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TECHNICAL NOTE D-790

FIIM CONDENSATION WITH AND WITHOUT BODY FORCE
IN BOUNDARY-LAYER FLOW OF VAPOR OVER
A FILAT PLATE

By Paul M. Chung

SUMMARY

Laminar film condensation under the simultaneous influence of gas-
liquid interface shear and body force (g force) is analyzed over a flat
plate. Important parameters governing condensation and heat transfer of
pure vapor are determined. Mixtures of condensable vapor and nonconden-
sable gas are also analyzed. The conditions under which the body force
has a significant influence on condensation are determined.

INTRODUCTION

Condensation is one of the basic processes which are important in
the operation of a power plant. Most of the condensation processes which
take place on the earth depend on the strength of the gravitational field.
If condensation is to be carried out, effectively in a space vehicle, away
from a strong influence of gravity, another force should be provided
which would continuously remove the condensate from the condensing
surfaces. One of the natural existing forces available for the condensate
removal in forced flows is the shear force at the gas-liquid interface.

Nusselt, in his classical analysis of film condensation on a vertical
plate under the influence of the gravitational force (ref. 1), neglected
the shear stress which exists at the gas-liquid interface. However, the
fact that this interface shear stress can have an appreciable effect on
the condensation process has been shown in reference 2. When condensation
is taking place under the condition of a forced flow and a reduced body
force, the interface shear stress may become the controlling force of the
condensation process and a better understanding of gas-liquid interaction
Phenomena becomes important.

The purpose of the present paper is to study: (1) the interaction
phenomena between the gas-phase boundary layer and the layer of the con-
densate which control the condensing rate and the heat transfer, and
(2) the added effect of the body force (g force) on the condensing rate
and the heat transfer. For the stated purpose, we shall choose a simple



shape, the flat plate, and shall analyze the film condensation under the
influence of the interface shear stress and the body force.

This report is divided into three parts. Part I contalns a
description of the problem and the method of analysis. Part II supplies

the mathematical detaills. Part ITI contains a discussion and summary
of results. It is suggested that casual readers may omit part IT.

LIST OF SYMBOLS

Cp specific heat at constant pressure
D coefficient of binary diffusion

F(0) Blaslus stream function for gas phase at the interface, defined
by equation (45)

F'(0) interface shear stress defined by equation (48)

f dimensionless stream function for liquid film, defined by equation
(26)
Uy 002

Fr Froude number based on L, £

g

Uy 002

Fry Froude number based on x, —éif—
g constant body force per unit mass
n° heat of condensation
k thermal conductivity
L reference length
m mass fraction of condensable vapor in the gas-vapor mixture
Nuy Nusselt number based on x, X

(To-Ty )k

He

Pr Prandtl number, —EB
Qyr heat -transfer rate to plate per unit area

Uy ooL
Re Reynolds number based on L, ——%——

Uy, 00X
Rex Reynolds number based on x, —2—

1%




Sc

To

Schmidt number, %
absolute temperature

x component of velocity

u

Uy, 00
y component of veloecity
v

u.'v',oo
distance along the interface

X

L

distance normal to interface (see fig. 1)

J

L

1 ep(To-Tw)
Pr n°

modified thickness of liquid film,defined by equation (23)
liquid-film thickness
similarity variable for liquid film, defined by equation (22)

Blasius similarity variable for gas boundary layer, defined by
equation (43)

T - Ty
To - Ty

dynamic viscosity

kinematic viscosity

streamwise variable defined by equation (21)
density

interface shear stress

stream function for liquid film, defined by equations (24) and (25)



Subscripts
v condition of gas phase
W condition at the plate
o condition at gas-liquid interface

0,1,2 order of perturbation defined by equations (37) through (39)

o0 free gas stream
A N,
10 value of the parameter which would vary Q Rey or X by 10
\’RGX

percent from those for g =0

Superscript
! total differentiation with respect to the variable concerned

Symbols without subscripts refer to liquid unless otherwise specified.

I. GENERAL PROBLEM AND METHOD OF SOLUTION

Description of Problem

We consider that a mixture of a condensable vapor and a noncondensable
gas 1s flowing over a flat plate whose uniform temperature is below the
condensation temperature of the vapor. We further consider that the
condensate wets the surface and that the entire system 1s subjected to
an accelerative body force in the direction of flow and parallel to the
plate. When a steady state is achleved, the following phenomena will be
observed on the plate. A layer of condensed liquid will be flowing along
the surface of the flat plate, dragged by the gas-phase boundary layer
over it and also influenced by the body force (see fig. 1). Condensation
will continuously take place at the gas-liquid interface, and the heat
of condensation will be transferred to the plate across the liquid layer.
The present problem is then to predict theoretically the condensing rate,
the heat transfer, and the liquid film thickness for the steady state-

In order to make the analysis tractable, it is assumed that the flow
of the gas and the liquid is stable and laminar, and that the condensate
has constant properties.



Method of Analysis

The thickness of the liguid layer is generally very small and, in the
present analysis, it is considered to be in the order of a boundary-
layer thickness. There are two layers of flulds which must be studiled
simultaneously. They are the liguid layer (liquid film) and the gas-
phase boundary layer over the liquid. Solutions are first obtained for
the velocity and the temperature distributions through the liquid film
in terms of the yet unknown temperaturel and the shear stress at the
gas-liquid interface. The interface temperature, shear stress, and mass
transfer are then respectively matched between the solution of the liquid
£ilm and the existing solution of the gas-phase boundary layer to obtain
the final condensing rate and heat transfer.

Liquid layer.- Let us first consider the ligquid f£ilm. The governing
equations for the liquid film are the usual laminar boundary-layer
equations with a body force term. The equations to be solved are essen-
tially the same as the equations used in reference 3 to study the effect
of vehicle deceleration on melting surfaces. The equations are also
similar to the equations used in reference L to analyze the effect of
the buoyancy force in a boundary-layer flow. The basic differences
between the analyses of the references and the present analysis lie, as
far as the solution of the liquid film is concerned, in the boundary
conditions and, particularly, in the positions at which they must be
applied. In the analyses of the references, the boundary conditions are
applied at the two predefined boundaries vhich are at finite boundary
and at infinity. In the present enalysis, the boundary conditions must
be applied at the gas-liguid interface and at a position which is a
liguid-film thickness away from the interface. The thickness of the film
is not a predefined quantity and it may be obtained only as a result of
the solutions. The thickness, moreover, varies along the plate.

In the present study, the solutions of the governing equations are
obtained by expanding the dependent varisbles and the modified film
thickness in terms of the reciprocal of Froude number, l/FrX. The
solutions thus obtained with the help of a digital computer show the
effect of the body force as a perturbation to the solution with no body
force when a finite number of the terms of the series is retained. The
solutions presented here are, therefore, applicable only when l/FrX<<l.

A solution could be similarly derived which would show the effect of the
interface shear stress as a perturbation to the solution with no interface
drag. The present study, however, is mainly concerned with the relatively
small body forces which exist in space flight and, therefore, the former
solution only was considered.

1The interface temperature is unknown only when the gas phase is a
mixture of a condensable vapor and a noncondensable gas.



The major parameters Nuy/\Rex, (vo/uv’m)JﬁEE, and (5/x)Rex are
derived from the solutions of the governing equations as functions of the
parameters [P i,/ pp F(0), (l/Pr)[cP(TO-TW)/hO], Froude number, and
Prandtl number. Then for the given values of Prandtl and Froude numbers
and the parameter, (l/Pr)[cp(To-Tw)/ho], the proper values of Nuy/\Rex,
(vo/uv,mﬁ~ﬁex, and (S/Xk[ReX for a particular problem are obtainable as
soon as F"(0) is found. The interface shear stress represented by
F'"(0) depends on the momentum, mass, and energy interactions between
the gas-phase boundary layer and the liquid film. The gas-phase boundary
layer and the interaction phenomena will be discussed in the following
section and the method of determining F"(0) will be explained.

Gas -phase boundary layer and interface interaction.- Consider now
the gas-phase boundary layer over the liquid film. The velocity at the
interface is much smaller than the free-stream gas velocity, but not
zero. In the analysis of the gas-phase boundary layer, however, the
velocity at the interface is assumed to be zero in order that the results
of the existing solutions of the boundary-layer equations may be utilized.
There is a net mass transfer at the interface toward the liquid film
because of the condensation process. The flow of gas near the interface,
therefore, is essentially a boundary-layer flow with suction. It is
known that suction in a boundary-layer flow increases the drag drastically.
The increased interface shear stress due to the condensation process
itgself will be shown to increase the condensing rate. The increased
condensing rate, in turn, means again increased interface shear stress.
It is seen then that the gas-phase boundary layer and the liquid film
complement each other in increasing the interface shear stress represented
by F"(0). Eventually, an equilibrium value of F"(0) will be reached
for which both the gas-phase and liquid-phase regquirements are satisfied.
It is obvious, however, that the equilibrium value of the interface stress
thus reached could be considerably greater than that with no mass transfer.
The equilibrium value of F"(0) is obtained in the following manner.
The ratio of the suction to the stress functions, F(0)/F"(0), is first
obtained as a function of F"(0) for the gas-phase boundary layer from
the existing solutions of the boundary-layer equations such as are found
in references 5 and 6. Next, from the solutions of the governing equa-
tions, the same ratio, F(0)/F"(0), for the liquid film is derived also
as a function of F"(0). The two functions F(0)/F"(0) for the gas phase
and liquid phase are then compared and the matching values of F(0) and
F'(0) are obtained.

IT. DETATLS COF ANALYSIS

The outline of the method of analysis has been given in part I of
the report. In the present part, the mathematical detalls will be
given.




Governing Equations

Under the assumptions of the thin, stable, and laminar liquid film
with constant properties and low speeds, the following equations describe
the behavior of the liquid film. The equations are essentially the
normalized boundary-layer equations, derivations of which are found in
reference 7.

Continuity
U , oV _
x T ° (1)
Momentum
U X _ o1, 1
UE+vE==2724+ =
X " O Re oy? i Fr (2)
Energy
% d _ 1 d%
U=+V == e —
ax+ oY RePr o¥® (3)
where
U= 2 V=Y L
— = (k)
- T - Ty
Al (5)
=}_{_ =¥_
x=%, v-1 (6)

The boundary conditions are as follows:

For Y = 0 (at the interface)

§H = - L X

0 e mo®) (1)
% _ _ Puv,eVLh® (8)
oY (To-Ty )k



For Y = 5/L (at the plate)

U=0 (10)
V=20 (11)
g =0 (12)

Boundary condition (7) is a statement of the shear stress at the
interface, and will be evaluated by matching with that of the gas phase.
Boundary condition (8) is derived from the consideration that the heat
released at the interface by the condensing vapor is carried away into
the film by conduction. Boundary condition (8) is strictly true only
when the gas-phase boundary layer is isothermal. TFor practical purposes,
however, it applies to the nonisothermal vapors also and this point will
be explained following the gas-phase boundary-layer eguations.

For the incompressible? gas-phase boundary layer, we have the
following well-known eguations:

Continuity
§g2 + §!Z =0 (13)
I5).¢ oY
Momentum
v By, vl 2 Ty (14)
X Y  Rev vy
Diffusion
2
dm dm 1 Om
Uy =+ Vy =2 = ——= =2 15)
VX T X ScyRey ov2 (
The boundary conditions are as follows:
For Y =0
Uy =0 (assumed approximation) (16)
Ve = E-v (17)
v
m = mg (saturation concentration (18)

corresponding to T,)

Z2An analysis very similar to that presented here can be obtained
for the compressible boundary layer if it can be assumed that uv/pv,w

« By oo/ Ay




For Y = -

Uy =1 (19)
m = Mg (20)

When the vapor is superheated a temperature gradient exists across the
boundary layer, and the gas-phase energy equation is also needed to
analyze the energy transfer associated with the superheat. The energy
associated with the superheat, however, is very small compared to the
latent heat of condensation for most cases. Superheat, therefore, is
neglected in the present analysis of heat transfer and thus the energy
equation for the gas phase is not needed.

Solution of Equations

Our main concern is the solution of the governing equations for the
1liquid film since, as will be seen later, the solution of the equations
for the gas-phase boundary layer can be obtained from the literature.

We shall, therefore, begin the analysis with equations (1), (2), and (3).

Experience in boundary-layer analysis tells us that a similarity
solution of equations (1), (2), and (3) could be obtained when 1/Fry
is either zero or infinity. The present study is mainly concerned with
the problem when l/FrX is rather small. We shall, therefore, handle
the effect of l/FrX in the form of a perturbation to the similarity
solution for l/FrX = 0. It was stated in part I that one of the com-
plexities facing us in solving the governing equations 1s that one set
of the boundary conditions must be applied along &(x) which is not
known a priori. In order to handle this complexity and also to arrive
at the particular series form of the solutions sought, the original
equations (1), (2), and (3) and the boundary conditions (7) through (12)
are first transformed to more convenient forms as follows:

We define a set of dimensionless variables as

=L
£ = o (21)

Y e
" ot " ey =

Equation (22) defines the variable 17 in such a way that the boundary
conditions on all the subsequent transformed equations may be applied at
7 =0and =1 only. It can be seen from equations (21) and (22) that
the variable A(E) is related to the liquid-film thickness &(x) as
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A(E) =¥/§—i (23)

The continuity equation (1) is satisfied in the usual manner by defining
a stream function ¥(X,Y) by the equations

oY
U== ok
~ (2k)
:
Ve - (25)
Now we let
¥Hx,Y) = [E Ale)z(e,n) (26)
Then equations (24), (25), and (26) yield
_x
U = = (e7)

and

.. OF
JReFr A S A 5w> (28)

The continuity and the conservation equations (1), (2), (3) are now
transformed to the following set of equations:

3
aaf_azf__a_fa_f_> o O L OF
S St on T SEsE L) AN SE TS (29)
2 of ¥ ' % LB_Z_G_

The boundary conditions (7) through (12) become:

>t - . LA r
L2 (31)

For n =20
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g_f] = 'LAE k(‘;zk-l;w) (32)
6 =1 (33)
and for 1 = 1
Lo (34)
£ =0, %E- =0 (35)
6 =0 (36)

The above transformed equations are solved by first expanding the
variables f, 8, and A 1in terms of £ as

£(E,n) = foln) + Ef.(n) + E3o(n) + . . . (37)

8(e,m) = 6o(n) + £6:(n) + E205(n) + . . . (38)
and

AE) = eY2Ag + £¥3A; 4+ e5/30, + . . . (39)

When the series (37), (38), and (39) are incorporated into equations
(29) and (30) and when the terms with the equal powers of ¢ are
collected, there result the equations

2
A
LU —22— £ofo™ =0

(%0)

2
A
l;l; 65" + _<2>_ £o60' = O

£ - AOZ <fo'fl' - %flfo" - %flnfo - l> + QAoAlfofO“ = 0

(41)

f}r— 61" + Aoz <‘%’ foel' - fo‘Gl + % f190'> + BAOAlfOQOI = 0
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Now consider the expansion of the boundary conditions. First, let us
consider the boundary conditions (31) and (32). Before we can expand
these boundary conditions, we must know something about the functions
To(X) and V,(X). For this purpose, we shall briefly investigate the
natuéeugf the solution of the gas-phase boundary-layer equations (13)
and {14).

The continuity and the momentum equations (13) and (1k) are
transformed to the following Blasius equations (see ref. 7) with the
assumption that the dimensionless stream functions F depend on the
variable R only; that is, we have a similarity solution:

F" (ng) + z F(ng)F"(ng) = 0 (k2)
where
-
Mg =¥ VZ;w (43)
and
_ Uy ,
P (ng) = g (kh)

The boundary conditions (16), (17), and (19) become:

= [ X =
F - ‘EVV’O uv')oovv . (l*‘.‘))

F' o= 0 (46)

For g = o)

and for mnp = -

Pt o= 1 (47)

It is seen from equation (42) and the boundary conditions (45) through
(47) that F indeed depends only on ng if Vy,o is proportional to
I/JE and therefore F(0O) is constant. ~In reference 5 the solution of
equation (42) is obtained for many different values of F(0).° Also an

SThere exist the following relationships between the present function
F and the corresponding stream functicn used in reference 5.

b
o~
O
N
i

-[(F(0) of ref. 5]

F'(0) = - L {5"(0) of rez. 5]
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approximate solution of the equation can be obtained from reference 6.
The interface shear stress To(x) can be derived from the solutions as

s
Uy oo /2

To(x) = = JPwy —z— F"(0) (48)

From equations (45) and (48) we see that when the condensing rate and
To(x) vary as l/xl’2 we have similarity in the gas-phase boundary layer
and the solution can be obtained from reference 5.

Now let us examine the liquid film to determine whether the condensing
rate and the interface shear stress vary with ]_/xl/2 and therefore
whether the solution of the liquid film is compatible with that of the
gas phase. When ¢ =0 (g = O), an examination of the appropriate govern-
ing equations (40) and the boundary conditions (31) through (36) shows
that the condensing rate Vg, and the shear stress glong 1 = 0 vary with
l/df and, therefore, they can be made to match with the solution of
equation (42). When € > O, on the other hand, the distribution of the
condensing rate and the shear stress deviate from that corresponding to
l/J_. However, for the small values of ¢ considered in the present
analysis, the deviation will be accordingly small and the effect of the
deviation on the final results for & > O is neglected. The boundary
conditions (31) and (32) are now expanded to the following form.

FoM(0) + EF,™(0) + £26,™(0) + . . . = F™(0) _5?. (Ao + EAg + EBAL + . . L)

(49)
851 (0) + E61'(0) + .

p\to W

Expansion of the rest of the boundary condition is rather straightforward
and the boundary conditions (31) through (36) become for equations (40)
and (41), respectively:

For n =0
N
Pviy
fon —p‘u_‘ F“Ao
2
8" fo__ 1 °p(To - ) ) (51)

2 6o Pr n°

B =1 ]



1k

fl" pgtv F"Al 3
3 2
§ AO fl + QAOAlfO _ 1 CP(TO - T’w) $ (52)
64  Pr 1°
91 =0 J
and for 7 =1
fo =o' =0 1
(53)
6o = O
E,
fl = fl' =0
(54)
61 =0
F

A study of equations (40) and (41) and boundary conditions (51) through
(54) shows that the solutions of the equations depend on the three
parameters, Pr, o i/ pn F1(0), and (l/Pr)[cp(To-T )/n°]. Solutions of
the equations are obtained by the use of an IBM 704 digital computer for
several combinations of the parameters. ZXach system of equations,
equations (40) and (41), contains three unknowns whereas it has only two
equations. The unknowns are the functions f, 6, and the constant A.

We have, however, one extra boundary condition for each of the systems.

In order to solve the systems, the constant A is first assumed and the
system is integrated. The compatibility of the result is then checked

for the extra boundary condition. The foregoing procedure is repeated
until the iterative scheme on A produces a solution which satisfies

all of the six boundary conditions. A typical result is shown in figures 2
and 3. TFigures 2 and 3 are plots of the solutions of equations (40) and
(41), respectively, for the liguid Prandtl number of unity,

JBoie/ P F™(0) of -0.01, and (1/Pr)[ep(To-Ty)/h°] of 0.05. Figure 2 shows
the velocity and temperature profiles for the case of zero body force.
Figure 3 shows the first-order effect of the body force on the profiles.

Heat Transfer, Condensing Rate, and Film Thickness

For a given set of the parameters, Pr, o u/per F(0), (1/Pr)
[cp(To-TW)/hO], and 1/Fry, the heat transfer, condensing rate, and film
thickness can be obtained, respectively, from the following equations.
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Nu 5! . 1 91 "R 0
ux (% ___Aq____+> (55)
N Rex Do Fry Ay
uZowJRTX = - % [Aofo + F—i; (Af1 + Axfo) + . . :l (56)
}S-EReX=AO+F-‘i‘—XAl+... (57)

Some of the typical results are shown in figures U through 6. Figure L
shows the dimensionless heat transfer and condensing rate, NuX/JReX and
vo/uv m./ReX, as functions of the Interface shear-stress parameter
JB;E;fEE F'(0) for the case of zero body force. There are two sets of
curves in the figure. They are for (l/Pr)[cp(To-TW)/hol of 0.005 and
0.05, respectively. Figure 5 shows the dimensionless f£ilm thickness as
a function of the same variables as figure 4. Figure 6 shows, for the
two values of (l/Pr)[cP(TO-TW)/hO], the value of 1/Fry which would
cause Nuxﬁ/Re and vo/uv,w.lRex to deviate by 10 percent from those for
the case of 1/Fry = 0. Figure 6, therefore, shows the effect of the
body force on the heat transfer and the condensing rate as a function of

By hy/ P F"(0). The parameters  [Bi7pR F"(0) and (1/Pr)lep(To-Ty)/h°]
now must be matched to the appropriate parameters of the gas-phase
boundary layer in order that the final solution of the problem may be
obtained in terms of the free-stream gas characteristics. The method of
obtaining the equilibrium value of F"(0) will now be explained for the
case of the gas phase comprised of a pure vapor. In this case, the
entire resistance to heat transfer is essentially offered by the liquid
film alone. We derive from equation (45) the expression

Vo

F(0) _ _ 2 &y,» N Eex (58)
F(0)  [BEX (o)

The left side of the equation, F(0)/F"(0), for the gas-phase boundary
layer is obtained from data given in references 5 and 6 and is expressed
as a function of F"™(0) in figure 7. Next the right side of equation (58)
is obtained from figures, such as 4 through 6, for a given value of Pr,
(l/Pr)[cp(To-TW)/hO],4 and 1/Fry. The values thus obtained are then
plotted in figure 7, against F'(0) for a given value of [ fi/pH. The
intersections, such as point a, shown then glve the desired equilibrium
value of F"(O) for the particular problem. Once the equilibrium value

4The interface temperature To 1s the saturatlon temperature of the
vapor corresponding to the pressure.
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of FT™(0) is known, parameters such as Nuy/\Rex and vo/uv,w Rex can be
immediately obtained from figures 4 through 6.

Next consider the case in which the gas phase is a mixture of a
condensable vapor and a noncondensable gas. For this case, resistance to
heat and mass transfer is offered both by the gas-phase boundary layer
and the liquid film. Tt can be seen from reference 6 that, for Schmidt
numbers sufficiently close to 1, the diffusion process through the gas-
phase boundary layer requires that the following relationship must be
satisfied in addition to equation (58) in the present problem.

F(O) _ . Me -mg
F"(O) =2 1 - o (59)

The additional equation (59) can be satisfied because now the saturation
temperature Ty 1is an unknown quantity and is a function of m,.

Derivation of the equilibrium value of F"(0) for this case is
considerably more complicated. For this case, (l/Pr)[cp(To-TW)/hO] is
not a priori a known factor because Ty 1s not known. One may start an
iteration analysis by assuming a suitable value of Top, and therefore
corresponding values of my and (l/Pr)[cp(To-Tw)/ho]. A point such as
a 1s then obtained in figure T in the same manner as for the case with
the pure vapor. The value of TF(0)/F"™(0) corresponding to a point a is
next compared to the right side of equation (59). If equation (59) is not
satisfied, then another value of T, is assumed and the foregoing pro-
cedure is repeated. The iteration process is continued until equation (59)
is satisfied. DProper wvalues of Nux/JRex, vo/uv,m JRex, etc.,could then
be obtained for the case of the gas phase comprised of both condensable
vapor and noncondensable gas. Results of this nature will not be pre-
sented, but can be obtained for any specific case by the procedure outlined.

ITT. DISCUSSION AND RESULTS

Discussion

It was shown in part II that the heat transfer, condensing rate, and
other phenomena depend on the four parameters, Pr, JT;E;]EE F'(0),
(l/Pr)[cp(To-TW)/ho], and 1/Fry. The analysis of réference 8 showed that,
in the process of film condensation due to gravity alone, the solution
of the problem did not explicitly depend on Pr except for extremely
small values of Pr. For the present problem, the effect of the Prandtl
number on the heat transfer and the condensing rate is shown in figure 8
for [P/ o F'(0) = -0.001, (1/Pr)lep(To-Ty)/h°] = 0.05 and 1/Fry = O.
It is seen that for the conditions represented in figure 8, the heat
transfer and condensing rate do not explicitly depend on the Prandtl
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number appreciably. Though the effect of Pr was checked here only for
the particular values of the parameters, [oy/ Pl F*(0),
(l/Pr)[cp(TO-Tw)/h 1, and 1/Fry, it may be reasonable to belileve, in the
1light of reference 8, that the solution of the present problem does not
depend on Pr explicitly except for extreme values of the Prandtl number.
The solution, therefore, mainly depends on the three parameters,

Jo b7 PR F(0), (1/Pr)[ep(To-Ty)/h°], and 1/Fry, and the effect of the
Prandtl nunber appears through the parameter (l/Pr)[cp(To-Tw)/h ] only.

Figure 9 shows the heat transfer and condensing rate as a function
of [pyhy/pH for the two different values of (1/Pr)[ep(To- )/hC] of
0.005 and 0.05, respectively. The figure is for l/FrX = 0 and for the
condensation of a pure vapor. It is seen that the condensing rate
increases slowly w%th J PyHy/ P and 1increases rapidly with
(l/Pr)[cp(TO-Tw)/h l. 'The fact that it increases rapidly with the param-
eter (l/Pr)[cp(To-Tw)/hO] is expected from the nature of the parameter.
The comparative insensitiveness of the condensing rate with respect to
the parameter ,[p H/PH may be rather surprising at first glance. Fig-
ure 4 shows that the condensing rate increases quite rapidly with
Joyhy/ ol F*(0). Therefore, if the gas-phase boundary layer were unaf-
fected by the condensing process, F*(0) would be constant and the con-
densing rate would increase with ,[p H,/pPR as rapidly as shown in figure
L. The gas-phase boundary layer, however, is influenced substantially by
the suction velocity at the interface which is created by the condensation
process itself as was pointed out in part I. Assume that the density of
the vapor is increased, which implies that the parameter .Jpvuv/pu is
increased. The condensing rate, according to figure 4, should increase
provided F"(0) remains unchanged. The increased vapor density, however,
also tends to decrease the suction velocity of vapor at the interface
and, therefore, tends to decrease F"(0). The net result is that the
condensing rate increases with ,[p/pep but not nearly as rapidly as
shown by figure L.

Next, consider the heat transfer. The parameter Nux/dRex for
(l/Pr)[cp(To—TW)/ho]n of 0.005 is seen in figure 9 to be considerably
higher than that for (l/Pr)[cp(To-TW)/hO] of 0.05 in the upper part of
the range of ,/pvpvypu considered. This, however, does not necessarily
mean that the heat transfer increases as (l/Pr)[cp(To-TW/ho] decreases.
Besides the magnitude of (l/Pr)[cP(TO—TW)/hO], the heat transfer depends
also on the reason for the variation of the parameter (l/Pr)[cp(TO—TW)/ho].
This may be seen more clear from the following example. Heat transfer
can be obtained from Nuy/. Reyx by the following equation

Nux ' 400
Ay = [—’—— k(Ty - Ty) (60)
W JE; VX [e} W
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Consider that, for [Pylly PR = 0.03, the parameter (1/Pr)[cp(To-Ty)/h°]

is decreased from 0.05 to 0.005. Figure 9 shows that Nux/Jﬁgi' is then
increased by the factor of 1.53. Now, let us assume that the decrease in
(1/Pr)[ep(To-Ty)/h°] is caused by the decrease in (To-Ty). Then equation
(60) shows that the heat transfer is decreased by the factor 0.153.

Next, let us assume that the decrease in (l/Pr)[cp(To—TW)/hO] is caused
by an increase in h®. Then it is seen in equation (60) that the heat
transfer increases by the factor 1.53. Therefore the heat transfer may
either increase or decrease with the parameter (l/Pr)[cP(TO-TW)/hO]
depending on the reason for the variation of the parameter. The physical
explanations for these phenomena can be made as follows. Filgure 10 shows
that the liquid-film thickness 1s reduced as the parameter
(1/Pr)[ep(To-Ty)/h°] is decreased. Now first consider the case in which
(1/Pr)lep(To-Ty)/h°] is decreased because of a reduction in (To-Ty).

The 1liquid film is now thinner and offers less resisgstance to heat transfer
to the wall. However, the heat-transfer potential (TO-TW) is also
decreased. The decrease in the heat-transfer potential is such that the
net effect on heat transfer is to decrease it even with the reduced film
thickness. Next, consider the case in which the parameter,
(1/Pr)lep(To~Ty)/h°1, is decreased because of an increase in h°. Now

the only change, as far as the heat transfer 1s concerned, is the thinning
of the liquild £ilm. The heat transfer to the wall is therefore increased.
Tt is also interesting to note that NUX/JReX increases with /pv“v/p“
much faster when (1/Pr)[cp(To-Ty)/h°] is 0.005 than when it is 0.05.

The reason for this can be seen in figure 10. As PrAke/ PU 18 increased,
the £ilm thickness decreases much more rapidly when (l/Pr)[cp(To—TW)/ho]
is 0.005 than when it is 0.05.

Before leaving the case of l/FrX = 0 it should be noted that the
complementing interaction between the gas phase and the liquid film
(explained in part T of the report) has a drastic effect in increasing
the condensing rate and the heat transfer. The following numerical
example may bring out this point a little more clearly. Consider pure
steam condensing at atmospheric pressure. The value of the parameter
Jo /P 1is about 0.005.° When To-Ty & 90° F, the value of the parameter
(1/Pr)[cp(To-Ty)/h°] is about 0.05. If 1t is erroneously assumed that
the condensation does not affect the gas-phase boundary layer, the
corresponding F™(0) 1s -0.33206 according to reference 5. Figure L then
yields Nux/JRex ® 0.19 and vo/u«Rex ® 0.009%. When the actual inter-
action is considered, on the other hand, F*(0) is increased substantially
because of the effect of the condensation on the gas-phase boundary layer.
The resulting values of NUX/JEEQ and vo/uv,oo Rey are obtained from
figure 9 as 0.53 and 0.0268, respectively. The effect, of course, is not
as large when (1/Pr)[ep(To-Ty)/n°] 1s 0.005.
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The effect of the body force on the condensing rate and heat transfer
is seen in figure 11. In the figure, the values of l/Frx which would
increase the condensing rate and heat transfer by 10 percent from the
values for 1/Fry = O are plotted against the parameter JPviy/ PR for
(l/Pr)[cP(TO—TW)/hO] of 0.05 and 0.005, respectively. It 1s seen in the
figure that, for the values of /PL  considered, the values of
(l/FrX)lO for the condensing rate at (l/Pr)[cp(To-T )/h®] of 0.05 are one
to two orders of magnitude greater than those at (1 Pr)[cp(To-Tw)/ho] of
0.005. The values of (1/Fry),, for the Nusselt number are 1/2 to one
order of magnitude greater when (l/Pr)[cp(Tb-TW)/hO] is 0.05 than when
it is 0.005. Thus for the higher values of (1/Pr)[ep(To-Ty)/h°] it
requires a much larger body force to affect the heat transfer and the
condensing rate a given relative amount than it does at the lower values.
The relative effect of the body force on the condensing rate and heat
transfer decreases as JE;@;?EE 1s increased at the lower value of
(1/Pr)[ep(To-Ty)/h®] whereas it becomes rather insensitive to Pyily/ PR
at the higher values of (1/Pr)[ep(To-Ty)/n°].

The typical velocity and temperature profiles for the liguid film
are given in figures 12 and 13. It is seen that the velocity and tem-
perature profiles are almost linear when l/Frx = 0. As the body force is
added, however, the velocity profiles have a parabolic form and, at the
same time, the liquid film becomes thinner.

Summary of Results

The laminar film condensation on a flat plate under the influence of
the gas-liquid interface shear and the body force (g force) has been
analyzed.

It 1s shown that the major governing parameters in the condensation
of a pure vapor are the ratio of the product of the density and viscosity
of the gas to that of the liquid, (pvuv/pu)llz, the ratio of the tem-
perature potential to the heat of condensation, (1/Pr)[ep(To-Ty)/h°1,
and the Froude number, uv,m?/gx. When the gas phase is a mixture of a
condensable vapor and a noncondensable gas, the gas-phase diffusion
potential also becomes an important parameter.

The heat transfer, the condensing rate, and the liquid-film
thickness are calculated for the case of a condensing pure vapor. The
results show that the condensing rate increases slowly with the density-
viscosity ratio, pvpv/pu, and rapidly with the ratio of temperature
potential to heat of condensation, (1/Pr)lep(To-Ty)/h°]. The Nusselt
number also increases with the density-viscosity ratio but the rate of the
increase becomes smaller as the ratio of driving temperature potential
to heat of condensation increases.
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It is found that as the condensation proceeds, it creates a suction
velocity at the interface for the gas-phase boundary layer which results
in an increased Interface shear stress. The increased shesr increases
the condensation rate by increasing the liguild veloclty. The increased
condensing rate, in turn, increases the interface shear stress imposed by
the gas-phase boundary layer. Because of this complementary interaction
between the gas and ligquid, it is found that the film condensation in a
boundary-layer flow occurs at a high rate.

The ratlio of temperature potential to heat of condensation is found
to have a large influence on the magnitude of the body force which can be
supported by the liquid f£ilm before the characteristics of the film are
altered substantially.

Ames Resesrch Center
National Aeronautics and Space Adminlstration
Moffett Field, Calif., Jan. 31, 1961
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