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TWO-PHASE BOUNDARY-LAYER TR~ATME~ OF FORCED- 

CONVECTION FILM BOILING 
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Department of Mechanical Engineering, Kyushu University, 
Hakozaki, Fukuoka-shi, Japan 

(Receised 29 May 1965) 

&stra&--Theoretical studies have been made of saturated and surface film boiling from a horizontai 
sothermal plate in a longitudinal Bow field. The analysis has been based on the recently deveioped 
wio-phase ~~~nda~~fa~~r theory and the heat transfer and skin friction c~arzteristics are found to 
be correlated by iive parameters. The ditIerentia1 equations have been solved numerically on an 
:iectronic digital computer for the parameter range of practical interest. The results are summed up 
In diagrams, from which the strong dependence of heat transfer and skin friction on the so-called 
pp-ratio and the rather weak dependence on superheating can be seen. 

The present calculations always give larger values of heat-transfer coefficient and drag coefficient 
!han were given by Cess and Sparrow, assuming linear distributions of temperature and velocity corn- 
Jonent in the longitudinal direction in the vapor film. The parameter range in which Cess and 
3uarrow’s results coincide with ours to within five per cent is shown as a table for saturated film 

boiling. 

~O~~~~A~~R~ 
thermal diffusivity; 
spe&c heat; 
dimensionless velocity function, equa- 
tions (11) and (12); 
acceleration due to gravity; 
latent heat of vaporization; 
heat flux on heating surface: 
velocity component in x-direction; 
velocity component in y-direction; 
mass flow rate: 

equation (26’); 
dimensionless degree of superheating, 
equation (26’); 
dimensionless constant, equation (2B’); 
d~mens~on~es~ constant, equation (26’); 
temperature; 

ATP, degree of superheating, TW - ITS; 
ATL, degree of subcooling, Ts - T,. 

Greek symbols 
co-ordinates; 
drag coefficient, equation (31); 
transformation constant, equations (I 5) 
and ($6); 
transfo~ation constant, equations ($5) 
and (16); 
Nusselt number, equation (29) ; 
average Nusselt number, equation (29): 
Prandtl number; 
pp ratio, equation (23’); 
Reynolds number, equation (29); 
dimensionless degree of subcooling, 

* Student of Graduate School of Kyushu University, - 
Fukuoka, Japan. Xt 

t Professor of Mechanical Engineering, Kyushu 
University. tiv, 

I17 

thickness of vapor film; 
similarity variable, equations (7) and (8); 
dimensionless temperature, equations 
(13) and (14); 
therma1 ~ondu~tiv~ty~ 
absolute viscosity; 
kinematic viscosity; 
shearing stress; 
modified Nusselt number, equation (29); 
4& for average Nusselt number, equation 
(29) ; 
shearing stress on the wall surface made 
dimensionless, equation (30); 
x for average shearing stress, equation 
(30); 
stream function, equations (9) and (IO). 
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Suflixes 
V, vapor; 
A, liquid ; 
8, vapor-liquid interface; 
s, for saturated condition; 
co, for condition y + co. 

1. INTRODUCTION 

IT IS SOME years ago that the application of the 
boundary-layer concept, which has long been 
known, to the analysis of film condensation or 
stable film boiling was initiated. The frrst 
workers to give the theory of film condensation 
proposed by Nusselt a drastic change were 
Sparrow and Gregg [l]. 

Later on, the papers analysing theseph enom- 
ena with the boundary-layer theory appeared one 
after another [2-71; the treatments will be 
classified into two categories, as were many of the 
analyses of single-phase boundary layer. One is 
characterized by the procedure of determining 
the unknown constants contained in the velocity 
and temperature distribution and the thickness of 
the boundary layer, the functional forms of 
which have been chosen ~foreh~d, so that they 
satisfy the fundamental differential equations 
integrated across the boundary layer and the 
boundary conditions. This is the so-called “pro- 
file” method. The other is the “similarity trans- 
formation” method, in which, by assuming the 
existence of a stream function and the possibility 
of similar solutions, one determines similar 
velocity and temperature distributions so that 
they satisfy the transformed differential equa- 
tions and boundary conditions. Depending upon 
the former, we can often easily evaluate the 
relations among the dimensionless quantities 
required and thereby investigate the relations 
between the dimensionless quantities with good 
prospect of success. In that case, however, the 
success or failure of the analysis depends directly 
upon the question whether the profiles assumed 
initially express the real ones with sufficient 
accuracy. On the other hand, while the latter 
enables us to determine the distribution of 
velocity and temperature precisely, as far as the 
similarity relations are possible, the mutual re- 
lations of dimensionless quantities can be 
determined only as diagrams in many cases. This 

is because the fundamen~l differential equations 
can usually only be integrated numerically. 

In this paper, a theoretical analysis of forced- 
convection film boiling from a flat plate has been 
carried out by means of the method of similarity 
transformation mentioned above, and the nature 
of forced-convection surface film boiling has 
been made clear over a wide range, relaxing the 
restriction in the range of parameters imposed in 
Cess and Sparrow’s solution 181, which is the only 
one concerning a similar problem known to the 
authors. 

2. ANALYSIS 

2. I. PhysicaZ modeel 
As shown in Fig. 1, the case studied will be a 

plate kept at a constant temperature Tw in a 
liquid flowing at velocity U, at temperature 
Tm(Tw > T8 b T,, T8: saturation temperature 
corresponding to the system pressure). It will be 

T 

FIG. 1. Physical model and co-ordinates. 

assumed that a smooth vapor film of thickness 
6 is formed along the plate, and that the physical 
properties of vapor and liquid are constant. 
Radiative heat transfer will not be considered 
in this case. 

2.2. Fu~d~~~tai equations and similarity tram- 
formation 

The conse~ation laws for mass-, momentum- 
and energy-transfer in the vapor film will be as 
follows, if the film formed on the heating surface 
is assumed to constitute a boundary layer: 

auv atrv 

,c7x.+-=o ay (1) 

auv a~ PUV 

uv x 4- vvay = way2 

aTv aTv a2Tv 
UV- + vv----= av-- 

i?X ay ar2 

(2) 

(31 
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It is assumed, however, that there is no pressure 
gradient in the x-direction, that is, it will be 
assumed that &Jax = 0. Considering next that 
the liquid near the vapor-liquid interface has 
the character of a boundary layer, we can obtain 
similar equations as follows : 

auL auL akL 
ULX + VL-= VLT ay ay 

aTL aTL PTL 
UL~ + uLs= aL_ 

(5) 

(6) 

Next comes the similarity transformation 
following the method of Blasius-Pohlhausen, 
but here only a simple explanation will be given 
of the introduction of stream functions and the 
definition of transformations. First, similarity 
variables TV, 71~ will be defined as follows in- 
cluding unknown constants NV, NL: 

rlv = Nvx-*y (7) 

vr, = NLX-&y (8) 

In the second place, by introducing stream 
functions, the stream functions themselves and 
the temperature, including unknown constants 
Mv, ML, will be expressed further as follows: 

as ayv 
uv=ayT vv = - -aX (9) 

ayL ayL 
uL=ayy vL= -z (10) 

(11) 

WT 
f&D) = GL$$ (12) 

(13) 

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

TL - T, 
AT (14) 

.3 cc L 

Assuming that fi, f~, 0~ and 0~ are functions 
only of TV or YL, and substituting these transfor- 
mation relations in the fundamental equations 
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(l)-(6), and determining the constants Mv, ML, 
NV and NL as follows: 

Mv = ~(uK+v), NV = (1/2)~‘(u&v) (15) 

ML = Z/(U~VL), NL = (1/%40/~~) (16) 

the fundamental equations (l)-(6) will be re- 
placed by the following four differential equa- 
tions : 

&I” + fig;’ = 0 (17) 

8;’ + Prvfve; = 0 (18) 

f;” + fLf;' = 0 (19) 

e;: + PrLf& = 0 (20) 

Here the primes represent differentiation with 
respect to 7~ in the vapor phase and TL in the 
liquid phase respectively. 

2.3. Boundary- and matching-conditions 
The conditions on the heating surface will be 

as follows, as in the case of the single phase. 

y = 0: uv = vy = 0, T; = Tw (21) 

?lv=o: fv=fi=O, ev = 1 (21’) 

Now the profile of the vapor-liquid interface 
is to be determined in relation to the vapor-film 
thickness 6 by the equation 

(7v)a = (V2)l/(~~/(vvx))* 

Since the dimensionless vapor-film thickness 
cannot be changed in the x-direction in order to 
carry on the analysis by assuming a similar 
solution, the only possible development of the 
vapor film must be of the 6 cc z/x type. 

While it is necessary to describe the con- 
tinuity and compatibility condition of the various 
physical quantities on such a vapor-liquid 
interface, at this point the theory of the two- 
phase boundary layer is in marked contrast to 
that of the single phase, and the accuracy of the 
solution and the difficulty in getting a solution 
largely depend upon the treatment at this point. 
Efforts have been made here to express them as 
precisely as possible within the concept of the 
boundary layer. 
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First, the conditions relating to temperature 
will be written simply as follows 

y = 6: TV = TL = Ts (22) 

r]V = (vv)r = TL: ev = 0, BL = 1 (22’) 

In (22’) we have TV = 7~ at the vapor-liquid 
interface. It ought to be expressed correctly as 
7~ = (~v)&(vv/YL), but equation (22’) will 
serve the purpose conveniently, since 7~ and 17~ 
appear neither in the differential equations nor 
in the boundary- and matching-conditions. 

Now the first condition, concerning the 
velocity component, can be obtained from the 
consideration that the mass transfer across the 
vapor-liquid interface is continuous : 

y=s: Pv(vv-u+PL(vL-uLg)( 
(23) 

?]V = (& = 77L: (fL)i = R(fv)t, 

RE 

Assuming next the continuity of the velocity 
component in a tangential direction at the 
vapor-liquid interface, we can introduce the 
second condition concerning the velocity com- 
ponent, which can be calculated with good 
accuracy as follows, according to the boundary- 
layer treatment: 

y = 8: (UY)i = (ULh (24) 

7)V = (7]v)r = rlL: (&)z = (.Q. (24’) 

Furthermore, as the third condition, we will 
impose the compatibility condition of shearing 
stress upon the vapor-liquid interface. In this 
case also, we can express the condition with 
sufficient precision as follows, by the boundary- 
layer treatment : 

(wh = ,v(vv - uvgt 
TV = (rlv)i = qL: 1 

Sp = sp1 + SpzSc 

q+Tv 
sp s ____ 

PrvlR2 ’ 
(26’) 

These equations give the relation between the 
degree of superheating and subcooling. Note 
that the parameter Fused in Cess and Sparrow’s 
analysis can be expressed as 2/(Pr)L r = ScjSp 
in the present nomenclature. 

On the other hand, the conditions for y --f cc 
are as follows: 

y-+ co: UL-+U, (27) 

?L-+ co: j-;-G-2 (27’) 

y-+ 00: TL--+T~ (33) 

TL-+ 03: et-to (28’) 

2.4. Heat transfer and skin friction 
The characteristics of heat transfer will be 

expressed by the following equations: 

1 

TV = (qv)r = NIL: <f,">z = (f;'>i (25') 
Incidentally, the heat balance at the vapor- 

liquid interface is written as follows, though it is 
not intended to use it as a boundary condition: 

I (2% 
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The dimensionless expression for the shearing 
stress acting on the heating surface can be 
written as follows: 

x E _%!- Z/(Re) = cfd?. R 

P&o 4 ’ 

xz $V/(&) +R = 2X 
co (30) 

rw dx 

0 J 

Therefore, the expression in the form of a drag 
coefficient will be as follows: 

C&(Re) = (f;& - R = 4x, 

c 
D 
,6” Tw dx -- 

PLU2, 
(31) 

n X 
L 

2.5. Numerical calculations 
Now we have all the equations required. 

What remains to be done as a problem of 
numerical analysis is to evaluate solutions which 
satisfy the transformed fundamental differential 
equations (17)-(20) and the boundary- and 
matching-conditions (21’)-(28’). 

No term concerning the temperature is 
included in the momentum equations (17) and 
(19). Dimensionless velocity functions fv and fL 
will be therefore determined uniquely* by giving 
the pp ratio R related to the compatibility of the 
velocity component at the vapor- liquid interface, 
and the dimensionless vapor film thickness 
(TV)~. Accordingly, the velocity distribution for 
specified R and (TV)~ will be determined first. 
Next, the distribution of dimensionless tempera- 
ture will be evaluated, using the velocity distri- 
bution just evaluated, and using integrations of 
equations (18) and (20) for the combination of 
optional Prandtl numbers : 

* The differential equations (17) and (19) can be 
integrated as an initial value problem instead of a 
boundary value problem; see, for example, reference 9. 

e 

V 

= (I;)(exp (-Pw $f" dw) drlv 
v _- 

(‘)V)< 
--_ (18’) 

d exp (-Prv yfv dvv) drlv 
0 

r exp (-Prr, 7 fL dTL) drlL 
eL = LL= (l)V)i (20’) 

7 exp (-PrL y.fL drld dw_ 
QV)i vlV)i 

Since Spl and Sp2 are determined by the equa- 
tion (26’) when the dimensionless velocity and 
temperature have been thus evaluated, the rela- 
tion between the degree of superheating and 
subcooling is made clear. Furthermore, the value 
of the heat transfer is determined by equation 
(29) and that of the skin friction by equation (30) 
or (31). 

When the foregoing process is repeated for a 
fixed pt.~ ratio R, for different values of the 
dimensionless vapor film thickness (~v)c, the 
modified Nusselt number 4 and the dimensionless 
skin friction x will be expressed by the following 
forms : 

$ = qWv, Pa, R, SC, Sp) (32) 

x = x(Prv, PrL, R, SC, Sp) (33) 

The range of parameters covered by the 
numerical calculations is as follows: 

R: 0.005, 0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 
0.64 

Prv: 0.5, 1.0, 2.0; PrL: 0.5, 1.0, 2.0, 4.0, 8-O 

These may be considered to cover the domain 
of the parameters for the real fluid at the usual 
pressures. 

3. RESULTS AND CONSIDERATIONS 

The solutions of the form (32) for heat transfer 
are shown in Fig. 2(a), (b), (c), (d) and (e), and 
the solutions of the form (33) for skin friction are 
shown in Fig. 3. 

Though only values for PrL = 2-O are given 
in Fig. 2, they can be used in practice since the 
value of the ordinate changes no more than 
&- 5 % around the value for PrL = 2.0 within the 
range of 0.5 5 PrL $ 8.0, provided R 9 0.16. 
If, however, R increases as much as 0.64, the 
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FIG. 2(a). Correlation of heat transfer at R = O-005. 

FIG. 2(b). Correiation of heat transfer at R = O+?l. 
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f~~,;.=-i 

1 10 10' 
SP,. SPZ 

FIG. 2(c). Correlation of heat transfer at R = 094. 

FIG. 2(d). Correlation of heat transfer at R = 0.16. 
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FIG. 2(e). Correlation of heat transfer at R = 064. 

value of ordinate changes by & fO%. On the 
other hand, as the values of x change by + 10 % 
at most within the range of 0.5 5 Prv 5 2.0 
when R 6 064, only the results for Pry = 1.0 
are shown in Fig. 3. 

3.1. How to read the diagrams 
Since we have SC = 0 in the equation (26’) 

when there is no degree of subcooling, that is, 
when the liquid is uniformly at saturation 
temperature, we can read at once the relations of 
4, 4 - Sp and x, 2, CD N Sp for given R and 
Prv. 

Next in order to evaiuate 4 or x in a case where 
there is a degree of subcooling, and where Sp and 
SC are given beside R and Prv, the following 
method is advisable, though a little troublesome. 
For example, when R = 0.005, Prv = 1.0, 
(Prr. = 2*0), Sp = 22 000 and SC = 530, the 
curve for Prv = I.0 in Fig. 2(a) and that for 
R = 0.005 in Fig. 3 are used. 

(i) Assuming Spl in Fig. 2 (a), we can read 4 
and Sp$ for the value of prescribed Prv 
(1.0). 

(ii) From the values of Spl, Spa and the pre- 
scribed value of SC (530), Sp is calculated 
using the equation (26’). 

(iii) If Sp that was evaluated in (ii) does not 
agree with the given Sp (22 000), revert 
again to (i). 

(iv) For the value of Spl thus determined x 
will be read from Fig. 3 for the specified 
value of R(O.005). 

Thus the evaluation of Spl = 1150, Spa = 39, 
+ = 0*015, x = 0.014 can be done. This example 
almost corresponds to the case of water at atmos- 
pheric pressure with superheating of 700°C and 
subcooling of 10°C. 

Even in the case where there is a degree of 
subcooling, evaluation is simple when (b or x is 
given beside R and Prv. When I#J is given, we 
can read Spl and Spz from Fig. 2. incidentally, 
for the Spl thus obtained, x can be read from 
Fig. 3. When x is given, Spl is read first from 
Fig. 3 and for that Spl we can read # and Sp:! 
from Fig. 2. When SC is given optionally for 
Spl and Sps evaluated in these cases, Sp can be 
determined from the equation (26’). 

3.2. Comparison with Cess and Sparrow’s solution 
VI 

Starting from the two assumptions, (I) in the 
vapor phase, the temperature and velocity com- 
ponents in x direction, Tv and UY, vary finearly 
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FIG. 3. Correlation of skin friction. 

with distance from the heating surface y, and (2) 
(f& = 0 approximately, Cess and Sparrow have 
proposed approximate solutions by a combined 
analyti~l-numeri~l method for the case where 
there is no degree of subcooling. They have 
further sought approximate solutions for the 
subcooled liquid by enlarging the solutions for 
the saturated liquid, which are quoted in Figs. 4 
and 5 for a liquid Prandtl number of unity. The 
broken lines in the figure are the results from the 
present analysis for saturated liquid and vapor 
Prandtl number of unity. The values of heat 
transfer and skin friction show considerable 
differences in comparison with the solid lines for 
r.v’{Pr~) = 0, especialiy for large R. 

To know when such assumptions as (1) and (2) 
are permissible and to find out how to express the 
limit of parameters in which the solutions ob- 
tained by using them are reasonable, the authors 
will investigate first the case of saturated Iiquid 
and then that of subcooled liquid. 

When there exists no degree of subcooling, 
the only difference between the theory of the 
present paper and that of Cess and Sparrow is 
that the former does not require the assumptions 
(1) and (2). All we have to do, therefore, is to 
find out the limit of parameters in which assump 
tions (1) and (2) are ahowed. 

As a preliminary, we must obtain series 
solutions for the transformed fundamental 
differential equations (17) and (18) of the vapor 
side. With such solutions in hand, the assumption 
(I) by which velocity and temperature are 
supposed to vary Iinearly is considered appropri- 
ate only when such a condition, as rendering the 
terms of lowest power giving non-linear distri- 
butions negligibly small compared with the 
terms of highest power giving linear distributions 
is satisfied as discussed in Cess and Sparrow’s 
paper. When calculated it will be expressed 
when Prandtl number of vapor Frv is about 
unity as follows: 

c,vATv 12 sp Ez ____ 
PrvIR2 @ R2 

In other words, the assumption is permissible 
only when the dimensionless degree of super- 
heating Sp is smaller than 12/p which depends 
exclusively on the magnitude of the pp ratio R, 
the values of which are given in Figs. 4 and 5 for 
each R with vertical markers. It is added, how- 
ever, that the values for R = O-01 and OG05 are 
l-2 x 105 and 4.8 x 105 respectively. This limit- 
ing value is inversely proportional to Prv when 
not unity. 
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1 

Î  I.. 

FIG. 4. Correlation of heat transfer proposed by Cess and Sparrow. 

Fro. 5. Correlation of skin friction proposed by Cess and Sparrow. 
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The assumption (f& E 0 is valid only when solutions are reasonable is restricted also from 
the pp ratio R and the dimensionless degree of the assumption (2). 
superheating Sp are sufficiently small. Cess and Figure 6 shows how the relation among (f&, 
Sparrow compared the solutions based on this (_j& and (S,“)Z changes with respect to the pp 
assumption with those from which this assump- ratio R. It is clearly seen from the figure that, 
tion is excluded giving the value as large as since a large value of the abscissa (&)a implies 
0.6 about R, and concluded that the error for the a large degree of superheating Sp, (f& gg 0 or 
magnitudes of + and x originating from the assumption (2) ceases to be satisfied with the 
assumption is not higher than - 15 %. The increase of Sp and, needless to say, the ppratio R. 
consideration here however is limited to the On the basis of the foregoing discussions on the 
case in which the dimensionless degree of super- assumptions (1) and (2), the authors will investi- 
heating Sp is as small as unity. Therefore the gate the temperature and velocity distributions, 
range of parameters where Cess and Sparrow’s as shown in Fig. 7, evaluated by the method of the 

FIG. 6. Relation among (j&, (r&, (f"~)i and R. 

4Q- 
Pr”=Pr,zm 

- A- /?= 0.64 

$ _ 
W,’ 7.82 

-__ 

i 

Pr”: PQi; I.0 

1 
R = 0.005 
-v,= 200 

0 I.0 2.0 

FIG. 7. Examples of temperature and velocity distribution. 
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present paper in which neither assumption is 
used. In the case of the curves drawn in a broken 
line, since the dimensionless degree of super- 
heating is much smaller than the limiting value 
of 1.2 x 10s stated above, the distributions of 
temperature and velocity in the vapor film are 
seen to be extremely linear. In the case of the 
curves indicated by a solid line, however, the 
distributions have become considerably non- 
linear, despite the fact that the dimensionless 
degree of superheating is as small as one-third 
of the limiting value of 29. Again in the first 
example, the values of (f~)( and (_$‘)f introduced 
from the assumptions (1) and (2) are, as seen in 
Table 1, in good agreement with those evaluated 
by means of the method of the present paper, 
whereas in the second example there are marked 
differences. 

Table 1. Scrutinization of the assumptions (1) and (2) in 
the example of Fig. 7. (Numbers in parentheses represent 

values given by the assumptions.) 
- 

(fL’)i CfLh (fL”)i 
____--__ 

Prv = PrL = I.0 
R = 064 1.72 0.861 0.464 
Spl = 7.82 (0) (0.301) 
- -_---~ 

Prv = Prr, = 1.0 
R = OX@5 1.68 0GOO102 0.344 
Sp1 = 20.0 (0) (0.342) 

-- 

After all, considering the discussions men- 
tioned above and comparing Cess and Sparrow’s 
solutions with the present results, the authors 
have reached the conclusion that the dimension- 
less degree of superheating should not exceed 
the values shown in Table 2, if the values of 4 
and x due to the former are to be brought into 
agreement with those due to the latter within 
five per cent. 

Table 2. Limiting value of the dimensionless degree af 
superheating.for Cess and Sparrow’s result coinciding with 

the present result to within five per cent 
___~_ _..~~_ 

R 
Prv 

00X 00.1 0.04 0.16 0.64 
--- - 

0.5 11 ooo 3800 180 6.8 048 
I.0 6900 1700 85 5.2 0.48 
2.0 1300 840 34 5.0 0.35 

=_ 

Next, consideration will be directed to the 
case where a degree of subcooling exists. It is not 
necessary in the analysis of the present paper to 
make a special distinction in the method of 
solution whether or not there is a degree of 
subcooling, but Cess and Sparrow’s solutions for 
the saturated liquid have been enlarged by the 
same authors as explained below. 

First, when the liquid Prandtl number is unity 
there is a similarity between the temperature and 
velocity distributions, resulting in the following 
equation : 

(.f,“h 
CeJi = - 2 _ (f.,i, PrL = 1 

In such a case, therefore, the solutions for sub- 
cooled liquid are derived without difficulty. It is 
the results thus sought that are shown in Figs. 4 
and 5. 

Furthermore, when the liquid Prandtl number 
is either sufficiently small or sufficiently large, the 
following equations will result: 

(Q, = -2 
II( 1 

P$ , PrL Q 1 

(Q = - J(2Pr;h:)j, prL $ 1 

Accordingly, the solutions for saturated liquid 
can be easily converted into those for subcooled 
liquid. 

The Cess and Sparrow solutions for subcooled 
liquids are, therefore applicable as long as the 
liquid Prandtl number satisfies one of the above 
conditions, and provided that the range of 
parameters is within that for which the solu- 
tions for saturated liquid are reasonable. 

Now checking our results, we find that the 
effect of the liquid Prandtl number is not so 
strong, if the value of the pp ratio R is not larger 
than 0.16, as stated in the beginning of the present 
section; by varying the liquid Prandtl number in 
the range 0.5 s PrL 2 8-O the values of 4 change 
around that for PrL = 2-O by only -+5 ‘A at most 
for Spa I 1 (the same is true for the values of x). 
It is therefore considered that the effect of the 
Prandtl number of the liquid for a pressure level 
which is not very high is negligible for normal 
fluids. Also with Cess and Sparrow’s result for 
subcooled liquid, the calculations for PrL = 1-O 
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imposed on the dimensionless degree of super- An analysis of forced convection film boiling 
heating when there is no subcooling is taken into has been carried out using the concept of the two- 
consideration, phase boundary layer, and solutions applicable 

What has been discussed so far will show that to an extensive range of parameters have been 
the Cess and Sparrow results are quite reason- obtained. In applying the results obtained in the 
able when the degree of superheating is not too present paper to actual problems, the following 
large, whether or not there is any subcooling, and 
in such a case, they are not only simpler than 

conditions should be satisfied: (1) the vapor- 

those of the present paper but estimate accurately 
liquid interface must be smooth, (2) the vapor 

enough heat transfer as well as skin friction. In 
generated must not leak out into the liquid in 
the form of bubbles. In order to confirm what 

the case of large superheating, however, the effect these conditions have on the results of 
error will become large, since the basic assump- 
tions lose their validity. The main point in the 

this analysis, the quickest way is considered to be 

authors’ results lies in that this restriction upon 
in the comparison with the experimental results, 

the degree of superheating is lightened to an 
but for the present, we cannot find any reliable 
data for such a case. 

extent which makes the application of the Machine solutions were obtained on an 
boundary-layer theory appropriate. With the 
decline of the degree of su~rheating, therefore, 

Okitac 5090 A type etectronic computer. It 
took 12 h to make the actual calculations. 

the authors’ results graduahy approach those 
of Cess and Sparrow. 

Numerical integration of differential equations 

At the present stage, however, where we have 
was carried out by means of the predictor- 
corrector method. 

yet to discover experimental values or the extent 
of the parameter domain which is important for 
practical use, it is of course unreasonable to dis- 
cuss the significance of these two analyses from 
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R&sum&--On a &die th~riquement ~~bullition satur&e et par film superficiel a partir dune plaque 
horizontale isotherme dam un Ccoulement ~on~tudinal. L'analyse a & bask sur la theorie rkente 
de la couche &mite diphasique et l’on a trouve que les caracteristiques de transport de chaleur et de 
frottement parietal s’expriment a l’aide de cinq paramhtres. Les equations differentielles ont et.5 
resolues numeriquement sur un calculateur eletronique numerique dans la gamme de paramttres 
d’inter@t pratique. Les r&hats sont r&sum&s dam des diagrammes, a partir desquels on peut voir que le 
transport de chaleur et le frottement parietal depend beaucoup du rapport des pp et faiblement de la 
surchauffe. 

Les calculs actuels donnent toujours pour les coefficients de transport de chaleur et de trainee des 
valeurs plus Blevees que celles don&es par Cess et Sparrow, qui supposaient des distributions lineaires 
de temperature et de composante longitudinale de la vitesse dans le film de vapeur. La gamme de 
paramttres dans laquelle les resultats de Cess et Sparrow coincident avec les n&res a moins de cinq 

pour cent est don&e sous la forme d’un tableau pour l’ebullition par film sat&. 

Zu~mme~~ung-Theoretische Studien wurden durchge~hrt iiber Sieden mit Dampfer~ugung 
und Ortliches Sieden an einer waagerechten isothermen Platte in einem L~~str~mun~feId. Die 
Analyse beruht auf der ktirzlich entwickelten Zweiph~n-Gren~chi~httheorie und es zeigt sich, dass 
Warmetibergangs- und Reibungscharakteristika durch f&f Parameter korrehert werden klinnen. 
Die Differentialgleichungen wurden ftir den praktisch interessierenden Parameterbereich auf einer 
elektronischen Digitalrechenmaschine numerisch gel&t. Die Ergebnisse sind in Diagrammen zusam- 
mengestellt aus welchen die starke Abhangigkeit des Warmeiibergangs und der Oberfltichenreibung 
vom sogenannten pp Verhaltnis und die geringe Abhlngigkeit von der Oberhitzung erkennbar ist. 
Die gegenwartigen Berechnungen ergeben stets griissere Werte fur Wiirmeiibergang und Druckabfall 
als von Cess und Sparrow angegeben, wobei lineare Temperatur- und Geschwindigkeitskomponenten- 
verteilung in Langsrichtung im Dampffilm angenommen wird. Der Parameterbereich in dem die 
Ergebnisse von Cess und Sparrow mit unseren innerhalb von 5 Prozent tibereinstimmen ist in einer 

Tabelle fiir Sieden mit Dampferzeugung gezeigt. 

~OTa4I~-B~nO~K~KO TeOpeTBKeCKOe HCCjr’2gOB3HLlB HaCbImeHHOI’O nOBepXHOCTHOr0 
n~eno~Kor0 K~nen~~ Ka ropK30~Tn~bK0~ ~~3oTep~~~~ecKo~ ~~a~T~~ie B none npo~o~bKor0 
TeYeHKR. AKanBs OCHOB~Ba~Cn Ha ~~3~aBHO pa3pa6OTaHHO~ TeOpKK ~ByX#a3HOrO nOrpaH~q- 
Wore wofr. HaBfAeHo, 9~0 Xapa~Tep~cT~K~ Ten~oo6~~eua E nonepxHocTHor0 TpeHmz Koppe- 
nklpy~o~cn nRTbB napaMeTpaM~~. Ha 3JIeKTpOHHOfi B~~~~~~fTe~bHO~ MnmIIHe nOJfyYeKb1 

q5icjfenmze pememzn ~@@epeaqaanbfibtx ypaBHetraP AnR ARanaaorta napaweTpoB, npez- 
waanmomero npaKT544ecwt mrTepec. PeaynbTaTbI npeAcTaBne%I n sane AHarpakfM, 143 
HOTOpbIXBki~HO,YTOHaTenJl006MeHM nOBepXHOCTHOe TpeHEe OKa3FJBaeT 6onbmoe BJIKFIHHB 
TaK HaabIBaeMoe OTHOmeHKe p/.& M AOBOBbHO cna6oe-neperpeB. 

II~H Tawx pacseTax Koa@$m~HeHTn TennooGMena I4 Koa+&iqneaTa Tpemw BcerAa 
1IOJIyYaIoTCR 6onbme 3Ka’reHKfi, I’IpHBeneHHbIX &?CCOM M CnappOy, KOTOpbI3 npBHKManK 
JnreetiKoe pacnpeaeBeHBe TeMnepaTypbI K KOMnOHeHTa CKOpOCTB B npOJ&OJIbHOM BanpaBneKnK 
B nJreKKe napa. &ranaaon napaMeTpoB, n ~0T0p0~ pe3yxbTaTbI IIecca K Cnappoy coBnanar0T 
‘2 KaIIInMK C T04HOCTbIO n0 5 np0ueKTOR, AaH B BMJU? Ta6nKur.r AJrH HaCbUJ.B?HHOrO nJIt?HOBHOrO 

KKneHBR. 


