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FILM BOILING OF SATURATED BINARY MIXTURES 

P.-L. YUE* and M. E. WEBER 
Department of Chemical Engineering, McGill University, Montreal, Quebec, Canada 

(Received 27 July 1971 and in revisedform 22 January 1973) 

Abstract-Stable film boiling of a saturated binary mixture is analyzed by the two-phase boundary layer 
theory. Both diffusion and heat conduction in the liquid phase are taken into account. The analysis shows 
that large increases in film boiling heat flux may be obtained for mixtures with large relative volatility. 
The increased heat transfer is shown to occur only at small values of the wall superheat. Experiments on a 
&in. dia horizontal cylinder in a number of organic mixtures at atmospheric pressure showed good agree- 

ment with the theory. 

NOMENCLATURE 

dimensionless quantity, equations (27) 
and (31); 
specific heat : 
diameter of cylinder; 
diffusivity ; 

dimensionless velocity function, equa- 
tions (28) and (32); 
acceleration due to gravity; 
gravitational conversion factor; 
Grashof number, equation (57); 
Grashof number in the case of cylinder, 
equation (60): 
latent heat of vaporization; 
thermal conductivity: 
height of vertical plate; 
mass flux; 
average Nusselt number for a plate, 
equation (56); 

Sp, dimensionless degree of superheating, 
equation (64); 

T, temperature; 
AT, temperature drop; 
u, velocity component in y-direction; 

a, velocity component in z-direction: 

V, dimensionless quantity, equation (62); 

,x, weight fraction of component 1 in 
liquid: 

.‘c*, weight fraction of component 1 in vapor 
at equilibrium. 

Greek symbols 

a, thermal diffusivity; 
aI z, relative volatility; 

BY 
6, 
r7, 

coefficient of volumetric expansion; 
boundary layer thickness; 
similarity variable, equations (26) and 
(30); 
dimensionless temperature, equations 
(29) and (33); 
viscosity; 
kinematic viscosity; 
dimensionless concentration, equation 
(34); 
density; 
stream function, equations (24) and (25). 

Nu,, average Nusselt number for a cylinder, 8, 
equation (59); 

Pr, Prandtl number; fiu, 
4, average heat flux; 
R, p,~ ratio, equation (61); ; 
SC,,, Schmidt number of liquid: 

* Present address: School of Chemistry and Chemical P, 
Engineering, The University of Bath, Bath, England. *2 
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Subscripts 
V, vapor ; 

L liquid ; 

w. heating surface: 
i, the vapor-liquid interface: 

@J, in the liquid far from the heating surface: 
1, component 1: 
2, component 2: 
min, minimum stable film boiling. 

SATURATED film boiling was first successfully 
analyzed by Bromley [l]. The analysis was 
based on the assumption that the inertial terms 
of the equation of motion for the vapor film are 
negligibly small and that the temperature 
profile across the vapor film is linear. The 
velocity at the vapor-liquid interface was taken 
as zero. Later workers employed the concept of 
a two-phase boundary layer. The vapor film was 
treated as a boundary layer. The ascent of vapor 
induced upward movement of the liquid close 
to the interface. This liquid film also behaved 
as a boundary layer. Koh [2] considered 
saturated film boiling from a vertical plate in 
terms of the boundary layer equations for the 
vapor and the liquid. The inertial terms were 
retained in the equations of motion for the two 
phases. At the interface, the tangential velocities 
and shearing stresses of the vapor and the liquid 
were considered equal. The interfacial tempera- 
ture was the saturation tem~rature. Sparrow 
and Cess [3] examined the effects of subcooling. 
The vapor-liquid interface was assumed to be 
stationary. Since the temperature of the liquid 
bulk was below the saturation tem~rature, the 
energy equation for the liquid entered the 
analysis. The interface was taken to be at satura- 
tion. Nishikawa and Ito [4] removed the 
assumption of a stationary interface by adopting 
the interfacial conditions of Koh [Z]. 

Experimental film boiling data for mixtures 
do not agree with these theories. Dunskus and 
Westwater [S] found that traces of high molecu- 
lar weight non-volatile additives increased heat 

transfer to isopropanol in film boiling. Kautzky 
and Westwater [6] also obtained anomalous 
results with a miscible mixture of volatile liquids 
in film boiling on a horizontal plate. 

The present work analyses film boiling of 
saturated binary mixtures. A two-phase bound- 
ary layer theory for binary mixtures is formu- 
lated to examine the role of mass diffusion in 
the heat transfer process. The predictions of 
the theory are compared with experimental 
data taken on a horizontal cylinder with organic 
mixtures. 

ANALYSIS 

The analysis is presented for the vertical plate 
and then the transformation of Nishikawa and 
Ito [4] is used for the horizontal cylinder. 

Vertical plate 
The physical model assumes ;I continuous 

vapor film over the surface. Adjacent to the vapor 
film is the liquid boundary layer. Far from the 
vapor-liquid interface the liquid composition 
is .xs, and the temperature is Tm, the saturation 
temperature. Due to evaporation and diffusion 
the liquid composition xi at the vapor-liquid 
interface is not that of the bulk. If vapor-liquid 
equilibrium is assumed, the interfacial tempera- 
ture q is dictated by xi and the total pressure. 
T is higher than Tm, but its actual value is 
unknown a priori. The vapor at the interface 
has a composition xi* which is also determined 
by the thermodynamic equilibrium data for the 
mixture. The geometry is shown in Fig 1. 

Basic equations 
The conservation equations for mass, momen- 

tum and energy for steady laminar flow in the 
vapor boundary layer on a vertical plate are [9] : 

Continuity 
_ 

Momentum u 5 + r.+, 2 = S(PL - Pyl 

v 8Y PV 



Energy 
aT, aT, a2Ty 

uy ay’ + uYz = ay avz . (3) 
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are considered constant and are evaluated at 
the mean film temperature of the vapor or the 
liquid accordingly. 

FIG. 1. Physical model for vertical plate. 

Assuming that diffusion in the vapor has a 
minor effect on heat transfer, the diffusion 
equation for the vapor phase was omitted. This 
simplification makes it possible to obtain 
similarity transformations for the differential 
equations. The same simplification was used by 
Koh [S] in his analysis of binary film condensa- 
tion. 

Jm 
Atz=O U” = 0 (8) 

Uy = 0 (9) 
Llqwd TV = T,. (10) 

Atz-+co u,, = 0 (11) 

x=x 03 (12) 

t 

T= T,. (13) 

Y 
At z = 6; x = xi (14) 

z = s, x = .‘LF (15) 

T = 7&). (16) 

Since the liquid velocity tangent to the interface 
is the same as that of the vapor: 

at z = 6, (‘V)i = (‘L)i’ (17) 

Since the mass transfer across the interface is 
continuous : 

at z = 6, P”(% - U”fgi 

=P& - u$), (18) 

Assuming that the tangential shearing stress at 
the interface is the same for both the vapor and 
the liquid : 

at z = 6, Pv &ji = PL(%). (19) 

An energy balance at the interface yields: 

a2u, 
+'L a22 (5) -kv($ji = -P+ - uv;)/ 

_k 

L (20) 

Mass balances at the interface yield: 

For the liquid boundary layer the buoyancy 
term in the momentum equation is expressed in 
the free convection form and the diffusion 
equation is included: 

Continuity !3+2=0 
aY 

Momentum uL2 + uL 2 = gB,(T,- Tm) 

a2T 
Energy u,~+v,~=a,--& 

Diffusion uLg + aLg = gL$. 
Y 

(6) 

(7) 

Boundary and interface conditions 

The fluid uronerties in the boundarv layers _ _ 
(‘I)i = -Pt9L 2 + 2(til +rit2),,i (21) C I. \ II ‘1. 
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Vapor 

Momentum f”’ + 3,~. S; - 2(f’;)I 

The vapor-side composition is +l =o 

(‘l)i 
xi* = (IjlJi + (ti& (23) 

Energy 

Liquid 

0; + 3Pr,f& = 0 

Similarity transformation 
The continuity equation is satisfied by intro- 

Momentum f:’ -I- 3f&’ - 2(f;)2 

ducing the stream functions $, and lcIL, such +e, = 0 

that Energy (3; + 3Pr,f,BL = 0 

a*, a* _Y 
Diffusion &’ + 3ScLfL& = 0. 

uv = dz vy = 
ay 

(24) The boundary conditions are: 

WL UL = __ a2 VL = a* _-A (25) 
at?, = 0 fV = 0 

ay . j; = 0 

The partial differential equations are trans- 
formed to ordinary differential equations 
through the following similarity transformation: 

at qL -+ cc’ 

8, = I 

fL = 0 

8, = 0 

Vapor r/” = c,zy-’ 

c, = [s(pq;v:p,pv)] 

fvh,) = &$ 
vv 

Ty - Tm 
%b-) = T _ T 

w m 
Liquid VL = c,zy-f 

c = &(Tw - TJ * 
L 4v; 1 

TL - T,. 
eL(qL) = T _ T 

w m 

The transformed equations are: 

(26) 5, = 1. 

The interface conditions are: 
(27) 

at ‘Iv = VL = ?i 

(28) (evji = (eLIi = : 1 f 
w 73 

(29) 
(tL)i = ?. 

x1 

(30) Equations (17)-(20) and (22) become 

(fL)i = B'(f;)i 
(31) where -+ 
(32) B = [B,(T, - TJ]-* 

(33) 
(fL>i = A. (fv)i 

where 

(34) A = [PL(TW - TJ-+ 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 
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cp,tq - TJ 
AhPr, = 

_ 3 (fV)i 

- (eL)i 
+#Ji 

(fqi (52) 
where 

x [&Ku - q1* +q [ 1 
(53) 

VL 

1 I ’ (ti)i 
x? - x. 

_-- 

3scL (f, )i ’ 

(54) 
.X * 

Heat transfer 
The average heat transfer rate is expressed in 

terms of dimensionless quantities as 

; Nu(Gr/4)-* = -($),., (55) 

where 

4L 
Ivu = kv(Tw - TJ 

Gr = S(PL - PVP 
v2vPv 

(56) 

(57) 

Horizontal cylinder 
Nishikawa and Ito [4] have shown that by 

choosing the appropriate similarity variables 
equations (35)-(54) also apply to the horizontal 
cylinder. The final expression for the average 
Nusselt number for a cylinder is: 

& (Kd)(Gr,)Yt = -(Pv),,, (58) 

where 

(59) 

Gr 
d 

= s(pL - pv)D3 

v:Pv . 
(60) 

Thus, the solution for the vertical flat plate can The last two of the eight parameters appear 
also be used for the horizontal cylinder. because of the binary mixture. 

Equations (35)-(54) were solved numerically. 
Since the interfacial conditions were not known, 
a trial-and-error approach was required. For 

Velocity, temperature and concentration profiles 
The transformed variables f; and fk may be 

chosen values of (nv) and (v,)~ the conservation 
equations for the two phases were solved 
simultaneously by successive approximation. A 
finite difference method with an accuracy in the 
order of (Av)~ was used. Details may be found 
in [7]. 

THEORETICAL RESULTS AND DISCUSSION 

The following set of eight parameters is 
needed to specify the solution of the system of 
equations. 

R V, cp, Sp, Pr,, PrL, SC,, ai2. 

The first four parameters arise from the inter- 
facial conditions. 

R= s” 
[ 1 L 

(61) 

v = R (z)-*[&$j+ (62) 

(63) 

(64) 

R is the pp ratio which is often used in the theory 
of the two-phase boundary layer [24]. The 
dimensionless number V is similar to the one 
used in [3] and [4] (defined as R in [3]). Sp is 
a dimensionless temperature difference. In terms 
of these parameters, A, B and D used in the 
interfacial conditions (47), (49) and (52) are: 

A = V(Sp)_* 

B = ; 
0 

2 (Sp)_4 

(65) 

(66) 

(67) 
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taken as velocity distributions of the vapor and exhibits a maximum which increases with the 
the liquid boundary layers, respectively. Figure thickness of the vapor film. The velocity profiles 
2 shows typical velocity profiles for two film are similar to those of Koh [2] for saturated 
thicknesses. Since the value of B in equation (47) film boiling. 
is not necessarily unity, there is a discontinuity Figure 3 shows the temperature profiles which 
inf’ at the interface. The vapor velocity profile correspond to the velocity profiles of Fig. 2. For 
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f ’ 
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0 
2 0 -_ 
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7)(-(7L)f 

FIG. 2. Velocity profiles in vapor and liquid. 

-08 

CL 

-06 

FIG. 3. Temperature profiles in vapor and liquid and concentration 
profiles in liquid. 
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thin vapor films the temperature profile is nearly 
linear. As the vapor film thickens, the profile 
becomes curved. The shape of the liquid tem- 
perature profile is not sensitive to the vapor 
film thickness. For mixtures with low relative 
volatility the temperature at the vapor-liquid 
interface is close to the bulk saturation tempera- 
ture while for mixtures with high relative 
volatility the vapor-liquid interface temperature 
is above the bulk saturation temperature. The 
concentration profiles in the liquid boundary 
layer are also shown in Fig. 3. For mixtures with 
high relative volatility, the concentration at the 
interface is appreciably less than the bulk con- 
centration. The concentration boundary layer 
is only one-quarter to one-fifth as thick as the 
temperature boundary layer because of the high 
Schmidt number. 

Heat transfer results 
Figures 47 present the dimensionless heat 

transfer rates as a function of Sp. The ordinate 
in these figures is & Nu,(Gr,/4)-*. the dimen- 
sionless heat transfer parameter for horizontal 
cylinders. It is equivalent to 1 %(Gr/4)-+ which 
is the appropriate dimensionless variable for 
the vertical plate. 

0 

Figure 4 shows that high relative volatility 
increases heat transfer at low superheat. At 
higher superheats the influence of relative 
volatility decreases and eventually becomes 
negligible at very high superheats (Sp > 3). This 
behavior is due to heat conduction into the 
liquid away from the vapor-liquid interface. The 
rate of heat conduction to the liquid is limited 
by a maximum temperature difference between 
the vapor-liquid interface and the bulk of the 
liquid. This maximum occurs when the liquid 
at the interface contains only the less volatile 
component. The maximum temperature dif- 
ference can be approached for mixtures with 
high ~1,~. However, even in this case as Sp is 
increased the amount of heat conducted into 
the liquid reaches its maximum value and thus 
it becomes a decreasing fraction of the total 
heat flux. 

Figure 5 shows that R has an important effect; 
the larger R the greater the heat transfer. The 
resistance to the movement of the liquid bound- 
ary layer is less at high R, i.e. when the density 
or the viscosity of the liquid is lower. This 
reduction in the resistance to the liquid move- 
ment results in an increase in heat transfer. This 
is in accord with the results of Koh [2]. 

I I I I I ‘PI, P&c, R ’ v / 

I.0 5-o 1500~01005 I 

I I I 
05 I 0 I5 20 25 30 35 40 

FIG. 4. Effect of relative volatility on heat transfer. 
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05L 1 I 
0 05 I 0 I 5 20 25 30 35 40 45 

SP 

FIG. 5. Effect of R on heat transfer. 

0 05 IO I 5 20 25 30 35 40 45 

SP 

FIG. 6. Effect of liquid Schmidt number on heat transfer. 

The Schmidt number of the liquid affects more volatile component at the vapor-liquid 
diffusion in the liquid and the concentration at interface. This raises the interface temperature 
the interface. It is shown in Fig. 6 that higher and increases conduction heat transfer in the 
Schmidt numbers increase heat transfer at liquid. At higher superheat the effect of diffusion 
values of Sp less than about two. High Schmidt on heat transfer becomes negligible as noted 
numbers produce.lower diffusion rates in the above. 
liquid thus yielding lower weight fraction of the The remaining variables have only a minor 
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FIG. 7. Effect of Prandtf number and Y on heat transfer. 

effect on heat transfer. Figure 7 shows that even 
at low .‘$I the effect of Pr,, Pr, and ‘v is smali. 
At low Sp increasing liquid Prandtl number 
increases shear stress at the vapor-liquid inter- 
face, thus reducing heat transfer. 

EXPERIMENTAL STUDY 

Film boiling was studied on a horizontal 
carbon cylinder. The apparatus consisted of a 
carbon tube heating element housed in a brass 
boiling chamber. The tube was made of pressed 
graphite and carbon; 6 in. long, & in, o.d. and 
& in. i.d. The middle 3 in. of the tube was the 
test section in the experiments. A spring assembly 
was used to keep the tube under compression 
for good electrical contact. 

The nucleate boiling region at the connectors 
to the carbon tube was prevented from spreading 
across the tube by cutting two grooves near the 
ends of the tube. A number of configurations 
were tried with $ in. wide by 0.04 in. deep grooves 
giving the lowest values for qmin and ATmin. 
Most of the data were taken near the mi~um 
film boiling heat flux since the theory indicated 

that mixture effects were the most significant at 
low wall superheat. 

The boiling chamber had front and rear 
windows for viewing and photographic measure- 
ments. The chamber was filled through a valve 
at the bottom. Vapor was led off through a tube 
into a reflux condenser where the condensate 
could be drawn off for composition measure- 
ments or recycled to the boiling chamber. The 
condensate flow rate was measured for heat 
balance checks. 

A 090152 precision resistor connected in 
series with the heating element was used for 
determining the current. Voltages across the 
test section of the carbon tube and the precision 
resistor were measured by an integrating digital 
voltmeter. 

The temperature of the inside of the carbon 
tube was measured by a chromel-alumel thermo- 
couple which was coated with a thin layer of 
porcelain cement. The surface temperature of 
the tube was calculated. Compositions of liquid 
and vapor mixtures were determined by refrac- 
tive index measurements. Details of the experi- 
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mental apparatus and procedure can be found 
in [7]. 

Experimental results and discussion 
Photographs of the boiling process showed 

that vapor bubbles were released only at the 
top of the tube. The vapor film was fairly smooth 
except at the top where the bubbles were released. 
The two-phase boundary layer model was a 
realistic description of film boiling in mixtures 
and pure components on a cylinder of the size 
used here. 

In Figs. S-10 the experimental data are 
compared with theoretical predictions. The 
predicted values were obtained by using physical 
properties appropriate to the mixture under 
study. Details are reported in [7]. In calculating 
the theoretical values, radiant heat transfer was 
included by adding the radiant flux to that 
calculated from the two-phase boundary layer 
analysis, assuming a nonparticipating vapor as 
discussed by Sparrow [lo]. An additional 
complication is involved here beyond the film 
thickening shown by Sparrow. For a mixture 
the radiant flux vaporizes some liquid, thus 
affecting the diffusion in the liquid phase and 
the vapor-liquid interface temperature and 
composition. A complete treatment would be 
very complex. Since radiation contributes only 
about 10-15 per cent of the total flux at the low 
temperature levels of this study. the simple 
addition of fluxes is adequate. 

Figures 8 and 9 show experimental heat fluxes 
as a function of composition at constant values 
of AT, the heater to bulk liquid temperature 
difference. It is seen in Fig. 8 that 4 is nearly 
constant with composition for n-hexane/toluene 
mixtures. The relative volatility of this mixture 
is about 4. The experimental results are in good 
agreement with the two-phase boundary layer 
theory. Bromley’s theory also is adequate for 
evaluating 4 for the entire range of composition. 
The two-phase boundary layer theory also gave 
a good fit to data for systems with azeotropes. 
An example is the ethanol/benzene mixture also 
shown in Fig. 8. This pair has an azeotrope at 

6 I , I I , 1 / 
0 02 04 06 08 10 

wt fraction of A, I 

FIG. 8. Effect of composition on heat flux at constant 
temperature for two systems. 

22 I I I / I I I 1 
Acetone -cyclohexanol - Theory 

20.- l Expernrent AT = 
350°F 

8 I i I I I I Ill1 
0 01 02 03 04 05 06 07 08 09 10 

wt fraction of acetone, x 

FIG. 9. Effect of composition on heat flux at constant 
temperature difference for acetone-cyclohexanol. 

I 1 I I ! I 1 
NO A B 

Wt fract,on of A, x 

FIG. 10. Effect of composition on temperature difference <it 
constant heat flux for two systems. 
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32.5 per cent (by weight) ethanol. There was no a horizontal cylinder agreed well with the theory. 
unusual behavior near the azeotropic composi- For mixtures with relative volatilities lower 
tion. This is in marked contrast to the behavior than about 4, Bromley’s theory is adequate. 
in nucleate boiling of the same mixture El l]. For mixtures with higher relative volatilities the 

In the case of systems with high relative theory presented here should be used. 
volatility, such as the acetone/cyclohexanol 
mixtures (fxlz z SO), the predictions are in good ACKNOWLEDGEMENT 

agreement with the data as shown in Fig. 9. For This work was supported by the National Research 

this mixture Bromley’s simple relation yields 
Council of Canada. 
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EBULLITION EN FILM DE MELANGES BINAIRES SATURES 

R&un&-L’ebullition en film stable dun melange binaire sature est analysee selon la thtorie de la couche 
limite biphasique. On considere ii la fois la diffusion et la conduction de chaleur dans la phase liquide. 
L’analyse montre que de grands accroissements de flux thermique par Bbullition en Elm peuvent &re 
obtenus pour dea melanges % grande volatilite relative. On montre que cet accroissement ne se produit 
qu’ii de petites valeurs de la surchauffe par&ale. Des exp&iences sur un cylindre horizontal de 7,93 mm 
dans differents melanges organiques B la pression atmosphtrique montrent un bon accord aver la thborie. 
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FILMSIEDEN IN GES;iTTIGTEN ZWEISTOFFGEMISCHEN 

Zusammenfassung- Stabiles Filmsieden eines Zweistoffgemisches wird an Hand der Zweiphasen- 
Grenzschichttheorie untersucht. Diffusion und Wlrmeleitung in der flilssigen Phase werden berticksichtigt. 
Die Analyse zeigt. dass, beim Filmsieden grosse Steigerungen des Warmestroms zu erzielen sind bei 
Mischungen mit grosser relativer Flnchtigkeit. Man sieht. dass der gesteigerte Warmeiibergang nur bei 
geringen Wandiibertemperaturen auftritt. Versuche an &em horizontalen Zylinder von 7,9 mm Durch- 
messer in verschiedenen organischen Gemischen bei Atmosph~rendruck zeigen gute ~bereinstimmung 

mit der Theorie. 

IIJIEHO’IHOE KHHEHHE HACbIIIIEHHbIX EHHAPHbIS CMEMEH 
~~HOT~~H~-~ ~OlnOmbloT~OpIl~~~B~X~a3HO~OIrO~~a~?~i~HO~OCjrORIICCJI~~~~TCR~CTOirY~l~O~ 

~~eHoqHoe KSEE?HIle HaCbI~~eHHO~ ~~iHapH0~ CMeCx. IIplci arrajInae ~q~rT~5a~acb tiaIi 

A%'@~JWiH, TaK H TeIIJiOrIpOBO~HOcTb B XFRfiKOfi @a3e. nOKa3aH0, 'IT0 3HaYKTeJIbHOe J'BW~H- 

WHHe BeJIHWiHbI TWIJIOBOrO nOTOIFa npl1 IIxeHO'lHOM KLlneHIlM MOmHO nOJIyYliTb CMeCefi (' 

C,OJIbIIlOfi OTHOWTf9bHOi8 JIeTJWCTbK). nOHa3aHO TWNe,9TO TelKIOO6M‘ZH BO:3pacTaeTTOJibKo 

npI?t MaJIhIX 3HZl'ieHEUIX IIepWpeBa CTeHKlf. %WrN?p~IMeHTWIbHhIe 3HaWHIIR, SlOZI~WHHbIe rlplt 

~jr~eH~i~~ prsAa 0praH~~qec~~~X cnecel Ha rop~I3oHT3~bHo~f r~~r~~lH~pe ~~aM~T~0~ 5i16 ;jrcn%a 


