | 23 | os0 Approach for Temperature Predictions
fiber tows| . . . .
3 Carbon biweLve 22 60 | 43 055 (@) Governing Equations. We focus on one-dimensional
4 Carbon biweave 24 | 60 43 0.192 flow, which creates two-dimensional heat transfer as the heat can
g g::gg: g:x;:zg gg gg jg gggg convect along the flow direction and conduct in both the flow and
7 Carbon biweave 24 T 60 | 43 0.341 thickness direction. The-direction is denoted as the Darcy flow
8 Random fiberglass 24 | 60 | 22 0.204 direction and they-direction is the direction along the thickness.
1% ggzggm ;!g::g:ass gi gg gg gggg The fluid phase which is the resin system is denoted Byahd
I ass X . . . . .

7 Random fibergiass 2 60 | 22 6754 the solid phase which is the fibrous porous preform is denoted by
12 Random fiberglass 24 | 60 | 22 0.826 “s.” The geometry of the fibrous porous unit cell is symmetric
13 Random tiberglass 24 | 60 | 15 0.884 with respect to its owrx-axis and has its principal permeability

directions aligned with the and y-directions. For this case, the
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Fig. 3 Comparison of the experimental temperature histories of the uni-directional fiberglass roving; Experi-

ments 1 (black lines ): the fiber-roving orientated perpendicular to the flow direction. Experiment 2 (gray
lines): the fiber-roving orientated along the flow direction. The thermocouples locate along the mid-plane of

the mold cavity as shown in Fig. 1 and Fig. 2.

generalized volume-averaged energy equdtignwhich does not o(T)
assume local thermal equilibrium between the solid and the fluid, (Ghota) = I[(PCp)s<Us>x (pCp) ({Ur) {T) =Ky I
in the stationary observation frame can be rewritten as
9X(T)
9 (7<T> <T> (9<T> —Koax—oz X2 et [(PC s<us>y+(PC f<uf>y]<T>
Chcxﬁ X {(Pcp)ss +(Pcp)f81} It +(pC <u>>< IX

«T) aXT) @
oX(T o T oX Ty 9T TRy oy T Kadx o
i, ZD <2>] S EA B AL I By oxay
X ay X\ ax
(1) where(*):= V)f *dV is the volume average operator. Heat ca-
pacity and volume fraction are denoted a&() ande respec-
and the volume-averaged heat flux can be expressed as tively. Temperature and velocity are denoted a8’ ‘and ‘“‘u
Journal of Heat Transfer FEBRUARY 2001, Vol. 123 / 181
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respectively. To capture the local non-equilibrium effect, tw@ions from their volume-averaged values. Note thatKhe value
terms are introduced in this generalized model. First, to comper-frame dependent since the volume-averaged veldgcipy is
sate for the energy storage, the heat capacity correctigry, frame dependent. Because all other component§,gfare frame
:Eizs,f(pcp)i(bxi), is added. Note that the b-vector maps thédependent, Eq3) will be very useful to find the value afy, .y,

deviation between the microscopic temperature and the lo@ld, hence, can be used to calculate the temperature difference
volume-averaged temperature onto the gradient of local volunetween the fluid phase and the solid phase. _

average temperature and is definedTas (T)+b;-V(T). The  The mold in composites processing such as RTM is usually
other additional term is the thermal diffusive correction vecto¥ery thin and long, and the characteristic length along the
koax=i—s ki(by;), which captures the heat conduction deviax-direction,x., is usually about two to three orders of magnitude
tions due to the local thermal non-equilibrium. The principal connore than the thickness. Hence, we assume that the contribution
ponents of the total effective thermal conductivity tensor for thigf K2ax can be neglected for such processes as compared with the

two dimensional heat transfer case can be expressed as contributions fromKy, andK,, . _ -
The boundary conditions for the wall and inflow are Dirichlet’s
Kxx= Kexxt Kpxx= (U)xChex (3) boundary conditions, i.e.,
Kyy=KeyyT Kpyy, (T)=Tya at top and bottom of the mold (6)
whereas the effective thermal conductivity tensor contributed due (T)=Tiniow at inflow. 7

to micro-conduction is defined as ) ) i )
The flow front velocity relative to the fiber preform is
1
ke= k| &1+ —f nb,dS|. 4) (u)
¢ iZS:,f A \4 S I ) ufront:<uf>f:8_fxex- (8)

Note that “S” is the interface between the solid phase and the
fluid phase. In this paper, for sake of simplicity, we asslkug
~Keyy=Ke. The heat dispersion tensor is given as

(b) Temperature Boundary Condition at the Moving Flow
Front. An energy balance approach is used at the moving flow
front. To describe the heat balance at the flow front, it is impera-
(pCp)i tive to use the moving observation frame attached to the flow

KD:i;f R V(ui—<u))bidV. ®)  front. Hence, the dry preform enters the flow front at a relative

' i velocity, — Ugone- The dry preform is preheated to the initial tem-
The heat dispersion accounts for and lumps together the enhanpethture of the wallly=T,, . The volume averaged heat flux
heat transfer due to microscopic temperature and velocity devizlance can be written as

On the Dry Side of the Flow Front

————
(#)s
(pcp)sssTO( - e
HT)
= [(pcp)s<us>x+ (pcp)f<uf>x]rel. to front<T> Kl w0 front?i 9)
On the Saturated Side of the Flow Front
I
where To=Tyq and egte;=1. As <uf)"rel. o front and Chex i ‘9_T’ l(PCp)sss+(PCp)foJXc &_T, ' aT’
(us>Xr o m:—gslsf<u)x in the frame attached to the moving (pcCp);Ut dt” ox’ (pcp)iUte ot’ X ax’
front, the energy balance simplifies to B Ko  0°T N KyXe °T' . ()%
(w, Ty (pCp)UX; 32" (pc,)Uy2 ay"2| " (pcy){UAT
(Pcp)sss( - S_f) (To—(TH=— Kxx rel. to fronf™ (10) (12)
where with boundary conditions

T=1 at the mold walls
Kxx rel. to front™ I(exx'*' KDxx_<u>x rel. to fronChex

- T'=0 at inflow

-

= Kexxt Kpxx— = (U)xChex- 11
exx Dxx e < >X hex (11) Kyxrel. to fron€f oT’

This boundary condition is usually absent in flow through porous 1=1= (pCp)sesX Uy, X' at the flow front,  (13)

media in which one does not encounter a moving flow front ) ) ) )
boundary. However, it is important to consider such a movinghere the dimensionless variables are defined as
boundary in manufacturing process as it does influence the tem-

_ T_Tinflow _ T_Tinﬂow

perature downstream. T = _
AT Twall - Tinflow
(c) Dimensionless Form of the Governing Equation With U, =(u), /U
Boundary Conditions. The governing equations in dimension- ,
less form can be expressed as X" =XIX¢ (14)
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y' =yly.=yl/h (e) Numerical Approach for the Transient Temperature
Predictions. A fully implicit finite difference scheme is em-
t'=t/t.. ployed to solve Eq(1) with the transient term. We assume that

Here the thickness of the mold cavity i912The characteristic kZd.X term can be neglectgd. An upwind SChe“.‘e is used for com-
velocity U is assigned to be the Darcy velocity. Note that aBUting all #(T)/dx terms in the energy equation and boundary
uniform Darcy velocity in the thickness direction is equivalent t8(2)nd|t|onzs. A cz:entral Zdlffgrentlal scheme is us_eq to compute
plug flow and hence the dimensionless velocity in xrgirection 9 (T)/9x” anda*(T)/dy*. Itis assumed that the fluid’s velocity is

: Lo ' - _ uniform throughout the thickness, thus producing a plug profile.
ItZrEJsr':;::yl[irIT.]ee.{U)\(NiIIlt.);r(!lies((::S;isrzgt?antsetrlc lengtky, and the charac Therefore, the mesh is fixed with a plug-shaped numerical flow
c .

front. The incremental length corresponds to the user-specified
Darcy velocity, porosity, and total filling time. An iterative solver
(d) Analytical Solution for the Quasi-Steady State Case. With a floating relaxation factor executes the fully implicit
We definePe :=(pc,)(u)yd,/2k . Hered, is the diameter of the scheme. We verified the accuracy of our numerical code by com-
solid particleg(either fiber or fiber-tow If a low Peclet number is Paring its steady state predictions with the analytical solution.
assumed, we can neglect the complex effects due to the inclusior © Solve for the transient problem, we need to input the values
Of Ky, Chex»K2ax fOr @ thin mold cavity and we assume presencg Kxx and hex in addition to the value oKy, , which is used
of no heat source. The volume-averaged energy(E2). for the from the quasi-steady state solution. Unlike the valu&gf can

guasi-steady state simplifies to be fitted from the experimental results, to find the values<fgr
5 and ¢y, is not straightforward. However, it is possible th&t,
LI’ XcKyy 07T’ andc;,, are negligible under some constraints. One can use order

U~ h2(pc,) (U day'%" O<x'<ee, —1<y'<l. (15) f magnitude analysis to find the conditions under which we can
) o ) ) ) neglect the influence df,, andc, in the transient problenK,,

The velocity profile is assumed to be uniforfne-dimensional \yas found to be negligible as stated in E&8). Next, we turn to
flow) and henceu, = 1. The boundary conditions are constant inthe flow front boundary conditions, E€L3). In most of the ex-
flow temperature and constant wall temperature. Note that tperimental data, we found that this temperature drop was insig-
flow front boundary condition is not required and does not appegficant, i.e., 6<1—T'<1, at flow front boundary. Previous re-
in the steady state problem. The analytical solution is: searcher§12,13]explained such a phenomenon as a thermal wave
traveling behind the flow front boundary at its initial temperature,
T,. Combining the experimental observation with Ef3), we
obtain

, 4o (-0 T,
T —1—;“20 S Co§(2n+1) 5y

XE‘:X[{—

Wherex*:x’(xCKyy/hZ(pcp)fU). This solution can be used to
find optimalK,, to numerically fit the temperature field with the i
measured experimental data. Once we kikqyy and the value of Kxxrel totionr- If we know the order of magnitude of both
effective thermal conductivityke,,), the difference between the K,y o1 1o front aNd Kyx, which can be found from some previous
two is due to heat dispersiorKg,,). : :

This analytical solution can alysyo be used to determine the Ché%ports[14,15], we can determine the order of magnitude;gf
acteristic length along the-direction in this problem. If we as-

2

2%

Kxx rel. to front r
7 X —

: (16)

L
T2

os — ——<1. (22)
(pCp)sXcU 1-&

This equation can be used to determine the order of magnitude of

sume the characteristic length to correspond to the 99 percent £1(Kyx— Kyxrel. to front
temperature drop along the centerling £0), one can write and Chex= —_—
solve the following equation to fing. : (u)x
0 01_4 é (=" N 1\2 ~ 17 £1(Kyx—Kxxrel. to frond
o= & e (N X @D =0{Ched =0} — o @
X

This allows one to solve fox and hence.. The characteristic By comparing the magnitude of the transient terms in the energy

thickness in they-direction isy.=h. One can now compare theequation, Eq.(12), we find the transient effect af,., can be
magnitude of conduction effects in E(L2) to formulate a crite- neglected if

rion for neglectingx-direction conduction in the quasi-steady state
case as |Chc><| <|.(pcp)sss+ (pcp)fstXc . (23)

2 . .
@(ﬁ) - (18) Results and Discussions

K\ 1 We had investigated two types of fiber preforms, the random
The quasi-steady state assumption is justifiable if the magnitud#éger preform and the woven preforms. The random fiber preform
of the two transient terms in Ed12) are much less than the is representative of isotropic porous media and woven or stitched
convection term and the conduction termyidlirection. Hence, to preform exhibits dual scale porous media. In woven or stitched
obtain a quasi-steady state the following two conditions should peeforms, such as the unidirectional fiberglass and the carbon bi-

met: weave, the dual scale is created because the spaces between the
) fiber tows is an order of magnitude larger than the spaces between
t>MAX(((pcp)seer(pCp)fsf)h ((pcp)sser(PCp)fsf)XC) individual fibers in a fiber tow.
Kyy ' (pcp)U

(19) (@) The Significance of Heat Dispersion in RTM. As the
theory is strictly valid for single scale porous media and since the
and fiber-tow does not completely saturate when the resin flow front
reaches the fiber-toyd 6], for the unidirectional fiberglass and the
)_ (20) carbon biweave cases, we only performed the quasi-steady state
analysis to quantify the importance of heat dispersion.

Chex Chcxhz
(pcp)sU , KyyXe

> MAX(
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Table 3 Comparison of various predictions [15] of k. for car-
85 bon biweave
#B
50 - v ] Parallel ke =kpep +ko&g 3.59 13.01
g ® o - arrangement
40 Series kgl 0.47 1.71
35 #o arrangement kg=————
| kres+ksEg
30 .
s #1 Geometric mean k, = (kf )e 1 (k, s 117 4.24
20 - - - - T I
0 50 100 150 200 250 300 350 glfog?f?ggggzatlon ke _ (Z_Ef )ks/ kp+1 0.39 1.40
time (sec) equationinatwo- | Ky 2—&f +kgfky
dimensional
periodic unit cell
Fig. 4 Centerline temperature history for carbon biweave (Ex- (by Chang[17))
periment 5) at the seven locations as shown in Fig. 1 and Fig. 2 Note: For the carbon biweave experiments, we have
0.385< Ky < 0.718(W/m-K),ie., 1.39< Kyy/kf <2.60

Figure 3 presents the effect of fiber orientation on the temper
ture history for the unidirectional preform. It is clear from the
figure that there is over 10 to 40 percent difference in the tem-
perature due to the change in the fiber orientation direction by 90
deg to the flow direction with all other parameters being the san&ing theKp,, in the temperature prediction. Figure 6 shows it is
By using the quasi-steady state analytical solution we can find thecessary to include the heat dispersion effdCp,() in the
K,y values that best match the quasi-steady state temperature gisasi-steady state temperature prediction in order to match the
tribution along the midplane in the flow direction. We found thaguasi-steady state experimental results.

K,y=0.882 W/m-K=3.20k (3.2 times the thermal conductivity ~In summary, from this set of steady state analysis and experi-
of the fibers)for the fiber-tow perpendicular to the flow directionments, we verified and validated the significance of heat disper-
and K,,=0.737 W/m-K=2.67k for the fiber-tow orientated sionKp,, in RTM. In addition, we presented a way to calculate
along the flow direction. The differences in both the temperatutee value fork, and henceKp,, . Kp,, was found to be linear
history and thex, values(about 0.53k) show that heat disper- with Peclet number. After comparing several modelsKgr we

sion effect is significant and is influenced by the changes in theund that Chang’s mod¢ll7] and the series arrangement model
microstructure of the porous media. agreed well with our experimental results.

Figure 4 shows the typical temperature history along the fluid o .
flow direction when a carbon biweave preform is used as the(®) Local Thermal Equilibrium Assumption.  For the ran-
fibrous porous media. The carbon biweave preform has the fib8@M fiberglass, both the quasi-steady state and transient state
tows orientated in both along and perpendicular to the flow dire@@lysis will be performed since it is composed of single-scale
tion alternatively. One can observe similar temperature behavi#rous porous media, instead of dual-scale fibrous porous media
as observed for unidirectional fibers, however with some subfig-g-; fiber-tow), and does saturate immediately.
differences. Figure 5 shows the valueskgf, used to match the .To analyze. the random flberglas§ experlmental data, we start
experimental data is linear with Peclet number Darcy velocity) v_vlth t_he quasi-steady state data. Using the analytical soluyo_n, we
in our experiments. The diameter of carbon fiber is aboping first find the value oK, that matches the temperature predictions
Recalling from Eqs(3-5), the micro-velocity deviations —(u) with the me_asured temperatures from the experiments. As ex-
linearly increases with Darcy velocity for laminar flow and hencBectéd, we find that it is proportional to Peclet number as shown
the linearity ofK,, with Peclet number. Table 3 compares thd? Fig. 7. We find that the dispersion coefficient varies from
various models used for predictig, the effective thermal con- 0-98<Kpy,/kj=<2.36 if we assumé,=0.29 W/m-K=1.05k by
ductivity of the fluid saturated porous medium. Becausekof USing Chang’s moddll7]. The diameter of the fiberglass is 0.14
<K,y, we found that Chang’s modg17]and the series arrange-MM which gives the range of Peclet number to be %B&
ment model provided a better match with experimental results. 17i0-5-dp(U)/ @1=<6.28. Our results are very similar to Koch and

practice, it will be of interest to examine the necessity of consid@rady’s predictior{14], although their porous media consisted of
random arrangement of spheres. Koch and Brady predicted 0.30

<Kpy,/ki=1.24 and 1.70Kp,,/k;=<14.20 for the correspond-
ing Peclet number range. As oHt,,, value was close to their

280 ; : Kpyy, We assume their prediction rangekof,, /k; as the starting
260 1= Kyy/kf (fisted from steady ; ¢ initial guess values for us to perform the transient state analysis.
240 -  State experimental data) e Use of differentk p, values into the numerical solution, had al-
2.20 +- — - Linear Fit (Kyy/kf) =t most no significant effect on the temperature history. This can be
7200 | i ‘ emT e explained by conducting an order of magnitude analysis of the
2180 1 i o energy equations. For example, foPe=6.28, i.e. (u),
1.60 --T - =0.826 cm/sec, we calculated=1.429 m from Eq.(17). And
140 1o 4= ] note thaty,=h=0.0102/2=0.0051 m. Using the above values
: - into Eq. (18), we get
1.20 §
1.00 2 2
0.05 0.07 0.09 0.1 0.13 0.15 @(ﬁ) ~ 2'36+l'05( 1'429]) =17594.1951. (24)
Pe=d, <u>2 e, K\ h 14.20+1.05! 0.005
Fig.5 K, versus the Peclet number for the experiments using This impliesK,, has no significance in the energy equation, Eq.
carbon biweave preform with fiber volume fraction of 43 (1), for RTM type of porous media processes in which the in-
percent plane direction is much longer than the thickness direction. We
184 / Vol. 123, FEBRUARY 2001 Transactions of the ASME
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Fig. 6 The significance of heat dispersion for the steady state temperature predictions for four different Peclet numbers. The
dependence of K,, on Peclet number must be considered to match the experimental data from the carbon biweave cases.

observed no significant temperature drop at the flow front froince we have(bg)=—(bs,)=0 and (cp)s<(pcp); for this

the experimental data. Hence, the condition stated in (Edy)
must be satisfied hence reduces to

0= Kxxwgsno.zs.

(22) and obtain

—1.44X10°< O{Cpc <5.38X10°. (26)
3.50 ‘ T - .
o Kyy/kf (fitted from steady state } Prae
experimental data) 1 b -
~ = Linear fit (Kyy/kf) i -\
\3.00 T : o
2 -7
~ 250 e
e
//’// ! i
2.00 | | .
1.50 2.50 3.50 4.50 5.50 6.50

Pe=dp <u>/2 oy

Fig. 7 K, versus Peclet number for the experiments using the
random fiberglass preform with fiber volume fraction of 22
percent.

Journal of Heat Transfer

(25)

We then estimated the order of magnitudecgf, by using Eqg.

case, we can tighten the bounds by further restriating=<0 and
<K,y. Substituting the order of magnitude @f, into

XXrel, to front

Eq. (23), we have

0{|Chcx|}<((pcp)s8s+ (pCP)fo)xC
—— -~
<144X10°

27)

3.88x10°

Equation(27) clearly implies that the transient term gf;, can be
neglected in the energy equation, E@d), while comparing its
order of magnitude to the macroscopic transient term, i.e., the
transient term with gc,)ses+(pCp)ies. Hence, for this case,
from Eq.(24) and Eq.(27) we conclude that the effects Kf,, and

Chex Can be neglected for both the quasi-steady state and the tran-
sient state analysis. The most significant thermal coefficient that
needs to be determined I§,,, which can be easily found by
matching the temperature profiles from the as mentioned quasi-
steady state analytical solution with the experimental data. Apply-
ing the fittedK,, value in the numerical solution, a good agree-
ment between the predicted temperature history and experimental
data as shown in Fig. 8 which suggests that at low Peclet number,
local thermal equilibrium assumption is a justifiable one. Thus,
one can use the order of magnitude analysis as shown above to
evaluate the local thermal equilibrium assumption.

(c) Influence of Fiber Volume Fraction. In experiments
12 and 13, we use random fiberglass to make a study of the effect
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35 - . Nomenclature
30 e )
P I S s ————— ] b = closure vector_functlorﬁm_)
Che = thermal capacity correction vecté/m?-K)
20 ‘ ‘ ¢, = specific heatJ/kg-K)
0 50 ti1nqg (sec) 150 200 d, = payticle diametefm)
e = unit vector
h = thickness of mold cavitym)
Experimental data | = identity tensor
_____________ Prediction k¢ = thermal conductivity of the fluidW/m-K)
ke = effective thermal conductivity of the fluid saturated
Fig. 8 The centerline temperature history at seven locations porous medigW/m-K)
as shown in Fig. 1 and Fig. 2; random fiberglass, £ koq = thermal diffusive correction vectdiV/K)
=22 percent, (u),=0.826cm/sec, Pe= d,(u)2a;=6.28, K,, K = total effective thermal conductivity tens@WV/m-K)
=0.94 W/m- K=3.41k; Kp = effective thermal conductivity for dispersion effect
(W/m-K)
L = length of the fiber prefornim)
of porosity, or fiber volume fraction. We find tht,, increases n = normal vector

from 3.11k (0.858 W/m-K) to 3.42k (0.943 W/m-K) while the Pe = Peclet number
porosity decreases from 0.85 to 0.78. Note that we are using the ¢ = heat flux vector\W/m?)

same flow front velocity(fluid phase average velocjtpf 1 cm/ S = surface(m?)

sec for the two experiments. If we use Chang’s mddél] to $ = heat sourcéW/m°)
approximatek,, it increases from 1.08 (0.297 W/m-K) to t = time (sec)

1.11k (0.307 W/m-K) as the porosity decreases from 0.85 to t. = characteristic timésec)

0.78. Since Kyy=Key,+Kpy,, hence Kpy, increases from T = temperatureK)

2.03k (0.561 W/m-K) to 2.3@; (0.636 W/m-K) as the porosity To = initial temperaturgK)

decreases from 0.85 to 0.78. The rate of increasépyy, is much U = magnitude of Darcy velocitym/sec)
higher than the rate of increasekp for the porosity change from u = velocity vector(m/sec)

0.85 to 0.78. The heat dispersion enhances because the micro- V = representative vplumen3)
scopic velocity increases and microscopic flow path becomesy,z = Carte3|an_ cpordlnates
more tortuous when the porosity decreases. Xc,Ye = characteristic lengtiim)

Greek

Summary AT = temperature difference)
The heat dispersion for a viscous fluid saturating a heated fi- o = thermal diffusivity (m?s)

brous porous medium is an important phenomenon in composites ¢ = volume fraction

manufacturing process such as RTM. Because the mold thickness , = density(kg/m®)

of such flow domains is much less than its in-plane dimension, tge bscripts

through thickness dispersid{y,, has a strong effect on the non- u P

isothermal RTM process. Lab-scale experiments were conducted f = fluid phase

in which temperatures were measured at seven different locations i material index

in the flow direction during mold filling. Three different types of s = solid phase

fibrous porous media were used in the carefully designed eXpeP(:iDperscripts

ments. From the experimental data, we can distinguish a quasi- )

steady state region and a transient region. We presented a method f = fluid phase

to characterize dispersion coefficient by finding thg, value by i = material index
matching the analytical solution for the quasi-steady state region S = solid phase )
with the experimental data. By using order of magnitude analysis, = non-dimensional index

we found that we can neglect the effects of total effective thermgjthers
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Department of Mechanical Engineering, A three-dimensional simulation of the thermal plasma spraying process is reported. In
The University of Connecticut, particular, the effect of the radial injection of a carrier gas is taken into account for a
191 Auditorium Road, dilute spray. The thermal history of powder particles of different sizes is predicted. It is
_ Storrs, CT 06269-3139 shown that introduction of a carrier gas can lead to a significant modification of the
g-mail: tberg@gngr.uconn.edu plasma jet, and can have an effect on the thermal histories of the injected particles. The

study is motivated by the processing of non-traditional materials, specifically nanostruc-
tured ceramics. [DOI: 10.1115/1.133811]7

Introduction a more significant role. With spraying partially-molten materials
. . . . .as the motivation, the objective of this study is to predict partial
Thermal spraying is a major materials processing operati r%rticle melting and possible resolidification phenomena of pow-

e e proheres, Aohleatons s s they are sreyed using @ conventonal lasna etu, The
P ' y ! y ect of the carrier gas on the plasma jet is accounted for. The

industrieq 1-7]. Pawlowski[8] provides a comprehensive review . . .

: ) 3 . results reported here are relevant to dilute sprays; here, dilute
.Of the_varloys technlqges used in applying thern_1a||y spraye_d cog rays arFe) those in which the cooling and Pedi);ection of the
ings, including the typical ranges of corresponding processing pa:

rameters. The atmospheric plasma spi&RS), which is one of asma gases by the particles themselves is neglected.
the most common techniques, has been studied with various level®roblem Description. The plasma torch, the injection port,
of sophisticatior{9,10]. and a substrate are shown schematically in Fig. 1. In plasma

A recent innovation in plasma sprayed coatings is the introdusprays, gas temperatures typically exceed 10,000 K and particle
tion of nanostructured materials which are expected to provigelocities are on the order of 100 m/s. The micron-sized particles
enhanced insulation capability, wear and corrosion resistance, ahgt are injected into the plasma usually melt within a few ms
surface finished11,12]. Some preliminary diagnostics of theprior to deposition on the substrate. Experimental observation of
sprayed particles and predictions of nanostructure retention the process is difficult because of the extreme conditions. An ef-
coatings have been reportgB,14]. Spraying nanostructured maficient method to investigate meltingind possible resolidifica-
terials presents an added level of complexity relative to the usetign) within the sprayed particles is via simulation.
conventional powder because complete meltwich is desir-  In APS, the particles are delivered to the plasma in a stream of
able when spraying conventional materitéd to be avoided if carrier gas. Radial injection of the carrier gas has been neglected
some nanostructure is to be retained in the coating. On the othehearly all of the simulations reported in the literature. Although
hand, at least some melting may be desirable in order to provide@me attempts have been made to justify neglecting the carrier
mechanism for the sprayed material to adhere to the substrate.g@$, it is usually the case that the gas is not accounted for because
course, partial melting may be achieved (ay melting some of with radial injection the flow field is fully three-dimensional, and
the particles entirelywhile the rest remain unmoltgn(b) par- the descriptive equations become elliptic in form. In turn, the
tially melting all the particles that are sprayed,(oy some com- computational expense associated with investigating carrier gas
bination of the two. In any case, an improved understanding of the
melting and possible resolidification phenomena of the particles
and their dependence upon conditions within the plasma jet is
needed for identifying key factors that influence the final coating SOOI :
characteristics. i constant pressure boundary ]

Since partial melting is desirable, it is probable that the appro- :
priate operating conditions for spraying nanostructured material
will be different than those used to spray conventional material. y
Narrower processing windows may emerge, and a higher level of
process control may be needed. With lower temperature particles :
(relative to conventionally sprayed mateyjghysical phenomena Injection
that are normally importar(such as vaporizationmay not occur. P°”u %

e

tant (such as cooling of the plasma jet by the gas that carries the &
particles to the jet or three-dimensionality within the jeiay play Plasma n——— Cooling
Torch Jet

On the other hand, effects that are usually deemed to be unimpor- — ] X

Contributed by the Heat Transfer Division for publication in tf@RNAL OF . ) )
HEAT TRANSFER Manuscript received by the Heat Transfer Division February 17Fig. 1 A schematic representation of the thermal plasma
2000; revision received September 27, 2000. Associate Editor: D. A. Kaminski. spraying system along with the injection port and substrate
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effects can become prohibitively large. It appears that only a r€hapman-Enskog theory. Numerical values reported by Boulos
cent computational efforftl0] has addressed the issue of carrieet al.[24] are used here. Mixture transport properties are calcu-
gas injection, but to a limited extent. lated with Wilke's formula[24].

In this study, a three-dimensional plasma jet issuing into anBecause of their anticipated small effect in influencing the
ambient, quiescent atmosphere is modeled as a non-reacting, sprayed particles, and the expense of including them in a fully
bulent mixture of Ar-H with temperature-dependent thermo-lliptic three-dimensional simulation, chemical reactions within
physical properties. Powder particles are introduced into the jiie plasma are not modeled here. It is estimated that the reactions
radially (along with the carrier gas; Ar at room temperajuiehe would contribute to less than 10 percent of the particle heating. It
particles are entrained into and heated by the plasma. Allela- is noted that a higher level of uncertainty is associated with values
tive to conventional processingower operating condition is con- of the transport propertig®24]. Neglecting chemical reactions for
sidered, since low temperatures are desired relative to the spraytgsma jet simulation has been adopted in a number of recent
of conventional powder. works[22,25,26].

The orifice of the torch is 8 mm in diameter, and the injection The equations solved for the gases are conservation of mass,
port for the carrier gas and particlécated 5.5 mm from the momentum, enthalpy, radiative energy, specks H,, and air),
torch orifice and 5 mm off-axishas a hydraulic diameter of 1.9 and turbulence kinetic energy as well as its dissipation:

mm. These dimensions are typical of production hardwagd.

The substrate is a 3 mm thick, 50 mm diameter disk located co- V-(pV)=0 1)
axially with the torch at a distance af;;= 100 mm. The bound- V. (pVV)=—V(p)+V- 2
ary of the computational domain is cylindrical, and coaxial with (PVV) (P) (7et) @
the plasma torch. The radius of the domain is 50 mm, and the V- (phV)=V-((ket)V(T))=V-q, (3)

domain extends beyond the substrate disk for an additional 20 mm

in the x-direction. A cooling jet is located behind the substrate in _ .

order to constrain its temperature to realistic levels. Back cooling V-(a)= 4f a}\e)\b()\,T)d)\‘i‘f f ayiy(N,w)dwd\

is often employed in practice. 4)
The torch operating conditions are fixed. These are: an average _

torch exit velocity and temperature of;=300m/s andT; V- (pmV) =V (p(Derr) V(m;)) ®)

=12,000 K, respectivelyNote that the jet velocity is low relative (okV)=V . V(K))+ 1. S2—

to standard conditions because of the lower power level assymed. V- (pkV) (e VKD + 1S = pe ©)

Plasma torches are characterized by a high degree of intermitter¥ . (psV)=V - (( uer) V(€)) + CrouSPe/k— Cyope?/k—R

arcing, which can induce high levels of instability within the )

plasma itself. The species composition is taken to be 80 . )

percent—20 percent Ar-+by volume (The resulting plasma gas n the_above,reﬁ is the stress ten_sqr27_] with the molecular

mass flow rate i3-0.5x10 % kg/s). The back cooling jet is of air, viscosity replaced by the effective VisCOSiey= -+ 1. The tur-

issuing at 10 m/s and 300 K from an 8 mm round exit. Thgulen_t viscosityu,, the inverse Prandtl numbetg anda,, the
I]‘1f_ect|ve thermal conductivity and species diffusivity, and the

remaining computational boundaries are specified to be at a | antitiesC, andR are determined through the RNG extension

stant pressure; in the case of entrainment of ambient air, the 0?5{8] of the k-¢ turbulence mode[29]. C,. and C,, have the
. . 1le 2e

ditions are set at room temperature. X
The carrier gas is argon, introduced into the injection port éf(ll(;ﬁs /%;)f'i 3[]Jd /25)8/’2r?sseﬁgt'r\;ﬂghﬁ;?;‘_:&_ss{rsa%ﬁ ;I(VelrlzgerSilj\lote
300 K. The carrier gas injection velocitiéat the exit of the in- Jor ; . :
that the effective transport properties are dominated by the turbu-

jection port)are varied fromV q=0 to 15 m/s. Although nano- - L - i
structured materiafzirconia) may have different thermophysical lent field. The radiative fluxEgs. 3 and 4Js determined by bal-
acing the local emission and local absorption of thermal radia-

properties relative to bulk material, the sprayed powder properti iSn. Here.e,, is the spectral blackbody emissive powigrjs the

are specified to be that of bulk zirconigk=2.4 W/m-K, spectral radiative intensity and, is the spectral absorptivity of

=620 J/kg-K, p=5700kg/, ~Ahy=700000J/kg, Ty the gase$30]. The radiative transfer E¢4) is modeled with the
=2 980K,[15,16])due to lack of information. The particle injec- P, gpprfxin:létion for diffuse radia:?g)rl, yielding- v - (q,)

tion velocity is radially inward and is fixed at,=5 m/s. Typi- _'_ 4 ~ . .
cally, particle injection velocities have been measured to be within 4xoT"+ kG, wherex=«(T) is the Planck mean absorption

approximately+20 percent of the mean val(i&7]. The particles ﬁ%ﬁ'&gﬂgfgﬁ;g{‘f incident radiation. Data for is obtained

are injected al ,=300 K. Note that differences betwedh, and - . ' )
V, are commofplace and have been discussed lseitaD] T Boundar conciions are based of he physical confgur
and the conditions specified hefexcept for the lowv 4 cases) diti di .t : f lI {800 m/s)and t t

are realistic. All dimensions, and process as well as carrier ga § itions are used in terms of veloc{800 m/s)and temperature

: : ,000 K). The turbulence intensityu’/u, u’ being the RMS
used here are typical of APS technology. Again, the power as; 3 Y .
sumed here is relatively low in order to avoid complete melting (ﬁf trelflucttu?tlrtlrg]] ctompr)]one):ijspeilfledfegong with thet Itengrt]h
the powder. Although particle injection velocities have been récale(l) se 19 the °3r,§k3/§X' iameter of 8 mthence, at torc
lated to carrier gas velocities in some studi28—23 the relation- €Xit, k=3/2u"%, e=C,"k**/I). The influence of the DC arc fluc-

ships are typically hardware-specific and so are not used heretuations, which are originally driven by random arc initiation and
extinction between the cathode and the anode, is not a truly tur-

bulence phenomenon. However, because of the lack of under-
. standing of the detailed arc physics, this fluctuation is accounted
Modeling for by specifying a high level of turbulence at the jet exit, with
The assumptions associated with the plasmdarthe gaseous |=20 percen{32]. For the cooling jetwhich merely constrains
species behave as ideal gases at atmospheric pregburep the substrate to reasonable temperajuresnstant velocity(10
plasma ionization or chemical reaction takes pldcgthe system m/s)and temperatur€300 K) profiles are assumed with no turbu-
is in steady state, with time-averaged turbulent fluctuations takkamce intensity. For the regions of the boundary where gases flow
into account, andd) the plasma components are in local thermosut, zero-gradient conditions are imposed for all quantities. Parts
dynamic equilibrium. In addition, the plasma is modeled as a tuof the boundaries at=0 andx=120 mm are held at zero velocity
bulent free jet composed of a high temperature mixture of Ar-Hand temperatures of 700 iK€ 0) and 300 K =120 mm) in or-
issuing into ambient air. The transport properties for plagAra der to account for the finite wall thicknesses of the plasma and
and H,), carrier gas(Ar), and air are calculated based on theooling jet ports. The wall of the injection port is assumed to be
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constructed of non thermally-conducting material. The substrate is
stainless steel witlk=25.4 W/m-K (at 1 000 K,[33]) while the
radiative surroundings are at 300 K.

Once the steady state flow field is calculated, the particle tra-
jectories are predicted using a Lagrangian scheme. The viscous
force acting upon the particle, as well as the particle heating rates | \_—==—

are calculated on the bases of Stokes’ law and Ranz-Marshall .
correlations. The descriptive equations for the parti@esrection ——————
factors for the correlations, boundary conditions as well as heat =
transfer, melting and resolidification within the partiglase iden-
tical to those of Wan et al[[23], Egs. 1-18]nd will not be
repeated here. The only exception is that material vaporization is
neglected since the partially molten particles experience relatively
low maximum temperatures. The discrete random walk model that
is used to predict particle trajectories within the highly turbulent
jet has been documentgg#]along with the numerical scheme forFig. 2 Temperature distributions for the plasma jet without
tracking the solid-liquid interface within each particle. carrier gas injection  (side view)

The fluid dynamics of the plasma jet, the carrier gas, and the
ambient air is predicted using a finite volume methd8]. The

computational grid is polar cylindrical, with the radius of the outer The grid resolution requirements in the region between the jet
boundary at 50 mm. The mesh is more refined near the(exiee exit and the injection port was also examined by comparing the
radial direction), as well as near the jet efit the axial direction). axial temperature variations, and with errors less than 0.5 percent
The angular resolution is uniform. The grid used to make tHeetween resolutions of 5 and 10 cells, the coarser resolution was
predictions reported here has a resolution of(ak@l) chosen for all subsequent calculations. A comparison of measured
X 24(radial)x32(angularells in the region between the injectionand predicted centerline temperature distributions is presented in

port and the substrate. A grid dependence study was madethbg Appendix.
comparing the peak gas temperatures-atl8, 27, 37, 48, 58, 67,

and 76 mm on the plane of injection as obtained by using differeglagy|ts
grids. Specifically, a finer mesh (%®4x32) and a coarser grid

(10x12x32) were considered. Using the finer mesh as the stan-Plasma Jet. The predicted plasma jet temperature distribution
dard, the coarsest mesh produced a maximum local error of @8.,=0 m/s) is shown in Fig. 2. This result is presented as a
percent[ error=|T — Tne-mesh/ (Tiine-mesi— 300)] (with the errors reference for comparing the plasma temperatures when carrier gas

increasing in the coolest regions of the domaihe medium reso- is introduced. Although this prediction is obtained with a fully
lution grid had a maximum local error of 6 percent. Comparisorteree-dimensional model, the jet structure is axisymmetric.

were also made for the mean trajectories of the particles. Becaus&he plasma jet exit is at the left. As evident from the isotherms,
the particles traverse the gases from the injection point to thiee potential core found in typical free jets is absent. This is at-
substratgwith local overpredictions of heat transfer rates offsetiributed to the high turbulence in the jet which also loses energy
ting local underpredictionsparticle deposition locations and tem-rapidly via thermal emission. Two nonzero carrier gas exit veloci-

peratures at the substrate were within 2 percent when comparistes, V. ,=5 m/s and 15 m/s, were considergélg. 3). Note that

for the medium grid and the finest grid were made. Because ttemperature contours on two perpendicular planes are shown, the
trajectory and state of the sprayed material is of primary concevertical plane passes through the injection port and the axis of the

here, the intermediate resolution grid was used to generate fiilasma torch-substrate assemlifigs. 3(a)and 3(c)). With the

results reported here. introduction of carrier gas, the loss of symmetry in the vertical

Injection
Port

N ———
" e —
NSRS —.

”’)){))82)7’ , -

o T

lﬂl .
@ m

Fig. 3 Temperature distributions for the plasma jet with carrier gas injection (a) side view (b) top view with  V ;=5 m/s; (c)
side view; and (d) top view with  V ,=15m/s.
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downstream of the plasma torch has also revealed a modest degree
of lateral offset with respect to the plane of injecti@6].

Particle History: Base Case. In the base case, the particles
are introduced into the jet radially at 5 m/s, at a location 5 mm
from the torch axis and 5.5 mm from the torch exit. As with
nearly all the previous simulations of this process, no carrier gas is
included. The instantaneous liquid fraction of the particlgs,
was tracked, along with the evolution of each particlés,.
Here, fry is the fraction of material that has never been molten;
for nanostructured particle$gy is an indirect measure of retained
nanostructure. A particle that completely melts and subsequently
completely resolidifies would be characterized fpy=0 andfgy
=0.

Particles of three size€0, 50, and 70um diameter; typical
size of both conventional and nanostructured partiolesre nu-
merically injected into the plasma jet, with 900 particles in each
size group. The deposition locations for 300 of each of the size
groups(900 particle deposition locations are not shown for clar-
ity) are reported in Fig. 4(In Figs. 4, 8, and 11, the arrow tip
indicates the location of the outlet of the injection pport.

As expected, the 3@m particles are scattered most severely by
the turbulence within the jetFig. 4(a)). Also as expected, the
center of the deposition cloud is closer to the center of the sub-
strate, relative to the center of the deposition cloud associated
with the larger particlegFigs. 4(b)and 4(c)). The 3Qum particles
melt completely.

The 70um particles never melieven partially), and are depos-
ited furthest from the torch axis, and with the least degree of
scatter(Fig. 4(c)). This is expected since all the particles issue
from the injection port at the same velocity, and the larger par-
ticles have a greater initial momentum. The Zt particles pass
through the core of the jet faster than do the smaller ones, thus
minimizing their exposure to high temperature plasma conditions.

The 50 um particles exhibit a rich history in terms of melting
and resolidification phenomena. Most of these particles experi-
ence partial melting. Furthermore, once out of the hot plasma
flame, some particles undergo resolidification which initiates at
their exposed surface. The melting and resolidification phenomena
are illustrated in Fig. 5 for a 5@m particle that follows the mean
trajectory of the 900 particles. As the particle enters the plasma, it
is heated and the solid-liquid interfa¢ghown as a continuous
vertical line)moves inward until the particle reaches- 40 mm.

At this point, it begins to resolidify at the surface as it enters the
lower temperature plasma fieldgFig. 2). A second solid-liquid
interface appears and moves inward. Because the secondary phase
change holds the inner regions of the particle at a nearly isother-
mal state, the primary interface remains stationary for the remain-
der of the trajectory. Presumably, an intermediate shell of molten
material is trapped between the cdteat has never meltgcind

an outer solid crusiwhich has lost its nanostructyréhe mecha-
nisms associated with the “splatting” phenomena of such a par-
ticle would be extremely complex and may, in turn, determine the
properties of the coatinfB7].

The variations off, andfgy of all 900 (50 um) particles were
recorded, and are presented in Fig. 6. Note that individual data
points correspond with specific particles, while the dashed and

; o - solid lines represent the mean behavior for the 900 particles. Al-
e artores with no carror o inﬁglt?g’n" M. (B) S0 wm.and ()70 \gh individual particles may exhibit significantly different de-
grees of melting, the maximum averade is attained atx
=40 mm, beyond which point the averadgy remains nearly
constant(since the resolidification phenomena of Fig. 5 does not
plane is expected since the momentum of the carrier gas pushetsirn the material to a nanostructured state
the plasma jet downward. However, loss of symmetry about theThe local normalized mass flux as well as the average state of
horizontal plane of injection is also observgdgs. 3(b)and 3(d)). the particlesat the substrates reported in Fig. 7. As expected,
Lateral asymmetry is especially pronounced for thg=>5 m/s most of the particle fluxlargestf,,) occurs at the horizontal cen-
case. Lateral deflection of the plasma jet has been mentiorted of the substratéFig. 7(a)). The average state of the particles
briefly in other computational studig40] and, as will become (calculated within 20 spatial bins located along the horizontal and
evident, can lead to a pronounced re-direction of the injected paertical directions from the center of the substyaitso displays
ticles (also sed25]). Experimental collection of sprayed particlesymmetry about the horizontal center of the substrate. As ex-
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Fig. 5 Phase change inside a 50 um particle (no carrier gas ). The vertical lines mark the
solid-liquid interface with  n being nanostructured material, / being molten material, and s
being resolidified material.

pected, the normalized mass flux in thelirection (Fig. 7(b)) is Phase Change of 5Qum Particles. As before, the 3Qum
displaced downward from the center of the substrate. Retaingarticles melt completely, although by the time they reach the
nanostructure is locally minimum near the center of the partickubstrate, some of them are partially resolidified with a molten
cloud since particles at smayl rapidly pass through the peakinner core. The 7Qum particles never melt and arrive at the sub-
plasma temperatures of Fig. 2, while particles at relatively larggrate withfgy=1. The 50um particles are partially molten. The
(slightly negativey are not heated as extensively as those near thgriation off, andfgy of the 50um particles is shown in Fig. 9.
center of the cloud. Compared with the results of Fig. 6, less melting occurs overall,
and more nanostructure is retained, as expected since the carrier

nario of a non-zero carrier gas exit velocity =15 m/s) is con- 938 cools the plasma jet. Note that although a high degree of
sidered. The particle injection velocity is retained at 5 m/s.  dispersion occurs in terms of the particle deposition locations
As carrier gas is included in the simulation, additional mixingFi9- 8), a similar high degree of dispersion is not evident infthe
between the two gas streams leads to a higher degree of turB0d frn values associated with the individual particles.
lence. In turn, the deposition locations for the three sizes of par-The spatial distribution of , andfgy is shown in Fig. 10. As
ticles are spread, and are presented in Fig. 8. Compared with gx@ected from the deposition locations of Fig. 8, the distribution
ideal case of Fig. 4, the deposition footprint is much larger, arf fm is nearly symmetric about the plane of injection in the
the particles are carried further downward from the torch axis bydirection(Fig. 10(a)). However, the thermal asymmetry of Figs.
the carrier gas momentum. A significant portion of the larg@ 3(c) and 3(d)leads to a distinct asymmetry dfky with more
and 70um) particles misses the substrdtéigs. 8(b)and 8(c)). retained nanostructure in the particles that traverse the low tem-
Symmetry of the deposition footprint about the vertical plane igerature regions of the plasma jet. The presence of the carrier gas
retained. Similar trends have been observed by Vardelle et lglads to very differeny distributions off,, andf gy relative to the
[10]. base case of Fig. 7. Near symmetry in the local mass flux is

High Carrier Gas Flow Case. Here, the more realistic sce-
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Fig. 6 Evolution of f, and fzy for 50 um particles with no car-
rier gas injection

retained, but the carrier gas momentum pushes more particles
through the hot core of the plasma near the injection port, ulti-
mately leading to relatively high values 6§y at smally.

Low Carrier Gas Flow Case. The deposition locations for
the Vq=5 m/s case are presented in Fig. 11. Now, the particle
trajectories have become significantly affected by the carrier gas,
with lateral deflectionincreasedelative to the highv/4 case and
vertical deflectionslecreasedelative to the highv, case. This
result is unexpected and remarkable, and is indicative of the
highly nonlinear nature of the problem. Presumably, a carrier gas
injection-to-plasma gas flow rate ratio exists for which the lateral
deflection of the particles is maximized. The size of the deposition
footprint is intermediate to those of thg,;=15m/s andV4=0
cases, as expected.

Phase Change of 5Qum Particles. As before, the 50um
particles are partially molten when they arrive at the substrate
with the average degree of melting intermediate to that of the
previous casefFig. 12). However, the degree of scatter in fhe

0.6 0.2
(a)
£ 055 - 0.1.8
0.5 0
-0.005 0.005
0.65
b)
4
£ 055 Fig. 8 Deposition locations for  (a) 30 um, (b) 50 um, and (c) 70
pm particles with  V,=15m/s
0.45 — .

-0.015 (or fry) variation along thex-axis is larger than th¥ 4= 15 m/s
case. Again, all the 3Qum particles are completely molten
whereas none of the 7am particles melts prior to deposition.

Fig. 7 Average fgy and f,, for particles deposited at different The spatial distribution of the averadg and fy is reported in
(a) horizontal and (b) vertical distances from the centerline  (no  Fig. 13. Obviously, more particles are found to the left of the
carrier gas ) centerline than to the right. The asymmetry of the problem that is
Journal of Heat Transfer FEBRUARY 2001, Vol. 123 / 193
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Fig. 9 Evolution of f, and fgy for 50 um particles with V4
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induced by carrier gas injection leads to asymmetry in terms of
the nanostructure distribution of the particle cloud.

Summary, Conclusions, and Recommendations

This study has involved the three-dimensional, elliptic simula-
tion of APS with carrier gas injection. The study was motivated
by the desire to identify new processing parameters relevant to the
delivery of partially-molten nanostructured powder to the
substrate.

The main contribution of this study is the development of a
comprehensive model which predicts fully three-dimensional be-
havior of a plasma spray with carrier gas injection. The effects of
the three dimensionality upon powder particle melting and reso-
lidification are accounted for. For the conditions considered here,
it is clear that carrier gas injection plays a major role in determin-
ing the trajectory and dispersion of the sprayed particles. How-
ever, the influence of carrier gas injection on the nanostructure
and liquid fraction of the average particle, is deemed to be minor
(although noticeablerelative to the sensitivity of the particle’s

1 . . 0.2

fru

- ]
=

a ) [ Ears)

0.6 0
-0.015 -0.005 0.005 0.015

frn

0
0.03  -0.025 -0.02 -0.015
X (m)

Fig. 10 Average fgy and f,, for particles deposited at different
(a) horizontal and (b) vertical distances from the centerline
(Veg=15m/s)
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Fig. 11 Deposition locations for
70 pm particles with V=5 m/s

(a) 30 um, (b) 50 um, and (c)

state upon the particle’s size. Considerable asymmetry of the par-
ticle’s state about the plane of injection is induced by the carrier
gas under certain operating conditions. This asymmetry may be
significant, and might be exploited to, for example, deposit func-
tionally graded coating38]. The microstructure of such coatings
might be significantly altered by minor modifications in the pro-
cess such as, for example, sweeping the plasma torch in a vertical
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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



l v —— —t 14000 ————————7————
Exp. —+
T Pred. -----
0.8 - .
I N T 10000 - N i
= = I I
“‘i 0.4 fRN """ = | é\ ]
6000 |- -
02 . i B ]
0 $ § e 3 L e ;
0.02 0.04 0.06 0.08 0.1 2000 L N 1 ! L N s 1 s L L
x (m) 0 0.02 0.04 0.06
X (m)
Fig. 12 Evolution of f, and fgy for 50 um particles with  V,
=5m/s Fig. 14 Comparison of predicted and measured centerline

temperatures

direction as opposed to a horizontal direction during spraying. THgpendix

efficiency with which novel(and expensive)naterials may be A comparison of predictions with experimental data has been
applied to a substrate will also depend strongly on the size distfrade. Actual plasma torctMetco 9MB equipped with a GH
bution of the powder and processing conditions, and may depeggkzle)operating conditiongl4.4 kW electrical input power, with

upon the sweep direction of the plasma torch. 0.787x10 kg/s of 80:20 Ar-H) yielded T;=12 000K (mea-

Obviously, inclusion of plasma chemistry will alter the quantiz,red) and v, = 600 m/s (calculated, assuming ideal gaThese
tative results reported here. However, inclusion of detailed che !

; : ; . < Wlues were used in the model in order to compare measurements
istry in the model is not expected to impact the ability of it the predictions. Experimental measurement of the plasma
carrier gas to redirect the plasma, change the particle trajectorigsnnerature distribution was made using optical diagnostic meth-
affect the particles’ state, or induce variations in the particle §yg by Semenov and Cetegk89]. The axial variation in center-
state about the center plane of the plasma torch. Inclusion of pggz temperatures is presented in Fig. 14, and the agreement be-
ticle loading effects(momentum and heat transfer coupling begyeen measurement and prediction is reasonably good.
tween the particles and gaseill lead to quenching of the gases pgterences near the exi0.01 m) are attributed to uncertain-
(and cooler particle temperatuyesut, as with plasma chemistry, jies in the plasma properties used in the simulation. A comparison
is not expected to change the general conclusions drawn herepeqyeen measurements and predictions with carrier gas injection
is difficult because the data analysis technique emplgpbel’s
inversion of spectroscopic informatipis based upon the assump-
tion of axisymmetric plasma jet structure.
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Nomenclature

0.005 m; = mass fraction of the specie
f_ = fraction of molten material in a particle
f, = fraction of total powder sprayed
frny = Minimum unmelted fraction of material in a particle

0.7 0.2 k = kinetic energy of turbulence, 7
b) L= torch to target stand-off distance, m
. g, = radiative flux, W/nf
V = velocity, m/s
- . x = horizontal coordinate, along torch centerline, origin at
E 065 101 £ torch exit
y = vertical coordinate, origin at torch axis
z = horizontal coordinate, perpendicular xedirection(on
’_L‘ substrate)
0.6 } 0 e = turbulent kinetic energy dissipation rate?/si
-0.025 -0.00 Subscripts
cg = carrier gas
Fig. 13 Average fgy and f,, for particles deposited at different eff = effective value N
(a) horizontal and (b) vertical distances from the centerline j = plasma jet exit conditions
(Veg=5m/s) p = particle conditions
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