INTERFACIAL SHEAR MODELING AND FLOW PREDICTIONS
FOR INTERNAL FLOWS OF PURE VAPOR
EXPERIENCING FILM CONDENSATION

By

A. Narain

IMA Preprint Series # 1103
January 1993



INTERFACIAL SHEAR MODELING AND FLOW PREDICTIONS FOR INTERNAL

10.

11.
12.
13.
14.
15.

16.

FLOWS OF PURE VAPOR EXPERIENCING FILM CONDENSATION

A. Narain

Department of Mechanical Engineering and Engineering Mechanics

Michigan Technological University
Houghton, MI 49931

TABLE OF CONTENTS

ABSTRACT & NOMENCLATURE
INTRODUCTION AND BACKGROUND

MODEL EQUATIONS AND NON-DIMENSIONAL PARAMETERS FOR
FLOW BETWEEN PARALLEL PLATES

FURTHER APPROXIMATIONS FOR THIN FILM FLOWS

THE PROPOSED INTEGRAL-DIFFERENTIAL APPROACH AND ITS
DIFFERENCES FROM THE USUAL APPROXIMATE TECHNIQUES

FUNDAMENTAL NEW RESULTS ON INTERFACIAL FRICTION FACTOR
f AND A MATHEMATICAL THEOREM FOR THE SOLUTION OF THE
PROBLEM

ROLE AND AVAILABILITY OF RELIABLE EXPERIMENTAL DATA
THE PROPOSED MODEL FOR FRICTION FACTOR

CORRELATIONS FOR FILM THICKNESS, HEAT TRANSFER RATES,
PRESSURE DROPS, AND AVERAGE VAPOR SPEEDS

DISCUSSION OF RESULTS

COMPARISONS OF PREDICTED RESULTS WITH EXPERIMENTAL
RESULTS

CONCLUSIONS
ACKNOWLEDGMENTS
APPENDICES
REFERENCES
FIGURES

TABLES

Page

10

11

14
19

21

23

26

28
29
30
30
35
38

51



ABSTRACT

Internal flow of pure vapor experiencing film condensation on the walls of a straight

horizontal duct is studied. The commonly occurring annular case of turbulent (or laminar) vapor
flow in the core and laminar flow of the liquid condensate—with or without waves on the
interface—is emphasized.

We propose and implement a new methodology which models interfacial shear with the

help of first-principles based theory, computations, and reliable experimental data on heat transfer

rates.

Other details of the flow are predicted with the help of this model. These predictions are

shown to be in agreement with relevant experimental data. Correlations for film thickness, heat
transfer rates, and pressure drops are also given.

NOMENCLATURE

(wv)
(u,v)

AT

g
Ja
Re

Rein

This is a partial list of significant variables used in the paper.

Gap between the plates (see Figure 1), m

Physical distances along and across the horizontal plate, (m, m)
Non-dimensional values of (x,3) as defined in equation (2)
Physical value of the average vapor speed at the inlet, m/s
Thermal conductivity, W/(m-K)

Specific heat, J/(Kg-K)

Pressure, N/m2

Pressure at the inlet, N/m2

Values of x and y components of velocity, m/s

Non-dimensional values of velocity components « and » as defined in equation (2)
Temperatures, K

Temperature difference between the vapor and the wall, K or °C
Non-dimensional temperatures as defined in (2)

Non-dimensional value of local condensation rate, here m= i/p,;U, where  is the actual
condensation rate in Kg/ (m2-s) at the interface

Latent heat (4g-4g), J/Kg

Jacob number, C,1 A% A,

Reynolds numbers as defined in (7)
Inlet Reynolds number (p,Uh/p,)



3

T (X)

o > < F

o=

Average heat transfer coefficient over length x of the bottom plate

Greek Symbols

Subscripted physical pressures

Non-dimensional pressures as defined in equation (2)
Non-dimensional pressure T, in the vapor phase
Density, Kg/m3

Viscosity, Pa-s

Kinematic Viscosity, m2/s

Thermal diffusivity, m?/s

Physical value of condensate thickness, m
Non-dimensional value of condensate thickness

Subscripts

It takes a value of 1 or 2
Liquid Phase
Vapor Phase

Saturation condition

Wall



1. INTRODUCTION AND BACKGROUND

There is a substantial body of scientific literature with regard to film condensation of
vapors on surfaces. Here we briefly, and therefore not comprehensively, outline the existing
knowledge base and how they relate to this paper. For convenience, we describe the background
knowledge in the following categories (a)-(f):

(a) Studies of relevant film condensation problems

Classical results of Nusselt [1] and Rohsenow [2] dealt with film condensation of
stationary vapor on cold surfaces. Subsequently a significant amount of analytical and
experimental studies dealt with condensation of flowing vapor on horizontal or vertical plates
([31, [4], [5], [6], [7], etc.), over cylinders ([S], [8], etc.), inside pipes ([9], [10], etc.), between
parallel plates ([11], [12]), inside annular passages ([13], etc.), over drops ([14]), etc. We
investigate here, because of the availability of reliable experimental data [15], film condensation
flow between horizontal parallel plates (see Figure 1). This flow situation is an approximate
model for the experimental situation of flow in a horizontal duct of rectangular cross-section.
However the method and results given in this paper are of general value because they can be
adapted for a study of condensing flows in any straight duct.

(b) First principle and model equations

With regard to equations modeling film condensation, the knowledge base is rigorous and
well established (see Delhaye [16] and Ishii [17]). Note, however, that the simpler equations used
by Nusselt [1], Sparrow and Gregg [3], Shekriladze and Gomelauri [5], etc. remain valid
approximate equations in the context of their respective problems. However, there are two open
issues. The first issue relates to a lack of a general framework (see Carey [18]) on how to use non-
equilibrium thermodynamics towards determining the temperature difference across a very thin
vapor liquid phase change zone, adequately modeled here as a sharp interface. This issue is not
relevant because experimental evidence, as pointed out by Rohsenow [19], indicates that for non-
metallic vapors—situations of concern here—the temperature difference across the interface is
negligible and it is reasonable to assume that both sides of the interface are at equilibrium
saturation temperature determined by the local pressure. The second open issue regarding the
state of knowledge of interfacial shear models is addressed in this paper and is described below.

(©) Relevant interfacial shear models

An appropriate physical model for interfacial shear, in combination with the governing
equations for the flow, can completely predict most of the details of condensing flows. For
estimating interfacial shear on the condensate, some of the practices have been:

1. to use friction factor models as if the gas was flowing over an impermeable wall [13];

ii. to use Lockhart-Martinelli [20] type correlations and to attempt to relate it to condensation
[21];

iii. to account for the significant effects of vapor-suction at the interface with the help of any

one or more of the following models: Shekriladze and Gomelauri [5] model, theoretical results of
Kinney and Sparrow [22], and film models proposed by Mickley [23];



iv. to account for interfacial waves through Wallis type correlation [24] or Nikuradse type
equation in terms of an effective roughness [25].

However all of the above models, when used for flow between parallel plates, yield results
which are in poor quantitative agreement with reliable experimental measurements (e.g., see
Figure 5) on film thickness and heat transfer rates. A recognition of the importance of interfacial
shear and some understanding of its influence on film condensation does however exist in the
works of Rohsenow, et al. [26], Dukler [27], Blangetti [28], Chen et al.[29], etc. and is coherently
discussed in the book of Stephan [30]. There is still, however, a great need for a general and
rigorous framework for development of interfacial shear models whose predictions of condensing
flows are in agreement with experiments.

(@) Fundamental fluid dynamical issues and their relation to interfacial shear models for film
condensation flows.

The following issues are relevant to understanding interfacial shear models:

1. Flow regime maps ([31], [32]) for two phase duct flows, with or without phase change, are
significant as various gas-liquid configurations are possible in the flow. Despite this, for some
very practical ranges of inlet vapor mass flux M(0<M<M,,) and temperature difference AT
( 0<AT<ZAT_, ) between the vapor and the condensing surface, stable film condensation flows
(with or without interfacial waves) are observed on earth over sufficient lengths (L < L) of
horizontal [15] or vertical ducts. This paper confines itself to this commonly occurring annular
regime. The interface here is not active in the sense of continuous droplet formation and their
deposition as seen in some wispy annular two phase flows ([18], [25]).

ii. Role of vapor-suction at the interface is significant for condensing flows. In classical fluid
mechanics, flow over an impermeable wall has much lower wall shear than flow over a wall with
suction (see Schlichting [33], p.368). This is because, in flows with suction, a fluid element
slightly above the plate moves forward with a significant speed. However, at some distance
downstream it gets drawn to the plate where its forward speed reduces to zero. This, as compared
to flow over an impermeable wall, leads to larger decelerations and hence much larger retarding
forces and accompanying larger wall shear stress. This suction effect continues to be significant
for film condensation flows because the flow of liquid condensate is usually much more sluggish
than the vapor flow. The sluggishness is due to the thinness of the film as it flows over a stationary
surface and, usually, significantly higher density of the condensate.

iii. The shear stresses induced by a vapor flow which is turbulent slightly above the interface
is likely to have a different form of dependence on flow variables than shear stresses which are
caused by a vapor flow which is entirely laminar.

iv. The interfacial shear for turbulent vapor is expected to be significantly affected by whether
the interface is smooth or has an effective roughness in the form of waves. Experiments ([15])
indicate that for a given temperature difference A7 between the vapor and the wall, there is an
inlet vapor speed up to which a film is smooth over a given length of the duct. After this speed,
two dimensional waves appear on the downstream side of the duct. Eventually a speed is reached



when all of the condensate is wavy with a steady three dimensional pattern which may be viewed
as an effective roughness. A depiction of the wave patterns for condensing flows is given in

Figures 6.1-6.2 of [15] and it is similar to the wave patterns for air-water flows given in Figure
14.12 of [34] (p. 483).

V. Condensing flows can have liquid film flows which are smooth and laminar, or wavy and
laminar, or wavy and turbulent. For flows investigated in this paper, the condensate was always
laminar. This is because the condensate Reynolds number (see [18], p. 370) was always less than
1600. However, for gravity driven condensate flows in vertical pipes, the study of flow situations
involving turbulent condensate is relevant over certain downstream distances and are discussed in
[27] and [28]. This paper focuses on the smooth or wavy regimes of laminar condensates alone.

Vi. For flow of a single fluid in a duct at a specified average speed, the wall shear variations
for a flow which is fully developed at the inlet is different from a developing flow for which the
inlet velocity profile is uniform. Because of dominance of interfacial shear (due to suction or
waviness effects) in film condensation flows, we show in this paper that this type of variation in
inlet flow condition usually has no significant effect on the values of interfacial shear and
condensate thickness.

vii.  If noncondensible gaseous impurities are present, they tend to concentrate at the interface
and set up diffusion processes which usually lead to significant reduction in heat transfer rates
([35], [36], etc.). This phenomenon and its impact on interfacial shear is not investigated here
because we focus exclusively on pure vapors.

(e) Currently available tools for modeling or analysis and the significance of the proposed
method.

The current status of a complete numerical solution of this type of non-linear free
boundary problem is inadequate because of problems with numerical convergence and numerical
stability. This is why relevant studies ([37]) usually exclude handling of actual interface
conditions for condensing flows. However, in principle, for laminar flow of vapor and laminar
condensate, full computational simulation of film condensation flows is possible. For turbulent
flows of vapor (with smooth or wavy interface), a numerical solution would require use of
turbulence models which are, first of all, able to handle interface conditions and, secondly, able to
predict friction factors in agreement with the known empirical models for single phase flows
([38]) or condensing flows (such as the one proposed here). This type of knowledge of turbulence
models, and computational ability to use them to predict film condensation flows, is not yet
available.

Recall that despite the status of turbulence modeling at the time of Moody’s celebrated
work [38], he was able to predict wall shear for fully developed turbulent flow of a single fluid in
a pipe by combining reliable experimental measurements, an overall momentum balance, and
proper non-dimensionalization. This paper provides a similar approach, in terms of underlying
philosophy, for modeling interfacial shear in internal condensing flows.

Here we develop a first-principles based solution scheme for local variations in the lower



dimensional unknowns (film thickness, average vapor speed, etc.) which allows for any
admissible model of friction factor at the interface. We define, for the first time, this “admissible
class.” The correct estimate for interfacial shear is then obtained by finding the model which
predicts the lower dimensional unknowns (film thickness, heat transfer rate, etc.) in good
agreement with reliable experimental data. This method is applied to the flow in Figure 1 to obtain
models for interfacial shear.The models are then used to predict and understand other details of
condensing flows.

® Relation to the existing knowledge-base of heat transfer correlations.

The primary interest in condensing flows is due to the large amount of latent heat that can
be removed from condensing flows. Therefore a significant amount of reasonably good empirical
and semi-empirical heat transfer correlations ([13], [39], [40], [41], [42], etc.) exist for such flows.

Average heat transfer coefficients, heat removed per unit area per unit temperature
difference between the vapor and the condensing surface, is not likely to vary much with the
geometry of a duct if the average speed of the vapor above the condensing surface is
approximately the same. Because of this, Lu found (see Fig. 6.410f [15]) that his experimental
data are in reasonable agreement (within * 25%) with correlations of Soliman, Schuster, and
Berenson [13], Shah [42], and his own (given as (6.20) and (6.22) on pp. 6.67-6.70 of [15]).
Because of this general agreement, its reliability, and its relevance to our geometry, we use here
the data of Lu [15]. Also note that with the exception of heat transfer correlations of the type
given by Lu [15], or correlations given in this paper, most of the other correlations are not directly
usable because they merely relate heat transfer rates to some other unknowns (such as quality,
etc.) of the flow.

Lu [15] also attempts to predict heat transfer rates from an interfacial shear model and a
system of governing equations which do not include the vapor momentum balance. As a result his
model for interfacial shear (see Figure 7) is inconsistent with the complete set of governing
equations needed to model the physics of the flow. Therefore, there continues to be a need to
develop a model for interfacial shear. This paper addresses this need within a specified range of
flow parameters. Furthermore we give a general method which, in conjunction with additional
experiments, can be used to extend the range of flow parameters beyond what is considered here.



2. MODEL EQUATIONS AND NON-DIMENSIONAL PARAMETERS FOR FLOW
BETWEEN PARALLEL PLATES

After scaling approximations for the shear dominated steady flow in Figure 1, the general
equations reduce to the commonly used ([3], [4], etc.) forms given in this section. The general
equations are available, among many places ([16], [17], etc.), in Narain and Kizilyalli (equations
(1) to (9) of [11]), and the scaling assumptions are given in Chen and Kocamustafaogullari [10] or
Narain and Kizilyalli [11].

We denote the liquid and vapor phases in the flow of Figure 1 by a subscript I I = 1 for
liquid and I = 2 for vapor. We represent the fluid properties by their representative constant values
for each phase (I = 1 or 2). Let py be the densities, k; be the thermal conductivities, ] be the
viscosities, and CpI be the specific heats. For the flow variables, let 77 be the temperature fields, p;

be the pressure fields, 7 (p) be the saturation temperature of the vapor as a function of the
pressure p, A be the film thickness, and

v = ui+ o 1)
be the mean velocity fields (the distinction between mean and physical velocities arise only for

the turbulent case). Let (x, y) be the length co-ordinates of a point with respect to the axes in
Figure 1. We non-dimensionalize the variables as

x=hx, y=hy, A (20 =hd(x), 4 (x y) =Uu(x,y),
7(xy) =Uvi(XYy), G(xy) = (AD T (%,y),

pr(xy = p,U21tI (%,5) +p,»

()
where h is the gap between the plates, p, is the inlet pressure, I (p,) is the saturation temperature
of the vapor at the inlet, Ty, is the uniform temperature of the bottom plate (< % (Py)), AT=
(%(Po)-Two) is the controlling temperature difference between the vapor and the plate, and U is
the average inlet vapor speed determined by the inlet mass flux.

In the interior of either of the phases, the mass, momentum (x and y components), and the
energy equation in differential forms are

du; Jv; 0 3

% + F (3)
du, du, I, | 9(o) Xy
uI§;+vIW~—X+R—eI 3y @)
om,
0 z—a—y‘, (5)
oT; 9T, | 9(dp,

Yrgx T Y19y " RePr;, dy ©)

where



Re;=Uh/v,, vi=p;/p, oy =k/ (pC,p . andPry=v /o @)

The non-dimensional values of shear stress (0y)yy and heat flux (qp)y are related to the
physical values of shear stress (Ty)yy and heat flux (g)y by the relations

(1), = (WU/b) (o) .

8
(g0 ,= (AT/h) (qp) - ®)

For laminar or turbulent flows of vapor, our method only needs the values of the vapor
shear (tz)xy at the interface (y=0 (x)) and at the upper wall (y=1). For these stresses, shown in
Figure 1, we define the friction factors f and f;, through the relations

1
T = () g =P (U, )
1 2 ©)
T, (X) = (%) | [ = 5P (Vuy, D71,
where the non-dimensional average speed u,, (x) of the vapor at any location x is given by
1
() = — (x,y)d (10)
uavx_mjuzx,y y .
3 (x)
The definition of U is
1 h
U= i 0.0 1n
0
Therefore (10) and (11) imply
u,(0) =1. (12)
n The interface conditions, under very well established approximations ([3], [4]), simplify
as listed below. The normal component of momentum balance, at the interface reduces to
Py
m(x) =m, (X, 8(x)) =5 (x,8(x)), (13)
2

the tangential component of momentum balance at the interface (for laminar liquid and laminar or
turbulent vapor) reduces to

Ju LR
3y (8(0) = 5. 2Re; () L1 (14)

the mass balance at the interface reduces to



p 48
: s—z[uz(x,S(x)) —~v2(x,5(x))]
P1 o (15)
45
= [ul (%8(0) 3.~ v, (x,S(x))J,

the requirement of continuity of tangential component of velocities at the interface reduces to

u; (x,8(x)) =, (X, 3(x)) =u(x), (16)
the temperature at the interface is given by

T,(x,8(x)) =T,(x,6(x))

= AT (U (0 +p) } =T, (R (0), 4
and the energy equation at the interface is given by
oT k, oT
. Ja 1 2e 2
m(x) = W{W (X’S(X))_k_lﬁ (x,8(x))}, (18)

where kj, is the effective thermal conductivity for laminar or turbulent vapor flow.

In (18) above, dgg is the ratio of jump in enthalpy (or heat of vaporization Ag,) at any point
on the interface to its value  at the inlet. That is

hep (T(X))
Py (T (%)) = -2 (19)
fg
and Ja is
C, AT
Jas= ———. (20)
ﬁfg
] The wall conditions at y = 0 are
u, (x,0) =v,(x,0) =0,
1 1 Q1)
T,(x,0) =T,=T,,/AT
L] The wall conditions at the upper wall (y = 1) are
u, (x,1) =v,(x,1) =0, (22)

and T, (x,1) = a prescribed constant above the non-dimensional saturation temperature at the
inlet.

L] In addition, the inlet conditions specifying pressure and average speed of the vapor, by
virtue of their non-dimensional definitions in (2) and (10), are written as

u,, (0) =1,

23
n, (0,y) =0. (23)



n The onset of condensation at x = 0 is given by the requirement

§(0) = 0. (24)

3. FURTHER APPROXIMATIONS FOR THIN FILM FLOWS

The lengths of duct, inlet Reynolds numbers, and temperature differences considered here
correspond to thin films of the liquid condensate which move sluggishly. Simple scaling of the
governing equations suggest that inertia of the condensate can be ignored provided Reu 8 «1.
Similarly convection in the film can be ignored compared to conduction provided Re,Pr,u 8’ «1.
However the above estimates for ignoring inertia and convection are conservative for flow of non-
metallic vapors.This approximation is commonly used ([10], [2], etc.) for flow of non-metallic
vapors and is justified over a larger range of flow parameters according to calculations of Koh [4].
He considered laminar forced film condensation flow over a horizontal flat plate while fully
accounting for liquid inertia and convection. He showed that the effect of condensate inertia and
convection was negligible for all speeds of non-metallic vapors, most temperature differences
(say, 0 £ AT< 60°C), and commonly encountered liquid Prandtl numbers of 1 < Pr| < 10. Under
this approximation, then, equations (4) and (6) for liquid momentum and energy balance
respectively reduce to

o- on, 1 A%, 25
=T ox Re, E)y2 ’ (25)

and
1 821'1 26

Using the fact that (5) implies insignificant pressure variations in the transverse direction,
we can write

T, (X, y) = 7, (% 8(x)) =n(x) 27
forall d (x)<y<1,and

T (%y) = m (x8(x)) =n,(x) (28)
for all 0 <y < 8 (x); and because of (13)

P
T(X) = p~1n1 (x). (29)

2

Solving (25) for u; subject to (22), (14), (27)-(29), we find that the liquid condensate
velocity profile is given as

10



ug dr 1
u(x,y) = tT]Rez[(wi))’(s(x) —%) + Eu:v(x) fY] 30)
Solving (26) subject to (17) and (21) gives
T, (x,y) = (T,(R(x)) -T,) (ox) + T, . 31)

6 (x)

Equation (18) can be rearranged to state that heat conducted from the film to the bottom
wall is the sum of the latent heat released at the interface and the heat conducted by the vapor to
the film. It is well known that even for superheated vapors (0 < A‘Tsup < 15°C), the value of latent
heat released at the interface is significantly larger than any heat conducted from the vapor to the
film. Scaling of (18) suggests that this is the case provided (kZeAQ;up/ k1AT)8(x)<<1. Under this

common situation, (18) simplifies to

. ~ Ja JT,
m (X) =mg(—x)l:a—y (x,B(x))J . (32)

In the light of (32), negligible contribution to heat transfer comes from vapor superheat, and

hence one can ignore the vapor (I = 2) energy equation (6) because it is automatically satisfied
under the approximation

T,(x,y) =an average constant. (33)

4. THE PROPOSED INTERGRAL - DIFFERENTIAL SCHEME AND ITS
DIFFERENCES FROM THE USUAL APPROXIMATE TECHNIQUES

We intend to develop a reliable solution scheme for local variations in the lower
dimensional unknowns (film thickness & (x), heat transfer rates, etc.) which will allow for
different admissible models for interfacial friction. This can be accomplished by satisfying the
vapor momentum balances and mass balance in an integral sense (using the integrated forms of
these laws) while satisfying exactly the remaining differential conditions (including the important
interface conditions (13)-(18), equations (25)-(27) for the liquid condensate, etc.). However one
should clearly understand the difference between the rationale of this approach and many integral
approaches ([11], [13], [36], [43], etc.) which do not give accurate results. In some of the earlier

works (as in [11]) for laminar flow of the vapor, the solution methodology found the interfacial
shear T¢ (x) from the relation

3
(D = uza—:‘f(x,Am), (34)

where uy(x, y) is an assumed vapor profile. In other works ([13], [36], etc.), a friction factor model

11



is assumed at the outset to solve the problem for film thickness & (x), heat transfer rates, etc.

Our approach here is new because it consists of:
(a) not assuming a friction factor model, but finding a model which predicts the flow in accord
with reliable experimental data, and
(b) showing that for any given model of interfacial friction factor f, the solution of the lower
dimensional unknowns (film thickness 8(x), average vapor speed u,, (x), etc.) are insignificantly
affected by the choice of vapor velocity profile uy (x,y) over 0 (x) <y < 1.

The integrated form of vapor mass balance simply states that the sum of vapor mass flux
and liquid mass flux at any x is a constant for steady flows, and is given by

1 8(x)
Py Py
2| u,(x,y)dy+ | u,(x.y)dy = —. 35
plsz[) 2 y)ay '! 1 y)dy 3 ( )

Equation (35) above also follows from integrating the continuity equations in (3) forI =1
and 2 and inserting the resulting expressions in the interface mass balance (15).

The integrated form of vapor momentum balance simply states that, at any location x, the
algebraic sum of pressure force, frictional force, and “kick-back” force (associated with interface
mass transfer) per unit length equals the cross-sectional rate of change of momentum-flux. This is
given as

dr 1, . P .
—-a;(l—S(x)) —zu,, (x) (f+1) —p—zm(x)uf(x)

1

=d 2

= dXLJ u,(x,y) dy},
(x)

where equation (36) above is an integrated form of (4) over 8(x) <y < 1. One can derive (36) by
combining equations (35), (9), (16), and (27) with an integral of (4) for I = 2.

(36)

If we satisfy the interface energy equation (32), total mass balance (35), and vapor
momentum balance (36) for liquid velocity and temperature profiles respectively given by (30)
and (31), then we would have satisfied all the differential downstream evolution equations of
section 3 (which are elliptic in the transverse direction and parabolic in the downstream
direction).

The proposed method consists of the following steps:

@) Make a choice for vapor velocity profile; for example, consider uniform vapor velocity
profile

U, (X,y) = u,, (%) (37)

for 8(x) £y <1, or, consider uy(x,y) to be close to a turbulent vapor velocity profile (see [44], p.
460), satisfying the speed restrictions in (16) and (22), given as

12



u, (%,¥) = Uy (x) [1—an*= (1 -a)n>™] (3%8)

l-y
#0050 |
where

y=38(x)

=205

y -1, a = 0.354, 2m = 32, 39

U, (x) is to be determined, and interface speed us (x) is obtained by setting y = 8 (x) in (30). A
typical computed profile utilizing (38) is shown in Figure 2.

(ii) Solve the problem (equations (32), (35), and (36)) for either of the choices ((37) or (38))
and show, as in Figure 3, that the solution is nearly independent of the choice of vapor velocity
profile for any given friction factor model. This establishes the soundness of this approach.

(iii))  For any one choice of vapor velocity profile, find a friction factor model for f which yields
results in agreement with reliable experimental data.

Having stated the steps and shown the results in Figure 3, for brevity, we only outline here

the methodology for the choice in (37). The formulation for the profile in (38) can be similarly
obtained.

Equation (32) with m given by z—z %(J;—uzdy) —an integral form of (15), and equations
(35) and (36) are the governing equatioxlls. Substituting (30), (31), and (37) in them, we can

respectively write these three equations as

dy _ '
AW =bey 11y (40)
where
1 0 0 b, (y, D)
A=1|0 Azz(Y) A23(Y) , b(y) = bz()’)
0 Ay (y) Ay (y) by (y, £, £)

y=[n(x),u,,(x), S(X)]T and the scalar functions A22, A23, A32, A33, bl’ b2, and b3 are
defined in equations (A.1) to (A.10) of the Appendix. The interfacial friction factor f is to be
determined. The upper wall, which is dry, has a friction factor f;, (see definition in (9)) and can be
estimated because it is a nearly parallel single phase flow at the upper wall. Because of the
dominance of interfacial friction f in driving the condensate, it turns out that the predictions of the
flow variable is not sensitive to the estimate on f,. For two different inlet conditions, we make two
different estimates on f;;. If the vapor flow is assumed to be fully developed and turbulent prior to
the inlet, the shear can be assumed to remain close to the fully developed turbulent values at the
upper wall. This means, using a friction factor for fully developed turbulent flow between parallel

13




plates (see p. 487, in [44]), we can estimate

f,=0.0713 (Re,u,, (x)) ¥ =f,. 41)

Alternatively if a shear free vapor enters as a uniform flow, we expect a laminar and subsequently
turbulent boundary layers over the upper plate. If this was to happen, for flow conditions (see (67)
below) investigated in this paper, the boundary layers continue to develop over 0 < x < 40. For this
situation, we estimate (see [33]) f, as

f,=0.664 (Reyu,  (X)X) 0.5 for Reju, (X)X <5x 105, “42)

and

£,=0.0592 (Requ_ (x) %) 02 for Reyu, (1) x25x 10%, (43)

The result in Figure 4 confirms that for any chosen f, the estimate on f;;, whether by (41) or
(42)-(43), has an insignificant higher order effect on the significant flow variables. Hence an
accurate estimate of £, is a non-issue. In what follows, unless otherwise stated, f, is given by (41).

S. FUNDAMENTAL NEW RESULTS ON INTERFACIAL FRICTION FACTOR f
AND A MATHEMATICAL THEOREM FOR THE SOLUTION OF THE PROBLEM

An inspection of the non-dimensional parameters appearing in (40) yields the fact that we
have a minimal set of four independent non-dimensional parameters:

Ja Py My

{Re;,, Pr,’p, 1, 5 (44)
Here Re;, = Re, and Ja/Pr; are respectively viewed as non-dimensional control parameters of
inlet speed U and temperature difference A7. The density ratio p/p and viscosity ratio [y/jL are
viewed as passive fluid parameters. In fact when the interface is wavy, one must include any
additional non-dimensional parameters that appear in the equations governing the evolution of
superposed disturbances. This means that there is an additional gravity parameter U/./gh, the
Froude number, that should be added to the set in (44). However for the geometry under
consideration, if the gap width h is large (say greater than ten times the film thickness at all
locations) and g is constant (this excludes microgravity environment) then this parameter’s
influence is entirely accounted for by the Reynolds number Re;,,. Since this paper stays within the
constraints of fixed g and large h, in what follows, we would not explicitly show the presence of
Froude number in the set specified in (44). The problem of solving (40) over x 2 0 subject to the
initial conditions (23)-(24) is equivalently posed as
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dy

-— = A—le y y
Ix gy, D)
P, I
f= f(x, Re,, 22 72 —2),
Prypy

(45)
y(0) = [0,1,0]7,

where y = [1 (%), ugy (), 8 ®)] T, g = [g1, g2, g 3], * and components g;, g, and g3 of g are
defined in equations (A.1) - (A.13) of the Appendix A. Note that the friction factor f in (45), like
any of the flow variables in y, can, at most, depend on the distance x and the non-dimensional
parameters listed in (44). The issue now is our ability to solve (45) for any friction factor f in
(45),. If (45) was a well posed initial value problem (see, e.g., p. 400 of [45]), then the system of
ordinary differential equations can always be solved numerically for any f. However, the function
g in (45) has singularities for x ~ 0 because of the requirement 6 (0) = 0. Despite this, (45) may be
integrable, much in the same way as the equation do (x)/ dx =1/ & (x) subject to & (0) = 0 is
integrable and has a solution /2x .

An inspection of the function g, in combination with verification by computer algebra,
proves the following theorem:

THEOREM: There exists a solution of (45) satisfying the initial condition (45)3 if any only if the
friction factor is of the form

o Ja (P2 (M2 - 21 1
=520 (E)(F) (Re,) 5 55 +O (1) (46)

¢
BT,
= (SReinu—l)—zm (x) +0 (1)

2/¢}

where the constant ¢y is the zero of a well defined non-linear function y (see proof below for
definition) and satisfies an equation of the form

Ja P2 “2] o

yic.,Re., ,— — — @7)
£1 Prpy oy

Furthermore for f as in (46), the solution of (45), over a small neighborhood 0 < x < ¢, is of the
form

¥ (X) =yO+y1x1/2+y2x+y3x3/2+o(x3/2), (48)

T, — T . — NP — i = =17
Where Y() =Y(0) = [09 lv 0] ’ YI = [C39 —CZ, Cl] ’yz = [El’cbcl] ) and Y3= [k],CZ,C]] R are
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constant vectors.

Proof Outline:
s (=)

If we assume f is of the form given by (46), then it can be shown that there exists a
solution of the type given by (48). To show this, substitute (46) and (48) in the function g(y,f) on

the right side of (45). On asymptotic expansion of g using symbolic mathematics on the computer,
we find

gy, = dlx“1/2+ d2+d3x+o(xm), 49)

where the constant vectors dy, dj, d, etc. are easily obtained from computer algebra. Substituting
the three term expansions in (48) and (49) in (45), and matching coefficients of x, we find that

Yi/2=d{ (¥, ¥» ¥3)»
Y2 =4 (Y1 Y2 ¥3) 50)
3y3/2=d5(y1, Y2 ¥3) -

It can be verified that the number of equations obtained by matching coefficients of x , as in (50)
above, is always equal to the number of unknowns regardless of the number of terms used in the
expansions of (48) and (49). Furthermore, the equations obtained by matching the coefficients of
x, such as (50), have the simplifying feature that they are linear in the vectors y,, y3, etc. but non-
linear in the vector y;. An analytical proof of the convergence of the asymptotic solution (48) to
the real solution is not offered here. However we show numerically, by means of a sample
calculation shown in Table 2, the convergence of the vector y; and therefore of the asymptotic
solution to the actual solution at small x. We found that in all cases, a three term expansion in (48)
was adequate to allow a numerical solution beyond x >¢>0 for some small €. This was always
possible, perhaps because, in the neighborhood of y(g) (but not y(0)), all the Lyapunov exponents
(see [46]) are negative and the numerical solution rapidly converge and come arbitrarily close to
the attracting solution beyond x 2 0.2.
For the three term expansion, manipulation of the nine scalar equations in (50) gives

Cy, =¢,(cy),
& =8 (ccy), (51)
62 = éz(cp () él) s
¢, =¢;(cy, ¢y €1, &y) ,and

C, =Cy(Cy, Cy, &p, 00 Cy) .

Therefore if c¢; is known, the constants on the left side of the five equations in (51) can be
sequentially calculated with the help of the right side functions defined in (B.1)-(B.13) of
Appendix B. The constants k,,k;,andk, can then be calculated with the help of three of the
remaining equations implied by (50) and given as (B.15)-(B.17) in Appendix B. The constant c;
itself has to satisfy the only remaining equation in (50), namely v = 0 (see (47)), where y is
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defined in (B.18)-(B.20) of Appendix B.

The above procedure can be extended to an n term expansion (n 23) to find the limiting
and convergent form of \ as n — oo, From this limiting form one then finds the convergent value
of c¢| and vector y;.

For application purposes, the admissible zero of y (for which one obtains a convergent
solution of the type presented in Table 2) can be estimated over a specified parameter range (given
by (67) below) by the correlation

-0.3455 -0.0020
P2 )
- 060135 (_) (_) Ja .
Py H Pry n

The acceptable accuracy level of the correlation in (52) can be seen in Table 3.
n (&)

The three component equations of (45), written in terms of the three components of the
original equation (40), are given by

0.3226
(J a ) Re-0:407 (52)

dr 3 ”1 1 P2 19 )

= — | e {1 1-8(x))} — = 62 (x|,

x LzRezpl{ Hay (X (120 00) = 3wav (9 709 (53)
du

EL[TS(”(X))'TW]
Pr, Re, (pfg(n(x))

Py av pz d _
{—p—l(l-s(x))a(x)}& +{p_]u“"(x))8(x)}a§8(x) = , and  (54)

du p
v 2 d _dm 12 1.
{2(1—5(7())“2“,(7‘)}(Ka + {-u av(x)}d—xa(x) = —a(l—S(x)) _iu av (%) (f+fu) —p—zm“f, (55)

where m and u, are as defined in (A.9) and (A.10) of Appendix A. From the definitions (17), (19),
and (21) it follows that (A.9) implies

e (Ja 1 [Tm(x) =Ty ]\ Ja 1 _
Pglo(ms) = P—To(l:’_rlR_el (Pfg(ﬂ(x)) ) = P_l‘]R_e]: 10 (56)
where B is a constant. Furthermore, under
n(0) =0, u,,(0) =1, and d(0) =0 (57)
we find that as x — 0, the left and right sides of (54) yield
du
p2 . ( av) pz . dé _
'p_lthfo S(x)(E +p—1}11)n0(8(x)&) =B,. (58)

In writing (58) we have assumed that §(x) and u,,(x) are such that the limit of the sum of the
terms on the left side of (54) equals the sum of the limits as

duav C?
. dd ¢
lim 3 g =75~
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exist. It follows that

d(x) = c,xm+o(xw) ,and

60
u,, (x) =1 —czxm+o(xm). ©0)
Equation (58) then implies
_ L Bipy
Cz—zap—z—cl. (61)

From physical considerations, we require that the total pressure force per unit length on the liquid
condensate (0<y<d&(x)) be finite at all x>0. This force is found to be proportional to
(dr/dx) 8 (x) , it then follows that we require
s o,
}11)110 {&6 (x)} = some finite number. (62)
Equation (57) and (62) together imply that there is a constant k; such that

n(x) = k,xm+o(xm). (63)
Substituting for dr/dx from (53) in (62), we find that

1— -
1m|:4p2”'1 1 u,, (x) (1 S(X))}—f:l (64)

PilaRe; T (5(x)) % (u,, ()2

must be finite. Substitution of (60) and (61) in (64) then implies that finite limit is possible only if
f is as given by (46);. With f as in (46);, it can be verified that the limiting form, as x — 0, of (55)
is consistent as each term behaves like 1/0(x).

If the original assumption that each of the limits in (59) existed was not correct then the
limiting form of the left side of (54) may still be meaningful provided the limit of the two terms
taken together exists. If this was to be the case, it can be shown that it is impossible to find an f (x)
for x~0 which will lead to self consistent limiting forms of (53) and (55) while meeting the
re{agulrement in (62). This fact is verified by seeking & (x), {1-u,,(x)}, and f (x) in the form x% 1

and x*° and then showing the impossibility of finding o1, o2, and &3 which lead to all
equatlons being satisfied consistently at x~0.

The above arguments established that for x~0, f is of the form given by (46) and that the
solution is of the form given by (48).

End of Proof Outline

The result in (46) is easily interpreted. At the onset of condensation (x ~ 0), the vapor
suction rate m (given by (A.9) in the Appendix) is very high, so the suction effect dominates and
determines the friction factor as

KT,
f-f,, = (8Reinu—)—m. 65)
Based on this expectation of dominance of the suction effect, Shekriladze and Gomelauri

18



[5], and subsequently Linehan, et al. [47], and Jensen and Yuen [48] proposed their models.
However they based the form of their formulas on an adaptation of a classical solution (p. 368,
[33]) of Navier-Stokes equations for flow over a flat plate with suction. Their model and the result
in (65) above agree with regard to proportionality to m, but the proportionality constant differs.
The proportionality constant here is determined from first principles and this is vital for
developing a working algorithm for a solution of (45). In fact, all of the commonly used models
([51, [23], [37], etc.) cannot satisfy the initial conditions (45)3 and solutions are commonly
obtained by a tedious trial and error selection of non-zero values of T, U,y and O at some small
value of x.

The value of an explicit f ~ fasy for x ~ 0 lies mainly in the fact that it provides a working
tool for solution of (45) for a general f of the form given in (45), or equivalently, of the form

asy fOr XSE
f=
fmg(x,Rein,Ja/Prl,p2/p1,u2/u1) for x2¢. (66)

In (66) above, the value of freg €quals the value of fasy at an x = & (Reyy, Ja/ Pry, po/py, Ho/ity).
Since fasy drops rapidly from + oo to a finite positive value (see Figure 6), many of the commonly
used models can be tested as freg in (66) if an appropriate choice of € is made. This is done and the
results are shown in Figure 5.

6. ROLE AND AVAILABILITY OF RELIABLE EXPERIMENTAL DATA

If one has a correct estimate of friction factor f, then the film thickness variations 8 (x), or
its manifestation, the heat transfer to the bottom plate in Figure 1, should be in accord with
experimental measurements. This is because the governing equations (45), except for a model for
f, are well established.

Therefore reliable and accurate experimental data is vital. The data of Lu [15] is reliable
because his estimates on heat transfer rates have been consistently obtained by two to three
different and independent measurement approaches. For example, heat transfer rates were
measured by (a) an energy balance on the coolant flowing under the bottom plate of Figure 1, (b)
an overall energy balance for the flow in the duct in combination with experimentally measured
values of total mass flux at the inlet and the mass flux of the liquid condensate at the outlet (x =
40), and (¢) an estimate on heat transfer rates from experimentally measured (only for flow
regimes involving smooth interface) values of film thickness variations. Based on the current
availability of data [15] for flow of R-113 (Freon family) and FC-72 (Fluorinert Carbon) vapor,
we consider the parameter set (44) in the restricted range
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0 <x <40,
0.004 <p,/p, <0.009,

0.016 <p,/p, <0.026,
0.009 < Ja/Pr, <0.045, (67)
9,500 < Re;_ < 90, 000.

Since the actual variations in density and viscosity ratios in each of the two fluids is
limited, in reality we do not have much independent variation capability of these two ratios. In
fact we can treat the available data as:

Py

By (M) _ 00185  for  R-113
myo \Ky ), 00218  for  FC-72

Py _(P2) _ 00050  for  R-113
p, \p;), 00082  for  FC-72 (68)

In addition to heat transfer rates, Lu’s experiments [15] also provide an estimate on an
inlet Reynolds number Rep up to which (Re;, < Rep, (Ja/ Prq, po/p1, Wo/i)) the interface is
smooth and an estimate on inlet Reynolds number Rey; above which (Rej, 2 Reyy (Ja/ Pry, po/p1,
Wo/it)) the interface is fully rough with steady three dimensional wave patterns over the entire
interface. Experimental data (see Tables 6.3 and 6.4 of [15]) in the parameter range given by (67),

noting the restriction on x, provide an estimate on Rey and Reyy described above. The estimates
are:

~0.2288
Ja

Rep=a,(Py/P s Mg/ (P_rl)

-0.2657
]

Rey= iy (Py/P s By/I)) (P_:)

(69)

where for density and viscosity ratios, as given in (68), a, and 4, are given in Table 4.

There is currently insufficient data for a reliable correlation with respect to density and
viscosity ratios. However, if (11p/L1),y is considered approximately equal for both cases in (68),
then (70), in the /imited parameter range of (68), can be tentatively correlated as

3 (Py/P s Ry M) Zaig (R /Hy) (P /P ),

0.824

E‘il (Pz/Ply I-LZ/“I) Eﬁlo(uz/ul) (P2/Pl) s

(70)

where a,, and 4, are given in Table 4.
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7. THE PROPOSED MODEL FOR FRICTION FACTOR

A model of f is sought in any form which is equivalent to (45), and belongs to the
“admissible class” specified by (46). In fact, two models of f, which lead to predictions in
agreement with experiments, may appear to be different but if their values are close for the same
values of the arguments (i.e. X, Rey, Ja/ Pry, po/p . Ho/i;) over a specified domain (as in (67)),
then both are “good” models over that domain.

Before proposing a new model for f, we tested, for a typical flow situation, some of the
common models for f as freg in (66) and the results are show in Figure 5. The common models did
poorly with regard to quantitative predictions for both heat transfer rates and film thickness
variations. However f = f,, = Bfy, B = 5.7, as shown in Figure 5, did very well for the flow
situation specified by case # 9 in Table 1. This suggests that one may seek a model for fr, in its
equivalent form

Ja Py Ky
e (R 2
=B, (%),

(71)

where B = B (Rey,, Ja/Pry, pa/p1, Ho/iy) and £ is the friction factor given in (41) as f;,. Our
approach then is to solve (45) with f as in (53) and (59) and find  such that the overall heat
transfer rates over 0 < < 0.899 m is the same for the theory and the experiment ([15]). We set, for
the flow in Figure 1, gap h = 0.025 m and plate width w = 0.04 m to model the rectangular cross-
section of the experiment. For brevity, we only show some sample values of B in column 7 of
Table 5. These sample values of § were found by requiring good agreement between the model
and experimental predictions with regard to overall heat transfer rates over 0 <x < 40. The
correlation for B is then found and the predictive capacity of the model is tested against several
additional experimental runs (see rows in Table 5 for which B(run) is not listed) for both heat
transfer rates and film thickness variations. The results of these comparisons are given in Table 5.
It suffices here to note that the interfacial shear in (9) over the parameter range (67), is given by an
f in the form

fosy for <e 5
f= {modcl for X2E€ (72)
where (combining (46)1, (52), and the result & (x) = c,+/x from (48) for a form of fasy)
1.69 -1.996
Py Ry Ja 0346 e
fsy = 2215 (p_l) (“_1) (ﬁf}) Re; 50 (73)
£ gl = Bfo, f, = 0.0713 (Re, u,, (x)) %, (74)
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B, (Rein, J_a‘ p—z, &) for Re, <Re;
B = Pry o py By (75)

Py B
B, (R i ;? pz 2) for Re,, 2Rey,
1 P

and Rep, and Reyj are as defined in (69) - (70). The multiplier B for smooth interface can be
estimated from

1.6984
Ja

-14838 A < Ja <
(Boo) (Pr1) Re, for J'l‘ _P 1 0.045 (76)
BO i Ja 04483 1.4838 Ja
N i <2
(Boy) (Pr Re,, for 0.009 < Pr. <Ja,,

where the numbers Bog = Bog (P2/P1, H2/1) and Bog = Bop (P2/P1, Ho/iy) and Jay in (76) are given
in Table 4.

The multiplier B, for wavy interface can be estimated from

Ta 1.6816 o
(Blo)(P_r])

ll'I Pr
1
Bl - 062

Ja "% semo
ad <_
(B]]) (Pl']) Re in for 0.009 Pr 1<0024

amn

where the numbers Byg = Bio (P2/P1, Ho/ity) and Byy = By (P2/py, Ha/iy) in (77) are given in
Table 4

Note that, in general,

e = e(Re,, Ja/Pry, p,/pys Hy/ 1) 8)
A correlation for € can be given as

P, K
eO(Re. B-,—z —2) for Re;, <Reg

™ Pr,p, 1y (79)

8 =
Ja Py Ky
g, (Rein, P_rl’ p—l, p— for Re, =Rey,
where
Ja RN

(€0) () Re;, <0.

| P Pr1 (80)
& = Ja 0651

a 21118 N
—_— < 2,
(e) (5;)  Rej, ™ for 0.009 Prl<005
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and

—2.7904
J —4.7206

1
€ = (&) (IT:_I) Re;, (81)

for 0.009 <22 < 0,045,
Pr,

and €q, €91, and £ are given in Table 4. Here we note that typically € lies within the range 10”<
€ < 107“ for the entire parameter range in (67). Its correlation is not significant because the
solution away from x is not affected by the accuracy in the value of €. In fact f,5, and fy)oqe1 can
also be matched as in (A.14)-(A.15) of the Appendix without any loss of accuracy in the solution
forx 2 0.2.

Although the correlations above are more useful as a predictive tool, a qualitative trend of
the friction factor’s variations with distance is shown, for two representative flow situations, in
Figure 6. A direct correlation for fg in (71); can also be given in the form

P, K
£, (x, Re, , E, —2, —2) for Re, <Re;
Prypy 1y
f, ( ,Re;, 22 —2) for Re;, 2Rey,
Prypy 1y
where
Ja 1707 Ia
(f) (5=)  Re*¥x"®% for 0.024 < -~ <0.045
Pr, Pr,
f,= (83)
Ja ** | su7_ 0006 Ja
(fo1) (=) Re. "7 'x 7 for 0.009<_-— <0.024,
Pr, ! Pr,
and
1.4447
£, = (f,) (;_f) Re 11500088 po 0.00955150.045, (84)
1

T
1
and the constants fy, fy1, and £} are given in Table 4.

Also note that the correlations given above and in the following section are improved
versions of what was reported in Narain [12].

8. CORRELATIONS FOR FILM THICKNESS, HEAT TRANSFER RATES,
PRESSURE DROPS, AND AVERAGE VAPOR SPEEDS

Since film thickness and heat transfer rate variations are of general use, besides their
limited trend indicated in Figure 8, we present their approximate correlations (average error
within +15%) based on results over the parameter range (67). For film thickness, we write.
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i
SO(x,R Ja P, _2)

€. YR Y
™Prp, 1,

p, M
3 (x. Re,, E, —2, —2) for Re, 2 Rey,
Pry py 1y

for Re, <Rep

§ = 85)

where 9 is the thickness for smooth interface, and 8, is the mean thickness for wavy interface.

The Reynolds numbers Rey and Reyy are as specified in (69)-(70). The correlation for &, over x =
0.01, is

0.2604

Ja 202
50 = 800 (pz/pl, l.lz/l.ll) (ﬁ.) Re;’fo 3X0'3393, (86)
1
and the correlation for §;, over x 2 0.01, is
Ja - R -1.1955 0.3748
8 = Slo(pz/pl» uz/ul) (P_rl) €n X . 37

The numbers 6 and 61 in (86) and (87) are given in Table 4. L
We define the average heat transfer co-efficient %, and the average Nusselt Number Nu, in

terms of the total heat transfer rate q over the bottom plate of length x and unit width. As is
common, the definitions are

q=h (xx 1) (T,(Py) — Tyo) »
= _hx (88)

Nu, = —
u, K,

Using the fact that q can be directly computed as

BT g aaf ]
q = J’k]_a_y =Ody:klATJ'—6——(x—)dx N (89)
0 ¥ 0
we find (88)-(89) imply
— p 1
Nllx = J’mdx. (90)
0

The correlation developed for Nﬁx, over x 2 0.01, is given in the form
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Py H
= Ja. "2 "2
B NuOX(X’Rein'pTl’ P—M—q) for ReinSReL
Nux =
Nu (x Re Ja P2 l-lz) for Re. >Re on
1x| % sy Ty s 2
in pr] Py Ry in L
where
-0.2604
_ Ja . 0.6607
and
. Tay Y 1.1955_0.6252
Nujy=n0(P,)/Py s/ (P_rl) Re; """ x . (93)

The numbers ny and n;( above, for density and viscosity ratios in (67), are given in Table
4.

The correlation for the non-dimensional pressure 7 (x) for fully developed flow at the inlet
(f, given by (41)) is given in the form

Py K
T, (x, Re,, ;—f, p—z, ”—2) for Re, <Re
n = 1 1 1 (94)
Ja Py My
n, | X Rey, o0—, —, — for Re, =Rey,
Priop, 1,
where
Ja O esis 1man Ja
— —_— o - <_—_— <
nm(Prl) Re;, for 0.009 < Prl <0.020
o~ Ja %2 1.8515_1.2241 Ja )
T, (I-JI_I) Re,,’ ’ for 0.020< f’-r—] <0.045,
and
Ja 07079 S 5 Ja
—n,(s—)  Re;P M for 0.009 < 2= <0.020
Pr, Pr,
R, = 96)
1 Ja P o s0m 11357 Ja
_ el - ' R — <0. .
T, (Prl) 4 Re; "x for 0.020 < Pr, 0.045

The constants Tyy 7oy 71, and 7y; above, for density and viscosity ratios in (67), are
given in Table 4.

The correlation for the non-dimensional average speed u,,(x) is given in the form
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18
Uavg (X, Re,,, I;I_ra’ %, u—z) for Re; <Re;
1 1 1
et 97)
u X, Re. J_a p_2 E for Re. >Re
avl] ’ in’ PI‘I’ ply l,ll in u
where
Ja 1.024
-0.9804
Uavo = 1.0—“00 (pz/pl, p«z/'.l,l) (._Pr_l) Rein x0.6832, (98)
and
a 1.3542
¢ 0.297
uaV] = l‘O—'UIO (pz/p ly uz/ul) (P—rl) Reirzlg 4X0'6837' (99)

The constants ugy and uj above, for density and viscosity ratios in (67), are given in
Table 4.

Also note that all of the constants, that depend on density and viscosity ratios, and which
are listed in Table 4 can be correlated with respect to density ratio in the same fashion as the
constants a, and 4, were correlated in equation (70). However such correlations will be tentative
because of unavailability of data at different density and viscosity ratios. Therefore such
correlations are not presented here.

9. DISCUSSION OF RESULTS

In Figure 2, we show a representative vapor velocity profile computed with the help of
equations (38)-(39). The vertical dashed line corresponds to a uniform average speed of the type
given by equation (37). The tiny solid line shown near the origin is for uy(x,y) over 0 <y < 8 (x),
and it is the actual computed solution of the liquid velocity profile given by equation (30). Scaled
up graphs for u;(x,y) show that the liquid velocity profile is essentially linear over all the flow
situations specified by (67). This result is consistent with other film condensation results ([4],
[11], etc.). It implies that interface shear T¢ (x) and bottom wall shear 1, (x) are nearly equal over
the range of flow parameters considered.

The choice of vapor velocity profile, whether it varies realistically, or merely has an
average uniform value, does not affect the condensate motion significantly. As shown in Figure 3,
the two choices of vapor velocity profile lead to less than 0.1 percent variations in film thickness
and average speed over most x. The pressure variations also differ very little (within 5%),
pressure gradients even less so than the pressures. Since the estimate on interfacial shear is
affected only by film thickness and average speeds, it is concluded that the choice of vapor
velocity profile in our solution method is not significant either for modeling the interfacial shear
or the prediction of lower dimensional flow variables. Furthermore this result establishes that it is
the interfacial shear which drives the liquid condensate and the requirement (16) of continuity of



tangential speeds has no noticeable impact.

The result in Figure 4 shows that inlet conditions, whether the incoming vapor is fully
developed or nearly uniform, has only a second order effect (mostly on the pressure variations).
Only the film thickness and average speed significantly influence the interfacial shear, and these
variables, as shown, differ by less than 0.1 percent for the upper wall friction factor f
corresponding to the two inlet conditions. The pressure variations, though important, are not
significant in influencing interfacial shear unless it influences the average speed of the vapor or
the film thickness. This does not happen because of the usual dominance (except for AT near zero)
of f over f;,. In the figure, the pressure gradients in the two flows are closer to each other than the
absolute pressures. The kink in the pressure ratio curve is due to the fact that 7 j (x) has a kink at
x = 17 while | (x) does not. This is because f, for the choice in (42)-(43), changed from a
laminar to a turbulent model near this transition point.

The result in Figure 5 establishes the value of the proposed model for interfacial shear as
existing models give poor quantitative predictions. The Wallis Model (see (11.21b) on p. 461 of
[18]), though not used in figure 5, can easily be verified to correspond to a friction factor f which
is approximately one third of what is needed for agreement with experimental measurements. In
Figure 6, we show the variation of the proposed friction factor f with distance x for two
representative flow situations. For the flow situations considered, it is seen that the asymptotic
form of friction is relevant only for 0 < x < €. Outside this zone, the friction factor variations are
small. Although the variations with x are similar for both smooth and wavy interfaces, the
correlations in (83)-(84) indicate that the value of the friction factor in the wavy interface flow
regime increases more rapidly with vapor speed U and AT (i.e. Ja/Pry) than it does for the smooth
interface flow regime. A plot of the values of physical shear stress t¢ in Figure 7 (see [T¢] 1odel
curve) shows that its value, unlike the non-dimensional friction f itself, decreases significantly
with x because of a decreasing average speed of the vapor.

Figure 8, along with the correlation given in (85)-(87), establishes that film thickness
decreases with increasing Reynolds number Re;, as well as with decreasing AT (or Ja/Pry).
However change in ATin the wavy regime has a weak impact on film thickness as it is not even
noticeable for the flow situation depicted by b and b(X) in Figure 10 or in the correlation given in
(87). This means that a decrease in local wall heat flux  (4,), _, = k;A7/8(x) due to a decrease
in ATis nearly proportional to AT However decrease in AT significantly increases the average
speed of the vapor (compare b(X) with b in Figure 9) and leads to decreased condensate mass
flux. Through curves a, b, and c, Figure 9 shows the general trend of increase in average vapor
speed with increasing Reynolds number.

Figure 10 shows some of the trends of pressure variations given in (95)-(96). Note that, in
the smooth interface regime Am decreases with increasing Re;;, (see case b and case ¢ in Figure
10), however the physical pressure drop Ap = p2U2M actually increases

The relative magnitude of forces shown in Figure 11 shows that the “kick-back” force

associated with mass transfer (the third term on the left side of (36)) is typically very small
compared to the other forces and can be ignored. It also shows that friction, pressure, and inertia
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(associated with the right side of (36)) forces are comparable to each other. This shows that the
friction force, through interfacial friction f, constrains vapor speed u,, (x) as much as mass
balance does. This is the reason why ignoring momentum balance, as is done by Lu [15], does not
lead to an acceptable model (compare the curves in Figure 7) for interfacial friction f. A slight
kink in the value of forces at x = 17 is due to the fact that the upper wall friction factor f;
underwent a transition from laminar to turbulent. Recall that this did not affect the values of u,,
(x) and & (x) because the size of upper wall shear is still quite low compared to the size of
interfacial shear.

The result in Figure 12 shows that typical pressure drops in the duct are too small to affect
either the saturation temperature at the interface or the latent heat released at the interface. This is
true for the entire parameter range given in (67).

The result in Figure 13 shows the general trend of decrease in condensate mass flux
fraction with increase in inlet Reynolds number and associated increase in the average speed of
the vapor.

We also find significantly increased heat transfer rates in the wavy regime. The near
proportionality of heat transfer co-efficient in (93) to inlet Reynolds number Re;,, is in agreement
with known experimental correlations ([15], etc.) for high speed flows.

10. COMPARISON OF PREDICTED RESULTS WITH EXPERIMENTAL RESULTS

Note that B in section 7, was determined only from the requirement that for any flow
situation in the experiment of Lu [15], the experimental and predicted heat transfer rate over 0 < x.
< L satisfy

L/h
1
qexPcrimcnt SQmodel = kIWATj mdx’ (100)
0

for a plate of length L =0.899 m, a gap of height h = 0.025 m, and a plate of width w = 0.04 m.

However, in addition, Lu[15] gives film thickness A (x) measurements, for some smooth
interface flows (Re;, < Rep), at five locations

x=0.0508m, x=0.1524m, x=0.254m,

x=04572m, x=0.8128m, (101
and additional values of average heat transfer co-efficient £, at
x = 02997m, x = 0.5993m. (102)

Since the modeling principle only insured that
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(103)

for x = 0.899 m, we tested our correlations in section 9 with the additional measurements of Lu
[15] for flow of R-113 and FC-72. The fluid properties can be found in [49] and [50]. We found
that almost all the correlations given in section 8 are in agreement (within experimental error)
with experimental data. A direct numerical simulation based on the proposed friction factor
correlation is, of course, somewhat more accurate than correlations for the flow variables. For
brevity, we show, in Table 5, a sample of the agreement obtained for flow situations involving R-
113 and FC-72.

It is clear that this method can yield correlations of higher accuracy if the improved
accuracy in experimental measurements justify seeking improved correlations.

AN = A
experimental model

11. CONCLUSIONS

We showed:

. The rigor and reliability of the proposed integral-differential scheme towards modeling of
interfacial friction factor

We presented:
. A new and completely rigorous model for asymptotic friction factor at the point (x ~ Q)
where condensation begins and condensation rate is high.
. Interfacial shear models for flow regimes involving both smooth and wavy interface.
. Qualitative understanding of the details of the flow fields including relative sizes of
various types of forces that act on the vapor.
. Correlations for film thickness, pressure drops and heat transfer rates for both smooth and

wavy interface flow regimes.

This work also identifies some research needs. These are:

. Greater accuracy, not just reliability, in experimental measurements. This can be used to
propose friction factor models and other correlations of higher accuracy.

. Additional experiments with different fluids need to be done to provide correlations with
respect to density and viscosity ratios.

. An experimental identification of laminar and turbulent vapor zones, near the lower limit
of 9,500 in (67)s, can help provide results in the low inlet Reynolds number (Re;,) zone.

. Additional experiments need to be done for a sharper identification of the transition from
smooth to wavy interface regimes of flow.

. A correlation for downstream distance X ypper is needed so one can reliably state that

liquid inertia and convection can be ignored for x <X ypper -
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13. APPENDICES

APPENDIX A

The functions appearing in (40) are defined as:

)

Ans-—p—(l——S(x))S(x), (A1)
1
P2
A235p—uav(x))8(x), (A.2)
1
Ay, =2(1-8(x))8(x), (A3)
Ag=—000y (%), (A4)
P2
bsp—l{l—uav(x)(l—t‘»(x))} (A.5)
b= EJ—b—lu2 (x) £82 (x) (A.6)
'S Ry 4T ' ’

Ja 1 [T (m(x)) -T,]
b= oo - S v A7
2" Pr,Re, Ppg (T(X)) (A7)

by=—b, (1-9) —%uzav(x) (F+£,) —?muf , (A.8)
2

where b; above is defined in terms of b, and by is defined in terms of b; and the functions

Ja 1 [Ty(n(x))-T,] 1
Re : A9
PriRe; o, (n(x) 8(x) (A9)

m

and
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) 12 &
U= Rey | 50 () £ (x) + (=) 7 |- (A.10)

1

The components g1, g5, and g3 appearing in (45) are defined below:

gi=b, , (A.11)
g l32""33 - b3A23
2 A22A33 - A23Asz ’

(A.12)

and
b3A22 - b2A32

§hE T .
? A22A33“A23A32

(A.13)

The lack of sensitivity of the flow properties on the value of € in (66) is demonstrated by
the fact that if we consider a small interval [€{, €] in the vicinity of € and define

fasy for X <Eg,
f = { fregutar for X2g, (A.14)
(1 - a(x) ) fasy + (I(X) frcgu]ar ’
where
a(x) = (x-¢g)/(g,~-¢) for g, <x<eg,, (A.15)

then the solution utilizing (A.14)-(A.15) is indistinguishable from the solution utilizing (46) for x
> 0.1. Here ¢, £, €, take values between 10™ to 1073,

Besides the proposed model in section 7, it is instructive to define some other common
models used in Figure 5. The models are:

6)) Single Phase Model:

This model determines wall shear for fully developed turbulent flow between parallel plates
and is defined in (41).

(i1) Shekriladze Model:

This model was proposed and used by Shekriladze, et al. ([S]) for condensing flows. The model is
based on an adaptation of an exact solution of the Navier-Stokes equation for flow over a flat plate
with suction.

2m (x)

£ = =_ W
(pz/p1) (Uz)av

(A.16)

fShckriladze

(i) Mickley Model:
The Mickley model [23] is a semi-empirical proposal for flows in vertical tubes with suction at the
walls. The model above behaves like the Shekriladze model in (A.16) for large m and like the
single phase model f; in (41) for small m. Here

Fy = xR0 (A.17)

—1lo
where exp (¢ ~1
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20 (x) (A.18)

(Pz/Pl) (uy) av(x) fo (x)

O

APPENDIX B

Under the notations

c,=Cl, c,=C2, ¢, =CIK, ¢, =C2K, ¢, =CIKK,
¢,=C2KK, k, =K1, k,=KIK, k, =K2K, k, =KIKK,
_ p mn (B.1)
k, =K2KK, Ja _jaAPRI, 2 =RHO2I, 2 =Mu21,
Pr, Py Ky
Uh p,Uh
P2 _Re, =RE2, ' _Re,=REl,  BO0=o—,
K,y 1 Rel
BIE—{E-L B2=0.0

we find that computer generated double-precision fortran forms of the functions in (51) are as
given below. Note that some of the plus signs on the left sides are continuation marks on the sixth

column of a fortran expression.

C2 =2.D0*B1/C1/RHO21-C1
(B.2)

CIK = -(-2.D0/3.D0*C1**2+C2*B1/RHO21/C1+1.D0/6.D0*C2/BO*C1**
+3+5.D0/6.D0*C1*C2+3.D0/2.D0*C2**2-2.D0/3.D0*B 1/RHO21*MU21 *RE2*C1*C

+2+1.D0/3.D0*B1/RHO21*C1**2/B0-2.D0/3.D0*B1/RHO21 *MU21*RE2*C1**
+2)/(-1.D0-1.D0/C1*C2-B1/RHO21/C1**2)
' (B.3)

C2K = -1.D0/3.D0*(-1.D0/2.D0*C2-B1/RHO21/C1+2.D0*B0/C1-B0O/C1**2
+*C2+3.D0*B0/C1**4*C1K*C2-6.D0*B0/C1**3*C2%*2+2.D0*B1/RHO21
+*MU21*RE2*B0/C1+2.D0*B 1/RHO21*MU21*RE2*B0/C1**2*C2)/

+B0*C1*¥3
C1KK=((XPHI1/XPHI3)*XTPHI3-XTPHI1)/(XTPHI2-(XPHI2/XPHI3)*X TPHI3)
(B.5)

(B4)
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C2KK=-(XPHI1/XPHI3)-(XPHI2/XPHI3)*C1KK B.6)

where

XPHI1 = -2.D0/3.D0*B2*C1+4.D0/3.D0*B2*C2+4.D0/3.D0*B1/RHO21*MU21*R
+E2*B0/C1**3*C1K**2+12.D0*B0/C1**5*C1K**2*C2K+10.D0/3.D0*B1
+/RHO21¥MU21*RE2*B0/C1**4*C1K**2*C2+2.D0*B1/RHO21*MU2
+1*RE2*B0/C1**3*C2K*C1K+12.D0*B0/C1**6*C1K**3*C2-24.D0*B
+0/C1**5*C1K**2*C2**2-2.D0/3.D0*B0/C1**4*C1K**2*C2+18.D0*B0
+/C1*¥*4*C1K*C2**3-4,D0*B0/C1**2*C2*C2K-4.D0/3.D0*C2**2*B1/R
+HO21/C1-2.D0*B0/C1**2*C1K*C2-4.D0*B1/RHO21*MU21*RE2*B0/
+C1*¥3*C1K*C2**2+18.D0*B0/C1**3*C2K*C2**2-B /RHO21 *MU
+21*RE2*B0/C1**2*C1K*C2-4.D0*B1/RHO21*MU2 1 *RE2*B0/C1*
+*2*%C2*C2K-4.D0/3.D0*B1/RHO21/C1**3*C1K**2-4.D0*B0/C1**3*C1
+K*C2#*2+B1/RHO21*MU21*RE2*¥B0/C1*C2**2+3.D0*B1/RHO2 1 *
+MU21*¥RE2*B0/C1**2*C2%%3-24 DO*B0/C1**4*C1K*C2*C2K+4.D0/
+3.D0*C2K*B1/RHO21/C1-B1/RHO21*MU2 1 *RE2*B0/C1*C2K-8.D0*B
+0/C1*¥*3%C2**4-2 DO*B0/C1*C2K+4.D0/3.D0O*B0/C1**3*CIK**2+
+0.005941666667*1.DO/RE2** 25%C2+4.D0/3.D0*C2*B1/RHO21/
+C1**2*C1K+2.D0*B0/C1*C2**2+4.D0*B0/C1**2*C2**3-4 DO*B0/C1*
+¥3*C2K**2

(B.7)

XPHI2 = 1.D0-6.D0*B0/C1**4*C2K-4.D0/3.D0*B1/RHO21*MU21*RE2*B
+0/C1**2-7.D0/3.D0*B1/RHO21*MU21*RE2*B0/C1**3*C2-12.D0*B0/C
+1*¥*5*CIK*C2+12.D0*B0O/C1**4*C2**2+2.D0/3.D0*B0/C1**3*C2+4.D0/3.D0
+*B1/RHO21/C1**2-4.D0/3.D0*B0/C1**2

(B.8)

XPHI3 =(-6.D0*B0/C1**4*C1K+8.D0*B0/C1**3*C2-1.D0*B1/RH
+021*MU21*RE2*B0/C1**2)

(B.9)

XTPHI1 = C2K-2.0000000D0*B0/C1**2*C1K-9.D0*B0/C1**4
+*CIK*C2K-9.D0*BO/C1**5*C1K**2*C2+15.D0*B0/C1**4*C1K*C2
+*¥¥2+9.D0*B0/C1**3*C2*C2K+4.000000D0*B0/C1**3*C1K*C2
+-7.D0/2.D0*B1/RHO21*MU21*RE2*B0/C1*¥*3*CI1K*C2+.03565
+0000D0*1.DO/RE2**.25D0-2.D0*B 1/RHO21*MU21*RE2*B0/C1*
+*2*C1K+1.D0*B1/RHO21/C1**2*C1K-3.D0*B0/C1**3*C2**3+1.D0
+*B1/RHO21*MU21*RE2*B0/C1**2*C2**2+2.0000000D0*B 0+
+B2-3.D0/2.D0*B1/RHO21*MU21*RE2*B0/C1**2*C2K+2.D0*B1/RHO21 *
+MU21*RE2*B0-2.0000000D0*B0/C1**2*C2**2+43.DO*B0/C1**2

+*C2K+1.5000000D0*B1/RHO21*MU21*RE2*C2*B0/C1-1.D0*B|
+/RHO21

(B.10)

XPHI3 =(-6.D0*B0/C1**4*C1K+8.D0*B0/C1**3*C2-1.D0*B1/RH
+021*MU21*RE2*B0/C1**2)

(B.11)

XTPHI1 = C2K-2.0000000D0*B0/C1**2*C1K-9.D0*B0/C1**4
+*C1K*C2K-9.D0*B0/C1**5*C1K**2*C2+15.D0*B0/C1**4*C1K*C2
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+%%249 DO*B0/C1**3*C2*C2K+4.000000D0*B0/C1**3*C1K*C2
+-7.D0/2.D0*B 1/RHO21*MU21*RE2*B0/C1**3*C1K*C2+.03565
+0000D0*1.DO/RE2**.25D0-2.D0*B I /RHO21*MU21*RE2*B0/C1*
+%¥2*C1K+1.D0*B1/RHO21/C1**2*C1K-3.D0*BO/C1**3*C2**3+1.D0
+*B1/RHO21*MU21*RE2*B0/C1**2*C2**2+2.0000000D0*B0+
+B2-3.D0/2.D0*B1/RHO21*MU21 *RE2*¥B0/C1**2*C2K+2.D0*B 1/RHO21 *
+MU21*RE2*B0-2.0000000D0*B0/C1**2*C2**2+3.DO*B0/C1**2
+*C2K+1.5000000D0*B 1/RHO21*MU21*RE2*C2*B0/C1-1.D0*B1
+/RHO21

(B.12)

XTPHI2 = 3.D0*B0*C2/C1**4
(B.13)

XTPHI3 = 3.D0*B0/C1**3
(B.14)

K1 = 6.D0*B0/C1**4*C1K*C2+6.D0*B0/C1**3*C2K-6.D0*B0/C1**2
+*C2-12.D0*BO/CL**3*C2**2
(B.15)

KIK = 3.D0*B0/C1**2*(-2.D0*C1KK/C1+3.D0*C1K**2/C1**2)+B2+
+3.D0*B0/C1**2*C2K+6.D0*B0/C1**3*C1K*C2+3.D0*B0/C1**3*(-2.D0*C
+1KK/C1+3.D0*C1K**2/C1**2)*C2-3.D0O*B0/C1**2*(-3.D0*C1KK/Cl +
+6.D0*C1K**2/C1**2)+6.D0*B0/C1**3*C2*C2K+3.D0*B0/C1**3*C2KK
++9.D0*B0/C1**4*C1K**2-3,.D0*B(0/C1**3*(-3.D0*C1KK/C1+6.DO*C1K**
+2/C1**2)*C2+3.D0*BO/C1**2*C2**2+12.D0*BO/C1**4*C1K*C2**
+2+3.D0*B0/C1**3*C2*#*3-3 DO*B0/C1**3*C1KK-9.D0*B0/C1**4*C1K
+*C2K

(B.16)

KIKK = 8.D0*B0/C1**4*C1KK*C2**2-12.D0*B0O/C1**5*C1K**2*
+C2**2-12.D0*B0/C1**5*C1K*C1KK*C2+12.D0*B0/C1**6*C1K **3*
+C2-6.D0*B0/C1**4*C1KK*C2K+12.D0*B0/C1**5*C1K**2*C2K-8.D0*B
+0/C1**4*C1K*C2*C2K-4.DO*B0/C1**2*C2*C2K-4.DO*B0/C1**3*C
+1K*C2K-6.D0*B0/C1**4*C1K**2*C2-4.D0*B0/C1**4* C1K*C2**3-
+4.D0*B0/C1**3*C2**2*C2K-4.DO*BO/C1**3*C1K*C2**2-6.D0*B0/C1
+¥*¥4*C1K*C2KK+2.D0*B0/C1**2*C2KK+4.DO*B0/C1**3*C2*C2KK+4.D0
+*B0/C1**3*C2*C1KK

B.17)

The function ¥ in (52) is defined through
¥ = F1 + F2, (B.18)

where

e
F1=2.D0/3.D0*C2*B2+C2KK+4.D0/3.D0*B0*C1-2.D0/3.D0*B 1/RHO21*Cl1
++10.D0*B0/C1**4*C1KK*C2**2-18.D0*B0/C1**5*C1K**2*C2**2+6.D0*B0
+/C1**3*C2*C2KK+6.D0*B0/C1*¥*3*C2**2*C2K-2.D0*B0/C1**3*C2
+K**2+6.D0*B0/C1**4*C1K*C2**3-16.D0*B0/C1**4*C1K*C2*C2K-
+6.D0*B0/C1**4*C1KK*C2K+12.D0*B0/C1**5*C1K**2*C2K+2.D0*B0/C
+1**2*C2KK+B1/RHO21*MU21*RE2*C2*B0-6.D0*B0/C1**4*C1K*
+C2KK-4.D0/3.D0*B0/C1*C2**2+0.02376666667D0*1.DO/RE2*
+*25*C1+4.D0/3.D0*B1/RHO21*MU21*RE2*B0*C1-4.D0*B0/C1**3*C2
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+K*C1K+4.D0/3.D0*B0/C1**2*C2K*C2+4.D(/3.D0*B0/C1**3*C1K**2-12,.D0*
+B0/C1#*5*C1K*C1KK*C2+12.D0*B0/C1**6*C1K**3*C2+2.D(0/3.D0*B1
+/RHO21*MU21*RE2*C2**2*B(0/C1-5.D0/3.D0*B1/RHO21*MU21*RE2
+*B0/C1**2*C2K*C2-14.D0/3.D0*B0/C1**4*C1K**2*C2+4.D0/3.D0*C2*B
+0/C1**2*C1K

(B.19)
F2=0.D0+8.D0/3.D0*B0/C1**3*C1KK*C2-4.D0/3.D0*B 1/RHO21*MU2
+1*RE2*B0/C1**2*C1KK+2.D0*B1/RHO21*MU21*RE2*B(/C1**3*
+C2K*C1K-B1/RHO21*MU21*RE2*B(0/C1**2*C2KK+4.D0/3.D0*B1/RH
+021*MU21*RE2*B0/C1**3*C1K**2-7.D0/3.D0*B1/RHO21*MU21*RE
+2*¥B0/C1**3*C1KK*C2+2.D0/3.D0*B1/RHO21/C1**2*C1KK-2.D0/3.D0*B1
+/RHO21/C1**3*C1K**2-4,D0/3.D0*B0/C1**2*C1KK-2.D0*BQ/C1**3*
+C2*%4-0.017825000D0*1.DO/RE2**,25*C2+4.D0/3.D0*B0
+/C1*C2K-2.D0/3.D0*B1/RHO21*MU21*RE2*C2K*B0/C1-2.D0/3.D0*B 1/RH
+021*MU21*RE2*B0/C1**2*C2*C1K+B1/RHO21*MU21*RE2*B0
+/C1*%2*C2%*3+4,D0/3.DO*B0/C1*¥*3*C1K*C2**2-5D0/3.D0O*B1/RHO21*
+MU21*RE2*B0/C1**3*C1K*C2**2+10.D0/3.D0*B1/RHO2 | *MU21*RE
+2*BO/C1**4*C1K**2*C2

(B.20)

and the terms appearing in (B.19)-(B.20) are as defined in (B.1)-(B.17).

14. REFERENCES:

1. W. Nusselt, “Die Oberflichenkondesation des Wasserdampfes,” Z. Ver. Dt. Ing. 60(27),
541-546, (1916).

2. WM. Rohsenow, “Heat Transfer and Temperature Distribution in Laminar Film
Condensation,”Transactions ASME, 78, 1645-1648, (1956).

3. EM. Sparrow and J.L. Gregg, “A Boundary Layer Treatment of Laminar Film
Condensation,” ASME J. Heat Transfer, 81, 13-18, (1959).

4, J.C.Y. Koh, “Film Condensation in a Forced-Convection Boundary-Layer Flow,” Int. J.
Heat Mass Transfer, 5, 941-954 (1962).

S. I.G. Shekriladze and V.I. Gomelauri, “Theoretical Study of Laminar Film Condensation of
Flowing Vapour,” Int. J. Heat Mass Transfer, Vol. 9, pp. 581-591, (1966).

6. M.M. Chen, “An analytical study of laminar film condensation, Part I-flat plates,” J. of
Heat Transfer, Series C, 83, pp. 48-55, (1961).

7. T. Fujii and H. Uehara, “Laminar Filmwise Condensation on a Vertical Surface,” Int. J. of
Heat and Mass Transfer, 15, pp. 217-233, (1972).
8. H. Honda and T. Fujii, “Condensation of Flowing Vapor on a Horizontal Tube Numerical

Analysis as a Conjugate Heat Transfer Problem,” Trans. ASME, J. Heat Transfer, Vol. 106, pp.
841-848, (1984).

9. F.G. Carpenter and A.P. Colburn, “The Effect of Vapor Velocity on Condensation Inside
Tubes,” Proceedings of the General Discussion of Heat Transfer, The Institute of Mechanical
Engineers and the ASME, pp. 20-26, July (1951).

10. IY. Chen and G. Kocamustafaogullari, “Condensation Heat Transfer Studies for
Stratified, Co-current Two-Phase flow in Horizontal Tubes,” Int. J. Heat Mass Transfer, Vol. 30,

35



No. 6, pp. 1133-1148, (1987).

11. A Narain and Y. Kizilyalli: “Pressure Driven Flow of Pure Vapor Undergoing Laminar
Film Condensation Between Parallel Plates,” International Journal of Non-Linear Mechanics,
Vol. 26, No. §5, pp. 501-520, (1991).

12. A. Narain, “Interfacial Shear Modeling and Flow Predictions for Internal Film
Condensation Flows,” Fluid Mechanics Phenomena in Microgravity, ASME-AMD Vol. 154 and
FED Vol. 142, pp. 23-38, (1992).

13. M. Soliman, J.R. Schuster and P.J. Berenson, “A General Heat Transfer Correlation For
Annular Flow Condensation,” J. Heat Transfer, 90, 267-276, (1986).

14. J.D. Ford and A. Lekic, “Rate of Growth of Drops During Condensation,” Int. J. Heat
Mass Transfer, 16, 61-66, (1973).

15. Q. Lu, “An Experimental Study of Condensing heat Transfer with film condensation in a
Horizontal Rectangular Duct,” Ph.D. Thesis, Michigan Technological University, Houghton,
Michigan, (1992).

16.  J.M. Delhaye, “Jump Conditions and Entropy Sources in Two-phase Systems; Local
Instant Formulation,” Int. J. of Multiphase Flow, 1, 395-409, (1974).

17. M. Ishii, Thermo Fluid Dynamic Theory of Two-Phase Flow, Eyerolles, (1975).

18.  V.P. Carey, Liquid-Vapor Phase-Change Phenomena, Series in Chemical and Mechanical
Engineering, Hemisphere Publishing Corporation, (1992).

19.  W.M. Rohsenow, “Status of and Problems in Boiling and Condensation Heat Transfer in
Progress in Heat and Mass Transfer edited by Hetsroni, Sideman, and Hartnett, Pergaman Press,
Vol. 6, pp. 1-144, (1972).

20. R.W. Lockhart and R.C. Martinelli, “Proposed Correlation of Data for Isothermal Two
Phase, Two Component Flow in Pipes,” Chem. Engng. Progress, 45, No. 1, pp. 39-48, (1949).
21. L.P. Wang, VP. Carey, R. Grief, and D. Abdollahian, “Experimental Simulation and
Analytical Modeling of Two-Phase Flow Under Zero Gravity Conditions,” Int. J. Multiphase
Flow, Vol. 16, No. 3, pp. 407-419, (1990).

22. R.B. Kinney and E.M. Sparrow, “Turbulent Flow, Heat Transfer, and Mass Transfer in a
Tube with Surface Suction,” ASME J. of Heat Transfer, 92(1), pp. 117-124, (1970).

23. H.S. Mickley, “Heat, Mass, and Momentum Transfer for Flow Over a Flat Plate With
Blowing or Suction,” NACA-TN-3208 (1954).

24.  G.B. Wallis, “Annular Two-Phase Flow, Part 2-Additional Effects,” J. Basic Engng., 92,
pp. 73-82, (1970).

25. G.F. Hewitt and A.H. Govan, “Phenomena and Prediction in Annular Two-Phase Flow,”
Advances in Gas-Liquid Flows 1990, edited by J.H. Kim, V.S. Rohtagi and A. Hashemi, ASME
FED- Vol. 99 and HTD-Vol. 155, pp. 41-55, (1990).

26.  'W.M. Rohsenow, J.H. Webber, and A.T.Ling, “Effect of Vapor Velocity on Laminar and
Turbulent Film Condensation,” Trans. Am. Soc. Mech. Eng., Ser. C, J. Heat Transfer, 78, pp.
1637-1643, (1956).

27.  A.E. Dukler, “Fluid Mechanics and Heat Transfer in Vertical Falling Film Systems,”
Chem. Eng. Prog. Symp. Ser. 56, pp. 1-10, (1960).

28.  F. Blangetti, “Lokaler Wirmeiibergang bei der Kondensation mit iiberlagerter Konvektion
in vertikalen Rohr,” Diss. Univ. Karlsruhe, (1979).

29. S.L. Chen, EM. Gemer, and C.L. Tien, “General Film Condensation Correlations,” Exp.
Heat Transfer, vol. 1, pp. 93-107, 1987.

30. K. Stephan, Heat Transfer in Condensation and Boiling (English Edition), International

36



Series in Heat and Mass Transfer, Springer Verlag, (1992).

31. J M Delhaye, “Two Phase Flow Patterns,” Chapter 1 in Two Phase Flow and Heat
Transfer in the Power and Process Industries, edited by A.E. Bergles, J.G. Collier, J.M. Delhaye,
G.F. Hewitt and F. Mayinger, Hemisphere Publishing (1981).

32.  KJ.Bell, J. Taborek and F. Fenoglio, “Interpretation of Horizontal In-Tube Condensation
Heat Transfer Correlations with a Two-Phase flow Regime Map,” Chem. Engng. Prog.
Symposium Series, 66, (102), pp. 150-163, (1970).

33.  H. Schlichting, Boundary Layer Theory, Sixth Edition, McGraw Hill, (1968).

34, J.E.A. John, and W.L. Haberman, Introduction to Fluid Mechanics, Prentice Hall, (1988).

35.  W.J. Minkowycz and E.M. Sparrow, “Condensation Heat Transfer in the presence of non-
condensables, Interfacial Resistance, Superheating, Variable Properties, and Diffusion,” Int. J.
Heat Mass Transfer, 9, pp. 1125-1144, (1966).

36.  C.Y. Wang and C.J. Tu, “Effects of Non-Condensable Gas on Laminar Film Condensation
in a Vertical Tube,” Int. J. Heat Mass Transfer, 31, 2339-2345 (1988).

37. B.C. Khoo, A.T. Patera, and A.A. Sonin, “Direct Numerical Simulation of Pure Vapor
Condensation At a Turbulent Liquid Interface: An Extracted-Subdomain Approach,” in Heat
Transfer With Phase Change, edited by 1.S. Habib and R.J. Dallman, ASME HTD-Vol. 114, pp.
39-50, (1989).

38.  L.F. Moody, “Friction factors for Pipe Flow,” ASME Trans., Vol. 66, pp. 671-684, (1944).
39. N.Z. Azer, L.V. Abis, and T.B. Swearingen, “Local Heat Transfer Coefficients during
Forced Convection Condensation inside Horizontal Tubes,” Trans. ASHRAE, 77, 182-201,
(1971).

40. W.W. Akers, and H.E. Rosson, “Condensation inside a Horizontal Tube,” Chem. Eng.
Prog. Symp. Series, Heat Transfer, Storts, Vol. 56, No. 30, 145-149, (1960).

41. D.P. Traviss, W.M. Rohsenow, and A.B. Baron, “Forced-Convection Condensation inside
Tubes: A Heat Transfer Equation for Condenser Design,” ASHRAE Trans. Vol. 79, Part 1, 157-
165, (1973).

42.  M.M. Shah, “A General Correlation for Heat Transfer during Film Condensation inside
Pipes,” Int. J. Heat Mass Transfer, 22, pp. 547-556, (1979).

43. K. Lucas and B. Moser, “Laminar Film Condensation of Pure Vapors in Tubes,” Int. J. of
Heat and Mass Transfer, 22, 431-435 (1979).

44, F.M. White, Viscous Fluid Flow, McGraw Hill, (1974).

45. M.D. Greenberg, Foundations of Applied Mathematics, Prentice Hall, (1978).

46. G.L. Baker and J.P. Gollub, Chaotic Dynamics: An Introduction, Cambridge University
Press, (1992).

47. J.H. Linehan, M. Petrick, and M.M. El-Wakil, M.M, “On the Interface Shear Stress in
Annular Flow Condensation,” Journal of Heat Transfer, pp 450-452, August., (1969).

48. R.J. Jensen, and M.C. Yuen, “Local heat and Mass Transfer Correlation in Horizontal
Stratified concurrent Flow,” Proc. 7th Int. Heat Transfer Conference, Munichen, pp. 95-100,
(1982).

49, ASHRAE Handbook, Fundamentals SI Edition, American Society of Heating,
Refrigeration and Air-Conditioning Engineers, Inc., Atlanta, GA (1985).

50.  3M, Fluorinert™™: Electronic Liquids, Handbook (1989).

37



15. FIGURES
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FIGURE 1: The geometry of the flow is indicated above. In the figure 13, (), T¢ (),
and 1y, (2) respectively indicate the values of shear stresses at the

upper wall, the interface, and the bottom plate.
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The above vapor velocity profile u(x,y), shown by a dotted line, is the
computed solution at x = 15 for the flow of R-113 at conditions specified by
case # 7 in Table 1. The form of vapor velocity profile chosen in the
computation is given by equations (38)-(39). At x=15, the film thickness 0 (X)
is 0.01118 and dimensionless interfacial speed ug (x) is 0.03263.
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Figure 3: The above film thickness, average speed, and pressure ratios are typical
values represented by a computed solution for flow of R-113 at conditions
specified by case # 7 of Table 1. The computed solutions &y(x), U,y1(X), and
my(x) above correspond to a uniform vapor velocity profile given by equation
(37). The computed solutions Op(x), Uay11(X), and mp(x) correspond to a
more realistic vapor velocity profile given by equations (38)-(39).
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Figure 4: The above film thickness, average speed, and pressure ratios are typical values

represented by a computed solution for flow of R-113 at conditions specified
by case # 7 of Table 1. The computed solutions &j(x), u,y(x), my(x)and
', (x) above correspond to upper wall friction factor f;, given by equation (41).
The computed solutions dy(x), (%), Ty(x) and =’ (x) correspond to upper
wall friction factor £, given by equations (42)-(43).
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Figure 5: The above figure compares the film thickness variations predicted by some of the

commonly used models and the proposed model (see section 7) with experimen-
tal measurements ([15]). All the common models shown above are defined in
Appendix A. The comparisons above are for smooth interface flow of R-113 as
specified by case # 9 of Table 1.
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Figure 6; The variations of interfacial friction factor f is shown for two typical flow
situations specified on the curves.
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model of Lu [15] for a representative flow of R-113 specified by case # 2 of Table 1.
The prediction from Lu’s model, depending on the flow situation, varies from our
model anywhere in the range of £10% to £600%.
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The decreasing film thickness represented by curves a, b, and ¢ above correspond to
increasing Reynolds numbers at a fixed temperature difference of AT= 30°C. The
cases a, b, and c are respectively specified by case #s 1,2, and 5 of Table 1. The curve
b(X), represented by the Xs, is for a flow (case # 8 in Table 1) which is identical to b
(case # 2 in Table 1) except that it has a smaller AT of 10°C.
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The increasing average speed represented by curves a, b, and ¢ above correspond to
increasing Reynolds numbers at a fixed temperature difference of AT= 30°C. The
cases a, b, and c are respectively specified by case #s 1, 2, and 5 of Table 1. The
curve b(X), represented by the Xs, is for a flow (case # 8 in Table 1) which is
identical to b (case # 2 in Table 1) except that it has a smaller ATof 10°C.
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Curves b and ¢ above represent decreasing An = 1(0)-m(x) due to increasing Re;, at
a fixed AT. The curves a, b, and ¢ correspond to case # s 1, 2, and 5 specified in
Table 1. The curves b and b(x) correspond to case #s 2 and 8 in Table 1.
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Figure 11: The above figure depicts the relative magnitudes of various

components of forces acting on the vapor for a representative
flow of R-113 specified by case # 7 of Table 1 with f, as specified

by equations (42)-(43).
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Figure 12: The plot above indicates the insignificant influence of pressure variation

on saturation temperature Zg(p) and latent heat released (see equation
(19) for a definition of ¢fg) at the interface. The results above are for a
representative flow of R-113 specified by case # 2 of Table 1.

Also note that the functions Tg(r) (see definition in (17)) and q)fg(n) used
in determining the above curves are determined by curve fitting the
standard thermodynamic data given in [49].
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Figure 13: The variable % Condensed (x) above is hundred times the ratio of fluid mass flux to total

mass flux (often called quality). The cases a, b, and ¢ are respectively specified by case #s
1,2, and 4 of Table 1. The curve b(x), represented by the Xs, is for a flow (case # 8 in
Table 1) which is identical to b (case # 2 in Table 1) except that it has a smaller AT of
10°C.
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16. TABLES

Table 1: The Table below specifies the sample flow conditions used in the Figures.The fluid is R-
113 and all the parameters can be computed from properties listed in [49]. Liquid properties were
evaluated at a reference temperature of AT 2+T,, and vapor properties were computed at saturation
temperature. The gap between plates is h = 0.025 m.

Average Sat. Temp.
Expt. Run # | Inlet Sgpeed, of Vaporp Inlet Press. | Wall
Case# |. Po Temp. T,
inLufl5] U 75(Py) (InMPa) | (InK
(In m/s) (InK)
1 226 0.72 321.32 0.1033 290.04
2 184 0.82 321.48 0.1039 290.78
3 207 0.84 322.29 0.1067 290.67
4 196 1.03 321.22 0.1030 290.67
5 247 2.20 320.55 0.1007 290.30
6 234 3.92 320.56 0.1007 291.38
7 279 1.59 321.01 0.1023 310.26
8 - 0.82 300.78 0.1039 290.78
9 213 1.28 321.75 0.1040 282.05
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Table 2: The sample comparisons shown here are for the case #7 of Table 1.Here
y(x) is the sum of the first three terms on the right side of (48) and
y' (x) = [y'l(x),y'z((x),y'3(x))]T is the derivative of the three term expansion.
The values of yq, y;, and y3 in (48) are respectively y;=[-0.008511, 0.01332,
0.0106391T, y,=[-0.001272, -0.001411, -0.001411]T, and y;=[-0.0001209,
0.000115, 0.0000783]T.The components of g defined in (45) are evaluated at the
above mentioned three term representation for y(x).

X y'y (%) g y', (%) g y'3 (%) g3

0.100E-05 | -4.2568 | -4.2568 | 5.3181 53782 | 6.6595 | 6.7799
0.200E-05 -3.0104 | -3.0104 | 3.7601 3.8026 |4.7086 | 4.7937
0.300E-05 | -2.4582 [ -2.4582 | 3.0698 |3.1045 |3.8443 |3.9138
0.400E-05 -2.1290 | -2.1290 | 2.6584 | 2.6884 | 3.3291 3.3892
0.500E-05 | -1.9044 |-1.9044 | 23776 |2.4044 |29774 |3.0313
0.600E-05 -1.7386 | -1.7386 | 2.1703 | 2.1948 | 2.7179 | 2.7670
0.700E-05 | -1.6097 | -1.6097 |2.0092 |2.0319 |2.5162 |2.5617
0.800E-05 -1.5058 | -1.5058 | 1.8793 1.9006 | 2.3536 | 2.3961
0.900E-05 | -1.4198 | -1.4198 | 1.7718 1.7918 | 2.2189 | 2.2590
0.100E-04 | -1.3470 | -1.3470 | 1.6808 1.6998 | 2.1050 | 2.1430
0.120E-04 | -1.2297 | -1.2297 | 1.5342 | 1.5516 1.9214 | 1.9562
0.140E-04 | -1.1386 | -1.1386 | 1.4203 1.4364 1.7788 1.8110
0.160E-04 | -1.0651 | -1.0651 | 1.3285 1.3435 1.6638 1.6939
0.180E-04 | -1.0043 | -1.0043 | 1.2524 | 1.2666 1.5686 1.5970
0.200E-04 | -0.9528 | -0.9528 | 1.1881 1.2015 1.4880 1.5149
0.220E-04 | -0.9085 | -0.9085 | 1.1327 1.1455 1.4187 1.4444
0.240E-04 | -0.8699 [ -0.8699 | 1.0844 1.0967 1.3582 1.3828
0.260E-04 | -0.8358 | -0.8358 | 1.0418 1.0536 1.3049 1.3285
0.270E-04 | -0.8202 | -0.8202 | 1.0223 1.0339 1.2805 1.3037
0.280E-04 | -0.8055 | -0.8055 | 1.0039 | 1.0153 1.2574 1.2801
0.290E-04 | -0.7915 | -0.7915 | 0.9864 | 0.9976 1.2355 1.2578
0.300E-04 | -0.7782 | -0.7782 | 0.9698 | 0.9808 1.2147 1.2367
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Table 3: This table exhibits the validity of the proposed correlation for ¢ in (52).

) Ha Re Ja C1 1 % error

P, H, Pr, (computed) | (correlation) | incq
0.00508 | 0.01689 | 9631.03 0.03163 0.03034 0.02948 2.82
0.00490 | 0.01660 | 13916.75 0.03112 0.02589 0.02557 1.22
0.00494 | 0.01657 | 29978.45 0.03187 0.01887 0.01881 0.34
0.00489 | 0.01663 | 36766.67 0.03088 0.01713 0.01719 -0.35
0.00500 | 0.01689 | 50131.07 0.03068 0.01496 0.01500 -0.28
0.00508 | 0.01766 | 15192.22 0.02637 0.02310 0.02309 0.01
0.00498 | 0.01746 | 48001.75 0.02627 0.01438 0.01454 -1.15
0.00481 | 0.01743 | 67619.74 0.02412 0.01218 0.01245 -2.20
0.00496 | 0.01863 | 14764.91 0.01780 0.02030 0.02076 -2.28
0.00500 | 0.01859 | 22680.46 0.01880 0.01735 0.01769 -1.93
0.00494 | 0.01852 | 49418.00 0.01836 0.01262 0.01284 -1.75
0.00490 | 0.01847 | 70759.56 0.01831 0.01094 0.01111 -1.60
0.00498 | 0.01970 | 20152.73 0.00967 0.01505 0.01500 0.37
0.00496 | 0.01965 | 27764.10 0.00975 0.01332 0.01322 0.78
0.00502 | 0.01969 | 42230.87 0.01046 0.01151 0.01135 1.42
0.00521 | 0.02005 | 56968.28 0.01046 0.01023 0.00992 3.03
0.00491 | 0.01955 | 64291.90 0.00978 0.00963 0.00943 2.08
0.00483 | 0.01941 | 75081.94 0.00963 0.00904 0.00886 2.06
0.00828 | 0.01959 | 17242.49 0.04536 0.02592 0.02207 14.85
0.00843 | 0.01992 | 39747.77 0.04491 0.01811 0.01556 14.09
0.00815 | 0.01961 | 49550.31 0.04376 0.01655 0.01427 13.74
0.00848 | 0.02114 | 16889.67 0.03720 0.02381 0.02071 13.02
0.00795 | 0.02062 | 33906.02 0.03460 0.01758 0.01557 11.40
0.00833 | 0.02101 | 40265.69 0.03641 0.01658 0.01453 12.37
0.00856 | 0.02135 | 60914.93 0.03670 0.01400 0.01219 12.92
0.00847 | 0.02139 | 90206.66 0.03543 0.01182 0.01031 12.79
0.00825 | 0.02244 | 10346.21 0.02525 0.02522 0.02251 10.73
0.00825 | 0.02246 | 27589.90 0.02509 0.01699 0.01507 11.29
0.00808 | 0.02226 | 55883.58 0.02443 0.01277 0.01129 11.57
0.00814 | 0.02235 | 87985.34 0.02442 0.01066 0.00936 12.18
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Table 4: Values of coefficients defined in sections 7 and 8

depgn";:rflit"éins oy | Fluid: R-113 Fluid: FC-72
and Pa2/p1 = 0.005, P2/p1= 0.0082,

Ho/Hq as they appear and and

in sections 7 and 8 Mo/t = 0.0185 Ho/py= 0.0185
a 9864.78 123553
a 11,154.30 16,822.30
Boo 6.5824x 10° 6.8758x 10°
Boi 6.2335% 107 7.9341x 10’
Ta, 0.025 0.026
Bio 1.3709% 10° 1.2828x 107
By 1.5685x 104 1.0025x 104
€00 4.0788x10°' 12.9278x10°18
€01 8.398x10714 18.3508x10°'4
€10 4.2359x10"3 13.0428x10'?
foo 1.3724x10° 1.5110x10°
for 8.9932x10° 11.9523x10°
f1o0 2.7349x 107 3.0552x10°7
800 0.1178 0.1099
810 1063.93 1131.66
ngo 12.8473 13.7720
nyo 0.001503 0.001413
oo 36417.8 65015.2
o 7.05327x10° 10.9957x10°
o 1.6288x107 1.1817x1077
T 6.1984x107"2 6.5865x10712
Ugo 10561.3 9278.94
Uy 0.04756 0.03691

Coefficients

dependent on py/py | Fluids: R-113 and FC-72. It is assumed that
alone as they appear| for both the fluids:

in sections 7 and 8 Mo/iy =0.02
ay, 106,776.0
Ao 861,770.0
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