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Abstract 

A peculiar problem encountered in engineering practices for multiphase flows is the pressure 

loss in piping systems. Because of the variations in viscosities, densities, and velocities of the 

fluid phases, multiphase systems design requirements are different from those of single-

phase flows. Irrespective of the number of phases involved, pressure loss occurs at different 

points of the pipe. The severity is however more in multiphase flows due to the variations in 

the fluid compositions across the length of the pipe. Works of literature on the pressure drop 

across chokes or valves for multiphase fluids are very limited due to the complexities and flow 

regimes bothered around the valve system.  Moreso, most researchers only bother with the 

frictional losses along the pipeline as these are considered to constitute most of the losses. 

Current practices are only just interested in designing and sizing valves based solely on the 

pressure drop across a valve for single-phase flows. In this work, Daniel Bernoulli’s model or 

equation was evaluated against empirical data from OneSubsea company in a bid to predict 

the pressure drop across a choke in a subsea recirculation line for multiphase flow. The 

equation was used to quantify and evaluate the performance characteristics of a valve 

handling multiphase gas-water-oil flow, as this kind of flow is commonly seen in processing 

industries. The received measured data include a 6-in-diameter pipe, with 60 meters 

equivalent length, and twenty-six bends. Stem travel from 7.1% to 70.5% for a recirculation 

pipe was evaluated against 118 data values of Gas Volume Factor GVF and Water Liquid Ratio 

WLR to obtain the control valve coefficients at different flow rates under varying 

temperatures and pressure. The results showed a good correlation in line with the principle 

of energy conservation or continuity equation when the flow rate ‘Q’ was measured against 

the pressure drop across the valve. Other quantitative relationships evaluating the effects of 

GVF, Bulk density of the fluids mixture against the pressure drop across the valve were also 

determined. The detailed evaluation carried out allows for local flow characteristics of 

pressure drop, flow rates, and GVF determination within the valve. The parameters can be 

incorporated in the sizing methodology of control valve systems for multiphase oil-water-gas 

flow.   
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Nomenclature 

 

Cv  Control Flow coefficient  

Pin  Pressure inlet (bar) 

dP   Differential Pressure (bar) 

Q  Flow rate (
𝑚3

ℎ𝑟
) 

S. G  Specific Gravity  

WLR  Water Liquid Ratio  

GVF  Gas Volume Factor 

 𝜌𝑚𝑖𝑥   Density mix (
𝑘𝑔

𝑚3
) 

Kv  Flow coefficient 

F  dimensionless friction factor 

g  gravity constant (
𝑚

𝑆2) 

V  Velocity (
𝑚

𝑆
) 
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INTRODUCTION 

1.1 BACKGROUND OF STUDY  

Multiphase flow, the simultaneous flow of two or more immiscible phases, is a common occurrence 

in various industrial processes such as oil and gas production and transport, power generation, and 

chemical processing. In these systems, the pressure loss of multiphase flow through a recirculation 

pipe is a crucial factor to consider when designing and operating the system. The pressure loss in a 

recirculation pipe can be caused by several factors, including the viscosity and density of the fluids, 

the flow rate, and the pipe geometry.  

“When fluids flow through pipes, energy losses inevitably occur”(Tec-Science, 2020). The Energy 

(pressure) losses are resultant efforts geared at overcoming all resistances encountered as the fluids 

flow through the pipe. In the practical analysis of piping systems, the quantity that is considered most 

vital is the pressure loss. Pressure losses occur due to form and wall frictional effects along the length 

of a piping system, as well as at other components of the piping system like fittings, valves or chokes, 

piping entrances, bends, etc. Since the basis for fluid flow in pipes is the pressure gradient, a 

permanently decreasing pressure is therefore formed along the pipe in the direction of flow. 

In general, the accuracy in predicting pressure losses involved with this kind of flow seems to be a 

herculean task. Therefore, a good understanding of frictional characteristics as well as losses at other 

components (which are the basis for pressure loss) in pipes is essential since it could improve the 

accuracy of design and optimization of the process systems (Xu et al., 2014).  

When the fluid is a multiphase mixture as we intend to consider, such as oil-gas-water, the pressure 

loss can be more complex and difficult to predict. “This is due to the significantly different densities 

and viscosities of the phases. The flow behaviors are also predictably more complicated by the 

complex heat transfer that occur as the fluids flow through the piping system when pressure and 

temperature changes”(Brill, 2010). The complexities associated with the multiphase flow are what 

make them more interesting.  

1.2 Objectives of the study  

Only in recent years have researchers begun to consider the basic flow hydrodynamic phenomena 

involved in multiphase flow and to develop theoretical models for determining the flow characteristics 

and constraints like pressure gradient (Ansari & Sylvester, 1988). Although previous studies have 

sought to understand the complexities involved in multiphase flow, a comprehensive analytical 
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mechanism underlying the behavior of these fluids, to a varying degree remain un-investigated or 

collected in a convenient place.  

As described above, the complexity of the pressure gradient over the length of the pipe differs 

considerably for a multiphase flow. The pressure and velocity distributions at different spatial 

locations of the piping system are critical for effective heat transfer, mixing, and circulation. Further, 

studies have shown that multiphase flows allow more pressure losses than single-phase flows. What 

Engineers seek therefore is to establish a sound economic principle that helps reduce cost while 

maximizing profit and productivity. From an economic standpoint, accurately predicting these losses 

may reduce the pumping energy needed for the fluid delivery to the destination in long pipelines. 

Flow measuring meters are normally positioned for calculating pressure losses across the length of a 

pipe. However, there are no measuring meters for calculating accurately pressure losses across the 

chokes in a pipeline. And because of the complexities surrounding multiphase flows, there is just 

limited research done in this area. It is important to know that minor losses in long pipes may be 

ignored but not when they arise from part open valves, they are often significant and should not be 

ignored.  Our main objective therefore is to evaluate a suitable model that can give good prediction 

of those losses across the choke in a recirculation line.  

With the analytical approach, our objective also will be to have a good understanding of the 

multiphase flow dynamics with the aim to investigate the pressure loss through a recirculation pipe. 

Understanding and predicting fluid pressure profile in pipes especially across the choke is important 

for the design and operation of pipelines and oil and gas production systems. 

 

1.3 Organisation of this thesis  

The structure of the remainder of the thesis is outlined as follows:  

Chapter 1 involves an overview of this thesis. It includes a general introduction to the pressure drop 

in piping systems especially for a multiphase flow system. Furthermore, it contains the problem 

statement, objectives, and scope.  

Chapter 2 gives a detailed theoretical analytical review of the pressure drop in single and multiphase 

flows. Detailed work on flow patterns associated with pipes with inclination and across chokes. Deals 

extensively with review of flow patterns, flow maps and void fraction correlations of multiphase flows.  
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Chapter 3 contains the methodology of this project. It shows a stepwise approach to deriving the 

formula to calculate pressure drop across the entire length of the pipe but with great focus on the 

choke system.  

Chapter 4 will seek to present and analyse results obtained based on the model formulated for 

pressure loss prediction across a choke for multiphase flow in a recirculation line. It elaborates the 

performance analysis of the model in correlation with industry standard by incorporating data 

obtained from the industry.  

Chapter 5 is the concluding part of the thesis. It draws attention to what is being achieved, the 

possibilities of the model evaluated , and future recommendations for research. 
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 Figure 1: A description of pressure loss in pipes(Tec-Science, 2020) 
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Chapter 2  
2.1 GENERAL THEORY 

In this section of the thesis, we need to comprehend what and how pressure losses occur as well as 

to make sense of all the mathematical models and parameters that were used. 

As earlier discussed, the viscosity and density of the fluids contribute largely to the pressure loss as 

they affect the fluid's resistance to flow, while the flow rate and pipe geometry determine the fluid's 

velocity and the amount of turbulence in the pipe respectively. This effect is more pronounced in 

multiphase fluids as the viscosity of the separate phases can vary greatly. Pressure losses resulting 

from frictional effects are categorized as major losses while those resulting from other pipe 

components such as the fittings are termed minor losses.  

Moreso, modelling the pressure loss of multiphase flow through a recirculation pipe can be 

challenging due to the complex interactions between the different fluid phases. We therefore intend 

to do a brief review on recent studies of the subject matter, defining the important parameters 

employed while also elucidating the approach and the models used in calculating pressure losses in 

pipes for single and multiphase flows.  

There are different approaches to predicting pressure losses in pipes whether single or multiphase 

flows such as the empirical, analytical, and numerical simulation methods. A common method which 

is the empirical approach, uses experimental data to determine the pressure loss. However, this 

approach can be time-consuming and expensive, especially for complex systems.  

Another method is the analytical approach, which uses mathematical equations such as Darcy-

Weisbach equation to relate the pressure loss to the fluid velocity, the pipe diameter, and the friction 

factor (a function of the flow regime). Another method is the use of the Moody chart, which relates 

the friction factor to the Reynolds number and the relative roughness of the pipe. And by extension, 

the two-phase flow pressure drop prediction method can be applied to estimate the loss in a 

recirculation pipe. The analytical approach can provide a more accurate prediction of the pressure loss 

but requires a detailed understanding of the fluid dynamics and the system geometry.  

A more sophisticated approach would be to use Computational Fluid Dynamics (CFD) Simulations to 

solve Navier-Stokes equation, thereby simulating the flow behaviours, and predicting the pressure 

loss, but it requires large computational time and high-performance computer whose results are also 

subject to measurable errors. 
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Interestingly, any of these methods can be combined to measurably predict the pressure loss. An 

example would be a careful study that would allow us to evaluate empirical data from oneSubsea with 

Bernoulli equation for the distribution as this thesis intends.  

In piping, it is necessary for engineers to know how much control they have over the fluids flowing in 

pipelines. (Griffith, 1984) explains that depending on the application of the pipe, (the following 

questions which are of importance to this study) would arise: 

• What is the void fraction of the phases involved? 

• What is the pressure loss in the pipeline during the flow? 

In our quest to understanding and the problems associated with flow in pipes, we will begin with a 

detailed study of flow types. 

2.2 Single-Phase flow 

This is a single kind of flow in pipes. Such could be oil, water, or gas. The concept of fluid flow in pipes 

works on the principle of conservation of energy and Bernoulli’s equation. The energy equation assists 

in calculating so many characteristics associated with fluid flow, and in this case, Head loss or Pressure 

loss. The primary challenge confronting fluid engineers is deciphering pressure loss with greater 

accuracy. It has been established that pressure losses result from two major sources which we would 

look at in detail. 

• frictional effects between fluid and pipe wall, and viscous forces within the fluid. 

• Pipe geometry such as the fittings, elbows, valves etc. 

2.2.1 Energy of a Flowing Liquid and Bernoulli’s Equation 

A steadily flowing fluid through a pipe is characterised by three components of energy: 

• Potential energy due to liquid pressure  

• Kinetic energy due to velocity  

• Gravitational potential energy due to elevation  

Conservation of energy is a principle that relates energy to only being converted from one form to 

another. Bernoulli’s equation which is a form of this same principle states that if no energy is added 

or removed from the system along a streamline, the sum of the 3 energy components remains 

constant.  

    𝑃 +  𝜌
𝑉

2

2
+  𝜌𝑔𝑍 = 𝐶𝑂𝑁𝑆𝑇𝐴𝑁𝑇   (2.1) 
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The assumptions for this equation lie on the system being incompressible, frictionless, steady, and no 

heat added or lost in the process. In practice however, no system exists with such assumptions, hence, 

an inclusion of head loss, pump head and a correction factor for uniform velocity distribution in a 

modified Bernoulli’s equation for real applications. 

  
𝑃1

ρ
+  𝛼1

𝑉1
2

2
+  𝑔𝑍1 +  ℎ𝑝  =  

𝑃2

ρ 
+ 𝛼2

�̅�2
2

2
 +  𝑔𝑍2  +  ℎ𝑓  (2.2) 

𝑤ℎ𝑒𝑟𝑒 𝑃 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ℎ𝑒𝑎𝑑, 𝜌
𝑉2̅̅̅̅

2
 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ℎ𝑒𝑎𝑑 𝑎𝑛𝑑 𝜌𝑔𝑍 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 ℎ𝑒𝑎𝑑. 

 ℎ𝑓 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑖𝑛𝑔 ℎ𝑒𝑎𝑑 𝑙𝑜𝑠𝑠, ℎ𝑝 𝑎𝑠 ℎ𝑒𝑎𝑝 𝑝𝑢𝑚𝑝 𝑤ℎ𝑖𝑙𝑒 𝛼1 & 𝛼2 𝑎𝑟𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 𝑓𝑜𝑟 𝑣𝑒𝑙. 𝑑𝑖𝑠.  

 

2.2.2 Pressure Loss in Pipes  

(Khaleefa Ali, 2019) Pressure loss in a pipe, which is associated with frictional energy loss per length 

of the pipe, depends on the flow velocity, pipe length, pipe diameter, and a friction factor based on 

the roughness of the pipe and the flow regime (i.e., using the Reynolds number). “To calculate the 

pressure loss in a pipe it is necessary to compute a pressure drop, usually in fluid head, for each of the 

items that cause a change in pressure.”  But first, a simplified Bernoulli equation will yield: 

     ∆𝑃 =  𝜌ℎ𝑓      (2.3) 

Darcy Weisbach equation defines frictional head loss as: 

    ℎ𝑓 = 𝑓𝐷 .
𝐿

D 
.

𝑉
2

2𝑔
  (Major losses)    (2.4) 

    ℎ𝑓 = ∑𝐾.
𝑉

2

2𝑔
  (Minor losses)    (2.5) 

Where K is known as the resistance coefficient for calculating the losses due to the pipe geometry 

(elbows, chokes etc.). It is important to know that fittings such as elbows, tees and valves contribute 

a significant pressure loss in most pipe systems and therefore should not be neglected.  

2.2.3 Darcy Friction Factor  

The Darcy friction factor is a dimensionless number used to determine the frictional head loss in a 

pipe. It is determined by using either the appropriate friction factor relative to the fluid’s flow regime 

(Laminar or Turbulent flow regimes), or by reading off from a Moody Chart. The flow regime is 

determined by Reynolds Number.  

 

http://nuclear-power.com/nuclear-engineering/fluid-dynamics/reynolds-number/
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2.2.4 Laminar flow  

A laminar flow is one characterized by low or uniform velocity in the flow direction and whose 

Reynold’s number is low (less than 2100). The Darcy equation for determining the Reynold’s number 

is: 

     Re = 
𝜌�̅�𝐷

𝜇
     (2.6) 

      Re  < ~ 2100     (2.7)  

𝑓𝐷 =  
64

𝑅𝑒
      (2.8) 

2.2.5 Transitional flow 

This is a flow regime with inconsistency of flow pattern, hence, difficult to predict the friction factor.  

There is no sufficient model to describe the flow regime just yet 

2.2.6 Turbulent flow 

A turbulent flow is characterized by high Reynold’s number. Colebrook White equation remains by far 

the most accepted method for calculating the friction factor for this flow regime. This being that it 

puts into account results for the flow through smooth or rough pipe. Other equations by Serghide’s, 

Chen’s, Haaland, Zigrang etc. are all mere approximations of the Colebrook equation with some error 

in accuracy. Below is the Colebrook’s equation for obtaining friction factor value which might require 

series of iterations. 

  𝑅𝑒  < ~ 2300 and 𝑅𝑒 > ~4000      (2.9) 

  
1

√𝑓
 = −2𝑙𝑜𝑔10 ( 

𝜀/𝐷ℎ 

3.7 
+

2.51

𝑅𝑒√𝑓
 )     (2.10) 
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Figure 2: a) Laminar flow b) Turbulent flow  
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2.2.7 Moody chart  

As earlier pointed out, another common method for determining the friction fraction is by reading off 

the values from the Moody diagram or chart as seen below.  

Figure 3:  

Figure 3: Moody chart diagram for friction factor determination 
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2.2.8 VISCOSITY 

 

Figure 4: A stress-strain relationship for viscosity  

Viscosity is a measure of a fluid’s propensity to flow. There are two kinds of viscosity commonly 

reported, kinematic and dynamic. Dynamic viscosity is the relationship between the shear stress and 

the shear rate in a fluid. The Kinematic viscosity is the relationship between viscous and inertial forces 

in a fluid. Most common fluids are Newtonian fluids and their viscosity is constant with shear stress 

and shear rate. Non-Newtonian fluids are less common. 

     𝜏 =  𝜇 
𝑑𝑢

𝑑𝑦
     (2.11) 

    

    μ is the dynamic viscosity 

 

 

 

 

 

https://neutrium.net/fluid-flow/viscosity/
https://neutrium.net/fluid-flow/viscosity/
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2.3 Multiphase flow: 

Multiphase flow as earlier described is a simultaneous flow of two or more phases in a pipe. As (Al-

Safran & Brill, 2017) explains that “The significantly different densities and viscosities of these fluids 

make multiphase flow much more complicated than the single-phase flow calculations. Predicting 

multiphase-flow behavior in an oil and gas production system is further complicated by complex heat 

and mass transfer that takes place among hydrocarbon fluids as pressure and temperature change.  

Despite the efforts made to understand and predict multiphase flow, to this date there is no single 

correlation or model that can be accurately applied to find the pressure gradient for all operational 

conditions. The parameters involved in the calculations are just too many and the best that can be 

done is to select the correlation or model that can give better predictions for specific operational 

conditions. It could be possible that, even for a given well, one correlation might be better for a given 

section of the production tubing but not for its entire length. (Hernandez, 2016) 

{Carcaño-Silvan, 2021} explains that a good characteristic of the slug flow is the formation of gas 

bubbles that separate the liquid column into sections. These bubbles are called Taylor Bubbles (David 

and Taylor, 1950). 

Multiphase flow which is a simultaneous flow of more than one phase become complicated when they 

are not dispersed evenly about the pipe length. This complexity affects the pressure drop, the flow 

rate, and of course the geometry relations which are of importance to pipe designers. The 

identification and prediction of multiphase flow patterns during transport processes is currently a 

challenge in the engineering industry as these flow patterns are fundamental to understanding the 

relationship between flow variables such as pressure and energy gradients. This in turn will help in the 

design, operation, and optimization of piping systems. {Azzopardi, 2010} 

Due to the expansive variations experienced in multiphase flows, researchers have resorted to the 

concept of flow patterns of the fluid compositions in predicting models for pressure drop in pipes.  For 

gas/liquid flows, the complications are caused by the interface between the phases giving rise to wide 

range of configurations in the channel with consequences both for the hydrodynamics and for heat 

and mass transfer. Accordingly, the following flow patterns have been identified in describing the 

configurations taken up by gas and liquid flowing together.  

2.3.1 Flow patterns: 

Bubbly flow: This is a phenomenon describing a continuous liquid phase with the gas phase dispersed 

as bubbles within it. These bubbles are formed at lower liquid velocities and travel with complex 

motion within the flow. With more formation of bubbles, coalescence may occur. For a horizontal flow 
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however, unless at extremely high liquid velocities when the intensity of turbulence can disperse the 

bubbles about the cross section, gravity tends to make the bubbles accumulate at the top part of the 

pipe. This gives rise to a Stratified flow where the liquid remains at the lower part of the pipe land the 

gas above it. An increase in gas velocity will induce wavy form-like structures at the interface of the 

stratified flow to yield Wavy flows. (Taitel et. al 1980) formulated a relation for identifying a bubble 

flow, suggesting that at low gas and liquid rates, bubbly flow will most likely occur If this relation holds: 

    𝐷 > √(
𝜌𝑙−𝜌𝑔

𝜌𝑙
2

)𝜎       (2.12) 

   Where D = diameter of the pipe, 𝜌𝑙 = liquid density, 𝜌𝑔 = gas density 

    𝜎 = surface tension 

2.3.2 Plug flow:  

This flow pattern is otherwise known as slug flow. This occurs when coalescence begins i.e., at a certain 

gas rate and liquid holdup, the larger bubbles tend towards the channel, leaving the liquid as a slug. 

They are characteristically bullet-shaped and often called Taylor bubbles. Recently, it has been 

observed that this characteristic flow does not occur in larger-diameter pipes.  

2.3.3 Churn flow:   

“At higher velocities, the Taylor bubbles/liquid slugs in slug flow break down into unstable pattern in 

which there is an oscillatory motion of liquid in the tube.”{Azzopardi, 2010}. This flow pattern is 

characteristic of high gas flow rates. The Plug and churn flow patterns are often grouped as 

intermittent flow as they both exhibit large fluctuations in void fraction and pressure drop.  

2.3.4 Annular flow:  

This type of flow occurs at certain flowrates where most of the liquid travel as drops, leading to the 

term mist flow.  

Dispersed Bubble flow: fluid mixture that forms at high gas and liquid flow rates. 
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Figure 5: Flow regime diagram  
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Figure 6: Horizontal flow regime diagram 

 

2.4 Control Valves 

Generally, it is the flow capability of a valve or choke at full open conditions. Valves are used to 

regulate the flow of fluid through a pipe. Prior, choke sizing has always been done using traditional 

methods of theory and experimentation employed by companies. These methods however can be 

inconvenient and costly if inaccurately done. Careful sizing of the choke or valve is necessary to 

prevent damage to the pipe through the effects of cavitation or flashing. Too small a valve could limit 

the required flow rate causing low recovery while an oversized valve can lead to instability in flow.  

As discussed earlier, pressure losses in pipelines occur more in multiphase flows especially at the 

choke due to variations in the flow properties. The effect of losses is more prominent due to density 

differences. And this is why losses in the choke region must be considered a major loss.   
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Figure 7: A representation of a choke system (https://neutrium.net/fluid-flow/pressure-loss-cv-and-kv-method/) 

In recent times, standardized methods are being investigated as a guide when choosing valve sizing. 

Understanding the flow conditions around the choke in a pipeline can tremendously transform the 

uncertainties bothered around them. The effect could help maintain an actual flow rate of fluid 

flowing through while predicting flowing pressure losses as well.  

Based on research, a commonly used method for valve sizing by companies can be traced to the 

principle of conservation, described by Daniel Bernoulli that the square of the fluid flow rate is directly 

proportional to the pressure differential and inversely proportional to the specific gravity of the fluid. 

Considering the energy losses due to friction and turbulence and varying discharge coefficients for 

various orifices, the basic sizing equation from which other parameters can also be obtained by 

substitutions has the following relation: 

     𝐶𝑣 = 𝑄 ∗ √
𝑆.𝐺

∆𝑃
    (2.13) 

 Where:  𝐶𝑣  = Control Valve sizing coefficient, ∆𝑃 = Pressure differential, Q= Flow rate (V*S) 

   𝑆. 𝐺 = Specific gravity, 𝑆= Cross-sectional area, V= Velocity 

The problem with this equation however is that it did not consider viscosity, an important fluid 

parameter.  

To correct this error, there is an introduction of a correction factor 𝐹𝑣  to make up for the viscosity 

effect, yielding:     𝐶𝑣𝑟  = 𝐹𝑣  * 𝐶𝑣     (2.14) 

    𝑄 = 𝐶𝑣 ∗ √(
∆𝑃

𝑆.𝐺
)     (2.15) 
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A predicted pressure loss across the valve can be evaluated by back-calculation as thus: 

    ∆𝑃 = 𝑆. 𝐺 ∗ (
𝑄2

𝐶𝑣𝑟
2)     (2.16) 

   Where 𝐶𝑣𝑟= corrected flow or sizing coefficient  

{Singh, 2020} explains that the design requirements for valves handling for multiphase flow is different 

for single phase flows and is largely dependent on the flow regime within the valves. The changes in 

flow conditions during the operation of valves can have a huge effect on performance, especially in 

oil and gas applications where flow behaviors can rapidly change within the valve causing unwanted 

flow conditions. Therefore, recent practices in designing and sizing valves are based solely on global 

phase properties such as pressure drop of the bulk fluid across the valve and overall phase ratio. 

Problems of cavitation and flashing can be managed when there is a good understanding of the valve 

flow conditions. However, due to the limited information about the local flow field within the valve 

internal parts, valves are only designed according to global performance indicators and variables 

which do not take into account local flow conditions, as with multiphase fluids, the flow behaviour 

across the valve becomes more complex. Numerous investigations have been done by (Kang et al 

2006, Yang et. al 2011) to understand the flow features within valves in order to link design 

methodologies with the local features to avoid problems of cavitation and flashing. 

2.4.1 Flashing and Cavitation 

These are phenomena in valve sizing procedures that can limit flow tremendously if not properly 

accounted for. They are also responsible for structural damage to valves through erosion. A good 

understanding of the happenings in a valve can reduce the undesirable effects of flashing or cavitation, 

allowing a good prediction of pressure in that area as well as sustaining a high-flowing pressure 

recovery to the delivery point.  

To keep a high flow rate through the valve, it is necessary to have a high-velocity head, which is often 

followed by a pressure drop at the opening of the valve. Further downstream, as the fluid expands, 

the velocity or kinetic energy of the fluid drops and the pressure normalizes. The pressure after going 

through the valve orifice however does not equal the pressure that existed upstream of the valve. The 

pressure differential ∆𝑃 that exists across the valve is a measure of the amount of energy that was 

dissipated in the valve. This pressure differential as the fluid flows through the choke is the primary 

concern of the research.  

The underlying concept that describes the pressure differential across the choke occurs between the 

inlet valve and the orifice. As fluid passes through the valve, if the pressure drop due to an increased 
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flow velocity, is less than the vapor pressure of the fluid, bubbles will form. A further decrease will 

create more bubbles. At the valve outlet, the bubbles will remain if the flowing pressure remains 

below the vapor pressure. This process is called flashing, which could create serious problems to valve 

trim parts. If the outlet pressure is sufficiently higher than the vapor pressure, the bubbles will 

collapse, producing cavitation. Cavitation wears material surface. It reduces efficiency or lead to loss 

of process control resulting from effects of unacceptable vibrations from cavitations. 

 

Figure 8: An illustration of flowing pressure drops through a choke. 

 

Knowing the maximum allowable mass flowrate through a valve system is essential to production 

control in the oil and gas industry. If the variations in pressure and temperature conditions across a 

choke can be correlated with the mass flowrate, control valve coefficient, and other properties of the 

flowing fluid, this may contribute to determining any of the mentioned parameters in a simple yet less 

costly form when compared to other designs.  {Schüller, 2003} 
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2.4.2 Choked Flow 

A choked flow exists when there is a continual formation of bubbles resulting from an increased 

velocity flow at the entrance of the valve. An increased pressure drop will increase bubbles which 

would create a crowding situation that tends to obstruct flow, hence termed a choked flow. It is 

important to know that a further increase in pressure drop after a choked condition is attained, will 

not produce an increased flow.  

2.4.3 Non-Choked flow:  

This a kind of flow where the Mach number is either less than one or equal to one.  

2.5 Literature reviews  

A quick review of models in use for evaluating flow patterns and pressure loss in pipes and across 

chokes for multiphase flows.  

(Ansari & Sylvester, 1988) formulated a mechanistic model for a two-phase flow in a vertical pipe that 

allows calculation of liquid holdup and pressure drop. The model was formulated on the assumptions 

that the flow is fully developed and stable. It also assumes that the gas is discretely and uniformly 

dispersed as bubbles in the liquid phase. On evaluation by comparison with field data obtained from 

Tulsa University Fluid Flow Projects (TUFFP) data bank, the model was observed to predict the 

pressure drop reasonably well with an average deviation of -2.1%. The deviation indicates that the 

model underpredicted the pressure drop by assuming that bubble flow existed over the entire pipe 

length. However, in comparison with five commonly used empirical correlations like those of Duns 

and Ros (1963), Hagedorn and Brown (1965), Beggs and Brill (1973), Orkiszewski (1967), and Mukerjee 

and Brill (1985), it was discovered that the model outperforms each of the correlations, showing a 

lower absolute average difference and a lower standard deviation. 

Yu et al. (2009) presented a mechanistic model to predict the flow pattern, the liquid holdup, and 

the pressure gradient for multiphase flow in annular ducts. The models used for flow pattern 

transitions were the unified model developed by Zhang et al. (2003a) for dispersed bubble and 

annular flow, Caetano (1985) for the bubble-flow transition, and the modified model of Kaya et al. 

(2001) for the transition from slug to churn flow. The churn-flow model was based on the modified 

model developed by Zhang et al. (2003b) for circular pipes. 

(Hernandez, 2016) summarizes that “There are many calculation procedures that can be used to find 

the pressure distribution along the production tubing. These procedures can be categorized as follows: 

Empirical correlations that assume homogeneous flow and do not take into consideration the flow 

pattern. These were the first correlations used in the oil industry and they are seldom used today 

https://www.sciencedirect.com/topics/engineering/pressure-gradient
https://www.sciencedirect.com/topics/engineering/annular-duct
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because they do not give precise results. An example of this type of correlation is the Poettmann and 

Carpenter (1952). Empirical correlations that do not consider the flow pattern in their calculation 

procedures but do consider the fact that the phases can travel at different velocities and therefore 

the estimation of the liquid holdup plays a vital role. This is the case of the Hagedorn and Brown 

correlation (1965). Empirical correlations that have different calculation procedures for each flow 

pattern. They take into consideration the fact that for most flow patterns, but not for all, the phases 

can travel at different velocities. Examples of this type of correlation, among many others, are the 

Orkiszewski correlation (1967) for vertical flow, and the Beggs and Brill correlation (1973) for any pipe 

inclination angle. Mechanistic models use the hydrodynamic behavior of each flow pattern to develop 

calculation procedures based on mass and momentum-balance equations, as well as on many 

closures.” 

“Numerous TPR models have been developed for analyzing multiphase flow in vertical pipes. Brown 

(1977) presents a thorough review of these models. The models for multiphase flow wells fall into two 

categories: (1) homogeneous-flow models and (2) separated-flow models. Homogeneous 

models treat multiphase flow as a homogeneous mixture and do not consider the effects of liquid 

holdup (no-slip assumption). Therefore, these models are less accurate and are usually calibrated with 

local operating conditions in field applications. The major advantage of these models comes from their 

mechanistic nature. They can manage gas-oil-water three-phase and gas-oil-water-sand four-phase 

systems. It is easy to code these mechanistic models in computer programs.” 

Lockhart Martinelli model considers each phase to be flowing separately in the channel, each 

occupying a given fraction of the pipe’s section and each with its velocity. It is adequate for two-phase 

flows at low and moderate pressures. For applications at higher pressures, the revised models of 

Martinelli and Nelson (1948) and Thom (1964) are recommended. The model makes use of a multiplier 

for the liquid and gas phases. 

The single-phase friction factors of the liquid and the vapor are based on the single phase flowing 

alone in the channel, in either viscous laminar (v) or turbulent (t) regimes. 

∆pl can be calculated classically but with the application of (1-x)2 in the expression and ∆pg with the 

application of vapor quality x2 respectively. C is a factor of the flow regime. 

     

    

   

 

https://www.sciencedirect.com/topics/engineering/multiphase-flows
https://www.sciencedirect.com/topics/engineering/homogeneous-model
https://www.sciencedirect.com/topics/engineering/homogeneous-model
https://www.sciencedirect.com/topics/engineering/mechanistic-model
https://www.thermal-engineering.org/what-is-darcy-friction-factor-definition/
https://www.thermal-engineering.org/what-is-laminar-flow-viscous-flow-definition/
https://www.thermal-engineering.org/what-is-turbulent-flow-definition/
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{Beggs, 1973} modelled flows for two-phase flows in inclined, vertical, and horizontal pipes. But there 

were assumptions of no slip which is only applicable in flow regimes where liquid and gas velocities 

are the same. Pipe relative roughness was included which makes it a suitable model for evaluating 

losses. 

Orkiszewski (1967), took existing correlations and compared them to field results. Selected the best 

correlations for different regimes and developed a single correlation. Although it is a famous flow 

model for evaluating multiphase fluids, it may show discontinuities when crossing regime boundaries.  

{Singh, 2020} investigated a validated CFD model to locally and globally quantify the performance 

characteristics of a severe-service valve handling multiphase gas and liquid flow. Their statement 

problem was to validate the model with benchmark experiments by incorporating the limitations of 

the flow conditions within the valve. Two valve opening positions were considered with different inlet 

volume conditions to simulate real life situations.  The results obtained showed some non-uniformity 

in the local air, water and void fraction distributions within the valve. The phase velocity and void 

fraction data obtained from the validated CFD model were used to obtain relationships for local void 

fraction distribution and flow coefficient. The investigation done thus allows for local flow 

characteristic determination and is incorporated in sizing methodology for severe-service control 

valve system for multiphase flows.  Some of the equations cited in the determination of the flow 

coefficient for multiphase flow are:    

𝜌𝑚𝑖𝑥 =  𝛼𝑖𝑛𝑙𝑒𝑡 ∗  𝜌𝑔𝑎𝑠 + ( 1 −  𝛼𝑖𝑛𝑙𝑒𝑡)𝜌𝑤𝑎𝑡𝑒𝑟     (2.17) 

    𝐾𝑣 = 11.56𝑄𝑚𝑖𝑥  √
𝑆.𝐺

∆𝑃
     (2.18) 

     𝑆. 𝐺 =  
𝜌𝑚𝑖𝑥 

𝜌𝑤𝑎𝑡𝑒𝑟 
       (2.19) 

   𝐾𝑣  𝑖𝑠 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

The assumptions by {Diener, 2005} who formulated the model lies on the premise that the fluids are 

well mixed or homogenous and travel at the same velocity, hence no slippage.  
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Chapter 3  
3.1 METHODOLOGY 

Several models can be used to predict the pressure loss of multiphase flow through a pipe. One 

popular method employed is the homogenous model, which assumes that the phases are well-mixed 

and behave as a single phase. Another method is the drift-flux model, which considers the segregation 

of the phases and the heat and mass transfer between them.  

This thesis, as earlier explained, will use a combination of both quantitative and qualitative methods, 

as measured data from OneSubsea company will be used to evaluate Bernoulli equation for flows 

through a valve system that can help predict to a measurable accuracy the pressure loss of multiphase 

flow through a recirculation pipe, with emphasis at the choke. 

3.2 Models of Data Analysis 

Any of the models described in the literature review can be employed to predict our pressure profile 

for the recirculation line depending on the data provided by OneSubsea.  

A mechanistic homogenous model will be useful in evaluating the pressure loss across the pipe. This 

model is cited because the data obtained assumes that the fluids are homogenous, hence same flow 

rates across the choke area. Following the Bernoulli equation, the total pressure loss through a line is 

a combination of frictional losses, and losses at the components. The limitation to this homogenous 

model however is in the negligence of slippage or liquid holdup.  

The empirical data obtained are not assessed data from laboratory tests but from field measurements. 

As such, there might be limitations to parameters needed to evaluate the pressure loss using the 

mechanistic model. 

 Total ΔPl  = Δp friction + Δp bend + Δp choke  

  ΔPl, total =∑ΔPl, f +∑ΔPl, c 

  ΔPl, c =∑ΔPl, bend +∑ΔPl, choke 

  ΔPb, total = ∑𝐾.
𝑉

2

2𝑔
 (bend) 

  ΔPlchoke =∑ΔPl, total - ∑ΔPl, f -  ∑ΔPl,bend 

3.2.1 Method 1: 

The process for obtaining the pressure drop across the choke is enumerated thus: 

Step 1: Pressure drop across the entire pipe has been provided in the empirical data. 
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Step 2: Obtain the frictional losses through pipe using mechanistic model. 

 

Step 3: Obtain the minor loss from the bend.  

Step 4: Obtain loss at the choke by subtracting the other losses from the total pressure loss through 

the recirculation line.  

3.2.2 Method 2: 

Step 1: Fluid flowing conditions are obtained for every stem travel as the fluid recirculates through 

the pipe.  

Step 1: Obtain the bulk density for gas from the GVF. (GVF * Gas Density) 

Step 2: Obtain the bulk density for each liquid phase (oil and water) from the water-liquid-ratio WLR. 

Step 3: Obtain the liquid density mix for both oil and water. 

Step 4: Obtain the bulk density for liquid phase from the GVF. 

Step 5: Obtain the total density mixture from the gas and liquid phase densities. 

Step 6: Obtain Cv by linear interpolation. 

Step 7: Obtain the Specific gravity (S.G) of the fluid mixture. 

Step 8: Obtain the pressure drop across the choke and compare with the mechanistic homogenous 

model. 

Step 9: Plot a graph of flowrate ‘Q’ against dP. 

Step 10: Plot a graph of GVF against dP.  

From equation (2.17), the relation for oil-water-gas flow was obtained. 

  𝜌𝑚𝑖𝑥 =  𝛼𝑖𝑛𝑙𝑒𝑡 ∗  𝜌𝑔𝑎𝑠 + ( 1 −  𝛼𝑖𝑛𝑙𝑒𝑡)𝜌𝑤𝑎𝑡𝑒𝑟    (2.17) 

 Equally: 

  𝜌𝑚𝑖𝑥 =  𝛼𝑖𝑛𝑙𝑒𝑡 ∗  𝜌𝑔𝑎𝑠 + ( 1 − 𝛼𝑖𝑛𝑙𝑒𝑡)𝜌𝑙𝑖𝑞𝑢𝑖𝑑 𝑚𝑖𝑥   (2.20) 

  𝜌𝑙𝑖𝑞𝑢𝑖𝑑 𝑚𝑖𝑥 =  𝑊𝐿𝑅 ∗  𝜌𝑤𝑎𝑡𝑒𝑟 + ( 1 −  𝑊𝐿𝑅)𝜌𝑂   (2.21) 

    𝑆. 𝐺 =  
𝜌𝑚𝑖𝑥 

𝜌𝑤𝑎𝑡𝑒𝑟 
       (2.22) 
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From equation 2.13, 

   𝐶𝑣 = 𝑄 ∗ √
𝑆.𝐺

∆𝑃
   

    ∆𝑃 = 𝑆. 𝐺 ∗ (
𝑄2

𝐶𝑣
2) 

  Where Q is measured in US gallon per min and ∆𝑃 is in psi 

 Also:  ∆𝑃 = 𝑆. 𝐺 ∗ (
𝑄2

𝐾𝑣
2) , 𝑤ℎ𝑒𝑟𝑒 𝐾𝑣 = 0.8646 𝐶𝑣  

  For  𝐾𝑣, ∆𝑃 is measured in bar and Q is in 
𝑚3

ℎ𝑟
 

 By substitution,  ∆𝑃 = 𝑆. 𝐺 ∗ (
𝑄2

𝐶𝑣
2)[1.33773] 

 𝛼𝑖𝑛𝑙𝑒𝑡 = 𝑣𝑜𝑖𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
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Chapter 4  
4.1 RESULTS 

The graph represented below is that of the fluid flow rate against the pressure drop. The pressure 

drop here was obtained from the inlet fluid properties only using the steps described in the 

methodology. 

The obtained results show a good correlation with the continuity equation where an increase 

in flow rate across an opening will result in an increased pressure drop across the system. A 

reduced valve opening will induce an increased velocity, hence an increase in flow rate and 

an increase in pressure drop. The dips observed at some points could be referred to the 

effects of the flow regime or composition.  

  Continuity equation: 

   Mass flow in = mass flow out 

Figure 9: A graphical illustration of flowrate against dP 
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Here, the average inlet and outlet density mixtures were used in the determination of pressure drop 

across the valve which is then evaluated against the flowrate. As can be observed, there is a good 

similarity in both graphical representations indicating a good correlation. 

 

Figure 10: A representation of Q VS Pressure drop for avg. inlet and outlet density mixture. 
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Figure 11: A representation of gas bulk density against dP 

This result illustrates the effect of the gas volume fraction GVF in the fluid mixture on the pressure 

drop across the choke. There is an observable trendline showing results of increased pressure drop 

after a certain period. The result of the scattered wavelength is a result of the constant changes that 

the GVF undergoes from time to time due to changes in temperature. 
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Figure 12: An illustration of fluid viscosity vs dP  
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Figure 13: Graph of liquid bulk density against obtained pressure drop.  

This is also an upward trend. The wide density difference between the liquid and gas phases will induce 

a slip loss, although we assume that the flow is highly homogenous.   
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Chapter 5  
5.1 DISCUSSION 

Pressure loss across valves is just as important as frictional losses in a straight pipe. The pressure drop 

for multiphase flows generally is complex problem at the choke due to variations in densities and flow 

regimes of the phases involved. This has resulted in the inability to predictably identify the losses 

within the valve, hence the inability to design valving systems efficiently. Effects of inaccurate 

predictions could create damages to piping systems from vibrations and noises to wearing of materials 

through cavitations and flashing. A good prediction of pressure drops could also prevent excess pump 

energy for recirculation of flows. This study therefore aimed at understanding the flow characteristics 

in recirculation pipes and across a choke to predict the pressure drops that occur within the choke and 

compared to the overall loss.  

From the empirical data provided, pressure drop values were obtained using Bernoulli equation for 

multiphase flows (Oil, water, and gas) through a control valve.  The results obtained when evaluated 

against the fluids characteristics indicate a good correlation with continuity equation and as described 

in the theoretical analysis. 

The pressure drop was evaluated against the liquid flow rate, and there was an upward trend showing 

that an increased flowrate will lead to an increased pressure drop across the choke. Quantitative 

relationships were also determined between GVF, Bulk densities, viscosities and the pressure drop to 

see the resulting effects on the overall loss. As shown in the result section, an increase in any of these 

other parameters will cause a drop in pressure.  

The knowledge from the flowrate plot against the predicted pressure can be used to identify the 

maximum allowable pressure drop and flow rate to prevent cavitation or flashing effects. 

The model suggests to a certain degree that the pressure drop across a choke or in a valve can be 

predicted with some measure of error. The error resulting from the assumption that the flow is 

entirely homogenous.  

For this data, the results obtained follow an agreed trend that is satisfactory for the calculation of 

pressure drops across chokes for multiphase flows (oil-water-gas). 
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Chapter 6  
6.1 CONCLUSION AND RECOMMENDATION 

This research aimed at predicting pressure loss across a choke through a recirculation pipe for 

multiphase flow. Based on quantitative and qualitative analysis of data provided by OneSubsea, it can 

be concluded that the flowrate which is a function of the control valve and density variations are two 

major parameters to consider when designing valve systems. The results indicate that there is an 

increased pressure drop at high flow rates.  

Although the pressure drop computed for the 3-phase flow shows a positive insight for designing valve 

systems, there are limitations however to the model used.  

The model assumes a homogenous flow of the phases, thereby ruling out any case of slip loss within 

the system. Further research is therefore required to establish the flow regimes of the individual 

phases identified and incorporated into the model for higher accuracy of pressure drop prediction 

across the choke.  

Obtained pressure losses from this process can help regulate the required flowrate across a choke and 

to also understand the effects of the other relationships established in the result section. 
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APPENDICES 
Appendix A: Flow characteristics of the control valve 
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 Appendix  B: Flow Characteristics for pressure drop formulation
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