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Devising a new mechanistic method to predict gas—liquid interface shape in horizontal pipes is concerned in this article.
An experiment was conducted to find the pressure gradients of air-water flow through a I1-in. pipe diameter. Comparing
results of model with some experimental data available in the literature demonstrates that the model provides quite bet-
ter predictions than existed models do. This model also predicts flow regime transition from stratified to annular flow
better than Apparent Rough Surface and Modified Apparent Rough Surface models for both 1- and 2-in. pipe diameters.
The model also leads to reliable predictions of wetted wall fraction experimental data. Although one parameter of new
model was evaluated based on air-water flow pressure loss experimental data for 1 in. pipe, it was considerably suc-
cessful to predict pressure drop, liquid holdup, stratified-annular transition and wetted wall fraction for other gas—liquid

systems and pipe diameters. © 2014 American Institute of Chemical Engineers AIChE J, 61: 1043—-1053, 2015
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Introduction

In natural gas transmission, even when the gas input is in
single-phase state, liquid may be formed in the pipelines due
to retrograde condensation as a result of pressure drop.’
Although the liquid loading is low for this case, the range of
liquid holdup could be varied vastly between 0.005 and 0.4
depending on inclination angle of pipeline. The presence of
traces of liquid causes considerable increase in pressure drop
along the pipeline.” At low gas flowrates, the wall layer may
cover only part of the pipe periphery but, at higher flowrates,
the liquid can cover the whole of the periphery. The latter
case is horizontal annular flow and the former case has been
referred to as partially annular flow or stratified-wavy flow.’
Stratified flow is the dominant flow pattern of low liquid
loading gas—liquid flow in horizontal pipes.’

Accurate predictions of pressure loss and liquid holdup
are vital in gas—condensate pipeline design. Many attempts
have been made to develop empirical correlations and phe-
nomenological models for predicting pressure drop and lig-
uid holdup in gas-liquid flows through pipes. The implied
objective of all these studies has been to develop gas—liquid
flow models which are capable of making accurate predic-
tion in field condition while they are tuned based on labora-
tory data. In other words, these models play the role of
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extrapolation functions to extrapolate field-condition data
from the laboratory-condition ones. The early studies such as
Lockhart and Martinelli,* Hughmark,5 and Beggs and Brill®
focused on introducing empirical correlations for prediction
of pressure drop and liquid holdup in a relatively large range
of liquid holdups. Whilst, the second-generation models
including Taitel and Dukler,” Olimans,® Cheremisinoff and
Davis,9 Shoham and Taitel,lo Hamersma and Hart,!' Issa,12
Baker et al.,'* Hart et al. Apparent Rough Surface (ARS),”
Chen et al.,'"* Grolman and Fortuin Modified Apparent
Rough Surface models (MARS),15 Vlachos et al.,16 Asante
et al.,"” Meng et al.,'® Talaie and Deilamani,'” and Fan>°
have been developed based on the physical facts of two-
phase flow phenomena to some extent. Because of the com-
plexity of the phenomena occurring in gas-liquid flow
through a pipe, roughly simplifying assumptions were made
to develop these mechanistic models.> These gross assump-
tions have resulted in inaccurate predictions. The main dif-
ferences among these models include applying different
correlations for predicting friction factors and using various
ways for determining gas—liquid interface shape. Thus, fric-
tion factors (gas—wall, liquid—wall and gas-liquid tensions)
and interface shape are the most influencing parameters in
accurate prediction of pressure loss and liquid holdup in hor-
izontal gas—liquid pipe flow with low liquid loading.

Taitel and Dukler’ proposed a generalized one-
dimensional two-fluid model which has been served as the
basis of many other models introduced in the literature since
then. In this model, it was assumed that the gas—liquid
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interface was flat. Hamersma and Hart'' assumed that liquid
flowed as a thin film on the pipe inside wall. The influence
of this film is modifying wall roughness and effective diame-
ter of the pipe. It was claimed that the model was applicable
for the liquid holdups up to 0.04. Chen et al.'* have pre-
dicted gas-liquid interface shape as a part of imaginary large
circle which lies between the intersection points with the
pipe cross section circumference. The center of the imagi-
nary circle was determined using a correlation, and its radius
was equal to the distance between the center and the end
points of the wetted perimeter on the pipe wall as shown in
Figure 1d. Grolman and Fortuin'® considered an important
fact in development of their model. Their experimental stud-
ies showed that in wavy gas-liquid pipe flow, liquid creeps
up against the inside pipe wall. Although this effect has been
rarely accounted in literature, it significantly affects the
interfacial perimeters S;, S;, and Ss as well as the interfacial
friction factor f;. For prediction of interfacial perimeter, S;,
Grolman and Fortuin used a linear interpolation between a
minimum value of S; [D sin(nfy)] for flat surface and the
one [(1 — 0)*’nD] for cylindrically symmetric, closed annu-
lar flow (0=1) to determine the interface area. Figure 1
demonstrates the different gas—liquid configurations used in
aforementioned models. It should be noted that all these
models are applicable only in stratified flow regime.
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Different models which have been proposed so far for pre-
diction of pressure drop and liquid holdup in gas-liquid
flows with low liquid loading do not provide reliable predic-
tions, especially in relatively higher values of liquid holdup.

An inescapable fact observed in the models existed in the
literature is the lack of a realistic view of gas-liquid inter-
face shape in gas-liquid flow with low liquid loading. This
article was aimed at devising a more accurate way to charac-
terize gas—liquid interface shape. This shape was determined
based on the physical rules underling gas—liquid flow phe-
nomena. In this model, liquid-phase velocity distribution is
recognized as the immediate cause for transformation of a
flat interface into a curved one.

Experiment

A setup was designed and assembled to perform experi-
mental measurement of pressure drop on gas—liquid flow
with low liquid loading. Figure 2 shows the schematic dia-
gram of this setup. It consists of a horizontal plastic tube
with 7 m long and 1 in. internal diameter, a micromanome-
ter, air compressor, damping tank, water supply tank, and
cyclone. Water is pumped from water source to the water
supply tank to make up the water flowing through the pipe.
To maintain a constant water flow rate, this tank is
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Figure 2. Schematic diagram of designed setup.
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

pressurized using nitrogen gas at a constant pressure of 5
bar. The compressed air with pressure of 8§—10 bar coming
from a compressor is sent to a tank to damp the pressure
fluctuations. The compressed air flowing into the pipe is sup-
plied from this tank through a gas regulator to adjust the
pressure and flow rate. Air and water are fed to the test sec-
tion concurrently at the pressures between 1 and 3 bar. In
the end of the test section, air and water enter a cyclone and
separate from each other. The air flow rate is measured using
a flow meter calibrated for ranging from 2 to 30 m*/h with
the precision of 3%. The water flow rate is also metered
through a water flow meter calibrated for ranging from 16 to
80 L/h with the precision of ®£1 L/h. The pressure difference
was measured between the distance of 2.5 m along the pipe
using an inclined manometer with an accuracy of *1 pa.
The range of gas and liquid superficial velocities covered in
this experiment is presented by the shaded area located on
Taitel-Duckler flow regime map’ as shown in Figure 3. As
can be seen from this figure, the flow pattern maintain in
stratified-wavy regime through whole experiment.21

Mathematical Model
Gas liquid configuration

The flat gas—liquid interface shape assumed by Taitel—
Dukler’ is consistent with reality when the gas and liquid
are nearly at rest. As the gas or liquid velocity increases in
the pipe, a thin film of liquid near the wall creeps up the
pipe wall and the interface will have a more tendency to
form a curved shape. This fact is shown schematically in
Figure 4. The primary reason is that the interface liquid layer

Increase in gas velocity

N A

Figure 4. Effect of gas velocity on forming curvature in
interface of gas-liquid.
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Figure 5. The gas-liquid pattern considered in this
model.

has a tendency to move with the velocity of interface, u,.
However, for the points near to the pipe wall, the velocity
approaches zero according to no slip condition. Thus, for the
points on the interface, which are close to the wall, the
velocity head is transformed into static pressure and it makes
the liquid creeps up against the pipe wall and forms a thin
layer. Figure 5 shows the static head of 4 and the thin liquid
layer formed near the wall.

As shown in this figure, the interface is predominantly flat
except for a thin film near the wall. The thickness of the thin
liquid layer which creeps against the wall is assumed to be
constant. The flat interface for the regions far from the wall
is observed in the experimental study performed by Solei-
mani and Talaei.*> Figure 6 gives a few images of this work
which have been captured using wire mesh electrical system
for different gas and liquid velocities in horizontal pipe. The
white and dark points demonstrate liquid and gas regions,
respectively.

Governing equations

The steady-state gas and liquid-phase momentum balance
equations can be written as follows:

dj

_AG(_p) —1wSe—TiSi—Agpsgsinf=0 (D
dx) g
dp .

—AL —_— _’EWLSL‘FT,'S,‘—ALpLgSIHﬁZO (2)
dx ),

where p and A are phase density and cross-sectional area,
respectively. The subscript G and L stand for gas and liquid
phases. f§ and g are inclination angle of pipeline and acceler-
ation due to gravity. [ is positive for upward and negative
for downward pipes. p is the pressure at each point along the
pipeline, respectively. S;, Sg, S, are the interfacial surface
per unit of length for gas-liquid, gas—wall and liquid—wall,
respectively. 7, 75, and 7, are the shear stresses between
gas—liquid, gas—wall, and liquid—wall, respectively. The aver-
age pressure gradients in gas and liquid can be assumed

equal:
dp\ _(d) _(dp
(a), (&)~ (&)

This assumption is generally valid in the absence of inter-
facial liquid level gradients. Equations 1 through 3 are com-
bined to yield the following form:
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Figure 6. The images of cross section of water-air flow through a horizontal pipe in different gas and liquid veloc-

ities captured by Soleimani and Talaei.??
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‘L'WGA—G —twLA—L +1;S; (A_L + A_G) —(pL—pg)esinf=0 (4)
Equation 4 comprises shear stresses and geometrical

parameters (Az, Ag, Si, Sg, and S;). Shear stress terms are
defined as follows:

2
u
=P 5)
wapGu%G
W= —— (6)
¢ 2(1—a)?
_fipglui—u (i—u) _ fipel 15 — | (15 — ) 7

' 2 2

In Eq. 7, it was assumed that there was no slip between
gas and liquid interphases and the interface velocity (i;) was
very close to the gas velocity (ug). It is well-worth explain-
ing that the slip term, which usually appears in two-phase
flow literature, refers to the difference between average gas
and liquid velocities. However, the no-slip assumption
between gas and liquid interphases in more general sense is
almost always applicable except for the case of utilizing sur-
factant in liquid phase. In this work, it was made the
assumption of uniform gas velocity distribution because of
strong turbulent mixing effect. It was also assumed that no-
slip assumption is valid between gas and liquid interphase.
However, it does not mean that there is no difference
between average gas and liquid velocities as there is still
velocity distribution throughout the liquid phase. In these
equations, usp and ugg are superficial liquid and gas veloc-
ities, respectively. Geometrical parameters in Eq. 4 are
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Figure 7. The variation of liquid velocity versus dis-
tance from center of pipe based on one-
seventh power Law.
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defined as below based on the gas-liquid pattern shown in
Figure 5:

AL =0.25d" {n—cos*1 (2% —1)

P ; (8)
+( 22— ) 122 —1)?] +215
( d ) ( d )]
_ & 2 i he
Ac;—nz {0.25d [n cos (27 1)
9

ERIEERISS

SL=d[n—cos_1 (2%—1)} +21 (10)
Sg=nd— {d{n—cos*‘ (2%—1)} +21} (11)
h 2

Si=d 17(2571> +21 (12)

In the above equations /i, /, and ¢ are geometric parame-
ters as shown in Figure 5 and « is liquid volume fraction.
Substituting Eqs. 5 through 12 into Eq. 4 results in an equa-
tion with four unknowns of o, h;, [, and 6. Therefore, to
solve the Eq. 4 for liquid holdup, one needs three more
equations to correlate o, iy, [, and ¢ with each other. / can
be found from the following geometric equation:

300
250 <
W Usg=5.48m/s
200 Usg=7.12m/s
Usg=8.77m/s

Usg=10.96 m/s
Usg=13.16 m/s

dp/dx (pa/m)
g
o @ »F H ¢

Usg=15.35m/s
100 S -] 8

——Model results

%,005 0015 0025 0.035
Superficial liquid velocity (m/s)
Figure 8. Air-water experimental data compared with
the predictions of presented model in con-
stant superficial gas velocities.
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Figure 9. New model’s behavior in prediction of
acquired laboratory data where superficial
liquid velocity is considered constant.

[=R|sin ! hth=R —sin ! =R
R R

In the above equation, / is the last geometrical parameter
as shown in Figure 5.

Once gas and liquid comes into contact in a horizontal
pipe at very low gas and liquid velocities, they form a flat
interface. As either gas or liquid velocities increases, gas—
liquid interface tends to be curved. It can be attributed to the
generation of velocity distribution throughout the liquid
phase. The layers near the pipe wall flow at lower velocities
as a result of wall effect. Consequently, velocity head is
transformed into pressure head. This pressure head is pro-
vided by raising the liquid to the level which is equal to its
respective velocity head. In other words, for the points on
the interface, which are close to the wall, the velocity head
is transformed into static pressure and it makes the liquid
creeps up against the pipe wall and forms a thin layer. The
following equation expresses the transformation of this
velocity head into liquid static head:

13)

2
u
6 —(p—pg)gh (14)

650 —a)

Left hand of this equation is interface velocity head and
right hand is static pressure head. This equation was used to
find h:

2
usG

(15)
2(1-a)*(p,—p)8

h=pg

Liquid holdup, o, in gas-liquid flow through a pipe is
defined as the ratio of pipe cross sectional area occupied by
liquid to the total cross sectional area. Consequently, the fol-
lowing equation can be written based on geometrical rela-
tions for liquid holdup:

AL
a="2L
A

0256 | w—cox™! (24 ~1) + (2% ~1)

1—(2%—1)2}+215

&z
Ty

(16)

where 0 is the thickness of the liquid film formed at the
vicinity of the pipe wall. The velocity of liquid at gas—liquid
interface can be estimated equal to gas velocity. However, at
a very close vicinity of the pipe wall, liquid velocity is
declined sharply. As already mentioned, this steep reduction
of velocity causes a narrow layer adjacent to the pipe wall to
protrude from the main flat interface. Thus, to find the thick-
ness of d, one should determine the point in liquid where the
velocity is declined rapidly. The interval between this point
and the pipe wall will be equal to §. For this purpose, esti-
mation of velocity distribution in liquid phase could be use-
ful. In this article, the interface velocity has been considered
equal to gas velocity. It means that the layer of liquid in
contact with gas has the velocity of gas which is high. This
high velocity could cause turbulence in liquid phase. There-
fore, the flow regime in liquid phase is considered as turbu-
lent flow. In the mechanistic models, although it is tried to
cover all important physical rules governing the gas—liquid
phenomenon, it is needed to simplify the problem with some
valid assumptions. The dimensionless velocity distribution in
turbulent flow can be estimated by one-seventh power law as

below:
= (1-0)"
umax R

( " )
Umax

Figure 7 shows the plot of d—,,
d(f)

A7)

versus %

2 which was

drawn based on the above equation. As can be seen in this

( " )
“max

figure, the variation of d n
d(5)

steep. Therefore, the thickness of ¢ can be estimated equal to:
dr, 4AL

0=0.05— dp=—
27 St

at = 5=0.95 becomes very

(18)

The gas—liquid interface is curved mainly because of
velocity distribution in liquid phase. The only thorough way
to incorporate this effect into the model is direct numerical
simulation which makes the model very complicated.
Although mechanistic models are developed based on the
physical principles underling gas-liquid flow phenomena,
they should be still so simple that can be used in lengthy
two-phase flow calculations. In other words, there should be
a tradeoff between simplicity and accuracy of a mechanistic
model. As a result, the model needs a simple way for predic-
tion of break point in liquid velocity distribution. One simple
method is to use one-seventh power law using hydraulic

Table 1. The Experimental Data Sets Used for Comparison

Researcher Kind of Data

Pipe Diameter(m) Gas/Liquid Flows Number of Data

Badie et al.? Pressure drop Liquid hold up

Meng24 Pressure drop

Soleimani and Talaei*® Liquid hold up

Fan® Pressure drop Liquid hold up
Wetted wall fraction

Chen et al.' Wetted wall fraction

0.078 Air—water Air—oil 124
0.051 Air—oil 11

0.0254 Air—water 16
0.051 0.150 Air—-water 302
0.0779 Air-kerosene 48
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Figure 10. The comparison of the results of the present
model with pressure drop experimental data
measured by Badie el al.®

diameter of liquid phase. Based on this fact, some previous
researchers have estimated velocity profile in gas—liquid flow
systems using correlations for single flow in pipe. Fan®
assumed a logarithmic velocity profile for turbulent flow in
liquid phase for a gas—liquid flow with low liquid loading
system. For further evaluation, a logarithmic velocity profile
was also tried for estimation of velocity profile in liquid
phase to find the break point in liquid velocity distribution.
Interestingly, it was revealed that using both correlations cul-
minated in approximately the same results and there was no
significant difference between model’s predictions (see
Appendix A).

In the end, Egs. 4 through 18 were solved simultaneously
for the unknown parameters of #;, I, §, «, and h. To find
pressure gradient either Eq. 1 or 2 can be applied.

Friction factors

The way of predicting liquid—wall, gas—wall and gas-lig-
uid friction factors appeared in Eqs. 5 through 7 is of great
importance in any two-phase flow model. Many correlations
for prediction of liquid—wall, gas—wall, and gas-liquid fric-
tion factors can be found in the literature. To find the best
correlations for the present model, 30 correlations were
examined by comparing the results of the model with some
experimental data for pressure drop and liquid holdup.
Through this comparison it was revealed that using different
correlations for prediction of liquid—wall friction factor did

0.15

% air-oil

+ air-water &

Experimental Liquid Holdup

Predicted Liquid Holdup
Figure 11. The comparison of the results of the present
model with liquid holdup experimental data
measured by Badie el al.®
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Figure 12. The comparison of the results of the present
model with pressure drop experimental data
measured by Meng.2*

not have considerable effect on the result of the model. In
other word, using correlations which predict gas—wall and
gas-liquid friction factors accurately have a stronger impact
on the model results. It is attributed to the low loading of
liquid for this case. It was also found that the correlation
used by Taitel and Dukler’ for prediction of liquid—wall fric-
tion factor was provided the lowest average relative error.
This correlation, which was recognized to be appropriate for
the present model, is as follows:

f]_ = CLRC]_ n ( 1 9)

Where C;=0.046 and n=0.2 for the turbulent flow and
CL=16 and n=1.0 for the laminar flow.

For two-phase flow with low liquid loading most of the
cross sectional area of the pipe is occupied by gas. As a
result, it is supposed that the friction factor correlation which
provides better results for gas single-phase flow can be more
suitable for such models too. Thus, a set of pressure drop
experimental data was obtained for gas single-phase flow by
Banafi and Talaei.?® Different gas friction factor correlations
were examined by comparing the computational results with
this set of experimental data. This comparison revealed that

06 .
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3 04 x K e
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g o 57
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predicted Liquid Holdup
Figure 13. The comparison of the results of the present
model with liquid holdup experimental data
measured by Soleimani and Talaei.??
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Table 2. The Comparison of the Presented Model’s Predictions Using New Correlation for f; with the Ones Using the Correla-
tion Proposed by Taitel and Dukler’

Average Relative Error (%)

Researcher Kind of Data Gas/Liquid Flows [ (Taitel-Dukler) [i (new)
Badie et al. * Pressure drop Air/water 30.72 28.1
Badie et al. * Pressure drop Air/oil 53.84 8.49
Meng *° Pressure drop Air/oil 47.63 22.86
Badie et al. * Liquid holdup Air/water 41.13 18.55
Badie et al. Liquid holdup Air/oil 146.37 34.70
Soleimani and Talaei** Liquid holdup Air/water 56.69 42.40

the following correlation proposed by Taitel and Dukler’ for
gas—wall friction factor provided the best results:

fe=CgReg™™ (20)

Where C;=0.046 and m=0.2 for the turbulent flow and
C;=16 and m=1.0 for the laminar flow.

To improve the capability of the present model, new cor-
relation for fi was proposed. Solving Eqs. 4—18 simultane-
ously and also using Eqs. 19 and 20 for liquid—wall and
gas—wall friction factors, respectively, all parameters in Eq.
4 will be known except % and fi. Through this equation, fi
was correlated by fitting to obtained experimental data of
pressure drop. The following equation was obtained through
this fitting:

0.02066 k
fr :0.01249g when Regs > 17758
(1og (& + 4
0.07452 k
fim 3 =3519%  when Regs > 17758
(1og (f+ 4

@D

Where k is the apparent roughness due to ripples formed
on the surface of the liquid film. In the above equation, k

HWair-water(Badie etal.)  Nair-oil(Badie etal.)  Wair-oil{Meng)

80
- 3 b3
£ 60 4
- m g < 5
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Figure 14. The comparison between the performance
of several well-known models and three
sets of experimental data for pressure drop.
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Nair-oil(Badie etal.)  wair-water(Soleymani)
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Figure 15. The comparison between the performance
of several well-known models and three
sets of experimental data for liquid holdup.
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will be larger if the gas velocity and hence gas Reynolds
number increase. Increasing gas velocity causes larger waves
on the liquid film surface and higher apparent roughness.

The most interesting feature of the new model is that it
comes close to Olieman’s theory, a thin film covering a part
of wall, at very low liquid loading and high gas velocity,
and it approaches Taitle—Duckler flat interface at higher lig-
uid loading and lower gas velocities. Consequently, the
model will be expected to be valid for a wider range of gas
and liquid velocities.

Result and Discussion

Figure 8 illustrates air—water experimental data compared
with the predictions of presented model in constant superfi-
cial gas velocities. Figure 9, also, indicates the new model’s
behavior in prediction of several sets of acquired laboratory
data where superficial liquid velocity considers constant.
These experimental data follows the trend established in the
previous works that pressure gradients increase with rising
gas and liquid velocities.

In this section, the performance of the new model along
with several well-known models existed in the literature
which are all applicable in stratified flow regime were com-
pared with experimental data in terms of pressure drop and
liquid holdup. The used experimental data were presented in
Table 1. All of these data gathered for evaluation of capabil-
ity of different models are placed in stratified flow regime
region in a flow pattern map.
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Figure 16. The comparison of the predicted stratified-
annular border line with the experimental
data obtained by Barnea et al.?® for 1-in.
pipe.
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Figure 17. The comparison of the predicted stratified-
annular border line with the experimental
data obtained by Barnea et al.?® for 2-in.
pipe.

These data includes pressure drop and liquid holdup infor-
mation on gas-liquid flow though pipes having different
diameters with low liquid loading. To make a thorough com-
parison, the effort was made to collect the experimental data
covering a vast range of operating conditions. Figures 10-13
compare the result of the presented model with the experi-
mental data. These figures demonstrate that the new model
is capable of making a reasonable prediction of pressure
drop.

To show how much the new correlation for fi improves
the results of new model, the presented model’s predictions
obtained using new correlation were compared with the ones
attained using Taitel-Dukler correlation,” which provided
lowest error among other correlations introduced in the liter-
ature when used in new model. The relative errors of new
model’s results in these two states are shown in Table 2.

As Table 2 shows, in spite of tuning the new correlation
for f; for accurately predicting air—water pressure loss experi-
mental data in 1 in. pipe diameter, it demonstrates higher
ability in comparison with Taitel-Dukler’ correlation pre-
sented for f; in prediction of both pressure drop and liquid
holdup data for larger pipes and the systems other than air—
water.

Figures 14 and 15 draw comparison among several models
with three different sets of experimental data. As can be
seen form these figures, the new model provides better pre-
diction for pressure drop than the others do. It is also more
successful in predicting the liquid holdup experimental data
of Soleimani and Talaei.??

The average relative errors of all models in predicting
these data are higher than 40%. It can be attributed to the
fact that the experimental data includes the liquid holdups as

high as 0.4. However, these models were adapted for gas—
liquid flow with low liquid loading. One of the prominent
features of the presented model is its capability of providing
better prediction for a wide range of liquid holdup. The out-
come of these comparisons reveals that although the model
was fitted to the experimental data of pressure drop for air—
water system in 1 in. pipe, it provides quite reasonable
results for the conditions beyond that, that is, two-phase sys-
tem other than air—water and pipe size lager than 1 in It can
be ascribed to the mechanistic method used to predict lig-
uid—gas interface shape in the present model. Indeed, the lig-
uid—gas interface shape predicted by the present model
approaches thin film layer at low liquid holdups while it
becomes close to flat surface for higher liquid holdup. Thus,
the new model offers much more realistic picture of gas-lig-
uid interface than the previous models do. To support this
claim, the ability of the new model was examined for pre-
dicting the border of turning stratified into annular flow pat-
tern. Figures 16 and 17 show the border line predicted by
ARS,”> MARS'" and the presented model, and their compari-
son with the experimental data of Barnea et al.>> These lines
calculated based on different models’ prediction of wetted
wall fraction. When the predicted wetted wall fraction
approaches unity, flow regime turns from stratified into
annular flow. Evidently, the new model provides more rea-
sonable prediction than two other models do. The more
accurate prediction by solid line than dashed lines is obvious
especially in low liquid velocities. Better predictions pro-
vided by new model can lend support to the fact that the
new model can perform better than the previous models
even in the vicinity of turning point to annular flow pattern.

For further evaluation, the results of the new model in
addition to MARS, ARS and Taitel-Dukler were compared
with the experimental pressure drop data of Meng24 for the
region close to annular flow pattern. This comparison indi-
cates that the new model is more powerful than the rest of
the models as shown in Table 3.

Fan?® performed a set of experiments to measure pressure
loss and liquid hold up for air-water flow in 2- and 6-in.
pipe diameters. Figures 18 and 19 compare the results of the
presented model with these data. As can be seen from these
figures, new model has reasonable predictions for both pres-
sure drop and liquid hold up in 6-in. pipe diameter which
demonstrates the scalability of the model. It should be men-
tioned that the average relative errors in prediction of pres-
sure loss and liquid hold up data in 6-in. pipe diameter are
18.8 and 22.4% respectively.

The correct prediction of wetted perimeter can be consid-
ered as a good measure of the capability of a model for
accurately predicting gas—liquid interface shape. Figures 20
and 21 show the comparison of wetted perimeter predicted
using the new model with the experimental data of Chen and

Table 3. The Comparison of the Results of the Model with the Experimental Data of Meng** Which was Obtained for the
Regions Near to Annular Flow

Relative Error (%)

Uls (m/s) Ugs (m/s) Flow Pattern dp/dx (pa/m) New Model MARS ARS Taitel-Dukler
15.1 0.0014 SW-AN 144 25.86 40.87 37.54 50.72
15.2 0.0023 SW-AN 153 25.34 39.10 36.04 52.56
15.2 0.0049 SW-AN 163 22.96 32.11 30.73 54.39
15.2 0.0111 SW-AN 176 19.38 15.11 21.09 56.05
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et al.'* for air—kerosene flow through a pipe with the diame-
ter of 0.0779 m and Fan for air—water flow in a 6 in. pipe
diameter. The average relative error in predicting these
experimental data were 11.92 and 19.4% respectively which
are reasonably appropriate.

Conclusion

A new model was introduced to predict pressure drop
and liquid holdup in gas-liquid flow through a pipeline
with low liquid loading. This model was primarily devel-
oped based on the physical fact that the gas velocity is
the key factor in shaping gas—liquid interface. The new
model is capable of providing satisfactory results for
both pressure drop and liquid holdup for a wide range of
operating conditions, that is, different pipe sizes and gas—
liquid systems. The primary feature of the presented
model is its applicability in a vast range of liquid hold-
ups. In addition, the introduced model can make better
prediction of the stratified-annular transformation. This
fact supports the claim that the new model has better
performance in the border region which is close to annu-
lar flow pattern than the previous models do. The model
also provides acceptable prediction of wetted wall perim-
eter of the pipe.
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APPENDIX

In the present model, the break point of liquid velocity dis-
tribution (and not the whole velocity distribution) has been
predicted using one-seventh power law using hydraulic diam-
eter of liquid phase. As mentioned before, for further evalua-
tion, a logarithmic velocity profile was also tried for
estimation of velocity profile in liquid phase to find the break

Table Al. The Comparison of the Average Relative Error of the Model Predictions Using One-Seventh Power Law with the
Ones Using Logarithmic Velocity Profile

Average Relative Error (%)

Researcher Kind of Data Pipe Diameter Gas/Liquid Flows 1/7 Power Law Logarithmic
Badie et al.’? Pressure drop 0.078 Air-water 28.10 28.16
Badie et al.? Pressure drop 0.078 Air—oil 8.49 8.43
Meng ** Pressure drop 0.051 Air—oil 22.86 22.82
Fan *° Pressure drop 0.1496 Air-water 18.84 18.97
Fan 2 Pressure drop 0.051 Air—water 19.05 19.07
Badie et al.? Liquid holdup 0.078 Air—water 18.55 18.49
Badie et al.? Liquid holdup 0.078 Air—oil 34.70 34.67
Soleimani and Talaei 2> Liquid holdup 0.0254 Air-water 42.40 42.31
Fan®* Liquid holdup 0.1496 Air—water 22.42 22.31
Fan? Liquid holdup 0.051 Air—water 22.46 22.48
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point in liquid velocity distribution. In this section, the results same results and there was no significant difference between
of new model in predicting different experimental data in model’s predictions.

these two states are shown in Table Al. As can be seen from
this table, using both correlations (one-seventh power law and

¢ g . . ) ' Manuscript received Feb. 3, 2014, and revision received Oct. 19, 2014.
logarithmic velocity profile) culminated in approximately the
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