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Nomenclature Re : Reynolds number
b»  : Dimensionless length scale, #,d/v uw : Streamwise velocity
C  : Constant 73 : Average velocity
f  : Friction coefficient #, : Velocity at y,
Fr : Froude number u, : Velocity at v,
g : Acceleration of gravity u* : Dimensionless velocity scale, #/u,
H : Channel height #y : Shear velocity
P : Static pressure, Probability - Parameter
@ : Volumetric flow rate per unit width P - Coordinate normal to flow

* Member, Korea Advanced Energy Research Institute  »; : Thickness of viscous sublayer
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y: : Point of zero shear stress

y* : Dimenisonless length scale, #u.y/v

¥ : Dimensionless length scale, y/5

z  : Distance from water inlet

a : Void fraction

‘8B :Ratio of gravity force to wall shear
stress

7 : Ratio of gravity force to interfacial shear
stress

d  : Mean water layer thickness

o’ : Dimensionless water layer thickness

: Inclination angle in degree
: von Karman constant

0

K

L : Viscosity
v : Kinematic viscosity
p  : Density

T

: Shear stress

Subscripts

: Upper wall surface
: Eddy

: Liquid phase

: Gas phase

=0y Ny o

: Interface

>

: Liquid wall surface

1. Introduction

An understanding of the mechanics of film
flow is important in those cases of heat and
mass transfer which invelve two-phase flow.
Flow in wvertical condensers, film reactors,
water tube boilers operating at high flow ra-
tes, and packed towers are a few practical ex-
amples of this flow configuration. This study
of liquid thickness was undertaken in order to
define more fully the liquid-film conditions so
that the analysis of two-phase flow could be
made on a rational basis and ultimately be
extended to the transfer process.

In condensation, the transfer coefficient and

Hho Jung Kim and Kap Kim

the interfacial transfer area are the important
factors to affect the transfer rate. Especially
transfer area depends on the wave motion at
the steam-water interface and on the liquid
layer thickness.

Although a considerable literature exists on
the thickness of falling films in cocurrent gas-
liquid flow, or in liquid-only flow, the litera-
ture for inclined stratified countercurrent flow
is much more sparse.

It is generally known that as the gas velo-
city is increased, resulting in an increase of
the Interfacial shear stress, the water layer
thickness for a given liquid flow rate decreases
for cocurrent flow, due to the acceleration of
the liquid surface by the interfacial shear,
whereas for countercurrent flow the opposite
effect occurs, due to the deceleration of the
liquid surface.

A simplified relation for the water layer
thickness is developed here for the turbulent
liquid flow, with or without the interfacial
shear stress acting in the opposite direction
to the liquid flow.

2. Analytical Approach

It is useful to attempt to develop the anal-
ytical approach for steady-state, turbulent, st-
ratified, countercurrent flow with or without
condensation.

2.1 Thickness of Water Layer without
Interfacial Shear
The volumetric flow rate per unit width in
a falling film can be calculated using a univ-
ersal velocity distribution:

L

The von Karman’
defined by:

ey

universal distribution is
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ur=y* 0<y*<5 (2
u*=-—3.0545.0 In y* 5<y*<30 (3)
u*=5.5+2.5 In y* <Y<t @)

Assuming that these equations, which were

written for fully-developed pipe flow, can he

applied to the liquid phase in two-phase flow,
it is possible to develop a relationship between
the film thickness and the flow rate. Gazley‘®
examined the flow of air over a flat plate on
a universal basis, and demonstrated that the
constants and form of the equation for the
velocity distribution in the turbulent boundary
layer were almost identical to Eq. (4). This
model has also been used successfully by Du-
kler and Bergelin®® for falling liquid films in
a vertical channel, by Roshenow, et al®® for
turbulent film condensation on vertical plates,
and by Linehan® for cocurrent horizontal
liquid film flow in a rectangular channel; a more
detailed discussion of this assumption has been
given by Dukler and Bergelin®.
This integration gives:
Q/v=b{3.042.5 In b} —64 (5)

The wall shear stress in the absence of inte-

rfacial shear is given by:

To=p+g sin 6+0 6)

In the above equations, the friction velocity

and the dimensionless film thickness are defi-

ned by:
Uy= To/p = +/3-g SN G ™
b=uy-6/v={g sinf/v?}? &% )

Substituting Eq. (8) into Eq. (5) and rearr-

anging the terms:

0=(5 27 ) (3.0+2.51n Pe) s

64 \ip 2
(145 ime
If the minimum value for the turbulent Rey-
nolds number is assumed to be 400, one has:

(1+64/Re) ¥=1+2/3(64/Re) (10)

Substituting Eq. (10) into Eq. (9), one obt-

ains:

wlrs

" vn by (7ama)
14

an
To get the relation between # and #,:
To=f pu*/2 (12)
The wall shear stress may be calculated from
the Blasius equation for the friction factor in
turbulent flow, which is defined as:
f+=0.079 Reg™0-% (13)
Substituting Eq. (13) into Eq.(11),and defined
the dimensionless parameter X, one obtains:
X— 1+42.3-1’%€‘1 i
(3-0+2.51n LAV
_ 14-42.3: Re™!
(3.042.5In 4/0.028- Re™'7*4-2.5 InRe)}
(149)
The parameter, X, is a weak function of the
Reynolds number:
=0, 375Re~0 103 (15)
Substituting Eq. (15) into Eq. (11) ;

(——3)52—)—% =0. 375(E_§;—0)%Re0- 502
-sin ¢
£ (16)

This provides a very simple relation between

5 =

the film thickness and the flow rate. Alterna-
tively, the film thickness can be obtained by
using Eq. (5) with information on the wall
shear stress.

This final relation (Eq. (16)) has the same
form as the equations obtained by several in-
vestigators for free-falling turbulent wall lay-
ers, even though the constants and exponents
are somewhat different:

d’=0. 435 Re*** Brauer® an
=(.172 Re*® Brotz® (18)
=(.532 Re'’? Feind® (19)

=(. 316 Re¢™'? Zhivaikin, et al.® (20)
=(. 473 Re® **¢ Takahama,et al.'® (21)
A detailed discussion of these correlations
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(a) Liquid flow element
(b) Expected velocity & shear stress distribution

Fig. 1 Assumed flow characteristics in water layer

has been given by Fulford“®. It is of value
to compare the present data, which have been
obtained for a variety of inclination angles
but in the absence of interfacial shear stress,
with Eq. (16), as well as these correlations

for further analysis.

2.2 Thickness of Water Layer with Inter-
facial Shear
From a force balance for the control volume
in a liquid flow system (Fig. 1), one obtains:
7=(p-g sinf§—4p/4z) (6—y) —: (22)
Assuming p-gsint9>>%, the equation for the
distribution of shear stress can be obtained:
T=p-gsinf(@—y) —; 23)
From the above equation,
To=p-gsinf-0—z; 24)

The shear stress is related to the velocity gra-
dient by:

r=p{v+ur)du/dy (25)
The relation between the shear stress and the
velocity gradient is defined, using the Prandtl
mixing length theory and neglecting the kine-
matic viscosity:

t=px®y?|du/dy|du/dy (26)
where g is the von Karman constant(=(. 4).
Combining Eq. (23) and (26);

pr’y*|du/dy|du/dy=p-g sin 6 (5—y) —z:

@0

When y,=0—1:/(p-g sin§), the shear stress
is zero and the slope of the velocity distribu-
tion is reversed.

The velocity distribution is solved separately
in three regimes. In the region of viscous sub-
layer, where 0 <<y <y,

p-g sinf(0—y) —vi=pdu/dy (28)
By integrating, the velocity at y, can be obt-
ained:

", =—/17 {(p-gsinf-d—1)y,

—p-gsinfy,*/2} (29)

The thickness of the viscous sublayer, y,, is
obtained from:

$1=Cv/u,=11.6/ v7o/p (30)
Where the value of 11.6 has been taken for
the value of the constant, C42,

In the region (y,<y<y,) where the shear
stress is positive, Eq. (27) is solved by subs-
tituting:

pr*y* (du/dy)*=p-gsin6(5—y) —z: (31)
Taking the square root, integrating once and
inserting the boundary condition:

u=u, at y=y,;

P /z_o_l/;?{z( VI=By = JI=F)

+InM1=8-Y —1.15 «/1—5'}’1'+1}
v1—8-3'—1 J1=8-y +1

(32)

In the region (y,<y<@) where the shear
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stress is negative, Eq. (27) is solved by subs-
tituting:
or* (0 —y)* (du/dy)*=— {p-gsind (6—y)
—Ti} (33
This yields:

u=u2+___‘/?/‘;/—p{2( V=148 = v =1+83.)

+ \/‘_mon Vol+By — V148
V=143, — v/ —1+8
fln V=148, + ¢—1+@)} G4)
V=1+8y '+ /—1+8
The quantity of liquid flowing through the

film can be calculated from:
(2 Y1 Yz
Q= dy={udy+{ udy

+S§ udy (35)
vz

These relationships allow calculation of the
liquid film thickness from a knowledge of the
liquid flow rate and the interfacial shear stress.
The interfacial shear stress can be calculated
by means of adding the condensation induced
shear stress to the interfacial shear stress in
the absence of condensation. The details can
be found in reference®. The velocity distri-
butions obtained from Egs. (29), (32) and (34)

1.00
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Fig. 2 Liquid velocity profiles depending on
interfacial shear stress
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are shown in Fig. 2, as functions of the dim-
ensionless 'interfacial shear stress y=rt./(0-g
sinf-0). As expected, the interface velocity
becomes smaller as the interfacial shear stress
increases. The relation between the dimension-
less film thickness and the Reynolds number
is shown in Fig. 3. Again as expected, the
film thickness increases as the interfacial shear
stress increases, in contrast to cocurrent flow.
that the derived
relation for y==0 is numerically indistinguish-
able from Eq. (16), which has been derived
directly from the von Karman velocity distri-

One can note, in Fig. 3,

bution and the Blasius {friction formula, thus
substantiating the consistency of the assump-
tions.

3. Experimental Procedure

The steam-water countercurrent flow contac-
tor is made up of three sections, consisting
of an upper and a lower plenum, together with
a test section, as shown in Fig. 4.

The upper and the lower plena are designed

DIMENSIONLESS WATER LAYER THICKNESS

n L L . " " i
6 8 ¢ 2 4 6 8
10° 10 10°
LIQUID REYNOLDS NUMBER
Fig. 3 Relation between 6’ and Res depending
on interfacial shear stress
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to insure smooth exit and entry of steam and
water. The test section 'is provided with the
appropriate instrumentation to determine the
locae steam flow rate and interfacial wave str-
ucture. The test section is completely insulated
except for pyrex windows fitted into both side
plates for visual observation. Liquid entry is
through a porous stainless steel plate, with
thickness 2.4mm and porosity 100 microns.
For water flow rates of 0.3~3.0kg/s, the pr-
essure drop through the porous medium is
170~200kg/m?, which is adequate to establish
a smooth gravity-fed flow at the liquid entra-
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nce of the test section. The steam entrance
region in the lower plenum contains a set of
screens and a perforated plate to establish uni-
form flow. In addition, honeycomb material
is inserted to act as turning vanes through
the 90° bend. The inlet water temperature can
be controlled to any desired temperature by
means of a heat exchanger. Steam from the
building supply is throttled down to a slightly
superheated temperature at atmospheric pre-
ssure after removing any condensate in the
supply line by means of a steam separator.
The steam flow rates were measured at six

STATIC
» PRESSURE
g AR 7
£> g % STEAM INLET
PITOT |NEEDLE
PITOT TUBE TUBE  PROBE gEﬁTrngTED
STEAM STATIC PYREX WINDOW ~
OUTLET P\scssuac / SCREEN ¥,
HONEY COMB
Loy | . =
L [RRa Y Y [V F S
B ‘
J 'f I 1 J DRAIN l
l WATER ' WATER OUTLET
DRAIN INLET 1.27m 0.98m 0‘80m 0.62m 0.44m B 0.26m
™~ 3 } ) [}
TEST SECTION (L=1.27m, H=75mm, B=0.38m)
Fig. 4 Sketch of test section
Table 1 Dimension of test section and experimental flow range
Data set A B C D
Inclination angle (6) 4 30 87 33
Width B(@m) 0.38 0.38 0.38 0.38
Height H((m) 0.075 0. 075 0.075 0. 038
Length L(m) 1.27 1.27 1.27 1.27
Aspect Ratio, B/H 5 5 5 10
) 1 0.26 0.26 0.22 0.22
reafur‘“g 2 0.44 0.44 0. 40 0. 40
tation (), 3 0. 62 0. 62 0.58 0.58
¢ 4 0.80 0. 80 0.76 0.76
from Steam 5 0.98 0.98 0.93 0.93
inlet 6 1.27 1.27 1.27 1.27
Re, 2500~30000 5000~30000 3000~20000 3000~18000
Re; 800~15000 1000~ 8000 800~ 7000 800~ 5000
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stations along the channel centerline: the dist-
ance of each station from the steam entrance
is given in Table 1. This was accomplished by
integrating the measured steam velocity profile
at each station, assuming two-dimensional
flow. The two-dimensionality assumption was
verified by pitot tube traverses across the width
of the test section, and the integration method
was checked by measuring the steamn velocity
profiles across the heights of the test section
with zero water flow. Upon comparing the
measured inlet steam flow rate with the calc-
ulated local steam flow rate, it was found that
the deviation was less than 2%. The pitot
tubes, which were electrically heated to prevent
steam from condensing inside the tubes, were
attached to a common traversing table, allowing
them to be positioned at selected elevations
in the test section within 0.05mm. The
difference between total and static pressure
for each pitot tube was measured by means
of diaphragm-type differential pressure trans-
ducer. The inlet steam flow rate was calcul-
ated from measurements of the differential
pressure, absolute pressure and the thermo-
dynamic state of the incoming steam, using
a 50mm inlet steam venturi. Inlet and outlet
temperatures of the steam and water were
measured by using K-type(Chromel-Alumel)
thermocouples connected to a zero-point refer-
ence junction. The inlet water flow rate was
determined by measuring the pressure drop
across a 32mm water venturi meter.

Even though a large variety of techniques
has been developed for the determination of

the interfacial needle

wave structure®4 19,
contact probes have been adopted for the pre-
sent vesearch because of the relatively thick
films, as well as the presence of condensation.

These probes tend to underestimate the void

fraction in bubbly flows because of deflection

of the bubbles before and upon hitting the
probe, in view of their low effective mass.
However, this problem appears to be minimal
in measuring interfacial waves with small-
diameter probes. Another serious difficulty
in the application of this type of probe is
the uncertainty about contact hysteresis. It is
possible for the probe to remain in extended
contact with the liquid by dragging out a fil-
ament of liquid before a break in contact is
recorded. These problems can lead to rise and
fall times which are comparahle to the contact
times, and hence require trigger circuits with
arbitrarily chosen gating voltages for measu-
ring the local phase fraction. In addition to
this problem, polarization effects and electro-
chemical attack of the probe must be avoided.

To minimize these effects, the probe, consi-
sting of a 0.5mm stainless steel needle with a
sharpened tip, was made non-wetting by app-
lication of a teflon coating, except at the very
tip. A.C. excitation at 10kHz is used to avoid
the polarization problem. To obtain an accurate
position of the probe tip relative to the bottom
wall, the probe is traversed by means of a

<3
$ a2 . -
3
g
B
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S :
Sealt e
+ 4
(a)
4,24 ———e = ———
k]
g
g
£
2
I
=)
S
0.0 F——" sl

0.1 2

0.
TIME, t(sec)
(b
(a) at gas-liquid interface
(b) at gas-solid interface
Fig. 5 Typical signal obtained from needle contact
prohe
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micrometer attachment, first to the wall, and
then returned to the interface. In practice, the
raw probe output was quite close to a series
of step functions, so that the distribution of
probability for liquid contact with the probe
as a function of probe elevation could be me-
asured without resorting to trigger circuits.
The probability is equivalent to the time-ave-
rage liquid volume fraction, 1—a, as a func-
tion of height.

The probe signals were fed directly into a

PDP-11/34 computer through an A/D conve-:

rter with, usually, a sampling time and sam-
pling frequency of about 5 seconds and 2000
Hz. The signal obtained through A.C. circuitry
by the teflon-coated probe at the gas-liquid
interface is shown in Fig. 5, and compared
with the signal from the contact of the probe
with the solid metal.

The range of test conditions was restricted
for two reasons: (i) high water and/or steam
flow rates produce surface instabilities, leading
(i) with cold
water and low steam flow rates, complete con-

to bridging and/or flooding;

densation occurs within the test section, which
results in large pressure pulses (water hammer).
For these reasons, the experimental ranges in
the present geometry were quite limited; the
ranges of the gas and liguid Reynolds number
for various inclination angles and aspect ratios

are given in Table 1.
4. Results and Discussion

The mean water layer thicknesses were
calculated from probability distributions which
were obtained by traversing micrometer-moun-
ted needle contact probes, as described in Sec-
tion 3. Typical data for probability distribution
as a function of probe heights are shown in
Fig. 6. The mean water layer thickness was

[Ac ]
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obtained using the probability distribution func-
tion and defined by:

o={ s(P) apP (36)

The slopes in the mean water layer thick-
ness have wide variations, depending on inlet
flow conditions. In general, the mean water
layer thickness has an increasing slope along

-
<
[s]

-_1 "i"’\
- » Lo © STATICN 1
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Fig. 6 Probability distribution at different stations
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Fig. 7 Axial mean water layer thickness profile
as a function of inlet steam flow rate
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the direction of flow with increasing inlet
water and steam flow rates, as shown in Fig. 7
with typical data, which exhibits character-
istics similar to the condensation rates and
interfacial shear stress¢!®, The increase in
condensation rates with increasing steam and
water flow rates results in increase in the
interfacial shear stress, which is attributed to
the increase in water layer thickness. As the
inlet water temperature increases, the slope of
the water layer thickness becomes flat. In
particular, at almost saturated inlet water
temperatures where the condensation rates
can be negligible, the water layer thickness is
almost the same through the whole channel.
This is attributed to the uniform distribution
of local flow properties, depending on the
inlet flow conditions in the absence of heat
and mass This
reasonable verification for using local flow

transfer. result suggests
properties in finding turbulent correlations.
An equation for the water layer thickness
was derived by using Prandtl mixing length
theory and the turbulent transport equation

for the relation between the shear stress and

r

i

Present data
2

107 +
8+

® Presenr analysis
@ Brauer Eq.
4 @ Brotz Eq.
@ Teind Eq.
® Zhivaikin,et al, Eq.
2 ® Takahama,et al. Eq.
@Busselt Ez.
0

10“')2 R 511; % 651; 3
Ref
Fig. 8 Comparison of measured water layer thic-
kness with correlations without interfacial
shear stress

the velocity gradient, and assuming a linear
distribution of shear stress in the water layer,
either with or without the interfacial shear
stress.

The non-dimensional form of Eq. (16), with
zero interfacial shear stress, is compared with
the correlations for free-falling turbulent wall
layers, as well as the Nusselt equation for
laminar film flow, described above. These rel-
ationships are also compared with experimental
data at several inclination angles, in the absence
of the interfacial shear stress, in Fig. 8. The
dimensionless film thickness, ¢/, varies with
some power of the liquid Reynolds number
between 1/2 and 2/3, except for the laminar
film flow. It can be further seen that, at the
Reynolds numbers from 600~2000, there is
little difference between the values predicted
by these correlations. This may arise from
the fact that these correlations are obtained in
similar ranges of liquid Reynolds numbers;
the liquid Reynolds number varies from 400~
1800 in the Brauer correlation, 590~4300
(Brotz), 400~2100(Feind), 400~3500(Zhiva-
ikin, et al.) and 300~2000(Takahama, et al.).
The experimental data agree well with the
present analysis, even though somewhat under-
estimated at high Reynolds numbers. At high
Reynolds numbers, the interface is character-
ized by waves with finite amplitude. Wave
deformation and nonlinear effects become imp-
ortant for these large waves, which may acc-
ount for this deviation. It is interesting to note
that the Zhivaikin, et al
was obtained for the vertical film flow in a

correlation, which

circular tube, shows a similar trend as the
present analysis, and fairly well corresponds
to the present data, which were obtained in the
rectangular channel flow for several inclination
angles.

The water layer thicknesses in the presence
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Fig. 9 Comparison of measured mean water layer
thickness with the calculated value with
interfacial shear stress at a nearly vertical
inclination (§=87°)
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Fig. 10 Comparison of measured mean water layer
thickness with the calculated value with
interfacial shear stress at a nearly horizo-
ntal inclination(#=4°)

100

of the interfacial shear stress were calculated,
using the method described in Section 2, acc-
ording to the dimensionless interfacial shear
stress, 7, and compared with the measured

water layer thickness. For the nearly wvertical
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angle(6=87°), the calculated water layer thi-
cknesses are in good agreement with the measu-
red mean water layer thicknesses, as shown
in Fig. 9. On the other hand, for the nearly
horizontal angle (#=4°), the calculated thick-
nesses are smaller than the measured mean
thicknesses, as shown in Fig. 10. This discre-
pancy may be attributed to significant wave
structure differences at different inclination
angles. For the nearly horizontal countercur-
rent flow, it was observed that the interface
is characterized by the presence of three-dimen-
sional pebbly waves. The measured thickne-
sses are obtained from the Eq. (36), which is
nearly identical to the point where a=0. 5%,
Since the equation for the thickness was derived
neglecting the wave structure, it is questionable
whether the point where a=(.5, which corre-
sponds to the local time-mean film thickness,
would be the same as the local volume-average
film thickness. Another point is that, for the
nearly horizontal countercurrent flow, the int-
erface velocity becomes greatly decelerated,
owing to the gas stream drag and the relatively
small gravity force, as the gas stream velocity
is inceased. Therefore, the interface in this
case can be considered to be nearly stagnant
with a finite-amplitude wave. Large lumps of
liquid, which carry a significant portion of the
total liquid flow, move down the inferface with
no change in interface shape. Hence the smooth
film velocity distribution analysis will predict
primarily the thickness of the wave trough,
rather than the mean film thickness. This is
recognized in the comparison of the calculated
thicknesses with the measured thicknesses of
the wave trough, as shown in Fig. 11, resulting
in good agreement.

As an alternate approach, it is useful to
correlate the mean water layer thickness in

terms of local flow properties. In order to
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Fig. 11 Comparison of measured thickness of wave
trough with the calculated value with int-
erfacial shear stress at a nearly horizontal
inclination (8#=4°)
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Fig. 12 Experimental correlation for mean water
layer thickness comprising whole body of
data

obtain a general empirical correlation, all the
dimensionless water layer thickness data were
correlated as a function of the inclination angle,
liquid Reynolds number and Froude number,
which corresponds to the effect of the gas
stream. Using a least-square {it, this gives:

5’ =0. 882Re,> “EF¥® ¥ (cosh) 0! @37

where Fr=u,/ vg(H—3)

957

The data fit Eq. (37) fairly well with a
standard deviation of 14%, as shown in Fig.12.

In addition to the present analysis for the
water layer thickness, described in Section 2,
either with or without the interfacial shear
stress, the relationship (Eq. (37)) can be ten-
tatively recommended as a guide to predict the
mean water layer thickness in the presence of
the interfacial shear stress, since this relation-
ship is composed of easily accessible parameters.

5. Conclusions

The measurement of mean water layer thic-
kness has been performed for a countercurrent,
stratified, steam and water flow, at various
inclination angles and aspect ratios. The slopes
in the mean water layer thickness have wide
variations. In general, the mean water layer
thickness has an increasing slope along the
direction of flow with increasing inlet water
and stearmn flow rates, which exhibits characte-
ristics similar to the condensation rates and
interfacial shear stress.

The mean water layer thicknesses were cal-
culated by assuming a linear shear stress dis-
tribution and using the von Karman mixing
length hypothesis. The calculated thicknesses
were compared with the experimental data,
The smooth-
film velocity distribution analysis is shown to
predict primarily the film thickness up to the
wave troughs, rather than the mean film thi-

resulting in a good agreement.

ckness, for the nearly horizontal flow.

In an alternate approach, the experimental
correlation [Eq. (37)], which is composed of
easily accessible parameters, is suggested as
a guide to predict the mean water layer thic-

kness.
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