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the two phases and the entrainment in the gas core, the one-dimensional momentum equation for gas has been
solved. The differential pressure of the wet gas between the two tapings in the straight pipe has been modeled in
the pressure range of 0.1-0.8 MPa. In addition a more objective iteration approach to determine the local void
fraction is proposed. Compared with the experimental data, more than 83% deviation of the test data distributed
evenly within the band of + 10%. Since the model is less dependent on the specific empirical apparatus and data,
it forms the foundation for further establishing a flow measurement model of wet gas which will produce fewer
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biases in results when it is extrapolated.
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1. Introduction

As a specific subset of gas-liquid two-phase flow, wet gas widely ex-
ists in various manufacturing processes in industry. According to the
definition of the technical report released by International Organization
for Standards (ISO/TR11583) [1], wet gas refers to the two-phase flows
of gas and liquid in which the flowing fluid mixture consists of gas in the
region of more than 95% volume fraction. This definition is adopted in
this study and all the experiment conditions were within this scope.

The simplest approach to flows involving a gas and a liquid is to treat
the mixture the same as a single phase. By assuming there is no slip be-
tween the phases and the two kinds of medium form a uniform flow,
this typical method, namely homogeneous model, attracted numerous
researchers at the early stage of the research history of multiphase
flow. Obviously there are a number of problems in using the homoge-
neous model. The assumption of a homogeneous distribution of the
phases is sometimes a poor approximation. Furthermore an appreciable
slip can exist between the phases, so the equating of the void fraction to
the quality can be incorrect and lead to errors in calculating the contri-
bution of the pressure drop associated with hydrostatic head. These de-
ficiencies lead the research workers to search for new model which can
describe the movement of the gas-liquid flow in details. Different from
the homogeneous model, a package of proposals recognizing that the
velocities of the two phases are usually different was proposed by
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Lockhart and Martinelli in a landmark paper [2]. It is a special one-
dimensional version of the two-fluid model, which pictures the phases
to be two separate streams. The application of this correlation has
been thoroughly discussed by Hewitt [3] and by Wallis [4]. A simple
fit to their correlations by Chisholm was developed in 1967 [5]. This
type of model actually ignores the shear stress between the two phases
and replaces it with the stress between the single phase and the pipe
wall, so there also are some procedures of it that can lead to errors.

In 1989, taking the conversion between the potential and kinetic en-
ergies of the liquid phase into account, Hart et al. [6] modeled the wet-
ted perimeter in the local cross section of horizontal pipes successfully.
In 1997, Grolman and Fortuin [7] improved Hart's model and developed
a set of methods for calculating the pressure drop of wet gas in the hor-
izontal and inclined pipes which were entitled MARS model. The factors
that affect the static pressure drop of the two phases in the straight
pipes were considered in MARS model, and the predicted results were
verified by the data collected from different experimental conditions
satisfactorily. The research from Amsterdam University provides a
more detailed approach to describe the real gas-liquid flow in stratified
and annular flow patterns than other previous models. However, unfor-
tunately, the effects of entrainment have not been considered in these
two models perhaps since the phenomenon cannot be quantitatively
measured in these researches. Even though a number of empirical or
semi-empirical models for measuring the gas flow rate of the two-
phase flow by using the throttle flow meters have been developed
[8-11] and some of them are applied in the pilot plan test [12], some
critical problems including the mechanism of the interaction between
the two phases and the prediction of void fraction are not clear at
present. As a result the mechanism analysis of the wet gas flow should
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be discussed thoroughly and unquestionably, the experimental study is
more suitable to be implemented in the simple straight pipe.

In this study, based on the hydrokinetics theory of the wet gas two-
phase flow, the factors that affect the pressure loss of gas phase are
discussed in the straight pipe with the inner diameter of 50 mm. A
more objective iteration procedure is developed for determining that
the void fraction is proposed. In addition the performance of the new
model and other representative models for predicting the total pressure
drop is discussed. Compared with the experimental results, the devia-
tion of pressure loss predicted by the model was within an acceptable
range. This study forms the foundation for establishing the measure-
ment model which can be further applied to wider conditions.

2. Wet Gas Pressure Drop Model

Given the inherent complexity of the two-phase flow, it is necessary
to propose an assumption for simplifying the research subject before
the model was developed, namely there is only one static pressure
value that exists in each individual cross-section of the pipe. This
study is limited to the analysis of the gas phase and it is assumed that
the static pressure is one of the cross-sections of the pipe. According
to the assumption, it can be identified that this model belongs to the
typical one-dimensional model.

For a stable horizontal two-phase flow, the momentum equations of
the two phases can be expressed respectively as follows in which the ef-
fects of friction and entrainment have been considered. In this equation,
W, denotes the mass flow rate of gas phase and A4, is the actual circula-
tion area of gas.Ug and Up represent the local velocities of the gas and
the entrained droplet, respectively. 7cw and 7; denote the shear stress
between gas and wall and the one between gas and liquid film. Sgy rep-
resents the portion of the pipe perimeter in contact with the gas phase,
and S; is the contacted length between the two phases on the local cross
section. Some of the parameters are described in Fig. 1.
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What should be clarified is that since the entrained phenomenon is
seemed as a dynamic equilibrium and the entrained droplets are con-
sidered as a part of the gas core, the entrainment factor was considered
justin the equation of gas phase. As there is only one pressure tap in the
cross-section of the pipe and the single pressure hypothesis in multi-
phase pipe flow has been accepted by many researchers [6,8], the static
pressure of the two phases in the same cross-section seems to be iden-
tical which can be expressed as Eq. (3). Based on this hypothesis and
eliminating the friction between the two phases, the pressure drop of
wet gas flow is shown as Eq. (4) which is used to determine the pressure
drop in this model.
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From the above derived equation, the pressure drop gradient of wet
gas is affected by the three factors at the right side including the friction
between the gas and the pipe wall, the friction between the water and
the pipe wall, and the entrainment. The correlations for solving the
three terms on the right side of the equation will be created in the pro-
ceeding sections. Obviously there is not any terms with respect to the
inter-phase friction in Eq.(4), but this factor is also discussed in this

model in detail since it is one of the crucial factors in void fraction
correlation.

2.1. Correlation for the perimeters

Before solving the two frictional pressure drops, there is a need to
obtain the two perimeters Sg and Sy, in addition the correlations of the
perimeter between the two phases S; should be addressed as well (see
Fig. 1). MARS model [7] proposed a series of correlations for calculating
the detailed flow parameters and this model has been verified by some
different data sets. Given that, in this study, the approach for determin-
ing S; in MARS model is adopted.
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Fig. 1. Schematic representation of wet gas in the cross-section of the pipe. (The left and
right schematics represent the cross-section with the actual wetted perimeter and the
minimum attainable wetted perimeter, respectively.)

In Eq. (5), 6o and 0 denote the minimum attainable wetted perimeter
fraction and the actual one respectively. cis the local void fraction and D
is the diameter of the pipe. In MARS model, 6, can be approximated
without generating significant accuracy loss by using Eq. (3) and 6 can
be calculated using Eq. (4) after 6, is determined. The gas phase Froude
number Frg and the liquid-phase Weber number We, s which correlate
with 6 are represented by Eqgs. (5) and (6), respectively.

0o = 0.624 x (1—a)**" (6)
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In Eq. (4), We.s and Frg are liquid phase Weber number and gas
phase Froude number, respectively, and their definitions are given in
Egs. (8) and (9).

 Ugs?
6 = 42gD (8)
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Since the gas phase just contacts with the liquid film and the wall of
tube in stratified flow and uncompleted annular flow conditions, Sg and
S. can be expressed as
S¢ = (1—6) x D (10)

S =6xmD (11)
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2.2. Correlations for the shear stresses

Base on the discussion above, there are three major shear stresses in-
cluding the one between the gas and wall, the one between the water
and wall, and the stress between the two phases which will affect the
total pressure drop of the wet gas in horizontal pipes at the stratified
and annular flow patterns. In order to calculate the three shear stresses
the relevant drag coefficients should be addressed as well.

According to the classical single phase fluid dynamics theory, the
shear stress between the medium and pipe wall is commonly depicted
by Fanning equation [13] which has been testified by numerous test
data in industries [14]. The drag coefficient, in Fanning equation, is the
crucial factor which is mainly affected by the roughness of the pipe
and the Reynolds number of the flow. Since the research of single
phase flow has a long history and the theory of it is much more mature
than that of multiphase flow, many researchers would like to follow the
basic form of Fanning equation when depicting the drag coefficient in
two-phase flow. However some new elements have been considered
in the expression of shear stress in wet gas flow as the dynamics motion
of it is more complicated.

As represented in Eq. (12), the stress between gas core and wall of
the tube is shown by the form of Fanning equation in which the density
and velocity of the medium are replaced by that of gas core.

1
Tow = ifcw(Pc + Cp) x Ugc? (12)

fow is the frictional factor between the gas core and the tube wall, C,
represents the extra quantity of density resulting from the liquid en-
trainment quantity Wi.

Ch= WLE/(AUGC) (13)

As the entrainment liquid would exist in the gas phase, the form of
velocity of gas core Ugc, is expressed as

We W
¢, Wik
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In order to obtain fgy in the test operating conditions accurately, be-
fore the wet gas test, the pressure drops of the dry gas flow are mea-
sured at every gas superficial velocity test point. As these tests belong
to the single phase flow condition, the reliable Blasuis form [15] can
be used to fit the correlation of fqw accurately by using the direct pres-
sure drop data. By this way the correlation of fgyy is fit as follows.

0.3104
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fow= (15)

For the same reason, In Eq. (15), the Reynolds number has been re-
placed with the gas phase Reynolds number Rec which can be deter-
mined by using the empirical conclusion identified by Eck.

PcUcsD
1-64 1
.u'G nD

The relative deviations of the fit drag coefficient fq, for different
pressures, are plotted in Fig. 2. For all four static pressures and three su-
perficial velocities, the test points drop in the error band of 4+ 4% which
can represent the applicability of this fit correlation.

Substituting Eq. (16) into Eq. (15), fow can be solved, and similarly,
substituting Eqs. (13) and (14) into Eq. (12), Tgw can be calculated.
The shear stress between the liquid and pipe wall is simply represented

Rec = (16)
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Fig. 2. Deviation of the predicted gas drag coefficient with different flow rates.

by Eq. (17) in which the real liquid velocity can be expressed by using
the superficial velocity and void fraction.

1 Ugs \?
TIw = jfLWpL (%) (17)

Since the research of water flow in pipes has been conducted for
decades, the drag coefficient fiy which denotes the stress between
the liquid and pipe wall can be calculated by using the research
achievement of the water pressure loss. Colebrook Equation [16] is
one of the most important equations for studying the friction factor
in single phase flow. It applies to all turbulent flow conditions. Values
of friction factor that it predicts are generally accurate to within 10-
15% of experimental data [14]. The Colebrook Equation is used to de-
scribe the friction factor fj\. However the iteration method has to be
added in this solving procedure due to the implicit expression of
Eq. (18).

L——Zlg L+i (18)
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In Eq. (18) k denotes the absolute roughness of the pipe line. The ma-
terial of the pipe used in these experiments is stainless steel, and the re-
sult of detection of it indicates that the absolute roughness is 5.98 pm.
The Reynolds number for liquid can be depicted by means of the tradi-
tional formation and wetted perimeter fraction as follows.

- P X ULS x D
Re. = T (19)

As discussed above, by using Eqgs. (17) to (19) the shear stress be-
tween liquid flow and pipe wall can be determined when the void frac-
tion is known.

The friction between the two phases has been considered as one of
the most complicated factors in two-phase flow by many researchers
[17-19] and the most solutions of it still belong to the empirical or
semi-empirical methodology at present. There is no doubt that people
are used to reference the existed theories and methods which have
been proved right when they encounter the new phenomenon or prob-
lems. Wallis [4] is one of the early researchers who determined the fric-
tion coefficient between liquid film and gas by referring to Nikuradse's
research on single phase flow [20]. This approach has been adopted
and modified by other researchers in the following decades [6,7,21].
The similar method in which the mean height of the surface wave was
regarded as the roughness of the pipe wall is adopted.
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In 2003, Werven and his co-workers [22] constructed a type of
model for measuring the static pressure of wet gas flow when it through
the convergent and divergent sections of Venturi meter. The model was
validated by using the experimental data within the pressure range
of 1.5 to 9 MPa and the estimated results were considered to be accept-
able. In this model, the effect of liquid entrainment is considered
when the correlation of shear stress between gas core and liquid film
is developed.

1
Ti = ifi(pc +Cp) x Ugc? (20)

In Eq. (20), f; is the frictional factor between the two phases. As the
entrainment liquid would exist in the gas phase, in Ref. [22], the form
of velocity of gas core Ugc, is expressed as

W Wi
Yec = ape " ap, @

In this study, considering the difference between the velocities of gas
core and liquid film, Eq. (20) has thus been modified. Replacing the
velocity of gas core Ugc in Eq. (20) with the difference between the ve-
locities of gas core and liquid film, the shear stress can be expressed by
Eq. (22).

i = 3 fiPG + Co) x (Uge—Up? 22)

In Eq. (22), U is the mean velocity of the surface of liquid film and its
form is followed by the model in Ref. [22].

1.8 x ULS/(FO(>
Ui = ULS/
(1—a)

Re; <2100 3
Re. >2100 (23)

As depicted in Eq. (23), U; relates to the liquid phase superficial ve-
locity and void fraction of the pipe. The form of liquid phase Reynolds
number is identified by Eq. (24).

_ p]_ULFDV 11—«
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- .

(24)

The Colebrook equation would also be used here to predict the drag
coefficient between the two phases. However, since the calculation dif-
ficulty induced by its implicit expression, the Colebrook correlation is
replaced by a more convenient one, Haaland correlation (Eq. 25) [23],
in which the conventional Reynolds number has been substituted by
the corresponding one in the gas core.

1 k 1.1 6.9
77" —~18lg K—}m) + Res (25)
Regr 264G Us—U)D x /G o6

When the formation of f; and 7; are obtained, in this package pro-
gram, most of the influential factors of the inter-friction motion will
be affected by the last unknown parameter, the relative roughness. In
single phase pipe flow the roughness is just the essential property of
the pipe wall, but when it denotes the mean height of the film wave
in two-phase flow, there is no theoretical method that can model it
accurately. As a result, the relative roughness is fit based on the

experimental data by using the relevant non-dimensional parameters
including s;, Ugs/(gD)%>, X and pg/py. as follows.

3.5152
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0\ 4094
x <£> +0.0504 (27)
L

The performance and deviation of the fit correlation in the whole
model will be discussed in the subsequent section and the deviations
will not induce an unacceptable result in static pressure calculation
which can be proved in the proceeding sections. According to the state-
ment before, the three shear stresses correlated to the frictional pres-
sure drop of wet gas and their components are distinguished and
clarified.

2.3. Correlation for the entrainment

Firstly, the momentum equation for entrained droplets should be
obtained. Assume that the mean diameter of a single droplet is dp, and
the volume of the single droplet can be expressed by Eq. (28).

Vp = §n<d§)3 (28)

If the velocity of the entrained droplet is Up and s is the volume frac-
tion of the droplet to the entire gas core, the total volume of the droplet
through the gas core section per unit time is AUpy. In this study, by
using the resistance equation for flow around a sphere, the drag force
on a single droplet can be depicted in Eq. (29), in which Cp is the drag
coefficient of the sphere resistance.

1
Fp = gCDpG(UG—UD)anDZ (29)

Multiplying Fp by the total number of droplets in the control volume,
i.e. AUpys/Vp, while taking into consideration the relative velocities be-
tween the gas phase and droplet, the total force on the control volume
can be presented by Eq. (30).

3pcCo
4dp

Fpc = YA x |Ug—Up|(Uc—Up)Up (30)

When the flow field is steady, the differential equation for the mo-
mentum of the total control volume can be expressed as

2 dy
d(Apxp Up )/dt = A x PLUDzd—yD (31)

According to the momentum theorem, Eq. (30) should be equal to
Eq. (31). Thus, the momentum equation for the entrained droplet is

y,dUp _3 (&G) 1Uc—Up|(Uc—Up) (32)

——==C
dy 4 P PL dp
The mean diameter of a single droplet dp, in the equation above, can
be estimated by using the correlation as recommended by Azzopardi
and Govan [24].
do — )\T< 154 3.5pGWLE>

WedS " pWe =
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Based on the above analysis, if Wi and W are identified, the local
value of dUp/dy can be calculated using Eq. (32). The definition of en-
trainment is dividing Wig by the total liquid flow rate Wj.

E=We /w, (34)

In 2001, Lei Pan and Hanratty [25] indicated that entrainment is re-
sulted from a balance between the rate of atomization of the liquid layer
flowing along the pipe wall and the rate of drop deposition. Al-Sarkhi
and Sarica [26] proposed a model to predict the droplet entrainment
in gas-liquid annular flow in 2013 and this model has been validated
by some kinds of test data from the pipes with different orientations.
Therefore the model is applied in this study and the entrainment (E)
can be expressed by Eq. (35) in which E,,, denotes the asymptotic or lim-
iting value of the maximum entrainment fraction.

E=En {1— exp (‘_/V‘QZG*SH

Reys 08
Em =1—exp {— <m> (35)
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o Pc

In last equation Wegs is a constant which should be obtained by
using the experimental data available in the literature. In horizontal
flow data, the correlation for determining Wecs was proposed in Ref.
[26] as follows and that is also used in this work.

E,\ 153
Wegs™ = | —

GS <B (36)
B =231 x 10 *Re 02713

The entrainment ratio and the local entrained liquid flow rate can be
calculated successfully by using Eqs. (35) and (34), respectively.

24. Correlation for the void fraction

Void fraction has been considered as one of the most complicated
elements in two-phase flow by a couple of researches. In 2006,
Woldesemayat et al. analyzed the 68 existing representative void frac-
tion models in the research area of two-phase flow history [27]. These
models were classified and verified by different sets of experimental
data. The conclusions indicated that the deviations of these models
which are proposed in different flow patterns are more than 30%,
which demonstrate that the intrinsic disadvantages of these fit void
fraction correlations are mainly due to their subjectivities. Consequently
a more objective method for determining the void fraction in the hori-
zontal pipe is proposed and used in this study.

As discussed above, the hypothesis used in this study indicates that
there is only one static pressure (or pressure drop) in the local cross-
section of the pipe. However, pressure drop of gas and liquid phase
can be obtained by solving their momentum equations respectively
and, most of the time, they may not be completely equal. There is a crit-
ical phenomenon that the momentum equations of both phases are
sensitive to the void fraction, so adjusting the void fraction until the re-
quirements of the hypothesis is met can be a method to determine this
crucial factor. Substituting Eq. (2) into Eq. (1) and eliminating dp/dy, the
correlation may seem as the constraint equation of the void fraction is
obtained as Eq. (37). Iterating the local void fraction until Eq. (37) is
met, the final value of the iteration can be adopted without using any
empirical or semi-empirical correlations.

Ssw__ Sew __ (1 1\ W dUp
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For this equation, there is a situation that should be explained. It
seems a little strange that the term regarding to the shear stress be-
tween the two phases did not appear in Eq. (37) which was used to cal-
culate the pressure drop of the wet gas, but the solution algorithm of T;
is still discussed in Section 2.2. The reason is that the iteration method of
the void fraction makes the inter-shear stress to be one of the necessary
factors in this model.

2.5. Summary of the model

Integrating the models presented above, a set of models for calculat-
ing the axial static pressure of wet gas in horizontal pipe was developed.
When the two phase flow rates and the inlet pressure are known, con-
sidering the factors related, the static pressure in local cross sections can
be obtained by solving the derived equation from the momentum equa-
tions of the two phases. The interfacial perimeter is determined by
Eq. (5) and the shear stresses are calculated from Eqgs. (12) to (22).
The pressure drop term of friction can be determined by using these
two parameters. The pressure loss of acceleration is obtained by deter-
mining the void fraction which can be calculated from an iteration
method. For the pressure drop of entrainment, the related parameters
including the local entrainment and the velocity of the droplets are cal-
culated using Eqs. (34) to (36) and Eq. (32), respectively. Upon
obtaining the above three major pressure loss factors, the static pressure
of wet gas in the local step can be calculated from Eq. (1) accordingly.
The procedures were implemented iteratively by taking the results of
the previous step to be the initial conditions of the next one. The detail
of the calculation procedure is plotted in Fig. 3 and this model was com-
piled into a Matlab computer program. Since the model is less depen-
dent on the specific empirical apparatus and data, it provides the basis
for further establishing a flow measurement model of wet gas which
will produce fewer biases when it is extrapolated. Fig. 3 is the flow
chart for the calculation of wet gas static pressure.

3. The Experiment Setup

The experiments were conducted on the Dual-closed recirculating
loop wet gas test facility which was shown in Fig. 4. The test mediums
of fluids were air and water. The gas flow is produced by a Roots blower,
and is capable of delivering volumetric flow rates of 1-1000 m>-h™" at
the line-pressures ranging from 0.1 to 1.6 MPa gauge. With the uncer-
tainty of 1%, a 100 mm turbine meter was used to measure the reference
dry gas flow rate. The liquid (water) was injected into the stream via an
injector nozzle placed on the axis of the pipe, facing downstream. A
water pump was used to deliver liquid to the nozzle at the flow rate
up to 8 m>-h~!. The liquid flow rate through the nozzle was controlled
via a 25 mm ball valve, which was located on the liquid recirculating
loop. The reference liquid flow rate is measured by an electromagnetic
meter, for which the uncertainty was 0.5%. The horizontal mixture test
section was located on the downstream of the injector nozzle, the
inner diameter of which is 50 mm. By using the gas-liquid separation
tank, the two-phase fluids were circulated back to their own loop.

The experiments were implemented at four different line pressures,
which were 0.24, 0.4, 0.6 and 0.8 MPa. The gas flow rates, expressed by
the superficial velocity (Ugs), were selected in the range between 6 and
12m-s~". In Lockhart-Martinelli terms, the liquid flow rates correspond
to 0-0.35. The range of the liquid mass fraction (LMF) of the two-phase
flow is 0 to 79%. The flow conditions of the experiments are summarized
in Table 1.

Due to the widespread use in petroleum industry, the Mandhane flow
pattern map (Fig. 5) [28] was used in this study to identify the flow re-
gimes appearing in the experiments. The abscissa and ordinate of this
map are superficial velocity of the gas phase and liquid phase, respective-
ly, which make this flow pattern map more convenient to be used than
the other ones. Mandhane map is constructed in the liquid density
range of 705 to 1009 kg-m~> and the gas density range of 0.8 to
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Fig. 3. Flow chart of the model for static pressure distribution calculation of wet gas.

50.5 kg-m™>, which can cover the test condition in this study completely.
From the distribution of the test points in Fig. 5, it can be demonstrated
that most of the flow regimes occurring in the experiments are annular
and wavy flow and only several points drop within the scopes of stratified
and dispersed flow pattern which is consistent with the entrainment pre-
diction performed in the proceeding paragraphs.
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Fig. 4. Schematic diagram of the experimental setup.

4. Results and Discussion

The horizontal distances between the pressure taps of the pipe are
3000 mm. Since the step length was set to be 1 mm in stream-wise,
the total numbers of steps for this tube is 3000. Assuming that the
pipe diameter is constant within a step length, the boundary condition
of the model can be determined. By using the calculation procedures
discussed previously, the flow parameters can be obtained in the first
step. By setting the results of the previous step to be the initial condi-
tions of the next one, the calculation procedures was continued until
the static pressure of the second tap was obtained.

According to Eq.(4) in which the friction between the two phases
seemed as the inter-action of this two-phase system, the total pressure
drop is consisted by three components including the friction between

Table 1
Scope of the experiments
P/MPa Ugs/m-s™! X Ups/m-s~! LMF/%
0.2 6 0-0.237 0-0.086 0-79.6
9 0-0.237 0-0.130 0-79.6
12 0-0.236 0-0.173 0-79.5
0.4 6 0-0.297 0-0.143 0-79.1
9 0-0.285 0-0.205 0-78.4
12 0-0.222 0-0.213 0-73.9
0.6 6 0-0.356 0-0.200 0-79.5
9 0-0.209 0-0.177 0-69.4
12 0-0.166 0-0.187 0-64.3
0.8 6 0-0.324 0-0.193 0-75.7
9 0-0.192 0-0.180 0-64.9
12 0-0.155 0-0.193 0-60.0
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Fig. 5. Distribution of test points in Mandhane flow pattern map.

gas and pipe, the friction between liquid and pipe, and the effect
of entrainment. The percentage of these factors in the whole pressure
drop can be seen as one of the crucial characters in wet gas pipe flow
therefore the distribution of it in different test conditions should be ad-
dressed. Fig. 6 depicts the variation of the three factors' proportions in
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Fig. 6. Distribution of the pressure drop terms and wetted perimeter fraction with
different liquid fractions (P = 0.2 MPa).

different Lockhart-Martinelli parameter (liquid loading) at the
constant line pressure (0.2 MPa) and the constant gas superficial veloc-
ity (9 m-s!). The proportions marked in the left ordinate denote the
segmental pressure drops divided by the total pressure loss. When X
equals 0, there is no liquid in the pipe, the total pressure drop complete-
ly consists of the friction between the gas and the pipe wall. However,
when the liquid phase added the friction between water and pipe dra-
matically increased and, in the meantime, the friction between gas
and pipe declined. The reasons of that mainly lie in two aspects:
(1) the increment of the wetted perimeter reduced the proportion of
the dry perimeter of which variation trend can be watched clearly in
this figure and (2) the viscosity of water is far higher than that of gas.
With the different trends of the two phases’ frictions during the incre-
ment of the liquid volume fraction, the proportion of the liquid friction
effect must exceed that of gas phase at certain point and this point ap-
pears when X = 0.024 in this test condition (the position near the dot

line marked in Fig. 6). What should be noticed is that after a sharp in-
crease (or decrease) stage between the two dash lines in Fig. 6, the ten-
dency of the liquid friction (or gas friction) element became slow
gradually. This phenomenon can be accounted for the less increment
of wetted perimeter after the liquid volume fraction reaches a certain
standard in this condition of line pressure and gas flow rate. Though
its quantity is much less than other elements, the pressure drop due
to entrainment exists in the total pressure loss as well when there is liq-
uid in the test loop. The distribution of the three pressure drop elements
in Fig. 6 demonstrates that the vast majority of the static pressure loss
comes from the friction of gas and liquid phase versus the pipe's wall,
and the proportion of liquid fiction would surpass that of gas phase
when X increased.

The similar distribution of the three pressure drop elements at the
test condition of 0.6 MPa and Ugs = 9 m-s™! is depicted in Fig. 7. Com-
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Fig. 7. Distribution of the pressure drop terms and wetted perimeter fraction with
different liquid fractions (P = 0.6 MPa).

pared with Fig. 6, there are two major differences in the figure below.
The first one is that the surpass phenomenon of the liquid and gas fric-
tions appears at an earlier stage of the liquid fraction. The liquid friction
increases so rapidly that the critical surpass point marked with the dot
line cannot be captured exactly in this test (the critical position drop be-
tween the second and the third test points). This change can be ex-
plained as the more rapid increment of the wetted perimeter owing to
the addition of the line pressure of which tendency can be identified
in this figure as well. The effect of the line pressure to the wet gas
flow is demonstrated clearly because the chosen gas superficial velocity
and Lockhart-Martinelli parameter in Fig. 7 are identical to that of Fig. 6.
In fact, the increment of the static pressure would induce more gas
(mass flow rate) through the test loop at the same superficial velocity
condition therefore the liquid at the bottom of the pipe is more forced
to creep up the wall. The second change in Fig. 7 is that the proportion
of the gas friction would drop to zero under certain circumstances
(when X is more than 0.09) and the liquid friction almost equals the
total pressure drop accordingly. It can be simply accounted for that
the local wall of the pipe has been completely wetted so the flow pat-
tern becomes annular and the gas phase did not contact the pipe wall
at all. The percentage of the entrainment effect is still relatively low nev-
ertheless the absolute quantity of the entrainment friction is far more
than the preview condition.

In order to testify the performance of the pressure drop prediction
model, the deviation of this model and other two representative models
including MARS model and Power-Law model in every test point is
depicted and discussed, respectively.

Fig. 8 (left) reveals the relative deviation of the predicted wet gas
pressure drop by using MARS model in which the abscissa represents
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Fig. 8. Deviation of the predicted pressure drop by MARS model (left) and Power-Law model (right) with different line pressures.

the liquid fraction by means of the Lockhart-Martinelli parameter.
MARS model can be attributed to one of the models in which the flow
details such as flow pattern and wetted perimeter have been consid-
ered. Compared with the homogeneous model an entirely different per-
formance is expressed in Fig. 8 (left). Except the test points near X = 0,
the error of the vast majority test data fall in the boundaries of —20%
and — 80%. The deviation of the dry gas indicates that even the correla-
tion for single phase friction prediction cannot ensure its applicability
for the all working conditions including the flow medium and the
roughness of the pipe. Fortunately this errors appearing in the dry gas
flow could be modified and this work has been finely conducted and
shown in the previous section. The apparently negative tendency of
the deviation with the increasing X demonstrates that there are some
affects inducing the friction or dissipation due to the increment of liquid
fraction have been underestimated in this model. Moreover the consis-
tent trend of data in different line pressures shows that this model can
more easily be modified than the homogeneous one. Owing to this cru-
cial advantage, many procedures proposed in MARS model are chosen
to be improved in this study.

A Power-Law correlation for gas-liquid flows in horizontal pipelines
was proposed by Al-Sarkhi and Sarica in 2010 [29]. By using the dimen-
sionless groups of the flow parameters, the correlations for the two spe-
cific flow patterns (stratified and annular) which can predict the
pressure drops were developed as follows. In Eq. (38) all the parameters
with a superscript asterisk denote the dimensionless form of their orig-
inal ones.

_n (SLf L Scf G x 2) Stratified

pr_2DMp/dy) ) 4 AP AT (38)
pLULs s 2 1/ o, Sifiy—
(4> i Afz + AEZ X Annular

The correlation above has also been testified by using the test data
proposed in this study. Since the methods for obtaining the flow param-
eters such as perimeters (Sy, S, S;) and drag coefficients (f;, f) have not
been mentioned in Ref. [29], these parameters are determined by using
the methods proposed in this work. The test data are testified by using
the Power-Law correlation in stratified and annular flow conditions, re-
spectively. In stratified and wavy flows, the predictive performance of
the Power-Law correlation is depicted in Fig. 8 (right) which shows
that except the two test points in low pressure and liquid ratio, most
data distributed in the error band of 4-20%. This demonstrated that, to
a certain extent, the correlation is applicable for the test data in these
flow patterns. However, all the calculated pressure drops from the
Power-Law annular correlation resulted in a deviant negative value.
This phenomenon can be mainly accounted for the test condition does
not firmly meet the hypothesis of this correlation which assumes that

Ug is far higher than U;. According to the calculated void fractions
and the inlet flow rates of the gas and water, at annular condition, the
real gas velocity range is 6.8-12.9 m-s~! and the real water velocity
range is 1.58-2.8 m-s~! in this experiment. Therefore the Power-Law
correlation can be partially applied in this test data with a certain devi-
ation degree.

Considering the features and hypothesis of the representative
models and their test performance, some procedures and improve-
ments have been conducted in this paper. In order to describe the mo-
tion of the wet gas flow more specifically, the correlations related to
the flow details including the wetted perimeter and the interface of
the two phases are developed. Furthermore an iteration procedure is
proposed to determine the void fraction which, to the same extent, is
more objective than any other fit correlations from some specific exper-
imental data. The effects of the entrainment on the pressure loss are
discussed quantitatively as well. As the factors mentioned above
are considered and the relevant procedures have been added in
this model, the performance of the relative deviation represented in
Fig. 9 is much improved. Primarily all the relative deviations of the
test points are within 20% and the fit correlation for the dry gas pressure
loss estimation successfully limits the error of single gas within + 5%. It
is also worth mentioning that more than 83% deviation of the test data
distributed evenly within the band of 4 10% which demonstrates the
extensive applicability of the model on the experimental data. On the
other hand, there also are some estimation deviation existing in this
combined correlation. Unfortunately owing to the combined mecha-
nism of the influential factors on the total pressure drop, more specific
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Fig. 9. Deviation of the predicted pressure drop with different line pressures.
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experiments need to be conducted to identify which factor (or factors)
should be responsible for these deviations.

In regard to the whole model and the wet gas flow in horizontal
pipe, there are same issues that should be discussed thoroughly. The
whole model is constructed based on the hypothesis that the two-
phase flow is in the stable stage, however the real wet gas flow could
not meet the requirements of the ‘stable flow’ accurately even though
in the horizontal pipe. Thus the stable flow can be understood as an ap-
proximate concept and the measurable elements such as wetted perim-
eter and void fraction should seem as the mean values of their
fluctuations. It is well-reasoned to use the traditional methods and pro-
cedures which have been testified in single phase flow tests extensively
to solve the problems encountered in multiphase flow, and this meth-
odology has been adopted by a number of researchers. Actually the
mechanism of interaction between gas and liquid in pipe line with dif-
ferent directions is too complicated to be understood completely in
the near future, since there is no suitable experimental method at pres-
ent. As a result, before the more theoretical model for describing the
mechanism of the wet gas is constructed, the researchers have to be-
lieve in the previous methodology and that is the frustrating reality en-
countered in this study.

5. Conclusions

By using the theory of hydrodynamics, the wet gas flow in the
horizontal pipe was analyzed. The model for calculating the axial
distribution of the wet gas static pressure in the straight pipe has been
developed, which takes into consideration the factors including the
void fraction, the friction between the two phases and the entrainment.
In addition a more objective approach to determine the local void
fraction was proposed. For validating the developed model, the wet
gas experiments were carried out under the pressure range of
0.1-0.8 MPa. The predicted results, in comparison to the corresponding
experimental data, fall into a reasonable range. As the mechanism of the
wet gas flow in horizontal pipe was discussed, this study provides the
basis for further establishing a flow measurement model of wet gas
which will produce fewer biases when it is extrapolated.
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