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ABSTRACT 

 

INVESTIGATION OF TWO-PHASE FLOW THROUGH SINGLE- AND 

MULTI-STAGE ORIFICES 

 

Naief Almalki             

University of Guelph, 2020

                                     Advisor: 

                                     Wael H. Ahmed 

 

The intent of this research is to determine the effect of single- versus two-stage orifices installed 

in a horizontal piping structure. A multi-channel void fraction sensor was developed to measure 

the instantaneous void fraction simultaneously at multiple locations to investigate the effect of 

orifices on the flow pattern development. Additionally, pressure measurements and flow 

visualizations were carried out. For a single-stage orifice, the results revealed that as the gas 

superficial velocity increased, the flow pattern downstream of the restriction changed to a 

dispersed bubbly or a liquid jet and annular-dispersed liquid for an intermittent flow upstream of 

the orifice. The flow pattern development along the test section was affected significantly in the 

region close to the orifice (1-5 Diameters), especially at a lower area ratio. An analysis of the 

statistical characteristics of the slug flow pattern, such as the slug velocity, the elongated bubble 

length, and the slug frequency, was determined from the void fraction data and then presented for 

different upstream flow conditions. For multi-stage orifice, the experiments suggested that 

restricting the flow over multiple stages, with the smaller area of the restriction in the final stage, 



 

 

 

reduced the flow separation and enhance the mixing and improve flow development downstream 

if the distance between orifices is optimized.  Also, the total pressure drop of the two-stage orifice 

found to decrease as the spacing between the stages decreased especially at low gas superficial 

velocity. This is attributed to the ability in reducing phases defragmentation that create drastic 

changes in the two-phase flow pattern. Based on the present analysis, a new approach to correlate 

the total pressure drop was proposed and successfully implemented in order to determine the 

pressure drop multiplier of two-stage orifice with different spacing. The Chisholm correlation [1] 

was modified to account for single- and multi-stage orifices to predict the pressure drop and found 

to predict the experimental data within ±20%. Finally, a machine learning algorithm was also used 

to predict the flow pattern change downstream of the orifice that can be used for engineering design 

purposes. 
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Chapter 1: Introduction  

Gas-liquid two-phase flow is an important subject that is involved in many engineering 

applications, such as power production and oil and gas systems. An understanding of the two-

phase flow characteristics is critical to ensure safe and optimum operation in these systems. In 

these systems, the two-phase flow passes through piping components or fittings, such as orifices, 

valves, bends, or tees, to control either the pressure of the system or the flow. The situation is more 

complex when these piping components are placed in close proximity to each other. In this case, 

differences in the fluid properties of the two phases make the dynamic characteristics of these 

flows very complex. This complexity is due to the deformable interfaces as well as the 

discontinuities in the fluid properties. Moreover, the fluctuations in the two-phase flow properties 

make it challenging to design such systems. For example, parameters such as pressure, void 

fraction, and flow pattern change in complex geometries are required to design steam generators. 

Therefore, extensive studies on two-phase flow dynamic characteristics have been reported. 

However, local instantaneous or averaged properties of two-phase flow passing through complex 

geometries are needed for a better analysis of these systems. 

Although multiphase flow models exist for simple piping geometries, such as a two-phase flow 

in a straight pipe, some assumptions are necessary to solve these models. Due to the complex 

nature of the flow, most of the reported investigations have relied heavily on experiments to 

characterize multiphase flow systems. Performing local and instantaneous measurements are 

therefore a main part of multiphase flow research. More specifically, pressure and void fraction as 

well as flow visualization are used to better understand multiphase flows. 

While there have been many investigations that have discussed the various aspects of two-phase 

flow in a straight pipe, there have been limited studies that have considered the dynamic effect of 

piping components on the two-phase flow structure. This includes components such as the effect 

of the piping components on the pressure drop (acceleration and frictional pressure drop), the flow 

pattern development upstream and downstream of the component, the flow separation when the 

mixture passes through the component, the slug frequency, the bubble length and the film thickness 

in an intermittent flow pattern, and the flow homogenization and reattachment. In fact, most of 
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these studies were performed on a single component. These experiments were designed to have a 

fully developed flow upstream of the component although this might not be the case in many 

industrial applications. In power generation systems, multi-stage orifices are used in order to 

balance the pressure in these systems. In the design of these orifice, the two-phase flow 

development and its effect on degradation mechanism in these piping is highly dependent on 

understanding the two-phase flow through these components. Piping degradation such as flow 

accelerated corrosion was reported downstream of piping components or piping components in 

close proximity to each other for both single and two-phase flow which caused a pipeline failure 

as reported for Mihama nuclear power plant in 2004 [2, 3]. It was also reported that mass transfer 

rate at the pipe wall was maximum within 5 pipe diameter downstream of an orifice for both single- 

and two-phase flow and increased as the orifice diameter decreased [4]. In some other cases, the 

flow accelerated corrosion downstream of a piping component showed to increase as the gas 

superficial velocity increased under annular flow pattern [5]. Furthermore, system vibration and 

noise were found to strongly depend on the flow pattern and reported to be maximum at slug flow 

pattern [6]. In fact, a piping structure with an orifice showed 113-180% increase in the vibration 

amplitude when compared to a piping structure without an orifice [7]. In all of these of piping 

degradation mechanisms, knowledge of the hydrodynamic of the two-phase flow is required to 

better understand and estimate such a mechanism.  

1.1 Thesis objectives 

Characterizing the two-phase flow in piping systems is considered to be a challenging problem 

and require extensive number of experimental measurements to quantify the flow. The structure 

of the two-phase flow is more complex when passing through single or multi piping components 

due to the drastic change in the phase momentum. In this case, flow development is one of the 

two-phase flow parameters that requires careful investigation in order to understand the dynamic 

behaviour of the flow. While there is a significant research available about two-phase flow in 

horizontal or vertical pipe, there are much less research that investigates the effect of piping 

components on the two-phase flow behavior. Therefore, the main objective of this research was to 

investigate the flow characteristics of a two-phase flow developing through complex geometries 

especially through multiple components located in close proximity to one another. Multi-stage 
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orifices were used as an example of this type of geometry. Understanding the characteristics of the 

development of two-phase flow within these geometries is a critical step in evaluating pertinent 

degradation mechanisms, such as total pressure drop, flow mixing, erosion, corrosion, and flow 

accelerated corrosion, which are commonly found in multiphase flow systems. This was done by 

investigating the pressure drop, the local void fraction, and the flow pattern change across these 

piping components. The specific objectives of this research can be written as follows: 

1. Develop a robust measurement technique in order to evaluate the effect of single- and 

multi-stage components on the two-phase flow pattern development along piping 

components. 

2. Evaluate the effect of single orifice versus two-stage orifice on the total pressure drop and 

flow pattern. 

3. Establish a guideline to predict the total pressure drop of single- and two-stage orifices at 

different flow patterns. 

4. Determine the validity of two-phase pressure multiplier correlations on single- and two-

stage orifices. 

1.2 Outline of the thesis 

This thesis was written based on the research objectives mentioned earlier. Chapter 1 gives a 

general overview on two-phase flow and discusses the research objectives and the outline of the 

thesis. 

Chapter 2 reviews the previous studies performed on two-phase flow through orifices by 

discussing two-phase flow aspects, such as pressure drop, void fraction, and flow pattern 

development across the component.  

Chapter 3 presents the experimental work performed on an intermittent two-phase flow through a 

single-stage orifice.  

Chapter 4 presents an analysis on the flow pattern changes downstream of a single-stage orifice 

and predicts the flow pattern changes using a machine learning algorithm.  
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Chapter 5 studies the effect of a two-stage orifice by varying the spacing distance between the two 

stages in an intermittent flow.  

Chapter 6 presents the final conclusions and recommendations for future work. 
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Chapter 2: Literature Review  

The broad use of orifices in the industrial applications is due to their easy design and 

installation, less to no maintenance since there is no moving parts, and relatively lower cost than 

other flow meters or restrictions. For flow metering, thin orifices are commonly used and 

standardized in design and operation such as ANSI, ISO5167 and BS1042. In ANSI concentric 

orifices for example, the downstream face of the orifice should be beveled 45˚. Other types of 

orifices include eccentric, segmental, quadrant edge is also available and standardize and used. For 

flow restricting, thick or multi-stage orifices are used.  

Two-phase flow through complex geometries has been studied intensively by many researchers. 

These complex geometries are classified into area change components, such as orifices, venturis, 

nozzles, valves, sudden expansion or sudden contraction, or direction change components, such as 

elbows, tees, and U-bends. These components cause a significant disturbance in the flow and hence 

change the hydrodynamic behavior of the two-phase flow. This chapter discusses the previous 

findings on two-phase flow through single- and multi-stage orifices. 

2.1 Pressure drop 

Determining the pressure drop caused by an orifice has been the main motivation for many 

researchers. In these studies, the orifice was used to control the pressure of the system or measure 

the two-phase flow rate. Since all piping components cause the local pressure to drop in the 

pipeline, general studies have been performed to measure the pressure change across these fittings. 

For instance, Sharp [8] experimentally investigated the effect of valves, elbows and tees on the 

pressure drop in air-water flows. As well, a set of experiments was performed in this study to 

measure the pressure drop of two-phase flow in straight pipes as well as in the piping components. 

The pressure drop caused by these piping components was compared to that of a straight pipe for 

similar gas and liquid mass flow rates.  It was found that the pressure drop caused by these 

components increases as the gas mass flow rate increases at a constant liquid mass flow rate. It 

was concluded that the Lockhart-Martinelli pressure drop multiplier method [9] could be used to 

correlate the experimental data in order to predict the pressure drop across these piping 

components. Fitzsimmons [10] obtained pressure drop data for single and two-phase flows through 
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a horizontal pipe with piping components such as a 90⁰ bend, a tee, global and gate valves, and 

sudden enlargements and contractions. The pressure drop data through these piping components 

were compared to the homogenous model and related to the pressure drop in a straight pipe. 

Finally, a new correlation was developed to predict the pressure drop in bends based on the two-

phase pressure multiplier. 

The use of the orifice as a metering device to estimate the flow rate has been considered in 

various studies. For example, Lin [11] carried out two-phase flow experiments for three sharp-

edged orifices to measure the two-phase flow rate for a certain range of mass qualities.  Based on 

the pressure drop measurements, the author developed a correlation to predict the two-phase flow 

rate or quality with an RMS ±12% for a mass quality between 2 and 100%. It was concluded that 

this correlation can be used for vapor-liquid flows, such as steam-water, with a density ratio 

between 0.00455 and 0.328 and a pipe diameter ranging between 8 and 75 mm. Zhang et al. [12] 

also made experimental and theoretical investigations of the two-phase flow rate using the orifice 

at low mass qualities. Based on the available data, a new correlation was proposed to predict the 

discharge coefficient of an orifice.  

Geometrical parameters, such as the orifice diameter and its thickness, have also been 

investigated. According to Chisholm [1], a thick orifice is assumed if the ratio of the orifice 

thickness to its diameter is more than 0.5; otherwise it is a thin one. Kojasoy and Landis [13]  

studied the two-phase flow pressure drop caused by thick and thin orifices. Using the principle of 

single-phase flow analysis, a one-dimensional two-phase model was developed. It was noted that 

this model is applicable to single-component flows such as refrigerants. The model was validated 

using experimental data included in the work. Warren and Klausner [14] conducted pressure drop 

measurements for bubbly air-water flow through an orifice in a horizontal pipe. They reported that 

the flow development length was different for cases showed a hump in the pressure profile 

downstream of the orifice than those without. They suggested that the flow development 

downstream of the orifice for area ratio less than 0.8 can be correlated as: 

http://www.sciencedirect.com/science/article/pii/S0894177797000034
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𝑍𝑙𝑑
𝐷
= 6.17 × 10−4

𝑅𝑒𝑙

(1 − 𝛼) (
𝑑
𝐷)

1 4⁄
 

2.1 

where 𝑍𝑙𝑑is the flow development length, 𝐷 is the pipe diameter, 𝑅𝑒𝑙 is the Reynolds number of 

the liquid, 𝛼 is the void fraction and 𝑑 is the orifice diameter. They also suggested that for area 

ratio more than 0.8, the flow development length was 8-15 pipe diameter.  

     Fossa et al. [15] carried out experiments for intermittent flows through orifices with different 

thickness’ and diameters. Some of the two-phase pressure multiplier correlations were assessed 

and it was recommended that the Morris correlation [16] and the Chisholm correlation [1] be used 

to predict the pressure multiplier in the case of thin and thick orifices, respectively. More recently, 

Zeghloul et al. [17] investigated the pressure drop caused by a single orifice for different thickness 

to diameter ratios in an upward flow. It was reported that the pressure drop increases as the gas 

superficial velocity increases for the same liquid superficial velocity. The available two-phase 

pressure multiplier correlations were also evaluated and it was concluded that the Morris [16] and 

the Simpson et al. [18] correlations were best used to predict the pressure drop multiplier. 

Special orifice designs have also been investigated by some researchers. Salcudean et al. [19] 

performed an experimental investigation on three eccentric orifice designs, which deviated from  

the normal ones used in a horizontal and a vertical pipeline. These three orifices were central and 

central segments, in which the blocking segment was designed to be in the central cross-sectional 

area of the orifice either as a circle or a square, and a peripheral segment, in which the blocking 

segment was in the lower bottom portion of the orifice. It was reported that the pressure drop was 

dependent on the location of the blockage as well as the flow pattern. For example, the pressure 

drop was higher in the case of a peripheral orifice in an annular flow than a bubbly one. Alimonti 

et al. [20] performed an experiment that investigated the behavior of a two-phase flow through a 

multiple orifice valve (MOV). With different throat thickness to diameter ratios for three discs, 

experiments were carried out to find the frictional pressure drop and the void fraction change 

through the valves. It was concluded that conventional pressure drop correlations are not suitable 
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for MOV. Therefore, based on the experimental data, a new correlation was developed for the 

pressure drop multiplier. This correlation predicted the experimental data with an error of ±20%.  

Two-phase flow through a multi-hole orifice has also been investigated. Morrison et al. [21] 

studied the pressure drop across multi-slotted orifice plate under two-phase flow conditions for 

mass quality of 20 to 100% at atmospheric pressure. This orifice contained multiple rectangular 

slots distributed on a plate in equal pattern. They showed that the mass quality measurements for 

multi-slotted orifice was independent on the two-phase flow conditions upstream. They suggested 

that the multi-slotted orifice created uniform jets downstream which cause faster pressure 

recovery. Zeghloul et al. [22] reported experimental data for an upward two-phase flow through a 

single- and a multi-hole orifice. It was shown that the pressure drop generally decreased as the 

number of holes increased.  The two-phase pressure multiplier correlations were also evaluated 

and it was concluded that the Simpson et al. [18] correlation was adequate to predict the pressure 

drop for both single- and multi-hole orifices. 

Prediction of the total pressure drop across orifices has been done using both homogenous flow 

and separated flow models. Fossa et al. [15] and Roul et al. [23] assessed various pressure drop 

models for a horizontal flow, while Zeghloul et al. [17] assessed those for a vertical flow. Summary 

of the most common models and correlations is reported in Table 2.1. It should be noted that the 

available models for orifices assume that the two-phase flow has a vena contracta for all flow 

patterns, similar to the single-phase case, even though this is not true for a flow mass quality 

between 1.2 to 90% [24]. As well, these models adopt the principle of the Lockhart-Martinelli 

pressure multiplier [9], in which the two-phase flow pressure drop was related to the pressure drop 

of a single-phase. It was assumed that either the single-phase is flowing alone, or the entire mixture 

has single-phase properties with an appropriate total mixture velocity. Other studies have 

contained different assumptions including an incompressible two-phase flow and a constant void 

fraction through the orifice. For example,  Murdock [25] developed a model to predict the pressure 

drop across the orifices using a separated flow model. This model does not consider the contraction 

coefficient of the orifice, the discharge coefficient of the flow, or the compressibility of both 

phases. Murdock showed that the two-phase flow pressure drop across orifice can be predicted as: 
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√
∆𝑃𝑇𝑃
∆𝑃𝑔

= 1.26 𝛸 + 1 2.2 

James [26] used the homogenous model with modified mass quality that can be used to calculate 

the two-phase pressure multiplier. He suggested that the measured mass quality was related to the 

calculated one through an empirical correlation takes the following form: 

𝑥𝑚 = 𝑥 2.3 

where 𝑥𝑚 and 𝑥 are the modified and calculated mass quality.  

Collins and Gacesa [27] argued that Murdock’s correlation [25] is not appropriate at higher 𝛸. 

They suggested that the pressure drop was more fit to the following equation: 

√
∆𝑃𝑇𝑃
∆𝑃𝑔

= 0.883 + 0.893 𝑋 + 0.796𝑋4 2.4 

Chisholm and Sutherland [28] proposed a method using the Lockhart-Martinelli multiplier to 

predict the pressure drop in piping components. This method assumed that both the liquid and the 

gas phases are incompressible and the mass transfer between them is neglected. The proposed 

method was applied to a single piping component such as a thick or a thin orifice, a sudden 

enlargement, a 90⁰ bend, and a tee. It was shown that the pressure drop across the orifice can be 

predicted as: 

∆𝑃𝑇𝑃
∆𝑃𝑙

=  1 + 
𝐶

𝛸
+
1

𝛸2
 2.5  

where C can be calculated as: 
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𝐶 = {1 + (𝐶2 − 1) (
𝑣𝑔 − 𝑣𝑙

𝑣𝑔
)

0.5

} {(
𝑣𝑔

𝑣𝑙
)
0.5

+  (
𝑣𝑙
𝑣𝑔
)

0.5

} 2.6 

where C2 is a unique experimental value dependent on the piping components, and has a value of 

0.5 and 15 for thin and thick orifices, respectively. 

Beattie [29] used the flow mixing theory to determine the total pressure drop due to orifices and 

rod spacers in core reactor. For orifices, he proposed two-phase pressure multiplier correlation as 

the following: 

∆𝑃𝑇𝑃
∆𝑃𝑙𝑜

= [(
𝜌𝑙
𝜌𝑔
− 1) 𝑥 + 1]

0.8

[(
𝜌𝑙𝜇𝑔

𝜌𝑔𝜇𝑙
− 1)𝑥 + 1]

0.2

 2.7 

where 𝜌𝑙 and 𝜌𝑔are the densities of the liquid and gas phases, 𝜇𝑔 and 𝜇𝑙are the viscosities of the 

gas and liquid phases. Lin [11] modified the separated flow model to predict the pressure drop and 

the void fraction for a two-phase flow across the orifice. This study assumed that both phases are 

incompressible, the pressure and the orifice contraction coefficient are uniform at any cross-

sectional area of the pipe, the process is adiabatic, and the mass transfer between the phases is 

neglected. It was shown that the pressure drop across the orifice can be predicted as: 

√
∆𝑃𝑇𝑃
∆𝑃𝑔

= 𝜃𝛸 + 1 2.8 

where 𝜃 is an experimental parameter that represents the effect of the pressure upstream and the 

density ratio of the phases, and can be calculated as: 
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𝜃 = 1.48625 − 9.26541 (
𝜌𝑔

𝜌𝑙⁄ ) + 44.6954 (
𝜌𝑔

𝜌𝑙⁄ )
2

− 60.6150 (
𝜌𝑔

𝜌𝑙⁄ )
3

− 5.12966 (
𝜌𝑔

𝜌𝑙⁄ )
4

− 26.5743 (
𝜌𝑔

𝜌𝑙⁄ )
5

 

2.9 

      Kojasoy et al. [13] used the mechanical energy equation to develop a model for the pressure 

drop across the orifice. The modeling was considered as a contraction from A1 to Ac (the fully 

developed upstream region to the vena contracta) and an expansion area from Ac to A3 (the vena 

contracta to the fully developed region downstream). It was assumed that the mass quality, the 

density, and the void fraction are constant along the flow direction. It was therefore shown that the 

pressure drop caused by orifice can be predicted as: 

𝑃1 − 𝑃3 = ∆𝑃 =  [{(
𝜎

𝜎𝑐
)
2

− 1 − 2(
𝜎

𝜎𝑐
− 1)}

+ (
𝜌𝑙
𝜌𝑔
− 1){([(

𝜎

𝜎𝑐
)
2

− 1]𝐵1𝑐 − 2(
𝜎

𝜎𝑐
)𝐵𝑐 + 2𝐵3)𝑥(1 − 𝑥)

+ [(
𝜎

𝜎𝑐
)
2

− 1 − 2(
𝜎

𝜎𝑐
− 1)] 𝑥2}

+ (𝐴 − 1) {1 + (
𝜌𝑙
𝜌𝑔
− 1) [𝑥(1 − 𝑥)𝐵1𝑐 + 𝑥

2]} × [(
𝜎

𝜎𝑐
)
2

− 1]]
𝐺1
2

2𝜌𝑙
 

2.10 

where A and Bi at any section are given as: 

𝐴 = 

𝜌𝑙 {
(1 − 𝑥)3

𝜌𝑙
2(1 − 𝛼)2

+
𝑥3

𝜌𝑔2𝛼2
}

{1 + (
𝜌𝑙
𝜌𝑔
− 1) [𝑥(1 − 𝑥)𝐵1𝑐 + 𝑥2]} . {

(1 − 𝑥)
𝜌𝑙

+
𝑥
𝜌𝑔
}
 2.11 
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𝐵𝑖 = 

(
𝜌𝑙
𝜌𝑔𝑖
)
1
𝑆𝑖
+ 𝑆𝑖 − 2

(
𝜌𝑙
𝜌𝑔𝑖

− 1)
 2.12 

 

where S is the slip ratio. 

Saadawi et al. [30] proposed an experimental correlation of the pressure drop of a two-phase 

flow through orifices in a large diameter channel. The two-phase flow pressure multiplier was 

correlated to the mass quality as: 

∆𝑃𝑇𝑃
∆𝑃𝑙

= 1 + 184𝑥 − 7293𝑥2 2.13 

 

Roul and Dash [23] made a numerical study of the effect of thick and thin orifices on a two-

phase flow in a horizontal pipe. Using a Eulerian–Eulerian model, the pressure drop was calculated 

and the pressure distribution was computed. The study reported that the pressure drop data fit well 

using the Morris correlation [16] for thin orifices, while the Chisholm correlation [1] was more 

appropriate for thick ones. This finding was also reported by Fossa et al. [31]; however, the void 

fraction was reported to be the highest at a distance 0.5D from the orifice. 

Table 2.1 reported correlations to calculate the total pressure drop across orifice. 

Authors Models Comment 

Homogenous 

model 

∆𝑃𝑇𝑃
∆𝑃𝑙𝑜

= [
𝜌𝑙
𝜌𝑔
− 1] 𝑥 + 1  
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James [26] 
∆𝑃𝑇𝑃
∆𝑃𝑙𝑜

= [
𝜌𝑙
𝜌𝑔
− 1] 𝑥1.5 + 1  

Murdock 

[25] 
√
∆𝑃𝑇𝑃
∆𝑃𝑔

= 1.26 𝛸 + 1 𝑋 = (
1 − 𝑥

𝑥
) (
𝜌𝑔

𝜌𝑙
)
0.5

 

Collins and 

Gacesa [27] 
√
∆𝑃𝑇𝑃
∆𝑃𝑔

= 0.883 + 0.893 𝑋 + 0.796𝑋4 = (
1 − 𝑥

𝑥
) (
𝜌𝑔

𝜌𝑙
)
0.5

 

Beattie [29] 
∆𝑃𝑇𝑃
∆𝑃𝑙𝑜

= [(
𝜌𝑙
𝜌𝑔
− 1) 𝑥 + 1]

0.8

[(
𝜌𝑙𝜇𝑔

𝜌𝑔𝜇𝑙
− 1) 𝑥 + 1]

0.2

  

Chisholm 

and 

Sutherland 

[28] 

∆𝑃𝑇𝑃
∆𝑃𝑙

=  1 + 
𝐶

𝛸
+
1

𝛸2
 

𝐶 = {1 + (𝐶2 − 1) (
𝑣𝑔 − 𝑣𝑙

𝑣𝑔
)

0.5

} {(
𝑣𝑔

𝑣𝑙
)
0.5

 (
𝑣𝑙
𝑣𝑔
)

0.5

} 

 

Chisholm [1] 
∆𝑃𝑇𝑃
∆𝑃𝑙

=  1 + (
𝜌𝑙
𝜌𝑔
− 1) [𝐵𝑥(1 − 𝑥) + 𝑥2]  

Morris [16] 

∆𝑃𝑇𝑃
∆𝑃𝑙

= [𝑥
𝜌𝑙
𝜌𝑔
+ 𝑆(1 − 𝑥)]

× [𝑥 + (
1 − 𝑥

𝑆
)(1 +

(𝑆 − 1)2

(
𝜌𝑙
𝜌𝑔⁄ )

0.5

− 1
)] 

𝑆 = [1 + 𝑥 (
𝜌𝑙
𝜌𝑔
− 1)]

0.5

 

Simpson et 

al. [18] 

∆𝑃𝑇𝑃
∆𝑃𝑙

= [1 + 𝑥(𝑆 − 1)] × [1 + 𝑥(𝑆5 − 1)] 𝑆 = (
𝜌𝑙
𝜌𝑔
)

1
6⁄
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Saadawi et 

al. [30] 

∆𝑃𝑇𝑃
∆𝑃𝑙

= 1 + 184𝑥 − 7293𝑥2  

2.2 Void fraction change 

The void fraction is another important parameter in designing pipelines as it is used to estimate 

the phase velocity and the pressure drop. In general, the void fraction is the ratio of the cross-

sectional area of the gas phase to the pipe as:  

𝛼 =
𝐴𝑔

𝐴
 2.14 

Currently, there are many empirical and semi-empirical correlations proposed to calculate the void 

fraction in a straight pipe. Woldesemayat et al. [32] studied up to 68 void fraction correlations that 

can be used for straight pipe without piping components under different piping orientations. 

However, Bertola [33] suggested that these correlations cannot be used to predict the void fraction 

when a piping component is installed in the piping system especially close to the fitting since the 

two phases behave differently. However, the void fraction change close to the piping component 

was found to be local and it was nearly constant as the flow is fully developed far downstream [33-

35]. For a straight pipe with a piping component such as an orifice, the presence of the orifice 

would restrict the flow and cause change in the pressure of the system. When there is an increase 

in the pressure of the system due to the flow restriction, a decrease in the void fraction in the fully 

developed region upstream of the orifice was reported compared to a straight pipe without 

restriction [36].  The void fraction just downstream of the orifice may encounter either increase or 

decrease depending on flow conditions upstream and the orifice dimensions [31, 36, 37]. Lin [11] 

showed that based on the separated flow model, the void fraction downstream from the orifice can 

be predicted as:  
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𝛼 =
1

1 + 𝜃√
𝜌𝑔
𝜌𝑙
[
𝜌𝑔
𝜌𝑙
(
1 − 𝑥
𝑥 )]

 
2.15 

Fossa et al. [15] also found that the void fraction increases and reaches a maximum value 

downstream of the orifice regardless of its thickness. The slip ratio was calculated using the void 

fraction measurements and compared to the available slip ratio correlations. It was concluded that 

the slip ratio measured just downstream of the orifice is less than that of the homogenous model. 

In comparison, the slip ratio further from the orifice is predicted by Chisholm [1] and the Armand 

and Threschev [38] correlations.  

Fossa and Guglielmini [31] focused on the two-phase flow pattern close to the orifice for 

intermittent flows. Using the impedance technique, the local time averaged void fraction was 

measured along the test section. The results showed that the void fraction reaches a maximum 

value at 1D downstream of the orifice. This void fraction value could be double that of the 

upstream one, and therefore the slip ratio decreases by 50%.  

Oliveira et al. [39] studied the air-water two-phase flow through a venturi and an orifice plate 

in horizontal and vertical pipes. This study was carried out to compare the performance of the two 

devices at a low mass quality. It was noted that the effect of the gravity on the pressure drop was 

minimal and that the ratio between the pressure drop in the vertical and the horizontal flows was 

close to unity for both meters. Based on the void fraction measurements, the slip ratio of the bubbly 

and the slug flows was found to be 1.06. It was concluded that the homogenous model and the 

Chisholm correlation [1] are adequate to predict the pressure drop in the venturi. In comparison, 

the Zhang et al. [12] correlation was in good agreement with the experimental data for the orifice 

plate. 

Zeghloul et al. [37] performed experiments on a two-phase flow through an orifice in a vertical 

pipe. In this study, void fraction measurements were conducted in nine locations using the 

conductance method for bubbly, slug, and churn flow patterns. The distribution of the void fraction 

was represented, and it indicated that there was a recovery length of 20, 10 and 7 pipe diameters 
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downstream of the orifice for bubbly, slug, and churn flow patterns respectively. The frequencies 

of the bubbles were also recorded both upstream and downstream of the orifice, and they were 

found to be similar for both bubbly and slug flows. 

Annamalai et al.[40] measured the gas concentration downstream multi-slotted orifice for 

elongated bubble and slug flow in a horizontal pipe using electric resistance tomography (ERT). 

The void fraction measurements were carried out at four locations downstream of the restriction 

to determine the location of optimum two-phase flow homogeneity. They concluded that a distance 

of 1.5 to 2.5 pipe diameter downstream of the restriction had the maximum homogeneity. As well, 

they conclude also that the multi-slotted orifice was less sensitive to the flow conditions upstream 

of the restriction.   

Recently, Kipping et al. [41] investigated bubbly two-phase flow through baffled and regular 

orifices installed in a vertical pipe using ultrafast electron beam X-ray computed tomography. The 

investigation was carried out at fixed gas superficial velocity of 0.04 m/s and varying liquid 

superficial velocity. The data reveled that there was a higher accumulation of gas occurred 

upstream of the orifice in case of baffled orifice. The data also showed that the bubble size 

distribution and the mean bubble diameter were nearly constant along the pipe for both type of 

orifices. 

Other piping components showed similar disturbance to the flow with different level. Patrick et 

al. [42] developed a model to predict the void fraction change across sudden expansion or 

contraction. In their model, they assumed that the mass quality as well as the liquid density are 

constant upstream and downstream the area change. They showed that the void fraction 

downstream of sudden expansion or contraction can be modeled as: 

𝛼2 =
1

{(
𝑃2
𝑃1
⁄ ) [(1 𝛼1⁄ ) − 1]/ (

𝐴1
𝐴2
⁄ )

𝑁

} + 1

 
2.16 
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where 𝛼2and 𝛼1are the void fraction downstream and upstream the area change, 
𝑃2
𝑃1
⁄ is the ratio 

in the static pressure,  𝑁 is an experimental parameter.  

Fossa et al. [43] studied the distribution of void fraction distribution in a horizontal pipe with 

sudden area contraction for two area ratios of 0.73 and 0.26. The averaged void fraction was 

measured in two locations upstream and three locations downstream of the area change using ring-

type electrical impedance technique and for slug and plug flow patterns. Furthermore, the void 

fraction data was compared with Armand-Treshchev correlation [38] and Huq model [44]. It was 

found that the void fraction data for area ratio of 0.73 was in good agreement with those predicted 

by Armand-Treshchev correlation [38]. On the other hand, the void fraction values for the area 

ratio of 0.26 were overpredicted in locations close to the area change. Also, the effect of the area 

change was found to be more significant for the smaller area ratio. The phase distribution was also 

affected upstream and downstream the area change for both area ratios. 

Ahmed et al [34] performed extensive number of experiments for air-oil mixture flows through 

sudden area expansion to evaluate the local pressure change, void fraction, and mean velocity and 

the turbulence intensity of the liquid phase downstream the sudden area change. They found that 

when the flow reaches the sudden area change, dramatic increase in the void fraction occurs to 

maximum value before it decreases to nearly a constant in the fully developed region. This constant 

value was found to be dependent on the flow conditions upstream the area change. They attributed 

the dramatic increase in the void fraction downstream of the sudden expansion due to the 

separation of the gas phase from the flow stream in the recirculation zone. They also found that 

the turbulence intensity is maximum just downstream the sudden expansion before it decreases to 

nearly a constant in the fully developed region. The redistribution of the phases downstream of the 

area change found to be affected by the area ratio as well as the flow conditions upstream.  

Saidj et al. [45] experimentally studied the behaviour of air-water two-phase flow through a 

vertical 90⁰ bend. Conductance probe was used to measure the void fraction at three and six 

locations upstream and downstream the bend. The volumetric fluxes for the gas and the liquid 

were 0.3 to 4 m/s and 0.21 to 0.91 m/s respectively. The results showed a change of plug, slug, 
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and stratified wavy flow patterns upstream of the bend to slug and churn flow downstream. It was 

found that the void fraction increases as the volumetric flux of the gas increases. Also, it was found 

that the void fraction is higher in the downstream of the bend. The structure velocity was calculated 

using the void fraction measurements in two locations upstream and two locations downstream the 

bend using cross-correlation. The calculated structure velocity values were plotted versus the 

mixture velocity which is equal to the sum of the gas and liquid volumetric fluxes as suggested by 

Nicklin et al. [46]. Also, the power spectral density analysis showed that there is a persistence in 

the structure frequency for some of the performed tests while others showed a rise in the frequency.  

Aliyu et al. [47] investigated the effect of a 180 U-bend on upward air-water two phase flow. 

The flow pattern was identified using conductance wire mesh sensor (WMS) while liquid the film 

thickness was measured using four conductance probes. It was noticed that the two-phase flow 

reaches fully developed condition in the downstream region at a distance of 30 pipe diameters. 

The authors used their experimental data as well as the available data in the literate to evaluate the 

film thickness correlations used for small pipe diameter. The results showed that the prediction 

model by MacGillivray model [48] was the best. The later model was modified to perfume better 

prediction accuracy and a new model was proposed. It was also showed that the film thickness is 

less sensitive to for the gas superficial velocity in case of large pipe diameter. 

2.3 Flow pattern change 

Flow patterns are used to describe the flow structure of two or more fluids that flow 

simultaneously in the same pipe. Similar to laminar, transient, or turbulent flow classification for 

single-phase flow, it is important to classify the flow structure of the two-phase flow so that 

reasonable assumptions can be made to better resolve the governing equations. Therefore, flow 

pattern maps were established to systematically identify two-phase flow pattern in the channel. 

These flow pattern maps were developed for adiabatic or diabetic two-phase flow and for vertical, 

inclined, or horizontal piping orientations. Also, the type of the two phases were considered either 

one component flows such as water-steam, or two components flows, such as water-oil or air-

water. For adiabatic gas-liquid two-phase flow, bubbly, slug, churn and annular flow patterns were 

identified for vertical pipe [49]. For adiabatic gas-liquid two-phase flow in a horizontal pipe 
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without restriction, flow pattern maps were proposed to classify the two-phase flow to four main 

patterns, namely; stratified, intermittent (plug, elongated bubble and slug), bubbly and annular 

flow patterns [50, 51]. The identification of these flow patterns was mainly based on visual 

inspection, or measuring the time signal of void fraction [52] or pressure [53, 54]. When an orifice 

is installed in the piping system, the flow pattern downstream of the component is expected to be 

very transient due the momentum change of the phases as they pass through the restriction. The 

effect of the orifice geometry on the flow pattern change was reported by Salcudean et al.  [55]. In 

this study, a flow pattern map was constructed for the flow transition downstream of a central and 

a peripheral orifice based on visual observation and was then compared with the transition for an 

unconstrained pipe. This study showed that the flow pattern transition of a stratified flow pattern 

upstream of the orifice was greatly affected when the central orifice was used. In comparison, the 

transition from an intermittent flow to an annular flow was affected higher in the case of a 

peripheral orifice. 

Qiao et al. [56] studied the flow pattern change downstream of an orifice in a downward air-

water two-phase flow. They reported four main flow patterns formed downstream of the orifice by 

means of visual inspection, namely; semi and perfect dispersed, continuous, and trickling flow 

patterns. The flow pattern transition between the four flow patterns was established for each orifice 

diameter.  

Ma et al. [57] investigated the flow pattern change downstream of an orifice at intermittent flow 

pattern conditions upstream of the orifice. They reported that the flow pattern downstream of the 

orifice was mainly stratified or dispersed bubbles depending on the superficial velocities of the gas 

and liquid phases as well as the orifice diameter. Therefore, a transition line of stratified to 

dispersed bubbles flow patterns was established for each orifice diameter. They showed that 

transition line shifted to the left when the orifice diameter decreased due to the increase in the 

velocities of the two-phases.  

2.4 The effect of a multi-stage orifice 

A multi-stage orifice consists of more than one orifice placed in close proximity to each other. 

The main purpose of the multi-stage orifice is to produce the desired pressure drop with less piping 
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degradation than that produced in the case of a single-stage orifice. These piping degradations 

include a thinning of the pipe wall, especially downstream of the orifice, vibration, noise, flow 

separation, choking, and cavitation in a single-phase flow. For example, Vehar et al. [58] showed 

that the pressure pulsation and cavitation was greatly improved when a four-stage orifice was used. 

It was also shown that the vibrations in the piping structure that are responsible for piping failure 

were reduced when a multi-stage orifice was used. Araoye et al. [59] showed that a two-stage 

orifice with 1D spacing had a lower erosion rate compared to a single-stage orifice with the same 

area ratio. 

The distance between the orifice stages is an important parameter in designing a multi-stage 

orifice system. In general, if the distance between the two stages is shorter than the pressure 

recovery length, the design of system needs to consider different criteria. For a single-phase flow, 

Araoye et al. [60] investigated the effect of multi-stage orifices on the single-phase flow 

characteristics in a horizontal pipe. Using the k-ε eddy viscosity model, a CFD model was 

established to study the effect of the flow velocity, the orifice diameter ratios, and the space 

between the two orifices on the axial velocity and the pressure change. The numerical data showed 

that the vena contracta downstream of the first orifice was similar to the single orifice case. 

However, for the second orifice, the location of the vena contracta was found to be affected by the 

flow disturbance caused by the first orifice and hence, the distance between the two orifices. The 

total pressure drop was found to be higher for orifices with a 2D spacing distance compared to 

those with a 1D spacing. Qian et al. [61] investigated a superheated steam and water flow through 

a multi-hole, multi-stage orifice. The results showed that the pressure drop generally increased as 

the distance between the stages increased. Gao and Wu [62] investigated mineral oil flow through 

single- and two-stage orifices with area reduction of larger to smaller orifices. They carried out a 

CFD analysis as well as experiments to utilize the effect of single-orifice versus two-orifices on 

the pressure drop. They showed that the two-orifices arrangement had less total pressure drop 

compared to single-orifice at the same flow rate. They conclude that two-orifices stabilized the 

flow and therefore produced less pressure drop.  

Two-phase flow through a multi-stage orifice has not previously been considered in the 

literature. However, limited research has been carried out for other piping components placed close 
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to each other. For example, Sookprasong et al. [63] studied the two-phase flow in piping 

components including valves, elbows, and unions, as well as a combination of a gate valve and an 

elbow with different pipe spacing between. This study mainly focused on determining the 

resistance coefficient (K) for a single-phase flow to calculate the pressure drop caused by the 

piping components using the Tremblay and Andrews homogenous model [64] as: 

∆𝑃 = 𝐾
�̅��̅�2

2
 2.17 

where ∆𝑃 is the pressure change across the component, and 𝜌 and 𝑣 are the homogenous density 

and the average two-phase flow velocity, respectively. Sookprasong et al. [63] found that when 

used with the proposed (K) values, the homogenous model of Tremblay and Andrews [64] was 

appropriate to predict the two-phase flow pressure drop in these components. For the elbow and 

the gate valve arrangement, the resistance coefficient (K) was found to be greater than the 

summation of the resistance coefficients of the individual components if the distance between them 

was less than the recovery length, which was found to be 10 to 50 pipe diameters based on the 

flow conditions. 

     Pirouzpanah et al. [65] proposed a compact multiphase flow meter containing multi-slotted 

orifice and a swirl flow meter coupled in close distance of 1 pipe diameter in between to measure 

mass flow rate and density of the multiphase flow mixture. They explained that the use of multi-

slotted orifice can increase the homogeneity of the multiphase flow mixture and in the same time 

measure the mass flow rate with maximum uncertainty of ± 15.7 kg/min for gas volume fraction 

ranging from 60 to 95%. 

2.5 Research gaps 

As discussed above, it can be seen that the research work on two-phase flow through orifices 

has focused mainly on single-stage orifices. In these studies, the flow was assumed to be fully 

developed far upstream and downstream of these components. For example, the piping 

components were studied separately and the interference between the components was not 
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considered. As well, it is not fully understood how the two-phase flow pressure change is affected 

and how the flow pattern changes across multi-stage orifices.  

Studies regarding the local instantaneous void fraction across the orifices are limited in the 

literature. The void fraction change in the developing flow through the piping components has not 

been investigated in detail. Non-developing flow with temporal and local variation of void fraction 

and phase redistribution are essential to understand hydrodynamic of two-phase flow. Moreover, 

the changes in the two-phase flow pattern along these piping components have not been fully 

understood. This is critical to evaluate the effect of single- and two-stage orifices on the piping 

system design parameters. Therefore, the present research aims at identifying the fundamental 

difference between the effect of single orifice and multi-stage orifice on the hydrodynamic two-

phase flow parameters such as total pressure drop and two-phase flow development. Also, develop 

design guidelines to evaluate pressure drop across these components. 
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Chapter 3: Evaluating the Two-phase flow Development through 

Orifices Using a Synchronized Multi-Channel Void Fraction Sensor1 

Abstract 

Understanding two-phase flow through flow restricting orifices is critical in evaluating the piping 

degradation mechanisms in nuclear power generation systems. Characterizing the instantaneous 

changes of the two-phase local parameters across flow restricting orifices is critical in evaluating 

the piping structure dynamics.  A multi-channel void fraction sensor was developed to investigate 

the effect of flow restricting orifices on flow pattern development in a 25.4 mm horizontal pipe. 

Instantaneous void fraction measurements were obtained at multiple locations upstream and 

downstream of the flow restricting orifices with area ratios of 0.062, 0.14, 0.25, and 0.56. 

Additionally, pressure measurements and flow visualizations were carried out to investigate the 

dynamics flow characteristics through the orifice. A liquid superficial velocity of 0.526, and 1.08 

m/s and a gas superficial velocity ranging from 0.164 - 2.795 m/s were selected to represent the 

intermittent flow pattern. The results revealed that as the gas superficial velocity increased, the 

flow pattern downstream of the restriction changed to dispersed bubbly, or liquid jet and annular-

dispersed liquid for an intermittent flow upstream of the orifice. The flow pattern development 

along the test section was affected significantly in the region close to the orifice, especially at a 

lower area ratio. Analysis of statistical characteristics of the slug flow pattern such as slug velocity, 

elongated bubble length and slug frequency were determined from the void fraction data and 

presented. The slug velocity upstream of the orifice decreased non-linearly as the area of the flow 

restriction decreased for the same flow condition upstream. The pressure variations along the pipe 

for different two-phase flow conditions across the orifices were obtained and different correlations 

to predict pressure drop across the orifices were evaluated. The Simpson et al. [66]correlation was 

the best as it predicted 93% of the experimental data with a 25% error. 

 

1 This chapter has been published as N. Almalki and W. H. Ahmed, "Evaluating the two-phase flow development 

through orifices using a synchronised multi-channel void fraction sensor," Experimental Thermal and Fluid Science, 

vol. 118, p. 110165, 2020/10/01/ 2020 
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3.1 Introduction 

Two-phase flow through flow restricting orifices is encountered in many oil and gas production 

and power generation industries. Orifices can be used to control the pressure of the system, 

enhance the uniformity of the flow, or measure the flow rate. They are widely used due to their 

low-cost, easy to maintain and simple designs. However, orifices are known to significantly disrupt 

the flow, which causes a dramatic change in the velocity of each phase and, subsequently, to the 

pressure, void fraction and flow pattern. The presence of these types of piping components is 

responsible for extreme hydraulic losses as well as piping degradation downstream of the 

component. The first issue has been of great interest to many researchers, who have developed 

either empirical or semiempirical correlations to accurately predict the pressure losses[1, 16, 18, 

30]. Different sizes and shapes of orifices were investigated to measure the magnitude of the 

hydraulic loss [19, 20, 24, 67]. The latter issue was investigated for erosion, corrosion, and 

vibration under two-phase flow conditions [4, 7]. These studies demonstrated the importance of 

the flow pattern changes generated upstream and downstream from an orifice. Although these 

studies have covered two-phase flow through orifices, few have evaluated the flow pattern change 

in terms of local parameters, such as local void fraction and pressure. Also, the evaluation of the 

dynamics behaviour of two-phase flow through flow restricting orifices is crucial to effectively 

design and safely operate multiphase piping system. 

Salcudean et al. [55]constructed a flow pattern map for a horizontal pipe with a restricting 

orifice. This study considered the effect of peripheral and central restrictions orifices. The map 

was proposed on the basis of the visual observations of a flow pattern change in the downstream 

vicinity of the orifice. They found that the flow pattern transition occurred at a lower rate of gas 

and liquid flow rates compared to the unrestricted pipe. They also reported a developing length of 

30D and 15D for bubbly and annular flow patterns.  

Warren et al. [14]investigated the developing length of an air-water bubbly flow through 

orifices using pressure measurements along the test section. The results for an area ratio of 0.80 

showed that the pressure recovered at 8 to 15D from the orifice. It was also reported that the void 
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fraction and flow patterns changed dramatically in the developing region before they reached 

conditions which were similar to the inlet conditions at the fully developed region.  

Fossa et al. [15]studied the effect of the area ratio on the void fraction and the total pressure 

drop for an intermittent flow pattern in a horizontal pipe. They evaluated some of the orifice 

pressure drop correlations and found that Morris correlation [16] predicted the experimental data 

for a thin orifice with a reasonable degree of accuracy. For thick orifices, the Chisholm correlation 

[1] was more appropriate in predicting the experimental data. It was also reported that the void 

fraction increased dramatically just downstream of the orifice at a lower area ratio. In some cases, 

they also reported a decrease in the void fraction at the same locations. It was also concluded that 

the measured slip ratio far downstream from the orifice was well predicted by the Chisholm [1] 

and the Armand and Threschev [38] correlations. 

Fossa et al. [31]also investigated the void fraction for an intermittent flow close to the orifice. 

This was done on a horizontal pipe for different area ratios and orifice thicknesses. They showed 

that the average void fraction downstream of the orifices increased when compared to the fully 

developed one upstream. It was also reported that as the area ratio decreased, the liquid film 

thickness in the stratified region for a slug flow upstream of the orifice decreased and, therefore, 

the void fraction increased. Finally, it was determined that the slug frequency decreased slightly 

as the area ratio decreased for the same flow conditions. 

In comparison, Zeghloul et al.[37] investigated the void fraction change of two-phase flow 

through an orifice for vertical flow. The void fraction measurements indicated that the developing 

lengths were 7, 10, and 20 pipe diameters downstream of the restriction for churn, slug, and bubbly 

flow patterns respectively. The data also showed a decrease for a churn flow pattern and an 

increase for slug and bubbly flow in the structure velocity just downstream of the orifice before it 

gained its initial flow conditions, far from the orifice. It was also reported that the frequency of the 

structure was constant in the fully developed region for slug and bubbly flow patterns downstream 

and upstream of the orifice. Recently, Zeghloul et al. [17]investigated the pressure drop caused by 

an orifice for upward flow in a vertical pipe. The experiments were carried out for six orifices with 

different orifice thickness to diameter ratios. It was reported that the pressure drop increased as the 
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gas volumetric flux increased at the same liquid flow rate. An exception was noted at a high liquid 

flow rate and for an area ratio of 0.54, in which the pressure drop decreased beyond the critical gas 

superficial velocity. It was concluded that the Morris [16] and Simpson [18] models were the best 

in predicting the pressure drop in such cases. 

More Recently, Maidana et al. [68]considered a slug two-phase flow through a restricting 

orifice for three area ratios placed at three different axial locations along the pipe in order to 

evaluate the effect of the orifice on the pressure and average void fraction. Their data showed that 

the orifice location had no significant effect on the total pressure drop. Their study suggested that 

the average void fraction upstream of the orifice was similar to a straight pipe without any flow 

restriction. They also concluded that the slug frequency and the dominant frequency of the pressure 

signal were the same. On the other hand, Qiao et. al [56] conducted experiments to study two-

phase flow through orifices downward in piping system. They considered nine different orifices 

with different area ratios and thicknesses. Their visual observation showed that the two-phase flow 

pattern classified into perfect-dispersed, semi-dispersed, continuous, and trickling flow. The 

authors proposed a pressure drop model that predicted the experimental data within ±10% and 

±15% for single-phase and two-phase flow.  

A developing single-phase flow encounters a force balance between the viscous effect, the 

inertia of the phase, and the pressure. However, for two-phase flow, a more complex behavior is 

encountered as the flow pattern affects this balance. Despite the available research on the two-

phase flow through orifices, the flow pattern development upstream and downstream of the orifice 

has not been well understood, especially at high pressure reductions and under unsteady flow 

condition of developing flows. Understanding the flow pattern development is very significant for 

accurate design and operation of multiphase piping systems. The limited research available on the 

void fraction development along a pipe with an orifice showed some discrepancy regarding 

whether the fully developed void fraction upstream and/or downstream of the orifice would behave 

similarly in a straight pipe without restriction [31, 37, 68]. This can be attributed to the large 

changes in the system pressures used in these studies in both upstream and downstream piping. 

The main objective of this chapter is to investigate the effect of the flow restricting orifices on the 

flow pattern development, local void fraction, and pressure variation of two-phase flow in 
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horizontal piping. Four orifice-to-pipe area ratios of 0.062, 0.14, 0.25, and 0.56 are used in piping 

with 25.4 mm internal pipe diameter. In order to capture these dynamics changes with high 

accuracy, an in-house instrumentation system is developed to measure the instantaneous void 

fraction signals at twelve locations distributed along the test section simultaneously. Also, the 

static pressure is scanned at 22 axial locations along the test section. The flow pattern development 

across the orifice was also visualized using a high-speed imaging camera. 

3.2  Experimental Facility  

The experimental facility was constructed to simulate air-water mixture flows in a closed loop at 

the ambient temperature, as shown in Figure 3.1. Deionized water was pumped from a 310-L tank 

by a centrifugal pump controlled by a variable frequency drive. An Omega turbine flow meter with 

a reading accuracy of ±1.5% was used to measure the rate of the liquid flow. Air was supplied  

 

 

Figure 3.1 Experimental set-up. 

from the main laboratory supply line, controlled by four rotameters, and measured by an Omega 

FMA6718 gas flow meter with an accuracy of ±1% full-scale and a total range of 100 L/min. A 
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two-phase annular mixer made of 80 mm long stainless- steel pipe and 25.4 mm diameter were 

used, in which air was injected into the stream of water through a total of 64 holes of 1 mm diameter 

distributed equally into eight sets spaced at 10 mm and machined on the stainless-steel pipe. Two 

straight pipes made of clear polycarbonate, each with a length of 2.4 m, were installed upstream 

and downstream of the orifice to allow for visual inspection for the flow pattern. The pressure was 

measured at nine and thirteen locations upstream and downstream of the orifice using pressure 

taps made of clear tubing to ensure no air was trapped inside to avoid inaccurate measurements. 

These pressure taps were connected to a mechanical pressure scanner from Scannivalve©. The 

output of the pressure signal from the pressure scanner was then divided into two lines and 

connected to negative ports of two DP15 differential pressure sensors from Validyne with an 

accuracy of ±0.25% full-scale. The two differential pressure sensors had a high-pressure range of 

350 kPa and a low-pressure range of 35 kPa. The positive ports of the two differential pressure 

sensors then combined into one line and were connected to the first pressure tap after the mixer to 

represent the reference pressure in the test section. A pressure transducer from Omega (model: 

PX481A), with an accuracy of ±0.3% full-scale and a range of 414 kPa was also installed to 

measure the reference pressure. The flow pattern was visualized by a high-speed camera from 

Speedsense© with a maximum resolution of 1920×1200 pixels and a trigger rate of up to 3000 

frames per second. The test section was visualized at a distance of 13 cm upstream and 23 cm 

downstream of the restriction. The sampling rate of the recorded images was selected carefully 

based on the flow condition considered.  

The orifice was installed 3 m from the two-phase mixer in which the mixture was transported 

through a horizontal straight pipe with an inner diameter of 25.4 mm. Thin orifices were designed 

and machined according to a standard ANSI orifice, shown in Figure 3.2. These orifices had 

diameters of 6.35, 9.5, 12.7, and 19.05 mm that corresponded to the orifice-pipe area ratio of 0.062, 

0.14, 0.25, and 0.56 respectively. The orifices were made of a clear acrylic material to allow for a 

visual inspection. The location of the orifice was selected based on the void fraction measurements 

for a straight pipe without restrictions. The void fraction measurements for a straight pipe without 

restrictions showed that the flow was fully developed at 70D from the two-phase flow mixer. 
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Similarly, Salcudean et al. [67]reported a distance of 60D with the presence of restrictions and the 

same pipe diameter.  

 Void fraction multi-channel sensor 

The void fraction was measured using a concave capacitance sensor design that is previously 

explained in detail by Ahmed [69]. This sensor consists of four electrodes made of copper that is 

0.12 mm thick, has a length of 50 mm, and a width of 24 mm. The four electrodes were attached 

on two half-hollow cylinders made of acrylic that had a 76 mm OD and a 32 mm ID. The two half-

hollow cylinders were clamped on the clear pipe at the point where the measurements of the void 

fraction were needed. Four plastic screws were used to tighten each capacitance sensor so it 

remained rigid during the experiment. The whole unit was shielded with a copper sheet to minimize 

any stray capacitance. A schematic of the concave capacitance sensor is presented in Figure 3.3. 

The electrodes were connected through coaxial cables to an acquisition system built in the lab. The 

acquisition system was designed based on an LC circuit consisting of a parallel LC circuit, a 

frequency-to-digital converter FDC (TI FDC 2214 EVM evaluation by Texas Instruments), and an 

Arduino Due microcontroller. The main purpose of the design was to have an excitation frequency 

that was high enough for the sensor to overcome the conductivity of the measured medium and to 

have a high sampling frequency. In this design, the excitation frequency was 3.89 MHz and the 

sampling frequency was 2.7 kHz. Details of the void fraction acquisition system principles adopted 

in this work were presented by Elsaftawy et al.[70]. The void fraction was measured at twelve 

locations distributed equally upstream and downstream of the orifice. Twelve capacitance sensors 

and twelve acquisition circuits were built and connected to a personal computer through a USB 

cable to record the measurements. A LabVIEW© interface was built to record and save the 

acquired measurements for further analysis. Repeatability tests for the void fraction measurements 

indicated that the measured data was within ±2-5%. An actual image of the experimental setup is 

seen in Figure 3.4. Details of the pressure taps and the void fraction sensor measurement locations 

are also shown in Figure 3.5. 
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Figure 3.2 Orifice dimensions used in this investigation. 

 

Figure 3.3 Capacitance sensor dimensions. 

 

Figure 3.4 Actual image of the setup. 
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Figure 3.5 The test section instrumentations. 

 Measurement uncertainties  

The measurements' uncertainties were performed using standard error propagation analysis. 

Therefore, the maximum uncertainties of liquid and gas superficial velocities, void fraction, 

pressure, slug velocity, and elongated bubble length are summarized in Table 3.1.  

Table 3.1 Measurements uncertainties. 

Quantity Uncertainty 

Liquid superficial velocity ±1.5 % 

Gas superficial velocity ±5 % 

Pressure ±1.5 kPa 

Void fraction ±5 % 

Slug velocity ±6 % 

Elongated bubble length ±6 % 

3.3  Results and discussion 

Knowledge of the flow pattern development due to flow restriction is crucial since it has been 

linked to piping degradation issues such as corrosion-erosion and vibration [4, 7]. The flow  
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Figure 3.6 Flow conditions considered in this study as predicted by a Taitel and Dukler [50] flow pattern map. 

patterns of the flow conditions investigated in this study were well predicted by Taitel and 

Dukler [50] map as shown in Figure 3.6. The flow visualization using the high-speed camera and 

the void fraction signals also confirmed that the considered cases were within the intermittent flow 

pattern region.  The flow visualization, void fraction, and pressure distributions along the test 

section are used to evaluate the effect of the orifice in the following sections. 

 Spatial development of the flow pattern 

The spatial development of the flow pattern is presented using both the instantaneous void fraction 

signals and their corresponding PDFs (Probability Density Functions) for σ (Area Ratio) of 0.14 

at liquid and gas superficial velocities of 1.08 and 1.48 m/s as shown in Figure 3.7 and Figure 3.8, 

respectively. The locations of the void fraction sensors were presented in terms of the 

dimensionless distance Z/D from the orifice. The PDFs at Z/D= -67.5 to -17.5 upstream of the 

orifice showed a similar flow pattern, indicating a fully developed flow. The flow pattern was a  
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Figure 3.7 instantaneous Void fraction signal at multiple locations for σ = 0.14 at Vsl=1.08 m/s and Vsg=1.48 m/s. 

 

Figure 3.8 Flow pattern development along the test section for σ = 0.14,  Vsl=1.08 m/s, and Vsg=1.48 m/s. 

slug flow represented by a peak with a higher density for the liquid slug and another peak with less 

density for the elongated bubble. As the flow approached the restriction, the gas phase encountered 

a higher deformation due to the changes in the pressure forces. The effect of the orifice on the 

individual slugs can be seen clearly by comparing the time traces and the corresponding PDFs at 
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locations Z/D=3, 17.5 and 30.5. In these locations, the flow pattern changed dramatically 

compared to the upstream one at Z/D=-17.5 and started to recover at Z/D=30.5. The flow pattern 

continued to develop as it turned into a slug flow pattern, with two distinct peaks. Also, the time 

traces and the corresponding PDF at Z/D = -17.5 indicated smaller bubbles compared to the time 

traces and the PDF at Z/D = 90.5 downstream of the orifice. 

 The effect of the gas superficial velocity  

To understand the effect of the gas superficial velocity on the flow pattern close to the orifice, the 

PDFs of the void fraction data are presented in Figure 3.9 for different gas superficial velocities, 

ranging from 0.164 to 2.795 m/s at a liquid superficial velocity of 1.08 m/s. Since the flow pattern 

development close to the orifice was very transient, the flow structure needed to be visualized by 

a high-speed camera to understand the resultant PDF. The flow was visualized at a distance of 13 

cm upstream and 23 cm downstream of the orifice. The flow visualization can be seen in The flow 

pattern at the distance Z/D = -3.5 upstream and Z/D = 3 downstream of the orifice can be explained 

by the PDF upstream of the orifice indicated that the dispersed bubbles in the liquid slug increased 

due to the breakup of the long bubble as the flow approached the restriction.  In comparison, the 

PDFs downstream of the orifice showed a bubbly flow at a lower gas superficial velocity (0.164 

m/s), which can be seen clearly in. As the gas superficial velocity increased, a liquid jet started to 

form downstream of the orifice. Then, the flow pattern fluctuated between bubbly and liquid jet as 

the two-phases pass through the orifice. Further increase in the gas superficial velocity (1.48 m/s) 

showed two distinguished peaks in the PDF diagram for this flow pattern shown in Figure 3.10c. 

The first peak corresponds to annular-dispersed liquid, as seen in the images at t = 100ms, while 

the second one corresponds to the liquid jet, seen at t = 0 ms in the images, which is simply (1 −

𝜎). This confirms that a vena contracta may exist for the slug flow condition. 
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Figure 3.9 Time sequence of images showing the phase redistribution downstream of the orifice for σ=0.14 at 

Vsl=1.08 m/s and different Vsg. 

Flow direction  
 

 

  

  

  

  
a) Vsg= 0.164 m/s 

 

b) Vsg = 0.657 m/s 

  

  

  

  
c) Vsg = 1.48 m/s d) Vsg = 2.79 m/s 
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Figure 3.10 PDFs of the void fraction signals close to the orifice for σ=0.14 at different gas superficial velocities 

and Vsl=1.08 m/s. 

 The effect of the area of the restriction  

The time traces and PDFs of the void fraction data at Z/D = -3.5 and 3 and for area ratios, as well 

as straight pipe without restriction at liquid and gas superficial velocities of 0.526 and 0.657 m/s 

respectively, are presented in Figure 3.11 and Figure 3.12 . Also, the flow is visualized by the 

 

a) Upstream at Z/D=-3.5. 

 

b) Downstream at Z/D=3. 
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high-speed camera, as shown in Figure 3.13. The time traces of the void fraction data clearly 

indicate that the disturbance to the flow increased as the area ratio decreased. Moreover, the void 

fraction downstream close to the orifice increased as the area ratio decreased. This can be explained 

by the higher momentum of the liquid phase as the area of the orifice decreases, which produces 

higher pressure forces acting on the two phases. The PDFs of the void fraction data indicated that 

the large area ratio (σ = 0.56) had a minimal effect on the flow pattern upstream and downstream 

of the orifice when compared to a straight pipe without restrictions. The flow pattern changed as 

the area ratio decreased. For example, for the smallest area ratio (σ = 0.062), one peak in the PDF  

 

Figure 3.11 Synchronized void fraction signals close to the orifice at Z/D = -3.5 and 3, and that of a straight pipe 

without restrictions for 𝑉𝑠𝑔 =0.657 and 𝑉𝑠𝑙=0.526 m/s.  

of the upstream was identified, with a low average void fraction of 0.03, as indicated in Figure 

3.12a. This is mainly due the large deceleration of liquid phase compared to the gas phase 

downstream of the orifice. As shown in Figure 3.13a (t=144 ms),a liquid slug with a high velocity 

shed the back of an elongated bubble, which it began to break into smaller bubbles. In comparison, 

the PDF downstream of the orifice showed one peak, with a high average void fraction of 0.9. The 

captured flow images at (t= 216 ms) indicated that this peak corresponded to a separation between 

the phases to form a liquid jet surrounded by a gas void. This separation between the phases gets 



 

 

38 

 

smaller as the area ratio increases. During this phase separation, some of the mixture downstream 

flowed in reverse close to the orifice due to the low pressure. This process continued until the 

elongated bubble break-up occurs while passing through the orifice. 

 

Figure 3.12 PDFs of void fraction signals close to the orifice at Vsl=0.526 m/s and Vsg=0.657 m/s. 

 

 

a) Upstream at Z/D=-3.5. 

 

b) Downstream at Z/D=-3.5. 
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Figure 3.13 Time sequence of images showing the phase redistribution downstream of the orifice for Vgs=0.657 and 

Vsl=0.526 m/s. 

Flow direction  

  

  

  

  

  

a) σ=0.062 b) σ=0.14  

  

  

  

  

  

c) σ=0.25 d) σ=0.56 
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Figure 3.14 PDFs of the void fraction signals in the fully developed region at Vsg=0.657 m/s and Vsl=0.526 m/s. 

Figure 3.14 shows the PDFs of the void fraction signals upstream and downstream of the orifice 

at Vsl=0.526 m/s and Vsg=0.657 m/s in the fully developed locations. As the area ratio decreased, 

the PDF density of the elongated bubble decreased and the density of the smaller bubbles in the 

liquid slug region increased upstream of the orifice. This can be attributed to the low bubble 

coalescence due to the high pressure caused by the smaller area ratios, as well as the lower slug 

 
a) At location Z/D=-30.5 upstream of the orifice and Z/D= 86 downstream of the air-water mixer. 

 
b) At Z/D= 90.5 downstream of the orifice and Z/D= 195 downstream of the air-water mixer. 
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velocity, which will be discussed later in this paper. In all cases, the flow patterns were similar 

downstream of the orifice. However, the void fraction in the liquid slug increased at smaller area 

ratios (σ = 0.062 and 0.14) due to the dispersed bubbles caused by the breakup of the elongated 

bubble when it passed through the orifice. 

 Pressure drop and average void fraction changes 

Fossa et al. [31] suggested that the liquid film thickness in the stratified region for a slug flow 

upstream of the orifice decreased and the void fraction increased. On the contrary, Maidana et al. 

[68] showed that void fraction in the fully developed region was similar to a straight pipe without 

orifice. It should be noted that both studies were carried out on either a large area ratio or lower 

gas and liquid flow rates in which lower pressure upstream was expected. Therefore, in this study, 

the pressure and void fraction had to be investigated simultaneously to find a clear relation.  The 

axial variation of the pressure and the average void fraction for σ = 0.14 at the liquid superficial 

velocity of 1.08 m/s and different gas superficial velocities are presented in Figure 3.15 and Figure 

3.16. As expected, the pressure upstream of the orifice increased as the gas superficial velocity 

increased. In comparison, the averaged void fraction decreased as the pressure increased. It was 

also noted that the averaged void fraction decreased further close to the orifice upstream as the gas 

superficial velocity increased. Downstream of the orifice, the averaged void fraction decreased 

dramatically as the pressure decreased. Far downstream, both the void fraction and the pressure 

are recovered to reach their fully developed values. Warren et al. [14] showed that the pressure 

drop profile may show a “hump” in the recovery length for some cases. In the current study, a 

similar trend was observed when the flow pattern transitioned to dispersed bubbly flow 

downstream of the orifice. This could explain the change in the pressure gradient as these dispersed 

bubbles coalesced to form a slug flow as they traveled forward. 

The spatial change in the pressure and the average void fraction along the pipe are presented in 

Figure 3.17 and Figure 3.18 for different area ratios at liquid and gas superficial velocities of 1.08 

m/s and 1.48 m/s, respectively. These figures clearly indicate that as the area ratio decreased, the 

pressure upstream of the orifice increased and, therefore, the average void fraction decreased since 

the gas phase is compressible. It was observed that the elongated bubble was dispersed in the liquid  
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Figure 3.15 Axial variations in the pressure at different gas superficial velocities for σ = 0.14 and Vsl= 1.08 m/s. 

 

Figure 3.16 Axial variations in the void fraction at different gas superficial velocities for σ = 0.14 and Vsl= 1.08 

m/s. 
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Figure 3.17 Axial variations in the pressure for different area ratios at Vsl= 1.08 m/s and Vsg=1.48 m/s. 

 

Figure 3.18 Axial variations in the void fraction for different area ratios at Vsl= 1.08 m/s and Vsg=1.48 m/s. 
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slug by the momentum change in the liquid phase when it passed through the orifice at a small 

area ratio. This change was detected in the average void fraction close to the orifice in the upstream 

pipe. Other results showed similar trends at a higher liquid superficial velocity. As the velocities 

of both phases increased downstream of the orifice, the pressure dropped and the void fraction 

increased due to the expansion of the gas phase. For this type of flow condition, the pressure and 

the void fraction recovered at some distance downstream of the orifice. This recovery length 

depended on the inlet gas and liquid superficial velocities, as well as the area ratio. The recovery 

length was about 15-23D, 10-23D, 5-20D and 5D for σ = 0.062, 0.14, 0.25, and 0.56. At constant 

gas and liquid superficial velocities, the recovery length increased as the area ratio decreased. For 

example, at liquid and gas superficial velocities of 0.526 and 0.328 m/s, the recovery length was 

23D, 20D, 17D, and 10D for area ratios of 0.062, 0.14, 0.25, and 0.56 respectively. It was observed 

that a further increase in the gas superficial velocity made this recovery length to increase. In 

comparison, a shorter recovery length was observed when the liquid superficial velocity increased 

at constant gas superficial velocity. This is mainly due to the increase in the turbulence intensity 

of the liquid phase, which allowed for higher mixing and stabilization in the flow pattern. 

 The effect of the area ratio on the slip ratio close to the restriction 

Slip ratio or velocity ratio is an important parameter in two-phase flow. For a homogenous flow 

case, the slip ratio is equal to unity, which indicates that the two phases are well mixed. When two-

phase flow passes through piping components, the inertia of both phases is affected significantly 

by geometry. This will result in higher momentum of the liquid phase compared to the gas phase 

due to its higher density. In general, the slip ratio can be calculated as: 

𝑆𝑙𝑖𝑝 𝑟𝑎𝑡𝑖𝑜 =  
𝑢𝑔

𝑢𝑙
=
(1 − 𝛼)𝑉𝑠𝑔

𝛼𝑉𝑠𝑙
 3.1 

where 𝑢𝑔 and 𝑢𝑙 are the phase velocities, 𝛼 is the void fraction, and 𝑉𝑠𝑙 and   𝑉𝑠𝑔are the liquid and 

the gas superficial velocities, respectively. The calculated slip ratio is presented in Figure 3.19. 

The slip ratio presented was calculated at locations of Z/D = -3.5 and 3 upstream and downstream 

of the orifices  
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Figure 3.19 Slip ratio close to the orifice at Vsl=1.08 m/s. 

and compared to a straight pipe without a restriction at 𝑉𝑠𝑙 = 1.08 𝑚/𝑠 and different gas 

superficial velocities. These figures indicate that the slip ratio close to the orifice upstream 

increased as the area ratio decreased. It can also be noted that the slip ratio upstream of the orifice 

 

a) Upstream. 

 

b) Downstream. 
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of the large area ratio (σ=0.56) was almost identical to the case of a straight pipe without restriction. 

This indicates that the disturbance of the area ratio was minimal and the velocities of the phases 

were not affected upstream. The slip ratio decreased as the area ratio decreased downstream of the 

orifice due to the increase in liquid phase velocity. This indicated that the momentum of the liquid 

phase was higher since it had a higher density. For a large area ratio (σ=0.56), the slip ratio was 

higher than those in the case of a straight pipe without restrictions. The reason for this is the mixing 

between the phases was minimal and the velocity of the gas phase increased. 

 The effect of the flow restriction on the slug velocity 

Figure 3.20 describes the terms used for the slug unit in this investigation. The slug velocity was 

determined by cross-correlating the instantaneous void fraction singles of two sensors placed close 

to each other. This was done in the fully developed region at 30D upstream and 90D downstream 

of the orifice. The measured slug velocity was then plotted versus the gas superficial velocity, as 

shown in Figure 3.21. It is clear that as the area ratio decreased, the slug velocity decreased. This 

trend tended to be non-linear as the pressure increased upstream of the restriction. The slug velocity 

versus the gas superficial velocity downstream of the orifice in the fully developed region showed 

a linear trend regardless of the area ratio used. This is mainly because the pressure downstream of 

the orifice in the fully developed region was almost similar to that of the pressure in a straight pipe 

without restrictions. 

 

Figure 3.20 Schematic diagram of slug unit and terms used. 
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Figure 3.21 Slug velocity versus gas superficial velocity in the fully developed region at Vsl=1.08 m/s. 

 

 
a) Upstream. 

  
b) Downstream. 
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 The effect of the flow restriction on the elongated bubble length and the slug 

frequency 

The elongated bubble length was determined from the void fraction measurements as implemented 

by Fossa et al. [71] and Bouyahiaoui et al.[72]. This was done by calculating the average residence  

 

Figure 3.22 Measured elongated bubble length at the fully developed region at Vsl = 1.08m/s. 

 

 

a) Upstream. 

 

b) Downstream. 
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Figure 3.23 Measured slug frequency at the fully developed region at Vsl = 1.08 m/s. 

time of the slug in the instantaneous signal. The slug frequency was calculated using the power 

spectrum density (PSD) of the void fraction signal. All calculations were performed at the fully 

developed location upstream (Z/D=-30) and downstream of the orifice (Z/D=90). Figure 3.22 

showed that as the gas superficial velocity increased, the elongated bubble length increased. 

However, due to the higher pressure upstream caused by the smaller area ratio, the rate of this 

 
a) Upstream. 

 
b) Downstream. 
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increase was lower at lower area ratios. In comparison, Figure 3.23 showed that the slug frequency 

decreased slightly as the area ratio decreased. A similar finding was reported by Fossa et al.[31]. 

This could be due to the decrease in the slug velocity. Far downstream of the orifice, the elongated 

bubble length increased at a similar rate as the pressure downstream was almost equal. 

 Predicting the total pressure drop across the orifice 

It is common practice to find the relationship between parameters in terms of a dimensionless 

number when it is possible. For this reason, the total pressure drop across the orifice was presented 

in terms of the dynamic pressure of the liquid properties while the gas superficial velocity was 

presented in terms of the Reynolds number of the gas phase. The result is presented in Figure 3.24 

for Vsl = 0.526 and 1.08 m/s, respectively, for an area ratio of 0.062, 0.14, 0.25 and 0.56. It should 

be noted that for the smallest area ratio (0.062), a limited number of experiments were carried out 

due to the limitations of such an area ratio. The two-phase pressure drop was much higher than the 

single-phase one. The pressure drop across the orifice increased as the area ratio decreased as well  

 

Figure 3.24 Total pressure drop as a function of the Reynolds number of the gas. 
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as the Reynolds number of the gas increased. However, this increase was more pronounced at a 

lower area ratio. An evaluation of the most common two-phase pressure drop correlations are listed 

in Table 3.2 and are presented in Figure 3.25 and Figure 3.26 for a liquid superficial velocity of 

0.526 and 1.08 m/s, respectively.  The homogenous model over predicted the pressure drop. 

Moreover, the homogenous model only predicted 42% of the experimental data within a 25% error. 

Chisholm [1] and Saadawi et al. [30] found they could predict 81% of the experimental data within 

a 25% error. Similarly, the Morris correlation [16] predicted 74% of the data. The Simpson 

correlation [18] had the best correlation as it predicted 93% of the experimental data within the 

indicated error. 

Table 3.2 Correlations of two-phase flow pressure drop across the orifice. 

Authors Models Comment 

Homogenous 

model  
∅𝐿𝑂
2 =  

𝜌𝑙
𝜌𝑔
𝑥 + (1 − 𝑥)   

Chisholm [1] ∅𝐿𝑂
2 =  1 +  (

𝜌𝑙
𝜌𝑔
− 1) [𝐵𝑥(1 − 𝑥) + 𝑥2] 𝐵 = 0.5 𝑓𝑜𝑟 𝑡ℎ𝑖𝑛 𝑜𝑟𝑖𝑓𝑖𝑐𝑒  

Morris [16] ∅𝐿𝑂
2 =  [𝑥

𝜌𝑙

𝜌𝑔
+ 𝑆(1 − 𝑥)] [𝑥 + (

1−𝑥

𝑆
) (1 +

(𝑆−1)2

(
𝜌𝑙

𝜌𝑔⁄ )
0.5
−1
)]  𝑆 = [1 + 𝑥 (

𝜌𝑙
𝜌𝑔
− 1)]

0.5

 

Simpson et al. [18] ∅𝐿𝑂
2 = [1 + 𝑥(𝑆 − 1)] × [1 + 𝑥(𝑆5 − 1)] 𝑆 = (

𝜌𝑙
𝜌𝑔
)

1
6⁄

 

Saadawi et al. [30] ∅𝐿𝑂
2 = 1 + 184𝑥 − 7293𝑥2   
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Figure 3.25 Predicted versus measured two-phase pressure multiplier at Vsl=0.526 m/s. 

 

Figure 3.26 Predicted versus measured two-phase pressure multiplier at Vsl=1.08 m/s. 
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3.4 Conclusion 

An experimental investigation of air-water two-phase flow through a flow restricting orifice was 

carried out. In this study, the pressure, the void fraction and flow pattern were used to characterize 

the two-phase flow through orifices with area ratios of 0.062, 0.14, 0.25 and 0.56. Experiments on 

a two-phase flow in a straight pipe without a restriction was also performed as a benchmark. A 

new multi-channel void fraction sensor was developed and used to evaluate the development of 

instantaneous void fraction along the pipe with flow restricting orifices. The effect of the orifice 

on the flow pattern found to be more significant as the pressure drop increased. Moreover, this 

flow pattern in the vicinity downstream of the orifice found to change between liquid jet and 

dispersed bubbly depending on the superficial velocities and the area ratio.  Also, the relationship 

between the pressure and the void fraction was inversely proportional along the test section while 

both recovered to the straight pipe fully developed values far downstream of the orifice. It should 

be also noted that the slug velocity upstream of the orifice decreased non-linearly with the decrease 

in the area ratio. On the other hand, the slug velocity far downstream of the orifice was similar to 

the one generated in a straight pipe without restriction regardless of the area ratio used. Finally, 

the most common correlations used to calculate the pressure drop across the orifice were evaluated. 

It was found that the correlation developed Simpson [18] was able to predict the current 

experimental data with an average RMS of ±25%.
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Chapter 4: Prediction of Two-Phase Flow Patterns Using Machine 

Learning Algorithms2 

Abstract 

Predicting the two-phase flow pattern prediction is important to many industries such as power 

generation and oil and gas; for example, knowing the type of flow pattern is crucial for an accurate 

calculation of the pressure gradient on the system. The transient nature of two-phase flows makes 

analyzing and predicting the flow pattern for a normal straight pipe a very complex procedure. The 

situation becomes more complex when a piping component is disturbing the fully developed flow 

in a straight pipe. In this work, the flow pattern downstream of an orifice was experimentally 

investigated for an intermittent flow pattern at orifice-to pipe area ratios of 0.14, 0.25 and 0.56. 

The flow pattern downstream of the orifice was identified using a probability density function 

(PDF) of the time signal void fraction as well as identified using a high-speed imaging system. All 

tests were presented by the calculated superficial velocity of the mixture based on the area of the 

orifice being used and the volumetric quality. The predicted flow pattern was identified using a 

Machine Learning Algorithm known as the Classification Learner environment in MATLAB. This 

method was able to predict the flow pattern downstream of the orifice with a total error of 9%. 

4.1 Introduction 

A multiphase flow, in which two or more phases flow together in a channel, is usually categorized 

based on the configuration of the phases or the so-called flow pattern. Similar to a single-phase 

flow, which is classified as laminar or turbulent, multiphase flow is classified based on the flow 

pattern in either a horizontal or a vertical channel; however, even in simple cases of two-phase 

flow involving one component, such as steam-water, or two components, such as air-water or oil-

gas, the definition of the flow pattern is more complex. Although the types of flow patterns in 

horizontal or vertical flows are well-defined, the transition mechanisms are not fully understood. 

The situation becomes more complex when a piping component is present in the pipeline, as this 

 

2 This chapter has been accepted as N. Almalki and W. H. Ahmed, " Prediction of Two-Phase Flow Patterns Using 

Machine Learning Algorithms, “Proceeding of the 7th International Conference of Fluid Flow, Heat and Mass 

Transfer (FFHMT’20), October 2020 
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introduces a momentum change in the phases. Despite this fact, the flow pattern downstream of a 

piping component has been studied less often than that for a straight pipe. 

The flow pattern in a straight pipe has been investigated for different types of orientations. In all 

cases, the type of flow pattern was identified either through visual observations or by using 

pressure or void fraction signals. Jones and Zuber [52] showed that the probability density function 

of the void fraction signal has a unique shape for each flow pattern. Three PDF shapes were defined 

for bubbly, slug, and annular flows. A bubbly flow has one PDF peak with an average value close 

to zero. In contrast, an annular flow has one PDF peak with an average void fraction close to one. 

Slug flow has two peaks and combines both the bubbly and the annular flow types. Mandhane et 

al. [51] used a total of 5935 experimental observations for different fluid properties to establish a 

convenient flow pattern map for a horizontal pipe based on gas and liquid superficial velocities. 

Taitel and Dukler [50] established a mechanistic flow pattern map that can be used at different 

inclinations, flow properties, and dimensions.   

With the advancements in computer analysis and artificial intelligence, new methods have been 

implemented in order to model the flow patterns in two-phase flow. Mi et al. [73] used a neural 

network method to model the flow pattern in a vertical pipe. They simulated the impedance signal 

for annular, churn, slug, and bubbly flow patterns and input the results into a supervised neural 

network model.  

Trafalis et al. [74] implemented a multiclass support vector machine learning algorithm (MSVM) 

to model flow patterns in vertical and horizontal pipes. This model was built based on gas and 

liquid superficial velocities and the pipe diameter to predict the flow pattern transitions. Their 

results showed that MSVM was more effective than theoretical correlations in predicting flow 

pattern transitions. 

Wang and Zhang [75] used electrical capacitance tomography (ECT) data to model the flow 

pattern of oil-gas two-phase flow based on a support vector machine (SVM) algorithm. The ECT 

has a dimension of 66 that was reduced to 14 using principal component analysis. Their results 
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were highly accurate regarding flow pattern classification. They recommend that the SVM method 

be implemented on a small dataset. 

Shaban et al. [76] used differential pressure signals as the input to create a flow pattern map using 

an elastic mapping technique. Different flow patterns were investigated for air-water two-phase 

flow in a vertical pipe. The elastic mapping method is a machine learning tool that is used to reduce 

the number of dimensions of data to be presented in a two-dimensional map. The map that was 

created showed well-defined and clustered data of the same types of flow patterns. 

Al-Naser et al. [77] implemented MATLAB and its built-in neural network algorithm to detect the 

flow pattern in a horizontal pipe. The authors used the unified model simulator to generate the 

input for different flow patterns. They created a general 3-D flow pattern map based on the liquid 

Reynolds number, the gas Reynolds number, and the pressure drop multiplier for different 

dimensions and fluid properties. They showed that based on the natural logarithm of the three 

dimensions, the model can accurately predict up to 97% of the flow patterns. 

Ezzatabadipour et al. [78] used deep machine learning to predict annular, bubble, dispersed bubble, 

intermittent, stratified smooth, and stratified wavy flows at different pipe inclinations for pipes 

that were 1 or 2 inches in diameter. They used a feedforward neural network known as a multilayer 

perceptron (MLP) to train 60% of a total of 5676 data points with 20% for validation and 20% for 

testing. The results showed that the method was able to accurately predict the flow pattern. 

Research on two-phase flow through orifices has focused mainly on the total pressure drop. Flow 

patterns downstream of an orifice have received relatively little attention regardless of the 

importance of this topic. The momentum of the phases increases dramatically as the mixture passes 

through the orifice. Ahmed [2] showed that piping degradation and failure were very common 

downstream of the orifice. Ahmed et al. [4] also showed that flow accelerated corrosion was 

greatest at a distance of 5D downstream of the orifice for both single- and two-phase flows. 

Bamidele et al. [7] showed that the flow pattern downstream of an orifice directly affected the 

vibration amplitude and direction. 
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The aim of this paper is to investigate the flow pattern downstream of an orifice in a horizontal 

pipe. To the best of the authors’ knowledge, the prediction of the flow pattern in such a case has 

not been previously investigated. The initial flow pattern in the fully developed region upstream 

of the orifice was an intermittent flow pattern. Area ratios of 0.14, 0.25, and 0.56 were considered, 

as well as a that of a straight pipe without an orifice. The flow pattern was identified using a void 

fraction sensor installed within 5D downstream of the orifice as well as by using a high-speed 

camera. The identified flow patterns were used as input to model the flow pattern downstream of 

the orifice using machine learning algorithms in MATLAB. 

4.2  Experimental Facility 

The experimental facility was constructed to simulate air-water flows in a closed loop at the 

ambient temperature, as shown in Figure 4.1. Deionized water was pumped from a 310-L tank by 

a centrifugal pump controlled by a variable frequency drive. An Omega turbine flow meter with a 

reading accuracy of ±1.5% was used to measure the rate of the liquid flow. Air was supplied from 

the main laboratory supply line, controlled by four rotameters, and measured by an Omega 

FMA6718 gas flow meter with an accuracy of ±1% full-scale and a total range of 100 L/min. A 

two-phase annular mixer was used. This mixer was made of a stainless-steel pipe that was 80 mm 

long and 25.4 mm in diameter. Air was injected into the stream of water through a total of 64 holes 

that were 1 mm in diameter. These holes were distributed equally into eight sets spaced at 10 mm 

apart and machined onto the stainless-steel pipe. Two straight, clear polycarbonate pipes that were 

2.4 m long were installed upstream and downstream of the orifice to allow for a visual inspection 

of the flow pattern. The pressure was measured at nine and thirteen locations upstream and 

downstream of the orifice, respectively, using pressure taps made of clear tubing to ensure that no 

air was trapped inside. This avoided inaccurate measurements. These pressure taps were connected 

to a mechanical pressure scanner from Scannivalve©. The output of the pressure signal from the 

pressure scanner was then connected to two DP15 differential pressure sensors from Validyne with 

an accuracy of ±0.25% full-scale with a range of 350 kPa and 35 kPa. Thus, the pressure at close 

locations can be measured by the 35 kPa differential pressure transmitter with approximately 0.1 

kPa of error. The reference pressure in the test section was measured by a pressure transducer from 

Omega (model: PX481A), with an accuracy of ±0.3% full-scale and a range of 414 kPa. 
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Figure 4.1 Experimental set-up 

The flow pattern images were captured using a high-speed camera from Speedsense© with a 

maximum resolution of 1920×1200 pixels and a trigger rate of up to 3000 frames per second. The 

test section was visualized at a distance of 13 cm upstream and 23 cm downstream of the 

restriction. The sampling rate of the recorded images was selected carefully based on the flow 

condition being considered.  

The orifice was installed 3 m from the two-phase mixer. The mixture was transported through a 

horizontal straight pipe with an inner diameter of 25.4 mm. The orifices had diameters of 6.35, 

9.5, 12.7, and 19.05 mm that corresponded to the orifice-pipe area ratios of 0.062, 0.14, 0.25, and 

56, respectively. The orifices were made of a clear acrylic material to allow for a visual inspection. 

The location of the orifice was selected based on the void fraction measurements for a straight pipe 

without restrictions. The void fraction measurements for a straight pipe without restrictions 

showed that the flow was fully developed at 70D from the two-phase flow mixer. Similarly, 

Salcudean et al. [67] reported a distance of 60D with the presence of restrictions and the same pipe 

diameter. 

The void fraction was measured using a concave capacitance sensor as recommended by Ahmed 

[69]. This sensor consists of four electrodes made of copper attached to two half-hollow cylinders 

made of acrylic. The two half-hollow cylinders were clamped on the clear pipe at the point where 

the measurements of the void fraction were needed. Four plastic screws were used to tighten each 

 

 

a) Schematic  b) Actual image 
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capacitance sensor so it remained rigid during the experiment. The whole unit was shielded with 

a copper sheet to minimize any stray capacitance. A schematic of the concave capacitance sensor 

is presented in Figure 4.2. The electrodes were connected through coaxial cables to an acquisition 

system built in the lab. The acquisition system was designed based on an LC circuit consisting of 

a parallel LC circuit, a frequency-to-digital converter FDC (TI FDC 2214 EVM evaluation by 

Texas Instruments), and an Arduino Due microcontroller. The main purpose of the design was to 

have an excitation frequency that was high enough for the sensor to overcome the conductivity of 

the measured medium and to have a high sampling frequency. In this design, the excitation 

frequency was 3.89 MHz and the sampling frequency was 2.7 kHz. Details of the void fraction 

acquisition system principles adopted in this work were presented by Elsaftawy et al. [70]. The 

void fraction was measured at twelve locations distributed equally upstream and downstream of  

Table 4.1 Locations of pressure taps and capacitance sensors along the test section. 

Location from the 

orifice 

Pressure taps, Z/D Capacitance sensor, Z/D 

Upstream 94, 82, 70, 58, 46, 34, 22, 10, 0.5 91.5, 67, 47.5, 30, 17.5, 3.5 

Downstream 
0.5, 5, 10, 15, 20, 23, 28, 36, 44, 56, 68, 

80, 92 
3, 17.5, 30.5, 46.5, 68.5, 90.5 

 

Figure 4.2 Orifice and capacitance sensor dimensions used in this investigation. 

the orifice. Twelve capacitance sensors and twelve acquisition circuits were built and connected 

to a personal computer through a USB cable to record the measurements. A LabVIEW© interface 

was built to record and save the acquired measurements for further analysis. Repeatability tests for 



 

 

60 

 

the void fraction measurements indicated that the measured data was within ±2-5%. Details of the 

pressure taps, and the void fraction sensor measurement locations are also shown in Table 4.1. 

4.3 Results and Discussion 

The cases considered in this study were predicted by a Taitel and Duckler [50] flow pattern map, 

as shown in Figure 4.3. It can be seen that all cases considered were within the intermittent flow 

pattern regime based on the upstream horizontal pipe. The effect of the area ratio on the flow 

pattern downstream of the orifice is discussed in the following sections. 

 

Figure 4.3 Flow conditions considered in this study as predicted by a Taitel and Dukler [50] flow pattern map. 

 Flow patterns observed downstream of the orifice 

Based on the experiments, a total of 86 void fraction data points were collected upstream and 

downstream of the orifice as well as 35 cases for the straight pipe without restriction. The void 

fraction was measured for a total time of 120 sec and a sampling frequency of 2.7 kHz to ensure a 

time-independent signal.  The void fraction signal was used to acquire the PDF of the data. Since 
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the flow pattern downstream of the orifice is different than the well-known flow patterns in the 

straight pipe case, the flow was visualized using a high-speed camera to understand the PDF of 

the void fraction signal. Six flow patterns were identified within a distance of 5D downstream of 

the orifice as follows: 

1. Dispersed bubbles (DB): This flow pattern occurred at a low gas superficial velocity and a high 

liquid superficial velocity, especially at small area ratios. The dispersed bubbles formed when the 

elongated bubble broke up as it passed through the orifice. The dispersed bubbles occurred with a 

high turbulence. An example of the PDF and the corresponding flow can be seen in Figure 4.4. 

 

Figure 4.4 Dispersed bubble flow pattern downstream of the orifice. 

2. Dispersed bubbles-liquid jet (DB-LJ): This transitional flow pattern occurred at a moderate gas 

superficial velocity. It consisted of the alternation of two flow patterns: dispersed bubbles and a 

liquid jet. Figure 4.5 shows an example of the dispersed bubbles-liquid jet flow pattern. 

 

 

a) PDF b) Image 
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Figure 4.5 Dispersed bubbles-liquid jet flow pattern downstream of the orifice. 

3. Dispersed bubbles-annular (DB-A): This flow pattern occurred at a large area ratio and a high 

liquid superficial x when the elongated bubble passed the orifice. An example of this flow pattern 

can be seen in Figure 4.6. 

 

Figure 4.6 Dispersed bubbles-annular flow pattern. 

4. Dispersed bubbles-slug (DB-S): This type of the flow pattern is a transition from a slug to 

dispersed bubbles and occurred at a large area ratio. An example of this flow pattern and its PDF 

can be seen in Figure 4.7. 
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Figure 4.7 Dispersed bubbles-slug flow pattern. 

5. Liquid jet-annular (LJ-A): This flow pattern occurred at a small area ratio and a high gas 

superficial velocity. It consisted of the liquid jet formed when the liquid slug was passing through 

the orifice. The annular pattern was formed when the elongated bubble started to pass through the 

orifice. An example of this flow pattern is shown in Figure 4.8. 

 

Figure 4.8 Liquid jet-annular flow pattern. 

6. Dispersed bubbles-liquid jet-annular (DB-LJ-A): This flow pattern is a transition between a 

dispersed bubble and a liquid jet-annular flow, in which both flow patterns alternate downstream 

of the orifice. An example of this flow pattern can be seen in Figure 4.9. 
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Figure 4.9 Dispersed bubbles-liquid jet-annular flow pattern. 

Based on the classifications above, all 86 observations were identified, and the results are shown 

in Figure 4.10. It should be noted that a slug flow pattern was observed in the straight pipe without 

restriction. It was found that the flow pattern cases could be appropriately represented by a total 

superficial velocity based on the orifice diameter versus the volumetric quality, as can be seen in 

Figure 4.11. 
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Figure 4.10 Classification of the flow pattern observations based on the PDF of the void fraction data downstream 

of the orifice and the high-speed images. 

 

Figure 4.11 Flow patterns identified based on the volumetric quality and the mixture superficial velocity based on 

the area of the orifice. 

 Prediction of the flow pattern downstream of the orifice using Classification Learner 

For this method, the data was analyzed using the Classification Learner tool in MATLAB. In this 

tool, one can run an automated search for the best model by performing supervised machine 

learning using different models, as shown in Figure 4.12. Supervised machine learning is done by 

defining the response to the input variables from a known source, such as experiments; thus, a 

database consisting of 86 observations with 12 predictors and one response were supplied to the 

Classification Learner tool. These predictors consisted of three independent variables: the area 

ratio, the liquid superficial velocity, and the gas superficial velocity. The rest of the variables were 

dependent ones: the total pressure drop; the liquid, the gas, and the mixture superficial velocity 

based on the area of the orifice; the mixture superficial velocity based on the area of the pipe; the 

averaged void fraction upstream and downstream of the orifice, and the ratio of both; and the 

volumetric quality. The response variable was the flow pattern downstream of the orifice that was 

acquired from the PDF and the high-speed images discussed in the previous section. A k-fold cross 

validation was used, in which the database was split into a number of folds. These folds were then 

trained, and the average model was obtained. For this analysis, it was found that k=5 was the most 
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appropriate number of folds to reduce the variance in the final model.  The objective of this analysis 

was to find the model with the lowest error and the minimum number of predicters needed to 

predict the flow pattern downstream confusion matrix of this model was based on a weighted k-

nearest neighbor or KNN algorithm and is presented in Table 4.2. A KNN algorithm is a simple 

and basic machine learning method that assumes that similar observations are close to each other 

in the future space. 

 

Figure 4.12 Machine learning algorithms implemented in Classification Learner in MATLAB. 

Table 4.2 Confusion matrix of the flow pattern model prediction based on a weighted KNN algorithm. 
T

ru
e class 

Flow patterns 
Predicted class 

DB DB-A DB-LJ DB-LJ-A DB-S LJ-A 

DB 95% 0 5% 0 0 0 

DB-A 0 89% 0 11% 0 0 

DB-LJ 13% 0 75% 12% 0 0 

DB-LJ-A 0 0 8% 92% 0 0 

DB-S 0 17% 0 0 83% 0 

LJ-A 0 0 0 4% 0 96% 
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4.4 Conclusions 

An investigation was performed on the flow pattern downstream of an orifice using machine 

learning algorithms. The flow pattern downstream of the orifice was identified using the PDF of 

the void fraction and a high-speed camera. A total of 86 experimental observations were classified 

into dispersed bubbles, dispersed bubbles-annular, dispersed bubbles-liquid jet, dispersed bubbles-

liquid jet-annular, dispersed bubbles-slug, and liquid jet-annular downstream of the orifice. The 

flow pattern downstream of the orifice was then modeled using the Classification Learner in 

MATLAB, which is based on supervised machine learning algorithms. It was found that the flow 

pattern can be predicted within an error of 9% by supplying only the volumetric quality and the 

area ratio. Predicting the flow pattern through the use of machine learning shows promise as a tool, 

and could be developed to cover more experimental data by expanding the database. 
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Chapter 5: Experimental Investigation of Two-Phase Flow through 

Multi-Stage Orifices3 

Abstract  

A multi-stage restricting orifice, in which two or more orifices are placed in close proximity to 

each other, is widely used in the nuclear power systems for pressure or flow balancing purposes. 

The flow development downstream of these piping components is very complex due to the large 

changes in the momentum of both phases and associated piping degradations. Understanding the 

hydrodynamic behaviour of the two-phase flow through these piping components is an important 

key to the piping design in these applications. In this study, the effect of multi-stage flow restricting 

orifices on an intermittent flow in a horizontal pipe was investigated. Experiments were carried 

out for two-stage restricting orifices with area ratios of 0.25 and 0.14 and with 1D, 3D, and 5D 

spacing between orifices. To compare these results with those of a single orifice, experiments were 

carried out on individual orifices of the same area ratios under the same inlet flow conditions. 

Liquid superficial velocities of 0.5 and 1.1 m/s and gas superficial velocities from 0 to 2.8 m/s 

were chosen to represent the cases of intermittent flow pattern. The two-phase flow behaviour was 

characterized by the changes in the pressure, the void fraction, and the flow pattern across the 

restriction. All experiments suggested that restricting the flow in stages, with the smaller area of 

the restriction in the final stage, reduced the flow separation and enhance the mixing and improve 

flow development downstream if the distance between orifices is optimized.  Also, the total 

pressure drop of the two-stage orifice found to decrease as the spacing between the stages 

decreased especially at low gas superficial velocity. Based on the present analysis, a new approach 

to correlate the total pressure drop was proposed and successfully implemented in order to 

determine the pressure drop multiplier of two-stage orifice with varying spacing. 

 

3 This chapter was submitted as N. Almalki and W. H. Ahmed, " Experimental Investigation of Two-Phase Flow 

through Multi-Stage Orifices," to be submitted to International Journal of Nuclear Engineering and Design. 
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 Introduction 

Two-phase flow through multiple piping components, such as a multi-stage orifice, is encountered 

in many industrial applications including power generation, oil and gas production, and chemical 

industries. In an ideal case, a piping component is designed to be placed at a distance that is far 

enough downstream of another component to allow for the full development of the flow. In many 

cases in industrial systems, the design of a pipeline is limited by either space or direction making 

it necessary to place multiple piping components close to each other. When this occurs, piping 

degradation, such as erosion-corrosion and failure issues, are always more frequent downstream 

of these complex geometries than in a straight pipe without restrictions. This is due to the dramatic 

change in the momentum of the phase that is introduced by these restrictions. As well, the two-

phase flow through these piping components may or may not be fully developed, and therefore the 

design considerations need to be different. For example, a piping component placed downstream 

of another one can encounter a higher degradation rate. An evaluation performed by Ahmed [79] 

for 116 data points with flow accelerated corrosion (FAC) in five power plants showed that the 

FAC rate increased by an average of 70% when the distance between two elbows was within 5D. 

As well, Ahmed et al. [4, 80] showed that the highest FAC rate for single-phase water and two-

phase air-water flows was 2 to 5 pipe diameters downstream of an orifice. 

The distance between two stages in a multi-stage orifice is a very important design parameter as 

the flow field develops there and attains its initial conditions. If this distance is long enough so that 

the flow is fully developed, the second orifice can be treated as single-stage orifice. The 

development length downstream of an orifice in the case of single-phase flow is usually in range 

of 5 to 7D [60, 61, 81]. In comparison, for gas-liquid two-phase flows, the flow field is more 

complex downstream of the restriction due to the dramatic change in the momentum of the two 

phases. The development length of a two-phase flow may be lower or higher than that of a single-

phase flow depending on the flow pattern. In a horizontal piping structure for instance, a 

development length of 8-15D downstream of the orifice was reported for a bubble flow for an area 

ratio of 0.80, whereas for an area ratio less than 0.8, the development length was reported to be 20 

to 50D depending on the flow conditions upstream [14]. For an intermittent flow pattern, a 5 to 

23D development length was reported based on different orifice to pipe area ratios ranging from 
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0.062 to 0.56 [81]. For a vertical flow, the development length for the void fraction was 20, 10 and 

7D downstream of the orifice for bubbly, slug and churn flow patterns respectively [37].  

In many industrial applications such as the energy and the oil and gas systems, it is necessary to 

achieve a relatively high pressure drop using multiple restricting orifices to avoid vibration and 

noise issues, as in the case of a letdown pipeline in a nuclear power plant [82]. In this case, the 

design of the hydrodynamics of the flow and the total pressure drop needs to take the flow 

development into consideration in order to design these systems safely and efficiently. Araoye et 

al. [60] reported the CFD pressure drop data for a two-stage restricting orifice for a single-phase 

water flow with 1D and 2D spacing between the orifices. The results showed that the pressure drop 

was 24% higher when the distance between orifices was 2D compared to that a single orifice at 

the same flow rate. In comparison, the pressure drop was lessened by 23% when the second orifice 

was placed within 1D of the first one. It was also reported that in general, the flow downstream of 

these two-stage orifices was similar with some differences in the jet shape. Guo et al. [62] reported 

the CFD data for a single-phase mineral oil through two-stage orifices. In contrast, a decrease in 

the pressure drop was reported for two-stage orifices when compared to a single orifice with the 

same diameter and flow rate. It was explained that the two orifices would enhance the stability of 

the flow. Qian et al.  [61] reported CFD data for a superheated steam flow through two-stage 

perforated orifices with different spacing between the stages. A spacing of 5 to 500 mm between 

the two stages (0.05 to 5 D) was considered for a nominal pipe diameter of 100 mm. It was shown 

that the pressure drop increased as the distance between the two stages increased until it reached a 

constant value. It was suggested that there is a critical distance between two orifices at which the 

pressure drop would be at a maximum. 

For two-phase flow, the role of the spacing distance is more complex due to the dramatic change 

in the momentum of the two phases. Local parameters, such as pressure and void fraction, are 

therefore usually used to study a two-phase flow through orifices. The effects of the orifice 

geometry, such as diameter, shape, and thickness, on the pressure magnitude has been investigated 

extensively.  According to Chisholm’s criterion [1], a thick orifice is when the thickness to 

diameter ratio is more than 0.5; otherwise it is considered to be a thin one.  In general, it was 

reported that the pressure drop was slightly less for a thick orifice than a thin one at the same area 
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ratio and superficial velocities [15, 23]. Although prediction models of the pressure drop for a 

single-stage orifice have been assessed [15, 17, 23, 81], the flow upstream of the piping component 

is designed to be fully developed. Therefore, it is questionable as to whether these models can be 

used to predict the total pressure drop when multistage piping components are close to each other. 

Previous studies have shown that the void fraction downstream of an orifice increased or decreased 

depending on the inlet conditions in terms of the gas and the liquid superficial velocities, the pipe 

to orifice area ratio, and the orifice thickness [31, 37, 68, 81]. In this case, the effect of the orifice 

thickness on the void fraction downstream of the orifices was minimal [23, 31, 37].  

The effect of the flow development was reported by Sookprasong et al. [63]for a combination of 

an elbow and a valve. The results showed that for both single- and two-phase flow, the pressure 

drop of the two components was more than the summation of the individual ones when the distance 

between them was less than the recovery length. It should be noted that the pressure drop reported 

in this study was relatively low. 

Regardless of the importance of the effect of the flow development length on the multi-stage 

orifice, this effect has not been investigated before. Understanding the effect of the flow 

development on the design of the pipeline is crucial to operate the industrial system without 

causing vibration and noise.  Therefore, this work is aimed at understanding the hydrodynamic 

effect of the flow development length in a two-stage orifice on an air-water two-phase flow in a 

horizontal pipe. The two-stage orifice was designed by placing an orifice with a larger area ratio 

at a given distance before a second orifice with a smaller area ratio that is usually used as a single-

stage orifice to achieve high pressure. A first-stage orifice with an orifice to pipe ratio of 0.25 is 

thus followed by a second stage orifice with an orifice to pipe ratio of 0.14 and a spacing distance 

of 1D, 3D, and 5D. A liquid superficial velocity of 0.5 and 1.1 m/s and a gas superficial velocity 

ranging from 0 to 2.8 m/s were chosen to simulate an intermittent flow pattern in the fully 

developed region upstream of the first orifice. Single-stage orifice experiments involving the same 

area ratio used in the two-stage orifices were carried out under the same flow conditions. In all the 

experiments, measurements of the pressure and the void fraction were performed and analysed 

along the test section. As well, a flow visualization across the restriction was made using a high-

speed camera. The hydrodynamic effect of the spacing distance was then discussed in detail. 
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 Experimental setup 

An experimental facility was constructed to simulate air-water flows in a closed loop at the ambient 

temperature, as shown in Figure 5.2. A centrifugal pump was used to pump deionized water from 

a 310 L tank. An Omega turbine flow meter with an accuracy of ±1.5% was used to measure the 

rate of the liquid flow. Air was supplied from the main laboratory supply line, controlled by four 

rotameters, and measured by an Omega FMA6718 gas flow meter with an accuracy of ±1% full-

scale and a total range of 100 L/min. A two-phase annular mixer made of a 80 mm long stainless 

steel pipe that was 25.4 mm diameter was used. In this mixer, air was injected into the stream of 

water through a total of 64 holes that were 1 mm in diameter and were distributed equally into 

eight sets spaced at 10 mm and machined into the stainless-steel pipe. Two straight pipes made of 

clear polycarbonate, each with a length of 2.4 m, were installed upstream and downstream of the 

orifice to allow for a visual inspection of the flow pattern. To avoid inaccurate measurements, the 

pressure was measured at nine and thirteen locations upstream and downstream of the orifice 

respectively using pressure taps made of clear tubing to ensure that no air was trapped inside. 

These pressure taps were connected to a mechanical pressure scanner from Scanivalve. The output 

of the pressure signal from the pressure scanner was then divided into two lines and connected to 

the negative ports of two DP15 differential pressure sensors from Validyne with an accuracy of 

±0.25% full-scale. The two differential pressure sensors had a high-pressure range of 350 kPa and 

a low-pressure range of 35 kPa. The positive ports of the two differential pressure sensors then 

combined into one line and were connected to the first pressure tap after the mixer to represent the 

reference pressure in the test section. A pressure transducer from Omega (model: PX481A) with 

an accuracy of ±0.3% full-scale and a range of 414 kPa was also installed to measure the reference 

pressure. 

The restriction was installed 3 m from the two-phase mixer, which contained a mixture that was 

transported through a 25.4 mm ID horizontal straight pipe. Two thin orifices were designed and 

then machined using a clear acrylic material according to the standards of an ANSI orifice. These 

orifices had diameters of 9.5 and 12.7 mm that corresponded to an orifice-pipe area ratio of 0.14 

and 0.25, respectively, as shown in Figure 5.2. The orifices were connected using clear piping with 

the same diameter as the upstream and downstream pipes in lengths of 25.4, 76.2, and 127 mm to 
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represent an L/D of 1, 3, and 5D respectively.  The location of the first stage orifice and the single 

stage experiments remained the same in all cases and were selected based on the void fraction 

measurements for a straight pipe without restrictions. The void fraction measurements for a 

straight pipe without restrictions showed that the flow was fully developed at 70D from the two-

phase flow mixer. Similarly, Salcudean et al. [67] reported a fully developed flow at a distance of 

60D with the presence of restrictions and the same pipe diameter.  

The void fraction was measured at 13 locations using a concave capacitance sensor as 

recommended by Ahmed [69].  The concave capacitance sensor consisted of four electrodes made 

of copper that were 0.12 mm thick, 50 mm long, and 24 mm wide. The four electrodes were 

attached to two half-hollow cylinders made of acrylic that had a 76 mm OD and a 32 mm ID. The 

two half-hollow cylinders were clamped onto the clear pipe at the point where the measurements 

of the void fraction were needed. Four plastic screws were used to tighten each capacitance sensor 

so it remained rigid during the experiment. The whole unit was shielded with a copper sheet to  

 

Figure 5.1 Experimental set-up. 
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Figure 5.2 Two-stage orifice configuration utilized in the current study, units in mm. 

minimize any stray capacitance. The electrodes were connected through coaxial cables to an 

acquisition system built in the lab. The acquisition system was designed based on an LC circuit 

consisting of a parallel LC circuit, a frequency-to-digital converter FDC (TI FDC 2214 EVM 

evaluation by Texas Instruments), and an Arduino Due microcontroller. The details of the void 

fraction instrumentation in this work were reported by Almalki et al. [81], while the principal LC 

sensing circuit was discussed in detail by Elsaftawy et al. [70]. Details of the pressure taps and the 

void fraction sensor measurement locations are also shown in Figure 5.3, while the actual 

experimental setup is shown in Figure 5.4. 

The flow pattern was visualized by a high-speed camera from SpeedSense with a maximum 

resolution of 1920×1200 pixels and a trigger rate of up to 3000 frames per second. The test section 

was visualized at a distance of 13 cm upstream and 23 cm downstream of the restriction. The 

sampling rate of the recorded images was selected carefully based on the flow conditions 

considered. The effect of the two-stage orifice on the flow distribution, void fraction and pressure 

drop was investigated for an operating range of intermittent flows. First, an orifice with an area 

ratio of 0.25 was placed, followed by a smaller one with an area ratio of 0.14. The distances 

between the two orifices were 1D, 3D, and 5D. The experimental data were analyzed with 

reference to the same area ratios investigated individually under the same flow conditions. The 

flow pattern in the upstream pipe was an intermittent flow pattern that was predicted by a Taitel 

and Dukler [50] flow pattern map, as shown in Figure 3.6. The measurement uncertainties were 

performed using standard error propagation analysis. The maximum uncertainties of the liquid and 

the gas superficial velocities, the void fraction, and the pressure were ±1.5, ±5 %, ±5 %, and ±1.5 

kPa, respectively. 
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Figure 5.3 The test section instrumentation. 

 

Figure 5.4 The experimental setup with a single-stage orifice. 



 

 

76 

 

 Results and discussion  

The effect of the spacing distance in the two-stage orifice versus a single-stage one is discussed. 

The effect of the two-stage orifice with varying spacing distance on the flow structure and the total 

pressure drop is discussed. Furthermore, a new approach to correlate the pressure data was 

proposed while the two-phase pressure multiplier is also discussed. 

5.3.1 The effect of the spacing of the orifices on the two-phase flow 

The effect of the spacing distance of the two-stage orifice was discussed for three distances, namely 

1D, 3D, and 5D. These cases were also compared to a single-stage orifice with a small area ratio 

(𝜎 = 0.14). The two-phase flow through the two-stage orifice was observed to behave differently 

as the gas superficial velocity increased. For example, the total pressure drop caused by the single-

stage and the two-stage orifice at low and high gas superficial velocities is depicted in Figure 5.5. 

This figure indicates that the total pressure drop caused by a two-stage orifice with 1D spacing 

was the least at a low gas superficial velocity (Vsg=0.2 m/s). As the gas superficial velocity 

increased (Vsg=2.1 m/s), the trend of the total pressure drop increased as the spacing distance 

increased. Moreover, with the exception of the 1D spacing, a higher static pressure could be 

observed at Vsl=1.1 m/s and Vsg=0.2 m/s as the spacing distance increased, as shown in Figure 

5.6a. For all cases, Figure 5.6b shows a comparable averaged void fraction, especially upstream 

of the restriction. Further downstream from the restriction, the averaged void fraction tended to 

develop faster in the case of a two-stage orifice than a single-stage one although a similar flow 

pattern was observed downstream  close to the restriction, as shown in Figure 5.6c. In contrast, the 

static pressure was higher than that of a single-stage orifice for all spacing distances at Vsl=1.1 m/s 

and Vsg=2.1 m/s, as shown in Figure 5.7a. Moreover, the averaged void fraction along the test 

section indicated similar values except for an area upstream close to the restriction (at -3.5D), 

which showed higher values in the case of the two-stage orifice as shown in Figure 5.7b. This 

indicates that the use of a two-stage orifice caused less distortion to the elongated bubble due to 

the larger area ratio. The PDF of the void fraction downstream close to the orifice showed only 

one peak value when compared to the two peaks in the case of a single-stage orifice as shown in 

Figure 5.7c.  Figure 5.8 and Figure 5.9 show the time sequence images of an elongated bubble 
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passing through a single-stage orifice and a two-stage orifice with different spacing at Vsg=0.2 m/s 

and 2.1 m/s. An inspection of the images of the two-phase flow across the single-stage and the 

two-stage orifice showed that at a low gas superficial velocity (Vsl=1.1 m/s and Vsg= 0.2 m/s), the 

elongated bubble broke up into small dispersed ones as it passed through the single-stage orifice. 

These small dispersed bubbles were pushed forward as a new liquid slug passed through the orifice. 

Unlike the single-stage orifice, the presence of a second orifice created a circulation zone in the 

spacing as the mixture impinged on the front face of the second orifice even though the first orifice 

had a larger area ratio. This circulation zone enhanced the mixing of the phases before they passed 

into the second-stage orifice. As the gas superficial velocity increased (Vsl=1.1 m/s and Vsg= 2.1 

m/s), the pressure forces created a liquid jet followed by a semi-annular flow downstream of the 

single-stage orifice. This appeared as a sequence containing a liquid slug and an elongated bubble. 

These images also show that the spacing distance caused the two phases to be mixed before they 

approached the second stage. However, the level of mixing increased as the spacing distance and 

gas superficial velocity increased. It was also noticed that the flow reattachment downstream of 

the small area ratio (single-stage and two-stage orifice) decreased as the spacing distance and the 

gas superficial velocity increased. 
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Figure 5.5 Local pressure drop in the single- and the two-stage orifices at Vsg=0.2 and Vsg=2.1 m/s for a constant 

liquid superficial velocity. 
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Figure 5.6 Axial variations in the pressure, the averaged void fraction, and the PDF for a single-stage orifice 

σ=0.14  and two-stage orifices with 1D, 3D, and 5D spacing at Vsl=1.1 m/s and Vsg=0.2 m/s. 
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Figure 5.7 Axial variations in the pressure and the averaged void fraction for a single-stage orifice σ=0.14  and 

two-stage orifices with 1D, 3D, and 5D spacing at Vsl=1.1 m/s and Vsg=2.1 m/s. 
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Figure 5.8 Time sequence of images showing the phase redistribution across a single-stage orifice with σ=0.14 and 

two-stage orifices separated by distances of  1D, 3D, and 5D at Vsl=1.1m/s and Vsg=0.2 m/s. 
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Figure 5.9 Time sequence of images showing the phase redistribution across a single-stage orifice with σ=0.14 and 

two-stage orifices separated by distances of  1D, 3D, and 5D at Vsl=1.1 m/s and Vsg=2.1 m/s. 
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5.3.2 Pressure drop  

The pressure drop across the orifice is considered in this section. The purpose of using a two-stage 

orifice instead of a single-stage one in this study was not to increase the pressure drop but rather 

to decrease the flow separation and enhance the flow development downstream. The analysis of 

the total pressure drop across the single- and the two-stage orifices were thus performed and 

discussed for single- and two-phase flow. 

The pressure variation in a single-phase liquid is presented in Figure 5.10 and Figure 5.11 for 

liquid velocities of 0.5 and 1.1 m/s. It can be seen that a shorter distance between the sections of a 

two-stage orifice caused less pressure drop when compared to a single orifice with a smaller area 

ratio (σ = 0.14). As the liquid velocity increased to 1.1 m/s, the pressure for the 3D case was higher 

than that of the single-stage orifice. For both liquid velocities, a two-stage orifice with components 

separated by a distance of 1D showed less pressure than that of the single orifice with the small 

area ratio. Araoye et al. [60] showed similar results, in which the single-phase pressure decreased 

for a two-stage orifice separated by a distance of 1D compared to that of one with 2D and that of 

a single orifice with the same area ratio. A CFD analysis of the flow field for a single-phase water 

flow through the two-stage orifices showed that the vena contracta disappeared downstream of the 

first orifice if the distance was too small [60, 61]. As well, other researchers [13, 15, 17] who 

studied thick and thin orifices always found that the thick orifices had a lower pressure drop than 

the thin orifices. This suggests that a two-stage orifice with 1D spacing behaves like a thick orifice, 

in which the flow passes from the first to the second stage with minimum circulation. 

For the purpose of design, it is usually convenient to express the pressure drop across any piping 

component in terms of the flow resistance coefficient. The resistance coefficient can be attained 

by: 

∆𝑃 = 𝐾
𝜌𝑙𝑉𝑙

2

2
 5.1 

Table 5.1 provides a summary of the flow resistances obtained in this study for the single-stage 

orifice and the two-stage orifices with different spacing between them. The resistance coefficient  
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Figure 5.10 The axial variation in the pressure for a single and two-stage orifices at a liquid average velocity of 0.5 

m/s. 

 

Figure 5.11 The axial variation in the pressure for a single and two-stage orifices at a liquid average velocity of 1.1 

m/s. 
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Table 5.1 Single-phase water resistance coefficient for the orifices that were examined. 

Case Resistance Coefficient K 

𝜎 = 0.25 29 

𝜎 = 0.14 97 

𝜎1 = 0.25 𝑡𝑜 𝜎2 = 0.14, 1D spacing 60 

𝜎1 = 0.25 𝑡𝑜 𝜎2 = 0.14, 3D spacing 89 

𝜎1 = 0.25 𝑡𝑜 𝜎2 = 0.14, 5D spacing 103 

values for the two-stage orifices with the 1 to 5D spacing clearly indicate that the pressure drop 

can be less than the summation of the K values for a single-stage orifice. Furthermore, the pressure 

drop caused by two-stage orifices with 1D and 3D spacing was always lower than that of the single-

stage orifice with the smaller area ratio (𝜎 = 0.14) . The two-phase total pressure drop caused by 

the two-stage orifice was considered under various spacing distances. Since the single-phase 

pressure drop of the two-stage orifice with 1D spacing is less than that of the single-stage orifice, 

it was expected that a similar trend would be seen under two-phase flow. Figure 5.12 shows the 

total pressure drop for both a single- and a two-stage orifice as a function of the slip ratio that was 

calculated based on the void fraction measurements in the fully developed region upstream of the 

restriction. First, the effect of the area ratio of the single-stage orifice showed that both the slip 

ratio and the total pressure drop increased as the area ratio decreased. As well, the gradient of the 

pressure drop increased as the area ratio decreased. This occurred due to the increase in the 

pressure of the system in the upstream region, which resulted in lower void fraction values. 

Although the total pressure drop increased as the spacing distance increased in the two-stage 

orifice, the slip ratio and the total pressure drop gradient were comparable with the single-stage 

orifice with the lower area ratio (𝜎 = 0.14) with the exception of a two-stage orifice with 1D 

spacing. A trend similar to that discussed earlier for the single-phase flow was also seen for the 

two-phase flow; the total pressure drop across the thick orifice was always less than that of the 

thin orifice [13, 15, 17]. This could be attributed to the fact that at a low gas superficial velocity  
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Figure 5.12 Total pressure drop as a function of the slip ratio. 

and a short spacing distance, as was the case in the two-stage orifice with 1D spacing, the two-

phase flow through the stages may behave as if it flows through a thick orifice. 

5.3.3 Correlating the pressure data 

New approach to correlate the pressure data of two-phase flow through single- and two-stage 

orifices was proposed. Also, the two-phase pressure multiplier of two-phase flow through two-

stage orifice is also discussed. Similar to the single-phase flow, it is also possible to express the 

total pressure drop based on the flow resistance for industrial design purposes as: 

∆𝑃𝑇𝑃 = 𝐾
𝜌𝑚𝑉𝑚

2

2
 5.2 

where ∆𝑃𝑇𝑃 is the total pressure drop, 𝜌𝑚 is the mixture density, and 𝑉𝑚 is the mixture velocity 

that can be expressed as: 
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𝑉𝑚 = 𝑉𝑠𝑙 + 𝑉𝑠𝑔 5.3 

The mixture density was calculated based on the drift flux analysis proposed by Wallis [83] as: 

𝜌𝑚 =
𝑉𝑠𝑙𝜌𝑙 + 𝑉𝑠𝑔𝜌𝑔

𝑉𝑚
+ (𝜌𝑙 − 𝜌𝑔)

𝑉𝑔𝑙

𝑉𝑚
 5.4 

where 𝜌𝑔 and 𝜌𝑙 are the gas and the liquid densities, 𝜌𝑚 is the mixture density,  𝑉𝑠𝑙 and 𝑉𝑠𝑔 are the 

superficial velocities of the liquid and the gas phases, and 𝑉𝑔𝑙 is the drift flux that can be calculated 

from the void fraction data at the fully developed region upstream of the restriction as: 

𝑉𝑔𝑙 = (1 − 𝛼)𝑉𝑠𝑔 − 𝛼𝑉𝑠𝑙 5.5 

The drift flux was found to fit well as: 

𝑉𝑔𝑙 = 6.69𝐹𝑟𝑔 5.6 

where 𝐹𝑟𝑔 is the gas Froude number that was defined by Lockhart and Martinelli [9] as: 

𝐹𝑟𝑔 = [
𝜌𝑔𝑉𝑠𝑔

2

(𝜌𝑙 − 𝜌𝑔)𝑔𝐷
]

0.5

 5.7 

The correlated local pressure based on the flow resistance is presented in Figure 5.13. The fitting 

equations were summarized for all cases in Table 5.2. It can be seen that the proposed correlations 

are in good agreement with the measured pressure drop. 
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Figure 5.13 Local pressure drop expressed as a function of the system dynamic pressure. 

Table 5.2 Local pressure drop for two-phase flow conditions. 

Restriction type Correlation R2 

Single-stage orifice, 𝜎 = 0.25 ∆𝑃 = 4.8 ln (
𝜌𝑚𝑉𝑚

2

2
) − 16 0.91 

Single-stage orifice, 𝜎 = 0.14 ∆𝑃 = 21.15 ln (
𝜌𝑚𝑉𝑚

2

2
) − 61.62 0.98 

Two-stage orifice, 1D spacing ∆𝑃 = 23.08 ln (
𝜌𝑚𝑉𝑚

2

2
) − 58.36 0.99 

Two-stage orifice, 3D spacing ∆𝑃 = 25.84 ln (
𝜌𝑚𝑉𝑚

2

2
) − 68.26 0.99 

Two-stage orifice, 5D spacing ∆𝑃 = 26.93 ln (
𝜌𝑚𝑉𝑚

2

2
) − 70.48 0.99 

The experimental data were limited to the investigated area ratio in the case of the two-stage orifice 

(𝜎 = 0.25 followed by 𝜎 = 0.14). This section, however, examines the role that two-stage orifices 
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with various spacing distances play on the two-phase pressure multiplier. The principle of the two-

phase pressure multiplier can be expressed as: 

∅𝐿𝑜 =
∆𝑃𝑇𝑃
∆𝑃𝐿𝑂

 5.8 

where ∆𝑃𝐿𝑂 is the pressure drop, assuming that the entire mixture is liquid. 

The single-phase pressure drop across the orifice can be calculated as:  

∆𝑃𝐿𝑂 = 𝐾
𝐺2

2𝜌𝐿
 5.9 

where G is the total mass flux, and K is the resistance coefficient introduced in Table 5.1. 

The experimental data were correlated in terms of the pressure drop across the orifice of the gas 

and the liquid phases as they flow separately. This method was introduced by Lockhart and 

Martinelli [9] for a two-phase frictional pressure drop in a pipe and adopted by Murdock [25] and 

others for single-stage orifices. The ratio of the phase pressure drop across the orifice as each phase 

flows separately can be expressed as:  

√
∆𝑃𝐺
∆𝑃𝐿

=  (
𝑥

1 − 𝑥
) (
𝜌𝐿
𝜌𝐺
)
0.5

=
1

𝑋
 5.10 

The pressure multipliers for all cases were plotted as a function of the single-phase pressure drop 

as shown in Figure 5.14. It can be seen that the pressure multipliers in the case of a single-stage 

orifice (σ = 0.25 and σ = 0.14) may collapse into one line. This coincides with the method reported 

by Murdock [25], which correlated the pressure drop data for a single-stage orifice with different 

area ratios. In the case of a two-stage orifice with a 5D spacing distance, the pressure multipliers 

can also be fitted with the single-stage orifice data. As the spacing distance increased, the pressure 

multipliers were observed to increase. This indicated that a two-stage orifice with 5D spacing can 



 

 

90 

 

produce the same pressure multipliers achieved by single-stage orifice of the small area ratio. It is 

very important to mention that the pressure drop of single-phase flow across a two-stage orifice 

with 1D and 3D spacing was always much less than that of single-stage orifice with a lower area 

ratio. It would therefore be expected that the pressure multiplier would be higher as the spacing 

distance decreased, which does not mean that there would be a higher pressure drop. 

Chisholm [1] proposed a general correlation to predict the two-phase pressure multiplier across 

different piping components. The advantage of this correlation is that it considers the geometry of 

the orifice as either a thin or a thick orifice. The correlation takes the following form:  

∅𝐿𝑂 =  1 +  (
𝜌𝑙
𝜌𝑔
− 1) [𝐵𝑥(1 − 𝑥) + 𝑥2] 5.11 

where 𝐵 is a constant that is a function of the area ratio, the slip ratio, and the contraction 

coefficient. It can be calculated for a thin orifice as follows:  

𝐵 =  
[

1
(𝐶𝑐𝛽)2

− 1]
1
𝑆 −

2
𝐶𝑐𝛽𝑆

+
2

𝑆0.28

1
(𝐶𝑐𝛽)2

− 1 −
2
𝐶𝑐𝛽

+ 2
 5.12 
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Figure 5.14 Pressure multiplier as a function of a single-phase pressure drop of the gas and the liquid phases 

flowing independently. 

where 𝐶𝑐 is the contraction coefficient of the single-phase flow, 𝛽 is the diameter ratio, and 𝑆 is 

the slip ratio that can be calculated as: 

𝑆 =  

{
 
 

 
 [1 + 𝑥 (

𝜌𝑙
𝜌𝑔
− 1)]

0.5

   𝑖𝑓 𝑋 > 1

(
𝜌𝑙
𝜌𝑔
)

0.25

                      𝑖𝑓 𝑋 ≤ 1

;𝑤ℎ𝑒𝑟𝑒 𝑋 =
(1 − 𝑥)

𝑥
(
𝜌𝑔

𝜌𝑙
)
0.5

 5.13 

𝐶𝑐 = [
1

0.639(1 − 𝛽)0.5 + 1
] 5.14 

Chisholm also recommend that B should be equal to 0.5 and 1.5 for thin and thick orifices, 

respectively. 

The current experimental data for both single- and two-stage orifices were used to evaluate the 

value of the B constant in all cases. It was found that the single-stage orifice data were predicted 
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well with a B value of 0.2 as compared to the 0.5 reported by Chisholm. This is mainly due to the 

difference in the slip ratio as can be seen in Figure 5.15. It can be seen that although the slip ratio 

generally increased as the area ratio decreased, the predicted slip ratio does not take into account 

the change in the area ratio. 

In case of the two-stage orifice, the measured pressure multipliers were predicted well within 

±20% as shown in Figure 5.16. The new B values that count for the change in the spacing distances 

between the two-stages are summarised in Table 5.4. It can be seen that the B value for the two-

stage orifice are higher than that of the single-stage one, and that they increased as the distance 

decreased. Considering thin and thick orifices as a reference, a larger B was reported for a lower 

pressure drop as mentioned before, which coincides with the new B values found for two-stage 

orifices with various spacing distances. 

 

Figure 5.15 Experimental and predicted slip ratio as calculated by Chisholm [1] at a liquid superficial velocity = 

1.1 m/s 
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Table 5.3 Evaluation of the B value in the Chisholm correlation. 

B assumption RMS percentage 

B was calculated based on Eq.13 19 

B=0.5 as recommended by Chisholm 15 

B=0.28 based on best fit for the current data 6 

Table 5.4 Summary of B values based on the experimental data. 

Restriction type B 

single-stage orifice σ=0.25 and σ=0.14 0.28 

two-stage orifice with 1D 0.97 

two-stage orifice with 3D 0.55 

two-stage orifice with 5D 0.28 

 

Figure 5.16 Two-phase pressure multiplier as predicted by the Chisholm correlation [1]. 

 Conclusion 

An experimental investigation of the effect of multi-stage flow restricting orifices on an 

intermittent flow in a horizontal pipe was carried out. Two-stage flow restricting orifices with area 

+ 20 % 

- 20 % 
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ratios of 0.25 and 0.14 were designed and examined. These two-stage orifices were considered 

with 1D,  3D, and  5D spacing between the stages. Liquid superficial velocities of 0.5 and 1.1 m/s 

and gas superficial velocities from 0 to 2.8 m/s were chosen to simulate the intermittent flow 

pattern. The data revealed that the two-stage orifice with the optimum spacing distance enhanced 

the mixing process and the flow development downstream of the restriction and minimized the 

flow separation observed in single-stage orifice. Furthermore, the two-stage orifices with a 1D 

distance showed a lower pressure drop than the single-stage orifice with a small area ratio at a 

lower gas superficial velocity. Compared to that of the single-stage orifice, the pressure drop across 

the two-stage orifice increased as the distance between the stages and the gas superficial velocity 

increased. A new approach to correlate the pressure data was proposed and successfully 

implemented. As well, the two-phase pressure multiplier was expressed in terms of the single-

phase flow and the Chisholm correlation [1] with a modified constant. Further work needs to be 

done in order to better correlate the pressure multipliers in the case of a two-stage orifice for 

different combinations of area ratio.
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Chapter 6: Conclusions and Recommendations  

This chapter presents the overall conclusions and recommendations of this research.  

6.1 Conclusions 

Gas-liquid two-phase flow through piping components is encountered in many industrial 

applications such as power generation and chemical industries. The presence of these piping 

components introduces a dramatic disturbance to the two-phase flow causing local and global 

change in the flow hydrodynamics. Despite the amount on work has been done on two-phase flow 

in straight pipe without restrictions, limited work has been focused toward understanding the effect 

of these piping components. Precise measurements to investigate the effect of the piping 

components on the two-phase flow hydrodynamics need to be done in order evaluate the predictive 

models and piping degradations mechanisms. This work investigates the effect of single- and 

multi-stage orifices was investigated for different orifice to pipe area ratios in the case of a single-

stage orifice, and 1D, 3D, and 5D spacing distances in a two-stage orifice. The investigation was 

carried out on a horizontal piping structure using a synchronized multi-channel void fraction 

sensor, the pressure drop, and a flow visualization to determine the flow pattern development and 

the total pressure drop. For a single-stage orifice, it was found that the flow pattern development 

was affected greatly as the area ratio decreased. The effect of the pressure increased upstream of 

the orifice due to the decrease in the orifice area ratio. This caused the two-phase flow to decelerate 

in the fully developed region and then accelerate close to the orifice. The flow pattern downstream 

close to the orifice reached a maximum void fraction that was about 1-σ indicating that a flow 

separation occurred. It was also found that the development length and flow reattachment 

downstream of the orifice increased as the area ratio decreased.  Correlations of the two-phase 

pressure multiplier used to estimate the pressure drop across the orifices were evaluated, and it 

was shown that the Simpson [18] and the Chisholm [1] correlations were the best at predicting the 

pressure drop. 

A further analysis was performed for an intermittent flow pattern upstream of the orifice to 

investigate the flow pattern change as it passed through the orifice. Six flow patterns were 

identified within a 5D distance downstream of the orifice using the distribution of the void fraction 
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in the dynamic signal (PDF) and the high-speed images. These flow patterns were dispersed 

bubble, dispersed bubble-annular, dispersed bubble-liquid jet, dispersed bubble-liquid jet-annular, 

dispersed bubble-slug, and liquid jet-annular. The identified flow patterns were then predicted 

using machine learning algorithms by examining twelve predictors as follows:  the area ratio; the 

liquid superficial velocity and the gas superficial velocity; the liquid, the gas, and the mixture 

superficial velocity based on the area of the orifice; the mixture superficial velocity based on the 

area of the pipe; the averaged void fraction upstream and downstream of the orifice, and the ratio 

of both; and the volumetric quality. The analysis showed that by using the KNN algorithm with 

only the area ratio and the volumetric quality as predictors, the flow pattern downstream of the 

orifice could be predicted within 9%. 

For a multi-stage orifice, it was found that the spacing distance within the two-stage orifice was 

an important design parameter that affected the flow pattern and the total pressure drop. The 

spacing distance created a circulation zone between the two stages that increased the mixing of the 

two phases as the spacing increased. In general, the two-stage orifice decreased the chance of phase 

separation and enhanced the flow development and flow reattachment downstream of the two-

stage orifice. It was also found that the total pressure drop across the two-stage orifice increased 

as the spacing distance increased. At a low gas superficial velocity, the two-phase flow might 

behave as a single-phase flow, in which the total pressure drop is less than that of a single-stage 

orifice with a smaller area ratio. Guidelines to correlate the total pressure drop were proposed 

based on the drift flux properties, and these guidelines were implemented successfully in the case 

of single- and two-stage orifices. As well, an analysis of the two-phase pressure multiplier of a 

two-phase flow through a two-stage orifice was carried out to understand the impact of the spacing 

distance between the stages using the Lockhart-Martinelli parameters [9]. The analysis showed 

that the two-phase pressure multiplier of a two-phase flow through a two-stage orifice with 5D 

spacing follows the same trend as a single-stage orifice. Therefore, the Chisholm correlation [1] 

was modified and used to account for a two-stage orifice with various distances. The modified 

correlation was found to predict the measured two-phase pressure multiplier within a 20% RMS. 
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6.2 Design guidelines for multi-stage orifices  

Restricting orifices were used as an effective way to control the pressure in multiphase flow 

systems such nuclear power plants and oil and gas industries.  This is due to their low cost, easy 

to design and mainly no maintenance is needed in which shutting down the plant is required. For 

example, restricting orifices are used in the balance line that connects the heat transport pump and 

the steam generator in each side of CANDU reactor. This is to ensure the same pressure is 

maintained in both systems and therefore, one pressurized is required for sides of the reactor. Also, 

restricting orifices are installed in the steam extraction line downstream of the turbines to lower 

the pressure of the wet steam.  Single-stage orifice was found to cause extreme vibration to the 

piping structure and thus failure may occur at high pressure drop. This is mainly due to the flow 

separation that the orifice can cause especially at high two-phase mixture velocities. The 

alternative way is to use multi-stage orifices to accomplish the required pressure drop and hence 

minimal vibration amplitude. To the author’s best knowledge, correlation that can be used to 

calculate the total pressure drop across the multi-stage orifices does not exist in the open literature. 

Also, the guidelines on the spacing between the orifice stages to minimize piping degradation do 

not exist. Therefore, this study provided a better understanding on how the flow pattern changes 

in the spacing between orifices stages and present a modified version of Chisholm correlation [1] 

to calculate the total pressure drop for multi-stage orifices.  It can be concluded that the second 

orifice should be placed at a distance not more than one pipe diameter downstream of the first 

orifice. This will ensure low slip between phase in the interference region which contribute to 

severe piping degradation such as flow acceleration corrosion.  

6.3 Summary of research contributions 

The current research provides better understanding of the hydrodynamic effect of the two-phase 

flow development through single- and multi-stage orifices. Specific contributions can be as the 

follow: 

• The measurements performed in this study helped to obtain a better understanding of the 

dynamic behaviour of two-phase flow through single- and two-stage orifices. 
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• The role of the flow development within the spacing distance in the case of a two-stage 

orifice was investigated. 

• The transient flow pattern downstream of the orifice was predicted using a machine 

learning algorithm. 

• Procedures to correlate the total pressure drop across the single- and the two-stage orifices 

were introduced based on the drift flux analysis. 

• The Chisholm correlation [1] that was originally formulated to predict the two-phase 

pressure multiplier in the case of a single-stage orifice was evaluated and modified for a 

better estimation in the case of single- and two-stage orifices with varying spacing 

distances.  

6.4 Recommendations for future work 

The current research showed the importance of the instantaneous and the local void fraction 

signal to quantify the flow pattern change as the two-phase flow passed through the orifice. 

Furthermore, the importance of the restriction geometry on the magnitude of both the pressure 

and the void fraction was utilized. Therefore, the recommended future research is as follows: 

1. A characterization of the flow pattern of a two-phase flow can be investigated for other 

flow patterns, such as bubbly and annular flow patterns. 

2. An analysis of the vibration and the noise in the case of a two-phase flow through 

single- and two-stage orifices needs to be carried out based on proper measurements. 

3. More experiments need to be carried out in order to improve the flow pattern prediction 

downstream of the orifice. 

4. The effect of the orifice geometries in the case of a two-stage orifice can be extended 

by examining different area reductions. 
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5. A numerical simulation of a two-phase flow through a two-stage orifice can be 

performed to expand the validity of the correlation of the two-phase pressure multiplier.
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Appendix A: Single-Phase Pressure Drop in a Straight Pipe Without 

Restrictions 

A total of 30 experiments for different flow rates were conducted to measure the total pressure 

drop in a straight pipe. The pressure was measured using the 13 pressure taps. The experimental 

data were then compared to the well-known pressure drop relationship of a straight pipe for a 

single-phase, which takes the form: 

∆𝑃 = 𝑓
𝑙

𝐷

𝜌𝑉2

2
 A.1 

where 𝑓 is the friction factor for a single-phase flow in a straight pipe.  

The prediction of the friction factor was obtained using common correlations and compared with 

the experimental one, as shown in Table A.1 and Figure A.1. It can be seen that the predicted 

friction factors for all experiments are in the range of 10.5 to 11.5% RMSD. Therefore, the friction 

factor obtained by the Colebrook correlation, which gave a minimum RMSD, was used to predict 

the pressure drop data, as shown in Figure A.2. The experimental data falls within ±10% of the 

predicted ones, which validates the pressure measurements.  

Table A.1 Common friction factor correlations for a single-phase flow in a straight pipe. 

Correlation Formula RMSD % 

Blasius [84] 𝑓 =
0.316

𝑅𝑒1 4⁄
 ±11.5 

Colebrook [85] 
1

√𝑓
= −2 log (

𝑅𝑟

3.7
+
2.51

𝑅𝑒√𝑓
) ±10.5 

Swamee et al. [86] 
1

√𝑓
= −2 log (

𝑅𝑟

3.7
+
5/74

𝑅𝑒0.9
) ±11.2 
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Haaland [87] 
1

√𝑓
= −1.8 log (

𝑅𝑟

3.7

1.11

+
6.9

𝑅𝑒
) ±11.3 

Fang et al. [88] 𝑓 = 0.25 [log (
150.39

𝑅𝑒0.98865
+
152.39

𝑅𝑒
)] ±11.1 
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Figure A.1 Single-phase friction factor for a straight pipe. 

 

Figure A.2 Single-phase pressure drop in a straight pipe. 
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Appendix B: Single-Phase Pressure Drop in a Single Orifice 

For a single-phase flow, the total pressure drop caused by an orifice can be calculated as             

[15, 23]: 

∆𝑃𝑠𝑝 = 
𝜌𝑉2

2
[(

1

𝜎𝜎𝑐
)
2

− 1] B.1 

where 𝜎 is the area ratio (𝐷𝑂/𝐷)
2 and 𝜎𝑐 is the contraction coefficient. 

The relationship between the coefficient of discharge and the contraction coefficient is: 

𝜎𝑐 =
1

𝜎 +
√1 − 𝜎2

𝐶𝑑

 
B.2 

where 𝐶𝑑  is the coefficient of discharge. It should be noted that the above relationships are valid 

only for a thin orifice, in which the ratio of the orifice thickness to its diameter (s/d) is less than 

0.5 according to Chisholm [1]. In comparison, the contraction coefficient can be calculated using 

the Chisholm correlation [1] in terms of the area ratio only as: 

𝜎𝑐 =
1

[0.639(1 − 𝜎)0.5 + 1]
 B.3 

As mentioned before, three thin orifices are used for these experiments to validate the single-phase 

pressure drop. To do this, the pressure drop measurements were performed along the test section 

with the aid of 23 pressure taps distributed upstream and downstream of the orifice. The total 

pressure drop caused by the orifice is found by calculating the difference between the upstream 

best fit equation and the downstream one, as shown in Figure B.1. A summary was made of the 

RMSD of the experimental data for the three orifices in terms of the total pressure drop as well as 
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the contraction coefficient versus the ideal pressure drop and the Chisholm correlation [1] for the 

contraction coefficient respectively, and is shown in Table B.1. As expected, the total pressure 

drop across the orifice increases as the area ratio decreases, as shown in Figure B.2. As well, the 

total pressure drop increases as the Reynolds number increases. This increase in the total pressure 

drop is more noticeable at smaller area ratios. In contrast, the contraction coefficient showed a 

constant value for each area ratio, as is shown in Figure B.3. 

Table B.1 Summary of the single-phase pressure drop caused by the orifice. 

 Area ratio 
Average contraction 

coefficient 

RMSD % 

(Contraction 

coefficient vs 

Chisholm Eq.) 

RMSD % 

(Ideal vs 

experimental 

pressure drop) 

0.062 0.58 4.61 10.38 

0.25 0.62 3.33 8.33 

0.54 0.69 1.64 5.64 
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Figure B.1 Total pressure drop caused by an orifice. 

 

Figure B.2 Total pressure drop caused by the orifice for different area ratios. 
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Figure B.3 Contraction coefficients of the orifice. 
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Appendix C: Repeatability tests 

Repeatability tests were conducted for both pressure and void fraction measurements. For pressure 

measurements, tests were performed for two-phase flow through single-stage orifice with area 

ratio of 0.25 and gas and liquid superficial velocities of 1.5 and 0.7 m/s respectively. A maximum 

standard deviation of 0.02 kPa was observed at the first point downstream of the orifice. This gives 

maximum percentage error of 2.5%. The corresponding results are shown in Figure C.1.  

 For the void fraction, the measurements were conducted three times with shutting down the loop 

completely and calibrating all the seniors for each experiment. The repeated tests were performed 

for single-stage orifice with area ratio of 0.14 and gas and liquid superficial velocities of 0.3 and 

0.5 m/s. The maximum standard deviation of 0.01 of the averaged void fraction was found at the 

first sensor downstream of the orifice. This gives maximum percentage error of 5% of the 

measured void fraction. The corresponding results are shown in Figure C.2.   
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Figure C.1 repeatability test of the pressure measurements on two-phase flow through single-stage orifice with area 

ratio of 0.25 and gas and liquid superficial velocities of 1.5 and 0.7 m/s. 

 

Figure C.2 Repeatability test of void fraction measurements on single-stage orifice with area ratio of 0.14 and gas 

and liquid superficial velocities of 0.3 and 0.5 m/s 
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