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Abstract—Internal flows of pure vapor experiencing film condensation on the bottom wall of an inclined
(horizontal to vertical) channel and the inside wall of a vertical cylinder are studied. The annular flow regime
considered here has turbulent (or laminar) vapor in the core and thin laminar condensate on the wall. Both
smooth and wavy interfaces are considered. We propose a theory which yields a new general asymptotic
form of interfacial shear, addresses solvability of the governing equations, gives the solution of the equations
near the point of onset of condensation and facilitates implementation of one- or two-dimensional numerical
schemes for the entire flow. The results, in a suitable limit, are shown to be in excellent agreement with a
classical exact solution. We implement a one-dimensional numerical solution scheme to assess popular
interfacial shear models and heat transfer correlations. These assessments, based on comparison of com-
putational predictions with data from well-known experiments, identify two potentially good interfacial shear
models which can be further developed for greater reliability. © 1997 Elsevier Science.

1. INTRODUCTION

Downward flows in inclined (horizontal to vertical)
channels and vertical cylinders allow study of internal
condensing flows under the influence of shear and
gravity. We study these configurations (e.g. see Fig.
1) to better understand such flows, to develop one-
and two-dimensional computational capabilities and
to assess and propose models for interfacial shear.

The internal flows considered here are simple modi-
fications of the classical studies dealing with external
film condensation over vertical, horizontal and tilted
walls. The Nusselt [1] solution for laminar and smooth
film condensation of stationary vapor over a vertical
wall has been improved and generalized in the works
of Rohsenow [2], Sparrow and Gregg [3], Koh ez al.
[4], Chen [5], Dhir and Lienhard [6], and Sadasivan
and Lienhard [7]. Heat transfer correlations for lami-

Fig. 1. The inclined channel geometry under study (0° < 8 < 90°).
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L, duct dimensions (L. = A for channels
and L, = D for pipes) (m)

”n local value of physical condensation
rate (kg/m?—s)
h non-dimensional value of local

condensation rate
P physical pressure (N/m?)
Po pressure at the inlet (N/m?)

Re;  Reynolds number p, UL /u,, [=1o0r2

Re;  liquid Reynolds number defined in
(A5)

(«,v) values of x and y components of

physical velocity (m/s)
(u,v) non-dimensional « and

NOMENCLATURE
Fr~' inverse Froude number, g,L./U? Up non-dimensional value of the speed at
Fgy latent heat (4,— %) (J/Kg) the interface
Ja Jacob number, C,| AT /4, U physical value of the average vapor

speed at the inlet (m/s).

Greek symbols

A physical value of condensate thickness

(m)

o non-dimensional value of A.
Subscripts

1 liquid

2 vapor

w wall.
Superscripts

i interface location.

nar and wavy condensate are given in Kutateladze [8]
and correlations for turbulent condensate have been
proposed by Labuntsov [9]. Experimental results for
the vertical wall geometry have been documented by
Gregorig et al. [10]. Film condensation on vertical
walls under combined effects of forced convection and
gravity has been studied by Fujii and Uehara [11].
Shear driven laminar condensation flow over a hori-
zontal plate has been studied by Cess [12], Koh et
al. [4], Koh [13], etc. However, these works for the
horizontal configuration do not deal with flow regimes
involving wavy condensate or turbulent vapor.
Annular film condensation for downflow in a ver-
tical tube has been studied by analytical/
computational means, under various simplifications
and assumptions, in the works of Shekriladze and
Mestvirishvilli [14], Dobran and Thorsen [15], Wang
and Tu [16], etc. Experimental studies or heat transfer
correlations for this flow can be found in the works
of Carpenter and Colburn [17], Goodykoontz and
Dorsch [18], Cavallini and Zecchin [19], Shah [20], etc.
In the presence of waves, development of good
models for mean interfacial shear acting on the mean
location of the interface is important because of its
necessity in any meaningful theoretical (or com-
putational) prediction capability. Such modeling
could, in future, be related to relevant information
obtained from an understanding of the complex inter-
action of turbulent gas flows over wavy liquid flows
or wavy walls. A wavy interface can be viewed as a
surface endowed with oscillatory roughness elements
placed in a suitable spatial arrangement with pre-
scribed spatio-temporal variations in amplitude,
phase, and frequency. Significant issues for wavy gas
liquid flows are discussed in Dukler [21], Dukler [22],
Hanratty [23], etc. Detailed wave structure studies
for gas/liquid flows or full two-dimensional numerical

simulations can provide insight on flow fields (recir-
culating gas flow in the wake of a liquid crest, recir-
culating flow in the liquid crest itself, etc.) and an
understanding of the pressure drag and skin friction
contributions to the mean value of interfacial shear.
However, this paper limits itself to the development
of interfacial shear models by a traditional approach,
e.g. wall shear modeling of Moody [24] for pipe flows,
etc. A traditional approach merely requires that first
principle based theory employing the interfacial shear
model (this being the only tentative input to the theor-
etical analysis) should predict mean flow variables in
reasonable agreement with experimental measure-
ments.

Extending the work of Narain [25] for condensing
flows in a horizontal channel, a much simpler argu-
ment is given in this paper to establish a more general
and universal asymptotic form of interfacial shear at
the point of onset of condensation (y = 0)—a point
of mathematical singularity where film thickness is
conveniently known to be zero and condensation rate
is infinite. The new form of asymptotic model pro-
posed here allows us to resolve the elliptic singularity
(see Sections 3 and 5) at y = 0. The resolution of
singularity, with the help of a computer algebra based
algorithm, provides an explicit analytical/
computational solution at 3 ~ 0. We show that this
algorithm, in a suitable limit, predicts numerical
results in excellent agreement with the classical exact
similarity solutions of Cess [12], Koh [13], etc. for
laminar/laminar film condensation flows over a hori-
zontal plate. For the gravity assisted flows in tilted
channels (0° < 8 < 90° in Fig. 1) or vertical cylinders,
we only consider shear dominated flow regimes at
% ~ 0. As a result of shear dominance, film thickness
variation at y ~ 0 is A(y) ~ %' The limiting analysis
for the gravity dominated flow regime at ¥ ~ 0 and
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interesting demarcation of the parameter space into
shear dominated (' » p,g,A) and gravity dominated
(7' « p,g,A) regimes are important (see Chen et al.
[27]) and will be addressed in a forthcoming paper.
For example, for the flow in Fig. 1, at 6 = 90°, large
gaps h, and small values of U, the proposed analysis
for vertical channels can be modified to yield pre-
dictions in agreement with the Nusselt [1] result: A
(X)) ~x"aty~0.

The one-dimensional numerical solution scheme
developed and employed here is adequate for assess-
ment of popular interfacial shear models. For this, we
compare numerical predictions for any given inter-
facial shear mode! with data from the following
experiments: (1) downflow steam condensation in a
vertical tube, Goodykoontz and Dorsch [18]; (ii)
downflow R11 vapor condensation in a vertical tube,
Cavallini and Zecchin [19]; and (iii) R113 vapor con-
densation on the bottom plate of a rectangular duct,
Lu [28] and Lu and Suryanarayana [29].

Currently we do not have sufficiently general flow
regime maps to predlict, at the outset, whether the flow
being considered, corresponds to a negligible entrain-
ment annular flow or not. It should be noted that
various other gas/liquid configurations (annular with
entrainment, slug, plug, etc.) are possible. However,
because vapor fraction is 100% at the inlet of the duct,
up to a certain inlet mass flux of dry vapor, a certain
temperature difference A7 between the vapor and
the condensing surface, and a certain length L of the
channel—stable arnular film condensation flows
(with or without interfacial waves under negligible
entrainment) are expected. This fact, along with direct
visual observation (when available) of experimental
runs, trends in experimental data, trends in com-
putational predictions and flow regime maps of Bell
et al. [30], Palen et al. [31], etc. has been used by us
to infer whether a flow is annular (with negligible
entrainment effects) or not.

The following relevant and representative inter-
facial shear models have been assessed: (i) friction
factor models as if the gas was flowing over an imper-
meable wall (as in Soliman ez al. [32]); (ii) Shekriladze
and Gomelauri [26] model ; (iii) Mickley [33] or Film
Models (see p. 599 of [34]); (iv) Henstock and Han-
ratty [35] and related Andreussi model [36] ; (v) Narain
[25] model as a generalization of Spedding and Hand
[37] type model ; and (vi) Wallis [38] model. We ident-
ify that a modified Henstock and Hanratty/Andreussi
model or Narain [25] type model are “good” models
deserving further development.

A good interfacial shear model predicts the flow
variables correctly and, therefore, allows consistent

* The wall temperature 7 ,()) is considered experimentally
known. However, if appropriate information is available,
T (%) can be assumed and the correct value can be iteratively
obtained by solving the conjugate problem dealing with con-
duction in the adjacenr. plate and convection to the coolant
flowing underneath.
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assessment of different heat transfer coefficients. In
this spirit, we assess, in a limited range, some heat
transfer coefficients of Traviss et al. [39], Shah [20]
and Numrich [40] for the vertical tube geometry.

2. NON-DIMENSIONAL PARAMETERS AND
MODEL EQUATIONS FOR FLOW IN AN
INCLINED CHANNEL

We denote the liquid and vapor phases in the flow
(e.g. see Fig. 1) by a subscript I: I =1 for liquid
and 7 = 2 for vapor. The fluid properties (density p,
viscosity p, specific heat C, and thermal conductivity
k) with subscript I are assumed to take their rep-
resentative constant values for each phase (/=1 or
2). Let 4, be the mean temperature fields, p; be the
mean pressure fields, 7 (p) be the saturation tem-
perature 'of the vapor as a function of the pressure p,
A be the mean film thickness, % be the local interfacial
mass transfer rate per unit area, 7 (x)* (<7 (p)) be
a known temperature variation of the bottom plate
and v, = «ji+vj be the mean steady velocity fields.
The distinction between mean and actual flow vari-
ables vanishes for smooth interface laminar flows.
Furthermore, let L, be a characteristic length for the
flow, g, and g, be the components of gravity along x
and y axes, p, be the inlet pressure,
AT = T (p,) — 7 (0) be the controlling temperature
difference between the vapor and the bottom plate,
#p, = 4g-#; be the latent heat of vaporization at the
inlet temperature 7 (p,), and U be the average inlet
vapor speed determined by the inlet mass flux. With
(%, ») representing physical distances of a point with
respect to the axes () = 0 is at the inlet and 4 = 0 is
at the condensing surface), we non-dimensionalize the
variables as

{Xa Y A: %]y m} = {cho Lcy’ Lc(s: Uul’ £ Um}
{UI’ g_bp[} = {UUI, (AQ_)T,,po+p1U271.’1}- 0Y)

For channel flows (see Fig. 1), L, = h. For down-
flows in a pipe of diameter D, the characteristic dis-
tance L. = D and the radial location r (0 <r < D/2)
of a point is replaced by the corresponding radial
distance y (y = D/2—r) from the wall.

The scaled differential forms of mass, momentum
(x and y components) and energy equations for the
interior of either of the phases, the interface
conditions, the conditions at the condensing surface
(y = 0) or upper wall (y = 1) are well-known and can
be found in Carey [41] or Narain [42]. An inspection
of these equations yield the fact, that, for thin films
and fixed acceleration due to gravity, the flow is affec-
ted by the following minimal set of five independent
non-dimensional parameters:

Ja _1 P2 ﬂz}
Reim—sFr la_,_ > 2
{ Pr, Pr H1 @

where  Re, = p,ULJu, = Rey,  Pri = Gk,
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Ja=C,AT |4, and Fr~' = g L /U Here Re;, Fr™'
and Ja/Pr, are control parameters associated with
inlet speed U, inclination 6 and temperature difference
AZ . The density ratio p,/p; and viscosity ratio p,/p
are passive fluid parameters. However, when the inter-
face is wavy, the equations governing the evolution of
superposed disturbances imply additional dependence
on the surface tension parameter (¢/p,U*L,, or equi-
valently, 6p, L./u}, where o is the liquid/vapor surface
tension) and another gravity parameter (g,L./U* or
the tilt angle 6 in Fig. 1). The surface tension and
the normal component of gravity (g,) play a role in
determining the critical inlet Reynolds number Re;;
at which two dimensional waves first appear on the
smooth interface at some downstream location. In
other words, for any fixed orientation with respect to
gravity, the surface tension parameter (say 6p,L./u})
should be added to the argument list for Re,; (termed
Re, in Ref. [25]) in equation (28) of Narain [25]. How-
ever, once the interface is fully rough (i.e. Re;,, > Rey,
where Rey, as in equation (28) of [25], is the inlet
Reynolds number at which three-dimensional waves
fully cover the interface), the surface tension forces
become unimportant in comparison to the pressure
and friction drag on the oscillating roughness elements
(the waves). In the fully rough regime, the surface
tension effects are perhaps only responsible for wrin-
kles on the more dominant modest curvature shear/
gravity/inertia waves (roll waves, etc.). The above
description of the role of surface tension is in accord
with known results for water films flowing down an
incline (see p. 8 of Alekseenko et al. [43] for 8 < 90°).
Therefore, excluding an often narrow parameter zone
of Re;; € Re,, < Rey, for fluids and flow speeds con-
sidered here, wave effects are adequately accounted
for by the inlet Reynolds number Re;,, the non-dimen-
sional temperature difference Ja/Pr,, and the inverse
Froude Number Fr~!. For the vertical configuration,
Re, . is small and Rey is the demarcation (see And-
reussi [36]) between rippled interface regime and larger
amplitude disturbance wave regime. However, in the
vertical configuration, as we see later, much of the
rippled interface regime Rey; < Re,, < Rey is nearly
smooth in the sense that the ripples do not have a
significant impact on f,, (defined in equation (3)
below).

For laminar or turbulent flows of vapor, the one-
dimensional approach only needs the values of the
vapor shear at the interface (y = §(x)) and at the
upper wall (y = 1). For these stresses, shown in Fig.
1, we define the friction factors f, f,, and f, through
the relations

. 1 1
#() = 3 oVt = 5 p2{ Ultas) = 00)} o
1
%) = 50U O

where inlet speed U and the non-dimensional average
speed u,.(x) are given by

A. NARAIN et al.

1 i
U= ZJ (0, )dy,

0

1

1
Uy(X) = T-'a(?)Lm

and ud(x) = u,(x, 8(x)) =~ u,(x, 6(x)) is the non-dimen-
sional value of fluid speed at the interface.

uy(x, y)dy Q)

Further approximations for thin film flows

These approximations are the same as in Narain
[25]. Therefore, equation (6) of Narain [25] continues
to define the linear liquid temperature profile while
the liquid velocity profile in equation (5) of Narain
[25] is replaced by

Ha dn 14
u(x,y) ==—Reyl| ——+Fr'—
1%, ) i [( dr p2>

x y(5<x)- §)+ gu:vmf]. ®)

The additional Fr~' term above accounts for gravity
assistance available in the tilted channel and vertical
pipe configurations.

The non-dimensional governing equations for the one-
dimensional approach

For the tilted channel flow in Fig. 1, the governing
equations are the overall mass balance, interface
energy balance, and vapor momentum balance. These
are, respectively, given by equations (7)—(9) of Narain
[25]. For the vertical tube, the corresponding equa-
tions are similarly obtained.

3. A HEURISTIC ARGUMENT FOR ASYMPTOTIC
SHEAR

The classical equations (see Koh [13], Narain [42],
etc.) for annular film condensation are based on stan-
dard scaling approximations (Chen and Koca-
mustafaogullari [44], etc.) valid only for x > ¢ for
some small ¢ > 0. Loosely speaking, these equations
are parabolic in x-direction and elliptic in y-direction.
This means that inlet conditions (including A(0) = 0)
at x = 0, the bottom wall conditions at y = 0, the
interface conditions at y = A(y), and the top wall
conditions at 3 = h should suffice for their solution.
However, unlike classical boundary layer equations
for a single fluid flow, the situation here is complicated
by the fact that the singularity at y = 0 requires, for
a solution, a certain asymptotic behavior of interfacial
shear ' and this makes the behavior of the equations
“elliptic” over 0 < y, < &. By “elliptic” we mean that
the information at x = 0 is not sufficient, one has
to depend on information from y > 0 to predict the
solution at y ~ 0. The scaling assumptions fail at
% ~ 0 because dA/dy, curvature, etc. are large, and
interfacial shear ' is not nearly parallel to x-axis. In
fact the governing equations studied in this paper or,
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for that matter, in the classical papers of Nusselt [1],
Koh et al. [4] etc. do not even model the flow physics
over 0 < g < ¢. Therefore the purpose of resolving
the singularity over this region is to obtain ‘“that”
significant information which is required for a valid
connection between the known inlet conditions at
% = 0 and the solution of the valid governing equa-
tions over y = ¢. In order to use the classical for-
mulation and the convenient inlet condition A(0) = 0,
we can extend the scaling to an inlet region0 <y < ¢
provided we understand the above stated purpose.
Since, at y, ~ 0, liquid condensate is laminar and very
thin (no inertia) condensation rate per unit area
m(=k AT [4,A) becomes high and this makes the
interfacial shear (due to large d«,/dy term) very large.
However for compatibility with y > &, it is reasonable
to assume a shear dominated (7' > p,g,A) inertia free
region for the thiri condensate at y ~ 0. The flow,
primarily driven forward by interfacial shear 7, is
given by

T(x)
“l(x’ 9‘) h

y (6)

for y ~ 0. Requirement of mass balance for the tiny
leading edge contrcl volume IJK in Fig. 1 gives

'A(x)
r»z(x)dx = plj wdy. ™
0 0

On substitution of equation (6) in equation (7), we
find that the asymptotic (at x ~ 0) form of interfacial
shear t'(y) is given by

W~ | i )
() = AlJ}”X X (

Since the above integral in equation (8) requires
information from a “neighbourhood” of ¥ = 0 (and
not just ¥ = 0), we have termed the singularity at
%, = 0 “‘elliptic”’. Under the non-dimensionalization
notations in equations (1)-(3), equation (8) becomes

L(ﬂl) '[ xm dx, ©)
Re 8*(x)\P2/ )o

where from equations (6) and (8) or Narain [25],
i =~ (Ja/ Pr)(1/Re;)(1/6). In Section 5 of this paper,
we formally show that equation (8), despite the heu-
ristic nature of the above arguments, remains the
required asymptotic form even in the presence of all
the other constraints imposed by vapor momentum
balance; interface mass, momentum, and energy
transfer rates; and presence of other forces con-
tributing to the motion of the condensate.

However, for certain vertical or tilted flow situ-
ations under low (or zero) vapor speeds U (large Fr™'),
gravity is significant (¢' ~ p,g,A) or gravity dominates
(0,9:.A »7') at x ~ 0. In this situation, gravity con-
tribution on the right side of equation (6) becomes
significant over a control volume IJK in Fig. 1. There-
fore, for such situations, equations (6) and (8) need to
be modified.

f;sy Eflx—() ]
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Note that substitution of equation (5) of this paper
and equations (6) and (8) of Narain [25] into the mass
balance equation (7) of Narain [25] gives, for the flow
in Fig. 1, the expression:

4
=1 —u (-8} ———
/ [{ = i
4p, Fr/'_ 4dn 1
I +3qu§V5. (10)

The first term in equation (10) is dominant over the
control volume IJK in Fig. 1 for flow situations involv-
ing small to moderate Fr~' (horizontal and some grav-
ity assisted situations) and this leads to equation (9).
For large Fr~' (e.g. stagnant vapor condensing on
vertical walls), the first two terms of equation (10) are
dominant over most of the control volume IJK in Fig.
1.

4. THE CLASSICAL ONE-DIMENSIONAL
FORMULATION

We assume that the condensate flow is laminar and
thin. Next we make a choice of uniform (as in equation
(10) of Narain [25]) vapor velocity profile. For flows
considered here, relevant results for the horizontal
case described in Section 3 of Narain [25] apply. For
the flow in Fig. 1, the governing equations described
earlier are cast in the form of equation (12) of Narain
[25] and then recast in an equivalent form

dy Ja p, .“2)
i sJ ) = x’Rein’Fr'I9_s-y_ s
T =1 oo b b

¥(0) =1[0,1,0]", 11

where y= [n(x)’ uav(x)s é(x)]-r’ g= [qng29g3]T and
components ¢g,, g, and g; of g are written in terms
of Ay, Ay, Az Ass, by, b, and b, appearing in the
intermediate equation form specified by equation (12)
of Narain [25].

For downflow in tilted channels, except for a cor-
rected definition of 4,, and a new definition of b, given
by equations (Al1)-(A2) in the Appendix of
this paper, the rest of the terms appearing in the defi-
nition of g,, ¢, and g, in equation (11) above are the
same as those given by equations (A1)~(Al1l) in the
Appendix of Narain [25]. In the above formulation, f,
defined in equation (3) is assumed to be given by f,
defined in equation (13) of Narain [25]. For downflow
in vertical pipes, the definitions of 4,,, 43,, 433, b; and
b, change from the above specification of g;, g, and g;
for the tilted channel case. These new definitions are
easily obtained and will be reported elsewhere.

5. FORMAL RESULTS ON THE SOLVABILITY OF
THE EQUATIONS AND THE RESOLUTION OF THE
SINGULARITY

The requirement 4(0) = 0 makes the function g in
equation (11) singular. Trial and error method of
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guessing an initial condition at a small x =¢ was
found to have an extremely low success rate because
the solution does not exist for just any f. Therefore,
one has to guess a consistent set of four values,
namely: &, u,, f and 7 at x = ¢. By consistent, it is
meant that all balance laws are satisfied for control
volumes having edges at x = 0 and x = &. Further-
more, because of non-uniqueness of such consistent
sets of values, not all consistent guesses may work!
Clearly a methodical resolution of singularity is
needed. An investigation of equation (11) for the flow
in Fig. 1, with the help of modern computer algebra,
establishes the following result.

Theorem
There exists a solution of equation (11) if and only
if the friction factor is of the form

4 {ey4c,y) 1

Re;
4 (1—u,(1-9)
Re, ul, 62

4 f(p\1[*
—{— ]| mdx+0(1
R91<P2>52L ( )

8 (Ja p, 1
=——io—— +0(1 12
Ref{Prn Pz}c?x”z ) (12)
where the constants ¢, and ¢, appear in the definition
of the vector y, appearing in the asymptotic solution :

}-}—0(1)

If

¥(X} = Yo+ ¥ X' 2+ yx 4y, 22+ O(x*?).  (13)

In equation (13) above, y,=y(0)=][0,1,0],
v, = [k, —cy, ], y; and y, are constant vectors. The
numbers k, and ¢, and the vectors y,, ys, etc. are known
when ¢, is known. For example, for tilted channels, &,
and ¢, continue to be given by equations (A12) and
(A13) in the Appendix of Narain [25] and for vertical
pipes, they are obtained by a similar procedure.

The constant ¢, is obtained as a convergent root
among the zeroes of a sequence of well defined non-
linear functions W™, The steps needed for generating
the complex definitions of Y™, vy, y,, etc. on the
computer are the same as that described in Section 5
of Narain [25]. The functions ¥™ are of the form

J
‘I"M(cl,Rem, a Fr“hﬁ,&):o (14)

Pr,’ P

where N =1, 2, 3, ..., is a positive integer. For tilted
channel flows, we restrict the parameters in (2) to the
useful range :

0.004 <22 < 0.009, 0.016 <2 < 0.026,

P 123

J
0.009 < P—“ < 0.045, (15)

r

9500 < Re;, 90000 and O0< Fr'<0.7.

A. NARAIN et al.

We write the numerically obtained convergent root

of equation (14) in the convenient form:

¢ = ¢+ Ac (16)

where ¢, is the root of equation (14) for Fr~' = 0 and
¢, is the root of equation (14) for Fr~' # 0.

For downflow in channels, under the assumption of
uniform vapor velocity profile, numerically obtained
convergent root of equation (14) is given, for the par-
ameter range specified in equation (15), by the
approximate power law fit:

0.1113 —0.3683 J 0.2442
¢ro = 1.1845 (&) <53) (—i)
g H Pr,

X (Rein)—0,4022

—0.0432 —0.3225 J 0.1443
Ac, = 0.7861 (&> <ﬁ> <—a)
P1 H Pr,

X (Rein)‘°‘3°97(Fr")0'2281. (17)

For downflow in pipes, equations (12), (15) and (17)
are suitably modified. In this case, convergent root of
equation (14) is given, for the parameter range speci-
fied in equation (15), by the approximate power law
fit:

—0.1651 —0.4865 J 0.5941
Cro = 0.9898<&> (5‘3> (—i>
4 H Pr,

X (Rew) 047,

Ac, = 0.6468<&>0.ozs76(&>~0.3121<£ 0.1161
P1 [ Pr,

X (Rein)_o‘”“(Fr‘1)0"927. (18)
In the parameter space (2), over the hyper square in
equation (15), the solution in equations (17) or (18) of
equation (14) models a hyper plane “close” to the
solution surface ¢, = ¢,(Rey, Ja/Pry, Fr=", p,/p\. /1)
represented under a logarithmic scale for ¢; and all its
arguments. Note that for any power law correlation,
over a hyper square (such as equation (15)), the
exponents of parameters on the right side of equations
(17)18) may not be representative near the edges of
the hyper square. This is because, different adjacent
hyper squares can be chosen to cover the same data
points at the boundary and, over different hyper
squares, one may need hyper planes of quite different
orientations to fit more drastic bends in the adjacent
portions of the same solution surface. Therefore, more
important than the exponents is the fact that the fits
given by equations (17)-(18), over (15), are within
+7% of the convergent roots obtained directly by
numerical solution (by bisection method) of equation
(14).
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Table 1. Numerical verification of equation (20) for the limiting situation of flow over a horizontal plate (Fr~" = 0)

Converged f35(0) (1/2) f(x)/xRe;,
¢, from (from (2 and 3 term
¥ = 0 s fhin expansions by the
N=2,3. method /(p,u)/(p2pt;)c1/Re, method method of Section 5)
(method of of Koh (method of of Koh
Flow situation Re, Section 5) [13] Section 5) [13]) x=10"° x = 0.005
Case 1 625 1.03102 1.592 0.65123 0.65124
p2/p1 = 0.00495 10* 0.0075 1.5921 1.592 0.65109 0.65123 0.65124
o/ py = 0.02087 15x 10 0.00200 1.592 0.65123 0.65124
Ja/Pr, = 0.00668 19 x 10* 0.00178 1.592 ~ 1, 0.65123 ~ 0.65124 ~
2(0) 5(0)
Case 11 625 0.04862 1.462 0.53742 0.53742
po/py = 0.05266 10* 0.01215 1.4619 1.462 0.53746 0.53742 0.53742
/py = 0.07620 15 x 104 0.00314 1.462 0.53742 0.53742
Ja/Pr, = 0.02659 19 x 10* 0.00279 1.462 ~ 1, 0.53742 » 0.53742 ~
3(0) /30

Proof of the theorem/results on non-unigueness

With appropriate modifications, the proof and
other results are similar to those in Section 6 of Narain
[25]. Furthermore, the numerically obtained ¢, values
have trends similar to that shown in Table 1 of Narain
[25]. Therefore, there is non-uniqueness if we are only
looking for a consistent set of values of 4, u,,, n and f
at some x = ¢. Flowever, the stable solution cor-
responding to a convergent root should satisfy the
asymptotic shear requirement in equation (12) for any
small x ~ 0. This condition is met only by that root
of equation (14) which is independent, or nearly inde-
pendent, of N in V™. The stable root, thus chosen,
leads to the determination of the constant vectors y,,
¥, ¥3, etc. and these vectors bring information from
the downstream regions towards the resolution of the
elliptic singularity at x ~ 0.

Dependence of ¢, on velocity profile and f at large x

If we choose a non-uniform velocity profile in the
formulation leading to equation (11), a convergent
root for ¢, is obtained which is generally different from
the values in equations (17)-(18). This is under-
standable because rhe interfacial shear should depend,
in laminar or turbulent flows, on the nature of vapor
velocity profile. Despite this, the solution of this classi-
cal one-dimensional problem in equation (11} is very
useful because it can be used for subsequent two-
dimensional numerical solution (e.g. by employing
tiny finite volume elements shown in Fig. 1). In the
two-dimensional simulation, iterative improvements
of 8, u,, (through equation (4)), and asymptotic shear
(as given by the convenient form on the right side of
the second equality in equation (12)) would lead to
the needed resolution of singularity at x ~ 0 and a
converged solution of 4, fand u, (x,y) for x > ¢. In
this paper, a two-dimensional solution is not obtained.
Yet, the results in equations (12)-(18) provide a valu-
able one dimensional numerical integration tool (see
Section 7) for obtaining a good solution of the prob-

lem at large x with the help of a “good” model for f
at large x.

Limits imposed by vapor speed and gap size for tilted
configurations Fr=! # 0

For the flows considered here, we find that the root
of ¢, of ¥™ in equation (14) does not converge for
large values of Fr~'. Hence, asymptotic solution in
the form of equation (13) is possible only for Fr~!in
a restricted shear dominated range (such as equation
(15)). For large Fr~', one should replace the asymp-
totic shear in equation (9) by the first two terms in
equation (10). When this is done and a suitable analy-
sis is performed, one can obtain, as we show in a
forthcoming paper, the limiting Nusselt [1] solution
behavior of 6(x) ~ x'* at x ~ 0.

6. COMPATIBILITY OF THE NEW THEORY WITH
THE KNOWN EXACT SOLUTIONS

Note the earlier result of &(x) ~ cl\/)—c and
f~1 /\/)_c at x ~ 0 is in qualitative agreement with the
exact similarity solution (Cess [12], Koh [13], etc.)
for laminar (vapor and condensate) film condensation
flows over a horizontal (Fr~* = 0) plate. The classical
solution (Koh [13]) gives

AQ) = nsv/ix/p U and - ws(x, ) = Uf2(O)  (19)

where the number 7, and the function f5(&) with
& = o(y-AQD)AX), ¢ = s/ P2i1/p11, are obtained
by a well defined procedure given in Koh [13].

For laminar vapor flow in Fig. 1, in the limit of
h—o0 (i.e. Rey— o0), it is easy to verify that the
classical solution in equation (19) and the interface
condition ' = u,(du,/dy)' would be in quantitative
agreement with &(x) = ¢,x"*+, ..., in equation (13)
and f in equation (12) if and only if Reljl_l}w ¢/ Rey,
and Rlim f/xRe;, exist and satisfy ®

e —
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Now ¢, depends on the choice of u)(x, y). Therefore,
if we chose a correct u, (x, y) profile in our solution
method and we are able to numerically verify the
equality in equation (20), then it would establish the
correctness of the asymptotic friction factor formula
and the complex computer based algorithm for finding
the root ¢, and other constants. This requires more
than merely letting 2 — oo in the analysis for flow
between horizontal parallel plates. In the absence of
a two-dimensional scheme, to verify equation (20)
with the help of the above one-dimensional scheme,
we set Fr~! = 0 and choose the exact velocity profile

uy(x, ) = f5(&), @n
where f5(£) is the similarity solution in equation (19)
as obtained by the method given in Koh [13]. Fur-
thermore, in one-dimensional formulation, infor-
mation at y = 1 (i.e. = h) influences the solution at
y = &(x) because of the single element (such as ABDC)
involved in Fig. 1. Therefore, to simulate actual
ux(x, y) effects, we allow mass flow (using non-zero
v,(x, 1) from the similarity solution) out of the plate
at y = h. This models deflection of streamlines away
from the plate as found in the solution (Koh [13]) for
flow over the horizontal plate. For large y, assuming
velocity and pressure approach the flat plate solution,
we set f, = 0 (because «,(x,y) = U) and require the
constants fy, fo1, etc. in the interfacial shear expression
fx) =" foo+fox'?+, ..., to be such that
dn/dx ~ 0. Here f= 4(c,+c,)/Re,ci is obtained by
the existence requirement (as in Section 5) and fy, fo:,
etc. are chosen such that k,, k,, etc. are zero (since
dn/dx ~ 0). In accord with the above recommen-
dations, we modify the governing equations (11) and
implement the procedure given in Section 5 of Narain
[25]. For brevity, we do not give here the modified
forms of the resulting equations. Under the above
modifications, the one-dimensional approach
coincides with a two-dimensional numerical scheme.
Representative results in Table 1 numerically verify
the equalities in equation (20). Considering the
complex, numerous, but very different kinds of steps
involved in obtaining #, (see Koh [13]) and ¢, the
excellent verification of equation (20) in Table 1 is a
remarkable validation of the proposed asymptotic
form of interfacial shear and the general purpose com-
putational/analytical procedure given here to resolve
the elliptic singularity at x ~ 0. In Table 1, 2 — o
situation is quickly realized at moderate Re;, because
gap 4 quickly becomes larger than vapor boundary
layer thicknesses at x ~ 0.

20)

7. ASSESSMENT OF POPULAR INTERFACIAL
SHEAR MODELS

Once the asymptotic model f,,, the leading term on
the right side of equation (12), has been obtained
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for 0 < x < ¢ for some small &, one can connect any
popular interfacial shear model fi,.4q (valid for x > &)
10 £, by a suitable approach. One connection of f,,, to
fnoda 1S given in equation (20) of Narain [25]. Another
connection recommended by us makes use of the
observation (see Fig. 5) that f,,, typically falls rapidly
from large values to small values and, therefore, we
can also use:

¢ fuy forg< -3
f =f modell T T T |
exp(¢)—1 Sonoder for —0.4 < ¢ <0,
(22)
where ¢ = — fiqy/fuoaer- The above formula in equation

(22) is an adaptation of a recommendation given in
Hewitt ef al. (see p. 603 of Ref. [34]).

At large x, typically less than O(h), it is found that
the numerical solution of equation (11) does not
depend on a particular method of connecting fioqa to
Jasy at x ~ 0. Despite the limited practical significance
of the question as to what is the right connection of
Jasy 10 2 g00d fu00e, @ good scientific answer to this
question will have to wait until a sound theoretical
understanding (scopes, limitations, range of appli-
cability, etc), is available for a good fi,.qq. If the good
models sought here are refined and made valid over
smooth, nearly smooth, and wavy interface zones;
then the issue of connecting f,s, t0 froqa Would not be
significant—except for very tiny distances.

Various choices of foqa

There are several recommendations for f;,.q. in the
literature. We consider here Shekriladze and Gome-
lauri [26] model, Mickley [33] model or Film theory
(see p. 599 of Ref. [34]), Henstock and Hanratty [35]
type model for vertical downflow as modified by
Andreussi [36], Andreussi model [36] with Shekriladze
and Gomelauri {26] type suction effect, single phase
flow friction models, generalized Narain [25] type
model, and a modified Henstock and Han-
ratty/Andreussi model. These models are defined in
equations (A3)-(All) of the Appendix. The above
representative works have already taken into account
several other models which do not work, therefore,
there are many other models whose assessments are
not reported here. These omitted models can be veri-
fied to be ineffective in reasonably predicting annular
film condensation flows considered here. Among these
are Wallis model (see Carey [41]), etc. In equation
(22), we substitute for f,,.q.q any of the formulas for
Smodet; i equations (A3)}»-All) and find a cor-
responding numerical solution of the governing equa-
tion (11). In the approach of this paper, ali the local
flow variables (u,,,d,etc.) used in evaluating these
models are such that they exactly satisfy the mass
transfer (suction into the film) condition at the inter-
face and, therefore, suction effects are fully accounted
for. The models are, therefore, being tested for their
hydrodynamic efficacy in modeling interfacial shear.
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To test the models, we specify flow parameters to
simulate specific experimental situations and then
compare theoretically predicted and experimentally
obtained values of local (4,) or average (%,) heat trans-
fer coefficients defined in equation (38) of Narain [25].
Note that, even alter the resolution of the singularity
at x ~ 0 by the method given in Section 5, the vector
differential equation (11) is stiff and requires fifth- or
sixth-order accuracy schemes to be implemented on a
sufficiently fast machine in double precision mode.

Relevant experimental data

There are many experimental measurements of
average heat transfer co-efficient for specified lengths
of internal condensing flows. Here we consider a few
representative runs (see Table 2) corresponding to
annular negligible entrainment flows and laminar con-
densates (Re;(x) < 1600) from the following experi-
ments: (i) experiraent I (Cavallini and Zecchin [19])
dealing with downflow condensation of R11 vapor in
a vertical pipe; (ii) experiment II (Goodykoontz and
Dorsch [18]) dealing with condensation of steam in a
vertical pipe of non-constant wall temperature 7 (y) ;
and (iii) experiment III (Lu [28]) dealing with con-
densation of R113 in a horizontal duct of rectangular
cross-section. Of the above, experiment III has been
observed through transparent walls and is known to
belong to the annular zero entrainment flow regime.
However, only those representative runs (see Table 2)
of experiments I and II are considered here which have
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been inferred (based on experimental/computational
trends and flow regime maps) to belong to the annular
negligible entrainment flow regimes. The data from
vertical pipe experiments I and II are directly com-
pared with predictions for vertical pipes.

Interestingly, under certain conditions, we can also
compare vertical channel predictions with a cor-
responding vertical pipe (diameter D) experiment pro-
vided we set

h = Dja, 23)

for the characteristic length L, for channel flows. Now,
for equal lengths of the two ducts, equation (23)
insures that the ratio 4./A...q of cross-sectional area
A, to the condensing surface area A4..q is the same. If,
for the two situations, we also assume that inlet speed
U, temperature difference AZ, wall temperature 7,
and inlet pressure p, are the same, then it is reasonable
to expect approximate equality of average heat trans-
fer co-efficient Zx. This is because, if the characteristic
length given in equation (23) is also used for non-
dimensionalizing the flow variables in the vertical pipe
situation, then the non-dimensional parameters listed
in (2) become identical for the two situations. As a
result, the arguments of the liquid fraction z in equa-
tion (A13) of the Appendix become the same and,
hence, z is the same for the two situations. Therefore,
the overall energy balance equation (A13) implies

@4

éxlvertical pipe ~ ﬁxlvertical channel

Table 2. Shear dominated annular flow experimental runs and theoretical predictions

Theoretical
predictions of the
experimental #, or

Expt. #%, with

run U P, Experimental Snoaati ( = 1t0 6)
Experiment no. (m/s) (kPa) variable used used in equation (22)
No. L. 34 26.85 111.90 Value of %, Agreement within
Fluid: R-11 46 26.01 129.80 aty=17m +25% fori=5&6.
Vertical Cylinder 72 11.66 125.78 No agreement within
D=4h=0.02m 74 12.25 125.33 +25% fori=1to 4.
L=17m 99 21.28 123.09
T, = const
No. II 1 70.71 110.62 Value of 4, Agreement within
Fluid : steam 6 22.02 310.70 at x = 0.51, 1.51, +25% fori=1to6.
Vertical Cylinder 5 20.84 270.13 2.51,3.51,
D=4h=0.0l6m 7 36.22 266.15 4.51 and 5.51 ft
L=213m
T .(x) # const.
obtained from expt.
data.
No. III 221 0.31 108.82 Values of £, Agreement within
Fluid: R-113 181 0.50 111.53 at x = 0.5993 m, +25% fori=5&6.
Horizontal channel 248 2.15 102.39 and No agreement within
h=0025m, w=0.04m 262 2.69 100.92 % =10.8990 m +25% fori=1to 4.
L=15m 294 4.06 102.50
T, = const 288 434 101.49

269 1.15 103.25

268 1.40 99.75
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Fig. 2. The above figure compares the average heat transfer coefficient %, for a specific representative flow
situation given by run no. 46 of Experiment I in Table 2. The computation employs fued. given in (Al1).

for any length y within the annular regime under
consideration. As we see in Fig. 2, the more detailed
solution of equation (11) for the two flows is in agree-
ment with equation (24). The fluid properties (using
ASHRAE Handbook [45]) for the experimental runs
considered here restrict us to the parameter range in
equation (A14) for channel flows and the parameter
range in equation (A15) for downflow in pipes.

Assessments

The results for vertical or horizontal channel situ-
ations are shown in Table 2 and this indicates that
none of the popular models uniformly do well for all
the three experiments in Table 2. For example, the
models f; 4 through f;. 4.4 in equations (A3)(A9)
of the Appendix are adequate for steam in expt. II but
they are inadequate for R11 in expt. I or R113 in expt.
I1I. However, the modified Andreussi model f,, 46 in
equation (A11) and Narain [25] type froqq1 5 i €quation
(A10) do well for experiments I, IT and ITI. The results
for downflow in vertical pipes, because of (24), remain
much the same.

Note that the vertical situations (experiments I and
IT) will differ from the horizontal situation (experi-
ment I1I) in the wavy structure of the interface. There-
fore, we do not expect that a model for the vertical
configuration would, in general, work for the hori-
zontal configuration. However, what is clearly inad-
equate is that the existing models £ .41 ; through f; o 4c14
in equations (A3)-(A9) do not uniformly work for
both experiments I and II.

Identification/proposal of some adequate or good
models

The detailed predictions (not shown here) of
Andreussi Model [36] fioei4 1S reasonable (nearly
within +25%) for experiment I and qualitatively cor-
rect for experiment II. The lack of quantitative agree-

ment is due perhaps to the density ratio p,/p; being
significantly out of range of the original Henstock
and Hanratty [35] considerations. For turbulent flows,
density p, is very important in affecting near interface
turbulence and drag. Hence, the proposed replace-
ment of the function flp,/p,) in equation (A8) by
fmodiﬁed(pz/p,) in equation (A11) produces reasonable
results for experiment I, experiment II and in a sense
to be described, smooth interface regime of experi-
ment III as well. Therefore, f .40 S€€EMs promising
and appears to be a good candidate for further devel-
opment.

The Narain [25] type model is known to be adequate
for the horizontal channel flow. Its obvious gen-
eralization in equation (A10) of the Appendix is also
promising and can be developed (i.e. correlation for
B can be obtained) if sufficient experimental data is
available in a suitable form.

Regularities in our calculations and assessments

o For a chosen f,4., 5ay modified Andreussi model
in equation (All), we solve for flows in a vertical
channel and a vertical pipe under similar conditions
and by incorporating the required asymptotic
behavior of f through equation (22). The approxi-
mate equality expected in equation (24) implies
approximate equality of the local heat transfer co-
efficient 4,. Representative calculations shown in
Fig. 2 meet this expectation and support the cor-
rectness of our calculations and calculation
procedure.

o Andreussi model {36] in equation (A6)(AS8) is sup-
posed to work for downward vertical gas/liquid
annular flows (from ripples zone to larger amplitude
disturbance wave regime under negligible entrain-
ment conditions). Therefore, we find, the modified
Andreussi model in equation (A1) for f;,,q, in €qua-
tion (22), works well for the vertical condensing
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flows considered here. However, for estimating the
interfacial shear, and for help in separating the
effects of relative speed (u,,-) of vapor with respect
to the interface from the effects of the structure of
waves on the interface, it is good (see Hewitt and
Govan [46]) to use relative friction factor £, in equa-
tion (3). Therefore, if we define

. 1 1
Tyert = 5 Pz( Uuav(x))zf;en = 5 P2 Uz(uav - uf) zf;/crt rel

25

the relative spezd based friction factor f,.,,, for the
vertical configuration can be numerically obtained
through the above equation (25) as f.., and u; are
known through our one dimensional computational
solution of equation (11). This is necessary because
direct use of relative friction factor is not rec-
ommended here. This is because u,, evaluated as
u,(x, 6(x)) in equation (5), would become unnecess-
arily complex if £, (instead of f) is used and this
would also leacl to a far more complex formulation
than equation (11).

We expect, particularly for smooth (or nearly
smooth ripple interface) vertical channel flows, that
Jeertret Should be nearly equal (or nearly equal) to the
relative speed based friction factor fiop, . if the cor-
responding channel flow in the horizontal con-
figuration is also a smooth interface flow. This is
because differences in the physical values of ' for such
situations are largely due to differences in the relative
speed (u,,-4;). For brevity, without showing the cal-
culations, we merely assert that our calculations sup-
port the expectation that f;,,.a(X) & frenr(X) if the
two flows are nearly smooth. However, as expected,
this is not true for significantly wavy flows because
the two wavy structures are very different.

8. ASSESSMENT OF HEAT TRANSFER
CORRELATIONS

There are several heat transfer correlations avail-
able for internal condensing flows in vertical pipes.
These are typically given in terms of internal flow
variables (such as local values of condensate Reynolds
number, the ratio of cross-sectional vapor mass flow
to total mass flow rate, etc.) and cannot be assessed
without a reliable predictive tool or direct and inde-
pendent experimental measurements of the internal
variables. Therefore, we solve equation (11) for cyl-
indrical geometry, with fas in equation (22) and f;,,4.
given by f.as in equation (All) of the Appendix.
The theoretical predictions are used to calculate aver-
age heat transfer co-efficients and these predictions
are then also compared with the values obtained by
theoretically evaluating some well known correlations
for local heat transfer coeflicients. Here we consider :
(i) correlation 1 which is Traviss et al. [39] correlation
given in Carey [41] ; (ii) correlation 2 which is Shah [20]

3569

correlation given in Carey [41]; and (iii) correlation 3
which is the correlation given in Numrich [40]. The
results, not shown here for brevity, indicates that cor-
relation 1 is good to satisfactory (nearly within +25%)
for experiment I and poor (not within+30%) for
experiment II, correlation 2 is satisfactory
(within +35%) for experiments I and II, and cor-
relation 3 is good (within + 10%) for experiment I and
poor (not within + 30%) for experiment II.

Although the Shah [20] correlation is satisfactory
for the parameter range considered here, the above
assessments demonstrate the need for better defined
and more reliable heat transfer correlations. Further-
more, we have shown that development of more accu-
rate and well defined interfacial shear models would
automatically lead to better predictions of heat trans-
fer coefficients. These predicted values can then be
correlated for direct use.

9. OPEN ISSUES

This paper outlined an approach for the devel-
opment of theoretical/computational predictive abili-
ties. However, it also establishes the need for address-
ing the following issues :

e More general experimental development of flow
regime maps for specific flow geometries covering a
suitable range of the parameters in (2), a surface
tension parameter (say op,L./u3), and a parameter
representing the normal component of gravity (say
g,L./U"). Such maps can, in particular, more reliably
identify negligible entrainment annular flow
regimes.

e More accurate experimental measurements of mean
film thickness, mean pressure drops, etc. in addition
to measurements of local or average heat transfer
coefficients. This would allow development of more
effective and reliable interfacial shear models. If suit-
able experiments covering commonly occurring
range of parameter values in (2) become available,
the approach of this paper can yield good interfacial
shear models and detailed analytical/computational
predictive abilities.

e More accurate experimental measurements of local
flow variables in real time are needed for assistance
in: (i) developing a criteria better than
Re;(x) < 1600 to mark liquid condensate’s tran-
sition from laminar to turbulent regime; (ii)
developing a good rule for determining when the
vapor core is laminar or turbulent (this should be
done in the light of relaminarization expected for
turbulent vapor flows as they slow down in the
downstream regions); and (iii) developing a quali-
tative characterisation of interfacial wave structures
and their relationship to models for mean interfacial
shear.

10. DISCUSSIONS AND RESULTS

The asymptotic form of friction factor model given
in equation (9) is derived from a simple physical argu-



3570

ment and is the general form of a related result given
in Narain [25]. This asymptotic form of friction factor
is satisfied by the classical exact solutions of Sparrow
and Gregg [3], Koh [13], etc. and is shown here to
be the required solvability condition for analytical/
computational solution of flows in tilted channels and
vertical pipes. Therefore, at the point of onset of con-
densation, this asymptotic form should be used in
place of the asymptotic models of Shekriladze and
Gomelauri [26] or other related models (Jensen and
Yuen [47], Linehan ez al. [48], etc.). The idea behind
the model of Shekriladze and Gomelauri [26] type
models is simple and slightly flawed for internal flow
situations. This model recognizes the importance of
mass transfer and associated momentum transfer
across the interface and attempts to put this effect in
the form of an “effective” interfacial shear. The first
flaw comes from the assumption that it is the momen-
tum flux contribution Uy, (see equation (A3)) rep-
resenting the momentum upstream of x = 0 (assuming
uniform flow at inlet) which is relevant for deter-
mining interfacial shear, whereas, in fact, it is the
contribution sz« (= Un;) from the near interface
locations that are quantitatively more relevant. In this
sense, Shekriladze and Gomelauri [26] and related
models merely assert that we drop the interface
momentum transfer term called the “kick back” term
(i.e. the third term on the left side of the vapor momen-
tum balance equation (9) of Narain [25]) and build its
effect into a suitable expression for an interfacial shear
model f. A substitution of equation (A3), after replac-
ing #Uu,, by # Uy, for f in equation (9) of Narain
[25], while dropping the “kick back™ term, confirms
that this indeed is the essential idea. The second flaw
in this model comes from the basic result of this paper
that, even after correctly accounting for momentum
transfer, the asymptotic form of shear is not deter-
mined by this phenomenon at x ~ 0. In fact, a com-
bined consideration of all the governing equations in
equation (11) has established that the dominant effect
on the asymptotic form of interfacial shear is con-
trolled by mass balance while the interfacial momen-
tum transfer plays a lesser role for internal flow situ-
ations.

Despite the clear evidence above of inadequacy of
Shekriladze and Gomelauri [26] and related asymp-
totic shear models for internal flows, we would like
to assert that we have not investigated this model’s
capability for external condensing flows over cylin-
ders. In fact a significant amount of work in this area
(Rose [49], Michael er al. [50], Memory and Rose
[51], etc.) report that Shekriladze and Gomelauri [26]
model is good for studying condensate thickness vari-
ations in this external flow situation. Perhaps this is
due to the external nature of the near interface vapor
boundary layer in these studies and perhaps this is
also due to the fact that there are no locations where
film thickness A is zero.

Using a computer algebra based analytical/
computational non-linear analysis, we showed (Sec-
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tion 5) how to use the above solvability condition
towards resolving the “‘elliptic” singularity at the
point of onset of condensation (x = 0). This method
probes the nature of solution at short downstream
locations until convergence (at x ~ 0) is achieved. In
Sections 4-6 we showed that the above resolution of
singularity can lead to effective one- (or two-) dimen-
sional numerical solution schemes. The one-dimen-
sional scheme is implemented here and the results of
the two-dimensional scheme will be reported in future
works. The novel algorithm of resolving the singu-
larity is shown, in Section 6, to yield results in excellent
agreement with the exact similarity solutions (Koh
[13], etc.) for film condensation.

The assessments of various interfacial shear models
in Table 2 indicates that, except for Model 5 and
Model 6, there are no reliable and reasonably accurate
models currently available for internal “annular” film
condensation situation. Our identification/proposal is
that modified Andreussi model (Model 6 in equation
(A11)) for vertical configuration and Narain type
model (Model 5 in equation (Al0)) for all con-
figurations show promise and should be developed
with the help of further experiments and theor-
etical/computational predictions.

The assessment of some representative heat transfer
correlations show the adequate nature of Shah [20]
correlation for the flows considered here. We know
from Narain [25] that the one dimensional scheme
properly predicts the average vapor speed u,.(x) and
the mean film thickness 6(x) quite reliably for a
“good” friction factor model. There it was shown that
the one-dimensional solution for u,, and ¢, away from
x ~ 0, is insensitive to the actual cross-sectional vari-
ations in vapor velocity and to the vapor entry con-
ditions (whether fully developed or uniform). The
variables u,.(x) and &(x) control the motion of the
liquid condensate and are somewhat insensitive to
modest changes (see Narain [25]) in pressure n(x) for
different vapor entry conditions. Since the average
pressure variations n(x) are affected (see Narain [25])
by entrance conditions, a two-dimensional numerical
solution scheme is needed for this variable.

In Fig. 3 we show how the liquid condensate thick-
ens when a tilted channel (Fr~' = 0.053) is made hori-
zontal (Fr~' = 0). The downstream thinning of the
condensate in the vertical situation of Fig. 3 is due
to the gravitational acceleration of the condensate.
Equations (17)—(18) assert that this thinning does not
happen for the shear dominated portion at x ~ 0; in
fact there is a thickening of the condensate here. This
is because, at x ~ 0, gravity is able to reduce interfacial
shear without being able to significantly accelerate the
liquid condensate (velocity is very nearly given by
equation (6)). Although not shown here for brevity, as
expected, the faster condensate drainage in the vertical
situation causes much lower u,.(x) values as compared
to the corresponding horizontal situation. For pre-
dictions in Figs. 3-5, we used the “good” Modified
Henstock and Hanratty/Andreussi model (equation
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Fig. 3. The horizontal flow situation (Fr~' = 0) above is specified by run no. 248 of Experiment III in

Table 2. The predictions for the horizontal configuration are done by the “good” Model 5 (f = 4.1, see

Narain [25]) and the approximate Model 6 (by setting fi|s-' 0 = fraln-1-0). The predictions for the

vertical configuration (Fr~' = 0.053) are for the same flow except for the change in orientation. The

predictions for downflow in cylinders, with gravity (Fr~' = 0.212) or without gravity (Fr~' = 0), are for
the same flow with x = y/L. and L, = D = 4h.

04 T T v T

03

Frl

1 . ]

_~"~Fr ! = 0212 (Model 6, Cylinder)

I ' 1

= 0.053 (Model 6, Channel)

10

Fig. 4. For each flow situation described in Fig. 3 for predicting film thickness J, the corresponding
predictions of the non-dimensional pressure 7 are shown above.

(A11)) in equaticn (22) for the Fr~! # 0 situation and
an approximate model, obtained by setting
Ffralm=1 20 X frel -1 -0, for the Fr~! = 0 situation. Note
that a better prediction for the horizontal con-
figuration (Fr~! = 0) is obtained for channel flows by
employing Model 5 of Narain [23], the results for this
model are also shown in Figs 3 and 4. The pipe flow
and channel flow situations are the same except, for
pipe flow, x = y/L. and L, = D = 4h. As expected,
in Fig. 4, we see that the gravitational assistance in
condensate removal leads to much smaller needs in

pressure drop (or pumping power). In fact for vertical
(Fr=! = 0.053) channel flow configuration, at many
locations in Fig. 4, there is a pressure recovery (7 > 0)
and this is feasible (e.g. see some pressure drop data
in Fig. 6 of Owen et al. [52]) and interesting. Increasing
average m(x) or pressure recovery for this gravity
assisted (Fr~! = 0.053) situation is consistent with the
deceleration of the vapor flow needed to sufficiently
reduce vapor speeds so as to meet the demands of
increased condensation rate associated with thinner
condensate and faster drainage. The pressure results
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Fig. 5. The predictions of the friction factor fare for R113 vapor flow conditions specified by run no. 248

of experiment II1 in Table 2. The horizontal channel has Fr~' = 0 and the vertical channel has Fr~' = 0.053.

The Fr~! = 0 horizontal channel situation employs the “good” fieaas = Bf» B = 4.1 in equation (22). The

values for Fr~! = 0 case for cylinders is obtained by using f;,.q. ¢ for the vertical (Fr—' = 0.212) configuration
and then modifying these values under the assumption f, 51 z0 ® fralm'—o-

for downflow in a vertical pipe in terrestrial environ-
ments (Fr~' = 0.212) and in micro-gravity environ-
ments (Fr~' = 0) were obtained along with the film
thickness results in Fig. 3. For the flow situation con-
sidered in Figs 3 and 4, some of the actual variations
in the interfacial friction factor f are shown in Fig. 5.
Note that physical values of interfacial shear 7', given
by equation (3), are quite different for the vertical
and the horizontal situations because of significant
differences in the values of average vapor speed u,,(x).
The trends of the variables 9, u,, and = with changes
in speed U (or Re;,) and temperature difference AT
(or Ja/Pr)) are similar to those for the horizontal
situation given in Narain [25] and Narain [42].

11. CONCLUSIONS

e We presented a new and general asymptotic form of
interfacial shear (for large condensation rates at the
onset of condensation) required for the solution of
the classical equations modeling annular film con-
densation.

e We demonstrated that traditional asymptotic inter-
facial shear models do not work for internal annular
flows.

e We presented a novel computer algebra based ana-
lytical/computational nonlinear analysis and algo-
rithm for resolving the singularity at x ~ 0. We also
showed that this algorithm yields results in agree-
ment with well-known exact solutions of film con-
densation.

o We implemented a one-dimensional computational
scheme for downflow in channels and vertical pipes.
We showed the value of this approach for forth-

coming two-dimensional computational simu-

lations.

e We assessed popular interfacial shear models for
their validity at points away from the singularity
and proposed/identified two good models which
may need further improvements.

e We showed the value of this approach in evaluating
and proposing heat transfer correlations.

e We showed that our computations have many regu-
larities for problems with constant or variable con-
densing surface temperatures.
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APPENDIX A

The new definitions of 4,, and b, are

P2 (1 —25(x) (Al)

Ayp=——
22 P)

: T)é(x),

3w (1—20)

ho=_ 1 |13
1= T 5(4—50)| Re, g2

— 2,103 —45)]+ %Fr L (A2
2
Shekriladze and Gomelauri model [26]

Using the notation in equation (3), this model is given by :

p1 m(x)

7 = i[Un,(x)] P2 (%)

or fmodell = 2 (A3)

Mickley [33] or film model
Considering single phase channel flow friction f, for tur-
bulent flows, this model is

Janoaet2 = fol@1/(exp (¢1)— D]

where ¢ = —fuoganrfo Jo = 0.0713 (Reput (%)) ™% and fogers
is given in equation (A3).

(A4

Andreussi [36] or Henstock and Hanratty [35] Model:
The definition of this model uses f; defined in equation
(A4) and the following quantities :

h

A
i), = Plj wdy, o= sz w,dy
A

]

5

Rey = 4ot Juy = 4R31f udy, Reg = 4dug/u,

0

™ = 7/pig.A.

Using equation (A5), this model is given by

(A3)

Jnodets = fol1+ 1400F¥] (A6)

where

F

[(0.707Re*)** +(0.0379 Ref °) 514 2 A<p2)

Re%’? 1) E

fort* < 1.8

1]

0.27(c*)*?
{ (A7)

0.33(%)'*  for 1.8 < t* < 30
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and the function f (p2/py) in Andreussi [36] is
f(pa/p1) = /palpr- (A8)

Note that Henstock and Hanratty [35] originally recom-
mended ¥ = {1 —exp(—1*)} for ¥ in equation (A7).

Andreussi [36] model with Shekriladze and Gomelauri [26]
asymptotic behavior
This model is given by

Smoders = Fmoaars[@2/(exp (¢2) — 1)}, (A9)
where ¢y = — frodet 1/ modet 3-
Narain [25] model for horizontal channel flows
This model is given by
Snodas = Bfo(x) (A10)

where f,(x) is given in equation (A4) and the number f§ as a
function B (Re,,, Ja/ Pry, wo/u,, Fr™", p,/p,) is to be developed.
In Table 2, we selected f for each specific flow situation
so as to make the predictions agree with experiments. A
correlation for B, for Fr~! =0, with the remaining par-
ameters in a restricted range, is given in Narain [25].

Modified Henstock and Hanratty| Andreussi model

This model is the same as the Andreussi model [36] in
equations (A5)~(A8B) except that the function f{p,/p,) in equa-
tion (A8) has been replaced by f,,,aises given below :

Jimodel6 = fimoders  €XCEPL

fmodiﬁed(pz/pl)
0.0012351n (p,/p;)+0.00957

for 0.0005 < % <0.00182
= ' . (A1)
0.059001In (p»/p;)+0.37900

for 0.00182 < *2 < 0.005

P1

Overall energy balance
Overall energy balance for a control volume (of cross-
sectional area 4, and condensing surface area A,,q) bounded
by the two plates at »y = 0 and = A, xy = 0 and some x > 0
in Fig. 1, is essentially
oty R Qo+ sl fif + oy (Al2)
where sy, = p,UA., w21, s, QCV, 43, 47 and £, are, respec-
tively, the total mass flux, the cross-sectional liquid mass-
flux at y, the cross-sectional vapor mass flux at ¥, the heat
removal rate from the condensing surface, enthalpy of satu-
rated vapor at a representative pressure (~p,), enthalpy of
saturated liquid at a representative pressure (=p,), and the
heat of vaporization. With 0, = %,4.,,,A7 and mass bal-
ance requirement sz, = #:G + 421, equation (A12) becomes
£, = 2(p UNAe/ Acond)1 /(AT ) (1 #i3) (Al13)
where z = mi/m,G = Z(x’ Reins Ja/Prla Fr-l’ p2/pls #2/#1)‘
The arguments of the liquid fraction z at any x follows
from the definition of ».;, and s given in equation (AS) and
the non-dimensionalization of variables leading to the list in

Q.

Parameter range
Experimental runs considered here restrict us to the fol-
lowing parameter range for channel flows:



Annular/stratified film condensation flows 3575

0.0006 < 22 < 0.0054. 0.016 <2 < 0.06 and to the following parameter range for downflow in vertical pipes:

p # 0.0006 < 22 < 0.005, 0.018 < 2 < 0.06,

Ja P 123

0.005 < — < 0.045

Pr, 0.005 < I{—:l <0.02
1

5660 < Re,, < 90000 and0< Fr~'<0.2 (Al4) 36500 < Re;, < 340000 and 0< Frm'<024 (AlS)



