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Abstract---An approximate analytical solution of theoretical pool film boiling model of binary mixtures 
without radiation effect is derived by using an integral method. By including radiative contribution through 
a radiation parameter, a general correlation for predicting pool film boiling heat transfer coefficient of 
binary mixtures over horizontal cylinder is then proposed. As examined by five nonazeotropic and azeo- 
tropic binary systems, the predictions by this general correlation are shown to agree well with the rigorous 
numerical results. Furthermore, the proposed correlation is given an advantage over previous correlations 
in that it predicts also the extent of the mass diffusion effect on pool film boiling heat transfer of binary 

mixtures. © 1998 Elsevier Science Ltd. All rights reserved. 

1. INTRODUCTION hid = hi (1 - x)  + h2x (2) 

The theories for laminar film boiling of single com- 
ponent liquids have been well documented in several 
review articles for example, Jordan [1], Kalinin et al. 
[2], Lienhard and Witte [3], and Sakurai [4]. Even 
the turbulent film boiling has also been subjected to 
treatment by several investigators [5]. Nevertheless, 
film boiling of liquid mixtures has virtually been 
ignored regardless of its importance in the chemical 
and process industries, A few of the experimental and 
theoretical studies, which are available in the litera- 
ture, on film boiling of binary liquid mixtures have 
been reviewed by Liu et al. [6]. Both the experimental 
and theoretical results evidenced the importance of 
mass diffusion in film boiling of binary liquid 
mixtures. 

In the practical applications the boiling heat trans- 
fer of binary mixtures is one of the most important 
items to be assessed beforehand. However, there have 
only been limited success in the prediction of the film 
boiling heat transfer coefficient of mixtures. This 
indeed results from the complicated transport 
phenomena encounted in liquid mixtures. In our pre- 
vious paper [7], a simple correlation for predicting 
pool film boiling heat transfer coefficient h of binary 
mixtures was proposed as 

h = hid(1 +F)" (1) 

where h~d is the ideal heat transfer coefficient of binary 
mixture 
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defined from a linear mixing law for pure components. 
In equation (2) h~ and h2 are the heat transfer 
coefficients of pure component 1 and pure component 
2, respectively, at the specified wall superheat. And F 
is a mass diffusion factor defined by the following 
equation : 

e = ( x - y )  \ ~ /  kh,v J (3) 

which attempts to account for the effect of mass trans- 
fer processes in binary liquid mixtures on film boiling 
heat transfer. 

Equation (1) is attractive in that boiling heat trans- 
fer coefficients of binary mixtures can be conveniently 
predicted from that of pure components with the mass 
diffusion effect also to be assessed. However, equation 
(1) is suffering from the empirical determination of n 
for each binary system. The values of n should be 
determined empirically by best fitting based on exper- 
imental data or numerical results. For example, it 
was found that n = 0.27 for ethylene oxide/water and 
n = 0.19 for ethanol/benzene, which results in an aver- 
age error of 2.1 and 0.5% as compared with the 
numerical results for the respective binary system. 
Therefore, while equation (1) was shown to predict the 
film boiling heat transfer coefficient of binary mixtures 
from those of pure components quite satisfactorily, it 
is most desirable that a more useful general correlation 
with much physical meaning can be developed instead. 

In this work, an approximate analytical solution of 
theoretical pool film boiling model without radiation 
effect is derived firstly by using an integral method. 
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NOMENCLATURE 

Cp heat capacity [J kg -1 K ~] 
D diameter of cylinder heater [m] 
DL diffusion coefficient of liquid phase 

[In 2 s-I] 

F mass diffusion factor defined by 
equation (3) 

FM modified mass diffusion factor defined 
by equation (45) 

h heat transfer coefficient [W m -2 K- i ]  
H effective latent heat of vaporization 

[Jkg ~] 
hLv latent heat of vaporization [J kg-J] 
k thermal conductivity [Wm -1 K -~] 
m mass flux [kg m -2 s -t] 
Pr Prandtl number 
q heat flux [kW m -z] 
r radius of cylinder heater [m] 
S dimensionless group defined by 

equation (43) 
Sc Schmidt number 
T temperature [K] 
u velocity component in x-direction 

[m s- ' ]  
v velocity component in y-direction 

[m s- ' ]  
w mass fraction 
w* mass fraction in vapor phase at 

equilibrium 
x mass fraction in bulk liquid ; 

coordinate along the heater surface 
[m] 

y mass fraction in vapor phase at 
equilibrium ; coordinate normal to the 
heater surface [m]. 

Greek symbols 
ct thermal diffusivity [m 2 s-~] 
~A radiation absorptivity of 

liquid 
6 thickness of vapor film and boundary 

layer [m] 
AT superheat [K] 

radiation emissivity 
0 angle [°] 
# viscosity [kg m -I s -1] 
v kinematic viscosity [m 2 s -~] 

boundary layer thickness 
ratio 

p density [kg m 3] 
Stefan-Boltzmann constant 
[Wm -2 K-4]. 

Subscripts 
l, 2 component 1, 2 
ave average 
az azeotrope 
b liquid bulk 
co convection 
id ideal 
i vapor-liquid interface 
L liquid phase 
M mass 
mix binary mixture 
r radiation 
sat saturated 
T thermal 
V vapor phase 
W wall surface; vapor. 

The approximate analytical solution with radiation 
effect which is necessary as a basic equation for a 
general correlation then results from including radi- 
ative contribution through a radiation parameter. On 
the other hand, a rigorous solution of the theoretical 
pool film boiling model with radiation effect is also 
obtained numerically. This enables one to verify the 
accuracy of the proposed general correlation by com- 
paring its prediction with the rigorous numerical solu- 
tion. Five binary systems--including ethanol/ 
benzene, ethylene oxide/water, methanol/water, etha- 
nol/water, and n-propanol/water--under atmospheric 
pressure are chosen for illustrating different degrees 
of the mass diffusion effect of binary mixtures on pool 
film boiling heat transfer. 

2. THEORETICAL ANALYSIS 

Pool film boiling from a horizontal cylinder is char- 
acterized by the existence of continuous vapor film 

surrounding the heated surface. Bubbles depart from 
the top part of the cylinder. Furthermore, in the boil- 
ing of binary mixtures, the heat transfer and the mass 
transfer processes are closely linked. Figure 1 shows 
schematically the physical model and coordinates. 
Although such assumptions may be applicable for 
limited cases in film boiling [7, 8], this model assumes 
that there exists a smooth vapor-liquid interface and 
the so-called boundary layer approximation can be 
employed for the two-phase boundary layer (TPBL) 
theory. A rigorous solution, which can only be 
obtained numerically, and an approximate analytical 
solution, which is derived by employing the integral 
analysis as used by von Karman for the hydrodynamic 
boundary layer, will be described in this section. 

2.1. Rigorous numerical solution 
A rigorous numerical solution of a theoretical 

model based on laminar two-phase boundary layer 
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Fig. 1. Physical model and coordinates for pool film boiling of binary mixture over horizontal cylinder. 

2323 

theory for pool film boiling heat transfer from a hori- 
zontal cylinder of radius r to saturated binary liquid 
mixtures including the radiation effect has ever been 
obtained. The details of the mathematical formulation 
and solution procedure can be seen elsewhere [9]. For 
the sake of completeness, however, the basic gov- 
erning equations and interface and boundary con- 
ditions are summarized as follows. 

Vapor phase 

8Uv OVv 
Continuity: ~ + ~-y = 0 (4) 

8Uv + Uv ~yV Momentum : Uv 0~ 

8ZUv gsinO(pb--Pv) 
= Vv c~y~" S- + (5) 

Energy : Uv 8o~-Tv + Uv 8~yV 

Liquid phase 

Pv 

kv 0 2 Tv 
pvCpv Oy z 

OU L OV L 
Continuity: ~-x + ~ = 0 

~U L OU L 
Momentum: UL'-~- x +VL ~-y 

{~2U L gsinO(pb--pL) 
= VL C~y ~ + PL 

63TL ~yL kL 632 TL 
Energy : UL 0~- ÷ OL = pLCpL 63y 2 

Conservation of species : 
~W2L OW2L 

UL d--~-+VL 0--7 

Interface and boundary conditions 

y=O, Uv=Uv=O, 

02W2L 
= D L ~ - - y  2 • 

Tv=Tw 

y = 6v, T =  Ti, W2v, = w'2i(Ti), W2Li = w2i(Ti) 

(12) 

(SUv~ (Sul~ (13) Uvi=ULi' PV\Oy ] =PL\Oy] ' 

(pVUv~x--pVUv) = (pLUL~x--pLVL) i (14) 

( W2L  
mzv~ = pL DL \ Oy j + W2L,(ml + m2)L, (15) 

- - kv~ -y  )+qrc=(ml+m:)hLv--kL\-~y ], (16) 

y = o %  UL=VL=0,  W2L=W2b, Te=Tb .  (17) 

2.2. Approximate analytical solution 
The above mentioned rigorous solution can only be 

(6) obtained numerically. However, it is desirable to 
derive an approximate analytical solution which is 
necessary as a basic equation for a general correlation 
for pool film boiling heat transfer in binary liquid 

(7) mixtures. The theory employed here is based on major 
assumptions made by Bromley [ 10], and Sakurai et al. 
[11] in their analyses of pool film boiling heat transfer 
for single-component liquids. Therefore, the following 
theory for binary mixtures may be viewed as an exten- 
sion of their works. 

(8) The pool film boiling heat transfer coefficient for 
binary liquid mixtures hmi x is expressed by the equation 

(9) h m i  x = h .... ix + Jhr (18) 

where h .... ~x is the pool film boiling heat transfer 
coefficient without a radiation effect at the same cyl- 
inder surface superheat, J is a radiation parameter, 
and hr is a radiation heat transfer coefficient for par- 

(10) allel plates. 
2.2.1. Heat transfer coefficient without radiation effect 

Assumptions 
(11) The following assumptions are made in the theor- 
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etical pool film boiling model based on laminar two- 
phase boundary layer theory to obtain the approxi- 
mate analytical solution in a simple form. 

(1) Inertia forces and convective energy transports of 
vapor and liquid, and body force and convective 
mass transports in the liquid are neglected to get 
the velocity, temperature, and concentration dis- 
tributions. 

(2) The mass diffusion equation for the vapor phase 
is omitted. 

(3) The radiation effect is omitted. 
(4) The effect of superheat in vapor phase is 

compensated for by replacing the latent heat of 
vaporization hLv with an effective latent heat of 
vaporization H [1]. 

H = hLv(1 +0.4CpvATv/hLv) 2 (19) 

where ATv ( =  Tw-- T0 is the temperature gradient 
in the vapor film. 

(5) The dimensionless heat transfer and mass transfer 
boundary layer thicknesses, ~T = 6T/6V and 
~M = 6M/6V, are assumed to be independent of 
the coordinate x along the heater surface. And 
noticing the similarity in differential equations 
and boundary conditions, the relation between 
the thermal and concentration boundary layers in 
laminar flow is assumed to be given by 

~T/~M = Sc[/3/pr~/3. (20) 

Equation (20) results from the well known 
Pohlhausen's solution for convective heat transfer 
and the analogy between energy and mass transfer. 

(6) The bulk liquid surrounding the tube is assumed 
stagnant, i.e. 

ub = 0. (21) 

(7) The velocity boundary conditions are assumed to 
be the no-slip condition at the wall and at the 
vapor-liquid interface. 

Basic equations 

For the vapor boundary layer, momentum con- 
servation and energy conservation, respectively, take 
the form 

2 UV 
gsinO(pb--Pv)+lXv c~y-- 2~- v = 0 (22) 

k ~rv v ¢?y~, = 0. (23) 

For the liquid boundary layer, an additional mass 
conservation is involved 

k ~2TL -- 
L 0y2L - 0 (24) 

D ~2WL 
L Oy2 = 0. (25) 

The boundary and interface conditions are as fol- 
lows : 

YV-=0, U v = U v = 0 ,  T v =  Tw (26) 

YV=6v(YL=0) ,  UvI=O (27) 

Tv = TL = 7",. :~ Tb (28) 

wzw = w*,(Ti), W2L, = Wz,(T~) (29) 

/OW2L\ 
m2vl--  LDL +m2)L  (30) 

YL>--'aT, TL--Tb (31) 

YL ~> aM, WaL = Wzb. (32) 

It should be noted that the interface temperature is 
usually different from saturation temperature of the 
binary liquid mixture as shown by equation (28), 
except for the azeotrope. Furthermore, equation (30) 
represents the mass balance of component two of the 
binary mixture at the interface. 

The governing equations may now be solved com- 
pletely in terms of the unknowns 6v, 6T and 6M. The 
results are 

g(Pb--Pv)a2sinO[(yv~--(yv~27 (33) 
uv = ~ Lt, E )  t a,,) A 

T v =  T w - A T v  ( ~ )  (34) 

YL) (35) TL = Ti--~TL ~L 

(36) 

where ATv = Tw-- T/, ATE = T , -  Tb, and 
AWzL = W2i--Wzb. The model implies linear tem- 
perature and concentration profiles, but a quadratic 
vapor velocity profile. 

Vapor film thickness 

Next, integral heat balance is performed on the 
vapor layer, giving 

H C l f j  ..... __kL~L +kL dTL 
dx ULp v dy = YL yL=0 ~ yL=0" 

(37) 

The second term in the right-hand side of equation 
(37) represents an additional heat conducted from the 
interface into the bulk liquid owing to higher interface 
temperature than bulk liquid temperature resulting 
from preferential evaporation of the more volatile 
component at the vapor-liquid interface. 

Similarly, integral mass balance is performed on the 
vapor layer, giving 
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d fl pLD~L (dW2~LI 
dxx L ULPv dy = rnl + m2 = W2Li--WEvl \ dye J/  

(38) 

Substituting equations (33)-(35) into equation (37) 
yields 

d 
[6V'rnix sin 1/3 0] 3 

V-12#vkvATv 12#vkLATL l 1 
= LgPv(Pb--pv)H 9 P v ~ ~ T _ J f ~ , m ~ x  (39) 

and substituting equations (33) and (36) into equation 
(38) yields 

d 
dx [6V'mix sinl/3 013 

AW2L 
12#vkLATL PrL ~T H W2Li--WEV i 

YPv(Pb--pv)H~T SCL ~M CpL AWL 

1 
× ~ .  (40) 

The solutions to equations (39) and (40), respec- 
tively, are 

F- 12t~vkvATvr 12#vkLATLr 1 TM 

6v,~ix = S(O) LgPv(Pb--pv)H gPv(Pb--pv)H~T 

and 

S.^. [ 121.tvkLATL r [/PrLX~ 2/3 
6V,mix : ~J) Lffpv (pb __ pv) H~T t~CL ) 

AW2L .]1/4 
H W2L i -  W2Vi/ 

x CoL ATE J 

where 

(41) 

(42) 

F4 ~ sin l/30 d01t/4 
S(O)= L~ ~ .j . (43) 

By combining equations (41) and (42), one obtains 

r 12/~vkvAvr 1 TM 
6v,mix = S(O) LYPv(p~--Pv~-~ll+FM) (44) 

where the modified F factor, FM, is given by 

(ScL'~2i3CpL (ATE / (45) 
FM --- (W2Li-- W2V/) ~xerL) a ~kAW2LJ 

F(ScLIPrL) f i6 
(1 +0.4CpvATv/hLv) 2" (46) 

The details of the derivation of equation (46) from 
equation (45) are given in the Appendix. In equation 
(46), F is given by equation (3). 

Heat transfer equation 

Turning now to evaluation of the average heat flux 
and heat transfer coefficient from the horizontal cyl- 
inder surface is 

k 1 ( 2rkvATvdo 
qeo,mix = 2n-~ J0 6V,mix 

k3 gpv(Pb_ Pv)H . -],/4 
= 0.512ATv [ ~-~-T~-D (, +F~)j 

and 

(47) 

hco mix = qco,mi× 
' ATw 

ATv Fk3vgpv(pb-pv)H . . . .  ql/4 
(48) 

It is interesting to note that the coefficient 0.512 is 
resulting from the assumption of no-slip condition at 
the vapor-liquid interface. If  the liquid is assumed to 
move completely freely with the vapor, i.e. for zero 
shear condition at the vapor-liquid interface, it can 
be shown that the coefficient will have a value of 0.724. 

In equation (48), ATv represents the temperature 
difference between heated wall and vapor-liquid inter- 
face, i.e., T w -  7",.. However, Ti is unknown a priori 
and has to be obtained as a result of the numerical 
solution mentioned above. In order to propose a use- 
ful predicting equation for heat transfer coefficient, 
therefore, it is most desirable that A Tv can be replaced 
by another suitable controlled operating variable. As 
shown in Fig. 3 for example, the rigorous numerical 
solutions reveal that the interface superheats (Ti-- 
Tsar) are usually much less than 30 K at wall superheat 
AT W = T w -  Tsa t : 550 K for the five binary systems 
studied in this work. If ATv in equation (48) is 
replaced by ATw, the resulting error in h .... ~x should 
be less than 5%. Therefore, the more convenient equa- 
tion for calculation is postulated as 

k 3 i 4 r vgPv(Pb--pv)H'l'" F "-]~ 
h .... ix ~- 0.512 LI- ~vvAT~DwD / + M)/ (49) 

d 

and the modified F factor given by equation (46), 
in the same reasoning, can then be approximately 
represented as 

F(SCL/PrL) l/6 

FM --~ (1 +0.4CpvATw/hLv) 2" (50) 

Figure 4 shows the modified F factor, FM, for the 
five binary systems studied in this work at two wall 
saturation superheats for examples. The similarity 
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Fig. 2. Phase equilibrium diagram and F factor, equation (3), for five binary systems under atmospheric 

pressure. 

between FM and F is obvious as can be seen by com- 
paring Fig. 2 with Fig. 4. 

2.2.2. Radia t ion  parame t e r .  Despite its complexity, 
the film boiling model described above is highly 
idealized, and several physical effects have been 
ignored. In particular, the transport of heat by radi- 
ation from the heated surface to the vapor/liquid inter- 
face has not been considered. If the vapor in the film 
absorbs and emits radiation at infrared wavelength, a 
detailed treatment of the radiation interaction with 
the vapor may be necessary to accurately predict the 
film boiling heat transfer. 

Fortunately, in most cases the vapor is virtually 

transparent to infrared radiation emitted by the wall 
and the interface. For thin vapor film, the radiation 
transport can then be modeled with reasonable accu- 
racy as the radiation exchange between two parallel 
plates. If the wall and interface are modeled as infinite 
parallel gray surfaces with emissivity ew and absorp- 
tivity aA, respectively, the heat transfer coefficient of 
radiation is given by 

o r 4 - T~ 
hr = (51)  

l/ew+ 1/O~A-- 1 ~Tw 

It is assumed that the radiation parameter is a func- 
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Fig. 3. Increase in vapor-liquid interface temperature due to the mass diffusion effect at ATw = 550 K. 

tion of the ratio of heat transfer coefficient without 
radiation to radiation heat transfer coefficient for par- 
allel plates. Bromley [8] performed a qualitative study 
on the effect of radiation and presented the simple 
radiation parameter equation for saturated pool film 
boiling of single component liquids 

J = 4 + 4 1 +2.62hco/hr " (52) 

By assuming that equation (52) is applicable to that 
in film boiling of binary mixtures, one may substitute 
equations (49), (51), and (52) into equation (18) and 
obtain the approximate analytical solution of the 
theoretical model with mass diffusion effect and radi- 
ation effect 

3 1/4 F k v g p v ( p b - p v ) H  . . . .  -] h~.,x=0.512[- ~ c,+~M)J 

1 

[ fro-r:/1 (53) 
x 1 / e w + T / ~ A - - l \  a r w  ]J' 

2.3. Physical properties 
The predictions of all relevant physical properties, 

including latent heat of vaporization, diffusion 
coefficient, and specific heat, thermal conductivity, 

density, and viscosity for both liquid and vapor are 
referred to Liu et al. [6]. 

The physical properties of binary mixtures may vary 
significantly from one composition to the other. 
Therefore, in order that the mass diffusion effect on 
film boiling heat transfer can be suitably assessed, the 
results of both rigorous solution and approximate 
analytical solution for a particular composition of the 
binary liquid mixture will be compared with that of 
an equivalent pure fluid (EPF), which is an ideal pure 
substance of exactly the same physical properties with 
the binary mixture under study. Just like the pure 
components and the azeotrope, an EPF certainly 
causes no mass diffusion effect on film boiling. In 
these situations, the pool film boiling heat transfer 
coefficient is evaluated in this work by the equation 
given by Bromley [10] for single component liquids, 

~k3vgpv(pb-Pv)Hl ' /4 
h = 0.512 [_ /~vATwD _] 

x l/~w+i-/o~.,,-l\ A:rw )J" (54) 

It is noteworthy that equation (53) reduces to equa- 
tion (54) for F~ = 0. 
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Fig. 4. Modified F factor, equation (50), for five binary systems at two wall superheats. 

3. RESULTS AND DISCUSSION 

3.1. Comparison between the approximate analytical 
solution and the rigorous numerical solution 

Predictions by the proposed correlation, equation 
(53), and by equation (54) which depicts the result 
for an equivalent pure fluid are compared with the 
rigorous numerical solutions. Figures 5-9 show the 
results for ethanol/benzene, ethylene oxide/water, 
methanol/water, ethanol/water, and n-propa- 
nol/water, respectively. Composition effect of binary 
mixtures on pool film boiling heat transfer coefficient 
is shown at two wall superheats ATw = 550 K and 
250 K for examples. Cylinder diameter D = 12.5 mm, 
radiation emissivity of heated surface ew = 0.75, and 

radiation absorptivity of liquid 7A = 1 are assumed in 
the calculations. 

The results of ethylene oxide/water binary system 
are also shown in Table 1 for error estimation. It is 
found that the heat transfer coefficients predicted by 
the proposed correlation agree well with the rigorous 
numerical solution at both wall superheats. On the 
other hand, equation (54) usually predicts much lower 
heat transfer coefficient values especially at com- 
positions with stronger mass diffusion effect. Similar 
error analysis has also been made for other binary 
systems. Figure 10 shows the comparison between 
rigorous numerical results and predicted heat transfer 
coefficients by equation (53) and (54), respectively, 
based on four wall superheats (ATw = 250, 350, 450, 
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Fig. 5. Comparison between rigorous numerical results and predicted heat transfer coefficients by equation 

(53) and equation (54) for ethanol/benzene mixtures. 
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Fig. 6. Comparison between rigorous numerical results and predicted heat transfer coefficients by equation 
(53) and equation (54) for ethylene oxide/water mixtures. 
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Fig. 7. Comparison between rigorous numerical results and predicted heat transfer coefficients by equation 
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(53) and equation (54) for n-propanol/water mixtures. 

Table 1. Comparison between rigorous numerical results and predicted heat transfer coefficient h (W m -2 K -  ~) for ethylene 
oxide/water binary system 

Weight fraction Rigorous Predicted Predicted 
of numerical h Error h Error 

ethylene oxide h equation (53) % equation (54) % 

(a) ATw = 550 K 
0.0 204.6 200.4 - 2.1 200.4 - 2.1 
0.1 324.1 357.9 10.4 242.3 - 25.2 
0.2 300.6 306.2 1.9 241.9 - 19.5 
0.4 252.5 259.3 2.7 227.9 - 9.7 
0.6 218.9 225.7 3.1 216.0 - 1.3 
0.8 204.3 206.4 1.0 205.4 0.5 
0.9 198.5 201.2 1.4 200.8 1.2 
1.0 193.2 197.0 2.0 197.0 2.0 

Average error = 3.1 Average error = 7.7 

(b) ATw = 250 K 
0.0 181.9 176.8 - 2 . 8  176.8 - 2 . 8  
0.1 305.9 328.1 7.3 204.1 --33.3 
0.2 248.1 263.8 6.3 194.6 --21.6 
0.4 207.5 213.3 2.8 178.9 - 13.8 
0.6 168.8 176.8 4.8 165.6 - 1.9 
0.8 157.6 156.0 - 1.0 154.6 - 1.9 
0.9 150.4 149.5 --0.6 149.0 - 1.0 
1.0 143.8 142.8 - 0 . 7  142.8 --0.7 

Average error = 3.3 Average error = 7.9 
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Fig. 10. Predicted heat transfer coefficients by equation (53) and equation (54) vs. numerical results. 

550 K) and eight compositions (wt. fraction of com- 
ponent 2 = 0, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, 1) for the five 
binary systems. 

3.2. Extent o f  mass diffusion effect on film boil& 9 heat 
transfer 

For film boiling of binary mixtures at sufficiently 
high heated wall temperature, it must be the situation 
that a point is reached when the heat flux is sufficiently 
high to reduce the concentration of the more volatile 
component at the interface to zero. The heat flux 
through the liquid phase due to the mass diffusion 
effect is then at its maximum and as the overall heat 
flux is increased, this becomes a decreasing fraction of 
the total. The mass diffusion effect of binary mixtures 
on film boiling heat transfer is thus, expected to be 
negligible at some high values of heated wall super- 
heat. 

Liu et al. [12] analyzed numerically the pool film 
boiling of n-propanol/water binary mixtures over a 
horizontal cylinder by the method mentioned above 
in Section 2.1 and proposed a criterion for the con- 
dition of negligible effect of mass diffusion on film 
boiling heat transfer. As a general correlation for pre- 
dicting film boiling heat transfer coefficient, equation 
(53) does depict this essence of the mass diffusion 
effect of binary mixtures. As can be clearly seen in 
Fig. 11 for a nonazeotropic and azeotropic systems, 
the normalized heat transfer coefficient (i.e. the ratio 
of the heat transfer coefficient predicted by equation 
(53) to that predicted by equation (54)) decreases with 

the increase of wall superheat. The results reveal that 
the mass diffusion effect is negligible at sufficiently 
high values of wall superheat for a liquid mixture of 
particular composition. The heat transfer coefficients 
of pure components and the azeotrope are certainly 
all equal to those of the corresponding equivalent 
pure fluids, and consequently are represented by the 
horizontal line in Fig. 11 with h/hEPv = 1. Figure 12 
shows the diminishing effect of mass diffusion with 
increasing wall superheat for liquids with 0.1 weight 
fraction of component two of the five binary systems. 
It should be noted that while equation (53) is capable 
of predicting the extent of the mass diffusion effect on 
film boiling heat transfer of binary mixtures, equation 
(1) is unable to do it. 

4. C O N C L U S I O N S  

As examined by five nonazeotropic and azeotropic 
binary systems, the proposed equation (53) is shown 
to predict successfully the pool film boiling heat trans- 
fer from a horizontal cylinder to saturated binary 
mixtures. Furthermore, this general correlation is 
given an advantage over previous correlations in that 
it predicts also the extent of the mass diffusion effect 
on pool film boiling heat transfer of binary mixtures. 
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APPENDIX 

It is known that 

SC_.zL = a~ 
(A1) 

Prr DE 

and the terms (w2~ ~- W2w)(ATL/AW2L) in equation (45) can 
be approximated by 

/ATE \ /'d TL \ ) (A2) 

Thus, equation (45) becomes 

[OtL'kil2 (CpL~;dTL~(SCL~ '/6 

The substitution of equation (19) in equation (A3) yields 

\t/ev) \dx :  JJ 

(S£LiPrL) I/6 

x (l+0.4CpvATv/hLv) 2 (A4) 

It can be easily recognized that the terms in the square brack- 
ets in equation (A4) are represented by the mass diffusion 
factor F. As a consequence of equations (3) and (A4), one 
obtains equation (46). 


