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Abstract

The characteristics of two-phase flow through a ‘conventional’ convergent-nozzle in an en-

trainment chamber of an ejector apparatus are described in this paper. A unique data set compris-

ing 350 data points was generated in an air-water horizontal test-rig. Two sets of flow conditions

were established, the first one including high liquid - low gas fluids with void fractions less

than 0.55, and the second one involving high gas - low liquid fluids with void fractions greater

than 0.75. All considered flow-rates lied within the sub-critical flow region. Two-phase flow

pressure drop multiplier based empirical correlations were developed to estimate the total mass

flow-rates. In the high liquid region, Morris (1985) correlation was modified, resulting in less

than 10 % error. In the high gas region, two new correlations were proposed, showing less than

10 % and 15 % of errors, respectively. The established empirical correlations were related to

other available multipliers for different geometric configurations including a Venturi, an orifice

plate, a gate valve, and a globe valve and were compared to 20 other void fraction correlations.

The Chisholm (1983) and Huq and Loth (1992) correlations showed the highest similarities to

the ones proposed for the high liquid and high gas regions, respectively.
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1. Introduction

Most of the industrial equipment designed to handle single or multiphase fluids have geo-

metric features that attribute unique flow dynamic characteristics. Industrial process facilities

involve networks of pipelines characterised by several devices and pipe fittings of various geo-

metrical configurations. Typical components include elbows, valves, annular pipe sections, pipe

reducers such as nozzles and orifice plates, expanders such as diffusers, and other complex pipe

sections such as helical and spiral pipes. The referred fittings and devices are primarily installed

for specific purposes, such as to give flexibility to the system, to condition processing fluids or

to enact control.

Several authors have in the past understood that studying the fluid behaviour across a specific

geometric configuration was an opportunity to develop simple methods in aid to: (1) estimate the

total mass flow-rates, (2) facilitate other relevant process fluid dynamics, such as phase separation

along blind corners or mixing along specially designed test pieces. Some of the most significant

literature includes the work of Fairhurst (1983) who studied the pressure loss for both single

and two-phase fluids across globe valves, gate valves and orifice plates. Smoglie and Reimann

(1986) studied the two-phase flow discharge through branches of various orientations along a

horizontal main conduit, specifically including T-junctions. Silva et al. (1991) investigated a

Venturi tube to estimate the total mass flow-rates of multiphase fluids. McNeil (2000) developed

a generic model applicable for all pipe fittings of the contraction-expansion type, able to estimate

the total mass flow-rates up to choking conditions. Azzi et al. (2000) studied the fluid dynamics

of two-phase flow pressure loss in 180◦ bends. Fossa and Guglielmini (2002) studied pressure-

drop and void fraction across thin and thick orifices. Alimonti et al. (2010) investigated the

characteristics of two-phase flows through a “Willis-type” multiple orifice valve (MOV), while

Azzi and Friedel (2005), Chen et al. (2006) and Kim et al. (2010) evaluated the use of 90◦

elbows as primary elements to estimate the total mass flow-rates. Additionally, Xing et al. (2013)

performed a study comprising wavy pipe sections to mitigate slug flow regimes. Gourma and

Verdin (2016) investigated the influence of helical pipes on slugs while Athulya and Miji Cherian

(2016) numerically studied multiphase flows in a T-junction.

∗Corresponding Author.
E-mail: d.mifsud@cranfield.ac.uk (D. Mifsud)
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The focus of this work entails the hydrodynamic characteristic of both single and two-phase

flows through a conventional-design convergent nozzle fixed within a vacuum chamber of an

educator/jet pump device. This device, as illustrated in figure 1, is used to convert the potential

energy of a high-pressure fluid to dynamic energy, thus creating a high-speed jet propagating

from the nozzle throat towards the throat-inlet.

Figure 1: Schematic illustration of a typical conventionally-designed eductor/jet pump.In figure, LP and HP denotes Low
Pressure and High Pressure respectively.

The high-speed jet creates a low-pressure zone within the vacuum/mixing chamber which

will, as a result, entrain a low-pressure fluid into the mixing chamber. Both fluids will then mix

partially along the throat-inlet, and will be presumed to mix fully by the end of the mix-tube

section. The mixture will then flow through the diffuser part to undergo a recovery of static

pressure. Under normal/effective performance operations, the discharge pressure of the mixture

flow comprises a pressure lower than the motive fluid but higher than the production fluid, thus,

creating a boost. The educator/jet-pump technology is a well-known and available technology for

several processes involving the pumping and mixing of fluids, while it is still gaining popularity

within the oil and gas industry. The development of this technology significantly increased in the

last decade as oil and gas producers have been seeking to invest in cheap and effective Improved

Oil Recovery (IOR) and Enhanced Oil Recovery (EOR) solutions. Mali et al. (2013) proved that

this technology was the cheapest (in terms of both capital and operations expenditure) among

all other artificial lift solutions, and Sarshar (2012) stated that a new jet pump installation in the

indefatigable oil and gas sector gave a pay-back period of less than 10 days. In parallel to the
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development of this technology, the oil and gas industry is still looking for the development of

cost-effective flow monitoring devices, incurring simplistic forms of metering methods, which

are practicable and economic feasible for installation at multiple wellheads (Falcone et al., 2001).

One method is to enhance control by monitoring the production flow of each well, rather than

monitoring one production flow. Currently, most production facilities use a single wellhead

choke valve to monitor and control the total production flow rate. A patent from Beg and Sarshar

(2015) describes a system which can be used for production boosting and flow-rate measurement

in a pipeline, for applications in the oil and gas industry. This includes a configuration involving

the use of a jet pump device to measure flow-rates when operated under single-phase (gas or

fluid) flows. The fluid characteristics inside such device are however not fully understood yet. It

is therefore of utmost importance to study such behaviour under multi-phase flow conditions.

Gaining knowledge of the hydrodynamic fluid behaviour in a jet pump can help develop-

ing an apparatus primarily installed for enhancing and boosting the relative low-pressure fluid

sources, which could also act as a flow monitoring device. This could lead to a novel form to

estimate the total mass flow-rates of either the motive only, or both the motive and production

fluids. The overall performance of a typical device is the combined result of the entrainment of

low-pressure fluid and boost. This performance is therefore the resultant of the hydrodynamic

fluid behaviour, mainly of the energy and momentum transfer of the driving single-phase (or

multiphase) jet. The behaviour of single-phase (gas or liquid) jets is well understood but the be-

haviour of multiphase-produced jets from convergent nozzles is not easily predictable, and vary

drastically in regions of high gas-low liquid and high liquid-low gas two-phase flow combina-

tions. The two-phase fluid behaviour in a jet pump will be investigated. Two-phase flows are

characterised by: (1) larger pressure drops due to compressibility effects during contraction and

expansion of gas, (2) significant variances in mixture density with the increase of flow quality,

(3) phase slip and (4) significant variances in coefficient of discharge comprising all irreversible

energy losses. The work presented in this paper aims at gaining knowledge of the two-phase

flow hydrodynamic behaviour, specifically along the injection part of a conventional eductor de-

vice. To achieve such objectives, the following tasks have been performed: (1) review of existing

models used for calculating multiphase flows in general flow conditions, (2) develop a unique

dataset comprising the conventional design convergent nozzle, (3) determine the behaviour of

single and two-phase air-water discharge loss coefficients, (4) determine empirical two-phase
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air-water frictional pressure drop multipliers for both high liquid-low gas of void fraction 0 <

α ≤ 0.55 (having flow combinations involving liquid-water and gas-air flow-rates of: 0.25 - 2.0

kg/s and 5 - 100 Slpm respectively), and high gas-low liquid flow regions of 0.75 ≤ α < 1 (hav-

ing flow combinations involving liquid-water and gas-air flow-rates of: 0 - 500 Slpm and 5-300

Sm3/hr respectively), (5) appraise and improve the developed two-phase models, and (6) assess

and compare the developed two-phase multipliers against other standard geometries encountered

in the oil and gas sector.

2. Theoretical Background

Several models have been developed to correlate the pressure loss and the two-phase flow-

rates for sub-critical and critical conditions. ‘Critical conditions′ refer to the point where a maxi-

mum single or multiphase fluid flow-rate is attained at a given upstream pressure. Four categories

are available to estimate the total mass flow at sub-critical and/or critical choking conditions. The

first category comprises critical flow models based on empirical correlations from the Gilbert

(1954) critical choke equation. In-contrast to all other models, this category estimates the critical

total mass flow-rates via the upstream (well-head) pressure only. Thereby, the empirical param-

eters are not dependent on the pressure loss across the choke valves. Such methodology differs

from the scope of this work. The second category comprises theoretical derivations based on fun-

damental principles and general equations. This category includes choke flow model correlations

used to estimate total mass flow-rates at sub-critical and critical flow conditions. Such models are

derived from theoretical equations based on the conservation of mass, energy and momentum.

Authors have presented different approaches to account for compressibility effects. Tangren et al.

(1949) worked on a homogeneous flow model, totally neglecting the flashing of gas from the liq-

uid phase downstream of the choke. Grolmes and Fauske (1970) and Henry and Fauske (1971)

presented two homogeneous flow models considering thermal equilibrium. Within the past 30

years, the five most popular models for estimating the total mass flow rate of multiphase flows

were established by (1) Sachdeva et al. (1986) who developed a very simplistic model involving

the use of the homogeneous density equation thus no slip, (2) Perkins (1993) who developed a

model based on the gas-phase energy equation rather than the multiphase momentum equation

and proved valid for the estimation of both critical and sub-critical flow-rates, (3) Selmer-Olsen

and Lemonnier (1995) who developed the so called ‘Hydro Model’ comprising two sub models
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referred as the long and short mechanistic models which use the momentum density equation

and consider slip, (4) Alsafran and Kelkar (2009) who proposed a refined model of the Sachdeva

et al. (1986) approach in which a pressure recovery term was introduced and slip between phases

was considered, and (5) Asheim’s model as given in the work of Haug (2012) which involves the

integration of the Bernoulli relationship, expressing the homogeneous mixture via the ideal gas

law, but totally neglecting phase slippage and downstream pressure recovery. The third category

involves the frictional two-phase pressure drop multiplier Φ2
LO. This methodology is highly

relevant to this work. This method is based on the classical single-phase approach, where a

single-phase incompressible relationship is primarily used to generate a correlation for the two-

phase pressure drop multiplier. Thereby the two-phase pressure drop ∆pmix is related to the

actual pressure difference for the liquid flow alone, ∆PLO , via the two-phase pressure drop mul-

tiplier Φ2
LO. The referenced models consider the two-phase frictional pressure drop multiplier

as a multiplier which accounts for all loss components attributed to two-phase flows, including

mainly compressibility effects, molecular interaction between phases, acoustic losses, resistance

losses due to parts acting as bluff bodies, and frictional losses such as surface roughness. Several

models have been developed to predict the frictional pressure drop multiplier under two-phase

operating conditions. Six of the most common and well applicable models are described below:

1. The homogeneous equilibrium model [HEM] (Green and Perry, 1973).

The HEM neglects slip between the two-phase (gas-liquid) flows. The HEM correlation is

expressed as:

Φ2
LO = 1 + x

[
ρL

ρG
− 1

]
(1)

where x is the flow quality, while ρL and ρG denote the liquid and gas densities respec-

tively.

2. The Simpson et al. (1983) model

This model expresses the two-phase frictional pressure drop in terms of slip S S and

vapour quality x.

Φ2
LO = x

(
x ρL

ρG
+ S S (1 − x)

) (
x 1−x

S S

)
(2)

where the slip S S , as proposed by Simpson et al. (1983) is given by:
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S S =
[
ρL

ρG

]y
(3)

The exponent y varies from 0 in case of no slip for a homogeneous flow, and reaches a

maximum slip value of 0.5. Based on experimental trials, Simpson et al. (1983) proposed

an averaged value of 1/6. This slip expression neglects the use of vapour quality x, but

considers only the ratio of phase densities.

3. The Lockhart and Martinelli (1949) model (Taitel and Dukler, 1976).

This method considers the two-phase (air-gas) flow as totally separated flows. Hence a

relationship is expressed for the gas phase and another one for the liquid phase. The two-

phase frictional pressure drop multiplier is given by:

Φ2
LO = 1 +

(
CL
XP

)
+

(
1

X2
P

)
(4)

where CL is a function of the flow regime, and XP is the Lockhart Martinelli parameter

expressed as:

X2
P =

(dp/dz)L
(dp/dz)G

(5)

with

(dp/dz)L = fL ∗
(
(2G2(1−x2))

DρL

)
(6)

and

(dp/dz)G = fG ∗
(
(2G2(x2))

DρG

)
(7)

where D is the throat diameter, f L and fG are the phase friction factors of liquid and gas

respectively, x is the flow quality, and G is the total mass flux.

4. The Chisholm (1983) model.

Chisholm’s correlation accounts for slip and is expressed by:

Φ2
LO= 1+

(
ρL

ρG
−1

) [
B∗x (1−x) +x2

]
(8)

This correlation takes into account two types of chokes, the short choke and the long choke,
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the latter having a contraction length of more than half its diameter. This is performed

using a parameter B, which is written as:

B =

(
1

S ch

)(
ρL
ρG

)
+S ch−2

(
ρL
ρG
−1

) (9)

given

S ch =



(
ρL

ρH

)1/2

(
ρL

ρG

)1/4 =

√
1 + x

(
ρL

ρG
− 1

)
(10)

where S ch refers to the Chisholm slip ratio and ρH refers to the homogeneous (air-water)

two-phase density.

5. The Alimonti et al. (2010) model.

This model was proposed for the hydrodynamic characteristics of two-phase flow through

an air-water multiple orifice valve (MOV), a replica of ‘Willis” choke valve. The illustrated

two-phase multiplier expression follows the same method as the one applicable for the

two-phase multiplier used to predict pressure loss in pipes.

Φ2
LO = C

(1−ξ)n (11)

where ξ refers to the void fraction and the parameters C and n are established through

experimental calibration.

6. The Morris (1985) model.

The correlation developed by Morris for the two-phase pressure drop multiplier accounts

for the slippage of the (gas-liquid) two-phase flow. This correlation makes use of the

Chisholm slip ratio S ch, given in equation (10), and is dependent on the vapour quality x

and density ratio ρL

ρG
. Morris two-phase multiplier expression follows:

Φ2
LO =

(
x ρL

ρG
+ S ch (1 − x)

)
x +

(1−x)
S ch

1 +
(S ch−1)2

(
ρL
ρG

)1/2



 (12)

Finally, the fourth category available to estimate the total mass flow at sub-critical or/and

critical choking conditions includes models which estimate the total mass flow-rates via rela-

tionships that comprise both fundamental theory and correction factors obtained from empirical

correlations. Such models were developed for the estimation of two-phase flows through safety
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relief valves (SRV). The behaviour of complex phenomena occurring in constriction of safety

relief valves is identical to those present in other constrictions. These models are slightly differ-

ent from the two-phase pressure drop multiplier methodology described in this work, since they

include two important parameters which are estimated separately: (1) the two-phase discharge

coefficient, and (2) the two-phase compressibility factor. The two-phase compressibility factor is

either included solely for the gas phase, or for both gas and vapour resulting from flashing liquid.

The flashing refers to the sudden evaporation (change-of phase) of liquid when it experiences a

sudden pressure drop. This phenomenon occurs under massive thermodynamic and mechanical

non-equilibrium by variance of both temperature and phases velocities.

Several studies have also been performed to develop relationships for the two-phase discharge

coefficient CDT P . Lenzing et al. (1998) presented a formulation which reflects the homogeneous

flow of phases and considered the void fraction in the throat of a nozzle α2, thereby including

a discharge coefficient which is a function of the two-phase flow conditions. However, Leung

(2004) formulation states that the two-phase discharge coefficient is a function of the liquid

discharge coefficient and the ω-parameter, this parameter being introduced by the same author

in 1994. Darby (2004) showed that under critical conditions the two-phase discharge coefficient

is equal to the gas discharge coefficient, while when the two-phase flow is within the sub-critical

conditions, the liquid discharge coefficient is used.

Among the above formulations, the Lenzing et al. (1998) two-phase discharge coefficient

remains widely applicable. Lenzing’s expression is written as:

CDT P = (α2) CDg + (1 − α2)CDl
(13)

where CDl and CDg denote the discharge coefficients of pure liquid and pure gas respectively.

It is noted that in the case of gas, a constant value CDg = 0.975 is recommended by America

Petroleum Institute (API), while for liquids, the coefficient tends to always be less than that of the

gas under the same inlet conditions. The liquid coefficient is commonly estimated from exper-

iments, with typical values ranging between 0.85-0.93. This variation of discharge coefficients

therefore implies that the contraction of the flow must always be density dependant. To account

for this, Darby and Molavi (1997) included a viscosity correction factor Kvis in equation (13).

CDT P = (α2) CDg + (1 − α2)CDl Kvis (14)
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Both authors found that Kvis→1 for viscosities < 100 mPa∗s.

For the two-phase pressure drop multiplier expressions described here, the Homogeneous

Non-Equilibrium Model (HNE-DS) developed by Diener and Schmidt (2004) was considered.

This model is an improved model of the original (HNE) model derived by Henry, Fauske, and

McComas (1970). The HNE-DS model entails the combination of measurement, thereby includ-

ing: (1) a two-phase discharge coefficient CDT P (based on the Lenzing et al. (1998) formulation),

(2) a compressibility factor w (originally based on the Leung (2004) formulation), which in-

cludes both expansion and contraction effects caused by the two-phase flow, and (3) a flashing

two-phase flow determined by the boiling delay factor N (extended version of Leung (2004)

formulation), and a slip factor S .

Hence the total mass flow-rate ṀHNE−DS is given by an equation comprising two parts: (1)

an empirical portion which contains expressions derived from experimental based correlations

including a two-phase discharge coefficient and a slip factor S, and (2) a fundamental portion

which includes compressibility effects.

This can be written as:

ṀHNE−DS = γcorr. An . ṁHNE−DS (15)

with

γcorr = CDT P . S (16)

where An denotes the cross-sectional area at the nozzle throat, ṁHNE−DS is the mass flux for

isentropic frictionless flow, and is expressed by:

ṁHNE−DS = Γ

√
2P1
v0

(17)

where P1 and v0 are the pressure and specific volume of the mixture at absolute conditions

(upstream throat) respectively. Γ is an outflow function expressed as:

Γ =

√
wln( 1

Y ) −(w−1)(1−Y)

[w( 1
Y −1)+1]

(18)

The pressure ratio Y is the pressure at the nozzle throat P2 divided by the absolute pressure
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P1, and w denotes the compressibility factor for non-equilibrium conditions given by equation

(19). Note that this non-equilibrium relationship is valid for short-throat constrictions such as

nozzles and thin orifices, i.e. for geometries showing a relative small area ratio. In these cases, a

rapid pressure reduction occurs over a very short length of conduit, thus not providing sufficient

time to reach equilibrium.

w =
α1vg1

v1
+ cpl,1T1P1

(
vg,1−vl,1

∆h2
v,1

)2
. N (19)

where α1, vg,1, vl,1, cpl,1, T 1 and ∆hv,1 denote the void fraction, specific volume of gas and

liquid, specific heat capacity of liquid, temperature and latent heat of vaporisation at absolute

conditions respectively, and N stands for the boiling density factor.

In the case of a flashing two-phase flow, the magnitude of the w parameter is characterised by

the boiling density factor N, which varies between 0 (for thermodynamic equilibrium) and 1 (for

the total boiling delay with no flashing of liquid). In this study, a value N = 0 is considered since

the pressure at the throat of the nozzle (thus the pressure reduction), never reaches the critical

vapour pressures (recorded at corresponding temperatures). This removes the second term of

equation (19) and only the first term remains.

Additionally, to validate the applicability of the proposed correlations (in terms of void frac-

tion), a comparison was performed against 20 other void fraction models.

The void fraction models and correlations considered in this study include three out of the

four model-types categorised by Woldesemayat and Ghajar (2007).

The ones included in this study comprise homogeneous models, slip flow models and other

empirical correlations models. All equations are detailed in table 1 and table 2. Note that the

drift flux models were not considered in this study since all experiments were carried out in a

horizontal test section having small diameter pipes of not more than 2 inches. In the case of

slip void fraction models (model numbers 1-15 in table 1 and table 2), the void fraction α was

estimated via the generic relationship:

α =
(
1 +

(
1−x

x

) (
ρg

ρl

)
S
)−1

(20)

The slip ratio S is provided by another correlation, originally empirically derived correlation

based on experimental data for gas-liquid mixtures at atmospheric pressure. This correlation,
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proposed by Martinelli (1948) was expressed in terms of a dimensionless parameter, which is

a function of mass dryness fraction, density and viscosity. For such equation, Smith (1969)

stated that this correlation represented the very first real attempt at providing the designer with a

generalised expression for predicting void fraction.

This equation was slightly modified by Baroczy (1963), Butterworth (1975), and Grolmes

and Leung (1985) who established the following equation:

S = a0

(
1−x

x

)(a1−1)
(
ρl

ρg

)(a2+1)(
µl

µg

)(a3)
(21)

where constants a0, a1, a2, and a3 are numerical constants given in table 1,
(
ρl

ρg

)
, and

(
µl

µg

)

are the density ratio and dynamic viscosity ratios of liquid and gas.

Table 2 includes the other eight referenced void fraction models: (a) the rest of slip-based

models (1, 14-15), (b) the homogeneous models (16-19), and (c) an empirical based model (20).

Note that model numbers 1, 14 and 15 include the slip correlation, thus values of S are sub-

stituted in equation (20), while the other models involve an expression which denotes the void

fraction α directly.

The applicability of each model is based on the comprehensive void fraction models compar-

ison study performed by Mathure (2010), this is summarised in the last column of tables 1 and 2.

Three performance categories can be defined: (1) moderate (percentage of data < 50 % of total

and predicted within +/- 10 % error margin), (2) satisfactory (percentage of data > 50 but < 90

% of total and predicted within +/- 10 % error margin) and (3) exceptionally good (percentage

of data > 95 % of total and predicted within +/- 10 % error margin).
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Table 1: Values of a0 a1 a2 and a3 for use in Grolmes and Leung (1985) equation

No. Model a0 a1 a2 a3 Type Details
3 Hom* 1 1 -1 0 Hom*Multiple orientation including hori-

zontal air-water
Perform moderately for α ≤ 0.50
and α ≥ 0.75

2 Simpson et al.
(1983)

1 1 -5/6 0 Slip Horizontal pipes with large diame-
ter (up to 127 mm) at qualities x <
0:005

4 Fauske (1961) 1 1 -1/2 0 Slip Unknown orientation
Perform moderately for α ≥ 0.75

5 Moody (1965) 1 1 -2/3 0 Slip Horizontal - annular flow
Local qualities 0.01 to 1.00

6 Baroczy (1966) 1 0.74 -0.65 0.13 Slip Horizontal straight-tube
Perform satisfactory for α ≥ 0.75

7 Lockart and
Martinelli
(1949)

0.28 0.64 -0.36 0.07 Slip Horizontal air-water
Perform moderately for
α ≤ 0.25 0.50 ≤ α ≤ 0.75 and
exceptional good for α ≥ 0.75

8 Thom (1964) 1 1 -0.89 0.18 Slip Vertical air-water
Generically applied, but not pre-
dictable for low values of mass dry-
ness fraction
Perform satisfactory for α ≥ 0.75

9 Zivi (1964) 1 1 -0.67 0 Slip Unknown orientation
Perform satisfactory for α ≥ 0.75

10 Turner and
Wallis (1965)

1 0.72 -0.4 0.08 Slip Unknown orientation
Perform moderate for α ≥ 0.75

11 Hamersma and
Hart (1987)

0.26 0.67 -0.33 0 Slip Horizontal air-water
Perform moderately for α ≥ 0.75

12 Spedding and
Chen (1984)

2.22 0.65 -0.65 0 Slip Horizontal air-water
Perform moderate for α ≤ 0.25 and
satisfactory for α ≥ 0.75

13 Chen (1986) 0.18 0.6 -0.33 0.07 Slip Extended formula of Spedding and
Chen (1984)
Perform moderate for 0.25 ≤ α ≤
0.50 and satisfactory for α ≥ 0.75

Hom* - Homogeneous void fraction model types.
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Table 2: Other referenced void fraction model-types

No. Model Relationship Type Details
Other slip model-types

1 Chisholm
(1983)

S =

(
1 − x

(
1 − ρl

ρg

))1/2
Slip Horizontal gas/oil/water

Performed satisfactorily for
both α ≤ 0.25 and α ≥ 0.75

14 Schüller et al.
(2003)

S =

(
1 + x

(
ρl

ρg
− 1

))1/2 (
1 + εe−βx

)
Slip Horizontal gas/oil/water

Improved model for low gas
qualities

15 Smith (1969) S = 0.4 + 0.6



(
ρl
ρg

+0.4( 1−x
x )

)

(1+0.4( 1−x
x ))


1/2

Slip Multiple orientation includ-
ing horizontal air-water
Perform satisfactorily for α
≤ 0.25 α ≥ 0.75

Homogeneous model-types
16 Armand

(1946)
α = 0.833αH Hom*Horizontal air-water

Perform moderately for α ≤
0.25 and 0.50 ≤ α ≤ 0.75

17 Nishino and
Yamazaki
(1963)

α = 1 −
(

(1−x)
x

ρG

ρL
αH

)0.5
Hom*Unknown orientation

Perform satisfactorily for α
≥0.75

18 Chisholm
(1983)

α = αH

αH+(1−αH )0.5 Hom*Horizontal air-water
Armand (1946) modified
correlation
Performed moderately for α
≤ 0.25 and satisfactory for
α ≥0.75

19 Czop et al.
(1994) et al.
(1994)

α = −0.285 + 1.097αH Hom*Helically coiled tube
Air-water mixtures gas mass
fractions from 0.04 to 0.6.

Empirical model-types

20 Huq and
Loth (1992)

α = 1 − 2(1−xg)2

1−2x+

[
1+4x(1−x)

(
ρL
ρG
−1

)]0.5 Slip Unknown orientation
Performed satisfactorily for
α ≤ 0.25 α ≥ 0.75

Hom* - Homogeneous void fraction model types.
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3. Test facility and methods

The experimental tests included in this study were performed on the two-phase rig located

in the Process Systems Engineering Laboratory at Cranfield University UK. The process loop

consists of a horizontal test pipe-route section, with an internal diameter of 0.05m, (2-in.). The

25 m long test section is divided into two sections: a 15 m long section and a 9 m long section

upstream and downstream of the nozzle throat, respectively. A schematic of this facility is shown

in figure 2.

In this work there is no low-pressure fluid, thus the low-pressure side is kept closed allowing

the mixing-chamber to act as a void chamber. Under operation the void space undergoes a

reduction of pressure because of the high-speed jet. Thereby, the total pressure drop can be

estimated via the subtraction of the upstream absolute pressure (upstream nozzle throat) from

the stagnant pressure of the vacuum chamber. The stagnant pressure in the vacuum chamber

behaves inversely proportional to the power of the jet, which is a function of the motive pressure

and mixture density.

However, the latter pertains under sub-critical flow conditions only, thus choking conditions

are not met at the throat of the nozzle. When choking conditions are met, vibrations are present

and initiate an intermittent jet behaviour. In this case, it is complex to correlate the total mass

flow-rates directly via differential pressures.

Figure 2: Schematic of the experimental test loop and data acquisition system.
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Water was supplied from a 1.5 m3 storage tank via a HP centrifugal pump able to supply a

maximum flow capacity of 2.4 lps at a pressure of 8 barg. The flow-rate of water was manually

controlled via a combination of two globe valves, namely CV01 and CV02. It was measured

by an Endress+Hauserr electromagnetic flowmeter, having a rangeability of 0-600 m3/hr, and

within an uncertainty of +/- 1 % of FS.

Air was supplied by an in-place twin compressed air unit system consisting of two Atlas-

Copcor compressors. Both compressors were controllable by a built-in Delta-Vr system. The

compressed air system had a maximum flow-rate of 1410 Sm3/hr - FAD at a pressure of 7.5 barg,

and was controlled via a bank of two Rosemountr Mass Probarr flow meters of 1/2 inch and

1 inch diameter respectively. The smaller air flow meter measured the lower air flow-rate up to

150 Sm3/h, while the larger one metered the higher air flow-rate up to 4250 Sm3/h. Both meters

have and uncertainty of +/- 1 % of FS.

In extreme flow conditions, thus when involving high gas volume fractions (GVFs), above

0.95 and low GVFs (below 0.1), the gas injection in the case of high liquid - low gas or the liquid

injection in the case of high gas - low liquid, was performed via separate low range air flow

meters for gas, or with a rotameter for liquid.

The air flow meter used comprised an Aalborgr thermal-type mass flow meter, having a

range of 0-500 Slpm with a measurable uncertainty of +/- 5 % of FS. Multiple types of Keyr

rotameters were used to cover low liquid flow-rates ranging between 5-100 Slpm. All rotameters

operated within an uncertainty of +/- 4 % of FS.

The mixing of the two phases was set to occur at a commingle point located 15 m far upstream

of the nozzle-throat. The mixing point was configured to obtain the best homogeneous mixing

via two-gas injection conduits connected to two separate gas-inlet ports fixed at a 60◦ angle to

the (2-in) main pipe of the flowing water.

The test section in the ejector-like configuration included a Plexiglass body, which was ge-

ometrically designed to hold a convergent nozzle in place, while allowing a void space around

this nozzle. The void space was used to measure the pressure of the high speed moving jet, i.e. a

purely suction power resulting from the two-phase high-speed jet exiting the nozzle-throat. The

described test piece is illustrated in figure 3.

Several sensors were installed in the test section to measure the performance parameters at

local conditions where temperature, pressure and conductivity were recorded. A set of sensors
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Figure 3: Cross-sectional view of the test piece used for conducted experiments.

(comprising a pressure transducer, a temperature probe and a set of conductivity rings), was in-

stalled at positions No.1 (upstream nozzle) and No. 3 (discharge position), while at position No.2

(within the nozzle housing and the throat-inlet), three pressure transducers were in place. The

first pressure transducer ’PT02 1’ recorded the pressure along the void space between the nozzle

and the inner wall of the nozzle housing, the second transducer ’PT02 2’ recorded the pressure

at mid-way of the throat-inlet convergent portion. The third transducer ’PT02 3’ recorded the

pressure at the inlet of the mixing tube.

This procedure was performed to note any variance of the measured pressure at downstream

positions, thus measurement of pressure at the vena-contracta and at the mixing tube inlet, the

latter being at a position where the expansion of the jet occurs, thus causing portion of this jet

to impinge on the curved wall. Additionally, the inclusion of multiple pressure tap-points in

the downstream region of the nozzle also helped to determine the point where pressure recovery

started to occur. The variance of the two-phase jet in the conical region is illustrated in figures

4(a) and 4(b).

It can be seen in figure 3 that the jet-coning profile widened up with the increase of gas in the

system. It was noted that at high flow quality, the vena contracta at the throat-inlet and the mixing

tube inlet vanishes. Moreover, a point was reached where a flow recirculation was present at the

throat-inlet. All three pressure transducers recorded almost the same value for low GVFs, but

differences gradually increased with the increase of GVFs.

The pressure at both throat-inlet ’PT02 2’ and mixing tube inlet ’PT02 3’ gradually changed

from the stagnant pressure ’PT02 1’ with the increase of gas content. This signifies that under

such conditions, the pressure ’PT02 1’ measured in the void chamber, maintains a true pressure

as if it were still possible to get measurements in the vena contracta. All pressure sensors com-
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(a) (b)

Figure 4: Two-phase flow jetting out from the nozzle throat at high speed; (a) two-phase jet at low GVFs, (b) two-phase
jet at high GVFs.

prised Druckr pressure transducers, with variable ranges of 0-6 bara, 0-1 bara and 0-12 bara,

and with an average uncertainty of +/- 0.15 % of FS. Temperatures were measured at the same

locations via thermocouple type-k sensing devices.

Additionally, the gas void fraction was difficult to estimate via its defining expression:

α = 1 − HL (22)

with HL the liquid hold-up:

HL = AL
AL+AG

(23)

where AL and AG are the cross-sectional areas of the pipe occupied by liquid and gas

respectively.

Both physicist and engineers have always found it difficult to directly estimate the area oc-

cupied by liquid and gas phases inside a multiphase stream. In this work, the method applied

to measure the void fraction was to use a non-intrusive impedance technique via two pairs of

conductance probes. This conductance methodology is a well-known and widely applicable non-

expensive technique for the continuous measurement of void fractions / liquid hold-ups. Several

authors have successfully used such measuring technique, see for instance Gregory and Mattar

(1973), Rosehart et al. (1975), Tsochatzidis et al. (1992), Elkow and Rezkallah (1996), Song

et al. (1998), Fossa et al. (2003) and Ko et al. (2015).
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The rig-setup illustrated in figure 2 comprises two pieces of conductivity measuring devices.

The first conductivity measuring device (C1) is installed upstream of the HP nozzle, while the

second conductivity measuring device (C2) is located downstream of the discharge port of the

JP device. Note that for this particular case, the conductivity measuring device (C1) was the one

used to estimate the HP fluid averaged void fraction. As illustrated in figure 5, this measuring

device includes two measuring probes, probe (C1−a) and (C1−b).

Figure 5: This work conductivity measuring device.

Each probe was used to calculate the change in electrical impedance between a pair of

stainless-steel electrode; electrodes separated by the same two-phase flowing fluid. This flowing

fluid acts as a dielectric material which enacts change in impedance, triggered as a result of the

variation in void fraction.

A conductivity box was used, and which comprised an electrical circuit configuration as

shown in figure 6. The illustrated circuit denotes a setup-configuration for one conductivity probe

(having a pair of stainless steel electrodes). Such conductivity box was configured to output a

voltage reading for each probe. The same voltages were real-time recorded via the Lab-View

software.

Before running the experiments, the calibration of the conductivity probes was carried out in

order to develop a relationship between the void fraction (of the mixture stream) in the conduit

and the normalized output voltage. A very simple procedure was applied: (1) place the probes

test-section (flanged at both ends) as shown in figure 6 on a flat table, (2) connect the probes

to an electronic conductivity box feeding voltage signals into the LabViewr software for data

acquisition, (3) record the voltage reading when the conduit contains 100 % gas-air, (4) record

the voltage reading when the conduit contains 100 % liquid-water, (5) empty and measure the

volume of water via an Azlon 500 mL graduated cylinder, (6) refill with 100 % liquid-water, and
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Figure 6: Schematic of an electrical circuit configuration of this work conductivity-box for 1 conductivity probe.

start taking voltage readings at consecutive steps, each involving a reduction of 5 % volume of

liquid-water, and (7) plot the calibration curves (for each probe) as shown in figure 7.

Figure 7: Void fraction α v.s. normalized voltage Nv for probe (C1−a) and probe (C1−b).

The following polynomial relationships obtained from the developed curves were then used

to calculate the void fractions during the actual test conditions.
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C1−a = 1 − ((4.6992Nv
5) − (13.665Nv

4) + (12.78Nv
3) − (3.898Nv

2) + (1.0845Nv)

−(3.16246.10−4))
(24)

C1−b = 1 − ((3.6065Nv
5) − (9.9958Nv

4) + (8.9583Nv
3) − (2.50Nv

2) + (0.9345Nv)

−(3.1446.10−5))
(25)

The normalized voltage Nv was calculated according to the following equation:

Nv = Ca− CMin

CMax− CMin
(26)

where CMin is the conductivity signal for single phase air flow (when the pipe is fully occu-

pied by air), CMax is the conductivity signal for single phase water flow (when the pipe is fully

occupied by water) and Ca is the conductivity signal for air-water two-phase flow.

During the calibration process, it was estimated that the error in the void fraction measure-

ment was ±0.5 mL (±2%). It is also important to state that the calibration was performed under

stratified flow regime. Under actual conditions, bubble and slug flow patterns could lead to an

increase of the uncertainty in the void fraction calculation. However, as the void fraction was

averaged, the uncertainty remained within ±5%.

All measurements were acquired by a data acquisition card (DAQ) from National Instruments

Incr and via several custom-built signal conditioning units. The input data was managed via a

developed program in LabViewr (version 7). The developed program gathered all real-time data

from all Data Acquisition System (DAS) hardware and converted the respective input voltage into

engineering units. Tests were recorded with a scan rate of 20 scans per second for a duration of

120 seconds. The data was then exported into a custom-built database, where the 2400 readings

per test were averaged into a single value for data analysis.

The test matrix adopted for the conducted two-phase (air-water) experiments is illustrated in

figure 8, including a flow regime map proposed by Mandhane et al. (1974).

The flow regimes covered were within the bubble/elongated bubble and slug flow regimes

for the case of high liquid - low gas, while stratified, wavy and slug flow regimes were covered



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

D.Mifsud et al. / International Journal of Multiphase Flow 00 (2018) 1–58 22

Figure 8: Test matrix overlaid on Mandhane et al. (1974) flow regime map, for superficial phase velocities calculated
upstream the nozzle constriction.

for the case of high gas - low liquid flow combinations. Note that the obtained flow patterns

displayed in the flow regime map in figure 8 include superficial gas and liquid velocities based

on upstream conditions and not from the throat section. The flow regime upstream of the inlet

section was also visually noted via a transparent test section.

4. Models formulation

4.1. The incompressible Bernoulli’s continuity equation

A generic expression of the differential pressure flow equation can be derived from Bernoulli’s

relation. This expression can be used to calculate the total mass flow-rate of both single and two-

phase flows.

Considering the schematic illustrated in figure 9, the fluid flows from a high-pressure zone

(upstream of the nozzle throat), Pt.1, down to a relatively low-pressure zone (at and just down-
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stream of the nozzle throat), Pt. 2. The conversion of energy, from the dominant pressure energy

upstream of the nozzle, to the kinetic energy at the nozzle throat and close-by regions, can be

equated via the Bernoulli continuity relationship:

Figure 9: Fluid flow across test pipe-nozzle-pipe section.

P1 + 1
2ρV2

1 + ρgh1 = P2 + 1
2ρV2

2 + ρgh2 (27)

where the pressure energy is given by P, while the potential and kinetic terms are expressed

via the collective terms of ρgh and 1
2ρV2 respectively. V is the speed of the flow, g the acceleration

due to gravity, h the height against a common reference point and ρ the density. The subscripts 1

and 2 denote the upstream and throat/just downstream locations respectively.

As the tests were performed in a horizontal pipe section and with a relative small diameter

(52.4 mm), the term accounting for potential energy is neglected on both sides of Bernoulli’s

equation.

Thereby equation (27) reduces to:

∆Ptot = P1 − P2 = 1
2ρV2

2 − 1
2ρV2

1
(28)

Equation (28) signifies that the total pressure loss , ∆Ptot, is only function of the pressure loss

due to acceleration. Thus, this expression neglects all irrecoverable pressure loss components,

mainly involving losses due to friction from surface roughness and flow obstruction surfaces

causing vortex detachments, contraction, compressibility including the variance of mixture den-

sity, expansion, elevation and phase slippage.

Equation (28) can therefore be re-written in terms of the five pressure loss components:

∆Ptot = P1 − P2 = [ Paccelerationloss+

Pelevationloss + P f rictionloss
]

(29)

where ∆P f rictionloss
is a general term which comprises all compressibility losses such as both
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contraction and expansion losses, and phase slip losses. Note that the pressure loss due to ac-

celeration ∆Paccelerationloss is assumed a recovered loss, and for this study, elevation losses do not

apply. In addition, based on the above divisions responsible for pressure losses, it is a standard

practice that in case of single-phase fluids a correction factor is applied either directly to the

pressure drop or if not, the correction is managed via a discharge loss coefficient which accounts

for all irreversible losses, mainly comprising friction and contraction effects. Thus equation (28)

becomes:

∆Ptot = P1 − P2 = 1
2ρ[V2

2 − V2
1 ] + (∆P f ) (30)

where ∆P f denotes pressure drop attributed to frictional losses. Thus equation (30) can be

written as:

V2 =

√
2[∆Ptot−(∆P f )]

ρ
(
1− d4

D4

) (31)

where d, and D are the diameters of the nozzle throat and upstream pipe respectively.

The mass conservation can be written as:

Ṁmix = ρA2V2 (32)

with Ṁmix the total mass flow-rate and A2 the nozzle throat cross-sectional area.

∆Ptot includes frictional losses which are unknown, and a discharge coefficient Cd is used,

which is the most common parameter which accounts for the irrecoverable losses of a geometrical

device under certain flow conditions. Thus, substituting (31) in equation (32), and multiplying

by the coefficient of discharge Cd, equation (33) can be written. This equation is considered as

a general form used to calculate the total mass flow-rate of an incompressible fluid.

Ṁmix =
Cd A2

√
2ρ∆PLO√

1−B4
(33)

where ∆PLO denotes the pressure drop for the case having liquid-water only, and B =

(
dn

Dp

)
,

with Dp and dn the diameters of the nozzle inlet and throat respectively.

For the results presented in this paper, including two-phase flow conditions, the losses ap-

plicable to the experimental set-up were accounted for via a two-phase pressure drop multiplier
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Φ2
lo, which is considered a collective pressure loss factor parameter. This two-phase pressure

drop multiplier is based on the same concept as for the frictional pressure drop multiplier appli-

cable to calculate pressure loss in conduits.

Multiplying Φ2
lo and the total pressure drop of the two-phase flow ∆Pmix (treated as if it

were a single-phase pressure drop) and substituting both expressions in the general equation

(33), equation (34) which is a modified equation capable of estimating the total mass flow-rate

of two-phase compressible (water-air) mixtures can be established:

Ṁmix =
Cd∗A2∗

√
2ρ∆PmixΦ

2
LO√

1−B4
(34)

4.1.1. Single-phase flow through Nozzle

In the case of a single-phase flow (100 % water), equation (34) is used with a value Φ2
LO = 1,

and a constant value Cd = 0.9. The value of Cd constitutes an average value obtained from

calibration tests involving 100 % water. Ultimately, equation (34) becomes:

Ṁliq =
Cd A2

√
2ρliq∆Pliq√

1−B4
(35)

4.1.2. Two-phase flow through Nozzle

When considering a two-phase flow, the value of Φ2
LO in equation (34) is not equal to 1.

Hence assuming the same values of Cd and ρ as those used in the case of 100 % water, and

substituting the values of Ṁmix and ∆Pmix directly from the generated dataset, the corresponding

values of Φ2
LO can be estimated via the following expression:

Φ2
LO =

[
Ṁmix

Cd AT

]2
(

(1−B4)
(2ρliq∆Pmix)

)
(36)

Note that Φ2
LO, is changed to Φ2

LOHL
and Φ2

LOHG
for cases of high liquid - low gas and high

gas - low liquid flows respectively.

4.2. Two-phase flow through nozzle for Case A-high liquid-low gas

Case A describes the method used for the developed two-phase pressure-drop multiplier and

discharge loss coefficient correlation, valid in the region of high liquid - low gas fluid composi-

tions. The following step by step procedure was applied:
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• Equation (36) was used to calculate values of the Φ2
LO for 175 data points. These 175 data

points constitute half the experimental data set which includes two-phase flow combina-

tions having α < 0.55.

• Φ2
LO was compared with the 5 models described previously: HEM - Green and Perry

(1973)), Simpson et al. (1983), Chisholm (1983), Morris (1985), and Alimonti et al.

(2010).

• Based on the results, a tuning parameter was necessary to compensate for losses attributed

to different design geometry.

Results showed a high similarity between this work and the Morris two-phase multipliers.

Given that Cd was kept constant, the applied tuning was fully integrated in Φ2
lo. The modified

two-phase multiplier can be written as a product of two two-phase multipliers:

Φ2
LOHL

= Φ2
LOMorris

Φ2
lo

(37)

where Φ2
LOHL

refers to the pressure drop multiplier provided by equation (36), Φ2
LOMorris

refers

to the pressure drop multiplier estimated by the correlation proposed by Morris (1985), while

Φ2
lo is an added two-phase multiplier which accounts for the variance of the discharge coefficient

for multiphase flows Cdmulti and an additional tuning parameter; both are function of the two-phase

flow quality x, matching Morris’ expression.

The expanded version of equation (37) gives:

Φ2
LOHL

= Φ2
LOMorris

(Ψ1 + Ψ2) (38)

where Ψ1 constitutes the variance of Cdmulti , with an increase flow quality x, and Ψ2 is a

tuning value. Both Ψ1 and Ψ2 are obtained from experimental calibration given in figure 10(b)

and figure 13 respectively.

It is found that the relationship between Cdmulti and the flow quality x, obeys a polynomial

function of degree 3, while the relationship for the tuning value Ψ2 against the flow quality x

obeys a power law function.

Ψ1 = Ax3 + Bx2 + Cx + D (39)
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and

Ψ2= ExF (40)

where A, B, C, D, E and F are constants generated from a linear regression, see table 3.

Substituting Ψ1 and Ψ2 in equation (38) gives:

Φ2
LOHL

= Φ2
LOMorris

((
Ax3 + Bx2 + Cx + D

)
− ExF

)
(41)

Thus, the proposed correlation satisfies the following relationship:

Φ2
LOHL

=Φ2
LOMorris

Φ2
lo=

[
Ṁmix

Cdliq AT

]2


(
1−B4

)
(
2ρliq∆Pmix

)
 =

f (Cdmulti , ρg, ρl, x, S )

(42)

The derived two-phase pressure-drop multiplier correlation proved valid for the convergent

nozzle-type under consideration, and holds for void fractions up to 0.5. Eventually, the general

total mass flow equation given in equation (34) resolves to equation (43). Note that ṀHL refers

to the high liquid - low gas flow region.

ṀHL =
Cdliq AT

√
2ρliq∆PmixΦ

2
LOHL√

1−B4
(43)

Table 3: Coefficient values for the derived Φ2
LOHL

correlation - high liquid - low gas.

Empirical Coefficient Values
A B C D E F

-635076 11571 -80 0.96 1.2 0.35

This method (for Case A), including the high liquid -low gas region, is compared against sev-

eral other two-phase pressure drop correlations and against the semi-empirical Non-Equilibrium

Model (HNE-DS) developed by Diener and Schmidt (2004).

4.3. Two-phase flow through nozzle for Case B - high gas - low liquid

Case B includes two distinctive methodologies, one being similar to the one applied in Case

A, and the other one involving the Mach number. The proposed correlations are valid in regions

characterised by high gas - low liquid fluid compositions.
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4.3.1. Case B (Method-01): high gas - low liquid

This case considers the variance of the discharge coefficient Cd (from single-phase to multi-

phase flow conditions), separately from the developed two-phase pressure drop multiplier Φ2
LO.

Cdliq was initially assigned a value of 1, and subsequently assessed after an expression of the

two-phase multiplier was developed. This case however slightly differs from Case A (for high

liquid - low gas fluid), as the latter attributes the variance of the discharge coefficient directly in

the correlation developed for the two-phase multiplier.

For this method, the following step by step procedure was applied:

• Equation (36) was used to calculate values of Φ2
LO , including 80 data points. These data

points involved two-phase test mixtures, with void fractions α > 0.75.

• A comparison of Φ2
LO with the models from HEM Green and Perry (1973), Simpson et al.

(1983), Chisholm (1983), Morris (1985), and Alimonti et al. (2010) was performed.

Results revealed that there is no direct relationship between the two-phase multiplier Φ2
LO HG

and the void fraction α. The plotted data in figure 19 demonstrates high scattering, which kept

on increasing with the increase of void fractions.

To develop a relationship between the two-phase multiplier Φ2
LO HG and the void fraction α,

the Mach number Ma was taken into consideration. The set of data points was then sorted in

segregated ranges of Mach numbers, covering 0 < Ma < 1. The objective of using the Mach

number was to introduce a fundamental parameter which accounts for compressibility effects,

when high gas is present in two-phase flows. The Mach number is a ratio between the actual

velocity v in (m/s) of the multiphase mixture to the sonic speed c in (m/s) of the same mixture

and at same pressure conditions.

Ma= v
c

(44)

The speed of the multiphase mixture was established with the following equation:

Ṁmix= ρe∗At∗vmix (45)

where Ṁmix is the actual total flow-rate of the mixture in (Kg/s), ρe is the momentum density

of the mixture in (kg/m3), while vmix is the velocity in (m/s) of the mixture flowing through the
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nozzle throat.

Equation (45) considers the momentum mixture density. As the speed of gas is much higher

than the speed of liquid water at the nozzle throat, phase slippage should be accounted for.

1
ρe

=
xG

ρG
+S ch

xL
ρL

(
xG + xL

S ch

)
(46)

where S ch is the slip ratio, provided by the Chisholm (1983) correlation given in equation

(10), xG is the flow quality and xL = (1 − xG) is the fraction of liquid (water). Thus xG is:

xG=
[

ṁG

ṁG+ṁL

]
(47)

The speed of sound in the two-phase mixture was calculated with the so called “frozen two-

phase sonic velocity” model, expressed as:

c =
[

dρ
dp

](−1/2)
(48)

The two-phase mixture density ρm, is estimated by the following equation:

ρm=α 1
vG

+ (1 − α) 1
vL

(49)

where α gives the void fraction, thus the (gas portion) of the two-phase flow, vL and vG denote

the specific volume of liquid and gas phases respectively.

Thus α is expressed by:

α=
[
1 +

(
1−xG

xG

)
S vL

vG

]−1
(50)

where S denotes the slip between superficial velocities of gas and liquid and is calculated

either by the Chisholm correlation in equation (10), or the Simpson correlation, equation (3).

Thus, the slip varies according to the Martinelli parameter:

S =


S Chisholm − low quality − X > 1

S S impson − high quality − X < 1
(51)

where X as the Martinelli parameter estimated by the following equation
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X=
1−xG

xG

(
VL
VG

)1/2
(52)

with VL and VG the superficial velocities of liquid and gas respectively.

If no phase change takes place, neglecting the two-phase slip dependence on pressure, and

differentiating equation (41) lead to an equation expressing the variance of the void fraction with

pressure:

dα
dp =α (1 − α) vL

dvL
dp − α (1 − α) vG

dvG

dp
(53)

Combining equations (47), (48), (49), and (50), the sonic velocity is calculated as follows:

c=
[(
α2 + α (1 − α) vG

vL

)
dvG

dp +
(
(1 − α)2 + α (1 − α) vL

vG

)
dvL
dp

]−1/2
(54)

Solving and simplifying the above relationship leads to:

c=

[
αvG

vmc2
G

+
(1−α)vL

vmc2
L

]−1/2
(55)

where cL and cG denote the speed of sound in pure water and pure air respectively.

Although α can be calculated from equations (50), (51) and (52), yet the experimental void

fraction α was used in equation (55) as described previously in the test facility and methods

section. This approach has been initially used to reduce errors and has been applied before the

validation against available correlations was performed.

The two-phase correlation covering the high gas - low liquid region with α ≥ 0.75 obeys a

polynomial function of degree 3:

Φ2
lomod HG

=
(
Aα3 − Bα2 + Cα − D

)
(56)

where A, B, C, and D, are coefficients written in table 4.

The above equations along with their respective Mach numbers show that the estimated two-

phase pressure drops match the measured values within a 10 % maximum error, see figure 23(a)

As initially stated, the value of the discharge coefficient Cdliq was found to increase slightly

above 1 and the Mach number to tend to 1. Another relationship was developed to account for

this variance. Theoretically, the value of Cdliq should not exceed unity, but in this case CdMulti HG
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Table 4: Coefficient values for the derived Φ2
lomod

correlation - high gas - low liquid.

Mach No. Coefficient Values
A B C D

[0 − 0.2] 87186 217273 180135 49659
[0.2 − 0.3] 101943 252587 208375 57200
[0.3 − 0.4] 109468 270272 222609 61137
[0.5 − 0.6] 91549 221057 177905 47689
[0.7 − 0.8] 133872 332338 275401 76147

[0.9− < 1.0] 208754 525082 440619 123307

absorbs a tuning parameter in the form of a direct multiple of the initial value of Cdliq . The

calibration equation is given by:

CdMulti HG = Cdliq ∗ I (57)

where Cdliq = 1, and I is a calibration coefficient.

The final relationship is given by;

CdMulti HG =
(
EMa2 + FMa + G

)
(58)

where the coefficients E, F and G, are assigned constant values of 0.154, 0.1496 and 0.973

respectively. Thus, the proposed correlation satisfies the following relationship:

Φ2
LOHG

=
(
Aα3− Bα2+Cα− D

)
=

[
Ṁmulti HG(

Cdliq ∗ I
)
∗ AT

]2 (
(1−B4)

(2ρliq∆Pmix)

)
= f (Ma, α) (59)

The derived two-phase pressure drop multiplier correlation holds for void fractions ≥ 0.75.

The general total mass flow equation given in equation (34) resolves to equation (60) as illustrated

hereunder. Note that ṀHG refers to the high liquid - low gas flow region.

ṀHG =
CdMulti HG ∗AT ∗

√
2∗ρliq∗∆Pmix∗ Φ2

LOHG√
1−B4

(60)

4.3.2. Case B (Method-02): high gas - low liquid

For this case, the two-phase flow correlation Φ2
LO absorbs all pressure losses for the two-

phase high gas – low liquid fluid. Such losses are due to irreversible energy losses of multi-

phase discharge loss coefficients including friction and contraction effects, and two-phase fluid
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compressibility effects. Besides, the two-phase multiplier accounts for the significant change

in density (lower density for water and air mixture flows). This substantial variance of density

made the two-phase multiplier susceptible for scattering, thus a tuning parameter (in terms of

void fraction) was added to reduce the overall error. The procedure adopted was the following

one:

• Equation (34) was used to calculate values of Φ2
LO , including 80 data points. The consid-

ered data points involved two-phase test mixtures with void fractions α≥ 0.75.

The developed trend-line, satisfied a polynomial relationship of degree 2, given by:

Φ2
LOHG org = Aα2 + Bα + C = Ψ1 (61)

where Φ2
LOHG org refers to the original frictional pressure drop multiplier, hence not yet mod-

ified, and coefficients A, B, C, are constants generated from a linear regression, see table 5.

• Tuning was required to smooth the scattered data points, hence fit data close to the devel-

oped trend-line.

The modified Φ2
LOHG

in equation (63) comprises the product of Ψ1 provided by the original

relationship in equation (61), and Ψ2, which includes a numerical variable obtained from the

calibration which obeys a power law function in terms of void fraction α:

Ψ2= DαE (62)

where D and E are constants generated from a linear regression given in table 5.

Ultimately the full relationship is given by:

Φ2
LOHG

= (Ψ1 + Ψ2) (63)

Hence, substituting for Ψ1 and Ψ2 in equation (63), gives:

Φ2
LOHG

=
((

Aα2 + Bα + C
)
∗ DαE

)
(64)

Furthermore, for an easier use of the above correlation (developed from two separate rela-

tionships) one expression was written, obeying a polynomial function of degree 2:
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Φ2
LOHG

=
(
Fα2 + Gα + H

)
(65)

where F, G and H are constants generated from a linear regression given in table 5.

Thus, the proposed correlation satisfies the following relationship:

Φ2
LOHG

=
(
Fα2 + Gα + H

)
=

[
Ṁmix

Cdliq∗ AT

]2


(
1−B4

)
(
2ρliq∆Pmix

)
 =

f
(
ρg, ρl, α, S

)
(66)

The derived two-phase pressure drop multiplier correlation proved valid for the convergent

nozzle-type under consideration, and holds for void fractions above 0.75. The general total mass

flow equation given in equation (34) resolves to equation (67).

ṀHG =
Cdliq ∗AT ∗

√
2∗ρliq∗∆Pmix∗ Φ2

LOHG√
1−B4

(67)

Table 5: Coefficient values for the derived Φ2
LOHG

- high gas - low liquid correlation.

Empirical Coefficient Values
A B C D E F G H

2.61 -5.09 2.49 0.87 0.327 1.992 -3.913 9.124

The described methods in Case B for the high gas - low liquid case will be compared with the

semi-empirical Non-Equilibrium Model (HNE-DS) developed by Diener and Schmidt (2004) in

the next section.

5. Results and Discussion

5.1. Case A-01 - high liquid - low gas

The results of the calibration tests of the 100 % liquid case and the two-phase cases are

illustrated in figures 10(a) and 10(b) respectively.

Under two-phase flow conditions, the coefficient of discharge Cdliq decreases significantly

with the increase of quality. A significant decrease is noted at a reference vapour quality of 0.01,

resulting in a Cdmp of 0.65. A trend-line is drawn and equated within the resulted non-linear

behaviour. This provides an equation which accounts for such effect and can be used in the

developed two-phase multiplier model.
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Figure 10: (a) Reynolds number Re v.s. nozzle discharge coefficient Cd liq for 100 % liquid calibration tests; (b) two-
phase flow vapour quality x, for x ≤ 0.012, v.s. nozzle discharge coefficient Cd mp; (c) void fraction α, for α ≤ 0.55, v.s.
two-phase flow multiplier Φ2

LO; (d) flow vapour quality x, for x ≤ 0.012, v.s. two-phase flow multiplier Φ2
LO.

Figures 10(c) and 10(d) shows the behaviour of the two-phase multiplier Φ2
LO (not modified)

v.s. the void fraction α and the flow vapour quality x. An averaged trend-line is drawn within

both populated plots.

Figure 11 show a comparison between the behaviour of the two-phase multiplier in this

work (without-correction), the Homogeneous model (HEM), and models proposed by Chisholm

(1983), Morris (1985), Simpson et al. (1983) and Alimonti et al. (2010). Results mostly follow

a curvilinear behaviour. The averaged trend-line of this work multiplier, as previously displayed

in figure 10(c), showed high similarity to the Morris (1985) model.

Figure 12 shows clearly that Morris’ results share the closest behaviour with the present

work. However, at this stage the work multiplier needs calibration and tuning to: (1) fit more
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Figure 11: Void fraction for α ≤ 0.55, v.s. pressure drop multiplier Φre f , comparing this work behaviour (without-
correction) against five other two-phase multiplier correlations.

data on the averaged trend-line in figure 10(c), and (2) account for irreversible losses, mainly due

to friction.
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Figure 12: Calculated (without correction) Φ2
calcliq

2 v.s. reference two-phase multiplier Φre f models.

Figure 13 shows a power law behaviour that exists for the defined value Ψ2 and the flow

quality x. It is noted that the tuning value Ψ2 increases with an increase in quality x. This

tuning parameter based correlation predicts total two-phase mass flow rates with less than 10 %

error.

Figure 13: Flow quality x v.s. tuning parameter ψ2.

Figure 14(a) shows the effect of the calibration via the tuning factor Ψ2. The performed cor-

rections made the measured and calculated mass flow-rates to agree within a +/- 10 % error band.

Moreover, figure 14(b) illustrates the combined effect within the modified two-phase multiplier
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(a) (b)

Figure 14: (a) Measured v.s. calculated total mass flow-rate for Morris correlation, this work (without correction), this
work (1st correction) - including the effect of Cdmulti, and this work (2nd correction) - including the effect of the tuning
parameter ψ2, and (b) Measured v.s. calculated total mass flow-rates for the developed two-phase multiplier with final
correction Φ2

HL.

via the tuning parameter Ψ2 and the calibration of Cd mp, denoted Ψ1.

Besides the comparison of results of pressure-drop multipliers only, figure 15 shows a com-

parison between this work two-phase pressure drop multiplier correlation and the semi-empirical

HEM-DS method. As noted by Diener and Schmidt (2004), this model tends to be accurate

when the stagnation flow quality x is above 0.15. Thus, this particular case has just shown that

for two-phase flows having a maximum quality of 0.012 (thus much less than 0.15), extensive

scattering is obtained.

In this case, it could be stated that the HEM-DS model automatically reduced to the HEM

(w) model, since no water turned into vapour, and the boiling delay factor N is 0.

Results using the same HEM-DS method will also be compared for fluids in the high gas -

low liquid region, in Section 5.3.2.
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Figure 15: A comparison for measured v.s. calculated total mass flow-rates for this work high liquid - low gas empirical
correlation and semi-empirical HEM-DS method.

5.2. Case A-02 - Comparison between Various Geometric Configurations

A comparison of the resulting two-phase pressure drop multiplier for the case of high liquid -

low gas fluid compositions, i.e. for two-phase fluids of void fractions α ≤ 0.55, was performed.

Results were plotted against six other referenced two-phase pressure drop multiplier correlations.

Each of the six correlations included a geometrical flow configuration.

The evaluation comprised (1) this work configuration consisting of a convergent nozzle of

negligible throat thickness, (2) a single-orifice plate, (3) a gate valve, (4) a globe valve and (5)

a Venturi-body whose geometrical configuration was modified to assess three different throat

lengths: (5-a) a short throat of 0.36 d, (5-b) a medium-throat of 1.16 d, and (5-c) a long-throat

of 4.16 d respectively, with d the throat diameter. Figure 16 shows a schematic representation of

the referred geometrical configurations.

In the case of the orifice plate, globe valve and gate valve, the data reported by Fairhurst

(1983) were also validated against the compressible flow model derived by McNeil (2000). The

respective results and comparison between models resulted in a high agreement. The referenced

data for the Venturi-body was based on the work of Silva et al. (1991), which included a model

that accounted for slip via the Chisholm (1983) slip correlations. Additionally, all referenced

models were applied for two-phase fluids of water-air mixtures, and experiments were performed

at relative low pressures (< 10 bara). Those operating conditions were therefore identical to those
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Figure 16: Devices included in this study comprising of different geometric configurations, (a) this work jet pump-like
design, (b) gate valve, (c) single orifice plate, (d) globe valve, and (e) Venturi-body.

encountered in this work.

Figure 17 illustrates the behaviour of the two-phase frictional pressure drop multiplier for all

seven geometric configurations. The two-phase multiplier is a function of the loss mechanism

factors attributed to a specific geometric configuration. This study highlights two types of loss

factors.

The first loss factor, considered to be the dominant one, involves losses due to compressibility

effects. A fluid mixture comprising two phases such as water and air behaves differently from

liquid-water only and tends to show an increase of variation with the increase of the secondary

compressible phase (air). Note that this most dominant factor it also the most complex to estimate

in flows showing high quality.

The second loss factor mainly captures all frictional losses which may be attributed to (1) a

variance of flow direction such as experienced in globe valves, (2) a sudden expansion for non-

axisymmetric flow paths such as for gate valves, (3) an interference between multiple streams

of flow in case of flow paths in multiple orifices or multiple flow paths in butterfly valves, and

(4) the most well-known losses attributed to rough surfaces or to flow paths including portions

acting as bluff bodies.

In addition to the discharge loss coefficient found in Bernoulli’s derived mass flow equations

for single phase flow, the two-phase multiplier will now account for the above-mentioned losses.
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These losses may vary significantly within any considered geometric configuration, thereby re-

sults shows that a unique two-phase pressure drop multiplier relationship is valid only for a very

specific designed section.

Figure 17 illustrates the behaviour of the two-phase frictional pressure drop multiplier for

all seven geometric configurations and illustrates the behaviour of each two-phase pressure drop

multiplier included in this study. Based on the similarity of the geometric configurations, results

show close agreement between the two-phase pressure drop multipliers for the orifice plate and

the gate valve. However, the behaviour of the two-phase pressure drop multiplier for the globe

valve appears closer to the one established for the gate valve, but further apart from the one of

the orifice plate. This variance reflects that globe valves have a different constriction than gate

valves, thus have a more complex flow path, as the fluid undergoes a cyclic contraction and re-

expansion. Furthermore, it appears clearly that the two-phase pressure drop multiplier for this

work configuration shows high similarity with a Venturi-body one and is closer to the short-throat

Venturi case.

Figure 17: Comparison of this work two-phase multiplier against six other two-phase multipliers (having various geo-
metrical configurations), up to flow quality x of 1.25%

It was also noted that there was a systematic variance in the two-phase pressure loss multi-

plier resulting in a gradual and linear increase with the increase of the nozzle throat thickness.



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

D.Mifsud et al. / International Journal of Multiphase Flow 00 (2018) 1–58 41

For the studied geometric configuration which includes a convergent nozzle of negligible throat

thickness, results showed a similar and lower two-phase multiplier than for the short-throat Ven-

turi.

Based on the trend-lines established for this work and those of the Venturi-bodies, another

expression was proposed and correlated for the two-phase pressure drop multiplier (for high

liquid - low gas) Φ2
LOHL

, in terms of variance of the nozzle throat thickness and quality x. As

illustrated in figure 18, the behaviour of the two-phase frictional pressure drop multiplier for all

seven geometric configurations, a relationship of the variance of respective gradients mΦ was

determined in function of the throat thickness F (being a multiple of throat-diameter), which

obeys a power law function of the form Aeb, where values of A and b are given in figure 18,

and the constant term c is equal to 1. Thereby, this can be expressed as:

Φ2
LOHL

= (AFb ∗ x) + c (68)

which simplifies to:

Φ2
LOHL

= (382.62(F)0.418 ∗ x) + 1 =

[
Ṁmix

Cdliq∗ AT

]2



(
1−B4

)
(
2ρliq∆Pmix

)
 = f (F, x)

(69)
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Figure 18: Two-phase multiplier gradient mΦ v.s. throat thickness [F].

5.3. Case B - high gas - low liquid

5.3.1. Case B (Method01) - high gas - low liquid

Results comprising (a) high gas - low liquid (Method01), and (b) high liquid - low gas data

points are shown in figure 19. This figure clearly expresses the difference of behaviour between

the two-cases. It mainly demonstrates a drastic increase of scattered data points for values α ≥
0.75. This effect signifies that the correlations satisfying a curvilinear behaviour within the high

liquid - low gas region, are not valid to compute two-phase multipliers within the region of high

gas - low liquid flows.

The scattering effect is more pronounced in figure 20(a) which displays the behaviour of all

models considered. It appears even more clearly in figure 20(b) when comparing Morris’s and

this work correlations. Both plots show that it is very difficult to directly correlate the two-phase

multiplier against the void fraction.

Such effect is primarily attributed to the Bernoulli equation. The two-phase multiplier (for

high gas - low liquid), Φ2
LOHG

, was primarily calculated via the Bernoulli equation, including a

fixed value equal to 1 for Cd, and a fixed liquid-water density. As this case involves high gas

moving at high speeds through the nozzle throat, compressibility effects need to be accounted

for. Such effects implicate variations of density (with the mixture density which can go down

below 50 kg/m3, hence a drastic change when compared to the 998 kg/m3 density of liquid-water.

This effect, if not accounted for, will eventually lead to too high estimated total mass flow-rates.
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Figure 19: Void fraction α v.s. pressure-drop multiplier Φ2
LO , for both reference models and this work.

This study identified two practical methods to account for such effect. The first method was

based on a simple calculation involving an average operating density, i.e. an average value of

the two-phase flow densities at upstream and downstream locations. This method is however an

approximation only, and the average density value remains constant throughout the rest of the

calculation. The second method exposed a novel approach using the Mach number Ma in the

two-phase multiplier correlation. The Ma number was found for each data point via the ratio

between the speed of the two-phase mixture at the throat (based on the momentum density which

accounts for slippage, while adopting the Chisholm slip correlation) and the critical speed of

sound for the same mixture conditions.

As noted in the methodology section, the introduction of the Mach number for two-phase

flow conditions incurs a more complex calculation than for single-phase flows. An expression

for c was derived from the well-known “frozen two-phase sonic velocity” model from Grolmes

and Fauske (1970). The resulting Ma numbers caused the scattered data points (for Φ2
LOHG

v.s. α)

to segregate in lines of constant Ma numbers. This contributed in defining a set of curvilinear

profiles while allowing an additional degree of freedom which could be either interpreted directly
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(a) (b)

Figure 20: (a) Void fraction α v.s. pressure-drop Φ2
LO for both reference and this work correlations - illustrating drastic

scattering within the high-end region for high gas - low liquid two-phase flow compositions; (b) Void fraction α v.s.
pressure-drop multiplier Φ2

LO for Morris and this work correlations - illustrating drastic offset between the respective
data trends.

from the plot, or based on a developed relationship, thus correlating directly the Ma number with

both the void fraction α and the two-phase multiplier Φ2
LOHG

. The generated lines of constant

Ma number are shown in figure 21.

Figure 22 shows another measure which considers the discrepancies between the actual and

calculated total mass flow-rates. The relationship between the Mach number Ma, and a tuning

parameter I shows a slight increase of I, thereby allowing an additional correction factor at

higher mixture flow speeds.

Figure 23(a) and figure 23(b) illustrate the outcome when applying the developed correlation,

for either estimating the frictional pressure drop using only the two-phase flow multiplier Φ2
loHG

as

given in equation (60), or the total mass flow-rates when considering the combined relationship

of Cd multi and modified Φ2
loHG

, via equation (53).
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Figure 21: Void fraction α v.s. calculated pressure-drop multiplier Φ2
LO for this work correlation - segregated data via

lines of constant Ma number.

Figure 22: Mach number Ma against a tuning parameter (Cdliq ) ∗ I .
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(a) (b)

Figure 23: (a) Measured v.s. calculated frictional pressure drop using the final two-phase flow multiplier model - differ-
entiating between data points according to respective Ma numbers; (b) Measured v.s. calculated total mass flow-rates M
- differentiating between data points according to respective Ma numbers.
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5.3.2. Case B (Method02) - high gas - low liquid

Results comprising high gas – low liquid data points, for (Method02) are shown in figure 24. The

unmodified values of Φ2
loHG

, obtained directly from equation (34), obey a trend-line expressed

via a polynomial relationship of degree 2.

Figure 24: Void fraction α v.s. pressure-drop multiplier Φ2
LO (not modified)

In addition, a second relationship, given by a calibration parameter Ψ2, and in terms of α,

allowed for the scattered data to fit within a curvilinear relationship. This multiple Ψ2, followed

a power law as illustrated in figure 25(a). The resultant of such calibration parameter led to the

development of the proposed two-phase frictional pressure drop multiplier, as expressed by a

polynomial relationship of degree 2, in figure 25(b).
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(a) (b)

Figure 25: Tuning parameters. (a) Two-phase void fraction α v.s. tuning parameter Ψ2 ; (b) Void fraction α v.s. modified
pressure-drop multiplier Φ2

LO.

Figure 26(a) illustrates the outcome of this study when applying the third developed corre-

lation Φ2
loHG

, given in equation (66), hence estimating the total mass flow-rates considering the

variances due to ρmix and Cdmulti directly in terms of Φ2
loHG

, and substituted in equation (68).

Figure 26(b) shows a comparison between this work on two-phase pressure drop multiplier

correlations for the high gas - low liquid, against the semi-empirical HEM-DS method. In this

case, the results from the HEM-DS model are registered within a +/- 20 % error band. This

confirms that the HEM-DS model (assuming no-flashing of liquid phase) is fairly applicable

when considering that no frictional losses are accounted for. Note that in this comparison, it was

found that the Simpson slip correlation gave better results, therefore using a power of y =1/6,

with the two-phase discharge equation included for a discharge value of 0.975 for pure gas,

and an average value of 0.90 for pure liquid. The other two-methods based on the two-phase

multiplier methodologies were slightly more accurate than the aforementioned. It showed that

the one involving the fundamental Mach number resulted in a +/- 10 % margin error.

This work has shown that despite the difficulties encountered to estimate frictional losses, a

frictional factor should be included in the semi-empirical models discussed in this work.
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(a) (b)

Figure 26: Measured v.s. calculated total mass flow-rates M. (a) this work second method for high gas - low liquid fluids;
(b) comparison between this work Case B ( 1st and 2nd methods) and the HEM-DS method.

Figure 27 shows a comparison performed between this work experimental void fractions

αexperimental and the predicted void fractions αpredicted . The predicted void fractions were derived

from the 20 referenced models, presented earlier in tables 1 and 2. To understand if there exists

any similarity with any of the referenced model, a flow pattern independent analysis was used as

the basis; this strategy was used to prevent any bias due to the flow pattern.

It appears that none of the correlations performed excellently-well, thus failed to correlate

with less than 5 % error in both flow composition categories. To investigate this further, two

pairs of plots were developed to show the average deviation and RMS errors between this work

experimental void fraction and the referenced void fraction correlations.

The first pair of plots shown in figures 28(a) and 28(b) includes the first void-fraction category

for values of 0 < α ≤ 0.55. Figure 28(a) clearly demonstrates that four void fraction models,

Chisholm (1983) slip-model, Chisholm (1983) homogeneous model, Armand (1946) slip-model

and Huq and Loth (1992) slip-model (models 1, 18, 18 and 20 from tables 1 and 2 respectively)

predicted this work experimental void fraction within a 10% error band. The good performance

behaviour is also illustrated in figure 28(b), registering very low (< 0.015) RMSE values. The

highest similarity was obtained with the Chisholm (1983) slip-model correlation.
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Figure 27: Comparative results of the measured void fractions to the predicted void fraction with the homogeneous, slip
and other empirical models.
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(a) (b)

Figure 28: Void fraction correlations compared with the present work experimental void fractions for 0 < α ≤ 0.55;(a)
averaged standard deviation errors; (b) RMSE.

The second pair of plots shown in figures 29(a) and 29(b) includes the second void-fraction

category for values 0.75 ≤ α < 1. This time, 12 out of the 20 void fraction models tested were

found within the ±10 % error band: Chisholm (1983) slip-model, Simpson et al. (1983), Ho-

mogeneous, Moody (1965), Thom (1964), Zivi (1964), Schüller et al. (2003), Smith (1969),

Armand (1946), Nishino and Yamazaki (1963), Chisholm (1983) Homogeneous, and Huq and

Loth (1992) models, i.e. Models 1, 2, 3, 5, 8, 9, 14, 15, 16, 17, 18, and 20 in tables 1 and 2,

respectively.

The RSME values shown in figure 29(b) agree with the error behaviour in figure 29(a). How-

ever, only void fraction models 8, 14, 17, 18 and 20 showed RMSE values less than 0.05 . The

highest similarity was obtained by the Huq and Loth (1992) proposed correlation.

The effect of void fraction correlations on the two-phase pressure drop multiplier is presented

in figure 30 and 31. This has been performed to compare the proposed correlations, expressed

in terms of void fraction α, to the void fraction correlations described previously. Figure 30

shows the deviation of the two-phase pressure drop multiplier from equation (65) considering

that the void fraction α is the experimental one from this work, or estimated from the best void

fraction models shown in figure 29(a). It appears clearly that a highest deviation was obtained

when considering the two-phase pressure drop multiplier. However, the void correlations of slip-

models proposed by Chisholm (1983), Thom (1964), and Huq and Loth (1992) (Models 1, 8 and

20, respectively) proved satisfactory, with a deviation error less than 10 %.
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(a) (b)

Figure 29: Void fraction correlations compared with the present work experimental void fractions for 0.75 ≤ α < 1;(a)
averaged standard deviation errors; (b) RMSE.

Figure 30: The average deviation from the two-phase pressure drop multiplier calculated from this work experimental
void fraction for the proposed correlation presented in equation (65).
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Figure 31 shows the deviation of the two-phase pressure drop multiplier from the developed

correlation, equation (56). The deviation between this work and the selected 9 void fraction mod-

els were plotted for each of the 6 Mach number categories from table 4. Minimal variations in

deviations are obtained for the variance in Mach number category, but a large deviation between

the void correlation models is present. Four models performed fairly, the Chisholm (1983) - Slip

model (Model 1), the Nishino and Yamazaki (1963) slip-model (Model 17) the Chisholm (1983)

- Homogeneous model (Model 18) and the Huq and Loth (1992) - slip model (Model 20), with

deviations inside a 30% bracket. It could therefore be concluded that there exists a similar be-

haviour between the two proposed correlations, although equation (65) performed slightly better

than equation (56).

Figure 31: Average deviation from the two-phase pressure drop multiplier calculated with the present work experimental
void fractions for the proposed correlation in equation (56).

Conclusions

In this study, the hydrodynamic characteristics of two-phase (air-water) mixtures through a

conventional convergent nozzle were experimentally investigated. Based on the results gener-

ated, the following conclusions can be drawn:
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1. The two-phase pressure drop multiplier for the case of high liquid - low gas flows can be

approximated with the conventional correlation proposed by Morris (1985). A modifica-

tion of the two-phase multiplier is needed to allow a variance of pressure drop, mainly due

the variance of geometrical configuration.

2. Based on a unique experimental dataset, three empirical correlations were proposed for the

two-phase pressure drop multiplier of a convergent nozzle.

The first correlation covers two-phase (air-water) flows for 0 < α ≤ 0.55. The correlation

includes a modification, in the form of a secondary multiplier, of the conventional cor-

relation proposed by Morris (1985). The multiplier consists of a polynomial equation of

degree 3 expressed in terms of void fraction α, which proved highly important to account

for the effect due to discharge and geometric losses.

For the same flow conditions comprising the high liquid - low gas region, a comparative

study between various geometrical configuration devices (orifice, globe valve, gate valve

and Venturi-tube) was performed. Results showed the significant effects of the geome-

try on the hydrodynamic characteristics of two-phase flows through different flow paths.

Based on the similarity between this work in a nozzle and the Venturi-tube, a new corre-

lation was proposed for the two-phase pressure drop in-terms of flow quality and throat

thickness.

The second correlation covers two-phase (air-water) flows with void fractions above 0.75.

This method considered the variance of discharge coefficient under multiphase flow con-

ditions separately from the frictional two-phase multiplier. In such case, it was shown that

the two-phase multiplier obeys a polynomial form of degree 3, and is dependent on two

main parameters: the void fraction, and the Mach number. The downside of applying such

method is that it can only be used to calculate the total mass flow-rate (via lines of constant

Mach number) provided that the two-phase flow velocity is a known value.

Additionally, this work described a third two-phase pressure drop multiplier correlation.

This correlation accounted for all variances mainly of density and discharge loss coef-

ficient under two-phase (high gas - low liquid) flow conditions. The proposed two-phase

frictional multiplier correlation can be directly applied to calculate the total mass flow with

a maximum error band of +/- 15 %.

3. The developed empirical correlations were compared against the semi-empirical HEM-
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DS model. This model failed to estimate mass flow-rates for two-phase flows with low

quality, thus for mixtures within the high liquid - low gas region, but estimated the total

mass flow-rates within a +/- 20 % margin error for two-phase fluids with a quality > 0.1,

thus validating this work correlation for the high gas - low liquid.

4. In addition to the validation between predicted and measured total mass flow-rate values,

the validation of the proposed two-phase pressure drop correlations were performed be-

tween the present work experimental void fraction values and the corresponding values

derived from several void fraction correlations. Results showed that the Armand (1946)

model, both Chisholm (1983) slip and homogeneous models, and the Huq and Loth (1992)

void fraction model performed best, within an error band less than 5 % for 0 < α ≤
0.55. However, the Thom (1964), Schüller et al. (2003), Nishino and Yamazaki (1963),

Chisholm (1983) and Huq and Loth (1992) void fraction models performed best, with an

error band less than 5 % for 0.75 ≤ α < 1. For both void fraction range-categories, the best

models agreed with the performance described by their respective authors, as reported

previously in tables 1 and 2.

The experimental results presented in this work enhanced the knowledge of the behaviour

of two-phase flow through constrictions, such as in conventional design nozzle fixed within a

vacuum chamber of an ejector device. The significance of such work validates the use of conical-

nozzles configurations for simple and feasible monitoring flow metering devices. Based on a

known pressure differential and void fractions (two simplistic measurable variables), the total

mass flow-rates can be estimated through equations based on the proposed two-phase pressure

drop multiplier correlations.
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