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FORCED CONVECTION LAMINAR FILM CONDENSATION
AT A CHANNEL ENTRANCE

Sung Hong Lee* and M.C.Yuen**

(Received March 2, 1987)

The influence of film condensation of a pure vapor on the laminar flow at the entrance of a symmetrical two-dimensional channel
is studied on the basis of the integrated equations of change by the approximate integral method. As the condensation rate increases
the vapor speed is drastically reduced which causes the inlet region to decrease in size. The reduction in vapor speed tends to
support the growth of the vapor boundary layer in spite of the opposite effect of suction. The dependence of pressure, liquid film
thickness, vapor bound-ary layer thickness and vapor quality is studied as a function of the streamwise coordinate and the
condensation parameter, Cp{Ts-Tw) / (Pr + H,). Particular attention is paid to the influences of condensation on the interfacial
shear stress, the temperature dependence of liquid viscosity and the orientation of the channel with respect to gravity.
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NOMENCLATURE

a b ¢ d e f g: Constant
Ao, Ay, B, B, C,: Coefficient

G . Specific heat
g="S52{Ts—Tw) . Nondimensional condensation parame-

P r* Hfg

ter
x . Gravitational acceleration of the liquid film in
x-direction

H . Height of channel
H, . Enthalpy of steam
H . Heat of vaporization
m” . Condensarion rate
P . Static pressure
Pr . Prandt] number of liquid
Re, . Reynolds number of vapor based on U,
Ts . Temperature of saturation
Ts . Temperature of wall
U V . Streamwise and normal velocity
w : Mass flowrate
Wi . Total mass flowrate of vapor and liquid
X ¥ . Streamwise and vertical distance
a . Coefficient
é : Film thickness of condensate
] . Dynamic viscosity
o . Density
r . Shear stress

SUBSCRIPTS
f . Film
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. Vapor, liquid phase quantity

: Liquid-vapor interfacial quantity

. Initial value quantity

. Free stream or core flow quantity
. Total
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1. INTRODUCTION

Recently, there has been considerable interest in the study
of rapid condensation of vapor. This problem is of particular
relevance to nuclear reactor safety analysis, where in the
hypothetical loss of coolant in a pressurized water reactor,
steam comes into contact with cold water at several
locations(Lim, et al. 1984). Quantitative prediction of these
events requires knowledge of the local condensation phenom-
ena at the liquid vapor interface(Lee 1983a, Kim and Bankoff,
1983 ; Lee and Bankoff, 1983).

Analytical models are developed to describe the forced
convection laminar film condensation inside a horizontal and
vertical two-dimensional channel entrance with constant wall
temperature(Fig. 1). Similarity solutions of the two-phase
boundary layer equations concerning laminar film
condensation(l.ee, 1987) on a horizontal flat plate were
obtained by Cess(1960), Koh(1962) and Kim(1987) for the case
of forced convection only i.e., no body force. Laminar film
condensation of a pure vapor in a tube with constant fluid
properties was studied by the approximate integral method
by Lucas(1979). His approach will be extended by considering
the temperature-dependent property of liquid viscosity(Lee,
1983 b).

Integrated forms of the momentum equations in the vapor
and condensate flow with assumed velocity profiles are used.
The analysis will, therefore, be only an approximation which
is considered appropriate for the somewhat qualitative pur-
pose of the investigations.
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Fig. 1 Physical model and coordinate system

2. PHYSICAL AND ANALYTICAL
MODEL

2.1 Flow Model

The system of coordinates is shown in Fig. 1. The center-
line is an axis of symmetry. For the horizontal channel,
gravity is neglected. Flows are steady, laminar and wave-
free. Mainstream flow is parallel to the channel direction(x)
and velocity distribution is uniform at the inlet. Boundary
layer flows are assumed in the immediate neighborhood of
the interphase of liquid-vapor and solid-liquid, while potential
flow is assumed in the core region of the vapor flow. Pressure
may be written as a function of axial distance, x

P = Fyfx) = P(x) 1)

The inlet vapor is assumed to be saturated and is cooled on
the wall at the channel entrance. The normal direction(y)
momentum jump due to mass conversion at the vapor-liquid
interface, p,VZ—po.VF#, is assumed to be negligible in com-
parison to other terms. For laminar, two-dimensional, steady
flow buoyancy and energy dissipation effects are neglected. A
body force by gravity(g,) is applied to the liquid film only.
Momentum equation :

oUu aU\__ 9P  dr
o( U+ v )= - S Ty, @
Energy(liquid) equation :
Al 3)

&yz

2.2 Properties

The variation of vapor density and other vapor properties
can be assumed constant at the saturation temperature.
Vapor density relative to liquid density may be neglected. All
properties of liquid are assumed constant except the liquid
viscosity. Viscosity of the liquid is assumed to depend signifi-
cantly upon the temperature of the liquid. Drew(1938) sug-
gested the following equation for most liquids over a moder-
ate temperature range.

YVum=a+bT )

2.3 Energy Equation and Temperature Distribution

Temperatures of the vapor core and channel wall are
assumed to be uniform and fixed. Interfacial mass transfer
resistance is negligibly smali.

Therefore, the temperature at the liquid-vapor interphase
and in the vapor core region is assumed to be the saturation
temperature. Heat conduction in the axial flow direction,
thermal convection, and viscous dissipation terms in the
energy equation are neglected in both phases. This implies
that the energy released by condensation is transferred by
conduction through the liquid film. Even though vapor tem-
perature is above the saturated temperature, heat transfer in
the vapor does not have a strong influence on the result
because the energy transferred to the interface by convection
and conduction in the vapor phase is small relative to the heat
of condensation. Thus the contribution of conduction from
the vapor phase can be neglected. For the liquid phase,
Bromley(1952) and Rohsenow{1956) estimated the effect of
thermal convection within the film, and for the forced convec-
tion condensation, Cess and Koh indicated that the effect of
thermal convection can be neglected if subcooling
parameter(Jacob number), Cp( Ts- Tw)/ H s, is equal to or less
than 0.2. For liquid Prandtl numbers from 1 to 10 and high
values of property ratio, p.u;/0eue, the convection effect is
negligible for the whole range of the subcooling parameter.
For most applications in refrigeration and air conditioning,
the above conditions are satisfied and the effect of thermal
convection may be neglected. In the steam-water condensa-
tion case, latent heat, H, is very large, so the maximum
subcooling parameter is approximately 0.2 at atmospheric
pressure. Therefore, thermal convection may be neglected.
The energy Eq. (3) for the condensate can be simplified, and
the linear temperature distribution of the liquid is obtained as
follows :

i=c+dy (5)

2.4 Velocity Profiles in the Vapor and Liquid Phases

The velocity profile in the vapor phase is assumed to be
parabolic at the entrance in the developing boundary layer as
shown by Schiller(1922) :

U=e+fy+° (6)

For the forced-convection condensation, the incoming vapor
may have a high velocity, which produces large shear stress
at the liquid-vapor interface particularly at the entrance
region.

Since the pressure gradient in a very thin, liquid film is
small compared to the shear force, the pressure term can be
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neglected in the momentum equation for the film:
(dp/dx) » € u,2U,/3y )

Cess and Koh indicated that the effect of the acceleration
within the liquid film is neglible when the value of subcooling
parameter, CpfTs-Tw)/Pr+ Hs, is much less than 30. By
assuming a creeping motion in a thin liquid film (Nusselt,
1916) and neglible momentum change in the film, the follow-
ing simplified equation for the condensate film can be sug-
gested :

. (wdU,/3y) = constant = —pug. ®)
From the simplified liquid momentum Eq. (8) and the temper-
ature distribution(Eq. 5) of the film, with the coupled liquid-
vapor interfacial boundary conditions, the following velocity
distribution in the liquid film can be obtained :

. y__]z
Uz(y)—’/o‘ T dy

O sy 7
—ﬂs[ﬂ a /lw)(” 2)]

e My sy 2l D
+0PE =Ty~ -4 -7+ | @

where ’7:_33/_
and U;=U.(y=6)

3. METHOD OF SOLUTION

3.1 Integral Equations

The integral equations of the two-phase boundary layer
flow provide the basis for a number of approximate methods
of solution. The velocity profile for vapor boundary layer
flow, U,, is given above(Eq. 6), and the velocity distribution
for liquid film may be deduced from the simplified momen-
tum equation of the thin condensate film(Eq. 9). Temperature
filed of the liquid phase, T, is also obtained from the simple
energy equation of the thin film and is given as a linear
profile(Eq. 5).

Upon integrating the governing conservation equations of
continuity and vapor-momentum for steady, two dimensional,
incompressible flow with respect to y from the wall (y = 0) to
a centerline (y = H/2) of the symmetric channel geometry,
we obtain :
continuity of two phase flow is given by

8 Hi2
d—‘ft-/o- szzdy+;d;f& PgUgdyZO (10)
Momentum(vapor) integral from Eq. (2) is

Hi2 UgaUgd +fﬂ/ V aUg

ay
__ ("% 1 dP B2 1 arAY
= f, py 2t o ayd (11

Additionally, two more equations, the continous interfacial
shear stress condition and the thermal boundary condition at
the interface, will be utilized to solve the film condensation at
the entrance by taking derivatives of the continuous inter-

facial shear stress equation with respect to x.
Energy balance

Hum=kGJL ] (12)
Shear stress

d{ oU ou . .

E(ﬂ_iyi yzs*ﬂzfay‘— y=a)~~0 {(13)

There are four simultaneous, first-order, ordinary differen-
tial equations. There are four unknown variables: vapor
core velocity, Ux(x), the liquid-vapor interfacial Velocity, U,
(x), the condensate film thickness, 6(x}, and the vapor bound-
ary layer thickness, A(x), which are functions of an axial
distance, x, only(see Fig. 1).

3.2 Estimation of Initial Values

Estimation of the initial values is possible by postulating
that condensation phenomena over a flat plate is similar to
the condensation at a horizontal channel entrance.

For the case of U. = constant, the overall energy balance
equation,

d 8
) —d}‘ utdy B T (14)

and the momentum Eq.(11) of vapor are reduced, respectively,
to

——a—’— . -
adx(o,a) constant (15)

Hiz aUg Hi2 aUg Hiz 1 az-g
U [ v ray= [ Sy 6)

The particular solutions of these simultaneous Eqgs.(15, 16)
result from the power series expansion method(Fujii et al.
1972, Lucas 1979) in the range of small z(= x/H), that is, the
formulas,

Ui=AoUat+ A1z +eee- 17
(6/H)2:BOZ+B],Z2+ """ (18)

can be simplified by choosing first terms on the right side of
the Egs. (17, 18) and neglecting other higher order terms. By
substituting the above two equations into those simplified
equations, the dimensionless coefficients A, and B, are solved
and the initial values can be determined ; thus, this larminar
film condensation problem. can be solved as an initial value
problem(Lee, 1983 b; Lucas et al., 1979).

4. NUMERICAL RESULTS AND
DISCUSSION

Solutions are calculated for the saturated water vapor and
for the various kinds of subcooling parameters(modified
—Cﬂg—i—’rﬂ)—) with a variable viscosity

H 8" P, T
of liquid at atmospheric pressure(Figs. 2, 3, 4, 5, 6, 7). For a
particular fluid(i.e., when density, viscosity and Prandtl num-

Jacob number, E=
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Fig. 2 Steam flowrate along a horizontal channel

ber of the fluid are fixed), the subcooling parameter, E, and
nondimensional location of the channel x/H/Re, are
involved as important factors. Nondimensional solutions of
the steam flowrate, W,, pressure drop, and interfacial
velocity for a horizontal channel(g, = 0 case) are shown in
Figs. 2, 3 and 4.

When subcooling parameter, E, is large, steam flowrate is
reduced very fast(E£ = .085 on Fig. 2), and fluid of the core
region moves slowly(pressure goes up in Fig.3), and the
interfacial velocity at the liquid-vapor boundary is also
reduced very rapidly(Fig. 4).

Solutions for the vertical channel are compared with hori-
zontal film condensations in Figs. 5, 6 and 7. The end of the
entrance region for the vertical case is shown in these figures.
The orientation of the channel has a significant effect on film
condensation. Figure 5 shows that steam inside the vertical
channel is condensed more rapidly than that in the horizontal
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Fig. 4 Interfacial velocity along a horizontal channel

case. Figure 7 shows that the interfacial velocity inside the
vertical channel becomes faster due to the gravitational
effect on liquid and slows down inside the horizontal channel
due to the reduction of the core velocity and the interfacial
shear stress. The effect of the interfacial velocity is shown in
the film thickness: it is thick in the horizontal film and thin
in the verticla film(Fig. 6). The local heat transfer coefficient
is inversly proportional to the thickness of the condensate
film.

Solutions for constant viscosity at a reference temperature
are compared with the solutions for variable viscosity of a
liquid. Reference film temperatures are selected for three
values of a, 1/2, 1/3, and 1/4 in the equation, Tyum = Tw» +
a(Ts- Ty). Solutions for @ = 1/3 agrees well with the vari-
able viscosity solution for forced convection laminar film
condensation at a channel entrance(Figs. 8, 9 and 10) except-
ing the interfacial velocity on Fig. 11. When the viscosity of
the condensate is constant, that is, when the reference film
temperature is selected for the value of @ in the above
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Fig. 3 Pressure chang along a horizontal channel

Fig. 5 Wy/ W, comparision of horizontal with vertical film
condensation
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Fig. 9 Solutions of pressure change depending on the refer-
ence film temperature
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Table 1 Solution of the horizontal laminar film condensation

for
Uo=10m/s, Teg=Ts=100C, Tw»=20C, H=
0.0625m pug/p,=0.0445
Us Ui 4§ " L _ I
o Uo Uo H " * 2 m" (Us—U:)
m ke/ ka/ Pa

m? s | m*C
0001, 1.000| .0492| .00006| 6.554| 184.9| 62.61| 1.005
.0004 994| .0489| .00016| 2.254 63.6| 21.40] 1.005
0013 9861 .0485| .00028] 1.282 36.2| 12.08] 1.005
0039 974 .0479| .00050{ 0.730 20.6 679 1.004
0114 953| .0469; .00086| 0.422 11.9] 3.841} 1.004
0295 923| .0454| .00141) 0.257 7.251 2.265| 1.004
0919 865} .0425| .00261| 0.139 3.93| 1.149| 1.002
2180 .796| .0390| .00425] 0.085 2.41 647| 1.001
.7168 .651| .0318( .00887| 0.041 1.15 .253 996

1.7155 501) .0243( .01656| 0.022 .62 103 988

2.9593 3911 .0188] .02614| 0.014 39 .051 979

5.4530 2621 .0123] .04829¢ 0.008 21 018 957

9.1968 161 .0072] .09370| 0.004 11 .005 914

12.509 112| .0048; .15022| 0.002 .07 .002 .865

equation for Ty.m, the velocity profile is a straight line for
horizontal case, However, the real velocity distribution is not
straight when the viscosity of the liquid is dependent upon the
temperature of the liquid as in Eq. (4). From the Fig. 11, the
interfacial velocity for the variable viscosity is larger than
that for the three solutions at the constant reference temper-
ature.

The differences between the constant property solutions for
the vertical film condensation depending on the selection of «
for the reference film temperatures are smaller than the
horizontal cases. These kinds of differences are also smaller
for the small value of E than for the large value.

The interfacial shear stress can be estimated from the numer-

Table 2 Interfacial shear stress on the vertical film condensa-

tion for
Uo=10m/s, Tg=Ts=100C, Tun=20C, pg/p;=
0.0445
x Uw U: " _ L Tw | @
m) | Uo | Us | ™ L x P P (/A=A

.0001| 1.0000| .0518] 4.903| 46.68| 138. 1.00, 1.00
.0002| 9.975| .0517| 3.279| 31.14] 925 1.00| 1.00
.0005| .9941} .0516] 2.253| 21.32] 63.5| 1.00( 1.00
.0008| .9903| .0515| 1.682| 15.86| 47.5| 1.01 1.00
0013] .9865{ .0514;] 1.334| 12.52| 37.6{ 1.01 1.00
00217 .9819| .0513{ 1.066/ 9.959; 30| 1.02| 1.00
.0040) 9732| .0512| 778} 7.197| 22.0f 1.04] 1.00
0071 9625| .0512| 585 5.352| 165 107 1.00
0115 9508, .0514| 465 4.191] 13.1] 112§ 1.00

J710 .9385) .0517| .385| 3.425| 109 117 1.01
0295 9167 .0526| .301| 2.604 85/ 129 1.00
.0545| .8826| .0543[ .232] 1.920 65/ 151 1.00
.0919| .8418| .0568; .188| 1.475 53| 181 1.00
1418 7963 .0595; .160| 1.175 45| 220 1.00
2181 .7366| .0631 .137, .920 39 279 100
.4040| .6145| .0698| .111] .603 3.1 436/ 1.00
7168 .4458| .0781] .092; .338 26| 819, 1.00

ical solution. Using the momentum integral equation of the
vapor phase, the effect of condensation on the interfacial
shear stress may be estimated by the following equation :

ri=m" (Us—U:d) +Co (19)

&+ 4 8+4
Co=Unf ngmdy—%j; pgusdy—g—f (20)

It is found that for the relatively high condensation case the
local interfacial shear stress(z;) is alomost equal to the
momentum transferred by the condensing vapor across the
liquid-vapor interface which results from the phase change
(Table 1). This trend is shown more clearly in the vertical
channel (Table 2).

Co=0. (21)

5. CONCLUSION

The above results demonstrate that the interfacial shear
stress(z;) at the liquid-vapor boundary at a channel entrance
is coupled with the mass transfer process and signigicantly
affected by phase change and approximately determined by
the momentum change rate, m” (U~ U.), when the condensa-
tion parameter, E,i.e., condensation rate, is large. These kinds
of trends are identical to those in film condensation in forced
convection on a flat plate (Lee et al. 1986), and the findings of
this paper are expected to hold for other condensation condi-
tions as well. The effects of the orientation of the channel can
be quite considerable. Putting the channel in a vertical
position improves the performance of the coindensation in the
channel.

For the liquid film, it is generally accepted that Nusselt’s
assumption may by used for liquid water at the approximate
solutions, when the thermophysical properties(viscosity) are
evalusted at a suitable reference conition, more specifically,
at

Tfilm: Tw+%( Ts“‘ Tw).
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