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Abstract—Theoretical studies have been made of saturated and surface film boiling from a horizontal
isothermal plate in a longitudinal flow field. The analysis has been based on the recently developed
two-phase boundary-layer theory and the heat transfer and skin friction characteristics are found to
be correlated by five parameters. The differential equations have been solved numerically on an
electronic digital computer for the parameter range of practical interest. The resuits 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

than were given by Cess and Sparrow, assuming linear distributions of temperature and velocity comi-
ponent in the longitudinal direction in the vapor film. The parameter range in which Cess and
Sparrow’s results coincide with ours to within five per cent is shown as a table for saturated film

boiling.
NOMENCLATURE equation (267);
a, thermal diffusivity; Sp, dimensionless degree of superheating,
¢y, specific heat; equation (267);
. dimensionless velocity function, equa- Spi1, dimensionless constant, equation (26');
tions {11} and (12); Sp2, dimensionless constant, equation (26%);
g, acceleration due to gravity; T, temperature;
I/,  latent heat of vaporization; ATy, degree of superheating, Ty — T
g, heat flux on heating surface; ATy, degree of subcooling, Ty — T ..
u, velocity component in x-direction;
v,  velocity component in y-direction;
w, mass flow rate; Greek symbols
X, ¥, co-ordinates; 8, thickness of vapor film;
Cp, drag coeflicient, equation (31); n,  similarity variable, equations (7) and (8);
M, transformation constant, equations (15} g, dimensionless temperature, equations
and (16); (13) and (14);
N, transformation constant, equations (15) A,  thermal conductivity;
and (16); «, absolute viscosity;
Nu, Nusselt number, equation (29); v,  kinematic viscosity;
Nu, average Nusselt number, equation (29); 7,  shearing stress;
Pr, Prandtl number; ¢,  modified Nusselt number, equation (29);
R, pp ratio, equation (23°); #, ¢ for average Nusselt number, equation
Re, Reynolds number, equation (29); (29);
Sec, dimensionless degree of subcooling, X Zlfwarin_g stlress on the wa(g Os)urface made
— imensionless, equation ;
Fulgg;{t“;aginc_}md“ate School of Kyushu University, %,  x for average shearing stress, equation

+ Professor of Mechanical Engineering,

Kyushu

University.

it7

(30);
¥, stream function, equations (9) and (10).



Suffixes
¥V, wvapor;
L, liquid;

i,  vapor-liquid interface;
S, for saturated condition;
o0, for condition y — oo.

1. INTRODUCTION

It 15 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 first
workers to give the theory of film condensation
proposed by Nusselt a drastic change were
Sparrow and Gregg [1].

Later on, the papers analysing theseph enom-
ena with the boundary-layer theory appeared one
after another [2-7]; 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 beforehand, 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
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is because the fundamental 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 [8], which is the only
one concerning a similar problem known to the
authors.

2. ANALYSIS
2.1. Physical model
As shown in Fig. 1, the case studied will be a
plate kept at a constant temperature Ty in a
liquid flowing at velocity u. at temperature
T.(Tw>Ts > Ty, Ts: saturation temperature
corresponding to the system pressure). It will be

v 7o
U, T
—

Ty
Fic. 1. Physical model and co-ordinates.

assumed that a smooth vapor film of thickness
§ 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. Fundamental equations and similarity trans-
Sformation
The conservation 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:

ouy  dvy
Tx + “gy“ =0 ¢))
ouy ouy Q2uy
uv—azﬂi—vv—a;—vvg’;g ¥))]
Ty oTv 2Ty
W T =W O
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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 du./dx = 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:

dur, Ovy,
ox Ty =0 @
our, 3uz, Jtuy,
UL oLt = s &)
Ty, Ty 02Ty,
uL“g+UL7y*=aLa—yg‘ (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 ny, nz will be defined as follows in-
cluding unknown constants Ny, Ny:

nv = Nyx~iy @)
nL = Npx~ty ®

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

¥y Wy
uy “5)—)‘, vy = — ’5; (9)
VL ¥y
uL =55 L M (10)
| 4
) = 3075 (11)
b4
fulrn) = 375 (12)
Ty — T, Ty — T,
BV("]V) - T: — Ti = VATV ? (13)
I, —-T, Tr-T,
o) == g, (9

Assuming that fy, f1, 6y and 8, are functions
only of ny or 7z, and substituting these transfor-
mation relations in the fundamental equations
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(1)—(6), and determining the constants My, My,
Ny and Ny, as follows:

My = /(uovy), Nv = (1/2)v/(ux/vv)  (15)
My, = +/(uavr), N = (1/2)v(ux/vr)  (16)

the fundamental equations (1)-(6) will be re-
placed by the following four differential equa-
tions:

=0 17
8, + Pryfvf, = 0 (18)
L+ fuf =0 (19)
6 + Profuf, = O 20)

Here the primes represent differentiation with
respect to ny in the vapor phase and 7z 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.

@n
@1)

y=0: wp=vp=0, T, =Ty

w=0 fr=fyp=0,

Now the profile of the vapor-liquid interface
is to be determined in relation to the vapor-film
thickness 8 by the equation

) = /D (o[ (vwx)).

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 doc+/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.

Oy =1
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First, the conditions relating to temperature
will be written simply as follows

Ty =T =T 22)
Oy =0, 0 =1 (22)

y=2a:
v = (v = 9Lt

In (22) we have 5y = »z at the vapor-liquid
interface. It ought to be expressed correctly as
nr = (qv)iv/(vw/ve), but equation (227) will
serve the purpose conveniently, since nv and 5z
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:

ds ds
y=2a: pv(vv - uva})i = pL(UL - uLa})i
(23)
(/)i = R(fv)i,

w=JlGa) @

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:

= (vh = 9Lt

(uv): = (uL) (24)

v =@k =10t (o= (s (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:

9
y=5 ur (‘Baiy")i = ur (;;) @5)
v = () =z (o= h (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:

y = 8:
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y = é: A
oTv o7z
) =~ + (=St
( Yoy )i o)l + ( Loy )i L (26)
ds
W) = pv (UV — uy a})i )
v = (v = 9 )
Sp = Sp1 + SpaSc
— CpVATV - CpVATL 261
=ik’ = pmpire [
—(fri 6.
Sp1 = Germs, Spr=- ;
21 = RGP = V(Pru) RE,): |

These equations give the relation between the
degree of superheating and subcooling. Note
that the parameter I" used in Cess and Sparrow’s
analysis can be expressed as \/(Pr)r I' = Sc/Sp
in the present nomenclature.

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

Y- 000 UL->U, 27
nL-> 01 f;—>2 (27
y—>o: Tp->T, (28)
nL—> 0: >0 (28"

2.4. Heat transfer and skin friction
The characteristics of heat transfer will be
expressed by the following equations:

_ M %‘L’) _ e )
b= (ko) (m, =2 R
Nu F"V) ,
= (") = (@) R =2
95 \/(Re) (HL, ( v)w ‘?S
Ny = T e gX
U= NATy M E AT - (29)

(T
qg= — Ay ay w

. lx _ HwoX
q—xj‘qu, Re =
8

vy
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The dimensionless expression for the shearing
stress acting on the heating surface can be
written as follows:

(fv' Dw_ )

XEPug\/( )_ ‘R’

(fv")w

V(Re) = R =12y

) uZ L (30)

Suy 17 .
Tw 1.3 2 Y ) w > w x w
1]

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

J

Cpv/(Re) = (f;)w" R = 4y,
Jz Tw dx
Cp = (i;LuZ - (31
7 X

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 fi and f7,
will be therefore determined uniquely* by giving
the pu ratio R related to the compatibility of the
velocity component at the vapor-liquid interface,
and the dimensionless vapor film thickness
(nv)i- Accordingly, the velocity distribution for
specified R and (yyp); 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.
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Mv)i nv
[ exp(—Pry [ frdqy)dyy
0

by = (8)
Mv)e id
{ exp(—Pry | fvdnv)dyy
b 0
© 7L
J' exp (—PrrL .f Sr dn) dng
0y = -z v): (20"
© nL
| exp(—Pry, | fi dnz) dye
)i (Vieh

Since Sp, and Sp, 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 pu ratio R, for different values of the
dimensionless vapor film thickness (7y);, the
modified Nusselt number ¢ and the dimensionless
skin friction y will be expressed by the following
forms:

¢ = §(Pry, Prr, R, Sc, Sp) (32)
x = x(Prv, Prz, 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
Pry: 05, 1:0, 2:0;  Prg: 05, 1-0, 20, 40, 80

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), (¢), (d) and (e), and
the solutions of the form (33) for skin friction are
shown in Fig. 3.

Though only values for Pr; = 2-0 are given
in Fig. 2, they can be used in practice since the
value of the ordinate changes no more than
+59; around the value for Pry = 2-0 within the
range of 0-5 £ Pr;, £ 80, provided R < 0-16.
If, however, R increases as much as 0-64, the
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value of ordinate changes by -+10%,. On the
other hand, as the values of y change by + 10%
at most within the range of 0-5 £ Pry
when R £ 0-64, only the results for Pry
are shown in Fig. 3.

A
2

1-0

3.1. How to read the diagrams

Since we have Sec = 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
$, ¢ ~ Sp and y, %, Cp ~ Sp for given R and
PI‘V.

Next in order to evaluate ¢ or y in a case where
there is a degree of subcooling, and where Sp and
Se are given beside R and Pry, the following
method is advisable, though a little troublesome.
For example, when R = 0-005, Pry =140,
(Prp = 20), Sp=22000 and Sc = 530, the
curve for Pry = 1-0 in Fig. 2(a) and that for
R = 0-005 in Fig. 3 are used.

(i) Assuming Spy in Fig. 2(a), we can read ¢
and Spsz for the value of prescribed Pry
(1.0).

(ii) From the values of Spi, Spe and the pre-
scribed value of Sc (530), Sp is calculated
using the equation (26').

(i) 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 Sp; thus determined ¥
will be read from Fig. 3 for the specified
value of R(0-005).

Thus the evaluation of Sp; = 1150, Spe = 39,
¢ = 0:015, y = 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 ¢ or y is
given beside R and Pry. When ¢ is given, we
can read Sp; and Sps from Fig. 2. Incidentally,
for the Spy thus obtained, y can be read from
Fig. 3. When y is given, Sp; is read first from
Fig. 3 and for that Sp; we can read ¢ and Spa
from Fig. 2. When Sc is given optionally for
Sp1 and Sps evaluated in these cases, Sp can be
determined from the equation (26").

3.2. Comparison with Cess and Sparrow’s solution
(8]
Starting from the two assumptions, (1) in the
vapor phase, the temperature and velocity com-
ponents in x direction, Ty and wuy, vary linearly
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with distance from the heating surface y, and (2)
(fL): = 0 approximately, Cess and Sparrow have
proposed approximate solutions by a combined
analytical-numerical 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 Prandt] 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
I'y/{Prz) = 0, especially 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 liquid
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 allowed.

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
(1) by which velocity and temperature are
supposed to vary linearly 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 Pry is about
unity as follows:

_ eovlATy _Ig
5P = ke < R

In other words, the assumption is permissible
only when the dimensionless degree of super-
heating Sp is smaller than 12/R? which depends
exclusively on the magnitude of the pu 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 = 0-01 and 0-005 are
1-2 x 105 and 4-8 x 105 respectively. This limit-
ing value is inversely proportional to Pry when
not unity.
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The assumption (fr); = 0 is valid only when
the pp ratio R and the dimensionless degree of
superheating Sp are sufficiently small. Cess and
Sparrow compared the solutions based on this
assumption with those from which this assump-
tion is excluded giving the value as large as
0-6 about R, and concluded that the error for the
magnitudes of ¢ and y originating from the
assumption is not higher than —15%. The
consideration here however is limited to the
case in which the dimensionless degree of super-
heating Sp is as small as unity. Therefore the
range of parameters where Cess and Sparrow’s
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solutions are reasonable is restricted also from
the assumption (2).

Figure 6 shows how the relation among (fL);,
(f}): and (f,"); changes with respect to the pu
ratio R. It is clearly seen from the figure that,
since a large value of the abscissa (f,); implies
a large degree of superheating Sp, (fz): =~ 0 or
assumption (2) ceases to be satisfied with the
increase of Sp and, needless to say, the puratio R.

On the basis of the foregoing discussions on the
assumptions (1) and (2), the authors will investi-
gate the temperature and velocity distributions,
as shown in Fig. 7, evaluated by the method of the

30

(),

20

(),

10

bs

10 15 20

(£,

F1G. 6. Relation among (fi)s, (f'1):, (f”L)¢ and R.

~ 40

40

-
Pry= Pr, =10
= { Pots
~< sp=7-82
< s L { ;ry s Pys 10
== 1R :=0-005
N t 55,2200
~f
', S
& J20 201
\\ - -~ I’
N . /)
AN 8 ’2 //
4] N . /2.
L ! ro 00 : : 0 ’L / 10
81_ ro NS o5 10 ro ////
—_ \\\ - -7
S ., > ///
Sk N £ sl -
N\, e
\ N ? = )
& L X /// fl/
0 0 - ]
0 10 20

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 105 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 (f7); 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.)

(fi) (fL) L")
Pry = Pri, = 10
R =064 1-72 0-861 0-464
Sp1 = 782 (V)] (0-301)
Prv = Pr;, = 10
R = 0-005 1-68 0-000102 0-344
Sp1 = 200 ) (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 ¢
and y 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 of
superheating for Cess and Sparrow’s result coinciding with
the present result to within five per cent

R
Prv
0-005 00-1 0-04 0-16 0-64
05 11 000 3800 180 68 0-48
1-0 6900 1700 85 52 0-48
2:0 1300 840 34 50 0-35

TAKEHIRO ITO and KANEYASU NISHIKAWA

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:

(0;‘)1 - — (fL )z

2 = (f)

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:

6Dy = =2 \/(?;’f) Prr <1
@i = — \/ (ﬂ%ﬁﬁﬁ) Prp>» 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 ppu 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 < Pry < 8-0 the values of ¢ change
around that for Pr;, = 2-0 by only =59 at most
for Sps =1 (the same is true for the values of ).
It is therefore considered that the effect of the
Prandt! 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 Pr;, = 1-0

PrL=1
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may be adapted to all other cases if the condition
imposed on the dimensionless degree of super-
heating when there is no subcooling is taken into
consideration.

What has been discussed so far will show that
the Cess and Sparrow results are quite reason-
able when the degree of superheating is not too
large, whether or not there is any subcooling, and
in such a case, they are not only simpler than
those of the present paper but estimate accurately
enough heat transfer as well as skin friction. In
the case of large superheating, however, the
error will become large, since the basic assump-
tions lose their validity. The main point in the
authors’ results lies in that this restriction upon
the degree of superheating is lightened to an
extent which makes the application of the
boundary-layer theory appropriate. With the
decline of the degree of superheating, therefore,
the authors’ results gradually approach those
of Cess and Sparrow.

At the present stage, however, where we have
vet 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
the analytical viewpoint only.

3.3. Decrease of skin friction due to two-phase
flow

The problem of how the drag on a plate in a
flow of liquid changes when a vapor film has
been artificially made to attach to its surface, is
very interesting practically. In the present case
where there is a film of vapor generated from the
flowing liquid, as seen from equations (25’) and
(31), the drag coeflicient becomes as follows with
gradual thickening of vapor film:

Cpv/(Re) - 1-328 X R
and in an extremely thinned-out vapor film,
Cpr/(Re) - 1-328

it approaches the value for a single phase, that is,
that of the case where only liquid is flowing. If
the pp ratio is very small and the degree of super-
heating large, the decrease of the drag force
accompanying the formation of a vapor film is
considerable.

HM, —1
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4. CONCLUSIONS

An analysis of forced convection film boiling
has been carried out using the concept of the two-
phase boundary layer, and solutions applicable
to an extensive range of parameters have been
obtained. In applying the results obtained in the
present paper to actual problems, the following
conditions should be satisfied: (1) the vapor-
liquid interface must be smooth, (2) the vapor
generated must not leak out into the liquid in
the form of bubbles. In order to confirm what
effect these conditions have on the results of
this analysis, the quickest way is considered to be
in the comparison with the experimental results,
but for the present, we cannot find any reliable
data for such a case.

Machine solutions were obtained on an
Okitac 5090 A type electronic computer. It
took 12 h to make the actual calculations.
Numerical integration of differential equations
was carried out by means of the predictor-
corrector method.
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TAKEHIRO ITO and KANEYASU NISHIKAWA

Résumé—On a étudié théoriquement I'ébullition saturée et par film superficiel & partir d’une plaque
horizontale isotherme dans un écoulement longitudinal. L’analyse a été basée sur la théorie récente
de la couche limite diphasique et I'on a trouvé que les caractéristiques de transport de chaleur et de
frottement pariétal s'expriment & Paide de cing paramétres. Les équations différentielles ont été
résolues numériquement sur un calculateur életronique numérique dans la gamme de paramétres
d’intérét pratique. Les résultats sont résumés dans des diagrammes, a partir desquels on peut voir que le
transport de chaleur et le frottement pariétal dépend beaucoup du rapport des pp et faiblement de la
surchauffe.

Les calculs actuels donnent toujours pour les coefficients de transport de chaleur et de trainée des
valeurs plus élevées que celles données par Cess et Sparrow, qui supposaient des distributions linéaires
de température et de composante longitudinale de la vitesse dans le film de vapeur. La gamme de
paramétres dans laquelle les résultats de Cess et Sparrow coincident avec les ndtres & moins de cing

pour cent est donnée sous la forme d’un tableau pour ’ébullition par film saturé.

Zusammenfassung—Theoretische Studien wurden durchgefithrt iiber Sieden mit Dampferzeugung
und Brtliches Sieden an einer waagerechten isothermen Platte in einem Lingsstromungsfeld. Die
Analyse beruht auf der kiirzlich entwickelten Zweiphasen-Grenzschichttheorie und es zeigt sich, dass
Wirmeiibergangs- und Reibungscharakteristika durch fiinf Parameter korreliert werden kdnnen.
Die Differentialgleichungen wurden fiir den praktisch interessierenden Parameterbereich auf einer
elektronischen Digitalrechenmaschine numerisch gelost. Die Ergebnisse sind in Diagrammen zusam-
mengestellt aus welchen die starke Abhidngigkeit des Wirmeiibergangs und der Oberfliachenteibung
vom sogenannten pp Verhiltnis und die geringe Abhingigkeit von der Uberhitzung erkennbar ist.
Die gegenwirtigen Berechnungen ergeben stets grossere Werte fiir Warmeiibergang und Druckabfall
als von Cess und Sparrow angegeben, wobei lineare Temperatur- und Geschwindigkeitskomponenten-
verteilung in Lingsrichtung im Dampifilm angenommen wird. Der Parameterbereich in dem die
Frgebnisse von Cess und Sparrow mit unseren innerhalb von 5 Prozent iibereinstimmen ist in einer
Tabelle fiir Sieden mit Dampferzeugung gezeigt.

AnHOTanuA—DBHIONHEHO TEOPETHYECKOE HCCIeOBIHUE HACHIIIEHHOI'O MHOBEPXHOCTHOTO
NEHOYHOro KUIEHHA HA POPMBOHTANBHON M30TEPMHYECKOR TIIACTHHE B HOTE IPONOILHOTO
TeyeHus. AHamu3 OCHOBHIBANCA HA HELABHO paspaloTanuoli Teopnu AByX(asHOro morpanud-
HOro cion. HalijieHo, 4T0 XAPAKTEPUCTHRY TeNNOC0MEHA M HOBEDPXHOCTHOTO TPEHHA KOppe-
nUpYIOTCA HAThIG Mapaserpamu. Ha aJexTpOHHON BRMHCANTENBHON MAMMHE NOJYUeHEH
qUCHeHHLE permenua AR(QepeHIuaNbHEX yDABHCeHAR ANA NMANA30HA NapaMeTpos, Npex-
CTABIAONIEr0 HIPAKTHYeCKNA uuTepec. PesyabraTh NpeicTaBleHHl B BHUe NUarpaMM, H3
KOTOPHX BHJHO, YTO HA TEMI00GMEH ¥ II0BEPXHOCTHOE TPEHME OKASHBAET GOJIBIIOE BIMAHNE
TAK HAZHBAEMOE OTHOIIEHNE pu ¥ FAOBOJbHO cliaGoe-Teperpes.

Tlpn Tamux pacderax KoopduipeHTs TemroobMeHA M KOaGPUUMEHTA TPEHMA BCETHA
nomydanTcs Gosbiie 3HaveHmit, mpupefeHHHX lleccom u Cmsppoy, KOTOPEE NPHHUMAIH
IuHeMHOE PACIPEEIeHHE TeMITEPATYPH M KOMIOHEHTA CKOPOCTH B NPOJOILHOM HATPABICHUN
B ILIeHKe Tapa. J[ManasoH mapamMeTpo, B KOTopom peaysbTarH [lecca u Coappoy COBIAZAIOT
¢ HAINMME ¢ TOYHOCTEHIO A0 D OPOLEHTOR, XaH B Bue TaOIUIH JIIA HACKHIEHHOTO IJISHOYHOTO

KHIIeHH A,



