AIChE

A Study on the Modeling of Static Pressure Distribution
of Wet Gas in Venturi

Peining Yu, Ying Xu, and Tao Zhang
School of Electrical and Automation Engineering, Tianjin University, Tianjin 300072, China

Zicheng Zhu
School of Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore City 639798,
Singapore
Xili Ba
PetroChina Planning and Engineering Institute, Beijing 100083, China
Jing Li
Natural Gas Dept., PetroChina Tarim Oilfield Company, Korla 841000, China

Zigeng Qin
Key Laboratory of Earth Exploration & Information Technology of Ministry of Education, Chengdu 610059,
China

CCDE Geophysical Prospecting Company, Chengdu 610213, China

DOI 10.1002/aic.14657
Published online October 28, 2014 in Wiley Online Library (wileyonlinelibrary.com)

A model for gas-liquid annular and stratified flow through a standard Venturi meter is investigated, using the two-
phase hydrokinetics theory. The one-dimensional momentum equation for gas has been solved in the axial direction of
Venturi meters, taking into consideration the factors including the void fraction, the friction between the two phases and
the entrainment in the gas core. The distribution of wet gas static pressure between the two pressure tapings of the Ven-
turi meters has been modeled in the pressure range of 0.1-0.6 MPa. Compared with the experimental data, all the rela-
tive deviations of the predicted points by the model were within =15%. As the model is less dependent 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 in results when it is extrapolated. © 2014 American Institute of Chemical Engineers AIChE J,

61: 699-708, 2015
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Introduction

As a specific subset of gas—liquid two-phase flow, wet gas
widely exists in various manufacturing processes in industry.
According to the definition of the technical report released
by International Organization for Standards (ISO/TR11583),"
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.

In 1797, the Italian physicist, Giouan Battista Venturi,
described the relationship between the velocity and static
pressure of the flow when it flows through a tube with con-
vergent and divergent structures. Using this relationship, an
American hydraulic engineer, Clemens Herschel, designed
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the first commercial Venturi meter in 1887. Due to its simple
structure, high accuracy and low cost, the Venturi meter
became one of the most commonly used flow meters in
industries. Meanwhile, there is a long history for the research
on Venturi meter for gas—liquid flow.>? Owing to the com-
plexity of two-phase flow, the research on the flow charac-
teristics of gas—liquid flow going through Venturi meters still
draws significant attentions today. At present, the common
method for studying Venturi meter on wet gas flow in indus-
try is to establish model based on the over reading theory.
When the flow rate of the liquid phase is identified, the flow
rate of the gas phase can be calculated using the over read-
ing model and the differential pressure of the Venturi meter.

In 1962, Murdock developed the classic over reading
model for Orifice plate which was seem to be the foundation
for the over reading models proposed subsequently. In 1967,
Chisholm® acquired the form of wet gas over reading model
for the orifice plate by assuming that the two phases of wet
gas flow have the same contraction coefficient, but one of
coefficients of the model was not been fixed. In 1977, by
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referring to the data of Thom’s two-phase flow experiment
at the pressure of 1.15 MPa, Chisholm® developed the influ-
encing over reading model entirely. In 1997, de Leeuw’
developed an over reading model for Venturi which reserves
the main form of Chisholm’s model but considering the
influence of gas Froude number on the over reading of Ven-
turi meter. In 2002, Steven® fit an over reading model with a
new form using the wet gas data of National Engineering
Laboratory. As all the mentioned above models were devel-
oped for the traditional one pair pressure tapings throttling
device, the flow rate of gas phase can be calculated using
these over reading models only under the circumstances
where the flow rate of liquid phase is known. However,
unfortunately, this information can virtually be acquired in
industries easily. Consequently, researchers started to investi-
gate a real two-phase flow meter that can be used in indus-
tries directly.

In recent years, researchers tend to use the multidifferen-
tial pressure signals to establish a model to solve the two
flow rates of wet gas flow. In 2009, by employing the differ-
ential pressure and the total pressure loss of Venturi, Reader-
Harris’ proposed a method to calculate the flow rate of gas
phase under the condition where none of the flow rate of
wet gas flow is known. This work was adopted by Interna-
tional Organization for Standards (ISO) and released as an
ISO technical report in 2012." Most of the models are capa-
ble of generating acceptable results within the range of the
data used to build them up, whereas due to the over reading
theory that ignores the details of the wet gas flow, the
extrapolation of these models are highly likely to produce
significant biases.' Meanwhile, the theoretical researchers
are exploring a model, which is derived from theories and
can widely be applied to different scenarios. However, there
is no such a method that can be used to identify two-phase
flow rates reversed from a model based on two-phase hydro-
kinetics theories.

In this study, based on the hydrokinetics theory of the
wet gas two-phase flow, the factors that affect the pres-
sure loss of gas phase are discussed in the different sec-
tions of Venturi meters. Compared with the experimental
results, the deviation of pressure loss predicted by the
model for the standard Venturi meters with two diameter
ratios was within an acceptable range. This study forms
the foundation for establishing the measurement model
of Venturi meter which can be further applied to wider
conditions.

Wet Gas Pressure Drop Model for Venturi

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 the one of the cross section of the pipe. Accord-
ing to the assumption, it can be identified that this model
belongs to the typical one-dimensional model.

As depicted in Figure 1, there are three major sections
between the pair of pressure tapings of a standard Venturi
meter: the straight tube in the front of the convergent sec-
tion, the convergent section, and the throat. This model ana-
lyzes the pressure drop of gas phase in the three parts
successfully.
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Figure 1. Two types of standard Venturi geometry.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

The flow patterns of the wet gas have been researched for
decades.'""'* By analyzing the velocity of the gas phase and
the liquid flow rate, in ISO/TR11583, the flow patterns of
wet gas were classified into four types including stratified
flow, annular flow, mist flow, and slug flow.! In this techni-
cal report, the stratified flow was defined as the regime in
which the free liquid runs along the bottom of the pipe with
the gas flowing on the top of the pipe, and the definition of
annular flow was the regime in which the liquid flows
around the pipe wall with the gas flowing through the center
of the pipe. However, in real flow regimes, in addition to the
characteristics mentioned in the definitions above, the
entrainment which will be defined in the section of “the
model of entrainment” can be found in the pipes frequently.
As a result, in this study, the uniform model for these two
common types of flow regimes with the entrainment was
developed.

For a stable horizontal two-phase flow, there are three fac-
tors affecting the change of static pressure of the gas phase:

1. The friction between the gas and the wall which
depends on the roughness of the pipe and the Reynolds num-
ber for the gas phase.

2. The friction between the gas and the entrained droplet
of liquid, which depends on the size of the droplet and the
velocity discrepancies between them.

3. The friction between the liquid film and the gas core.
For this factor, most researchers still describe it using the
form of Darcy or Fanning equation both of which are for the
single phase but they used their own ways to form the fric-
tion factor.'?

As there is a convergent section within the Venturi tube,
in addition to the factors mentioned above, the accelerate
pressure drop resulting from the change of the circulation
area should also be addressed. As a result, the differential
form of the pressure drop of the wet gas flow through a hori-
zontal Venturi tube can be expressed as

W W S,
—dp=—FdUq+—F dUp+ TOWIGW

‘L','S,‘
dy+
A A
The left side of the equation depicts the change of the gas
pressure drop within the dy distance of the axial wise of the
tube. On the right side, the first term represents the

dy (1)
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Figure 2. Schematic representation of wet gas in cross section of pipe.
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(The left and right schematics represent the cross section with the actual wetted perimeter and the minimum attainable wetted

perimeter, respectively.)

acceleration pressure drop of the gas, and the second one
represents the entrainment pressure drop. The last two terms
of the right side denote the frictional pressure drops of the
gas which is caused by the wall of the tube and the liquid
film, respectively. In this equation, Wg denotes the mass
flow rate of gas phase and A is the actual circulation area of
gas. Ug and Up represent the local velocities of the gas and
the entrained droplet, respectively. tgw and t; denote the
shear stress between gas and wall and the one between gas
and liquid film. Sgw represents the portion of the pipe
perimeter in contact with the gas phase, and §; is the con-
tacted length between the two phases on the local cross sec-
tion. The models for solving the four terms on the right side
of the equation will be created in the proceeding sections.

The model of the wet perimeter

Before solving the two frictional pressure drops, there is a
need to obtain the two perimeters (Sgw and S;) and the two
shear stresses (tgw and ;).

In 1989, taking the conversion between the potential and
kinetic energies of the liquid phase into account, Hart
et al.'"* modeled the wetted perimeter in the local cross sec-
tion of horizontal pipes successfully. In 1997, Grolman and
Fortuin'® improved Hart’s model and developed a set of
methods for calculating the pressure drop of wet gas in the
horizontal 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 satisfacto-
rily. Given the above reasons, the approach for determining
S; in MARS model was adopted

_ 9_00 aOAS 1—0 sin (7'[90)
1_00 1_00 T

Si XD 2)

In Eq. 2, 0y and 0 denote the minimum attainable wetted
perimeter fraction and the actual one, respectively. « is the
local void fraction and D is the diameter of the pipe. In
MARS model, 0, can be approximated without generating
significant accuracy loss using Eq. 3 and 0 can be calculated
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using Eq. 4 after 0y is determined. The gas-phase Froude
number Frg and the liquid-phase Weber number Wey g which
correlates with 0 are represented by Egs. 5 and 6, respec-
tively. Some of the parameters are described in Figure 2

09=0.624 X (1—a)%"* 3)
WeLSO.ZSFrGO.SpG

0= 0, (Owater 0.15+
. /) (PL=pc)

“

In Eq. 4, Wers and Frg are liquid-phase Weber number
and gas-phase Froude number, respectively, and their defini-
tions are given in Egs. 5 and 6

U2
Frg=—% 5
"= Aep )
U2D
WeLS:pLiLS (6)

Since the gas phase just contacts with the liquid film and
the wall of tube in stratified flow and uncompleted annular
flow conditions, Sgw can be expressed as

SGWZHD_S,' (7)

The model of shear stresses

In 2003, Van Werven et al.'® constructed a type of model
for measuring the static pressure of wet gas flow when it
through the convergent and divergent structures of Venturi
meter. The model was validated using the experimental data
within the pressure range of 1.5-9 MPa and the estimated
results were considered to be acceptable. In this model, the
effect of liquid entrainment is considered when the correla-
tion of shear stress between gas core and liquid film is
developed

1
= 5fi(p6+Ca) X Uge 8)

In Eq. 8, f; is the frictional factor between the two phases,
C), represents the extra quantity of density resulting from the
liquid entrainment quantity Wy g
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As the entrainment liquid would exist in the gas phase, in
Ref. 16, the form of velocity of gas core Ugc, is expressed as

Wa WLE
Usc=—+— (10)
Apg APL

In this study, considering the difference between the
velocities of gas core and liquid film, Eq. 8 has thus been
modified. Replacing the velocity of gas core Ugc in Eq. 8
with the difference between the velocities of gas core and
liquid film, the shear stress can be expressed by Eq. 11

1
t=5fipa+Ch) X (Uac—Us)’ (1n

Following the method in Ref. 16, the stress between gas
core and wall of the tube can be depicted by Eq. 12

Tow = %wa@G +Ci) X Uge (12)
In Eq. 11, U; is the mean velocity of the surface of liquid
film and its form is followed by the model in Ref. 14
1.8 X Urs/(1—a) Rep < 2100
U'_{ Uis/(1—2)  Re. > 2100
As depicted in Eq. 13, U, relates to the liquid-phase super-

ficial velocity and void fraction of the pipe. The form of
liquid-phase Reynolds number is identified by Eq. 14

pLULsD
p 0

13)

Rep= (14)

The model of frictional coefficients

The material of the Venturi tubes used in these experi-
ments is stainless steel, and the result of detection of it indi-
cates that the absolute roughness is 5.98 um. As a result, the
semiempirical correlation developed by Nikuradse'” was
used in this study to calculate the frictional coefficient fgw

2\/_ =2log,, (RecX2+/fow) (15)

In the two-phase flow, the Reynolds number was replaced
by gas-phase Reynolds number, of which the form will be
discussed in Eq. 18.

Wallis'® is one of the early researchers who determine the
friction coefficient between liquid film and gas by referring
to Nikuradse’s research on single-phase flow.'” This
approach has been adopted and modified by other researchers
in the following decades.'+!>:1?

Colebrook equation20 is one of the most important equa-
tions 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.®’ The modified Colebrook
equation which depicted as Eq. 16 was used to describe the
friction factor between the two phases

ko251
~2logy (oot 2 1
O810 (3.71) 2ReG\/ﬁ) (16)

2\/—

In the two-phase flow, on the interface of the two phases,
k represents the absolute roughness owing to the surface
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wave of liquid film. The empirical correlation suggested by
Hamersma and Hart>> was used to determine k

23(1—a)D
40

For the same reason, in two-phase flow, the Reynolds
number in Eq. 16 should be replaced with the gas-phase
Reynolds number Reg which can be determined using the
empirical conclusion identified by Eck*®

Reg=—P6UosD (18)
p(1=0+75)

Substituting Eqs. 17 and 18 into Eq. 16, f; can be solved,
and similarly, substituting Eq. 18 into Eq. 15, fgw can be
solved. The two shear stresses 7; and tgw can be determined
by substituting f; and fgw into Eqs. 11 and 12, respectively.

k ~ (17)

The model for the pressure drop of liquid entrainment

First, the momentum equation for entrained droplets
should be obtained. Assume that the mean diameter of a sin-
gle droplet is dp, and the volume of the single droplet can
be expressed by Eq. 19

4 (dp\’
VD—§7T<2) (19)

If the velocity of the entrained droplet is Up and s is the
volume fraction 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, using the resistance equation for
flow around a sphere, the drag force on a single droplet can
be depicted in Eq. 20, in which Cp, is the drag coefficient of
the sphere resistance

Fp= éCDpG(UG— Up)’nd}, (20)

Multiplying Fp by the total number of droplets in the con-

trol volume, that is, AUpy/Vp, while taking into considera-

tion of the relative velocities between the gas phase and

droplet, the total force on the control volume can be pre-
sented by Eq. 21

3pC
FDC lpA pG D

X|UG_UD|(UG_UD)UD 21
When the flow field is steady, the differential equation for
the momentum of the total control volume can be expressed as
,dU
d(Al//XpLUé)/ =AY X p UL =2 D (22)
dr dy
According to the momentum theorem, Eq. 21 should be

equal to Eq. 22. Thus, the momentum equation for the

entrained droplet is
Co (@) |Ug—Up|(Us —Ub) 23)
PL dp

The mean diameter of a single droplet dp, in the equation
above, can be estimated using the correlation as recom-
mended by Azzopardi and Govan*

15.4 3.5p:W,
dp=/r < 058 b LE)
We ™ W

(24)

Where, the Rayleigh-Taylor instability wavelength and
other correlated parameters are presented in the following
four equations (Egs. 25-28)
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Jr=,[— (25)
oLE
We' =(p U%Ir) /0 (26)
24
= (140.15Rep) " Rep < 1000
Cp={ Rep @27
0.44 Rep > 1000
—Up|d,
ReD: pG|UG UD‘ DG (28)

Hg

Based on the above analysis, if Wi g and Wq are identified,
the local value of dUp/dy can be calculated using Eq. 23.

The model of accelerate pressure drop

For determining the term of accelerate pressure drop on
the right side of Eq. 1, the actual velocity of gas phase
should be calculated using the following continuity equation

S (29)

In Eq. 29, with an independent void fraction model, Ug
can be solved by a determined area of the local cross section
for gas A.

In 2006, Woldesemayat et al. analyzed the 68 existing rep-
resentative void fraction models in the research area of two-
phase flow history.>> These models were classified and veri-
fied by different sets of experimental data. The conclusions
indicated that, for annular/mist flow in horizontal straight
pipes, the model developed by Lockhart and Martinelli*® was
more suitable than others. However, it should be noted that,
all models in Ref. 25 are the research for fully developed
two-phase flow in straight pipes rather than for the flow in
throttle devices. As a result, Eq. 30 should be modified

1=\ 064 0.36 00771
o= [1 +0.28 (—) (p—G) (ﬂ) } (30)
X PL Hg

To the best of our knowledge, unfortunately, there is no
available void fraction model that is able to predict the two-
phase information on the local cross section of convergent
structure tubes. Therefore, the void fraction model was
modified to fit the form of the following equation

1=\ 064 036 0077 !
2=y 1+0.28<—> (p—G) (ﬂ> 31)
X PL Hg

In Eq. 31, x is the quality and 7y represents the corrected
coefficient which is defined as the linear equation of Lock-
hart—Martinelli parameter X which was defined by Eq. 33

y=rX+1 32)

WL oG
X=— /=~ (33)
Wae VoL

In addition, due to the convergent structure in a Venturi
tube, there will be a blocking effect for the liquid phase and
then, the proportions of liquid distribution will be much
more than what was in straight pipes. By contrast, when
there is no liquid in pipe, the void fraction model should
regress to the situation of o = 1. Given the above two fac-
tors, the form of Eq. 32 is determined.

In comparison to the two types of Venturi with different
diameter ratios, the multiplier of Lockhart—Martinelli param-
eter, x, is fit respectively with the form of the following
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Figure 3. Deviation of « for different diameter ratios.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

equation in which the effects of pressure and gas flow rate
were taken into account. Owing to k being a dimensionless
coefficient, the forms of the factors mentioned previously are
proposed by pgpL I and USG(gD)_l/2 groups, respectively

0.4413 25056
~0.0138 (Z—G) ( Usc ) —0.7949  f=0.4

N
- ~0.0234 0.8743
~0.1259 (;j—) (%) —0.1439  f=0.55
&
(34)

The relative deviations of the fit coefficient r, for different
diameter ratio, are plotted in Figure 3. For the diameter ratio
of 0.4 and 0.55, 90% and 78% of the test points are within
the error band of =15%, respectively. The deviations indi-
cate that the accuracy of the fitting work is far from excel-
lent. However, in this model, these deviations will not
induce an unacceptable result in static pressure calculation
which can be proved in the proceeding sections.

As discussed previously, the motion of droplet was
addressed using its momentum equation. However, as the
momentum equation of the gas phase contains the information
of static pressure, this approach is not applicable to discuss the
gas-phase velocity. In fact, Eq. 1 is the momentum equation
for the gas phase. As a result, using Eq. 1, the pressure of gas
phase can be calculated after determining the gas velocity and
other terms on the right side of Eq. 1. Given this, an independ-
ent correlation for void fraction should be used in this model.

The model of entrainment

As the quantity of entrained droplet, Wi g was used in the
above models, there is a need to develop a model to deter-
mine it. As depicted in Eq. 34, the definition of entrainment
is dividing Wy g by the total liquid flow rate Wy,

g=Ye /o (35)

In 2001, Pan and Hanratty”’ indicated that entrainment is
resulted from a balance between the rate of atomization of
the liquid layer flowing along the pipe wall and the rate of
drop deposition. In their study, two approaches that were
summarized based on both experimental and theoretical anal-
yses for predicting the quantity of entrained liquid in annular
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flow were developed. Due to its accuracy and convenience,
the semiempirical approach was cited in this study. Equation
36 depicts the main empirical correlation for entrainment E
in which a and n are both constant. d3, is the Sauter mean
diameter of the droplet which can be presented using Eq. 37

1/2-n

Ve _, (DU%p%S pﬁ‘s) (pé,‘”u’é ) 36)
1=(/g,) 4 di3"gpy
24 d
(M> X <ﬁ> =0.0091 (37)
o D

Equation 38 defines the maximum entrainment E, and
Wirc is the critical film flow below which atomization does
not occur
~ Wirc

WL

En=1 (38)

Equation 39 is the fit correlation of the critical Reynolds
number for liquid film Repgc, in which o represents a
parameter determined by Eq. 40

R _ 4Wikc
eLFC=
p 7D (39)
=7.3(log,w)’ +44.2(log,,w)* —263(log,,m) +439
o=t [Pe (40)
He V PL

Substituting Eq. 40 into Eq. 39, Wy gc is obtained and the
entrainment E can be determined by substituting Eqs. 37 and
38 into Eq. 36.

In addition, when the wet gas flow enters the throat sec-
tion of a Venturi, there will be some extra liquid film that is
entrained into the gas core.”**® To determine the extra
entrainment AEj, the following correlations developed in
Ref. 16 were used

We 0.34
AE;=1-1.063( — 41
) (We) (41)
We.=0.1857%(90—"/,)=5.17 42)
2
We=PaUsa™ 43)
g

As depicted in Eq. 41, AE; is correlated with the structure
of the Venturi tubes and several flow parameters. ¢ is the
surface tension and m is the mean thickness of liquid film
which can be obtained by using Eq. 44

D
m:(lfa)@ (44)

Equations 41-44 can be used to develop the model for
solving the extra entrainment AE.

In addition to the factors mentioned above, there are a few
processes that may influence the variation of static pressure of
the gas. In 1997, Azzopardi29 summarized the researches on
the behavior of droplets and liquid film in annular two-phase
flow over the past decades and reviewed these researches. The
two mechanisms of atomization, namely, bag break up and lig-
ament break up were defined in his research.

The process of atomization coursing the break up of the
entrained liquid will induce an extra pressure loss due to the
acceleration procedure of the smaller drops. It is worth
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Figure 4. Flow chart of the model for static pressure
distribution calculation of wet gas.

studying droplet behavior and evolutionary process as the
trends of two-phase flow research heavily rely on the devel-
opment of the real flow field movement focusing on fine
details. However, most of the models and equations merely
described the specific database qualitatively and none of
them can be used to calculate the pressure drop by only
using the macroscopic parameters such as temperature, line
pressure, and so forth. Consequently, further researches on
this subject are required and the effect of atomization cannot
be directly expressed in this model for the present.

Summary of the models

Integrating the models presented above, a set of models
for calculating the axial static pressure of wet gas in Venturi
was developed. When the two phases flow rates and the inlet
pressure are known, considering the factors related, the static
pressure in local cross sections can be obtained by solving
the momentum equation for the gas phase. The interfacial
perimeter is determined by Eq. 2 and the shear stresses are
calculated from Eqs. 11 to 16. The pressure drop term of
friction can be determined using these two parameters. The
pressure loss of acceleration is obtained by determining the
void fraction which can be calculated from Eq. 31. For the
pressure drop of entrainment, the related parameters includ-
ing the local entrainment and the velocity of the droplets are
calculated using Eqs. 35 and 36 and 23, respectively. On
obtaining the above three major pressure loss factors, the
static pressure of gas phase in the local step can be calcu-
lated from Eq. 1 accordingly. The procedures were imple-
mented 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 Figure 4 and this model
was compiled into a MATLAB computer program. As the
model is less dependent 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. Figure 4 is the flow chart for
the calculation of gas-phase static pressure.
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[Color figure can be viewed in the online issue, which
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The Experiment Setup

The experiments were conducted on the dual-closed recir-
culating loop wet gas test facility at Tianjin University,
China. 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
uncertainty 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 con-
trolled via a 25-mm ball valve, which was located on the lig-
uid recirculating loop. The reference liquid flow rate is
measured by an electromagnetic meter, for which the uncer-
tainty 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. Using the gas—liquid separation
tank, the two-phase fluids were circulated back to their own
loop (Figure 5).

Two 50 mm standard Venturi meters with the diameter
ratios of 0.55 and 0.4, respectively, were chosen to be in the
experiments. The experiments were implemented at five dif-
ferent line pressures, which were 0.1, 0.21, 0.3, 0.39, and 0.6
MPa. The gas flow rates, expressed by the superficial veloc-
ity (Ugs), were selected in the range between 3 and 12 m/s.
In Lockhart—Martinelli terms, the liquid flow rates corre-
spond to 0-0.2 for all conditions. The range of the liquid
volume fraction (LVF) of the two-phase flow is 0-1.96%.

Table 1. Scope of the Experiments

Line
Pressure  Ugs Us T LVF
B (MPa)  (m/s) X (m/s) (°0) (%)
0.55 0.21 6-12 0-02 0-0.17 129-169 0-1.39
0.39 6-12 0-02 0-0.21 13.5-17.7 0-1.72
0.6 3-10  0-0.2 0-0.18 18.6-21.1 0-1.79
0.4 0.1 6-12 002 0-0.16 145-179 0-1.31
0.3 6-12 0-02 0-0.18 13.1-179 0-1.96
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The flow conditions of the experiments are summarized in
Table 1.

Results and Discussion

The horizontal distances between the pressure taps of the
two types of Venturi meters are 99 mm (for ff=0.55) and
116 mm (for f# =0.4), respectively. As the step length was
set to be 1 mm in stream-wise, the total numbers of steps for
the two types of prototypes are 100 and 117. Assuming that
the pipe diameter is constant within a step length, the bound-
ary condition of the model can be determined. Using the cal-
culation 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 conditions of the
next one, the calculation procedures was continued until the
static pressure of the throat tap was obtained.

Figure 6 depicts the pressure drop distribution in stream-
wise calculated by the model for the Venturi with the diame-
ter ratio of 0.55 at certain experimental condition. As shown
on the right side of Eq. 1, the three terms which consist of
the total pressure drop are also presented in Figure 6. The
abscissa is the axial distance between the upstream and
throat taps of the Venturi meter, and the ordinate denotes the
pressure drop from the upstream tap. The modeling result
indicated that, in wet gas flow, the major factor that affects
the total pressure drop is the accelerate pressure drop due to
the variation of the gas flow area. This situation was consist-
ent with the throttling design in the convergent section of
the Venturi meter. Although the real flow area of the gas
phase in the cross section was affected by the thickness of
the local liquid film, the main trend of throttling in the con-
vergent section is unchangeable. However, in the straight
section and throat, there is virtually no change in the pres-
sure drop of acceleration as the cross section of pipe is con-
stant in these sections. The frictional pressure drop is the
second major influential factor for the total pressure drop,
even though the quantity of which is much more less than
the one of accelerate pressure drop. There is little variation
of the frictional pressure drop in the zone of y less than
0.05 m, however, its quantity increases dramatically when y
is more than 0.8 m. Its profile indicated that, in the straight
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Figure 6. Axial distribution of the pressure drop terms
in the Venturi (f = 0.55).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

section, the velocities of gas core and liquid film were both
stable and the surface fluctuation of the film was in a rela-
tively low level. Due to the variation of the pipe diameter
and the acceleration of gas phase, the intensity of the surface
fluctuation of the film increased, leading to the stronger
induced friction effect between the two phases in the conver-
gent section. In the throat, the total pressure drop was largely
contributed by the frictional term. In addition, the pressure
drop coursed by entrainment has little influence on the total
one in the three sections. Despite the fact that the quantity
of the entrained term increases by several dozens of Pascal
in the convergent section and throat, the effect of which
seems insignificant when comparing with the other two fac-
tors. This phenomenon can be explained as, even though the
entrainment widely exists in most parts of the Venturi meter,
there is little friction between the entrained droplets and the
gas phase, that is, the droplets will be accelerated to the
velocity nearly equal to the gas velocity in a short time.

Figure 7 shows the distribution of the total pressure drop
and its three components in the Venturi with the diameter
ratio of 0.4. To compare the calculated data with that shown
in Figure 6, the data in similar experimental conditions along
with the line pressure is plotted in Figure 7. The remarkable
difference between the pressure drop distribution of the two
types of Venturi is that, for the 0.4 prototype, the static pres-
sure loss (about more than 11,000 Pa) is much greater than
that reflected in the 0.55 one (about less than 4000 Pa), even
though the line pressure in Figure 7 is merely 0.3 MPa. This
phenomenon indicates that the decisive factor affecting the
total pressure drop of wet gas in Venturi, in the same pipe
diameter, is the diameter ratio. It is totally consistent with
Bernoulli’s theorem for the gas phase. The quantity of all
three pressure drop terms in Figure 7 increases, however, the
proportion of their contribution to the total pressure loss in
every section of Venturi is similar to the result indicated in
Figure 6. It confirms that the distribution trend of the pres-
sure drop factors for different types of Venturi meters can be
considered to be identical.

A more detailed experiment for measuring the pressure
change along the Venturies in different orientations was
carried out by Azzopardi et al.’*® in 1989. In that work, the
pressure tapings were provided along each Venturi spaced at
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0.01-m intervals. As the geometry of the Venturi meters used
in that work differs from the ones used in this study, the pre-
dicted results in this study cannot be compared with the
experimental data in that work directly. Whereas the trend of
the pressure difference in the convergent section of the both
works are similar. Owing to the much greater constriction of
the Venturi meters used in Azzopardi’s work, the peak pres-
sure drops represented in that experiment become greater than
that in this study for a given superficial gas velocity. Special
attention should be paid to the less pressure loss in the throat
indicated in Azzopardi’s work. The reason for this phenom-
enon could probably lie in the less entrainment in this section
due to the smaller throat diameter. In general, more experi-
ments are needed to test the validity of this model in the sec-
tion between the two present pressure tapings.

Using the Venturi meter with the diameter ratio of 0.4, Fig-
ure 8 plots the predicted static pressure profiles and the exper-
imental data under the conditions of 0.1 MPa and different
liquid fractions. With the increase of the liquid fraction in wet
gas, there was a significant increase in the pressure drop. It is
also noted that the performance of the static pressure was dis-
tinct from different sections of the Venturi. As discussed pre-
viously, the pressure drop generated primarily in the
convergent section for all conditions, whereas, the variation of
it was relatively fewer in the other sections. In the throat of
the Venturi, the static pressure was highly sensitive to the var-
iation of the liquid fraction, that is, the more the liquid present
in wet gas, the larger will be the value of the pressure drop.
At the meantime, as the presence of the liquid phase, the loss
of head of gas at the entrance of the throat was greater than
the entrance loss with total gas flow. The similar trend show-
ing the more liquid holdup will produce more entrance loss
can be found in Figure 8. However, in the straight section, the
performance of pressure profile seems to be irrelevant to the
liquids. The distributions of the pressure loss factors in Fig-
ures 8 and 9 indicate that, when wet gas through Venturi, the
total pressure drop is largely caused by the squeeze effect on
the gas phase in the convergent section due to the presence of
liquid. In Figure 9, the pressure profiles of the wet gas
through the 0.55 Venturi under different liquid fractions are
plotted. As the trend of these profiles is similar to that of the
profiles shown in Figure 8, the mechanism of pressure drop
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Figure 8. Predicted pressure drop and tested data in
Venturi (f = 0.4) with different liquid fraction.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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generation in different types of Venturi meters can be consid-
ered to be the same.

Figures 10 and 11 illustrate the relative deviation of the
pressure drops predicted by the models against to the Venturi
meters with the diameter ratio of 0.4 and 0.55, respectively,
in different line pressures. Both of the two plots are demon-
strated as the relative deviation of the pressure drops against
the liquid loading which is expressed as the Lockhart—Marti-
nelli parameter. All the relative deviations of the test points
are within £15%. For the f = 0.4 Venturi, in Figure 10, the
error of 88% predicted points were within *10%. For
p=0.55 Venturi, the percentage of the estimated points
within the same error band is 94.3%. The standard deviation
of the pressure drop for the 0.4 and 0.55 Venturi meters are
7.577 and 2.486, respectively. The applicability of the model
for these two Venturi meters within the line pressure rang of
0.1-0.6 MPa can thus be confirmed. The error can be attrib-
uted to the capability of the model in analyzing detailed
mechanisms of the complicated two-phase flow in Venturi
meters being limited. As the factors that influence the static
pressure of wet gas are not taken into consideration, therefore,
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Figure 10. Deviation of the predicted pressure drop in
Venturi (f = 0.4) with different line pressures.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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further efforts should be made on understanding the wet gas
flow in the pipe with convergent and divergent structure.

Conclusion

Using the theory of hydrodynamics, the wet gas flow in
two horizontal Venturi meters was analyzed. The model for
calculating the axial distribution of the wet gas static pres-
sure in the Venturi meters has been developed, which takes
into consideration the factors including the void fraction, the
friction between the two phases and the entrainment. For
validating the developed model, the wet gas experiments
were carried out under the pressure range of 0.1-0.6 MPa
using the two types of Venturi meters. The predicted results,
in comparison to the corresponding experimental data, fall
into a reasonable range. As the mechanism of the wet gas
flow in Venturi meter 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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