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easy to calculate the interfacial shear stress
1. Introduction because the interfacial shear stress is coupled

with the interfacial mass transfer due to con-

The solution of turbulent condensation pro- densation(see reference Lee”) The problem of
blems in forced-convection relied on empirical turbulent condensation in cocurrent, horizontal
or semiempirical correlation methods. It is not stratified steam “water flows between adiabatic
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parallel plates is considered in this study. In
contrast to film condensation due.to the cold
walls, direct-condensation occurs as a result
of initial liquid subcoolings and the primary
thermal resistance is related to a thermal
energy exchange mechanism which is dependent
on the overall characteristics of the film itself,
The problem of turbulent condensation of vapor
on a fairly thick layer of subcooled (cold)liquid
has not been s_tudied extensively,

Past experiments include the measurements
for the stratified horizontal cocurrent flow of
Linehan, Petrick and El-Wakil® which was
limited to a subcooled thin liquid and measure-
ments by Thomas'® of condensation on a turbu-
lent liquid pool from quiescent stream, Young,
Yang and Novotyny'? reported the high heat
transfer coefficient for a steam jet condensing
in a coaxial water flow, Lee, Bankoff, Yuen,
Jensen and Tankin® measured velocity profiles
in steam flow and water layer thickness inthe
one-component condensation at the interface
between the fast moving steam flow and the
slower water flow, Jensen?measured interfacial
shear stress by laser doppier velocimetry sys-
tem and Jenser” and Yuen' reported a heat
transfer correlation, A predicted procedure is
outlined here to calculated the heat and mass
transfer at the liquid-vapor interphase for the
condensation of a superheated vapor on a sub-

cooled film in terms of bulk variables,

2 . Physical and Analytical Model

A, Flow Model
The governing equations are based on the

following assumptions: the flow is steady incom-
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pressible, turbulent and one-dimensional ; the
mass transfer is due to condensation, that is,
the flow has no entrainment; actual time
varying film thickness is replaced with an
averaged film thickness;the interfacial temper-
ature is equal to the saturation temperature;and
the vapor phass is superheated, but remains
constant,

Continuity

Wy=p U S, W, =p, U, (H—S8)---(1)(2)

Momentum
d aw; dpP
pAGLAYY —U.-—Ex—‘ =— Six"l“‘_ Tub
........................................................ .(3)
d o W __ sy dPe
TE(Q,W,U,) U; = (H S)dx
~ (1 + T; ) roemeenrensennns 4)
where
-, dW, _ dW,
m m=———=

Ix dx

a, = velocity distribution coefficient for
turbulent vapor flow

a,’ = velocity distribution coefficient for
turbulent liquid fiow

U, = average vapor velocity

U, = average liquid velocity

S§ = thickness of liquid layer

H = height of channel

The above equations are ordinary, nonlinear
differential equations for the dependent vari-
ables U, U, S,F.
equations, relationships for the condensation
rate dW,/ dx(=m"), liquid pressure P,, the

shear stresses r;, 7, and 7, and the inter-

In order to solve the

facial velocity U; must be specified, The con-
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densation rate(s»”) can be evaluated from
energy transfer mechanism, Most of the pro-
perties of vapor are estimated at saturated
temperature except enthalpy of the
superheated vapor, Viscosity of liquid is esti-
mated at mean liquid temperature, which is a
function of position (x) and increases grad-
ually due to the direct condensation at the
interface and adiabatic walls.Yuen's'® measure-
ments implies that the one-dimensional Bernc-
ulli relationship (steady state marcroscopic
mechanical energy balance) may be applicable
for liquid flow by neglecting turbulent Kinetic

energy terms.

B. Interfacial Shear Stress Model

Lee® derived a general form of the inter-
facial shear stress for stratified two-phase
flows from momentum integral equation of the

vapor flow,
z'i=.”(Ug_'Ui)+Cl ..................... (5)

It is shown that the first term on the right-
hand side is dominant for rapid condensation

problem, When there is no condensation ( m”=
0), C, is same as the adiabatic shear stress,
Turbulent plane Coutte flow (Reichardt®) s
found in the most of the liquid layer region

by Lim’s experiments”, but the universal velo-
city distribution is locally assumed in the liquid

-vapor and the liquid-solid interphase region,

0 y* <5
5y <30

U1+= y+
Ut=—3.05 + 5[, y*
30 < y* < 342

+

i 2y
Ul =5.5 + 2.51,, (WST)

where
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Uyt =U,/w*, y*=yuwt/vy and
= v Tl/ﬂl .

Using

daUu
7 =(m +/z;)7yi

and solving for ¢, (= pg/p ), where peis eddy
viscosity , one obtains:

1
du*/dy*

For the laminar zone

€,/ v =

€n = 0Cpg /1, < 1)
For the buffer zone
€,/ v, =y/5—1
For the turbulent zone
em1=92.5/014+1/(5*/y*—1)]
C. Energy Transfer Mechanism and

Condensation Rate

Assuming ¢; = g, and integrating
dT
g1=Ch+ k,)—dy—‘:

the following equation can be obtained:

_L: T: —T, =j-5+ vidy*
hy 0 €m
7 01Cp Ca;+ P—-)u*

rr

where P,,= ¢,/ &
€p = ke/Pl Cpl

a = ky/p, Cp
ot = 0u* /v,
T, = average temperature of liquid
kf = eddy thermal conductivity
Result of the above integration may be given
as
hy 1
S, = e rereirreie e, 6
. P1 Cpl u* 21 ¢ )
BRAN - BHHEITE #1348 B3R



A qFeld £5719 AE BadAY 5

where

0<8*<10 t*=—-P,

0L o< 60 +=5P,+5P,gl,,[l+lr;r
rt
5+
(ﬁ- D]
P,
60 < 3 "= 5P, + 5Py (14525
R4 4

51—
+2.5P Ch ()
+1,(2—60/5*)]

The above derivation is somewhat similar to
the works of Bae et al’ In general, P,, is a
function of the Reynolds number, Prandtl num-
ber and the coordinate normal to the wall or
interphase ( Jischa and Rieke® ). However, in
the present calculations the turbulent Prandtl
number was as signed the constant value of
0.9 as used by Jones and Renz*, Calculating ¢
and combining the interfacial shear stress
model, friction velocity u*can be given and
local heat transfer coefficlent 4, and conden-
sation rate (") also can be obtained. A pre-
diction method is outlined here to calculate the
heat, mass tranfer and interfacial shear stress
at the liquid-vapor interphase for the forced
—convection turbulent condensation of a super-
heated vapor on a subcooled film in terms of

bulk variables,

3 . Methods of Solution

From the interfacial shear stress model, a

simplified equation is obtained:
i =p e’ (U, =U; )

Journal of the SA.R.E.K.Vol.13,No.3

- 144 —

Combining the energy transfer equations and
definition of local heat transfer coefficient,the

following relationship is given

" (Ug = T, Cp) _ o1 Cut*

h, =

T; —T t*
and
W= Cu (T =T (W —UD . @
(HZ _Cpl T,)t+
o mCT=TD o

Hy —CuT,
where H, is enthalpy of vapor relative to 0
C datum, Therefore, we can estimate conden-
sate rate ("), interfacial shear stress (gu™).
Approximately
a;=~1 and U; = 2U,.

By using the above relationship, continuity and

momentum equations can be rewritten as liquid

momentum
dP , dau, as
de‘f’ aip, U S?'*‘Plgsdx—f-' Tub
— (@ U, — Ui Y oeveeenenes errereeannaans (9)

vapor momentum

_gyP _ 5y 4T
(H—-S) dx+ng,(H S) -

== (ot ) A (g — Us ) oo (1)
c’ontidn‘xity
(liquid)
dU, s w"
it —— T e nesesesceressaasesanvacrens 11
S p + U ax ) 1
( vapor )
dU, dS m"
—_— — —— I, a—— aesene 12
(H—-S) T Uy T oy 12

where n?, aj and 7, are given,

G
Twb =_2f'pl (][2

C
Twt =7fpz U’
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C; is given by the standard turbulant boun-
dary layer shear law for a single phase flow,

The above syetem of four simultaneous first
order ordinary differential equations from
equation (9) to equation (12 for four dependent
bulk variables of P,(x), U,(x), Ui(x) and S(x)

can be written as an initial value problem,
AWF=G

This equation can be solved if determinant of
the coefficient of matrix A is not equal to
zero. Bulk temperature T, is estimated at

each step,

4 . Results and Discussion

Turbulent condensation in cocurrent stratified

horizontal flows at two dimensional entrance
are solved simultaneously for vapor pressure
(g), average vapor velocity(U,), average liquid
velocity (U;) and average film thickness(S) by
using Couette plane turbulent flow model,
analogy between heat and momentum transfer,
and Lee’s interfacial shear stress model,
" Jensen (2) measured the heat and mass tran-
sfer at the liquid-vapor interphase for the
condensation of a superheated vapor on a sub-
cooled “thick” film, I\.IumericaI results are
compared with Jensen’s experiments,

Conditions of measurements(Jensen) is listed
here:

H = .0635 m width = 3048 m

U, m/s) (U (m/s) | S(m) | T, (€ | T(O)

14.45 .311 .1583 | 141.7 26.3
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A qulitatively good agrement are shown in
Figs, 2,3, 4. When cold liquid film is thick,
condensation rate 'is strong and significant
amount of vapor becomes liquid, then inter-
facial shear stress at the down stream be-
comes weak and the Couette turbulent flow
assumption for the liquid flow may be deviated,
since liquid film becomes thick(see the Fig.2)
and interface is weakly controlled by the va-
por flow,

If the experimental data for “slightly thin”
film is available, the comparison will be more
interesting ,

Fig. 4 shows a very good agreement with

Jensen’s measurements,

6 . Conchusion

A predicted methed is outlined here to col-
culate the heat and mass transfer at the
liquid-vapor interphase for the condensation
of a superheated vapor on a subcooled film in
terms of bulk variables,

When initial conditions of velocities and
temperatures for both phases, thickness of
liquid film and pressure are given, this pre-
sent model gives a qualitatively good agree-
ment with measurements, If the more experi-
mental data is available, the more comparison

will be desirable,
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