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Abstract—A theoretical model for predicting the circumferential film thickness distribution in horizontal
and near-horizontal annular two-phase flows is presented. It is based upon a disturbance wave flow model
which consists of disturbance waves and a base film. It differs from Laurinat’s and Lin’s models in that
liquid is transferred in the circumferential direction by the pumping action of disturbance waves, which
counteracts the drainage due to gravity, and that the effects of the induced secondary flow in the gas flow
and the surface tension force have minor effects on the formation of the liquid film near the top of the
tube cross section. The film thickness distribution predicted by the present model agrees with the
experimental data much better than those predicted by Laurinat’s model.
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1. INTRODUCTION

In recent theoretical researches into the circumferential distribution of the liquid film thickness of
a gas-liquid two-phase annular flow in a horizontal pipeline, the discussion has focused on which
is the main parameter controlling the film thickness distribution. Butterworth (1973) proposed the
following four mechanisms:

(1) Spreading of the film by a wave action.

(2) Transfer of liquid by entrainment and deposition of droplets.

(3) Spreading by circumferential shear forces due to secondary gas flow.
(4) Spreading by surface tension forces.

Laurinat et al. (1985) and Lin et al. (1985) investigated this problem theoretically, based on their
proposed flow models, taking all these mechanisms except the last one (4) into consideration. Their
theoretical models, between which there are few differences, seem to be the best of those proposed
previously. The present authors examined Laurinat’s model in detail; i.e. circumferential film
thickness distributions obtained theoretically using a computer code designed by the present
authors, following Laurinat’s theoretical model exactly, were compared with the experimental data
measured by the present authors. The results show that: (a) the difference in the film thickness
between the theory and the experimental data becomes extremely large, and there were cases where
even the computer code did not work if the volumetric flux of the liquid, j;, exceeded 0.06 m/s;
and (b) the secondary flow of the gas phase, mechanism (3), is the most important factor to affect
the liquid film distribution in a horizontal annular two-phase flow, or to transfer liquid towards
the top of the tube against the drainage due to gravity.

Although a direct and quantitative examination into the role of the secondary gas flow cannot
be made as yet, because the experimental data on it obtained in an actual gas-liquid two-phase
flow have not been reported, the results seem to overvalue the role of the secondary gas flow.
According to the present authors’ extensive experimental data (Sekoguchi ez al. 1982; Fukano ez al.
1985), disturbance waves are almost always generated near the bottom (even under the low liquid
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flow rate condition) and the disturbance waves play an important role in maintaining a liquid film
near the top of the tube.

To calculate the circumferential film thickness distribution, in this paper a new flow model is
proposed in which the liquid film is assumed to consist of disturbance waves and the base film.
The emphasis is on the wave action, which was concluded to be negligible in Laurinat’s model,
and the role of the secondary gas flow is neglected in the model proposed here for estimating the
forces required to transfer liquid towards the top of the tube. In this paper the film thickness
distributions calculated by this new model are compared with the experimental data of horizontal
and near-horizontal pipelines (Sekoguchi ef al. 1982; Fukano et a/. 1983; Fukano & Ousaka 1987)
and the mechanism for spreading the liquid film near the top of the tube is discussed.

2. EXPERIMENT

2.1. Experimental apparatus and conditions

Figure 1 shows a schematic diagram of the experimental apparatus. The test section was a
smooth tube of 26.0 mm i.d. and total length 6.7 m made of transparent acrylic resin to observe
the flow pattern. The inclination angles of the test section are — 10° (downflow), 0° (horizontal
flow), 10° and 15° (upflow). Film thickness was measured at about 3.7 m (142D) downstream of
the air—water merging section by the needle contact method, shown in figure 2.

The device for the needle contact method consists of a pair of electrodes: one is a point electrode
at the tip of an electrically shielded needle, which can be traversed both radially and circumferen-
tially; the other is a fixed electrode mounted flush with the inner surface. The needle is made of
a platinum wire of 0.2 mm dia and the fixed electrode is made of a brass bar of 5 mm dia. Direct
current with a constant voltage is supplied to the two electrodes as shown in figure 2, and the
current variation, due to the difference in the resistances of air and water, is converted into a voltage
variation via a load resistance. The output signal takes a maximum or a minimum value according
to whether the needle is in contact with the liquid film or the gas phase. The shape of the output
signal (displayed on an oscillograph), however, is not always square but triangular, especially when
the needle is in contact with one phase for a very short time because there is a time lag in the
response of the measuring system which includes the deformation effect of the gas-liquid interface.
Consequently, the time ratio of the existence of the liquid phase takes different values according
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Figure 1. Schematic diagram of the test apparatus.
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Figure 2. Resistivity needle contact method.

to which level we adopt between the maximum and the minimum value of the output signal under
analysis. In this research the level, called the slice level (Sekoguchi et al. 1975), is set at 35% of
the maximum amplitude measured from the maximum output voltage which shows the existence
of the water phase. The circumferential measurements are made at seven locations; i.e. every 30°
from the top to the bottom of the tube. Measuring positions along the radius are selected according
to the flow configuration.

The experimental conditions are as follows: working fluids, air and water; static pressure,
0.102-0.135 MPa; water temperature, ~20°C; ranges of the volumetric flux and superficial
Reynolds number of air, j;=10-50m/s, Regg = 1.77 x 10°~1.01 x 10% and those of water,
Ji =0.006-0.40 m/s, Reg = 18-1.04 x 10°. The flow pattern observed is mainly annular flow,
containing also froth and separated flows near the annular flow.

2.2. Experimental results

Figures 3(a—f) show typical examples of the experimental data for the circumferential distri-
butions of film thickness, (#,);, which is defined by the following equation:

3
(tfm)0=R_\/R2_2J:’ (1)or dr, (1]

where R is the radius of the tube, 5 is the time ratio of the existing liquid phase measured by the
needle contact method and 8 is the circumferential position expressed by the sector angle from the
top of the tube cross section. The coordinate axis in the radial direction is the film thickness and
the inclination angle of the test section is the parameter; [J— - - —[J shows a = 15°, A—-—A
shows a = 10°, O——O shows « =0° and A - A shows a = —10° §;, F, Ap and Ay express
the flow patterns observed, S, for separated flow, F for froth flow, Ap for disturbance-wave-
dominated annular flow and Ay for froth-flow-like annular flow.

As clearly shown in figures 3(a—f), the distribution becomes uniform as the gas flow rate jg
increases, signifying that the larger the gas flow rate, the stronger the effect of the interfacial shear
stress on the liquid film flow, while the gravitational force is a controlling factor in the low gas
flow rate region.

3. THEORY

3.1. Flow model; pumping action of disturbance waves

A disturbance wave flow model is introduced to define the parameters RY, R}, Tz [h+s Tixla+s
73y and 1}, shown in figure 5 and included in the basic equations as the coefficients. As shown
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Figure 3. Circumferential distribution of the film thickness (experiment).

in figure 4, the liquid film is assumed to consist of disturbance waves and the base film. The
disturbance waves are propagated in the axial direction by the pressure difference between the rear
and the front of the disturbance wave,

The height of the disturbance wave is greater near the bottom of the pipe and smaller near the

top, as shown in figure 4 which is drawn from a relative frame of reference fixed to disturbance
waves with the velocity of Cp,. The crest of the disturbance wave juts into the gas flow with a higher
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Figure 4. Flow model: pumping action of the disturbance wave.
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Figure 5. Coordinate axes and nomenclature.

velocity at the bottom of the tube than at the top. On the other hand, the gas flow separates in
the region just in front of the disturbance waves where the static pressure may be assumed to be
constant. Therefore, the static pressure rise caused by the stagnation of the gas flow behind the
disturbance wave is larger at the bottom and decreases towards the top. That is, a negative pressure
gradient is generated along the disturbance wave from the bottom to the top. Because the liquid
film is thin, the static pressure or the normal stress o, in the liquid film can be assumed uniform.
Due to this normal stress gradient the liquid included in the disturbance wave is pumped up towards
the top, this is called the pumping action of disturbance waves in this paper. At the same time,
part of the pumped up liquid is being discharged continuously behind the disturbance wave and
forms the base film. As a result, the disturbance wave gradually reduces in scale towards the top
of the pipe. Liquid in the base film drains into the bottom and is reabsorbed into the next
disturbance wave. Due to the static pressure gradient, the secondary gas flow is also generated. The
effect of the secondary flow on the liquid flow in the circumferential direction is, however, neglected,
as described in the introduction.

Viewed from the relative frame of reference the liquid flow is steady (shown by arrows in
figure 4). From a fixed frame of reference, however, this phenomenon is unsteady, i.e. an amount
of liquid is moved towards the top when a disturbance wave passes by a certain cross section of
the pipe, and drains to the bottom as a liquid film after the disturbance wave has passed. This
process is repeated every time a disturbance wave passes. It must be noted that this mechanism
of spreading liquid towards the top of the pipe is another explanation of the wave spreading model.

It is widely known that the disturbance waves pass intermittently. Then the present model is,
strictly speaking, fundamentally based on an unsteady flow. Actually, however, the interval
between successive disturbance waves is considered to be sufficiently short compared with the time
taken for liquid to flow down from near the top of the tube to the bottom as a thin liquid film.
This means that the unsteady flow in question can be approximated by a steady flow. Therefore,
it is assumed in this paper that the pumping action of the disturbance wave continues steadily and
the force required to move the liquid towards the top of the pipe is regarded as the normal stress
when considering the drainage of the liquid.

3.2. Assumptions

Figure 5 shows the coordinate axes and the nomenclature used in the analysis, X being for the
circumferential direction, Y for the radial direction, Z for the axial direction, ¢ for the normal stress
and 7 for the shear stress. The gas phase flows in a core region of the circular tube and the liquid
flows on the tube inner surface as a liquid film as well as in the core region as small droplets. The
assumptions made in the analysis of the film are:

(1) The liquid flow in the film is fully developed, i.e. it does not change with time
nor in the axial direction.

(2) The film is thin compared with the diameter of the tube.

(3) The velocity of the liquid in the film in the axial direction is much higher than
that in the circumferential direction.

(4) The eddy viscosity in the liquid film is isotropic and governed by the axial flow
of the liquid.

(5) The distribution of the eddy viscosity is the same as that for single-phase flow
in a tube, ie. the velocity profiles proposed by Von Karman are used for
determining the eddy viscosity.
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3.3. Basic equations

As shown in figure S, the volume element with the sides of length of R dx, dy and dz is considered
as a control volume; u, v and w are the velocity components in the X, Y and Z directions,
respectively, p is the static pressure and g is the gravitational acceleration.

By taking the assumptions described in section 3.2 into consideration and using the continuity
equation for the liquid flow, [2], the simplified and nondimensionalized continuity and momentum
equations are expressed as follows:

out ov™

Riox oy 2
0tyz | Oty _ . pL\
6y++m+ng81na —: =0 {3]
and
Otyy O0tiy sinx-cosa cosx dh* —0, 4]

dy*  R*dax  R'Fr  R*%Fr dx

where the pressure terms are eliminated from the momentum equations in the directions of X and
Y. The plus and minus signs are used to represent downflow and upflow, respectively. The velocities
are nondimensionalized by the friction velocity V'*, the shear stresses by the wall shear stress in
a gas single-phase flow 7,, and the lengths by V*/v,; v, is the kinematic viscosity.

Integrating [3] and [4] from y =y* to h*, the following integral momentum equations are
obtained (where A% is the nondimensionalized film thickness):

h* —y*tory, _ _ / 3
T;z|h+-f;'z|y++—i'r~ a;{z-+—(h+—y+)ngsmoz (’—}) =0 (5]

h*—y*@‘c}x_h+—y+( cosxdh*)

R Ix Fr sinx~cosac+—R+ x

and

=0. [6]

Ty lhe = Tixlys +

By assumption [5] the shear stresses 7}, and 7}, are expressed using the dimensionless eddy
diffusivity ¢}, as follows:

ow*
T?z=(1+€;‘z)"éy—+ (7]
and
ou*
T?x=(1+€?z)5;::- (8]

By substituting [7] and [8] into [5] and [6] and integrating them from y* =0 to y*, the following
equations are obtained:

i Yht -yt oty dy* a . pY dy*
BRLALAIY WS ht —pt PLY 22wt [9
L 1+¢f yT+ 0 Rt Ox 1+e}“z¢ 0 ( y*mgsina 1, ) 14+eifz wr Dl

and

" T;"th*'d * 4 Y ht—ytotiy dyt
o 1+etz o R*  0x 1+4¢i,

YRt —yt cosxdh*) dy* .
- 7 . - =u*. [10
J; R*Fr (smx cose + R* dx )l+e’y‘z " [10]
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The nondimensionalized flow rates per unit length in the direction of Z and X, I'f and I'{,
are calculated by [#"w*dy* and (" u*dy*, respectively. So the following equations are
obtained:

L 0t35, 3 a .
Ltz |y +R2+ axz FLyv gsina <i_:> =I;=w"h* : [11]
and
L ot} I cosxdh*
1 + N 2 xx _ 2 =TI+
VT e + R ax " R°Er sin x -cos ot + —— R dr ri, [12]
where
T 1 dy+ +
I = —
1 L J; T+e3, yi dy; [13]
and
yrht y
—dy{ dy} [14]
.f J T+eify v

On the other hand, I'} is related to the droplet deposition rate R} and the atomization rate R}
by the following equation:
dari
R*dx

= R4 — R} [15]

These fundamental equations are similar to those used in the analyses by Laurinat et al. (1985)
and Lin et al. (1985).

T#, I'} and k™ are solved by the simultaneous equations [11}, [12] and [15] if all the unknown
parameters in these equations can be defined, as will be described in the next section.

3.4. Definition of the parameters included in the basic equations

As described in the introduction the shear force acting on the gas-liquid interface in the
circumferential direction due to the secondary gas flow © 3y |,+ is neglected. A simple examination
certifies that drj,/dx is negligibly small, about 1% of the values of the other terms in the case
Jj.=0.01 m/s and j; = 50 m/s if it is calculated by the formula proposed by Laurinat er al., for
example. Neglecting this term divides the computational time in half without deteriorating the
solution of the film thickness distribution.

3.4.1. 13},. Based on the flow model introduced in section 3.1 a nonuniform static pressure
distribution is created inside the disturbance wave by the nonuniform distribution of the stagnation
pressure along it, which causes a nonuniform distribution of the normal stress 73, in the
disturbance wave. We then assume that t 3, is linearly related to the static pressure gradient. It is
difficult at present, however, to determine accurately the static pressure gradient. It is also assumed
that the stagnation pressure just behind the disturbance wave is proportional to the pressure
difference between the rear and the front of the disturbance wave, as shown in the following
equation, with a proportional constant of C;:

Ap C pol(¥ci — Cp)’ — (g — Cp)’]
=—-C, ,
Ts 4Ts

(16]

Ty = —C,

where pg is the density of the gas, Cp is the disturbance wave velocity, ug, and ug, are the gas
velocities at the tube cross sections far upstream and just ahead of the disturbance wave where the
separation of the gas flow takes place, and they are determined by dividing j; by the tube
cross-sectional area minus the area occupied by the base film and the disturbance wave,
respectively. By using the present authors’ experimental data obtained for air-water annular
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flow in a horizontal pipe of 26.0 mm i.d. for j; > 20 m/s, they are correlated by the following
equations:

ug = 0.224 + 91.8j, + 1.02j, [17]
Ugy = Jg [18]
and
CD (ﬁ)-l,ZM
=2 —0.344( = : 19
- R {19]

where ug,, ug,, j. and j; are in m/s.
3.4.2. R}. The atomization rate from the liquid film R} is determined by the correlation
proposed by Whalley et al. (1974):

5224 8

pLv*

R: (20]

This relation was obtained by the force balance between the interfacial stress t; and the surface
tension force. Here p; is the density of liquid and

S = o [21]
and
dpR—h
T ] [22]

The judgment whether liquid is entrained or not will be discussed in section 3.5.
3.4.3. R}. The deposition rate of the droplets R} is decided by the following equation:

kpCe
pro*’

where the concentration of the droplets, Cg(kg/m®) is determined by the following equation,
obtained by fitting Hutchinson & Whalley’s (1973) data by the method of least squares:

loglo CE = 210 + 1.86 loglo S, [24]

Ry = (23]

where S is already defined in [21] and changes with the change in the film thickness, accordingly
C changes circumferentially. The above take into consideration that the deposition must be greater
at locations where the atomization rate is higher. k, is a deposition coeflicient determined by the
following equation, which holds under a sufficiently developed flow condition:

R, dx
kp =20, [25]

J Cedx
0

3.4.4. 1, |,+. The interfacial shear stress 1}, |,. is decided by the following correlation, which
was obtained by Fukano er al. (1986) for a horizontal rectangular duct and can be applied for a
disturbance wave flow:

fi

T3z |ar =f_
SG

= 1.0 + 6.1 x 107 5(X°*Re.z)"5Redd, [26]

where X is the Martinelli parameter, f; is the interfacial friction factor and fy; is the wall friction
factor for a single-phase flow.
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3.5. Criterion for the generation of entrained droplets
According to a criterion proposed by Woodmansee & Hanratty (1969), entrained droplets are
generated if the flow condition satisfies the following inequality:

- PcWi Ah >
o

We 5.5. [27]

Taking the present flow model into consideration, the wave height of the disturbance wave Ay, is
used in place of the wave height Ak and the gas velocity relative to the disturbance wave, ug, — Cp,

replaces w,:
hD _ Ko h K1
(R )e =10 (R ’ 28]

KO0 =3.77—1.136 [29]

where

and
K1 =2.58 —0.5796, [30]

and where § is the sector angle measured from the top of the tube and expressed in degrees.

3.6. Calculation

The flow chart used in solving the basic equations [11], [12] and [15] numerically is shown in
figure 6. At this stage of the analysis of the present paper the film thickness at the bottom (%),
the distribution of the wave height of the disturbance wave (hp), and the pressure gradient dp/dz
should be known parameters, as well as the flow conditions of both phases, j; and j;, and the
properties of both phases. Once (k) is given, the mean liquid velocity w* satisfying [11] is
determined by the regula falsi method. Then I'} is given as the product of * and w*. By using
these parameters I', is determined from the droplet exchange rate [15] with the boundary condition
(T )10 = 0. Where the initial value of Cp is determined from [19] by assuming A = (h),q,, then the
decrease in the film thickness in the circumferential direction is calculated from dA*/dx in [12],
which decides the film thickness at the next position. This series of calculations is repeated up to
the top of the tube, which is shown by loop @ in figure 6. If the difference between the newly

Calculation of
D | T, ry(1,9) ©

Rp(1,9),Ry(1,0).Ty(1.9)

I
[h(1+1,3)=h(1,3)+ah]|

Peps=z |h(1,9) - h(1,3+1)]]

o>

YES

Figure 6. Flow chart of the calculation of the film thickness.
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calculated circumferential distribution of the film thickness (determined by changing the value of
C,) and the previous one, which is shown by loop @ in figure 6, is within a predetermined error,
it is considered to be a final solution.

It must be noted that Laurinat’s model includes two parameters which must be determined by
the iteration method, whereas the present model includes only one, C, in [16], and it is easy to
determine.

4. RESULTS AND DISCUSSION

4.1. Comparison with the present experimental data

Figures 7(a—h) show examples of the comparison of the theoretical results with the experimental
data. In these figures the broken and solid lines show the experimental and the numerical
calculations, respectively. The coincidence between the solid and broken lines is good, signifying
that the circumferential distribution of the film thickness can be predicted satisfactorily by the
present method.

The film Reynolds number, Re;;, shown in the figures is defined by using the total liquid flow
rate, obtained theoretically by integrating circumferentially the local liquid flow rate. It is slightly
smaller than the experimental value of the superficial liquid Reynolds number, Reg , which is
defined by the volumetric flux of the liquid phase j;, over the whole experimental range except
for cases with large values of j,. The difference between Re r and Reg becomes greater with
increasing jj .

There may be two reasons for this trend:

(1) Part of the total flow rate of the liquid, j; , flows as entrained droplets and the
entrainment increases with rising j; (Ousaka er al. 1982).

(2) The distribution of eddy diffusivity, i.e. the velocity profile suitable for a
single-phase flow is used for a liquid film flow. According to the experimental
data obtained by the present authors (Fukano et al. 1987), the liquid particle
velocity near the gas-liquid interface is much higher than that determined by
assuming a linear velocity profile in the thin liquid film because the liquid
particles near the interface can get extra flow energy from a high-speed gas flow,
especially in cases where the gas volumetric flux exceeds ~ 40 m/s. This problem,
however, requires further investigation.

In figures 7(e, g) the same comparisons are made for the case where a part of the tube surface
is dried out near the top of the tube. Both distributions agree well with each other. The local film
thickness at a location where the liquid film is dried out can be correlated by the following
expression:

he=23.1/5'%, [31)

where A, is in mm and j; is in m/s.

Figures 8(a—f) show similar comparisons for the cases with inclined test sections, o = —10°, 10°
and 15° In these cases also the predicted values agree well with the experiments.

In the following the predicted distributions of the parameters relevant to the film thickness
distribution will be discussed.

Figures 9(a—h) show examples of the predicted distributions of the droplet atomization rate R}
and the deposition rate R3. Both R} and Rj increase towards the bottom (8 = 180°) of the tube
because the liquid film thickness 4 and, therefore, S and Cg increase towards the bottom. The curves
for R} and R} intersect near 8 = 90° — 120° for the case where the complete tube surface is covered
with a liquid film. In the region below the point of intersection the atomization exceeds the
deposition, while in the upper part of the tube the deposition is stronger. This tendency also holds
good in the case where a dry surface exists near the top, although the two curves of R} and Rj
intersect at a larger sector angle 0.
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Figure 7. Comparison of the predicted film thickness distribution with the experimental data (« = 0°).

Figures 10(a—h) show the relative magnitudes of the terms P2, P3 and P4 (which correspond to
the second, third and fourth terms on the L.h.s. of [12], respectively) and that of the droplet exchange
rate I', (which is determined by these terms and the droplet deposition and atomization rates, R}
and R}). In this paper the first term on the Lh.s. of [12] is assumed to be zero.

As clearly shown in these figures, the term P2 is the main factor in coping with the drainage of
the liquid due to gravity. That is, liquid is transferred by the pumping action of the disturbance
wave, i.e. by the wave spreading towards the top, which results in the formation of a liquid film
there. On the other hand, the roles of droplet deposition and atomization are very limited in the
present experimental range.
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Figure 8. Comparison of the predicted film thickness distribution with the experimental data (x = —10°,

10° and 15°).

4.2. Comparison with Laurinat’s model

As already described in the introduction, Laurinat’s model is the most sophisticated of those
proposed previously to explain the circumferential distribution of the film thickness. Their model
is based on a one-layer liquid film with an averaged constant film thickness. On the other hand,
the present model is based on a disturbance wave flow model in which the disturbance wave has
a pumping action to feed the liquid to the top of the tube. This pumping action is caused by the
difference in the static pressure rise due to the stagnation of the gas flow just behind the disturbance
wave. Another important difference between the two models is that there is only one unknown
constant in the present model, the value of which is determined by iteration in the numerical
calculation, whereas there are two in Laurinat’s model, thereby being more difficult to determine
and making the convergence of the numerical solution much slower.

Figures 11(a, b) show the results obtained with Laurinat’s method. Comparison of these figures
with figures 7(c, d) reveals that the predicted values agree with the experimental data with the same
degree of accuracy as those obtained by the present method, although in a limited range of flow
conditions. That is, the accuracy of the agreement in the case of Laurinat’s method deteriorates
as the liquid flow rate, ji , increases. For example, the converged solution cannot be obtained under
the condition where the liquid film breaks up near the top of the tube nor under the conditions
Ju>0.06 m/s and/or j; < 35 m/s even if the whole tube surface is covered with a liquid film. In this
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Figure 9. Distributions of the generation and deposition of entrainment predicted by the present method
(o = 0°).

respect also the present method has the advantage, i.e. the converged solution, with sufficient
accuracy, can be obtained if the flow condition j; < 0.3 m/s is satisfied.

Figures 12(a, b) show the distributions of RS and R} obtained by using Dallman’s (1978)
correlation in Laurinat’s method for the same cases as shown in figures 7(c, d). These distributions
are characteristic in that the local liquid flow rate below which atomization does not occur is slightly
larger than that determined by the present method.

Figures 13(a, b), which are similar to figures 10(a—h), show the circumferential distributions of
each component relevant to the circumferential liquid flow rate, I',. As clearly shown in these
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Figure 10. Distributions of the circumferential liquid flow rate predicted by the present method (« = 0°).

figures, the dominating factor in controiling the film thickness distribution is the secondary gas

flow, expressed by the first term on the Lh.s. of [12], P1, which is the most remarkable difference
in comparison with the present theory.

4.3. Comment on the values of C, in [16]

As described in the previous sections the distribution of the film thickness can be estimated for
a wide range of flow conditions by the present flow model in which the secondary gas flow is totally
neglected. What the present authors stress in this paper is, however, that the pumping action of
the disturbance wave is only one of the important factors, including the secondary gas flow, which
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Figure 11. Distributions of the film thickness predicted by Laurinat’s method (x = 0°).

maintain the liquid film near the top of the pipe. That is, the value of C, is considered to be less
than unity if the secondary gas flow has no effect on the film thickness distribution. As shown in
figures 7(a-h) and 8(a—f), C, takes a value much larger than unity in some cases. The calculated
result of the film thickness distribution is sensitive to the value of C,, i.e. only a small change in
C, decreases considerably the accuracy of the agreement between the calculated and the
experimental data. Two possible reasons for this are (1) [16] may be not the best way to calculate
AP and (2) the effect of the secondary gas flow may be included in the value of C,. Therefore, the
physical meaning of the magnitude of C, requires further investigation; modification and
improvement of the present model is in progress.

5. CONCLUSIONS

A new flow model has been proposed to predict the circumferential distribution of the liquid
film thickness in a horizontal and a near-horizontal annular flow, in which the disturbance waves
transfer liquid towards the top of the tube mainly by a pumping action generated by the static
pressure gradient along the disturbance wave. The predicted film thickness distributions were
compared with the experimental data and those obtained with Laurinat’s method. The results are
summarized as follows:

(1) The pumping action of the disturbance wave is the most important factor in
transferring liquid towards the top of the tube to cope with the drainage due to
gravity for a wide range of flow conditions.

(2) The accuracy of the prediction of the circumferential film thickness distribution
calculated by the present model is much better than that predicted by Laurinat’s
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Figure 12, Distributions of the generation and deposition of entrainment predicted by Laurinat’s method
(x =0°).
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Figure 13. Distributions of the circumferential liquid flow rate predicted by Laurinat’s method (x = 0°).

model in the case where the liquid film covers the whole surface of the tube. The
present method can be applied to a wider range of flow rates for both phases,
including flow conditions where the solution cannot be obtained by Laurinat’s
model and where the liquid film breaks up near the top of the pipe, and also to
flows in near horizontal pipes.

(3) In Laurinat’s model there are two unknown constants in the basic equations with
no direction given as to how to determine their values; in the present model there
is only one and it is determined by the iteration method.
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