Kney is an effective Knudsen number, defined by

2, 2a,p,kT\ V2
Khey = —————_ = —P%—z- Cyla (A9)
d 8,V 2mm kT (277 u 2

and a is the probability that a particle-particle collision does not
result in agglomeration. The probability ¢ may be quite
significant for very small particles possessing sufficient thermal
energy to escape the attractive London-van der Walls force
(Dahneke, 1976). Here we assume that the particles are
sufficiently large for a to be nil.

The flux density on the wall is given by

1
1-=8¢ so’)
, ony DngiA ( PR
() = —D——,) = . (A10)
or'/ v =2, 26, (1 - Styicosé’)
where St is defined as

2a,U;

Sty = 2%Ukbn (All)
9u
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Forced Convective Boiling in Vertical Tubes
for Saturated Pure Components and Binary

Mixtures

Over 1000 sets of data for forced convective boiling of distilled water,
ethylene glycol and aqueous mixtures of ethylene glycol are reported. Most of
these data were taken in the annular flow regime. These dataindicate a previously
unrecognized Prandtl number effect on the boiling heat transfer for both pure
components and mixtures. A significant reduction in the heat transfer coefficient is
observed for mixtures attributable to mass transfer effects. An expression is
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developed which accounts for hoth of these effects and correlates the experimen-

tal data to within a mean deviation of 14.9%. This correlation reduces to the
standard Chen correlation for pure fluids with Prandtl numbers close to unity.

Institute of Thermo-Fluid
Engineering ond Science
Lehigh University
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SCOPE

Internal forced convective boiling of high Prandtl number
liquids and mixtures of liquids is commonly encountered in
industry. Previous studies in pure component heat transfer
have concentrated on lower Prandtl number liquids, especially
water. Furthermore, there are essentially no published data or
correlations to account for any effects resulting from the forced

convective boiling of mixtures. The objectives of this study
were to obtain forced convective boiling heat transfer data for a
relatively high Prandtl number liquid and for aqueous mix-
tures, and to develop a correlation based on these data which
hopefully is applicable to other pure components and binary
mixtures.

CONCLUSIONS AND SIGNIFICANCE

The results from over 1 000 sets of data are reported for
forced convective boiling of distilled water, ethylene glycol and
aqueous solutions of ethylene glycol. These results are not
correlated well by the standard Chen correlation. The devia-
tions are attributed to an unrecognized Prandt]l number effect
and a significant reduction in the heat transfer coefficient re-
sulting from mixture effects. The proposed correlation retains
the two heat transfer mechanisms postulated by Chen. A
modified Reynold’s analogy is used which accounts for the
Prandtl number effect. For mixtures, the heat transfer

Correspondence should be addressed to: D. C. Bennett, Chief Engineers’ Office, Air
Products and Chemicals Inc., Allentown, Pennsylvania 18015.

0001-1541-80-2961-0454-$01.15. ® The American Institute of Chemical Engineers,
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coefficient associated with the local turbulence induced by
bubble nucleation and evaporation is modified by the
Florschuetz and Khan expression. For this datum base, the
heat transfer associated with the bulk movement of the vapor
and liquid dominates. Mixtures effects for this mechanism are
correlated by postulating local composition profiles in the
liquid, near the evaporating layer. The proposed expressions
correlate the data to within a mean error of 15%. For pure
components with Prandtl numbers around unity, the proposed
correlation reduces to the standard Chen correlation.

The improved predictive capability of this correlation was
not obtained from empirically adjusting correlation coefficients
but was obtained by extending phenomenological models.
Therefore, it is hoped that this correlation may be generally
applicable to other systems.
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BACKGROUND

Many experimental works have been reported concerning
internal forced convective boiling of single-component fluids.
Some of the original works are Dengler and Addoms (1956),
Bennett et al. (1959), Guerrieri and Talty (1956), Sani (1960),
Shrock and Grossman (1962), Write (1961), Davis and David
(1964) and Collier et al. (1964).-In 1966, Chen showed that no
- available correlation predicted all the data and developed a
general correlation based on the data reported in the first six
references cited above. Chen’s correlation is

kg 79Cp2.45p2.49g 0.25
C

0.5,,0.297.0.24 ,0.24
o ul®hG*py

ATY™ - APE™ - S(Resy) (1)

h2d) = hLonly' F(l/xTﬂ + 0.00122

The Chen correlation is based on two postulated heat transfer
mechanisms. The heat transfer associated with the bulk move-
ment of the vapor and liquid was called macroscopic heat trans-
fer, and its contribution to the total heat transfer coefficient is
given by the first term of Equation (1). The heat transfer as-
sociated with the turbulence induced by the conception, growth
and departure of vapor bubbles was called microscopic heat
transfer, and its contribution to the total heat transfer coefficient
is given by the last term of Equation (1). Chen used the data from
the first six cited references to empirically evaluated F(1/XTT)
and S(Rezq). Chen also showed through a Reynold’s analogy that
F(LXTT) was equal to [(dP/dz)ss/(dP/d2) omy]® ***. Using the
Lockhart Martinelli correlation for the pressure drop for inter-
nal annular flow, Chen derived

F(UXTT) = ()" @)

This expression was shown to be essentially equivalent to the
empirical F function for values of 1/XTT greater than about 5 but
to diverge for smaller values.

Many papers have discussed the effect of mass transfer on
boiling of multicomponent fluids. The effect of mass transfer on
the growth of uniformly superheated vapor bubbles has been
recognized since the theoretical work of Scriven (1959) and the
experimental and analytical work of Florschuetz and Khan
(1970). The effect of mass transfer during pool boiling of binary
mixtures has been discussed by Calus and Leonidopoulous
(1974), Shock (1977), Write et al. (1971), Calus and Rice (1972),
Van Stralen and Sluyter (1969) and Chou (1975). The heat trans-
fer of subcooled boiling over a heated tube has been discussed
by Kadi (1975). Film boiling of binary mixtures has been dis-
cussed by Calus and Leonidopoulous (1974) and Marschall and
Maresco (1977), Van Stralen and Joosen (1972) and Yue and
Weber (1973). The only recent paper in the general literature
concerning mass transfer effects for internal forced convective
boiling is a brief Russian paper, Zizyulcin and Aerov (1975).

EXPERIMENTAL RESULTS

The experimental apparatus used in this study is illustrated in
Figure 1. The test section has two heated parts. One part, the
test section preheater, brings the subcooled liquid, which flows
inside the inconel heating tube, to the desired quality. This
section has three electrically heated, 0.36 m long, chambers.
The saturated, two-phase mixture passes through a final heating
tube which is the primary test section. The unshorted length of
the inconel tubing between the 0.10 m (4.0 in.) diameter copper
flanges is 0.0254 m (1.0 in.).

Each flange of the primary test section has an electrically
isolated pressure transducer. A sheathed ungrounded thermo-
couple penetrates each flange and measures the fluid stream
temperature. The outer surface of the unshorted section of the
primary test section inconel tube is covered with a thin coat of
electrically insulating high temperature epoxy. A coated ther-
mocouple is cemented at the edge of the inconel tube and the
flange. Another coated thermocouple is mounted at the center
line of the tubing. Each thermocouple is wrapped 0.02 m (0.75
in.) circumferentially around the tube to minimize conduction
through the thermocouple.
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Figure 1. Experimental apparatus.

All instruments were independently verified. Total heat loss
to the surroundings was computed to be negligible and verified
by a heat balance with an average agreement within 0.04%. The
experimental integrity of the equipment was verified by measur-
ing both single- and multiphase heat transfer coefficients and
comparing these values to values predicted from accepted corre-
lations. Agreement was good, and these tests were documented
by Bennett (1976).

The test loop was filled by evacuating the system of air and
filling from the surge tank. The flow rate was adjusted to the
desired value and its temperature increased by the system
preheater and test section preheater. The test section power
supply was adjusted to give a heat flux of about 15 X 10° W/m?,
After the system reached equilibrium, the temperatures,
pressures and flow rate were recorded. The power supply was
then lowered to give a heat flux of about 7 X 10 W/m?. As the
heat flux was increased, the original heat flux of 15 X 10° W/m?
was repeated.

Heat transfer coefficients were computed from the heat flux
through the primary test section heating tube and the difference
of the computed inside surface tube temperature, based on
measured outer wall temperatures, and the measured liquid
bulk temperature. The heat flux was calculated by subtracting
the computed heat loss from the unshorted length of the test
section to the copper flanges from the IR? value. This correction
was almost negligible for all sets of data. The quality was calcu-
lated by measuring the inlet temperature to the system pre-
heater and assuming conservation of energy, conservation of
species and assuming phase and thermal equilibrium.

The primary experimental parameters were composition,
mass flux, heat flux and quality. The compositions tested were
binary mixtures of water and ethylene glycol and were selected
so that most of the experimental data were taken where the
greatest composition effect was expected. The secondary ex-
perimental parameters were those parameters that exist at the
primary test section as a result of the specific combination of
mass flow rate, quality, composition and heat flux. These pa-
rameters include the heat transfer coefficient, the Martinelli
parameter, the single-component Chen suppression factor and
the effective or two-phase Reynolds number. The range of pri-
mary and secondary experimental parameters is given in Table
1.

Over one thousand sets of data were obtained. All of the
experimental data are plotted in Figure 2a against the calculated
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TABLE 1. RANGE OF PRIMARY AND SECONDARY
EXPERIMENTAL PARAMETERS

® Range of primary experimental parameters:

Composition: 0 to 99.7% by mass ethylene glycol
Mass flux: 0.16 to 1.6 x 10® kg/m®s

Heat flux: 7.0 to 30.0 X 10° Watts/m?®
Quality: near zero to 30%

® Range of secondary experimental parameters:

8 to 40 x 10° Watts/m*°K
0.16 to 300

0.5t00.1

9.5 to 60 x 10°

Heat transfer coefficient:
Martinelli parameters:
Single component:
RE,,:

heat transfer coefficient based on Chen’s correlation using the
empirical F function [Equation (1)]. As seen from Figure 2b,
better agreement is obtained when the calculated heat transfer
coefficient is based on the Chen correlation using the F function
derived from the Reynolds analogy [Equation (2)]. Thisis due to
the divergence of Equations (1) and (2) when 1/Xy is less than
about 5. Although mass transfer effects could account for much
of the existing scatter, the pure ethylene glycol data are the most
poorly correlated. Figure 3 plots the normalized experimental
heat transfer coefficient vs. the Martinelli parameter for pure
ethylene glycol and pure water. The large difference between
the data for these two pure components is only partially due to
differences in the microscopic boiling contribution. The follow-
ing development indicates that an additional Prandtl number
effect is evident for fluids with high Prandtl numbers, for exam-

ple, ethylene glycol.

CORRELATION DEVELOPMENT
Extension of F Function to Higher Prandtl Number Liquids

Following Chen’s (1966) application of the Reynold’s analogy
to two-phase flow

q_l-" = + TI:/"Bgr- C, =h 3)
Tw TB _
D du
o
For the two-phase case
7"'2.1, 8¢ CpL
hmac = TVhee
f Dy du
0

For the case when the liquid fraction is flowing alone
_ Twiony 8 CI’L
= T Vionly_

-[0 Drony du

hLonly

Therefore, normalizing hmae by hronty gives the following rela-
tionship:

Vienly
D, d
hmac _ Tiwae ‘/; - —[ Rezo ]O'S_F

hLonly TWionly V2¢52¢ du Reponiy
0
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Figure 2a & 2b. Comparison of all the experimental data to predictions
from the Chen correlation.

If we use the relationship between shear stress and pressure
drop, the expression for F becomes

dpP jVLonly_
— D, d
F = dz 2¢ 0 Lo
T dp 26_
dz Lonly 0 ng,du

In Chen’s original solution, the standard Reynold’s approxima-
tion that D is approximately equal to 1 is used to evaluate the F
function. This approach is valid for fluids with a Prandt! number
of 1. A more general approach is taken here.

When nucleation is present, any viscous sublayer would be
continuously broken up by the formation, growth and departure
of the vapor bubbles from the heating surface and through the
liquid film. Therefore, it is assumed here that when nucleation is
present, D,y is equal to the bulk stream value throughout the
boundary layer. This simplifies the above equation to
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Figure 3. Experimental heat transfer coefficients for pure components.

F =

Vionly _

oy, 8

dz Jse (] _ [ Reyy ]0' )

dP ] PrtZdt V2¢ ReLnnly

dz Jromy
Several solutions for the F function can be-obtained depending
on the single-phase boundary layer model.

Prandtl-Taylor Assumptions If we use the Prandt! and Taylor

assumption of a viscous sublayer for single-phase flow, the rela-
tionship for F becomes

U,

Vv [Pry — Pr’Lonly] + PrtLonly 0444
F= Lonly
Prey,
dP 0.444
dz |3
dpP
dz Lonly

Using the assumption that the laminar sublayer ends at the
location defined as u* equals y* equals 5, and using the defini-
tions for 4™ and for the skin friction coefficient, we obtain

-]

% Cf [PTL - Pr,o_my] + Pr,Lomy ]0'444

Pry,,
% 0.444
Z lge
_ 5
R
dz lpemy

First Alternate Approach: Another approach is taken here
which is similar to the Prandtl-Taylor approach but allows a
continuous variation in the ratio of the total momentum and total
thermal diffusivities D. Assume that D is a continuous functional
relationship and is only a function of the velocity. Two values of D
are known; when the axial velocity is equal to zero (at the wall), D
becomes equal to the Prandtl number. When the axial velocity is
equal to the bulk velocity {in the turbulent core), D becomes
equal to the turbulent Prandt] number. If it is assumed that within
the region of interest a linear relationship can be used, these
boundary conditions yield for the boundary layer

u
] + P Ttonty VB
Lonly

Substituting this into Equation (4) and assuming the turbulent
Prandtl number, we get

u

BLonly = PrLonly[l -

BLonly

P +10444 Zi 0.444

[Pt 1P dz L

e i L
dz Lonly

Second Alternate Approach Another expression for the F func-
tion can be derived from analysis and Colburn’s empirical heat
transfer coefficient adjustment for higher Prandtl number liquids.
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Figure 4. Different formulations of the Prandtl number effect compared to
averaged data.

If we use the functional relationship for D that was proposed for
the first alternate approach, Equation (3) and the definition of the
friction factor, the single phase heat transfer coefficient is given by

Prp+ 1
StLonly[ Qz—] = %’ (50)
The classical Reynold’s analogy approach which is valid for fluids
with Prandtl numbers equal to unity is

StLonly = "8"

In 1933, Colburn suggested an empirical correction for this equa-
tion for fluids with Prandt! numbers not equal to unity. His
relationship is
f
Pri® == 5b

StLonly y 8 ( )
By analogy with expression a4, the following expression for the F
function which is consistent with the Colburn assumption is
dp
Ez_ 2o 0.444
T ] (5¢)

" Prgﬂﬂﬁ[
dz

Lonly

To evaluate the various expressions for F, the microscopic com-
ponent of the heat transter coefficient was computed by the
standard Chen equation and subtracted from the experimental
heat transfer coefficient. The remainder was assumed to be the
experimental macroscopic heat transfer coefficient. This number
was used to converge on the observed Prandt! number effect. In
Figure 4, average values of the observed Prandtl number effect
are shown, as are plots of Equations (52), (5b), and (5¢). Although
the format of the Prandtl number dependency is different, the
results are similar. Over the Prandt! number range from 1 to 6,
the average difference between results using (5b) and (5¢) are
—0.13%. Over the Prandtl number range from 1 to 10, the
average difference between results using (5b) and (5¢) is +2.23%.
Equations (5b) and (5¢) diverge slightly at higher Prandt! number
values, and additional data in this region would be required to
ascertain the more accurate expression.

Mass Transfer Effects on Forced Convective Boiling Heat Transfer

Forced convective boiling heat transfer can be characterized
by two heat transfer mechanisms. It is postulated that for mix-
tures, each of these mechanisms is affected in separate ways by
mass transfer.

Mass Transfer Effects on the Microscopic Heat Transfer
Mechanism: Foster and Zuber assumed for pool boiling that the
vapor bubbles grow in a region of relatively constant superheat.
Therefore, the governing temperature potential is equal to the
wall superheat. This is reasonable because for the pool hoiling
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case, the temperature gradient is fairly small in the zone where
the bubble is being generated.

In forced convective boiling, the thermal gradient in the
vapor generating zone near the wall can be significantly greater.
Chen suggested the use of an effective superheat which accounts
for the variation of the interfacial temperature in the vapor
generation zone near the wall. Chen postulated that the effec-
tive superheat divided by the wall superheat was equal to a
suppression factor which is a function of the two-phase
Reynold’s number. Chen defined the suppression factor such
that

Ty — Tg = S(Rea)"® (T — Ts)

This expression is limited to single component liquids. Analyti-
cal and experimental works by Scriven (1959) and by Florshuetz
and Khan (1970) show that for binary liquids, the interfacial
temperature of the vapor bubble is affected by mass transfer.
For the case of constant superheat with binary mixtures and
assuming only molecular transport of mass, heat and
momentum, the thermal driving potential was determined by
Florshuetz and Khan to be approximately

AT
_ Co, (Fv — Fr)  9Tg [ a :‘”2

Ry aF, | D

ATD =

A reasonable expression for the thermal driving potential gov-
erning the growth of a vapor bubble during the forced convec-
tive boiling of a liquid is

1
CPL (FV - FL) T gy [ « :I”z
hyg aF,

ATTE =

1 —

D
* 5 (Rep)'™ (T — Th)

This expression reduces to the Chen expression for a single-
component liquid and reduces to the Florshuetz and Khan
solution if there exists a uniform interfacial temperature profile
in the vapor generation zone.

Therefore, for a binary mixture, the microscopic heat transfer
coefficient for forced convective boiling is given by

0.79C 0.45,,0.49,,0.25
PL

k? PL 8
0'0'51.02'29}1})'241)0‘24 (ATrg)** (APypy)* 7
(4 Ol

hmie = 0.00122

Analogous to Chen’s single component derivation, a binary
suppression factor can be defined as

g _ ATTE ]0.99
Binary — TW _ TB

If we follow Chen’s procedures and use the Clausius Clapeyron
equation, the expression for the microscopic heat transfer
coefficient for binary mixtures becomes

0.79(70.45 10.49,,0.25
kY ™Gl gl

P, ~ 0012 g (T AR WS
where
S = ! S (Regs)
Binary |- CpL (FV — FL) aTsat [ a ]1/2 20,
hfg aFL PB D

It should be noted that this datum base is dominated by the
macroscopic heat transfer mechanism; therefore, this study did
not allow a sensitive test of the proposed mixture effects on
nucleate boiling during forced convective hoiling. However,
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some additional data taken with another system have provided a
more sensitive test, and agreement with this equation appears
reasonable.

Mass Transfer Effects on the Macroscopic Heat Transfer
Mechanism It is postulated that mass transfer does not affect the
heat transfer coefficient but affects the driving force. Therefore

= hmac (TW - TB)

dpac,ip
and

C.]mac = hmac (TW - Ti)

Binary
The ratio of the thermal driving force for binary liquids to the
single component driving force is denoted by
[ AT ] Ty -T
ATs mac TW - TB

If it is desirable to maintain (T'yy — Tp) as the driving force, then
a binary heat transfer coefficient can be defined as

h _ ('lmac

ac T
g‘mary Tuv - TB

From this definition, it can be shown that

)
1—comp ATS mac

hmac = Bmac
Binary

Itis postulated that T; is equal to the equilibrium temperature of
the interface between the liquid film and vapor core and is a
function of the local interface composition. Therefore

[ ﬂ ] — TW - Tsat (PB’ FLS)
ATs mac TW -

Tsar (Pp, Fu)
A mass transfer coefficient can be defined as

= Pave hm (Frs — Fp)

If we assume that the vapor is generated in equilibrium with the
liquid composition F;, and if essentially all of the heat flux
results in evaporation at the interface,* a mass and energy
balance yields

. (1-Fyq
I M

If we use the definition of the mass transfer coefficient, the
solution for the mass fraction of the less volatile component at
the interface is

(1-Fvgq
hfg hm
If 8T,/ 9F,, is assumed constant over this concentration change,

the macroscopic heat transfer correction factor for binary mix-
tures can be determined from

FLS=FL+

AT _ (1~ Fvp) g  9Ten
AT Pave hy hpATs  9F, PB

The only unknown is the mass transfer coefficient h,,. By di-
mensional analysis, the following is expected:

Shd = Cl (Rez¢)C2 SCC3

By analogy with heat transfer, C, is assumed to be 0.8, and C;is
assumed to be 0.4. The coefficient C; was experimentally
evaluated from the data by selecting the value which gave the
minimum mean deviation. Equation (5b) was used for the
Prandt] number effect. The best value for the coefficient C; was
determined to be 0.023. These data are plotted in Figure 5. Itis
very interesting that the value of the coefficient for heat transfer
data is given by the Dittus-Boelter correlation to be 0.023.

* See appendix.
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Summary Statement of the Correlation for Binary Mixtures:
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Figure 6. Comparison of all the experimental data to predictions from
equation 6.
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where

1
Sginary(Re2e) = ) Cpp (Fy — F) oT [i]uz
hy, F, LD
S(Resq) (6b)
0.444
APy = -—Pﬂ;—l] is preferred, or
= Pri-296
hiw (1 - FV) (]/ aTsat
_— =1- 6c
[ AT, ]mac Pave hw hw ATs  0F, PR ¢ )
and
hm = 0.023 (Re,,)**(Sc)** D/DI (6d)
_‘;i 0.44471.25
z
Reze = Repony, f(P r) - dP ad
dz |pomy
(6e)

TABLE 2. MEAN DEVIATION AND AVERAGE DEVIATION (ALL DATA)

Caleulation Scheme

1 1
zl(hexp - hcalc)/hexnl 2[(hexn - hcnlc)/hexn]
=1 =1

1 1
Chen's correlation with
empirical F function (for pure
components)
Chen’s correlation with £
function determined by
Reynold’s Analogy (for pure
components)
This correlation, but for pure
components (corrected for
Prandt] number)

(5. - ).

mac

0.37557 0.36523

0.20833 0.15997

0.17259 0.10476

This total correlation
including mass transfer

effects. 0.14945 0.03612

TABLE 3. MEAN DEVIATION AND AVERAGE DEVIATION (PURE
COMPONENTS)
I

I
2‘(’19“ - hcalc)l’ hen E(hexv - hcalt)l "np

el =1

] 1

99.7% 99.7%
H,0 Ethylene glycol H,O Ethylene glycol

Calculation scheme

Chen’s correlation with

empirical F function 0.32 0.55 0.31 0.55
Chen’s correlation with

F function determined by

Reynold’s analogy 0.13 0.46 0.09 0.44
This correlation, but
for single components 0.10 0.176 0.0036 0.11

Moy, 1980 Page 459



DISCUSSION

The experimentally evaluated heat transfer coefficients are
plotted in Figure 6 against calculated values using the total
correlation. Equation (5b) was used to define F, and the friction
pressure drop gradient ratio was obtained from the Martinelli
correlation (¢%,). Table 2 reports, for various calculation
schemes, the mean deviation and average deviation for all sets of
data. The mean deviation has improved from 37 to 15%, and the
average deviation has improved from +37 to —3.6%. Table 3
reports the mean deviation and average deviation for the pure
components. The mean deviation has improved from 31 to 10%
for the water data and from 55 to 17% for the ethylene glycol
data. The average deviation has decreased from +31 to +0.4%
for the water data and from +55 to +11% for the ethylene glycol
data.

To predict the heat transfer coefficient, the best available
correlation for the two-phase friction pressure drop should be
used. If no better correlation is used, the Martinelli equation is
suggested.

It is expected that this correlation would be valid for boiling
binary mixtures anticipated to be in the annular and annular
dispersed flow regimes. It should also be valid for boiling liquids
with Prandtl numbers under saturated conditions between
unity and 10. Furthermore, since this correlation reduces to the
standard Chen correlation for pure liquids with Prandt! num-
bers around unity, it should be applicable for the same range of
flow conditions as the Chen equation. The derivation extending
the F function to higher Prandtl number liquids assumes the
viscous sublayer is disrupted by vapor bubbles, and its effect is,
therefore, negligible. All data accumulated for this study
confirmed this assumption, but there may be cases (such as
condensation) when this assumption is not valid. It can be shown
that under these conditions, the Prandtl number effect reduces
to unity.

The works of Sani (1960), Wright (1961) and Somerville (1962)
provide an additional and very consistent test of the Prandtl
number effect derived in this paper. These three works were
conducted at the Lawrence Radiation Laboratory using essen-
tially the same test loop. All studies concerned downward forced
convective boiling. Sani’s and Wright's studies utilized water.
Somerville’s study utilized n-butanol. Each author presented
correlations in consistent formats which allow the separation of
the heat transfer which the authors attributed to nucleation and
convective mechanisms. The correlation for the macroscopic
heat transfer coefficient for downward flow of saturated water
proposed by Sani is

Fmac__ 2.22(1/X )3

hL(mly

The correlation proposed by Wright is
hmac — 2/3
T = 2.09(1/Xy)
hLonly

These data suggest that nucleation is present, and, even though
the direction of flow is downward, an equation of the format

0.444
hmac = C[ PrL +1 :| (I/X“)2/3

hLonly 2

would be expected. If we use a typical value for the Prandtl
number of saturated water, the correlations of Sani and Wright
can be used to solve for the coefficient. The expression is

hmac

hLonly

Pr, +1

= 1.99
! 2

0.444
] (VX

This expression agrees with the Sani and Wright correlations to
within about =3%. n-butanol has a Prandtl number of around 7
for the tested pressures. Therefore, the above equation would
predict that the macroscopic heat transfer coefficient for down-
ward boiling flow of n-butanol would be correlated by
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e _ 3.68(1/X >

Lonly

This is in exact agreement with the correlation proposed by
Somerville and supports the mechanisms proposed in this pa-
per. Recent work has shown that the internal flow binary data for
a cryogenic system supports this correlation and that freon data
over a tube bank exhibit the same sort of interactive micro-
macro mechanisms. The extension of the correlation to mul-
ticomponent systems is also underway.

NOTATION

Cy = skin friction coefficient = 1/(pV%/2), evaluated for
Reponyy (l)

C, = specific heat, J/kg-K

dP/dz = friction pressure drop gradient, N/m?

D, = inside diameter of heating tube, m

D = ratio of total momentum diffusivity to total thermal
diffusivity (1)

D = molecular diffusion coefficient, m%s

f = friction factor = 4 C; (1)

F =F function = hmac/hl,only = (Reze/Reponiy)"? (1)

F. = local liquid mass fraction of the less volatile compo-
nent (ethylene glycol) (1)

Fis = local liquid mass fraction of the less volatile compo-

. nent (ethylene glycol) at the liquid-vapor interface (1)

Fy = local vapor mass fraction of the less volatile compo-
nent (ethylene glycol) (1)

ge = proportionality constant required for Newton’s sec-
ond law

hgy = latent heat of vaporization, J/kg

hm = mass transfer coefficient, m/s

R mac = gingle-component heat transfer coefficient due to
macroscopic heat transfer mechanism, W/m? - K

B mie = single component heat transfer coefficient due to

v microscopic heat transfer mechanism, W/m? - X
h = total heat transfer coefficient = ¢/(Ty, — Tp), W/m?-

K

Jj = mass flux of more volatile material (water), kg/m?- §

ky = thermal conductivity of liquid mixture, J/s - m - °K

Pr = Prandtl number (1)

Pr, = turbulent Prandt] number (1)

Pga = saturation pressure, N/m?

q = heat flux, W/m?*

Reys = effective two-phase Reynold’s number (1)

S = pure component suppression factor as defined by
Chen (1)

Shy = Sherwood number, h,, D,/D (1)

St = Stanton number, Nu/Pr Re (1)

Sc = Schmidt number, w/pD (1)

T = temperature, K

Tp = bulk temperature of liquid at primary test section, K

T, = temperature at liquid vapor interface at primary test
section, K

Ty = effective temperature of single-component zone
where vapor bubble is growing, K

Ty = temperature at the wall-liquid interphase, K

u = axial velocity, a function of radial position, m/s

uy = velocity at the viscous sublayer, turbulent core tran-
sition, m/s

Vs = bulk velocity, m/s

x = quality, ratio of mass flow rate of vapor to total mass
flow rate (1)

Xy = Martinelli parameter = (u/uy)®! (py/pr)*°
(1 = x/x)%% (1)

Greek Letters

p = density, kg/m®

o = surface tension, n/m

a = thermal diffusivity, m%s
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T = shearing stress, N/m?

bre = defined by Martinelli, [dP/dz,¢/dP/dzions]"?, is a
function of X, (1)

AT = superheat, Ty — Tsa, K

AT/ATsp, = ratio of binary macroscopic heat transfer coeffi-
cient to the heat transfer coefficient evaluated for
mixture properties, but neglecting mass transfer ef-

fects

AP; = change in saturation pressure determined from AT,
N/m?

o = viscosity, N - s/m?

Subscripts

2¢ = two phase

L = liquid fraction

Lonly = computed for the liquid fraction flowing alone-

TE = true effective, takes into account both flow and com-
position effect

v = vapor mixture

w = wall

exp = experimental

cale = calculated

MV = more volatile

sat = saturated

M.C. = multicomponent

MAC = macroscopic

MIC = microscopic

l-comp = single component fluid

Binary = binary fluid

AVG = liquid mixture
B = bulk conditions
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APPENDIX: MODIFICATION OF THE MACROSCOPIC MASS
TRANSFER EFFECT WHEN THE INCREASE IN LATENT HEAT OF
THE LIQUID IS SIGNIFICANT

The derivation of the effect of mass transfer on the macroscopic heat
transfer mechanism assumes that all of the heat flux results in evapora-
tion at the interface. For some systems, a major portion of the heat flux is
utilized to increase the temperature of the boiling fluid. For these
systems, Equation (6¢) can overestimate the mass transfer related reduc-
tion in the heat transfer coeflicient. To account for this effect, Equation
(6¢) can be modified.

If we assume that the specific heat of the vapor is negligible compared
to the specific heat of the liquid, the total heat flux can be expressed as
the sum of the flux causing evaporation and flux resulting in a tempera-
ture rise of the liquid. Therefore

¢.ltotal = dvan + élat

For a differential control volume with circular cross section, this equa-
tion is equivalent to

- dT,
CpML —~ (A1)

Gotal = jrh/p + dL

1
iy D[
where jr is the total evaporating mass flux, and M L is the liquid flow rate

through the heating tube. By the chain rule
dea‘ = dTSKt X dFL
dL dF, dL

By continuity of species and total mass, Equation (A2) can be evaluated
and substituted into Equation (Al). After rearranging, we get

(A2)

. dTs
Gr = Johgy + Cyy —{dF"' F. ~ Fy]
L

Therefore, an effective heat of vaporization can be defined such that

deal
dF,,

hig =[h,, +C,, [FL — Fy] ] (A3)

The overall effect over the composition range of interest can be indicated
by the integration of h/ythyg, or

hia 1 f’“[ C,, dTs ]
= 1+ B F, — F dF, (A4
Fe - o= Fud Jes, by dF, e F) [ dFu (A4)

For the data base reported in this paper, the peak value of the argument
of Equation (A4) is about 1.4, but the overall value for Equation (A4) for
all the data is about 1.08. Utilization of the effective heat of vaporization
does not decrease the error of this correlation and is, therefore, not
warranted when Equation (A4) is near unity.

1f the basic correlation [Equation (6)] is utilized, conservative (smal-
ler) heat transfer coefficients will be estimated ifh/,/h g is large, buthg, is
used as indicated in Equation (6¢). This is due to the smaller volatile
component flux at the interface resulting from a portion of the heat flux
heating the liquid. It is recommended that if h/y/hy, is less than 1.5,
Equation (6) be used directly and hy, be used in Equation (6¢). Ifh/,/hy, is
greater than 1.5, it is suggested that a more realistic (but less conserva-
tive) coefficient may be calculated if the effective heat of vaporization
[Equation (A3)] is used in Equation (6¢) if the coefficient in Equation
(6d) is reduced from 0.023 to 0.015. This value for the coefficient is the
weighted average using ks, computed from a sample of the data for the
three compositions which exhibited the largest experimental mass trans-
fer effects.
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