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ABSTRACT 

 

Accurate flow measurement in the laminar-turbulent transitional flow regime has proven 

extremely challenging. Whilst there are numerous flow measurement technologies available for 

accurate flow measurement, few are used in laminar-turbulent transitional flow with confidence. 

This is because practically all flow measurement technologies are adversely affected by the 

laminar-turbulent transition. Varying velocity profiles and the unpredictability of when transitional 

flow will occur, has meant that many end-users of flow measurement technologies actively 

avoid the laminar-turbulent transitional flow regime. 

 

This thesis presents a method to identify and potentially correct the effect of laminar-turbulent 

transitional flow on flow measurement technologies using high-frequency pressure loss 

measurements. A vast quantity of high-accuracy data has been acquired using the UK National 

Standards oil flow facility for laminar-turbulent transitional oil flow experiments. The author has 

demonstrated a potential ten times reduction in the measurement uncertainty by incorporating 

this pressure loss methodology with a prominent flow measurement technology. The 

measurement error for a turbine flow meter was improved from 2 % to less than 0.2 %. 

 

Reviewing existing literature and classical theory for laminar-turbulent transitional flow revealed 

that flow models and theories do exist but to date, no practical approach has been documented 

for detecting transitional flow in industrial settings. This thesis presents a method for identifying, 

via high-frequency pressure measurements, and potentially correcting for the effects of laminar-

turbulent transitional flow on flow measurement technologies. The fluctuations in pressure can 

be successfully used as a diagnostic to infer whether the flow is fully laminar, turbulent or 

transitioning between the two defined regions.  

 

The critical Reynolds number of a flow can be determined from the diagnosis of the pressure 

loss data at high-frequency when monitored with respect to time. With sufficient resolution of the 

data, the swift transition between laminar and turbulent flow can be witnessed. This 

determination of the flow regime enables the end-user to measure the flow more accurately by 

applying the appropriate correction factor to their flow measurement technology. There could be 

one laminar and one turbulent correction factor for the flow meter. By incorporating high 

frequency measurements of the fluid differential pressure, suitable correction factors could be 

applied for laminar, turbulent and also laminar-turbulent transitional flow via interpolation. This 

theory has been applied in this thesis. 
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1. INTRODUCTION 

 

This Chapter introduces flow regimes, measurement technologies, pressure loss estimations 

and the importance of the different flow regimes on flow measurement technologies 

performance. The research questions and overall objectives of the thesis are described along 

with the thesis structure.  

 
 
1.1 Background 

 

The flow regime between laminar and turbulent flows, which is known as transitional flow and 

has apparently random pressure and velocity fluctuations, has been an intriguing phenomenon 

in fluid mechanics for centuries. The determination of when laminar-turbulent transitional flow 

occurs has remained one of the key challenges of fluid mechanics even after decades of 

investigation.  

 

An important motive for avoiding the laminar-turbulent transitional flow region is unwelcome 

pressure loss. In many applications, laminar rather than turbulent flow would be extremely 

advantageous. For a given system, the pressure loss in laminar flow is approximately 40 % of 

the losses in turbulent flow (Schlichting, 1960). This is due to the turbulent mixing in the flow 

causing increased shear stress at the wall (Mullin, 2011). This increased shear stress is 

manifested in a larger pressure loss. In contrast, laminar flow is characterised by smooth layers, 

with each layer moving smoothly past the adjacent layers with little or no mixing.  

 

In terms of applications, the vast majority of pipelines around the globe that operate in the 

turbulent flow regime have far greater energy requirements than a corresponding laminar flow 

would necessitate (Fukagata, et al., 2009). Aviation and aerospace are two applications that 

would benefit from laminar flow as the substantial reduction in drag would vastly decrease fuel 

consumption and increase overall efficiencies (Chavan & Pawar, 2018, Chernyshev, et al., 

2016). 

 

Accurate flow measurements are of great significance in the oil and gas industry for well 

management, custody transfer, fiscal, regulatory and allocation stipulations. Whilst the vast 

majority of oil and gas flows are turbulent, there are laminar and transitional flows which need to 

be metered. This is the case not only for higher viscosity fluids but also at lower fluid velocities 

in large diameter pipes. As declining flow rates are typical for ageing and now oversized 

pipelines, the fluids can be travelling in laminar and transitional flow regimes.  

 

This varying flow regime encountered in laminar-turbulent transitional flow can adversely affect 

flow measurement technologies and indeed many end-users of measurement devices actively 

try to avoid operating in laminar-turbulent transitional flow. This is partly due to flow 
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measurement technologies requirement for stable, repeatable and reproducible flow. One 

method often used to avoid the transition flow region is to over or undersize the diameter of their 

measuring system. By altering the diameter of the flow measurement system, it may be possible 

to change the profile from laminar-turbulent transitional flow to predominately or even solely 

laminar or turbulent flow. However, this is normally to the detriment to the overall system 

pressure loss or measurement accuracy.  

 

Operating in the laminar and laminar-turbulent transitional flow regimes presents significant 

challenges for flow measurement. The operation of the vast majority of flow meters used in 

industry for oil and gas flow depends on the Reynolds number. This is the single most important 

parameter characterising the nature of fluid flow.  

 

Well established flow measurement technologies such as differential pressure devices, turbine, 

Coriolis and ultrasonic meters are all known to be sensitive to viscosity variations (Mills & 

Belshaw, 2011; Mills, 2013). Whilst the aforementioned flow technologies operate to very high 

accuracy at stable viscosities, challenges arise when flow meters are used at a viscosity that 

differs from the calibration viscosity. Suppose an ultrasonic flow meter is calibrated at 100 cSt 

but the fluid temperature, and thus fluid viscosity, vary by up to 50%. This change in fluid 

viscosity could mean that the flow meter would be operating without a valid calibration and 

possibly even operating in an alternative flow regime or the laminar-turbulent transition. This 

can cause a substantial mismeasurement of the flow and to date, the most appropriate 

methodology has not been defined.  

 

Whilst operating flow meters in the laminar-turbulent transitional flow can be problematic, the 

research presented in this thesis approaches the challenge by utilising high confidence, low 

measurement uncertainty pressure loss data from the UK National Standards oil flow facility to 

determine when laminar-turbulent transitional flow occurs. The laminar-turbulent transitional flow 

is explored using pressure loss measurements of high viscosity fluids for 80 mm, 100 mm and 

150 mm diameter pipework. From the research completed, a method has been proposed for 

detecting laminar-turbulent transitional flow by using non-intrusive high-frequency pressure 

measurements in conjunction with flow measurement technologies. The goal of this research is 

to improve the knowledge of transitional flow and in particular to identify the presence of 

laminar-turbulent transitional flow using a novel non-intrusive method.  

 

Historically, high-frequency pressure loss measurements of high-viscosity flow in comparatively 

large diameter pipes are relatively scarce. The work in this thesis will fill this gap by producing a 

large body of high accuracy experimental data. Whilst the current classification and 

understanding of transitional “puffs” and “slugs”, which has been in use for approximately four 

decades and confirmed by numerous studies such as Wygnanski & Champagne (1973), would 

not be superseded, the body of scientific data would be enhanced. The detection of laminar-
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turbulent transitional flow in high-viscosity industrial-scale settings could further the knowledge 

of this important area. 

 

The results obtained in this thesis could be applied in conjunction with flow measurement 

technologies in an industrial application. Of technical interest in this thesis was determining 

when the transition occurred and the effect that transitional flow has on the performance of flow 

measurement devices such as differential pressure flow meters, Coriolis, ultrasonic and turbine 

flow meters. By identifying the transition between laminar and turbulent flow via the use of high-

frequency pressure loss measurements, could the end-user could instead utilise the most 

optimum installation design and still remain confident in the measurement performance? This 

question forms part of the research questions detailed in the following sub-chapter.  

 

 

1.2 Research Questions 

 

A combination of the authors experience with high viscosity fluids, flow measurement 

technologies and laminar-turbulent transitional flow have helped create the research topic for 

this thesis. From this knowledge, the main research questions addressed by the present thesis 

are: 

 

1. Can laminar-turbulent transitional flow be determined in industrial settings via the use of 

high-frequency pressure loss measurements? 

2. Can high-frequency pressure loss data be used to infer the critical Reynolds number? 

3. Could high-frequency pressure loss measurements improve the performance of flow 

measurement technologies? 

The first research question focusses on whether it would be possible to determine when a 

flowing fluid undergoes laminar-turbulent transitional flow in an industrial setting by logging the 

pressure loss between two locations in a cylindrical pipe at an elevated frequency. Whilst the 

pressure loss between two points in a system is often measured in industry, the logging 

frequency is normally relatively low at around 1 Hz and the resulting measurements do not 

provide much information on whether the fluid is undergoing transitional flow. Can logging at a 

higher frequency than 1 Hz provide more information on the flow regime? 

 

The second question is a continuation of question one and queries whether the critical Reynolds 

number can be identified by using high-frequency pressure loss data. The critical Reynolds 

number is the point at which the flow changes from laminar to the transitional state or the 

transitional state to the turbulent state. Could the use of higher frequency pressure loss data 

allow the end-user to gather further information on the flow regime such as the critical Reynolds 

number? 
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Lastly, the third research question is based on whether the information gathered by logging 

pressure loss at an elevated frequency can be used to improve the performance of flow 

measurement technologies. The performance of a variety of flow meters such as Coriolis, 

ultrasonic, turbine and differential pressure devices have all been shown to be strongly 

dependent on the flow regime. In particular, the point of transition from laminar to turbulent flow 

can produce significant mis-measurements due to the change in the performance indicator of 

the device. This will be discussed in more detail in the following chapter. By logging at an 

elevated frequency, can the flow regime can be determined, and the appropriate performance 

indicator applied to the flow measurement technology? 

 

 

1.3 Thesis Structure 

 

This thesis has been structured into seven Chapters, the contents of which are detailed below. 

 

The beginning of the thesis, Chapter 1, details the drivers for this research, the contribution to 

science and engineering and crucially the research questions to be explored. Chapter 2 

explores key background information on flow regimes, pressure loss estimations and friction 

factors. This background information reviews classical theory for the aforementioned areas and 

also includes research into laminar-turbulent transitional flow. Lastly, the challenges 

encountered by flow measurement technologies in laminar-turbulent transitional flow are 

detailed. 

 

Following on, Chapter 3 of this thesis details the experimental methodology and describes the 

UK National Standards oil flow facility, the reference measurement equipment, data acquisition, 

measurement uncertainties, the test matrix and procedures along with the various installations.  

 

Chapter 4 presents the analysis of the experimental results and techniques for the evaluation of 

the data. Chapter 5 summarises the research completed and relates the findings to the original 

research questions. Chapter 6 presents the overall conclusions for this thesis. Potential further 

work is discussed in Chapter 7. 

 

 

2. LITERATURE REVIEW 

 

2.1 Introduction 

 

The focus of this thesis is on the identification of laminar-turbulent transitional flow by utilising 

high frequency pressure loss measurements. This chapter introduces some of the most 

important concepts in fluid flow along with commonly used pressure loss estimations and entry 
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length requirements for developed flow. Influential research on laminar-turbulent transitional 

flow is discussed along with a comprehensive review of flow measurement technologies and 

their performance with respect to transitional flow. A summary of the literature review is included 

at the end of this chapter that discusses the overall conclusions gathered from the literature, 

identifies knowledge gaps and states how these will be addressed in this thesis. 

 

 

2.1 Flow Regimes 

 

When writing a thesis relating to laminar-turbulent transitional flow, the most pertinent place to 

begin would be at the origin of their classification. Osbourne Reynolds was a British engineer 

that in 1883 designated the velocity profile of a flowing fluid into three main sections; ‘laminar’, 

‘transitional’ and ‘turbulent’ depending on the ratio of inertial forces to viscous forces (Reynolds, 

1883). This relationship is now known as the Reynolds number (Re) of the fluid. The Reynolds 

number of a fluid can be defined as: 
 

 𝑅𝑒 =
v𝐷

𝜈
   , (1) 

 

where v is the fluid velocity, 𝐷 is the pipe diameter and ν is the fluid kinematic viscosity. 

 

Reynolds (1883) found that fluid can flow in one of three different regimes. Low viscosity fluids 

flowing at moderate velocities usually have a high Reynolds number, which leads to turbulent 

flow (Figure 2.1c). Inertial forces dominate leading to a strong mixing accompanied with highly 

irregular velocity and pressure pulsations in the flow. When the Reynolds number is lower than 

2300, the flow is normally deemed to be laminar (Figure 2.1a). Viscous forces dominate and no 

mixing occurs. Between laminar and turbulent, the flow can be termed as being ‘transitional’ and 

irregular (Figure 2.1b). The flow rapidly alternates between turbulent and laminar states and 

produces significant errors for flow measurement.  

 

Figure 2.1 Motion of dye in fluid moving right to left in different regimes (Reynolds, 1883) 

 

Transitional flow in pipes is a complicated phenomenon. Although there has been substantial 

research completed over the past century into this topic, the problem of laminar-turbulent 
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transitional flow is still not fully understood. The exact definition of laminar-turbulent flow 

transition is challenging and often based on empirical data with large uncertainties obtained in 

the fluid flow experiments in circular pipes predominantly using air or water.  

 

The velocity profile of fully developed laminar flow in a pipe, as well as a flat channel, has a 

parabolic form (Figure 2). Due to the absence of mixing between the layers, the fluid in the 

centre has a much high velocity. For theoretically fully developed laminar flow this is twice the 

average flow velocity (Streeter, 1951; Schlichting, 1960). In contrast, turbulent flow that has fully 

developed has a much flatter velocity profile (Figure 2). This flatter profile means that the 

maximum velocity of the fluid in the middle of the pipe might only be approximately 1.2 to 1.3 

multiples of the averaged flow velocity. If the pipe is relatively smooth, then the velocity profile 

would be fairly flat (Streeter, 1951; Schlichting, 1960).  

 

The velocity profiles of fully developed laminar and turbulent flows have been confirmed by 

various experimental studies using hot-wire anemometry (Wygnanski & Champagne, 1973; 

Wygnanski, et al., 1975; Durst & Unsal, 2006; Zanoun, et al., 2007). Transitional flow occurs 

between these two flow regimes and by definition, varies significantly.  The flow profile for 

transitional flow by its very nature cannot be deemed as fully developed and as such does not 

have a well-defined velocity profile.  There is no set definition of the average flow velocity in the 

centre of the pipe due to its altering nature.  

 

Both laminar and turbulent flow can be thought of as being “fully developed” when the velocity 

profile and consequentially the momentum ceases to change along the pipe. In this scenario, 

the pressure balances with the shear stress near the pipe wall. A minimum length of upstream 

pipe is required for this to occur and differs depending on the fluid Reynolds number. These 

entry lengths are a multiple of the pipe diameter and are often known as “straight pipe 

diameters”. For example, ten “straight pipe diameters” of 100 mm diameter pipe would 

correspond to an entry length of 1000 mm.  Bends, intrusions, obstructions, valves or reducers 

can significantly increase the flow development length required.   

 

Figure 2.2 Laminar and turbulent flow velocity profiles 
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The research completed by Osbourne Reynolds was critical in the understanding of fluid flow 

regimes. In terms of other critical concepts in fluid flow, there are several prominent equations 

that govern fluid flow. Namely, equations derived by Leonhard Euler (1757), Daniel Bernoulli 

(1738), Claude-Louis Navier (1827) and George Gabriel Stokes (1851). The Euler equations are 

a simplification of the Navier-Stokes equations for fluid mechanics as they disregard the effects 

of fluid viscosity, unlike the Navier-Stokes equations. The following will detail these governing 

flow equations. 

 

Leonhard Euler was a Swiss physicist and mathematician who derived equations for a flow of 

inviscid fluid. There are several assumptions such as the fluid being inviscid and 

incompressible. The Euler equations represent Newton’s Second Law of Motion (2) which refers 

to the acceleration of an object being proportional to the net force acting upon it, in the same 

direction and is inversely proportional to the mass of the object. 

 

 
�⃗� = 𝑚�⃗�   , 

 
(2) 

where �⃗� is acceleration, �⃗� is the force acting upon it and 𝑚 is the mass of the object.  

 

Euler’s first law (3) relates the momentum of a fluid to the mass and velocity such that: 

 

 𝑝 = 𝑚. 𝑣   , (3) 

 

where p is the momentum of a fluid.     

 

Euler’s Equations for the incompressible form are as follows. Equation (4) is known as the 

continuity equation.  

 

 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0   , (4) 

 

 𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
= −

1

𝜌
.

𝜕𝑝

𝜕𝑥
   , (5) 

 

 𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
= −

1

𝜌
.

𝜕𝑝

𝜕𝑦
   , (6) 

 

where p is pressure, ρ is density, u is the velocity vector in the x-direction and the v is the 

velocity vector in the y-direction.  

 

The Navier-Stokes equations are the most important equations in the field of fluid mechanics. 

They are named after the French and Irish physicists and mathematicians Claude-Louis Navier 
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and George Gabriel Stokes who derived them concurrently. The equations describe the motion 

of viscous fluids.  

  

 (
𝜕

𝜕𝑡
+ 𝑢. ∇) 𝑢 +

1

𝜌
∇𝑝 = 𝜈Δ𝑢   , (7) 

 

The Bernoulli equation (Bernoulli, 1738) relates the pressure, velocity, and height in a system 

where there is steady-state flow. Thus, the Bernoulli equation can also be expressed as: 

 

 𝑃 + 𝜌𝑔𝑧 +
𝜌.𝑣2

2
= 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡   , (8) 

Equation (8) can be applied to any two positions (1 or 2) in a system under ideal conditions. 

 

 𝑃1 +
1

2
𝜌𝑣1

2 + 𝜌𝑔𝑧1 = 𝑃2 +
1

2
𝜌𝑣2

2 + 𝜌𝑔𝑧2   , (9) 

 

where 𝜌 is the fluid density and 𝑔 is the gravitational acceleration and 𝑧 is the height above a 

datum, 𝑣 is the velocity and 𝑃 is the fluid pressure at position 1 or 2 respectively. 

 

Predicting the pressure drop of an incompressible Newtonian fluid in laminar flow in a closed 

pipe can be achieved using the Hagen-Poiseuille law. It was derived concurrently and yet 

independently in the mid-1800s by the French physicist Jean Poiseuille (1841) and the German 

engineer Gotthilf Hagen (1933). It is known as Hagen-Poiseuille flow and unlike most formulae 

for fluid flow, it can be derived analytically. It can be stated as the following: 

 

 ℎ𝐿 =
8 ∙ 𝜇 ∙ 𝐿 ∙ 𝑄

𝜋 ∙ 𝑟4
   , (10) 

 

where 𝜇 is the fluid dynamic viscosity, 𝑄 is the volumetric flow rate, 𝐿 is the length of pipe and 𝑟 

is the pipe radius.  

 

There are several assumptions underlying this equation. It is assumed there is no acceleration, 

the flow is laminar, and the fluid is incompressible and Newtonian. A Newtonian fluid has 

constant viscosity for all shear rates applied to the fluid. The Hagen-Poiseuille law can be used 

to determine whether laminar flow has been achieved by comparing the expected head loss 

with the measured pressure loss for a fluid of known dynamic viscosity under controlled 

conditions. 

 

Whilst the Hagen-Poiseuille law defines head loss in laminar flow and relates geometry, flow 

and dynamic viscosity, the Darcy-Weisbach equation can be used for calculating the head loss 

in relation to friction factor, pipe length, pipe diameter and flow velocity. The Darcy-Weisbach 

equation was derived by Henry Darcy (1857) and Julius Weisbach (1845) in the 1800s. It 
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describes the head loss at a given velocity that occurs in an incompressible flowing fluid due to 

frictional forces along a length of pipe. It can be written as follows: 

 

 

ℎ𝐿 = 𝑓𝐷 ∙
𝐿

𝐷
∙

𝑣2

2𝑔
    , 

(11) 

 

where 𝑓𝐷  is the Darcy-Weisbach friction factor. 

 

The Darcy-Weisbach equation was derived from experimental work by Henry Darcy and Julius 

Weisbach independently. Julius Weisbach completed his own experiments and used data from 

other leading French physicists. He defined the friction factor as follows: 

 

 𝑓𝐷 = 𝛼 ∙
𝛽

√𝑣
    , (12) 

 

where 𝛼 and 𝛽 are empirical coefficients. 

 

Henry Darcy completed his own experimental work across a variety of velocities using a wide 

range of pipes that varied in pipe diameter from 0.012 to 0.5 m. He described the head loss as: 

 

 ℎ𝐿 =
𝐿

𝐷
[(𝛼 +

𝛽

𝐷2
) ∙ 𝑣 + (𝛼′ +

𝛽′

𝐷
) ∙ 𝑣2]   , (13) 

 

where 𝛼′ and 𝛽′ are empirical coefficients. 

 

The Darcy-Weisbach friction factor (14) has been found to be extremely robust at predicting the 

expected friction factor of fluid in the laminar region. It should be noted that the equation only 

applies to laminar flow which is typically the case for ReD < 2000.  

 

 𝑓𝐷 =
64

𝑅𝑒
   , (14) 

 

The Fanning friction factor is named after the American engineer John Fanning, who unified the 

Darcy and Weisbach equations in the form that is still used today (Fanning, 1877). Fanning 

utilised published data from Weisbach and Darcy to develop his own estimation based upon the 

hydraulic radius. As such the Fanning friction factor was found to be 1/4th the value of the 

Darcy-Weisbach friction factor (11). The Fanning friction factor can be defined as the following: 

  

 ℎ𝐿 = 4 ∙ 𝑓𝐹 ∙
𝐿

𝐷
∙

𝑣2

2𝑔
   , (15) 

 

where 𝑓𝐹  is the Fanning friction factor. 
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As with the Darcy-Weisbach equation, by rearranging and substituting in the terms for Reynolds 

number equation (15) can reduce to the following. 

 

 𝑓𝐹 =
16

𝑅𝑒
   , (16) 

 

Perhaps the most commonly used equation for solving for the friction factor is the Colebrook 

equation (Colebrook, 1939). It is an iterative equation and requires input for the pipe roughness. 

The lower Reynolds number limit for the Colebrook equation is 4000 and as such should only 

be used for turbulent flow. It can be defined as follows: 

 

 
1

√𝑓𝐶
= −2𝑙𝑜𝑔 (

𝜀
𝐷⁄

3.7
+

2.51

𝑅𝑒√𝑓𝐶
)   , (17) 

 

where  𝜀  is the absolute surface roughness. 

  

Perhaps the most used and recognized diagram in fluid mechanics is the Moody Chart. The 

Moody Chart was produced by the American engineer Lewis Moody (1944) in 1944.  

Interestingly, it was based upon the Rouse diagram by the American engineer Hunter Rouse 

(Rouse, 1943). Moody witnessed Rouse present the diagram at a conference in 1943 but felt 

that it was overly complex and could be improved upon (Moody, 1944). The Moody Chart 

reproduced data from Rouse and Colebrook and was deemed to be easier for engineers to use. 

The Rouse diagram enables the user to determine the correct friction factor when the pipe 

diameter, pipe material and flow rate are known. 

  

The Moody Chart allows the reader to determine the corresponding friction factor to use with the 

Darcy-Weisbach equation (3). By estimating the Reynolds number and the relative pipe 

roughness, the friction factor in the transitional and turbulent flow regimes can be estimated with 

a reasonable uncertainty. It can be completed in an iterative approach to determine the correct 

friction factor. The major uncertainty sources are the absolute surface roughness, pipe diameter 

and the Reynolds number. Unlike the Rouse diagram, the transitional region between laminar 

and turbulence is clearly defined. However, no value exists for the uncertainty of the chart in this 

region. The Moody friction factor can be defined as follows: 

 

 𝑓𝑀 = 0.0055 ∙ [1 + (20000 ∙
𝜀

𝐷
+

106

𝑅𝑒
)]

1

3
   , (18) 

 

One of the most commonly used equations for friction factor is the Blasius equation (Blasius, 

1913). This is partly due to its simplicity. The equation is only valid for smooth pipes and as 

such, there are no terms for pipe roughness. Allowing for this fact, many prefer to use the 
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Blasius equation due to its ease of use and lack of iteration. It is valid for Reynolds numbers up 

to 100,000 and defined as the following: 

 𝑓𝐵 =
0.316

𝑅𝑒0.25
   , (19) 

 

The majority of most recent work has focussed on new equations for the friction factor originally 

derived by Darcy and Weisbach. The following summarises the three new empirical equations 

created in the past 50 years. 

 

Wood (1966) proposed a friction factor correlation that covered a Reynolds number range from 

4,000 to 10,000,000 with relative roughness values of 0.00001 to 0.04. The proposed equation 

has the following form: 

 𝑓𝑊 = 𝑎 + 𝑏 ∙ 𝑅𝑒𝑐   , (20) 

 

where 

𝑎 = 0.53 ∙ (
𝜀

𝐷
) + 0.094 ∙ (

𝜀

𝐷
)

0.225

   , 

𝑏 = 88 ∙ (
𝜀

𝐷
)

0.44

   , 

𝑐 = 1.62 ∙ (
𝜀

𝐷
)

0.134

   , 

Most friction factor equations are normally only applied to specific Reynolds number regions 

such as laminar or turbulent flow. Churchill (1977) proposed a new friction factor equation that 

can be applied to the entire Reynolds number range.  

 

 𝑓𝐶𝐻 = 8 ∙ [(
8

𝑅𝑒
)

12

+ (𝑎 + 𝑏)
−3

2 ]

1

12

   , (21) 

 

where 
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There are numerous other friction factor equations that are available such as Chen (1979), 

Haaland (1983) and Buzzelli (2008). They are all approximations of the Colebrook equation 

used to solve for the Darcy friction factor explicitly. 

 

As several friction factors are dependent on the flow regime, the correct determination of the 

flow regime is imperative. The critical Reynolds number can be an extremely important 

parameter for determining flow regime, predicting the friction factor and subsequently 

calculating the pressure loss in a system.  The critical Reynolds number, Rel, for a flow can 

have two values (Reynolds, 1883). The lower value is often referred to as simply the critical 

Reynolds number, Rel, This critical Reynolds number, RelLOW, defines the point at which the flow 

changes from laminar to the transitional state. The upper critical Reynolds number, RelHIGH, 

defines the point at which the flow changes from the transitional to the turbulent state. The 

region between the lower and upper critical Reynolds numbers is referred to as the transitional 

zone.  

 

In terms of pressure loss in a cylindrical pipe, the Rel is the point at which the friction factor, for 

a given relative roughness, changes from a decreasing linear slope in the laminar region to a 

slight ‘hump’ (transitional region) and then for turbulent flow relationships that are dependent 

upon the relative pipe roughness. Taylor et al. (2006) found that in the turbulent region 

roughness contributed significantly but had little effect in the laminar region. Nikuradse (1966) 

classic theory stated that the transition from laminar to turbulent flow (Rel) occurred at a 

Reynolds number of approximately 2000. 

 

Huang et al. (2013) completed pressure loss experiments using eleven types of tubes each with 

different relative roughness. All of the tubes were 19 mm in diameter except from one which 

was 24 mm. The surface roughness was created by attaching either sifted sand or acrylic 

spheres. Acrylic spheres were preferred as they were more consistent in size and shape. Their 

experiments involved installing the different tubes in a flow loop and measuring the resulting 

pressure loss across a 3000 mm section using piezometer tubes water as the fluid. Huang et al. 

(2013) found that not all of their results agreed with the classic equation (14). For tubes with a 

relative roughness covered by the Moody Diagram (0 to 0.05), their results agreed with the 

classic equation (14) for laminar flow. When the relative surface roughness in the experiments 

ranged from 0.071 to 0.417, it was found that the friction factor relationship was a quadratic 

function with respect to the relative roughness.  

 

Huang et al. (2013) found that the amount of surface roughness greatly affected the friction 

factor and the point at which the Reynolds number was in the ‘critical’ zone; Rel. Huang et al. 

(2013) state that the critical Reynold number depends greatly on the surface roughness of the 

tube. They observed an earlier transition from transitional flow to turbulent flow. It occurred for a 

Reynolds number of approximately 500 for one such experiment of a flow tube with a relative 
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surface roughness of 0.27. Other surface roughness values resulted in a critical Reynolds 

number being achieved below 2000. As the relative roughness increased, the critical Reynolds 

number, Rel, decreased linearly (Huang, et al., 2013).  

 

Huang et al. (2013) also found that the transitional flow regime duration decreases as the 

surface roughness increases. Additionally, if the surface is of sufficient roughness then the 

transitional regime did not occur and the friction factor relationship against Reynolds number 

remains smooth and linear with no distinctive ‘hump’ occurring. 

 

Farshad et al. (2001) found that hydraulically smooth pipes have a small layer of fluid attached 

to the pipe wall that remains stationary. As the roughness of the pipe increases, the effect on 

the fluid motion increases. Even in turbulent flow, a small layer of fluid at the pipe wall remains 

in laminar flow. If the surface roughness of the pipe breaches the layer of laminar fluid at the 

wall, then the pipe can be deemed rough and no longer smooth. 

 

Despite the large body of work on transitional flow, there is still a knowledge gap concerning the 

determination of flow regimes using pressure loss. Whilst a lot of measurements have been 

carried out using hot-wire anemometry, little research has focussed on pressure fluctuations. 

Although the velocity profile is clearly a key characteristic to investigate, the relationship 

between the pressure and velocity profiles would be a valuable addition.  

 

One of the research questions posed in this thesis is whether high-frequency pressure loss 

measurements could be used to identify transitional flow. Also, could they be used to detect the 

transition from laminar to turbulent as well as from turbulent to laminar flow? Are these 

measurements repeatable and reproducible for a given installation? Also, does the transition 

from laminar to turbulent flow occur with increasing mixing to a point where the fluctuations 

peak as the high critical Reynolds number, RelHIGH, is achieved? These questions will be 

answered in this thesis and the data presented that could be used in future modelling and even 

corroboration of other experimental data. 

 

 

2.2 Entry Lengths 

 

Reynolds (1883) discovered laminar-turbulent transition occurs at the critical Reynolds number 

approximately equal to 2300. He also found that the critical Reynolds number can increase as 

the disturbances in the flow are decreased. 

 

Following Wygnanski & Champagne (1973) there have been numerous studies into transitional 

flow. Mullin (2011), Willis et al. (2008), Peixinho & Mullin (2006) and Durst & Unsal (2006) 

carried out laminar-turbulent transitional flow experiments using air or water. Few experiments 
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have been completed with viscous fluids such as those accomplished by the author (Mills & 

Belshaw, 2011; Mills, 2013). This could be due to complications such as pump requirements, 

possible entrained air and increased measurement uncertainty.  

 

The experiments by Mullin (2011), Willis et al. (2008), Peixinho & Mullin (2006) and Durst & 

Unsal (2006) were carried out on fully developed Hagen-Poiseuille flow. The entry length 

required for laminar flow can be defined as:  

 

 
𝑋

𝐷
≈ 𝐶 ∙ 𝑅𝑒𝐷   , (22) 

 

where 𝑋  is the entry length and 𝐶 is a correlation factor. 

 

There are several values for the entry length correlation factor in laminar flow (Collins & 

Schowalter, 1963; Patience & Mehrotra, 1989). These correlation factors are typically in the 

range of 0.05 – 0.06. Numerous experimental studies Pfenniger (1961), Draad et al. (1998), 

Wygnanski & Champagne (1973) show that laminar flow can be maintained for Reynolds 

numbers far in excess of 2000. Pfenniger (1961) maintained laminar flow for Reynolds numbers 

greater than 100,000. Table 2.1 displays the calculated entry length requirements for a range of 

Reynolds numbers for a typical correlation factor of 0.055. 

 

Table 2.1: Entry Length Requirements 

 

ReD Entry Length [D] 

20 1.1 

200 11 

500 27.5 

1,000 55 

2,000 110 

4,000 220 

100,000 5,500 

 

Very low Reynolds number flow requires a relatively small upstream length comparable with the 

pipe diameter for Hagen-Poiseuille flow. However, as the Reynolds number approaches the 

laminar-turbulent transitional region, the entry length required is greater than 100 diameters. 

Whilst this can be achieved in experimental installations using a small diameter pipe, it can 

prove problematic for experiments using larger diameter pipework. This could explain why 

almost all the experiments completed in the laminar-turbulent transitional region have been 

conducted utilising small-bore pipework with diameters smaller than 25 mm (Durst & Unsal, 

2006; Colebrook, 1939; Nikuradse, 1966; Huang, et al., 2013; Peixinho & Mullin, 2006; 

Wygnanski, et al., 1975; Wygnanski & Champagne, 1973). Experiments of this scale require 
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less than 3 meters entry length for Hagen-Poiseuille flow which is simpler and cheaper to 

construct in a laboratory.  

 

 

2.3 Transitional Flow 

 

There have been numerous research conducted into laminar-turbulent transitional flow since 

Reynolds (1883) seminal experiments. This chapter will discuss some that research along with 

existing knowledge gaps.  

 

As mentioned in the previous chapter, the majority of experiments have been completed after 

developing stable Hagen-Poiseuille flow (Wygnanski & Champagne, 1973; Draad, et al., 1998; 

Hof, et al., 2004; Nishi, et al., 2008). Mullin (2011) has stated that the transition to turbulent flow 

depends upon the experimental facility and that it is a finite amplitude event. 

 

Prominent research on transitional flow was completed by Hermann Schlichting. Schlichting 

was a German mathematician, physicist and fluid dynamic engineer who produced seminal 

work on boundary layer theory (Schlichting, 1960). In his renowned book, Schlichting states that 

laminar-turbulent transitional flow is accompanied by a significant change in the hydraulic 

resistance (Schlichting, 1960). For fluid flowing through a closed conduit such as a pipe, this 

equates to a sizeable variation in the skin friction.  

 

This change in friction has a noticeable influence on the longitudinal pressure gradient and 

therefore, the pressure loss within the system. For laminar flow, the longitudinal pressure 

gradient is proportional to the first power of velocity (Schlichting, 1960). In turbulent flow, the 

pressure gradient becomes nearly proportional to the square of velocity.  

 

In the Moody Chart, the critical Reynolds number can be seen to be nominally 2100. It is the 

Reynolds number at which flow disturbances render the flow unstable. The instability produces 

mixing with increasing “flashes”. The term “flashes” was coined by Reynolds in his seminal 

paper of 1883 (Reynolds, 1883). However, it has now become customary to call the flashes 

either “slugs” or “puffs” (Wygnanski and Champagne, 1973).  

 

These flashes are the mixing in the fluid flow that generates notable pressure fluctuations. 

When a fluid flows in the laminar regime, the pressure loss is lower than for the same mean 

velocity in turbulent flow. This is because the drag against the pipe wall in laminar flow is lower 

than in turbulent flow. The lower drag is due to the absence of mixing in lamina flow. A typical 

value for the pressure loss in laminar flow is approximately 40% of the turbulent flow pressure 

loss (Schlichting, 1960). 
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As the flow changes from laminar to turbulent, the pressure drop increases as mixing in the fluid 

intensifies. Whilst flow in the transitional state often appears chaotic, the pressure loss seems to 

follow a distinct and reproducible relationship. This is not what one would expect from a chaotic 

state. Research by Simoni et al. (2019) has shown that at the point of transition, the amplitude 

of perturbations grows and then decreases steadily. 

 

It is known that laminar flow remains linearly stable Kerswell (2005) and should be observed for 

all flow rates. However, turbulence can instead be introduced via finite-amplitude perturbations 

and maintained. At low Reynolds numbers, this turbulence takes the form of puffs. At higher 

Reynolds numbers, these puffs expand and are known as slugs (Wygnanski and Champagne, 

1973; Nishi, et al., 2008; Peixinho & Mullin, 2006). 

 

This process has been well researched (Hof, et al., 2004; Peixinho & Mullin, 2006; Duguet, et 

al., 2010). The majority of experiments conducted for the transition to turbulence have been 

completed with water or air with small bore pipework and utilise velocity measurements 

(Reynolds, 1883; Nikuradse, 1966; Wygnanski & Champagne, 1973; Draad, et al., 1998; Hof, et 

al., 2004; Nishi, et al., 2008). 

 

The classification of a slug or puff can be separated into two distinct areas. Wygnanski & 

Champagne (1973) and Rubin et al, (1980) define two flow regimes depending on their specific 

features. Puffs are believed to be a result of external perturbations and slugs due to boundary 

layer instabilities. An opposing view is offered by (Coles, 1981) and further supported by 

Darbyshire & Mullin (1995), Draad et al. (1998) and Durst et al. (2003) who argue that the 

generation of puffs and slugs is determined entirely by the Reynolds number rather than by 

external disturbances. This classification is still a subject of dispute. 

 

A puff typically occurs in a Reynolds number range of 2000 – 3000 and has a characteristic 

turbulent front and a distinctive “arrowhead”. The trailing back end is laminar and has a flat 

“sharp” tail. A puff is thought to represent a partial re-laminarisation process (Wygnanski & 

Champagne, 1973).  

 

Velocity time traces for puffs show an initial stable laminar flow with an increased disorder that 

manifests itself into a turbulent arrow-head front. The flow then quickly returns to laminar flow 

which is shown as a flat tail (Mullin, 2011). A puff typically has a velocity of 0.9 times the mean 

pipe velocity (Durst & Unsal, 2006; Lindgren, et al., 1976; Wygnanski & Champagne, 1973). 

The length of a puff is normally 20 pipe diameters (Piexinho and Mullin, 2007). Slugs appear to 

have flat laminar front and rear with a turbulent middle section. According to Mullin (2010), they 

occur at Reynolds numbers greater than 3000. The flow in slugs appears to move from laminar 

to turbulent states before falling quickly back to the laminar state (Piexinho and Mullin, 2007; 

Durst & Unsal, 2006). 
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As the vast majority of experiments completed exploring the origin of puffs and slugs have been 

completed with air and water in small bore pipework, the velocity range at which transition 

occurs could be extremely narrow. This is because very small changes in velocity in small bore 

pipework with low viscosity fluids such as air or water result in substantial shifts in the Reynolds 

number. Furthermore, the shape of the puffs and slugs would clearly be affected by the velocity 

of the flow. At high velocity the experimental evidence presented in this thesis display similar 

excursions as shown by (Durst & Unsal, 2006; Lindgren, et al., 1976; Wygnanski & 

Champagne, 1973; Piexinho and Mullin, 2007). 

 

Work by Avila et al. (2011) continued on from Wygnanski & Champagne (1973) and provided an 

accurate estimate of the critical Reynolds number, Re ≈2040, by completing both numerical and 

experimental work on transitional flow. They found that below the critical Reynolds number, the 

likelihood of a puff decaying offsets that of a new puff being generated. Conversely, if the 

Reynolds number is greater than the critical Reynolds number, it is more likely that the puff 

splitting will increase substantially and multiply. 

 

Yakhot, et al. (2019) completed further experiments exploring transitional puffs in a pipe. Using 

a point velocity measurement at the centre of the pipe, they were able to record Poiseuille flow, 

the formation of a transitional puff and then the onset of partial re-laminarisation. They found 

that the transitional puff was in the region of 15 – 17 pipe diameters in length with a laminar 

upstream and downstream. This is relatively similar to the value of 20 pipe diameters recorded 

by (Piexinho & Mullin, 2007).  

 

The transitional flow research completed shows that there are two definitive flashes that are 

known as puffs and slugs. They each have their own characteristics and have been validity 

independently by numerous researchers. However, the vast majority of experiments have 

completed over a very narrow velocity range as they have utilised small bore pipework and low 

viscosity fluids. As such, there exists a gap to complete transitional flow research utilising larger 

diameter pipework and higher viscosity fluids. This would enable a larger velocity range to be 

explored. Another gap would be the use of high frequency pressure loss measurements. These 

should be used in conjunction with the flow of high viscosity fluids. The high frequency pressure 

loss measurements would provide more information on the unstable nature of the transition and 

shift in pressure loss from stable laminar to fully turbulent flow. 

 

Recent research by Kuhnen, et al. (2014) and Rinaldi et al. (2019) has explored laminar-

turbulent flow in disturbed entry flow. They have found that the agitated inlet flow from pipe 

bends affects the onset of turbulence. In the generation of turbulence, turbulent-laminar 

structures are formed (Coles, 1962; Wygnanski & Champagne, 1973; Avila, et al., 2011). 

However, in relatively curved pipework where the entry flow is agitated, the structure of the 

laminar-turbulent front is dramatically altered such that the velocity fluctuations in the front are 
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substantially reduced in comparison to straight pipework. These agitated flow entry conditions 

are closer to the situation that occurs in the industry such as oil and gas pipelines. Whilst there 

has been some research into laminar-turbulent transition in this area of disturbed inlet flow, a 

significant gap remains with respect to industrial pipework settings. Furthermore, whilst hot wire 

anemometry has been used extremely successfully by researchers, the use of such technology 

in an industrial setting is less likely to be accessible.  

 

One common parameter that can relatively easily be measured in an industrial setting would be 

pressure loss. This could be in the form of two static pressure measurements or a differential 

pressure measurement. Research by Krauss, et al. (2011) included some pressure loss 

measurements in their experiments exploring the transitional structures of puffs and slugs. The 

formation and travel of the puffs and slugs were followed using the pressure loss 

measurements. The pressure measurements recorded by Krauss, et al. (2011) indicated the 

formation of the disturbances but was not able to provide extremely detailed information. This 

might be due to the low frequency logging of the pressure loss. This view has been supported 

by Scarselli et al. (2019) who stated that pressure loss measurements can detect the flow 

regime but can’t provide dynamic information on the sudden formation of puffs. Durst & Unsal 

(2006) completed experiments with high frequency pressure loss measurements and exhibited 

pressure peaks generated by excursions caused by slugs.  

 

From reviewing literature, excluding Scarselli et al. (2019) and Durst & Unsal (2006), there does 

not appear to be a significantly large body of research utilising relatively high-frequency 

pressure loss measurements for transitional flow experimentation. Scarselli et al. (2019) logged 

pressure loss at 20 Hz and Durst & Unsal (2006) logged pressure loss at 1kHz and neither fully 

utilised the measurements for inferring flow regime. As such there still exists a gap for 

examining high frequency pressure loss measurements. This thesis will explore this topic and 

utilise high-frequency pressure loss apparatus. 

 

 

2.4 Flow Measurement Technologies in Transitional Flow 

 

The performance of conventional flow meters when applied to transitional flow remains 

relatively poorly understood. Some flow meter technology standard documents recommend 

avoiding transitional flow when possible (ISO12242, 2012). Whilst trying to avoid transitional 

flow would seem to be a sensible solution, it is not always the most practical one for cost, 

accuracy or even feasibility. This can be due to the requirement to over or undersize a meter to 

attempt to maintain laminar or turbulent flow. Furthermore, over or under-sizing a flow meter can 

create either a detrimental effect on the accuracy of the flow measurement or an increased 

pressure loss and thus a requirement for greater pumping capacity. In many applications, 

encountering transitional flow might simply be unavoidable. 
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Measuring fluid flow in the transitional regime is hampered by many technical challenges. These 

include the prospect of pressure loss fluctuations due to the transition between laminar and 

turbulent flow regimes and also rapidly varying velocity profiles. It is sensible to envision that 

alternative measurement technologies will be affected by these challenges in different ways. 

However, up to now, the most appropriate solution for measuring flow in the laminar-turbulent 

transitional flow regime has not been determined. 

 

Well established flow measurement technologies such as differential pressure devices are 

known to be sensitive to flow profile. However, there is little published data on their performance 

across a range of viscosities and Reynolds numbers. The same can also be said for “modern” 

measurement technologies such as Coriolis and ultrasonic devices. Confusion can arise when 

the flow meter manufacturer’s make specific claims on performance with little independent and 

verifiable data published. This follows an absence of appropriate flow measurement loops that 

can accommodate high viscosity flows with sufficiently accurate measurements and traceable 

reference instrumentation. 

 

Although manufacturers might recommend avoiding transitional flow by changing the flow meter 

diameter, there still exists the possibility of transitional flow occurring.  Depending on the 

process, this could be due to the flow range changing over time due to decreased or even 

increased product output, blockages or comingled flow from another application.  

 

Another issue is that transitional flow does not always occur at a specific Reynolds number 

irrespective of the installation geometry. Whilst numerous classical texts and scientific papers 

often quote transitional flow in the region of 2,000 – 2,300, this is not always the case. As 

mentioned in Chapter 2.2, laminar flow has been maintained in certain situations up to 100,000 

Reynolds number (Pfenniger, 1961). As such, whilst avoiding transitional flow might seem like a 

sensible approach, it can be difficult to achieve. A more practical method would be to predict 

when laminar-turbulent transitional flow occurs in real-time and ensure the correct performance 

indicator is used.  

 

Most flow calibration laboratories have installations with long entry lengths compared with field 

conditions. It is possible that the laminar-turbulent transition may occur at a Reynolds number of 

3,000 for the end-users installed application. Yet when the end-user has their device calibrated 

in a flow laboratory, the extremely long entry lengths available might mean that transition occurs 

at 5,000 Reynolds number. As such, a method for detecting when transitional flow occurs could 

be beneficial.  

 

A brief discussion of various commonly used liquid flow meters is next presented with respect to 

their operation and challenges in laminar-turbulent transitional flow. 
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2.4.1 Differential Pressure Flow Meters 

 

Differential pressure (DP) flow meters are a well-established measurement technology. They 

have been used for the flow measurement of high-value products such as oil and gas for nearly 

a century.  One of the reasons why this is still the case is that differential pressure devices are 

low-cost and comparatively simple to construct. They also require very little maintenance which 

is due in part to their lack of moving parts. They can be used in multiple orientations and data 

exists for their use in most liquids and gases. The two most commonly used differential pressure 

devices are the orifice plate and the Venturi tube.  

 

There is a large amount of expertise collected using these devices and their performance is well 

documented. Some differential pressure devices such as orifice plates, nozzles, cones and 

Venturi meters can be used without calibration by calculating the discharge coefficient using the 

relevant part of the ISO 5167 standard (ISO 5167, 2003). The discharge coefficient is a 

correction factor that accounts for additional irrecoverable losses within a flow system. It can be 

calculated by dividing the actual flow rate by the standard equation calculated flow rate. 
 

 𝐶𝐷 =
𝑄𝑎𝑐𝑡

𝑄𝑐
 , (23) 

 

where CD is discharge coefficient, Qact is actual flow rate and Qc is calculated flow rate.  

 

However, the flow standard does not present discharge coefficients for Reynolds numbers 

below 5,000 for orifice plates and 20,000 for Venturi tubes and numerous experimental studies 

have shown a logarithmic relationship between Reynolds number and discharge coefficient in 

laminar flows. A “hump” has been observed by Miller (1983) and Mills (2013) when using 

differential pressure devices to measure transitional flows. As such, it is expected that traditional 

DP devices will encounter a significant loss of accuracy when used in the laminar-turbulent 

transitional flow.  

 

As the ISO 5167 standard only includes limited data for Reynolds numbers down to 50000, we 

must slightly alter the standard equation by removing the discharge coefficient. Thus, the mass 

flow rate can be calculated using the following equation: 

 

 𝑄𝑐 = 𝐴𝑡 ⋅ √
2⋅𝛥𝑃⋅𝜌𝑂𝐼𝐿

1−𝛽4    , (24) 

 

where At is restriction area, ΔP is pressure drop, ρoil is oil density and β is the ratio of the throat 

diameter to the pipe diameter. 

 

Hall (1959) explained the shape of a Venturi calibration curve by defining the discharge 

coefficient as being the ratio of the “actual” flow area to the geometrical cross-sectional area of 
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the throat. Here he showed that the displacement thickness of the boundary layer behaves like 

a flow reducer that diminishes in its effect with increasing Reynolds number. As the flow regime 

becomes increasingly turbulent through the throat, the velocity distribution becomes more and 

more uniform (flat), decreasing the boundary layer thickness and increasing the “actual” flow 

area seen by the flow. The reduced effect of the throat to restrict the flow results in an increase 

in the static pressure at the throat tapping. This can cause the discharge coefficient to increase 

with increasing throat Reynolds number.  

 

Schlichting also stated that the thickness of the boundary layer increases close to the transition 

period that there is a substantial variation in the resistance to the flow when the flow transitions 

from laminar to turbulent (Schlichting, 1960). For pipe flow, this manifests as a large change in 

skin friction. This change in friction has an obvious effect on the longitudinal pressure gradient 

and thus, the Venturi pressure drop. For laminar flow, the longitudinal pressure gradient is 

proportional to the first power of velocity (Schlichting, 1960). In turbulent flow, the pressure 

gradient becomes nearly proportional to the square mean velocity of the flow. This influence on 

the Venturi pressure drop may explain why the discharge coefficient follows two separate 

curves; one for laminar flow and one for turbulent flow.  

 

Combining these two assumptions, the following attempts to describe the shape of the 

calibration curve for the Venturi flow meter. As the flow regime becomes increasingly turbulent 

through the throat, the velocity distribution becomes more and more uniform (flat), decreasing 

the boundary layer thickness and increasing the “actual” flow area seen by the flow. It is 

possible that the reduced effect of the throat to restrict the flow, results in an increase in the 

static pressure at the throat tapping, causing the discharge coefficient to increase with 

increasing throat Reynolds number.  

 

Around transition, the boundary layer thickens, as postulated by Schlichting (1960), causing the 

“actual” flow area to reduce, restricting the flow and decreasing the value of discharge 

coefficient. At some point thereafter, accompanied by a change in the friction resistance, the 

velocity distribution becomes uniform in turbulent flow. Here the “actual” flow area begins to 

closely approach that of the geometrical cross-sectional area of the throat, resulting in a 

recovery of discharge coefficient to values close to unity. 

 

 

2.4.2 Turbine Flow Meters 

 

Turbine flow meters are still one of the most commonly used flow meters for low uncertainty 

measurement of high-value liquids (Gallagher, et al., 1995). They operate on the principle that 

the rotational speed of the turbine blade is proportional to the kinetic energy of the flowing fluid 

which is proportional to the mean axial velocity of the flow.  
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For low-viscosity oils, conventional multi-blade turbine flow meter designs remain predominant. 

Helical bladed turbines are believed to be more suitable for the measurement of viscous fluids 

(Mills & Belshaw, 2011). Helical bladed turbine flow meters have two blades, twisted to minimise 

the angle of incidence to the flow. Manufacturers claim typical repeatability for the predicted flow 

rate of ±0.02 % and linearity of ±0.15 % when a meter is calibrated with a fluid of the same 

viscosity as the operating fluid. However, changes in fluid viscosity have the effect of altering 

the thickness of the fluid boundary layer on the turbine meters’ cartridge and blade. This 

adversely affects the forces that rotate the turbine blades. Consequently, conventional turbines 

can be quite sensitive to changes in fluid viscosity. 

 

As helical blade turbines have fewer blades, which are more aligned with the flow, the effect of 

boundary layer growth and hence their sensitivity to viscosity changes are claimed to be 

reduced, as illustrated in Figure 2.3. 

 

Figure 2.3 Change in turbine cross-sectional area caused by boundary layer  

 

As they are less sensitive to viscosity effects, it is the helical blade turbine designs that tend to 

be used to meter higher viscosity fluids. In fact, some helical blade turbine manufacturers even 

claim accurate performance in oils with viscosities as high as 1000 cSt.  

 

 

2.4.3 Coriolis Flow Meters 

 

Coriolis flow meters are perhaps the most popular modern flow measurement technology. There 

are numerous manufacturers and the highest accuracy devices claim a direct mass 

measurement uncertainty of 0.1 % and product density measurement uncertainty of 0.05 kg/m3.  

 

The measuring principle for Coriolis flow meters is based on the controlled generation of 

Coriolis forces. These forces, 𝐹𝐶, are present when both translational and rotational movement 

occurs simultaneously (Endress & Hauser, 2008; Krohne, 2010; Emerson MicroMotion, 2016). 

The amplitude of the Coriolis force depends on the moving mass 𝛥𝑚, its velocity 𝑣 in the 

system, and thus on the mass flow. Instead of a constant angular velocity 𝜔, Coriolis flow 

sensors use oscillation (25). 
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 𝐹𝐶 = 2 ⋅ 𝛥𝑚 ⋅ (𝑣𝑟 ⋅ 𝜔)   , (25) 

 

Where Δm is the moving mass, νr is the radial velocity in the system and ω is the rotational 

velocity. 

 

Coriolis flow meters comprise of flow tubes that are vibrated at their natural frequency via a 

mechanical driver. Electrical pick-offs at the inlet and outlet of the device measure any shift via 

the Coriolis force. When no flow is present the flow tubes should theoretically display no sign of 

twist and remain “in phase”. Once flow is applied, Coriolis forces produce “twisting” in the tubes 

resulting in the inlet and outlet being “out of phase” (Figure 2.4). By measuring these twists, or 

more correctly the time shift in the phase of oscillation of each measuring tube, a mass flow rate 

can be calculated. Mass flow results in a deceleration of the oscillation at the tube inlet and 

acceleration at the tube outlet. 

 

Figure 2.4 Coriolis flow meter “out of phase” (Mills, 2020) 

 

A Coriolis flow meter will also provide a fluid density measurement based on the natural flow 

tube oscillation frequency, which varies with mass. A change in the mass results in a change in 

the frequency. As the volume of the flow tubes is constant, the oscillation frequency is a function 

of fluid density. 

 

Historically, Coriolis flow meters were not believed to be susceptible to viscosity / Reynolds 

number effects. Mills (2013; 2018) has shown that there exists a Reynolds number effect in 

Coriolis flow meters. There have also been experiments by researches and Coriolis flow meter 

manufacturers into this important area (Tschabold, et al., 2010; Kutin, et al., 2006). An important 

term for Coriolis flow meters and Reynolds number effects is the “aspect ratio”, α:  

 

 ∝𝐶  =  
𝐿𝐶

𝑟𝐶
   , (26) 

 

where ∝𝐶 is the aspect ratio, 𝐿𝐶 is the Coriolis tube length and 𝑟𝐶 is the Coriolis tube radius. 
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Kutin et al. (2006) investigated Coriolis devices with an aspect ratio of 30 and 60. They found 

that devices with lower aspect ratios display a larger velocity profile effect. This is due to the 

vibrational effects being affected by the velocity profile and the Coriolis tube geometry. These 

vibrational effects can influence the phase shift and hence the predicted mass flow by the 

Coriolis flow meter.   

 

The aspect ratios for some commercially available Coriolis flow meters manufactured by 

Emerson MicroMotion and Endress & Hauser can be found in Figure 2.5. The values are 

approximations from the tube length and diameter stated in the device manuals. Only Emerson 

MicroMotion and Endress & Hauser were found to publish their Coriolis flow meter dimensions. 

Indeed, many manufacturers such as Krohne, ABB and Yokogawa do not report the tube length 

and diameter.  

 

Tschabold et al. (2010) also explored viscosity and Reynolds number effects on Coriolis flow 

meters. They found that the Reynolds number effect is a consequence of viscous shear forces 

damping the Coriolis force and producing a smaller phase shift. They argue that the thicker the 

boundary, the more significant the effect. Consequently, the thicker boundary layer leads to a 

smaller phase shift which results in the Coriolis device under-reading the mass flow with 

decreasing Reynolds number. 

 

The performance of Coriolis flow meters is detailed in the ISO standard 10790 but there is no 

mention of laminar-turbulent transitional flow effects (ISO10790, 2015). 

 

Figure 2.5 Aspect ratio for some commercially available Coriolis flow meters 

 

 

2.4.4 Ultrasonic Flow Meters 

 

Fiscal measurement, custody transfer, process control and allocation measurement systems for 

high-value oils frequently utilise ultrasonic flow meters. There are several types of ultrasonic 
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flow meter technologies currently used in industry: transit time, cross-correlation and doppler. 

The most commonly used technology is the transit time ultrasonic flow meter. Transit time 

ultrasonic flow meters utilise piezoelectric crystal transducers that operate as transmitters and 

receivers of ultrasound signals. The signal is transmitted downstream with the flow direction and 

then repeated upstream against the flow direction. This results in a time of flight which can be 

used to calculate the fluid velocity using the path length between the transducers. 

 

To maintain an accurate estimate for volumetric flow rate, ultrasonic meters must reliably 

determine the mean fluid velocity from discrete measurements of fluid velocity along multiple 

ultrasonic paths. There are a variety of path configuration designs employed. Each model 

design has proprietary corrections that are applied to account for path configurations and also 

the velocity profile of the flow.  

 

 

Figure 2.6 Typical in-line ultrasonic transducer set up 

 

For the majority of the turndown, ultrasonic flow meters can achieve a measurement uncertainty 

of better than ±0.15 %. However, transitional flow can have a detrimental effect on the 

performance of this flow technology. This is due to the velocity profile significantly varying in this 

region. 

 

Ultrasonic meters must reliably determine the mean fluid velocity from discrete measurements 

of fluid velocity along the ultrasonic paths. Many manufacturers will apply corrections to the 

meters for the velocity profile of the flow. An alternating flow profile in transitional flow can cause 

significant measurement errors.  

 

The performance of ultrasonic flow meters has been shown to be highly correlated with the flow 

profile (Mills, 2013). The trends for viscosity and flow rate can be observed as a Reynolds 

number effect. As Reynolds number decreases, the deviations in meter performance are found 

to increase sharply (Mills, 2013). The experimental data of Mills (2013) exhibits a large shift in 

meter performance when approaching the transitional flow from laminar to turbulent or turbulent 

to laminar.  

 

The ISO standard for ultrasonic devices, ISO12242 (2012), provides some information on fluid 

viscosity effects and also the relationship with Reynolds number. 
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2.5 Summary 

 

An introduction to the classic theory for fluid flow along with commonly used pressure loss 

estimations have been discussed in the previous chapter. Significant research on laminar-

turbulent transitional flow has been reviewed along with a comprehensive appraisal of flow 

measurement technologies and their performance with respect to transitional flow. There has 

been a momentous amount of research investigations conducted into laminar-turbulent 

transitional flow in pipe flow. From Reynolds (1883) to Colebrook (1939), from Wygnanski & 

Champagne (1973) to Mullin (2011), there has been significant research into the fluid 

mechanics of laminar, turbulent and transitional flow. It is known that laminar flow is linearly 

stable Kerswell (2005) and should be observed at all flow rates but that in reality turbulent flow 

frequently occurs. Finite-amplitude perturbations prompt the transition from laminar to turbulent 

flow and this process has been well researched (Hof, et al., 2004; Peixinho & Mullin, 2006; 

Duguet, et al., 2010). The majority of experiments conducted have been completed with water 

or air with small bore pipework and utilise velocity measurements (Reynolds, 1883; Nikuradse, 

1966; Wygnanski & Champagne, 1973; Draad, et al., 1998; Hof, et al., 2004; Nishi, et al., 2008). 

 

However, there still exists a gap for research comprising of high-frequency pressure loss 

measurements of larger flow rates encompassing viscous fluids rather than small-bore 

experiments that utilised air or water as the fluid medium. This would allow the laminar-turbulent 

transitional Reynolds number range to be investigated with large flow rates and pressure 

losses. Furthermore, whilst the physics of fluid mechanics has been explored, the effect that 

laminar-turbulent transitional flow has on accurate flow measurement technologies has not been 

fully researched. A gap also exists for investigating the laminar-turbulent transitional flow using 

high-frequency pressure loss measurements in conjunction with flow measurement technology.  

 

For example, one of the most common flow measurement technologies in the world at present 

is the turbine flow meter. This device can be used for laminar and turbulent flow, but most users 

tend to try and avoid the area of transition. This is due to the large deviations that can occur in 

the transitional area but also due to the variation in the performance indicator/correction factor 

used in laminar and turbulent flow. As transitional flow does not have one easily defined 

numerical zone at which it will occur, most users are overly cautious when designing a flow 

measurement system. As such, a real-time method of determining which flow regime you are 

operating in would be extremely advantageous. It would allow the end-user to apply the 

appropriate correction factor and provide confidence in the measurement system.  

 

This thesis addresses the challenges and gaps identified by detailing a methodology for 

measuring pressure loss and determining the real-time flow regime and applying the applicable 

correction factor. This correction factor would improve the performance of the flow technology 

and reduce the mis-measurements that regularly occur in laminar-turbulent transitional flow. 
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3. EXPERIMENTAL METHODOLOGY 

 

3.1 UK National Standards Oil Flow Facility 

 

The experimental research conducted in this thesis was completed at the United Kingdom 

National Standards Oil Flow Facility located in East Kilbride, Scotland. The facility is used 

predominately for the flow calibration of flow measurement meters. These flow meters are used 

in a variety of industries but the majority that are calibrated in the oil flow facility are used in the 

oil & gas industry for the measurement for high-value hydrocarbon. As the products measured 

are of such large monetary value, the measurement uncertainty required must be extremely 

small. Flow meters from all over the world are regularly sent to NEL for flow calibration using 

this flow loop.  

 

The UK National Standards Oil Flow Facility is also used for completing UK government 

research under the Department for Business, Energy & Industrial Strategy (BEIS) Flow 

Programme project. This completes flow related research for the benefit of UK industry. 

 

As the national standard for flow for the UK, this oil flow facility is the eminent flow loop and is 

positioned at the top of the traceability chain for oil flow in the country. It is the UK’s designated 

National Measurement Institute for flow and has been operational for over 40 years. As such, 

the experiments from this thesis have been completed at one of the most respected and 

renowned flow loops in the world. A summary of the measurements completed in this thesis can 

be found in Chapter 3.2.7. 

 

At the UK National Standards Oil Flow Facility, there are two distinct flow loops, (A and B). The 

test sections can accommodate a variety of meter sizes and ranges from 15 mm to 300 mm in 

diameter. The test fluids are discharged into the test section via either centrifugal (circuit B) or 

positive displacement gear (circuit A) pumps at flow rates from 0.5 m3/h - 720 m3/h and static 

pressures of up to 8 bar.  

 

Figure 3.1 provides a representative facility schematic. The test fluid was supplied from a 30 m3 

tank into the main pumps before being discharged to the test section. The experiments were 

completed in flow circuit A, which contains four positive displacement (PD) gear pumps each 

delivering 50 l/s. A conditioning circuit comprised of separate heating and cooling heat 

exchangers allows calibration with a test fluid temperature between 5 ºC – 50 ºC ± 0.5 ºC.  
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Figure 3.1 NEL oil flow test facility schematic 

 

Each of the two oil flow loops has 20 m of horizontal straight lengths available as a test section. 

At the end of each of the test sections, a flow header diverted the fluid to either a weigh scale or 

back to the tank. The line pressure and temperature are both measured at upstream and 

downstream locations in the test section. The average temperature and pressure are calculated 

from the sum of the upstream and downstream measurements. 

 

The oil flow lines both utilised the primary standard that consisted of four weighbridge systems 

of 150 kg, 600 kg, 1500 kg and 6000 kg capacity. These weighbridges are used to measure the 

collected mass of oil that has passed the device under test in the flow loop. They form the 

“primary” reference for the flow loop and will be described in more detail in Chapter 3.2. The 

facility has United Kingdom Accreditation Service (UKAS) accreditation for flow and density.  

 

NEL has the following refined oils1 available as test fluids:  

 

• Kerosene   (765 kg/m3)  (2 cP) 

• Gasoil    (822 kg/m3)  (8 cP) 

• Velocite    (850 kg/m3)  (15 cP) 

• Siptech    (859 kg/m3)  (300 cP) 

• Aztec    (871 kg/m3)  (600 cP) 

 

1 Only refined oils are used in the test facility, to ensure high repeatability of the fluid properties. 
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3.2 Measurement Equipment 

 

3.2.1 Gravimetric Reference System 

 

A gravimetric calibration method is used for “primary” calibrations of flow measurement devices. 

Flow meters such as differential pressure, turbine, Coriolis and ultrasonic are routinely 

calibrated for flow using the gravimetric calibration method at NEL. This gravimetric calibration 

method is known as “standing-start-and-finish”. The fluid quantity (volume or mass) flows past 

the test flow meter and is collected in the weighbridge system. The measurement uncertainty for 

the primary method, at approximately 95 % (95.45 %) confidence limit, was ± 0.03 % (k = 2). A 

schematic of a ‘standing start and stop’ calibration is shown in Figure 3.2. 

 

 

Figure 3.2 Standing start and stop calibration method 

 

Discussed in more detail in the next chapter, the ‘secondary’ reference flow meters are typically 

pre-calibrated before use with respect to temperature, viscosity and flow rate. One of four 

gravimetric weigh tanks (150 kg, 600 kg, 1500 kg and 6000 kg capacity) measure fluid mass or 

volume after it has flowed past the meter under test and been collected in the weighbridge 

vessel.  
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Figure 3.3 NEL gravimetric weigh tanks 

 

A gravimetric calibration can be thought of as being a ‘bucket and stopwatch’ system. The 

‘bucket’ would be weighed at the beginning and end of the calibration and the variance 

calculated. This provides the quantity of fluid collected. The method of measuring the time to fill 

the vessel can be thought of as being similar to a ‘stopwatch’.  

 

As the quantity collected is mass, the effect of air buoyancy on the quantity of fluid collected has 

to be accounted for. Calibrated weights with a density of approximately 8,000 kg/m3 are used to 

calibrate the weigh scale. As the density of the calibrated weights differs substantially from the 

density of the fluid, there will be a completely dissimilar upwards force from the air. For water, 

this accounts for around a 0.1 % shift.  The mass collected can be calculated as 

 

 
𝑀 = 𝑊 × (1 + 𝜌𝑎𝑖𝑟 × (

1

𝜌𝑓
−

1

𝜌𝑤
))    ,  

(27) 

 

where 𝑀 is the mass collected, 𝑊 is the measured weight, 𝜌𝑎𝑖𝑟 is the air density, 𝜌𝑓 is the fluid 

density and 𝜌𝑤 is the calibration weight density. 

 

In the ‘standing start and stop’ calibration method, the flow starts from zero and then returns to 

zero when the required mass has been collected. A switch on the stop valve starts and stops 

the timer and pulse totalizer for the flow meter under test. The process requires a fast-acting 

valve that does not influence the flow rate with significant pressure fluctuations. The fast-acting 

valve must be able to open and close extremely quickly to enable ‘response error’ to be reduced 

(Figure 3.4).  
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Figure 3.4 Standing start and stop response error 

 

The fluid that has passed the flow meter under test and is in the pipework leading to the vessel 

would vary appreciably with flow rate and fluid properties. This is known as ‘transfer point error’ 

(or ‘dead volume’) and includes the varying fluid holdup in the weir system. Whilst this would 

ideally be identical for every calibration point, there would be slight differences depending on 

fluid velocity and fluid properties. This is one of the largest uncertainty sources for gravimetric 

calibrations. 

 

The primary standard weighbridge system is calibrated once every six months by comparison 

with calibrated weights. As the mass of the weights has been shown to be extremely stable, the 

weights have a re-calibration interval once every five years.  

 

 

3.2.2 Reference Flow Meters 

 

For a “secondary” calibration, a previously calibrated reference flow meter installed in series 

measures the fluid quantity flowing through the meter under test. This is part of the ‘traceability 

chain” and the flow meter in this instance would be a secondary standard (BIPM JCGM 200, 

2012). A reference master flow meter can be any repeatable, reproducible, accurate flow meter.   

 

If there are any issues with resolution, measured quantity or the time of the response, a master 

meter could be more useful than the ‘primary’ method. Depending upon the application, a single 

flow meter or even multiple flow meters could be used as master meter systems. They could be 

installed in series or in parallel. By installing the meters in parallel, the turndown range can be 

substantially increased. This could be a more practical method of calibrating at larger turndowns 

than using a ‘primary’ reference system. It is not uncommon for two, three, four or greater 

combination of master flow meters to be installed in a skid and used to calibrate flow meters.  

 

If a master meter is used instead of a primary system this would normally have an impact on the 

measurement uncertainty of the measured quantity. However, using multiple meters as 
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opposed to a single master flow meter system would not result in a significant reduction in 

uncertainty.  

 

In some situations, the calibration uncertainty of a flow meter under test may be lower when 

using a master flow meter instead of a primary system. This reduction in uncertainty can be 

achieved via increasing the test point duration, increasing the resolution and the mitigation of 

response time issues. 

 

The high viscosity flow facility used the secondary reference method for these experiments. 

This enabled a stable flow to be maintained for the required duration. Essentially the test point 

length could be as long or short as specified when operating in ‘re-circulation’ mode.  

 

The flow meters used as the secondary reference in the experimental programme consisted of 

two 200 mm rotating-vane Positive Displacement (PD) devices.  

 

 

Figure 3.5 NEL master meter reference system 

 

The performance indicator for a PD meter can be referred to as a k-factor. It can be defined as 

the number of electrical pulses generated by the measurement device divided by the reference 

quantity (mass or volume). These electrical pulses are symmetrical square-wave waveforms 

and are counted by the data acquisition system. Each whole square wave is counted as one 

pulse. 

 

A PD meter is a volumetric device and has a k-factor of pulse per volume. The nominal k-factor 

for the PD meters used in this experimental research was approximately 10 pulses per litre.  
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This performance indicator (k-factor) for the oil flow facility PD meters has been determined to 

be a function of the fluid viscosity (), the fluid temperature (T) and the volumetric flow rate (Q).  

 

 𝐾𝜈,𝑇 = 𝑓𝜈,𝑇(𝑄)    , (28) 

 

The NEL reference flow meters have an extensive calibration history at a variety of 

temperatures, viscosities and volumetric flow rates. The measurement uncertainty of the flow 

rate was calculated as approximately  0.15 % at the 95% confidence level. 

 

 

3.2.3 Differential Pressure Measurements 

 

To evaluate the polling frequency and transmission output options, three different transmitters 

were used for measuring the differential pressure across the ‘measurement section’. Table 3.1 

details the specification of the three pressure transmitters.  

 

Table 3.1: Differential pressure transmitter specifications 

 

Transmitter Output Range Frequency Uncertainty (k=2) 

Analogue 4 mA – 20 mA 10 – 1000 mbar 2 Hz ± 0.1 % 

Digital Foundation Fieldbus 10 – 1000 mbar 2 Hz ± 0.1 % 

High Frequency Voltage 10 – 1000 mbar 40 Hz ± 0.15 % 

 

One analogue current (4 mA – 20mA) transmitter and one digital Foundation Fieldbus 

transmitter were recorded via the NEL data acquisition system (NEL OilDAQ). The transmitters 

have a differential pressure measurement uncertainty in the region of ± 0.1 % at the 95% 

confidence level. The devices have a long history of calibrations and are known to be stable and 

repeatable devices. Both devices were manufactured by Yokogawa and utilise a crystal silicon 

resonant sensor that operates on the piezo-resistive effect (Yokogawa, 2019). As the resistance 

of silicon increases linearly with the force applied, it makes it very suitable for measuring 

pressure. 

 

Both the analogue and the digital pressure transmitters were logged at a frequency of 

approximately 2 Hz using the NEL OilDAQ. Although not deemed high-frequency, for high 

accuracy measurements of differential pressure for steady-state this figure is normally deemed 

sufficient for steady-state flow in industrial applications. 

 

The third differential pressure measurement technique utilised a high-frequency device 

manufactured by Gulton Stratham. The PDH3000 model uses a strain gauge and has an 
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uncertainty in the ± 0.15 % at the 95% confidence level (Willburger System, 2019). The device 

has a maximum response time of approximately 7 milliseconds. This corresponds to a 

frequency in the region of 142 Hz.  

 

From the calibration history of the three devices, the high-frequency transmitter was deemed to 

have the highest uncertainty. However, the ability to log at higher frequencies and possibly 

identify the laminar-turbulent transition was of more interest than achieving an extremely low 

measurement uncertainty.  

 

 

3.2.4 Instrumentation  

 

The reference flow meters, and the differential pressure transmitters used in the experimental 

programme have already been described. This section describes the other equipment used, 

their location and measurement uncertainty. 

 

The temperature of the fluid was measured at two locations in the system using calibrated 

platinum resistance thermometers (PRTs). These two measurement locations were at the 

beginning and the end of the flow loop and were averaged to calculate the test section 

temperature. In practice, the temperature variation between the upstream and downstream 

sections was extremely small and did not differ by more than 0.05 °C during experiments. The 

measurement uncertainty of the temperature measurements was estimated as being 0.12 °C at 

k=2. 

 

The pressure of the fluid was also measured at the upstream and downstream locations in the 

system and averaged to calculate the test section pressure. The measurement uncertainty of 

the pressure measurements was estimated as being 0.36 % at k=2. 

 

 

3.2.5 Data Acquisition 

 

The high-frequency Gulton Stratham differential pressure transmitter used Picolog software for 

data acquisition. Picolog is simple to use and was run from a Dell laptop on Windows 7. It 

enables the end-user to set the logging frequency and the data can be tabulated, recorded or 

viewed live in graphical form. The data was subsequently processed and transferred to 

Microsoft Excel to allow for in-depth analysis and enhanced presentation options.  

 

The logging frequency of the Gulton Stratham PDH3000 model could be easily altered using the 

Picolog software. The frequency range could be set between 1.8 Hz – 142 Hz.  Several different 

frequencies were sampled by the author. The minimum frequency of 1.8 Hz was pre-determined 
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by the logging frequency of the NEL data acquisition software. The maximum frequency of 142 

Hz was determined by the maximum frequency of the Gulton Stratham differential pressure 

transmitter. Partly for simplicity, the other logging frequencies were selected due to their sample 

time in seconds. Table 3.2 summarises the logging frequency and time tested.  

 

Table 3.2: Logging frequency and sample time 

 

Frequency 

[Hz] 

Time 

[ms] 

1.8 555.56 

10 100 

20 50 

40 25 

50 20 

62.5 16 

100 10 

142 7.04 

 

Apart from the high-frequency Gulton Stratham differential pressure transmitter, all of the other 

measurements were logged via the NEL Oil Data Acquisition software known as NEL OilDAQ. It 

is a NEL designed and maintained Microsoft Excel and Visual Basic software.  

 

The National Instruments counter/timer device (PXI-6602) was used for the frequency 

measurements and pulse generation. The PXI-6602 device had eight counter timers allowing 

eight inputs. The NEL OilDAQ for the facility used in these experiments had two PXI-6602 

devices which allowed sixteen measurements. Typical measurements included the timer 

counter for test duration along with pulse instruments such as turbine, ultrasonic, positive 

displacement and Coriolis flow meters. 

 

The analogue inputs were logged via an Agilent 34970A device, which was used to log Platinum 

Resistance Thermometer (PRT) temperature measurements and current milliamp signals. The 

analogue current inputs are normally used for older pressure transmitters and density outputs 

from Coriolis flow meters. 

 

 

3.2.6 Fluid Properties 

 

The fluid properties for the test fluids used in the experimental programme, Aztec and Siptech, 

were both characterised with respect to temperature. The test fluids are periodically sampled 
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and analysed using densitometers and viscometers. These values are trended over time to 

ensure the fluid viscosity does not vary too much. 

 

The test fluid density analysis is completed periodically using an Anton Paar DMA 5000 

densitometer. This device employs a vibrational technique and requires a representative sample 

of test fluid. It comprises of a curved tube that is filled with the test fluid and then accurately 

determines the oscillation period. A linear function can then be generated relating the oil density 

to the fluid temperature. The expanded uncertainty for this methodology is 0.0088 % (k=2) for 

the DMA 5000 density measurements. For the calculation of the test fluid density in operation in 

the test lines, the measurement uncertainty is 0.0211 % (k=2).   

 

For the determination of the test fluid dynamic viscosity, a similar process is completed. A 

function is generated with respect to the test fluid temperature in the flow facility. The instrument 

used for the offline fluid viscosity measurement is an Anton viscometer and the measurement 

uncertainty for this device is 1 % (k=2). For the calculation of the dynamic viscosity of the test 

fluid in the flow facility, the measurement is assessed as approximately 2 % (k=2). This 

increased uncertainty is due to the facility temperature uncertainty, acceptability criteria, fluid 

stability and fluid contamination. 

 

 

3.2.7 Measurement Uncertainty 

 

To estimate the measurement uncertainty, the various uncertainty contributions from the 

different inputs must be determined. For a given output quantity, y, the measurement 

uncertainty would be a function of the following estimates 𝑥1 , 𝑥2 … 𝑥𝑛  
 

 𝑦 = 𝑓(𝑥1, 𝑥2 … 𝑥𝑛)   , (29) 

 

As long as the inputs 𝑥𝑖 are not correlated, the output quantity uncertainty 𝑢𝑐(𝑦) would be 

determined by a combination of all the discrete input quantity 𝑢(𝑥𝑖) measurement uncertainties. 

This input measurement uncertainty is then multiplied by a sensitivity coefficient  𝑐𝑖. A sensitivity 

coefficient relates the effect that a change in the input value has on the resulting output vale.   

 

 𝑢𝑐(𝑦) = √∑[𝑐𝑖𝑢(𝑥𝑖)]2

𝑛

𝑖=1

   , (30) 

 

The sensitivity coefficient can be thought of as being the proportion of change of the output 

quantity 𝑦, with respect to the input quantity 𝑥𝑖. This sensitivity coefficient can be determined 

analytically (31) or numerically (32). 
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 𝑐𝑖 =
𝜕𝑦

𝜕𝑥𝑖
    , (31) 

 𝑐𝑖 ≈
∆𝑦

∆𝑥𝑖
    , (32) 

 

The experimental measurement uncertainty was calculated after considering a variety of 

sources. Each individual source has a detailed uncertainty budget.  

 

This methodology used in the uncertainty analysis is detailed in both the International Standards 

Organization (ISO) 5168 – “Procedures for the evaluation of uncertainties” and in the 

“Evaluation of measurement data — Guide to the expression of uncertainty in measurement” 

(International Standards Organization, 2005; BIPM JCGM 100, 2008). A combination of Type A 

and Type B assessments were used for the uncertainty analysis. The measurement uncertainty 

sources were representative of the application. 

 

The Root Sum Squares (RSS) calculation was used to calculate the overall standard 

uncertainty. This involved deriving the square root of the sum of the squared standard 

uncertainty contributions. The expanded uncertainty was then expressed at approximately 95 % 

(95.45 %) confidence level by multiplying the standard uncertainty with the appropriate 

coverage factor (k=2). 

 𝑈𝑥 = 𝑘 × 𝑢𝑥   , (33) 

 

where 𝑈𝑥 is the expanded uncertainty, 𝑘 is the coverage factor and 𝑢𝑥 is the standard 

uncertainty. 

 

The three common confidence intervals quoted are 68 %, 95 % and 99 % (Student, 1908). 

However, they correspond to a coverage factor of just below 1, 1.96 and 2.58 respectively. For 

one, two and three standard deviations, the confidence levels are 68.27 %, 95.45 % and 99.73 

% respectively. 

 

The two areas of interest for these experiments would be the differential pressure 

measurements from the high-frequency transmitter and the calculated Reynolds number. Table 

3.3 and Table 3.4  detail the measurement uncertainty sources for these parameters.  

 

For the calculation of the measurement uncertainty of the stated Reynolds number, the 

following uncertainty sources were considered. Kinematic viscosity, pipe diameter and fluid 

velocity are the three parameters that are used to calculate the fluid Reynolds number.  

 

𝑅𝑒 =
𝑣𝐷

𝜈
    , (34) 
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The fluid kinematic viscosity is derived from NEL fluid characterisation with respect to 

temperature. A sample is periodically analysed using NEL’s Anton Paar densitometer and 

viscometer respectively. The Densitometer is an Anton Paar DMA 5000 unit with a 

measurement uncertainty of 0.065 % (k=2). The Viscometer is an Anton Paar SVM 3000 unit 

and has an uncertainty of 0.46 % (k=2). As the fluid kinematic viscosity is a function of density 

and dynamic viscosity the resulting uncertainty was found to be approximately 0.47 % (k=2).  

 

The kinematic viscosity at line conditions is calculated from the fluid temperature and thus must 

include the temperature uncertainty of 0.2 % (k=2). As the test fluid in the facility can be 

switched between five fluids, contamination occurs. Including additional sources such as fluid 

contamination, equation fit and sampling, a conservative estimate of the measurement 

uncertainty of the fluid kinematic viscosity would be in the region of 2 % (k=2).  

 

From discussions with various pipe fabricators, the typical absolute measurement uncertainty 

for the fabrication of a stainless-steel pipe would be in the region of 0.1 mm – 0.3 mm. Taking 

the largest value of 0.3 mm results in a relative measurement uncertainty of 0.2 % (k=2) for the 

diameter of a nominal 150 mm pipe. 

 

NEL’s high-viscosity flow facility has a mass and volume uncertainty of 0.15 % (k=2). The 

measurement uncertainty of the velocity is a function of the volumetric flow rate uncertainty. The 

volumetric flow rate uncertainty for the facility is 0.45 % (k=2). The contributors towards this 

uncertainty value were the volume uncertainty, viscosity effects, timer uncertainty, valve timer 

error, pulse count, resolution, equation fit, drift and stability. By including the measurement 

uncertainty for the pipe diameter, the overall measurement uncertainty for fluid velocity was 

estimated at approximately 0.5 % (k=2). 

 

By combining these three sources for the determination of the overall measurement uncertainty 

for the calculation of Reynolds number at a given condition, the measurement uncertainty was 

estimated as being 2.1 % at approximately the 95 % (95.45 %) confidence level. 

 

Table 3.3: Reynolds number Measurement Uncertainty 

 

Uncertainty Source Expanded Uncertainty [%] [k=2] 

Kinematic Viscosity 2.000 

Pipe Diameter 0.200 

Fluid Velocity 0.500 

Overall Uncertainty 2.100 

 

For the differential pressure measurement uncertainty calculation, the following sources were 

considered: reference uncertainty, acceptance tolerance, device stability and resolution.  
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Table 3.4: High Frequency Differential Pressure Transmitter Measurement Uncertainty 

 

Uncertainty Source Expanded Uncertainty [%][k=2] 

Reference Uncertainty 0.008 

Acceptance Tolerance 0.150 

Device Stability 0.100 

Resolution of Reading 0.005 

Overall Uncertainty 0.210 

 

The reference uncertainty for NEL’s calibration of differential pressure transmitters was 

calculated as being 0.008 % (k=2). The acceptance tolerance for the calibration of the 

instrument is the allowance between previous calibrations plus the additional uncertainty from 

the calibration coefficients used to linearise the device. This uncertainty has a value of 0.15 %.  

 

The differential pressure transmitters at NEL are categorised as either annual calibration or 

calibrate before use (CBU). The high-frequency transmitters are specialised devices and as 

such were calibrated before use. The proviso is that if the last calibration was within a 12-month 

period then the device might only require a reduced calibration known as a spot check. 

Although the differential pressure transmitter has been calibrated and an uncertainty source for 

acceptance tolerance has been accounted for, the device stability must also be included. This 

source accounts for the stability and consistency of the transmitter between calibrations. From 

NEL experience, a pessimistic stability uncertainty value for a differential pressure transmitter is 

0.1 % (k=2).  

 

The differential pressure device output has been scaled with respect to voltage and has a 

resolution better than 0.005 mbar. For the differential pressure measured in this experimental 

programme, this results in a measurement uncertainty in the region of 0.005 % (k=2). 

 

By factoring in the above sources, the overall measurement uncertainty for the differential 

pressure recorded for the experimental programme was estimated as 0.21 % at the 95% 

confidence level. 

 

 

3.2.8 Test Matrix and Procedures 

 

3.2.8.1 DN150 mm Pipe 

 

To investigate the transition between laminar and turbulent flow, a series of experiments were 

performed at set conditions for a fixed duration. The test installations were constructed of 150 

mm nominal bore diameter pipe spools. Tests were conducted at a range of flow rates using 
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Aztec as the test fluid. The nominal kinematic viscosity range covered was 45 cSt – 350 cSt. 

The density was 877 kg/m3. The fluid density and viscosity were determined via offline 

characterisation with respect to temperature.  

 

Table 3.5 details the data and conditions for each set of experiments completed. The column 

‘Flow Path’ refers to whether the flow was chronicled from low to high flow or high to low flow for 

the experiment. For example; 50 l/s to 120 l/s would be low to high flow, whilst 120 l/s to 50 l/s 

would be high to low flow. 

 

Table 3.5: Test Matrix for 150 mm Diameter Pipe Spool 

 

Title Fluid Viscosity 

[cSt] 

Reynolds No 

Range 

Date Flow Path 

Test 1 200 1200 – 4100 06/09/2017 Low to High 

Test 2 200 1200 – 6200 07/09/2017 High to Low 

Test 3 350   700 – 3200 08/09/2017 Low to High 

Test 4 150 1700 – 3850 15/09/2017 Low to High 

Test 5 45   5600 – 18500 21/09/2017 Low to High 

Test 6 200 2700 – 5150 02/10/2017 Low to High 

Test 7 200 5400 – 2300 03/10/2017 High to Low 

Test 8 200 2350 – 6100 01/12/2017 Low to High 

Test 9 200 2100 – 4800 07/12/2017 Low to High 

 

The pressure loss measurement was recorded across 30 diameters of straight pipe length 

“measurement section” (Figure 3.7). This enabled a relatively large differential pressure to be 

recorded. Smaller differential pressures have larger uncertainties due to the uncertainty in the 

pressure transducer. At lower span values, the zero value can dominate the uncertainty of the 

device. This is because the zero value is an absolute number and has a larger relative effect at 

the lower end of the devices span range.  

 

As such, a larger differential pressure would operate at a higher span range and the relative 

effect of the zero value would be significantly reduced. Figure 3.6 displays this effect. By 

operating with a larger measurement section, a larger differential pressure was established, and 

this meant that the overall measurement uncertainty was minimised. The pipe material was 

stainless steel, pipe schedule was 40. The pipe schedule is a term for the thickness of the pipe 

and relates to the internal working pressure and the permissible material stress. 
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Figure 3.6 Measurement span for differential pressure device and associated uncertainty 

 

 

Figure 3.7 Experimental set-up for 150 mm diameter pipe spool 

 

To ensure that the flow profile was relatively well developed prior to the “measurement section”, 

63 diameters of straight pipe length was installed upstream and 11 diameters downstream. 

From Equation (22), an entry length of 110 diameters would be required for Hagen-Poiseuille 

flow at a Reynolds number of 2000. As these experiments were performed in 150 mm diameter 

pipework, an entry length of at least 16.5 meters would be required for Hagen-Poiseuille flow.  

 

The experimental set up was not large enough to permit such an installation. Furthermore, as 

the facility is free of vibrations, noise, obstructions Hagen-Poiseuille flow has previously been 

maintained at a Reynolds number greater than 7000 (Pfenniger, 1961). At these conditions, an 

entry length greater than 57 meters would be required. 

 

Taking these factors into consideration, it was deemed sensible to conduct the experiments with 

the aim of determining when transitional flow occurs in real-time rather than by creating 

transitional flow in Hagen-Poiseuille flow via a perturbation. Most research into laminar-turbulent 

transitional flow has first maintained stable Hagen-Poiseuille flow and then created transitional 

flow via an introduced perturbation. Instead, these experiments will allow laminar-turbulent 

transitional flow to occur naturally for the installation conditions and aim to ascertain the 
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Reynolds number range that it occurs over along with the critical Reynolds number.  Although 

the laminar-turbulent transition would be unique to this facility, the results would still provide 

valuable insight into transitional flow pressure loss and how it affects flow measurement 

technologies.  

 

Results discussed in the following were obtained at 45 cSt – 350 cSt and a Reynolds number 

range of 700 – 11000. Test points were logged for at nominally 300 seconds at each flow 

condition. The minimum log time used during this experimental programme was at least 180 

seconds at each flow rate. This ensured that the minimum of 10,000 pulses was collected from 

the secondary reference flow meters. A minimum of 10,000 pulses is selected to ensure the 

uncertainty introduced by the meter pulse resolution is less than 0.01 %. For example, if at least 

10,000 pulses are measured and one pulse is erroneously miscounted by the logging software 

or by the reference flow meter then this would only be 1 in 10,000 pulses. This equates to a 

resolution uncertainty of 0.01 %. A logging time of at least 180 seconds also allows for 

numerous flow rates to be conducted in one test slot using the UK National Standards oil flow 

facility. As already mentioned, this is a commercial facility that is extremely expensive to operate 

and also in high demand. 

 

In order to provide measurements that are similar to those in industry, the pressure loss 

measurements were measured using those commonly used in industry. NEL routinely calibrate 

differential pressure flow meters for industry and similar procedures and set up was used in this 

experimental programme. This ensured that the first research question could be answered 

appropriately. With this in mind, the pressure loss measurements were taken from two ¼ inch 

British standard pipe (BSP) welded boss fittings. The impulse line for the pressure 

measurement was a 6 mm nylon tubing that connected via a straight threaded ¼ inch BSP male 

6 mm push-in fitting. The diameter of the drilled hole in the pipe spool was 4 mm.  All of these 

fittings and fixtures are industry standards for measuring pressure in a flowing fluid application. 

 

The pipe spool was installed such that the location of the pressure loss tap was at a 90 ° angle. 

This was to ensure that neither air nor any debris within the flow could enter the impulse line 

and potentially influence the measured pressure loss. 

 

 

3.2.8.2 DN100 mm Pipe 

 

To confirm that the results observed with the 150 mm pipe were repeatable with other pipe 

geometries, experiments were repeated with a nominal diameter 100 mm pipe. Tests were 

conducted at a range of flow rates using Aztec as the test fluid. The nominal kinematic viscosity 

range covered was 170 cSt – 240 cSt. The density was 877 kg/m3. The Reynold number ranger 
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covered was nominally 500 – 5000. This ensured that laminar, turbulence and laminar-turbulent 

transitional flow were all encountered at reasonable pipe velocities. 

 

Table 3.6 below details the data and conditions for each set of experiments completed.  

 

Table 3.6: Test Matrix for 100 mm Diameter Pipe Spool 

 

Title Fluid Viscosity 

[cSt] 

Reynolds No 

Range 

Date Flow Path 

Test 1 240 500 – 3300 17/07/2018 Low to High 

Test 2 240 2000 – 3300 18/07/2018 Low to High 

Test 3 170 1990 – 3100 18/07/2018 Low to High 

Test 4 240 2000 – 5000 24/07/2018 Alternating 

 

The flow path for Tests 1 – 3 was from the lowest flow rate to the highest flow rate. This meant 

that the flow regime at the start was laminar then transitional and then turbulent. For Test 4, the 

flow direction was continually altered. For example, the experiments began in laminar flow, 

moved to turbulent, back to laminar, then turbulent then back to transitional flow. This showed 

that the experimental results obtained were reproducible and were not influenced by prior flow 

regime. 

 

To ensure that the experimental results for the 100 mm diameter spool were comparable to the 

150 mm diameter spool experiments a similar installation was used.  The pressure loss 

measurement was recorded across 29 diameters of straight-pipe-length measurement section 

(Figure 3.8). This enabled a relatively large differential pressure to be recorded. There were 60 

diameters of straight pipe length were installed upstream and 11 diameters downstream. This 

was similar entry length and downstream length for the 150 mm installation. This ensured that 

there was continuity between the experiments with different pipe diameters. 

 

 

Figure 3.8 Diagram of the experimental installation set-up for 100mm diameter pipe spool 

 

The pressure loss measurements were also taken from two ¼ inch British standard pipe (BSP) 

welded boss fittings. The impulse line and drill hole for the pressure measurement was identical 

to the 150 mm set up. 
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3.2.8.3 DN80 mm Pipe 

 

Additional experiments were carried out using a nominal diameter 80 mm pipe. Tests were 

conducted at a range of flow rates using Siptech as the test fluid. The nominal kinematic 

viscosity range covered was 150 cSt and the density was 867 kg/m3. The Reynold number 

ranger covered was nominally 1000 – 4000. 

 

Table 3.7 below details the date and test conditions for the experiments completed. The flow 

path was continually altered for these set of tests and as such has been labelled as ‘Random’. 

For example, the experiments began in laminar flow, moved to turbulent, back to laminar, then 

turbulent then back to transitional flow. 

 

Table 3.7: Test Matrix for 80 mm Diameter Pipe Spool 

 

Title Fluid Viscosity 

[cSt] 

Reynolds No 

Range 

Date Flow Path 

Test 1 150 1000 – 4000 13/09/2018 Alternating 

 

The experimental setup for the 80 mm diameter spool was similar to the 100 mm and 150 mm 

diameter spool experiments. The pressure loss measurement was recorded across 33 

diameters of straight pipe length “measurement section” (Figure 3.9). This enabled a relatively 

large differential pressure to be recorded. There were 68 diameters of straight pipe length were 

installed upstream and 21.5 diameters downstream. This was very similar to both the 100 mm 

and 150 mm installations.  As before, the pressure loss measurements were taken from two ¼ 

inch British standard pipe (BSP) welded boss fittings. The impulse line and drill hole for the 

pressure measurement was identical to the 100 mm and 150 mm experiments. 

 

The 80 mm set of experiments were completed with a nominal diameter 80 mm turbine flow 

meter also included. The turbine flow meter was located 21.5 diameters of straight pipe 

downstream from the measurement length. Research has shown that downstream pipe lengths 

greater than 10 diameters do not influence upstream conditions (Miller, 1983; International 

Standards Organization, 2017). The turbine flow meter was a Kent liquid flow meter with a 

nominal k-factor of 7.6 pulses per litre. Previous experiments Mills & Belshaw (2011) have 

shown that turbine flow meters are sensitive to the laminar-turbulent transition. The turbine flow 

meter was logged at a low frequency of approximately 2 Hz. 
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Figure 3.9 Diagram of the experimental installation set-up for 80mm diameter pipe spool 

 

 

3.2.9 Experimental Setup Summary 

 

The experimental research conducted in this thesis was completed using the United Kingdom 

National Standards Oil Flow Facility located in East Kilbride, Scotland. In the experimental 

programme, multiple parameters were measured or inferred using a variety of instrumentation. 

A summary of the measurements, calculated values, instrumentation used, measurement 

uncertainty and physical location are detailed in Table 3.8. Figure 3.10 displays the locations of 

the measurement detailed in Table 3.8.  

 

Table 3.8: Experimental measurements 

 

Parameter 
Instrumentation 

Type 

Measurement 

Uncertainty [k=2] 

Measurement 

Location 

Flow rate Flow meter 0.45 % 1 

Velocity *Inferred 0.5 % N/A 

Temperature upstream PRT 0.21 % 2 

Temperature downstream PRT 0.21 % 3 

Static pressure upstream Pressure transmitter 0.35 % 4 

Static pressure downstream Pressure transmitter 0.35 % 5 

Pressure loss Pressure transmitter 0.21 % 6 

Fluid density *Inferred 0.015 % N/A 

Fluid viscosity *Inferred 2.0 % N/A 

Reynolds number *Inferred 2.1 % N/A 

Measurement length Tape measure 0.1 % 6 

Pipe diameter Tape measure 0.05 % 6 

 

 

Figure 3.10 Experimental schematic with measurement locations highlighted 
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4. EXPERIMENTAL RESULTS AND ANALYSIS 

 

4.1 Moody Chart 

 

To verify that the measurements recorded with the DN150, DN100 and DN80 pipe spools agree 

with the conventional data, the results were analysed and displayed on a Moody Chart (Figure 

4.4). For laminar flow, the Hagen-Poiseuille law was used for calculating the friction factor. In 

turbulent flow, three separate friction factor estimations by Moody, Blasius and Colebrook-White 

respectively were used.  

 

  

4.1.1 DN150 Results 

 

Figure 4.1 displays the data from the experiments detailed in Table 3.5. The experimental 

programme was completed over a three-month period with multiple fluid viscosities. The flow 

path varied from low to high and also high to low flow rates. The installation was also routinely 

assembled and disassembled between experimental tests. 

 

From Figure 4.1, it appears that the peak transition Reynolds number was in the region of 4000. 

This value has been taken as being the midpoint between the low and high critical Reynolds 

number. As mentioned, these experiments were completed on different dates and with different 

fluid viscosities and yet the critical Reynolds numbers for transitional flow were found to be 

reproducible. Furthermore, the flow rate was set from lowest to highest and from highest to 

lowest and did not alter the critical Reynolds number or the reproducibility of the curve. As 

mentioned earlier, there are two critical Reynolds numbers. The lower critical Reynolds number, 

RelLOW, is approximately 3000. The upper critical Reynolds number, RelHIGH, is around 5000.  

 

The friction factor at the point of transition from laminar to turbulent flow was found to increase 

significantly and agrees with the theory of laminar flow having a pressure loss 40 % less than 

turbulent flow. There is a critical Reynolds number for pipe flow that occurs when the 

perturbation amplitude is sufficient to trigger the instability (Avila, et al., 2011). Simoni et al. 

(2019) have shown that although the friction factor changes abruptly at the point of transition, 

the amplitude of perturbations grows and then decreases steadily. The results in Figure 4.1 are 

in accordance with the findings of Avila et al. (2011) and Simoni et al. (2019). 

 

However, the point of transition is still a challenge to predict prior to the experiments 

commencing. For instance, for these experiments, the critical Reynolds number could 

potentially have occurred at a Reynolds number of 8000 rather than 4000. There is currently no 

valid model for predicting with certainty exactly when the laminar-turbulent transition will occur. 

It depends upon perturbation amplitude that triggers the instability. Prior to completing the 
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experiments and then analysing the results, it was not possible to state the exact value of the 

critical Reynolds number. This is because the exact point that the critical Reynolds number 

occurs is dependent on factors such as entry length and the amplitude of perturbations. As 

such, a method for determining in real-time when transitional flow has occurred would be 

beneficial for flow measurement technologies. This will be explored in detail in a future chapter. 

 

Figure 4.1 DN150 experimental results plotted on the Moody Chart 

 

 

4.1.2 DN100 Results 

 

As expected, the experimental results for the DN100 pipe spool (Figure 4.2) were very similar in 

shape and trend with the DN150 results. It is worth stating that the installation conditions were 

almost identical with similar lengths used upstream, downstream and crucially for the 

‘measurement length’. However, the peak transition Reynolds number in Figure 4.2 appears to 

be approximately 2500. The low critical Reynolds number, RelLOW, appears to be around 2300. 

The high critical Reynolds number, RelHIGH appears to be 3000. 

 

It is possible that the installation upstream may have somewhat influenced when the laminar-

turbulent transitional flow occurred. The experiments were completed with nominal DN 200 

pipework with 300 mm long reducers used to change the pipe diameter from DN 200 to DN150 

and then a 300 mm long reducer from DN150 to DN100. The reducers were located over 60 

diameters upstream of the measurement length. These are relatively short reducers with a 

length to diameter ratio of just three. This relatively abrupt reduction in the pipe diameter could 

have increased the instability in the flow, resulting in the laminar-turbulent transition to occur at 
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a lower Reynolds number than would have occurred if longer reducers had been used. This 

follows the literature review findings regarding entry length requirements and the subsequent 

effect on when the critical Reynolds occurs (Reynolds, 1883; Pfenniger, 1961).  

 

Figure 4.2 DN100 experimental results plotted on the Moody Chart 

 

 

4.1.3 DN80 Results 

 

The peak transition Reynolds number in Figure 4.3 appears to be approximately 2800. The low 

critical Reynolds number, RelLOW, appears to be around 2500. The high critical Reynolds 

number, RelHIGH appears to be about 3000. The calculated friction factor agrees with the 

classical theory for laminar flow and displays the transition to turbulence. 
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Figure 4.3 DN80 experimental results plotted on the Moody Chart 

 

4.1.4 DN150, 100 & 80 Results 

 

Plotting all three sets of experimental results on one Moody Chart illustrates that all of the data 

sets for the three spools agree with the Hagen-Poiseuille Law and the Moody, Colebrook and 

Blasius friction factors (Figure 4.4). The only discrepancy is when transitional flow occurs. The 

transition from laminar to turbulent for all three installations results in the friction factor shifting 

significantly. The laminar friction factor is approximately 60 % of the turbulent friction factor.  

 

From the averaged data reproduced on Figure 4.4, it appears that transitional flow occurs from 

approximately 2000 to 3000 Reynolds number for both the DN80 and DN100 installations and 

approximately 3000 to 4000 Reynolds number for DN150 installation. The Reynolds number 

range at which transitional flow occurs appears to be dependent on diameter, and it is a 

'continuous' process. From the three pipe geometries, there is a repeatable beginning, middle 

and end rather than a ‘switch’ between laminar and turbulence. This conforms with (Simoni, et 

al., 2019), who have shown that although the friction factor changes abruptly, the amplitude of 

perturbations does not alter suddenly but instead grows and then decreases during transition.  

 

As it has been established that Reynolds number is an appropriate non-dimensional number for 

comparing the results for three pipe diameters, the following chapters will analyse the results as 

a collective. 
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Figure 4.4 DN150, 100 & 80 experimental results plotted on the Moody Chart 

 

 

4.2 Logging Frequency 

 

The differential pressure device used to measure the pressure loss in the laminar-turbulent 

transition had a frequency response range of 1 – 142 Hz. The purpose of logging at elevated 

frequencies greater than 1 Hz was to determine the flow regime and to measure any transitional 

excursions. This allows the end-user to determine in real-time, the flow regime they are 

operating in and apply the appropriate correction factor. However, from reviewing transitional 

flow literature, there does not appear to be a defined frequency at which transitional flow occurs. 

 

In order to determine which logging frequency to use, multiple frequencies were trialled. The 

natural frequency of the system, when filled with oil, was also calculated to ensure that it was 

not similar to the logging frequency. The measurement lengths were fixed to the floor at either 

end and also at the midpoint. This meant the length between supports was 2.3 meters, 1.47 

meters and 1.275 meters for the DN150, DN100 and DN80 spools respectively. The frequency 

of the pipe system can be defined as: 

 

 𝑓 =
𝜆

2𝜋
∙ √

𝑔𝐸𝐼

𝜇𝐿4      ,    (35) 

 

where λ is a frequency factor for a supported pipe, g is a gravitational constant, E is Young’s 

modulus of elasticity, I is 4th polar moment of inertia for the pipe, μ is mass per unit length of the 
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pipe and L is the length between supports. 

 

The frequencies of the three different diameter pipes are detailed in Table 4.1. 

 

Table 4.1: Natural frequency of the measurement lengths 

 

Measurement Length 
Natural Frequency 

[Hz] 

DN150 218.61 

DN100 369.79 

DN80 395.51 

  

The frequency of the 6 mm polyethylene tubing used for the high and low-pressure impulse 

lines used to measure the pressure loss in the system was also calculated. The pressure 

transmitter was located at the midpoint for each measurement length. The length of the impulse 

lines for the DN150, DN100 and DN80 measurement lengths were 3 meters, 2 meters and 1.5 

meters respectively. Table 4.2 details the frequency of the impulse lines used for the three 

measurement length experiments. 

 

Table 4.2: Natural frequency of the impulse lines 

 

Measurement Length 
Natural Frequency 

[Hz] 

DN150 0.71 

DN100 1.59 

DN80 2.82 

 

From Table 4.1 and Table 4.2, it was determined that the natural frequency of the measurement 

system would not interfere with the high frequency pressure loss measurements due to the 

logging frequency being below 142 Hz. This allowed the author to trial multiple different logging 

frequencies without the pipe system influencing the measurements. However, the pumps, 

control valves and other instrumentation might still influence the measurements. The frequency 

of these components has not been calculated due to the varying positions used for each flow 

rate. The positions of the control valves and the pump speed were not recorded. 

 

Figure 4.5 displays the results of trialling multiple logging frequencies for an experiment at 

Reynolds number 2250 using DN100 pipework. As stated in Chapter 3.2.9, the conditions were 

kept stable and the logging frequency altered for 3-minute duration test points. The logging 

frequencies were 1.8 Hz, 10 Hz, 20 Hz, 40 Hz, 50 Hz, 62.5 Hz, 100 Hz and 142 Hz. All 

parameters such as temperature, pressure, viscosity, density and velocity were kept constant 
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for these experiments. Only the logging frequency was altered. The mains electricity frequency 

in Scotland is 50 Hz. To avoid any electrical noise influencing the measurements, 50 Hz was 

ruled out.  

 

  

  

  

  

 

Figure 4.5 Alternative logging frequency results for DN100 experiments (Re No 2250) 
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Figure 4.5 shows that there was not much gained from logging at frequencies greater than 20 

Hz. The NEL OilDAQ logging frequency of 1.8 Hz appeared to be too low to enable the 

determination of transitional flow. Whilst some instability can be witnessed the shape is far too 

small to provide valuable information on the flow regime. At 20 Hz the transit time for the pulse 

trails is of the same magnitude as the calculated transit time.  This suggests that at 20 Hz and 

above, the transitional trails can be determined. This corresponds to a logging time of 0.05 

seconds per data point for 20 Hz. Whilst 20 Hz seemed to be sufficient, the author decided to 

double the sample rate to 40 Hz to ensure that any potential transitional excursion could be 

measured. It ultimately became a trade-off between the number of data points and the 

perceived improvement in the resolution of the data. Whilst the higher frequencies have far 

more data points, the resolution did not seem to be enhanced. By sampling at 40 Hz, the 

transitional excursions could be analysed, and the size of each data file was not excessive. 

 

In real-world industrial processes and even laboratory experiments, there is a trade-off between 

logging frequency and cost and practices. Whilst it might be of interest to log at as high a 

frequency as feasible, the analysis of the pulse trails logged here suggests that anything above 

20 Hz is unnecessary.  

 

Consider a data acquisition system that logs measurements on a continuous basis. This is 

standard practice for systems in various industries across the globe. Logging frequency is an 

important consideration due to file size and also data transfer rates. Imagine a process plant 

that logs multiple temperatures, pressures, humidity, flow rates, valve positions and pump 

speeds amongst other parameters on a continuous basis. If we take a hypothetical row size as 

being 1 kilobyte for each log of these parameters, then Table 4.3 details the file size produced 

each day. 

 

Table 4.3: Logging Frequency Effect on Daily File Size 

 

Frequency [Hz] Time [ms] No. of Points Daily File Size 

[GB] 

1 1 86400 0.086 

10 100 864000 0.864 

20 50 1728000 1.728 

40 25 3456000 3.456 

50 20 4320000 4.320 

62.5 16 5400000 5.400 

100 10 8640000 8.640 

142 7* 12268800 12.27 

 

It has been shown Fontana & Decad (2018) that data storage does not fully conform to Moore’s 
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law (Moore, 1965), (Moore, 1975). The law was named after George Moore and has been used 

for decades to project technological trends. It was originally derived to describe the number of 

components per integrated circuit doubling every 18 – 24 months. This also meant that a given 

technology would halve in cost every 18 – 24 months. As Moore’s law no longer holds true for 

data storage due in part to economics, data storage will remain an important consideration for 

industry. 

 

With this in mind, extrapolating the file size from Table 4.3 to a yearly cycle and logging at 10 

Hz as opposed to 100 Hz would require 0.6 Terabytes rather than 3.15 Terabytes. Whilst this 

might not be of extreme importance due to data reduction techniques and alternative methods 

of storing data, it partly illustrates why many end users do not sample at extremely high 

frequencies.  

 

The author has explored alternative logging frequencies and in the following chapters will 

explore and analyse the additional information that logging at higher frequencies can provide. 

By logging at a higher frequency, the end-user could determine in real-time, the flow regime 

they are operating in and applying the appropriate correction factor to their flow measurement 

technology.  

 

 

4.3 Pressure Fluctuations 

 

To identify transitional flow, high-frequency differential pressure measurements were performed, 

and the standard deviation of pressure pulsations analysed. The experimental data shown in 

the previous chapter has now been presented in terms of the standard deviation recorded over 

a 200 second period (Figure 4.6). 

 

It can be seen in Figure 4.6 that the standard deviation increased to a maximum at the critical 

peak transition Reynolds number for the experiments. In this set of experiments, both laminar 

and turbulent flow exhibited relatively low standard deviation values with little variation for flow 

regime. However, at the critical Reynolds number, the standard deviation increased to a 

maximum value independent of whether the Reynolds number increased from laminar flow or 

decreased from turbulent flow. This agrees with the findings of (Simoni, et al., 2019) who found 

that the amplitude of perturbations does not alter suddenly but instead grows and then 

decreases. This was confirmed by repeating the experiments from the highest Reynolds 

number and decreasing the flow to the minimum Reynolds number. The results were found to 

be reproducible with no discernible effect of flow history. 

 

Previous definitions Mullin (2011), Peixinho & Mullin (2006) and Avila et al. (2011) of transitional 

flow describe the critical Reynolds number as being a point at which the flow “switches” from 
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laminar-transitional flow to turbulent. It might be assumed that the standard deviation would 

increase to a peak and then drop abruptly when the flow switches to turbulence. However, the 

increase in standard deviation from laminar flow towards the clearly defined peak transition 

agrees with (Simoni, et al., 2019). The variance in peak transition and critical Reynolds number 

between the experimental dimensions can be explained by the point of transition occurring at a 

different Reynolds number. It is known that at conditions with minimal perturbations, the critical 

Reynolds number can exceed 100,000 (Pfenniger, 1961). In these experiments, turbulent flow 

appears to occur at a different Reynolds number for pipe geometry.  

 

Most historical experiments exploring transitional flow have utilised low-frequency time-

averaged measurements. For steady-state flow, this would be valid as the time-averaged 

measurement would be representative of the instantaneous measurement. However, as 

laminar-turbulent transitional flow occurs with a large amount of variation in the flow profile and 

thus the pressure loss, then time-averaged measurements of the pressure loss would not be 

fully representative. Indeed, by utilising the instantaneous pressure loss measurements, the 

author might be able to gather further information on the flow profile such as the point of 

transition. This will be explored in greater detail in the following chapter.  

 

Whilst the instantaneous pressure loss measurements might provide more information, the time-

averaged pressure loss recorded by the author still provide valuable information as presented in 

Figure 4.6. For example, transitional flow was shown to occur in a smooth and reproducible 

manner. This was shown by numerous experimental data sets for different viscosities obtained 

on different days with the same installation.  

 

Figure 4.6 DN150 pressure loss measurements standard deviation 
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The flow for one set of experiments was randomly fluctuated from high to low then back to a 

mid-flow rate. This did not influence when the low and high critical Reynolds numbers occurred 

or indeed the level of standard deviation. This suggests that for fixed installations, the changing 

of flow profile from laminar to turbulent or turbulent to laminar can be thought of as reproducible. 

 

Whilst laminar-turbulent transitional flow is often presented and discussed in terms of moving 

from stable laminar flow to turbulent flow it appears that the movement from defined turbulent 

flow to stable laminar flow occurs in an identical manner.  

 

When laminar-turbulent transitional flow occurred did not appear to be influenced by whether 

the flow increased or decreased sequentially. As the level of standard deviation does not 

continue to increase from laminar to turbulent flow but has a maximum value that is exactly in 

the middle of the point of transitional flow, this could be useful for identifying the critical 

Reynolds number. Whilst the standard deviation value of the pressure loss data is useful and 

enables the variation in the data to be observed, plotting instantaneous pressure to look for 

patterns in the real-time data is extremely worthwhile. This has been completed in Chapter 4.4. 

 

 

4.4 Instantaneous Pressure Data 

 

In the following figures, the instantaneous differential pressure is displayed alongside the time-

averaged value and the expected laminar and turbulent pressure loss values from classical 

theory. Figure 4.7 below displays the different pressure loss measurements that could occur 

along a pipe length as energy is lost due to inertia or viscous forces. For an application, the 

pressure loss can be calculated for laminar flow using the Hagen-Poiseuille equation or for 

turbulent flow using the Darcy-Weisbach equation along with a suitable friction factor correlation 

as mentioned in the previous chapters. These two pressure losses are displayed with respect to 

two pressure measurements (P1 & P2) in Figure 4.7 below. These predicted pressure loss 

values for laminar flow and for turbulent flow are included for each data set presented in this 

chapter. 

 

Also included in Figure 4.7 is the term ‘Pulse Trail’. This is an author derived term for the 

eddies, puffs and slugs that are evident in the pressure loss measurement recorded in 

transitional flow. Whilst the terms puffs and slugs have been devised for the velocity profiles, the 

author has labelled them under one such phenomenon in this analysis. In this thesis, these 

puffs, slugs and eddies can be referred to as a transitional pulse trail. In Figure 4.7 the pulse 

trail has a time-averaged pressure loss that nominally measures between the laminar and 

turbulent values. The actual value for the pulse trail will vary depending on the position between 

laminar and turbulent flow. The actual ‘shape’ and frequency of these pulse trails witnessed in 

the experiments will be described in more detail in the following chapter. 
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Figure 4.7 Differential Pressure Measurements 

 

The instantaneous high-frequency pressure loss measurements were recorded for a minimum 

of 200 seconds. To allow for further analyse, these pressure loss measurements have been 

normalised using the following equation: 

 

 𝑃∗(𝑡∗) =
𝑃(𝑡)−𝑃𝑙𝑎𝑚𝑖𝑛𝑎𝑟

𝑃𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡−𝑃𝑙𝑎𝑚𝑖𝑛𝑎𝑟
      ,    (36) 

 

where P is the pressure loss measurement, subscript laminar is the predicted pressure loss for 

laminar flow, subscript turbulent is the predicted pressure loss for turbulent flow, superscript * is 

the normalised value and time is non-dimensional using the following equation: 

 

 𝑡∗ =
𝑡

𝐿
𝑣⁄
      ,    (37) 

 

where t is the time measurement, L is the measurement length and v is the fluid velocity. 

 

This nondimensional ‘Data’ is shown as a solid red line. For all the data, the predicted pressure 

loss was calculated for fully ‘Laminar’ and fully ‘Turbulent’ flow using the Hagen-Poiseuille 

equation for laminar flow and the Darcy-Weisbach equation for turbulent flow. The fully laminar 

flow points were calculated using equation (14). The fully turbulent flow points were calculated 

using equation (18). These values were then used as the minimum and maximum pressure loss 

values for normalising the instantaneous pressure loss. 

 

As mentioned previously, for a given Reynolds number, turbulent flow has a greater pressure 

loss than laminar flow. As such, the position of the ‘Data’ line with respect to laminar and 

turbulent predictions can be used to infer the flow regime and the extent of the laminar-turbulent 

transition. If the fluid is fully laminar then the ‘Data’ line should be close to zero. If the fluid is 
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fully turbulent then the ‘Data’ line should be close to one. In reality, the values will not agree 

perfectly with the classical theory and overlap with the zero or one value for laminar or turbulent 

flow respectively due to measurement uncertainties. However, the value should have little 

variation when the flow regime is defined as being fully laminar or fully turbulent. 

 

  

  

  

  
  

Figure 4.8 Measured pressure loss displaying transition from laminar to turbulent flow  
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Stable laminar flow would be discernible by a constant pressure loss across the data set that 

nominally agreed with the predicted laminar pressure loss. As there would be some uncertainty 

in the measurement then the value would not be expected to agree exactly with the classical 

theory. The flow could also be deemed as being fully turbulent by a constant pressure loss 

value across the 200 seconds data set that nominally agreed with the turbulent loss prediction. 

Hence the flow would be deemed either laminar or turbulent and would be expected from Figure 

4.1 to overlap close to the classical theory for either flow regime. As turbulent flow is often 

defined as being chaotic Guzman & Aon (1998), Schneider et al. (2007), it should be expected 

that the flow will switch back in forth between the two predicted pressure loss measurements 

when the laminar-turbulent transitional flow occurs. 

 

The experimental data measured at high-frequency (40 Hz) at Reynolds number 2500 displays 

a good level of agreement with the Hagen-Poiseuille law (Figure 4.8). This suggests that the 

flow was in the laminar regime at Reynolds number 2500. At a Reynolds number of 3080 the 

data no longer fully agreed with the laminar loss prediction (Figure 4.8). The author suspects 

that the increased pressure loss occurred due to the onset of mixing between the layers. 

Without analysing the high-frequency measurements and solely using the data reproduced on 

the Moody Chart as shown in Figure 4.1, it could wrongly be assumed that the fluid was still 

exclusively in the laminar flow regime. This additional information was available by logging at 

high frequency and calculating the expected pressure loss values for laminar and turbulent flow 

from classical theory. This additional information could be used to help measurement 

technologies apply the appropriate correction factors. This methodology will be discussed in 

greater detail in a later chapter.  

 

Figure 4.8 displays the onset of transition from laminar flow at Reynolds number 3500. These 

occurrences appear to as pressure pulsations with durations just under 3 seconds. The upper-

pressure fluctuation phenomena witnessed shall henceforth be known as a “pulse trail”. These 

pulse trails will be explored in a later section with regards to transit time for the corresponding 

length scale.  

 

At Reynolds number 3500 in Figure 4.8, the pulse trail can be seen to occur at least eleven 

times in the 200 seconds timeframe and each time they have durations of approximately 3 

seconds. At the peak transition Reynolds number of 4000 (Figure 4.8), it was observed that 

there was a large degree of pressure fluctuation and the pressure loss was almost perfectly 

in-between the laminar and turbulent classical predictions. It appears that this was the most 

chaotic state and that the flow never appeared to be either fully laminar flow or fully turbulent 

flow for any significant period of time. In fact, the pressure loss that occurred in the timeframe 

never at any point agreed with the classical theory for laminar or turbulent flow.  

 

By referring back to Figure 4.6, this experimental data was collected at the peak transition, low 
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critical and high critical Reynolds numbers. The level of standard deviation indicates a state of 

chaos and instability. At the peak transition Reynolds number of 4000, the instantaneous 

differential pressure measurement displays significant volatility and disorder. From henceforth, 

the lower pressure fluctuation witnessed will also be referred to as a “pulse trail”. To identify the 

governing flow regime when they are witnessed, either laminar or turbulent will precede the 

term. In line with the previous fluctuations, neither the turbulent nor laminar pulse trails appear 

to have durations greater than 3 seconds.  

 

In Figure 4.8, the flow regime can be seen to be mostly turbulent with the measured pressure 

occasionally dropping towards the fully turbulent estimation. At certain points, the measured 

pressure loss was only 75 % of the predicted turbulent prediction. The author surmises that this 

was due to turbulent mixing occurring for the majority of the flow, but periodically a proportion of 

the flow travelled with no mixing (laminar pulse trail), producing a lower pressure drop. This has 

been given the term re-laminarisation in previous research (Mullin, 2011; Yakhot, et al., 2019).  

 

At a Reynolds number of 4600 (Figure 4.8), the flow was turbulent with only occasional laminar 

pulse trails occurring. This re-laminarisation has been witnessed using pressure loss 

measurements by Scarselli et al. (2019) and Durst & Unsal (2006). Here, the researchers 

witnessed similar pressure loss signals when laminar structures flowed past the measurement 

locations. Durst & Unsal (2006) showed that the motion of the excursions can be tracked due to 

the high-pressure gradients that they generate. 

 

The much smaller transitional eddy is evident at Reynolds number 4600 in Figure 4.8. The 

lower amplitude deviation from the fully turbulent flow indicates that the flow was mostly 

turbulent with low amplitude disturbances encouraging very small (sub 1 seconds) portions of 

transitional eddies to propagate. The high-frequency eddies appear to occur in turbulent flow 

but were not fully witnessed in the laminar experiments. Possible reasoning for this occurring is 

that transitional eddies from laminar flow would encourage mixing, hence have a greater 

pressure loss and as such deviate from the classical prediction for laminar flow. By Reynolds 

number 5000 it appeared that the flow was fully turbulent. This agreed with the measurement 

data overlapped onto the Moody Chart in Figure 4.1.  

 

The increased resolution that high-frequency pressure loss measurements have provided 

enabled the transition to be captured at points where the earlier analysis could not. The 

fluctuations in an apparently cyclical stable manner between the laminar and turbulent regimes 

could be witnessed and the flow regime determined.  
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4.5 Length Scale Analysis 

 

A specific length or distance determined with the precision of one order of magnitude can be 

termed as a length scale. By determining the length scale of a specific problem, self-contained 

theories can be derived for a given problem.   

 

In this pressure loss analysis, a relevant nominal length scale can be calculated. The length 

scale considered, L, would be the distance between the pressure tappings known as the 

measurement length (30D). This value of L was selected as the measured parameter and the 

pressure loss was recorded between this measurement length. Applying Taylor’s hypothesis 

(1983), the equivalent timescale associated with these physical lengths at the average fluid 

velocity can be calculated using equation (38).  

 

 ∆𝑇𝐷𝑃 =
𝐿

𝑣
    ,     (38) 

 

where ∆𝑇𝐷𝑃 is the DP transit time.    

 

As the measurement length was fixed for the entirety of the experimental programme, the 

turbulent and laminar pulse trails displayed in Chapter 4.4 can be considered with regards to 

length scale. The turbulent length scale was identified as occurring when the pressure loss 

deviated from the predicted pressure loss from classical theory for laminar flow. Conversely, the 

laminar pulse trail was categorised as taking place when the pressure loss diverged from the 

predicted pressure loss from classical theory for turbulent flow. The measured pressure loss 

values and the predicted pressure loss from classical theory for laminar and turbulent flow have 

been normalised for friction factor using the re-arranged Darcy-Weisbach equation (11). As 

transit time is the parameter of interest, the time domain has not been non-dimensionalised in 

this analysis. 

 

The resulting transit time values are given in Table 4.4 below. These transit time values are 

indicated to scale with the purple square marker and line in Figure 4.9 – Figure 4.17. 
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Table 4.4: DN150 Transit Times for Measurement Length  

 

Reynolds number Flow rate 

[l/s] 

Fluid Velocity 

[m/s] 

Transit Time 

[s] 

3250 70 3.837 1.199 

3500 77.5 4.249 1.083 

3750 82.5 4.523 1.017 

4000 87.5 4.797 0.959 

4250 92.5 5.071 0.907 

4600 97.5 5.345 0.861 

 

In Figure 4.9 – Figure 4.10 (Re No 3250), there are a number of “turbulent pulse trails” from 

laminar towards turbulent flow. Calculating the length scale using the approach detailed above, 

it can be seen that each excursion “trail length” has a length scale approaching twice the 

average transit time. This trail length was approximately 2.75 seconds in comparison to the 

calculated transit time of 1.199 seconds. This trail length has been represented with a navy 

square marker and line in Figure 4.10. The transit time value has been denoted on the charts 

using purple square markers and lines.  

 

The pressure excursion deviated from the stable laminar flow and approached 40% towards the 

fully turbulent flow predicted pressure loss. This is consistent with a turbulent pulse trail that is 

almost half the length of the measurement separation with a fully developed turbulent velocity 

profile and pressure gradient. The symmetry of the pressure excursions is consistent with a 

plug-like structure for the turbulent pulse trails. For this plug flow, the velocity of the fluid can be 

assumed as being constant over the cross-section of the pipe perpendicular to the axis of the 

pipe. 

 

Considering Figure 4.11 – Figure 4.13 (Re No 3500), the turbulent pulse trails are more 

frequent than at the lower Reynolds number 3250 and longer – now around three times the 

average transit time. This is consistent with turbulent structures passing at an increasing 

frequency as the flow transitions from laminar to turbulent. Each of these turbulent structures 

exhibits a turbulent velocity profile for a portion of the pulse trail. Again, the pressure excursions 

appear to be symmetrical in width. At no point does the pressure loss agree fully with the 

predicted turbulent pressure loss for the Reynolds number 3500 data. This suggests that at no 

time between the length, L, was the flow fully turbulent. Instead, the flow was likely to be 

partially turbulent with the laminar flow profile still dominating.  

 

As discussed in the previous chapters, the peak transition Reynolds number for the DN150 

experiments was found to be 4000. Considering the data in this Reynolds range, Figure 4.14 – 

Figure 4.17, there appears to be a relatively regular oscillation between the predicted laminar 
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and turbulent pressure loss values. The apparent symmetry of the oscillation between the two 

predicted flow regimes suggests that the length scales of the laminar and turbulent pulse trails 

are almost similar. This indicates that at the peak transition Reynolds number there are regular 

sequences of turbulent and laminar pulse trails. Figure 4.15 includes the transit times 

overlapped with the laminar and turbulent oscillations. For all these oscillations in Figure 4.15, 

the transit time equates to the approximate length of the measurement section. Unlike the 

previous data, there appears to be no stable period of laminar or turbulent flow that is greater 

than the measurement length of 4.6 metres. This is further confirmation of the peak transition 

Reynolds number being the point at which the flow switches from laminar flow towards 

turbulence. 

 

For Reynolds number 4250 data (Figure 4.16), the differential pressure measurements appear 

to be mostly at the turbulent level with occasional pulse trail excursions towards the laminar 

value. This can be thought of as the high critical Reynolds number, RelHIGH. These pulse trails 

are similar in length to the previous turbulent pulse trails. However, the excursions are markedly 

asymmetric with a long ‘tail’ evident (Figure 4.17). This would imply that while the front of the 

laminar ‘excursion’ takes the flat form of the turbulent velocity profile, the rear profile takes the 

more peaked laminar profile, leaving the long tails. 

 

 

Figure 4.9 Turbulent pulse trail transit time 
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Figure 4.10 Turbulent pulse trail transit time and entire trail transit time 

 

 

Figure 4.11 Turbulent pulse trail transit time 
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Figure 4.12 Turbulent pulse trail transit time over 40 seconds 

 

 

Figure 4.13 Turbulent pulse trail transit time over 10 seconds 
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Figure 4.14 Turbulent pulse trail transit time at peak transition Reynolds number 

 

 

Figure 4.15 Peak transition Reynolds number over 10 seconds with transit times 
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Figure 4.16 Laminar pulse trails of similar transit time 

  

Figure 4.17 Laminar pulse trails with “flat” leading profile and “peaked” trailing edge 
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Reviewing published data on turbulent puffs and pulse trails such as Taylor, (1938) and Avila, et 

al., (2011), puffs can be considered to exist and grow when Reynolds number exceeds 2050, 

and pulse trails are expected to expand when Reynolds number exceeds 2500. The effects of 

turbulent pulse trails can only be witnessed when they have grown to a length of approximately 

half of the measurement distance. For the large-scale structures observed, both the turbulent 

and the laminar pulse trails are comparable in scale to the measurement length. It seems 

unlikely that the measurement length itself would influence this, but it is possible that this typical 

length scale is determined by the 63D upstream development length. There appears to be 

scope for further work exploring instantaneous pressure loss measurements with larger 

development lengths – say 125D or even 250D if possible. The length of the test section used 

for the experiments in this thesis completed using the UK National standards oil flow facility at 

NEL was approximately 20 metres. It would not be possible to complete longer entry length 

experiments using the NEL facility due to physical constraints such as layout and pipe 

geometry. 

 

The pulse trails witnessed when analysing the instantaneous pressure loss measurements were 

relatively symmetric in shape and duration for a specific Reynolds number. Whilst there have 

been numerous research into laminar-turbulent transitional flow, little mention of high-frequency 

pressure measurements exists. Whilst studies may have been completed, it is likely they were 

completed with small diameter pipework and with air or water as test fluids. As a result of the 

smaller pipe diameter and the fluid properties, it’s likely that high-frequency pressure loss 

measurements did not provide any interesting and thought-provoking results. The smaller pipe 

diameter coupled with the shorter transit time means that the resolution of the flow regime 

excursions would be difficult to observe. This is a possible reason why these experiments are 

novel in their presentation. 

 

Whilst the observations differed depending on Reynolds number, the transit time was shown to 

be a robust method for determining flow regimes. The duration of the pulse trails can be 

estimated from pipe velocity as detailed (38). This method could potentially be used to improve 

the performance of flow measurement technologies that encounter laminar-turbulent transitional 

flow. This will be discussed in more detail in Chapter 4.7. 

 

 

4.6 Fourier Transform Analysis 

 

In order to further analyse the results from this thesis, fast Fourier transform (FFT) analysis was 

completed. Whilst not a key part of this thesis and not strictly related to the research questions 

or theory, the author has analysed the results using FFT to ascertain if any frequency and flow 

regime relationships are evident when logging pressure loss at 40 Hz. From the instantaneous 

pressure loss data discussed in Chapter 4.4, there appeared to be multiple frequencies.  
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Fourier Transform (FT) is a powerful algorithm that can convert a signal from its original time 

domain to a representation in the frequency domain. It can break down a signal into the various 

sine waves different frequencies and amplitudes. The use of FT dates back to the 1800s when 

Carl Friedrich Gauss used a similar method to predict the orbit of asteroids (Gauss, 1809). 

However, the term Fourier analysis originates from the investigations completed by the French 

mathematician, Jean-Baptiste Joseph Fourier (Fourier, 1822). A seminal paper was produced 

by James Cooley and John Tukey in 1965 detailing the use of FFT for digital signal processing 

(Cooley & Tukey, 1965).  

 

In this thesis, the results of the DN150 experiments have been analysed using Fast Fourier 

Transform method. The software used for the FFT was MATLAB 9.2 by developers 

MathWorks. Unlike the Fourier Transform function available in Microsoft Excel, there are no 

limitations on the number of inputs for the analysis. 

 

The pressure waveforms measured in this project comprised of various sinusoids of distinct 

frequencies and amplitudes. By using Fourier transform, the author has deconstructed the 

signal into the individual components to allow further analysis and interpretation.  In this 

analysis, MATLAB was used with a discrete Fourier transform (DFT) algorithm to compute the 

Fourier transform of data. The DFT produces results that have been split into discrete bins. The 

FFT used in MATLAB is an enhanced version of DFT that requires less processing power and 

can be completed far quicker. The Fourier transform used in MATLAB can be expressed, for a 

vector x with n uniformly sampled points, as: 

 

 𝑦𝑘+1 = ∑ 𝜔𝑗𝑘𝑥𝑗+1

𝑛−1

𝑗=0

  , (39) 

 

 𝜔𝑁 = 𝑒−2𝜋/𝑛   ,  (40) 

 

Where ω is one of n complex roots of unity where i is the imaginary unit. For x and y, the indices 

j and k range from 0 to n – 1 (Mathworks, 2020). 

 

Eight data sets for the DN150 experiments covering laminar, turbulent and transitional flow were 

analysed. The purpose of the analysis was to investigate whether there were any discernible 

frequency trends through the laminar-turbulent transition at various Reynolds numbers (2500 – 

5100). It also allowed for the identification of any repeatedly occurring frequency from the 

experiments. These might have been due to background noise from pumps, control valves, 

impulse lines or resonant frequency of equipment. 

 

As these experiments were completed at a logging frequency of 40 Hz, the FFT analysis 
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outputs with a frequency of 20 Hz which is half the sampling frequency. This is known as the 

Nyquist frequency and is the largest frequency that can be resolved for a specific sampling rate.  

 

For optimum processing speeds, FFT prefers a signal length to the power of 2 for the analysis. 

However, as computing power and efficiency have improved significantly, the difference in FFT 

performed on data that is not the optimum signal length is negligible.  

 

One important consideration when performing FFT is signal leaking. Signal leakage can occur 

and cause artificial discontinuities into surrounding frequencies during the FFT analysis. It is not 

feasible to remove all leakage within a signal. However, it can be reduced by applying a window 

function to the signal. Windowing techniques are utilised to scale the relevant frequency range 

and alter the frequency bin width. It reduces the amplitude of the discontinuities at the ends of 

the signal sequence. 

 

Prior to complete the FFT on the pressure data in this experiment, a Hanning window filter was 

been applied to the data sets using MATLAB (Hann & Ward, 1903). The resulting signal was 

then analysed using Fast Fourier transform. This analysis has been applied to all the data sets 

in this investigation. The Hanning window is defined as: 

 

 𝑊𝐻𝑎𝑛𝑛𝑖𝑛𝑔 = 0.5 . (1 − 𝑐𝑜𝑠 (2𝜋
𝑛

𝑁
))   , (41) 

 

where N is the window length. 

 

Although there are valid concerns around using windowing techniques for transient signals, 

from the pressure loss measurements recorded, the data was logged over a reasonable length. 

As such, this should enable a windowing technique to be used with confidence that it will not 

distort the signal.  The Hanning window was selected as it is good at reducing spectral leakage, 

reaches zero at both ends and is good at reducing noise within a signal (Hann & Ward, 1903). 

 

Consider Figure 4.18, which shows the pressure loss data measured at Reynolds number 3750 

from Chapter 4.4. The signal can be seen to be noisy but with regular repetition. The Hanning 

window has been applied to the data and the result can be seen in Figure 4.19. The ends of the 

signal have been forced to zero, but the remaining signal maintains its form. This provides 

confidence in the applied windowing technique. The discrete Fourier transform analysis was 

then completed on this Hann-windowed data (Figure 4.20).  

 

The FFT results (Figure 4.20) show that there are several low frequency peaks. They appear to 

be irregular and for this Reynolds number (3750) does not have a clearly distinguishable 

dominant frequency. Whilst there are lots of low-frequency peaks below 1 Hz, these are discrete 

and consist of separate data points. Including data points in the chart clearly demonstrates that 
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the peaks and valleys in the spectra are likely to be entirely random amplitudes. These peaks 

do not provide any useful information or indication of the flow regime. 

 

To further improve the data by removing some noise from the pressure loss measurements, the 

data in this analysis was split into various signal lengths to smooth the data. As discussed 

earlier, a minimum of 180 seconds of data was captured for each Reynolds number tested. For 

the data analysed at least 300 seconds of data was available.  

 

Whilst the instantaneous values are interesting, the average value is of more use as it helps 

reduce the noise within the signal.  The signals were split into 60 s, 120 s and 180 s signal 

lengths with a time shift of 1 second. This allowed multiple signals to be multiplied by a Hanning 

window function and then analysed using FFT. The FFT data was then ensemble-averaged to 

smooth out noise. With a sufficient number of samples of suitable signal lengths, the ensemble 

average of a process can be thought of as the mean or expected value. This expected value 

can then be analysed for dominant frequencies with the pressure loss signal. 

 

Figure 4.21 displays FFT analysed Reynolds number 3750 data after applying a 180 s signal 

length and 1 s time shift. The data had a Hanning window applied prior to the FFT analysis. The 

ensemble average data is represented by a black line and green markers. It can be seen that 

the average is representative, robust and follows the key frequencies from all of the data files. 

The largest fluctuations have been smoothed out and the ensemble average appears to be 

representative of the true value. 

 

The signal length and time-shift used when ensemble average are deemed to be suitable when 

the low-frequency peaks are smoothed out when averaged over a sufficient size. To ensure that 

an ideal signal length and time-shift have been used in this analysis, two-time shift values of 1 

and 2 seconds and three signal lengths of 60, 120 and 180 seconds have been compared. 

Table 4.5 below summaries the number of data files analysed using FFT and then averaged for 

each Reynolds number. 

 

Table 4.5: Number of data sets analysed with alternative signal lengths 

 

Signal lengths 

[s] 

Time-shift 

[s] 

Number of data 

sets 

60 1 241 

60 2 121 

120 1 181 

180 1 121 

 

In this analysis, it appears that a 60 second signal length with 1 second time shift is appropriate 
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for this data set (Figure 4.22). The irregular low frequency peaks and values appear to vanish 

and are smoothed out with the 60 seconds signal length and 1 second time-shift data. An 

alternative time shift value of 1 second with a 60 second signal length has also compared with 2 

seconds time-shift data with a 60 seconds signal length (Figure 4.23). The 1 second time-shift 

data is denoted by a grey line with a grey square marker. To enable both data sets to be visible, 

the 2 seconds time-shift data has been denoted by purple triangle markers with no line. Both 

time-shift values produced a different number of data sets for the analysis and subsequent 

ensemble averaging. The former produced 241 data sets and the latter produced 121 data sets. 

However, both produced almost identical ensemble average results of the FFT analysis. As they 

both produced similar results, this validates the selection of either the 1 second or the 2 second 

time shift value. 

 

To provide further confirmation of this, all of the data sets have been presented with 1 second 

time shifts and signal lengths of 60, 120 and 180 seconds (Figure 4.24). The eight ensemble 

average data sets covering the laminar, turbulent and transitional flow range do not appear to 

display any key frequencies or trends. As with the Reynolds number 3750 data already 

discussed, the other data sets appear to display irregular low frequency peaks. The 60 seconds 

signal length and 1 second time-shift data partly smooths out the peaks and valleys. Other 

frequencies are apparent in the range of 5 – 12 Hz but these are likely spurious. They could be 

caused by the flow pumps, control valves or noise within the system. However, they do not 

appear to trend with flow regime or fluid velocity. 

 

 

Figure 4.18 Measured pressure loss data 180 s length at Reynolds number 3750 
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Figure 4.19 Hanning window applied to 180 s signal length pressure loss data  

 

  

Figure 4.20 FFT analysis on Hanning window 180 s signal length pressure loss data 
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Figure 4.21 FFT ensemble data with 180 s signal 1 s shift at Reynolds number 3750 

 

 

Figure 4.22 FFT ensemble average with various signal lengths and 1 s time shift 
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Figure 4.23 FFT ensemble average for 60 s signal lengths and 1 s and 2 s time shift 
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Figure 4.24 FFT analysis ensemble average for multiple signal lengths and 1 s time shift 
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appear to show significant promise for identifying the flow regime, no further information 

appears to be apparent from applying FFT to the data sets. The lower frequencies below 1 Hz 

appear to dominate for all Reynolds number. The sampling frequency of 40 Hz does not appear 

to be sufficient to truly determine the dominant frequencies within the flow in this experimental 

programme.  

 

The FFT data in Figure 4.24 displays the onset of turbulence from laminar flow. According to 

classical theory, the transition to turbulence occurs when instability leads to the formation of 

large scale eddies within the flow (Kolmogorov, 1941). These large eddies are associated with 

the length scale which for these experiments would be the diameter of the pipe. These eddies 

within the flow account for the majority of the conveyance of energy and momentum. There is 

then an energy cascade down through the ‘inertial range’ as each large eddy generates smaller 

eddies on the shear layers between them and those smaller eddies generate even smaller ones 

and so on until the eddies are so small that they decay due to friction at the Kolmogorov scale 

(Kolmogorov, 1941). 

 

From dimensional analysis, Kolmogorov demonstrated that in the inertial range the viscosity is 

not important but instead the eddy size and the local wavenumber k are the controlling 

parameters (42).  

 

 𝐸 ≈  𝐶𝜖
2

3 𝑘−
5

3     ,    (42) 

 

where E is the turbulent kinetic energy per unit mass, ϵ is the energy flux, k is the local 

wavenumber and C is a universal constant.  

 

The decay slope of the spectra appears to shift depending on Reynolds number and thus the 

level of turbulence of the flow. Comparing the data in Figure 4.24, there does appear to be an 

energy cascade as the flow moves from laminar to turbulence. As the Reynolds number of the 

flow increases, and thus the degree of turbulence, the less significance the eddies are to the 

dimension of the flow. To further analyse the pressure spectra with respect to Kolmogorov 

theory, the 60 seconds signal length and 1 second time-shift FFT results have been displayed 

with respect to the Power Spectral Density (PSD) in Figure 4.25. 
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Figure 4.25 Power Spectral Density analysis  

From previous analysis of pressure loss data, the critical Reynolds number was determined as 

being 4000 for the DN150 experiments. The following results explore the inertial range at the 

critical Reynolds number and two other Reynolds number values at the onset of turbulence with 

respect to the Kolmogorov’s theory (Kolmogorov, 1941).  
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As described by Inoue (1951), Batchelor (1953) and George et al (1984), the pressure spectrum 

in the inertial subrange can be related to Kolmogorov’s energy cascade theory.  

 

 𝜋(𝑘) ≈ 𝜌2𝜖
4

3𝑘−
7

3    ,    (43) 

 

where 𝜋(𝑘) is the pressure spectrum, ρ is fluid density, 𝜖 is the rate of dissipation of energy per 

unit mass and k is the local wavenumber. 

 

Previous research by (Inoue, 1951; Batchelor, 1953; George, et al., 1984) have confirmed 

alternative values of -7/3 and -11/3 for Kolmogorov’s theory. These values have been included 

in the PSD analysis where appropriate. Prior to and at the critical Reynolds number, Reynolds 

number values of 3750 and 4000, the flow has been shown to not yet be fully turbulent (Figure 

4.26). The slope of the energy cascade follows -11/3 suggesting that the large eddies within the 

flow are not generating sufficient smaller eddies such that the flow has become fully turbulent.  

 

  

  

Figure 4.26 Power Spectral Density analysis with energy cascade values 

After the critical Reynolds number, for the other Reynolds number values of 4600 and 5100, the 

flow was deemed to be predominantly turbulent for the former and fully turbulent for the latter 

(Figure 4.26). The 4600 and 5100 Reynolds data spectra appear to fully agree with the -7/3 

theory. The slope of the energy cascade does appear to be moving closer to the classical 

theory (Kolmogorov, 1941). As the data set conforms fully with the -7/3 theory, this suggests 
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that the flow has become fully turbulent such that the smaller eddies generate even smaller 

eddies that are so small that they decay due to friction at the Kolmogorov scale (Kolmogorov, 

1941).  

 

After analysing PSD data with respect to classical theory, there does appear to be a trend with 

regards the spectrum of pressure fluctuations and Reynolds number. Whilst not a key 

component of this thesis or related to the research questions, the findings in this sub-chapter 

further corroborate the laminar-turbulent transition. 

 

 

4.7 Flow Meter Experimental Results 

 

The performance of differential pressure flow meters has previously been documented in 

laminar-turbulent transitional flow (Mills, 2013). However other flow meters such as turbine 

(Figure 4.34) Mills & Belshaw (2011), ultrasonic (Figure 4.38) Mills (2013), and Coriolis (Figure 

4.39) Mills (2018), flow meters also exhibit relationships with pipe Reynolds number.  

 

Most commercial flow meters demonstrate excellent linearity in turbulent flow. This partly stems 

from the flow profile being relatively flat and as such the correction factor is reasonably 

constant.  This means that ‘point’ measurement devices such as ultrasonic and turbine flow 

meters can calculate the average flow velocity from measurements at one point in the cross-

section of the pipe. Imagine a laminar profile where the maximum fluid velocity could have a 

value of around 1.4 – 2 times the average flow velocity. Sampling the fluid velocity at one point 

could produce significant measurement errors. Furthermore, the laminar profile is more 

susceptible to the effects of a skewed flow profile which further exacerbates the issue. 

 

The response of the majority of commercially available flow meters displays a significant 

dependence on the Reynolds number of the flow. As the Reynolds number of the flow 

decreases into the laminar region, the response of the flow meter varies significantly.   

 

The author proposes utilising high-frequency (≥ 20 Hz) differential pressure measurements to 

infer the flow regime that the end-user is operating in. A flow chart has been created to further 

illustrate the methodology. The first step in the process would be to calibrate the flow meter 

against the service Reynolds number and ascertain whether there is a Reynolds number 

dependence. If there is no Reynolds number dependence, then use the flow meter with a flow 

rate calibration curve. However, as already discussed, most flow meters have a significant 

Reynolds number dependence.  
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If there is a Reynolds number dependence, then the steps proposed for this methodology are 

documented below: 

 

1. Estimate fluid viscosity and density from sampling, process data sheets or another 

source. 

2. For a given pipe diameter and expected process velocity range, calculate the Reynolds 

number range of the flow.  

3. Predict the laminar friction factor for the operating conditions using Hagen–Poiseuille 

equation. 

4. Predict the turbulent friction factor for the operating conditions using Blasius equation. 

5. Calculate the expected laminar and turbulent head loss using Darcy-Weisbach 

equation. 

6. Calculate pressure loss from laminar and turbulent head loss. 

7. Monitor pressure loss at a frequency in the region of 20 Hz 

8. Determine whether the fluid is laminar, turbulent or in laminar-turbulent transition from 

the measured pressure loss. 

9. If the fluid is laminar, then the laminar correction is applied. 

10. If the fluid is turbulent then the turbulent correction is applied. 

11. When the flow is transitional then linear interpolation could be used for the correction 

factor. 
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Figure 4.27 Flow chart for determining flow regime 

 

The possibility of using separate correction factors for the flow regime, and then when required, 

using linear interpolation could significantly reduce mismeasurements caused by dynamic flow 

regime changes. This methodology has been implemented for a DN80 turbine flow meter 

(Figure 4.28 – Figure 4.33). As detailed in Chapter 3.2.3.3, the DN80 set of experiments were 

completed with a nominal diameter 80 mm turbine flow meter also included. The turbine flow 

meter was located at 21.5 pipe diameters downstream from the measurement length. The 

turbine flow meter was a Kent liquid flow meter with a nominal k-factor of 7.6 pulses per litre.  

 

The results in Figure 4.28 show that the DN80 turbine flow meter performance indicator had a 

clear dependence on the flow regime. The three flow regimes are clearly evident and the shift in 

performance indicator from laminar to turbulent is approximately 2 %. If an end-user installed 

this device in service for low Reynolds number use and mistakenly used the turbulent 

performance indicator in transitional or laminar flow, then there would be a significant 

mismeasurement.  This mismeasurement has been calculated and displayed in Figure 4.29. In 

this scenario, the laminar k-factor has been applied to the turbulent flow range and the turbulent 

k-factor to the laminar range. This could occur regularly in a process that has a varying 

temperature and viscosity and without a real-time knowledge of flow regime, would cause 
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erroneous measurements. A correctly calibrated turbine meter operating in a clean stable 

process should achieve a specification of better than 0.25 %. Figure 4.29 displays deviations for 

the turbine flow meter greater than 2 % when the incorrect correction factor is applied. 

 

To investigate the robustness of the methodology and improve the performance of the device, 

the pressure loss measurement was recorded simultaneously with the turbine flow meter. as 

expected, the results clearly display an increasing pressure loss with increasing velocity (Figure 

4.30). A change in the shape of the pressure loss curve is evident at the point of transition. Both 

the performance indicator and the pressure loss have been plotted on the same chart with a 

primary and secondary y-axis (Figure 4.31). The transitional shift can be seen to occur at the 

same Reynolds number. 

 

Figure 4.32 displays the turbine performance indicator along with the high-frequency pressure 

loss measurements standard deviation values. The point of transition can be clearly seen and 

validates that concept that using high-frequency pressure loss measurements can determine 

when a fluid transitions from one flow regime to another. 

 

Figure 4.33 presents the results of using the methodology as detailed in the flow chart in Figure 

4.27. The pressure loss has been measured allowing for the determination of the flow regime. 

This has then enabled the appropriate performance indicator to be selected and applied to 

correct the device. The corrected results are all well within the flow meter specification. This 

method shows a great deal of promise and could potentially greatly improve the measurement 

performance when operating in laminar-turbulent transitional flow. 
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Figure 4.28 DN80 Turbine flow meter k-factor (Performance indicator) 

 

  

Figure 4.29 Percentage volume flow error when incorrect k-factor correction applied 
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Figure 4.30 DN80 pressure loss measurements 

  

Figure 4.31 DN80 Turbine flow meter k-factor and pressure loss measurements 
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Figure 4.32 DN80 Turbine k-factor & pressure loss standard deviation 

  

Figure 4.33 Percentage volume flow error when pressure loss correction factor applied 
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high frequency pressure measurements in this thesis. This was due in part to the substantial 

cost and availability in operating the NEL national standards flow facility. Whilst the author 

would like to trial the method with other meters, there was not enough budget or facility time 

available to complete additional experiments.  

 

However, the author has completed previous research with these devices across the laminar-

turbulent transition. The following results (Figure 4.34 – Figure 4.39) are from previous research 

completed by the author and predate the high frequency pressure loss method. As such, no 

pressure loss data exists for these experiments. However, they clearly demonstrate the 

importance of the laminar-turbulent transition of the performance indicator of the flow 

measurement technology.   

 

The following results are for a DN100 turbine flow meter that was calibrated across the laminar-

turbulent transition. The turbine flow meter results displayed in Figure 4.34 revealed that for that 

specific installation at Reynolds numbers 10,000 there was a notable decrease in the 

performance indicator (k-factor) as the flow moved from turbulent flow to laminar flow. The 

decrease in k-factor was consistent across the flow range and displayed a notable trend with 

decreasing Reynolds number.  

 

This deterioration in k-factor suggests that the response rate of the helical blades is closely 

correlated with Reynolds numbers. In highly viscous fluids, it is possible to attain low Reynolds 

numbers with a moderate flow velocity relative to the fluid properties. Thus, the effects observed 

cannot solely be attributed to low fluid velocity. 

 

For these results, it appears the change in flow profile that occurs from the high critical 

Reynolds number of approximately 10,000 Reynolds number has caused the pulsed output 

response of the turbine meter to significantly decrease with decreasing Reynolds number. 

 

Prior to calibrating the device, the end-user would be unaware that the k-factor would decrease 

so significantly as the Reynolds number dropped below 10,000. Whilst computation fluid 

dynamic modelling could possibly have been used, few end-users would model the scenario 

prior to designing the measurement system. 

 

The Reynolds number trend exhibited suggests that there might be the possibility of calibrating 

the device in a nonstandard manner. The end-user could then predict the k-factor with 

confidence using the Reynolds number which would be attained using details of the fluid 

properties.  

 

This would be achieved by firstly calibrating the helical blade turbine meter against Reynolds 

number and then, using details of the fluid properties manually inserted into the flow computer, 
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use a ‘look-up table system’ to predict the k-factor. This might mean that the device would not 

require calibration at the service fluid viscosity but instead would only require calibration at the 

service Reynolds number range. 

 

This calibration and operation mode would greatly benefit from the ability to independently verify 

when a fluid undergoes the laminar-turbulent transition flow. By ascertaining when the fluid is in 

stable laminar flow, stable turbulent flow and in the laminar-turbulent transition regime, then the 

appropriate correction factor could be applied. 

 

Figure 4.34 DN100 helical turbine k-factor (performance indicator) 

 

The following results are for conventional flow meters when calibrated in the laminar-turbulent 

transition flow regimes and demonstrate a clear Reynolds number dependence. These 

experiments were completed without the use of high frequency pressure measurements and as 

such do not permit the same analysis as completed with the turbine flow meter. They are 

included to illustrate the Reynolds number dependence and to allow further description of how 

the high frequency pressure loss analysis could be applied to each of the flow measurement 

technologies. 

 

The experimentally measured discharge coefficients for a Venturi flow meter are displayed in 

Figure 4.35 and Figure 4.36. The calculated discharge coefficients were plotted against the pipe 

Reynolds number for a variety of temperatures, viscosities and flow rates, and were all found to 

lie on a single curve except for the point of transitional flow.  

1.78

1.83

1.88

1.93

1.98

2.03

2.08

2.13

2.18

10 100 1000 10000 100000 1000000

K
-

F
a

c
to

r,
 [

p
u

ls
e

/l
it

re
]

Reynolds (Pipe)

'Laminar' Region 'Turbulent' Region



89 | P a g e  

 

The discharge coefficient Figure 4.35 and Figure 4.36 conforms to the International Standard 

document on Venturi flow meters and increased with Reynolds number (ISO 5167-4, 2003). The 

trend tended towards horizontal as it moved into the turbulent regime. Data points from the full 

range of viscosities formed a single, well-defined curve. The minimum discharge coefficient 

observed was 0.675 at a Reynolds number of 256. The maximum was 0.981 at a Reynolds 

number of 10080. It should be noted that the Reynolds numbers were plotted on a logarithmic 

scale, and it can be seen that very sharp changes in discharge coefficient occurred with only 

small changes in Re in the laminar region. 

 

The transition hump region shifted from one calibration to another. These calibrations were 

completed several months apart and had different installation conditions. Figure 4.37 displays 

both sets of results overlapped with one another to further illustrate that the discharge 

coefficient varies with the point of transition. The laminar and turbulent discharge coefficient is 

similar until close to transition. This further highlights the necessity for a method of predicting 

when laminar-turbulent transition occurs. Predicting when the transition occurs and when stable 

laminar and turbulent flow occur would enable the end-user to have confidence in both their 

calibration but crucially their operation in service. 

 

 

Figure 4.35 Discharge coefficient for DN100 0.6β Venturi flow meter 
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Figure 4.36 Discharge coefficient for DN100 0.6β Venturi flow meter (Repeat) 

 

 

Figure 4.37 Two discharge coefficients for DN100 0.6β Venturi flow meter 

 

Ultrasonic flow meters are used extensively for high accuracy flow measurement applications. 
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They have been known to achieve measurement uncertainties in the region of ± 0.1 % across 

the flow range. However, the performance of these meters can be strongly influenced by the 

varying flow profile that ensues with transitional flow. 

 

Ultrasonic meters determine the mean fluid velocity by applying weighting factors to the discrete 

measurements of fluid velocity along the ultrasonic paths. Many manufacturers will apply 

corrections to the meters for the velocity profile of the flow. 

 

Depending on the transducer frequency employed by the ultrasonic device, high viscosity fluids 

can cause signal attenuation. This could potentially lead to substantial errors in the 

measurement of the flow due to less “successful” measurements of the flow velocity being 

recorded by the device. By utilising the signal diagnostics from the ultrasonic device, it’s 

possible to ascertain whether signal attenuation has occurred.    

 

The ultrasonic flow meter clearly demonstrated dependences on the Reynolds number of the 

flow. This relationship was anticipated since ultrasonic meters are velocity devices. As the 

Reynolds number and fluid viscosity are not measured by ultrasonic flow meters, correcting for 

the Reynolds number dependence could be challenging.  A method of determining when a fluid 

transitions from one flow regime to another would be extremely beneficial and could help avoid 

significant measurement errors. 

 

The ultrasonic flow meter showed a high level of correlation with Reynolds number. There was 

a significant transition measurement output in laminar-turbulent transitional zone. When the flow 

regime was transitional the use of fixed correction factors for the ultrasonic paths integration 

calculations was less suitable. The calculation of the mean flow rate when the velocity profile 

changes from laminar to turbulent or vice versa appears to be prone to large mis-

measurements.  

 

As with the turbine flow meter, the calibration and operation of this ultrasonic flow meter would 

be improved with the ability to independently verify when the flowing fluid undergoes the 

laminar-turbulent transition flow. By ascertaining when the fluid is in stable laminar flow, stable 

turbulent flow and in the laminar-turbulent transition regime, then the appropriate correction 

weighting in the path integration algorithms factor could be applied. This would enhance the 

estimates of the mean flow rate for the ultrasonic flow meter. 
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Figure 4.38 DN100 ultrasonic flow meter predicted volume deviation from reference value 

 

 

Figure 4.39 DN100 Coriolis flow meter predicted mass deviation from reference value 
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Now consider a flow meter calibrated at flow laboratory that has been removed from its original 

installation. The device normally operates in laminar-turbulent transitional flow and requires 

annual calibration. The flow laboratory states that they can match Reynolds number with the 

client’s application as such the calibration can be completed. The question remains; is the 

calibration valid? Contemplate the various differences between the laboratory and the field 

condition and they are surely significant. The fluid properties, temperature, pressure and pipe 

diameter are included in the calculation of Reynolds number which will be matched. However, 

what if the laminar-turbulent transition has not been defined and is an unknown? This has 

already been shown to be the case in this thesis. 

 

The calibration offsite at a flow laboratory is surely no longer valid. Consider the discharge 

coefficient of the Venturi flow meter calibrated at NEL in Figure 4.37. The discharge coefficient 

accounts for additional pressure (energy) losses not considered in the generic flow equation for 

differential pressure flow meters. It is a correction factor that can be derived from calibration by 

dividing the calculated flow with the reference flow. It has been shown that the installation has 

affected the point of transition for this Venturi meter. 

 

The two calibrations for the Venturi device were repeatable and had a similar curve for both 

calibrations for laminar and turbulent regimes except for the transitional region. Indeed, the 

point of transition has shifted from 7000 to 4000 Reynolds number. This raises the question of 

which correction factor should the end-user apply? This could be an opportunity to monitor the 

instantaneous pressure loss measurements at high-frequency and ascertain in real-time when 

transition occurs in the field. This pressure loss correction factor methodology would then allow 

the end-user to apply a robust and applicable discharge coefficient for their application and 

minimise the possibility of any potential mismeasurement.  

 

 

4.8 Experimental Results and Analysis Summary 

 

The high-frequency pressure loss has been measured for three different pipe geometries. The 

data has been analysed using the classical theory and was found to agree with the Moody 

Chart and the Hagen-Poiseuille law. The pressure fluctuations for the three sets of pipework 

have been analysed in terms of standard deviation. This standard deviation characterises the 

level of fluctuations within the flow during the laminar-turbulent transition.  

 

This level of pressure fluctuation for all three installation set-ups provides confidence that what 

was witnessed was a generic result. The following summaries what has occurred for all three 

installations: 

• At the low critical Reynolds number, the level of pressure pulsations increases 

• The standard deviation increases to a peak transition value 
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• This standard deviation value is the maximum recorded and occurs consistently 

between the low and high critical Reynolds number 

• The standard deviation decreases from the peak transition value to the high critical 

Reynolds number 

• For any particular installation, the peak transition and the low and high critical Reynolds 

number values are repeatable and reproducible 

 

The resolution of the high-frequency pressure loss data enabled the shape, origin and duration 

of the pulse trails to be examined. Length scale analysis was also applied to confirm that the 

excursions witnessed were real and consistent with the calculated values for the particular 

installation set-up. 

 

The effect of logging frequency was also explored. The majority of the experiments were 

completed at a logging frequency of 40 Hz. However, to ensure that logging frequency did not 

adversely influence the measurements, logging frequencies of 1.8 Hz, 10 Hz, 20 Hz, 40 Hz, 50 

Hz, 62.5 Hz, 100 Hz and 142 Hz were used for one set of both the DN150 and DN100 

experiments. The results showed that logging at around 20 Hz was sufficient for the 

identification of the laminar-turbulent transition.  

 

In terms of using the high-frequency pressure loss measurement method for identifying the flow 

regime and applying the appropriate correction factor, the first step in the process would be to 

log the pressure loss measurement data between two fixed points against time at a sufficiently 

high sampling frequency. A typical industrial pressure loss measurement might be recorded at 

just 1 Hz (1 s). Indeed, the typical logging frequency at the UK National Standards oil and water 

flow facilities is approximately 1.8 Hz. However, by using specialised pressure sensors with low 

measurement uncertainty, the author completed a range of experiments at alternative logging 

frequencies. It was found that between 20 Hz – 40 Hz (0.05 s – 0.025 s) was acceptable for 

identifying transition. It allowed for the identification of laminar, transitional and turbulent flow 

regions. This type of data could be useful to end-users and reduce mismeasurement by several 

magnitudes. This time plotted pressure data approach can be simplified as the following: 

 

• Plot the instantaneous pressure loss data against time. 

• Plot the calculated pressure loss against time for developed laminar and turbulent flow 

from the following inputs: 

o velocity 

o viscosity 

o density 

o pipe geometry 

o Reynolds number 
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The pressure loss methodology detailed in this thesis has been trialled with one DN80 turbine 

meter extremely successfully. By simply measuring pressure loss at a frequency of around 20 

Hz – 40 Hz, the point of transition can be identified, and the correct performance indicator 

applied.  

 

When the flow meter operates in the laminar-turbulent transition, the performance indicator 

maintains a repeatable form. Repeatability is a critical component for a flow meter and is vital for 

ensuring that the performance of the device can be improved. It is defined as the closeness of 

agreement between successive measurements under the same conditions (at the same time). 

 

If a device has excellent repeatability but poor accuracy, the device can be adjusted. Consider 

Figure 4.40 which illustrates excellent repeatability but poor accuracy for an archer firing arrows 

at a target. By adjusting the “aim” of the archer, they now achieve both excellent repeatability 

and accuracy (Figure 4.41). By achieving excellent repeatability, the performance indicator of 

the flow meter can adjust the performance of the device and ensure optimum performance.  

 

 

Figure 4.40 Excellent repeatability and poor accuracy 

 

 

Figure 4.41 Excellent repeatability and excellent accuracy 

 

To adjust the performance of a flow meter in transitional flow, the end-user would interpolate 

between the laminar and turbulent k-factor depending upon the pressure loss measured. 

Consider the instantaneous pressure loss data discussed in Chapter 4.4 and reproduced for 

Reynolds number 400 below (Figure 4.42).  

 

In this instance, the measured pressure loss was approximately 50 % of the difference between 
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the predicted turbulent pressure loss and the predicted laminar pressure loss. The end-user 

would then interpolate to approximately 50 % of the difference between the laminar and 

turbulent performance indicator. This was achieved in this thesis for the DN80 turbine meter 

with excellent results. This method reduced the potential mismeasurement for a DN80 turbine 

meter from 2 % to less than 0.2 %. This is an improvement of a factor of ten.  

 

 

Figure 4.42 Pressure loss measurements displaying the laminar-turbulent transition 

 

It has also been shown that it could theoretically be applied to other flow measurement 

technologies such as ultrasonic, Coriolis and even differential pressure Venturi meters. All of 

these devices displayed strong dependence on flow profile for the performance indicator. 

Unfortunately, due to lack of resources and budgetary constraints, not all devices have been 

trialled with the pressure loss correction method. This would certainly be recommended further 

work for another researcher. 
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5. DISCUSSION 

 

The analysis presented in the previous chapter suggests that transitional flow can be identified 

by utilising high-frequency pressure loss measurements. By monitoring the pressure loss 

between two fixed points in a flowing system at frequencies above 20 Hz (0.05 seconds) the 

transitional fluctuations can be observed. The majority of experimental data recorded from this 

thesis was captured at a logging frequency of 40 Hz (0.025 seconds).  

 

Whilst previous studies have investigated laminar-turbulent transitional flow in ideal installations 

with extremely long lengths of straight pipework, the author has carried out experiments using 

large industrial-size installations within a national measurement institute flow laboratory.   

 

A quick synopsis of the research questions will be presented before a more in-depth discussion 

of the results. The first research question of the thesis was whether laminar-turbulent 

transitional flow can be identified in industrial settings via the use of high-frequency pressure 

loss measurements. The results for three separate installations at the UK National Standards 

for oil flow facility demonstrate that this is indeed possible. When logging at 20 Hz or higher, the 

fluctuations that occur in the laminar-turbulent transition are clearly evident. In both laminar and 

turbulent flow, the onset of transition could be identified via increased pressure excursions. This 

transition could be detected by an increase in the standard deviation of the signal when logged 

at frequencies above 20 Hz.  

 

The second question was whether these high-frequency pressure measurements could be used 

to determine the critical Reynolds number. The measurement data revealed that it is possible to 

determine the peak transition Reynolds number as well as both the low and high critical 

Reynolds numbers. The DN150 experiments consisted of over 200 data points completed at 

different dates with alternative fluid viscosities and velocities. The Reynolds number at which 

peak transition Re as well as both the low and high critical Re occurred was reproduced using 

the high-frequency pressure measurements. 

 

The third research question was whether high-frequency pressure loss measurements could be 

used to improve the performance of flow measurement technologies which would be particularly 

beneficial to the engineering industry. The thesis has detailed a methodology that could be 

applied for ensuring that flow measurement technologies apply the most appropriate correction 

factor by determining the flow regime. The Flowchart (Figure 4.27) presented the procedure that 

could be applied. A suitable characterisation of the flow meter performance indicator against 

Reynolds number would be required. Then by sampling the pressure loss at a sufficiently high 

frequency of greater than 20 Hz, the end-user could determine which flow regime they are 

operating in and subsequently utilize the appropriate performance indicator. The results in this 

thesis (Figure 4.28) demonstrate that utilising pressure loss method can improve the 
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performance of a turbine flow meter when operating in laminar-turbulent transitional flow. This 

method reduced the potential mismeasurement for a DN80 turbine meter by a factor of ten to 

less than 0.2 %.  

 

The literature review showed that most of the previous experiments were completed with air or 

water in extremely small-bore pipework at very low velocities. The novel aspect of this work is 

that it has been completed with large bore pipework using a high viscosity test fluid at a national 

measurement institute partly designed, built and operated by the author. This world-class facility 

is unique in that it can operate at fluid viscosities up to 2000 cSt. This enabled experiments with 

Reynolds number ranging from laminar to turbulent flow regime in the velocity range of 2 – 8 

m/s. This velocity range is closer to the typical velocity range encountered within many 

industries. As such, the experiments were similar to real-world installations.  

 

The experiments were performed with DN80, DN100 and DN150 pipework with varying fluid 

viscosities and velocities. The results agree with the previous findings concerning the 

generation of fluctuations in the laminar-turbulent transition flow. These fluctuations are known 

as ‘puffs’ and ‘slugs’ from the literature. Whilst their origin and shape have been extensively 

researched, their determination via high-frequency pressure measurement has not.   

 

The pressure loss measurements between approximately 30 diameters of straight length 

pipework of DN80, DN100 and DN150 agree with the classical theory.  The experimental data 

for pressure loss agreed with the Hagen-Poiseuille law for laminar flow and also the three 

separate friction factor estimations by Moody, Blasius and Colebrook-White for turbulent flow. It 

was found that the Moody friction factor estimation was the most appropriate for turbulent flow. 

This relates to the first research question of the thesis. 

 

The experimental findings agreed with Simon et al. (2019) and found that the critical Reynolds 

number is consistent and has a maximum level of fluctuation that appears to occur irrespective 

of whether the movement is from laminar to turbulent flow via increasing the fluid velocity or 

decreasing the fluid viscosity. The amplitude of perturbations grows and then decreases 

steadily in the laminar-turbulent transition. This was further validated with the standard deviation 

values increasing and decreasing during the transition from laminar to turbulent and turbulent to 

laminar flow in a similar manner irrespective of the flow history. 

 

In the existing literature, the results of the time-averaged friction factor are often presented 

against Reynolds number. Whilst a similar analysis has been completed by the author, a 

distinctive method of exploring the experimental data in terms of the standard deviation 

recorded over a 200 second period was utilised. This methodology allowed the pressure 

fluctuations between the 30 diameters of straight pipework to be identified with respect to flow 

conditions. This answers the second research question of the thesis. 
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The pressure loss data was further analysed via histograms (Appendix D). This enabled the 

movement between flow regimes to be visualised in a graphical form. For stable flow, the 

histogram charts would typically show a normal bell curve-shaped distribution around the mean 

value (Ma, et al., 2010; Ennaifer & Kuchukb, 2018). A skewed distribution illustrates that there 

are fluctuations in the flow and direction can indicate the pathway. For all of the experimental 

data collected in this thesis, the flow direction from laminar to turbulent and also from turbulent 

to laminar could be visually identified via these histograms. These histograms could be created 

live via simple calculations and provide diagnostic information on the flow regime.  

 

The majority of experiments in this area of fluid mechanics have been completed with visual 

aids such as Perspex pipework and coloured dye injected into the flowing fluid. However, this 

would rarely be feasible, practical nor desirable in an industrial setting. Yet the identification of 

the flow regime in live time in an industrial setting would be extremely advantageous. This might 

be due to the effect of different flow regimes on measurement technologies or even the desire 

to maintain laminar flow to reduce the pressure loss within a system. As such, the use of real-

time measurement data to provide the end-user with information on the flow regime has not 

been fully utilised in any real-life application. Whilst the knowledge of flow regimes, fluctuations 

and friction factors are all well-known and documented until now no one has sought to join the 

dots and present a workable method for determining when regimes shift in real life flow 

applications. The author believes that by utilising high-frequency pressure measurement data 

along with simple friction factor calculations, the flow regime can be identified. If the end-user 

knows the effect that different flow regimes have on the measurement technology that they 

have applied to their application, then it would be feasible to correct for these effects in real-

time. This relates to the third research question of the thesis. 

 

It should be noted that whilst logging at high frequency can be advantageous and would be a 

key recommendation from this thesis, processes in the real-world applications would almost 

certainly be dictated by cost, simplicity and existing practices. Whilst it should be worthwhile to 

log at as high a frequency as feasible, the technology required might be a barrier. Furthermore, 

the analysis of the data within this thesis suggests that it would not be necessary to log above 

20 Hz (0.05 s).  

 

This time plotted pressure data allows for the live identification of the flow regime. Stable flow 

should be evident by a stable, constant and linear pressure loss across the time plotted data 

set. The flow would be deemed either developed laminar or developed turbulent and would be 

expected to approximately overlap with the classical theory from Hagen-Poiseuille and the 

Moody Chart. As turbulent flow has been defined as being frenzied and chaotic Guzman & 

Amon, (1998); Schneider, et al., (2007), then conventional wisdom might suggest that the flow 

will rapidly alter between the two predicted pressure loss measurements for that input of 

velocity, viscosity, density, geometry and Reynolds number. 
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Using the high frequency pressure loss technique produced similar results. It was indeed 

possible to ascertain the flow regime at any time period.  However, the critical Reynolds number 

varied between the two different pipe geometries. 

 

Whilst the averaged data would typically be collected and reported, monitoring the time plotted 

data provided diagnostic information that until now has possibly been overlooked. This 

information has two potential uses; firstly, to identify flow regime and secondly, to correct flow 

measurement data by increased data sampling. 

 

In the analysis chapter of this thesis, two relevant nominal length scales were calculated based 

on the experimental research. Length scale analysis was extremely useful for ascertaining the 

robustness of the research detailed within this thesis. As the experiments were completed with 

three different installations, each of different geometry, length scale analysis allowed for 

theories independent of specific geometries to be pursued.  

 

The first length scale was a function of the length between the pressure loss tappings. This 

distance was equivalent to approximately 30 diameters.  The second length scale calculated 

was the maximum size of a large turbulent eddy which may occur within the flow. Applying 

Taylor’s hypothesis (1983), the equivalent timescale associated with these physical lengths at 

the average fluid velocity was calculated. 

 

When the fluid was deemed to be moving from stable laminar flow to turbulent there were 

increasing turbulent eddies within the flow. These were occurring at approximately the length of 

the measurement section for certain conditions. The frequency of the turbulent eddies increased 

up to the critical Reynolds number for the installation. At that point, the fluctuations in pressure 

were repetitive and oscillations between the laminar and turbulent pressure loss values were 

evident. The length scales observed were similar and agreed with the calculated length scales 

for the conditions. This suggests that at the critical Reynolds number, neither laminar flow nor 

turbulent flow dominates. As the experiments were repeated multiple times and also completed 

from laminar to turbulent and turbulent to laminar, the critical Reynolds number does not appear 

to be affected by flow profile origin.  

 

Flow measurement devices are known to be affected by flow profile. Technologies such as 

ultrasonic, Coriolis, turbine and differential pressure are also influenced by the flow profile. The 

performance indicator or correction factor associated with the device will differ depending on 

whether the flow is laminar, turbulent or transitioning. However, a key challenge faced is that at 

present most technologies do not distinguish between laminar, turbulent or transitioning flow. 

Estimations can be made, and end-users will often calculate the Reynolds number and use the 

common wisdom of laminar flow occurs below 2000 and turbulent above 3000 with transition 

occurring in between. Whilst this is unlikely to be true, it can also cause significant 
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mismeasurements. The difference in the correction factor between laminar and turbulence for 

many flow measurement technologies can be greater than 1 %. The pressure loss diagnostic 

theory detailed in this thesis could certainly improve this and reduce the mismeasurement 

significantly.  

 

The analysis of the experimental data in this thesis also suggests that when operating within the 

onset of laminar-turbulent transitional flow, sampling at a higher frequency could be extremely 

beneficial for improving flow measurement. For example, in a flow calibration laboratory, a 

measurement device might be calibrated at a specific condition for a three-minute test point. It is 

assumed that the conditions are at steady-state and as such are averaged over the three-

minute period. This is the calibration data that is provided to the end-user, used in the 

calibration certificate and also often used to derive correction factors. However, if the flow is 

within the onset of laminar-turbulent transitional flow, then sampling frequency would be an 

extremely important consideration that might be overlooked.  

 

If the measurement technology used higher frequency sampling and could ascertain the flow 

regime and eddies that occur from the pressure loss diagnostic theory proposed, then this 

would be beneficial. 

 

Although the data presented within this thesis seems to be consistent and not influenced by 

factors such as location, pump design, it is only one interpretation of the data. The author has 

not set out to answer the cause of transitional flow to model this transition. The author has 

instead provided a theory of how to utilise the transition and to use it to decrease the possibility 

of mismeasurements occurring. The precise flow measurement of certain fluids is critical for 

many applications and vast sums of money are intricately linked to measurements that might 

currently have a substantial mismeasurement due to the flow regime being different to what the 

end-user considers to be occurring.   
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6. CONCLUSIONS 

 

The main conclusions of this thesis can be summarised as follows: 

 

1. From the experimental data collected and analysed at the UK National Standards oil 

flow facility, the laminar-turbulent transition can be determined with high-frequency 

pressure loss measurements over a fixed length of pipe. The fluctuations in pressure 

can be successfully used as a diagnostic to infer whether the flow is fully laminar, 

turbulent or transitioning between the two defined regions.  

2. The critical Reynolds number of a flow can be determined from the diagnosis of the 

pressure loss data at high-frequency when monitored with respect to time. With 

sufficient resolution of the data, the swift movement between laminar and turbulent flow 

can be witnessed. The optimum frequency for monitoring the pressure loss data would 

be 20 Hz (0.05 s). The results at 1.8 Hz did not provide sufficient resolution. 

3. Time-averaged data can often obscure the causation of mismeasurement. By utilising 

the monitoring of data at frequencies in the region of 20 Hz, the end users can 

determine the flow regime and select the most appropriate correction factor. An end-

user of flow measurement technology might have two correction factors; one laminar 

and one turbulent. By incorporating higher frequency measurements, corrections could 

be applied for turbulent excursions from laminar flow and also laminar excursions from 

turbulent flow.  

4. The author has demonstrated a potential 10 times reduction in the measurement 

uncertainty by incorporating the pressure loss methodology outline in this thesis. The 

experimental data analysed in this thesis was completed for a wide range of conditions 

and displayed that the pressure loss technique was both repeatable and crucially 

reproducible. When data is both repeatable and reproducible, then corrections factors 

can be applied with confidence.  

5. Whilst the exact moment of when a flow transitions might not be easily identified from a 

theoretical model, the laminar-turbulent transition cannot be classed as being random or 

chaotic. However, the work presented in this thesis has produced an insight into the 

creation and developments of these interesting flow regimes. Furthermore, the data 

presented here has been completed with far larger pipe sizes than has been completed 

historically and crucially has been achieved with viscous oils. Previous work has always 

been completed at low velocity with air or water as the medium. The benefit of larger 

pipe sizes and viscous oils meant that larger pressure losses could be measured. This 

experimental study has detected similar features of transitional flow with an alternative 

geometry, velocity and viscosity.  
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7. RECOMMENDATIONS FOR FURTHER WORK 

 

The experimental data analysed and included in this thesis was completed over several weeks 

of laboratory time. Hundreds of calibration test files were collected using a low measurement 

uncertainty facility. However, there are numerous different experiments that have not been 

completed due in part to a lack of facility time. This UK National Standards oil flow facility is an 

extremely busy and expensive facility and the time spent by the author on the experiments was 

extensive.  

 

Future work is the area could be focussed on the following: 

1. Utilising multiple sections of pressure loss for determining when laminar-turbulent 

transitional flow occurs. The experiments in this thesis were completed with a typical 

measurement length of 30 straight diameters of pipework. This was kept consistent for 

all pipe diameters included in this thesis; DN80, DN100 and DN150 mm. However, by 

simply including one more pressure tap at say 15 straight diameters of pipework three 

high-frequency pressure loss measurements could be made and could be validated 

against one another. Figure 7.1 demonstrates the available measurements. 

 

 

Figure 7.1 High-frequency pressure loss measurement diagnostic check 
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In this installation, the end-user would have three potential high-frequency pressure loss 

measurements that should reconcile. For example, the total pressure loss should be the 

same as pressure loss one added to pressure loss two. Pressure loss one would equal 

total pressure loss minus pressure loss two. Lastly, pressure loss two would equal total 

pressure loss minus pressure loss one. Whilst this is logical and not a novel concept, 

using this for the determination of eddies would be. Imagine a large fluctuation flowing 

past the pressure loss one section at time x. This fluctuation should not yet be identified 

by pressure loss two but would be evident by the total pressure loss. The point at which 

it enters pressure loss two would be when it vacates pressure loss one. At this point, it 

would still be recorded by the total pressure loss. By plotting these three pressure loss 

measurements with respect to time, the end-user could determine velocity, frequency of 

fluctuations, amplitude and even re-laminarisation or turbulence generation. Depending 

on the length of the installation, more pressure loss measurements could be added to 

determine whether these puffs or slugs degrade and return to the dominant flow regime. 

Would a puff or slug travel down a 100 diameter length of straight pipe without 

degradation? What about 200 diameters? At what point do the puffs or slugs stop and a 

fully developed flow profile form? Would this be influenced by the inclusion of a flow 

measurement technology?  

2. The experimental data in this thesis explored differential pressure. Utilising high-

frequency static pressure transmitters could potentially provide more information on 

transitional flow. Correlation between individual pressure measurements could be used 

to determine more information and be used at multiple locations. 

3. Experimental data using different flow measurement technologies have been included 

in this thesis. However, investigations could be completed with multiple flow 

measurement devices to ascertain the sensitivity of each technology and design to the 

onset of laminar-turbulent transitional flow. For example, with Coriolis technologies 

would there be a threshold at which the number of eddies within the flow influences the 

measurement performance?  Is the repeatability of flow measurement technologies in 

the laminar-turbulent transitional regimes strongly influenced by the standard deviation 

caused by these eddies? Could this then be improved by increased sampling? By 

sampling at higher frequencies, the standard deviation in the data could be reduced to 

negligible levels as the calculations are then performed at a higher frequency. 

4. For all the experiments captured within this thesis, the pressure measurement tapping 

location was kept constant. The location was 90° to prevent any potential debris at the 

bottom of the pipe or indeed any potential air bubbles at the top of the pipe influencing 

the measurement. However different tapping locations might be beneficial and present 

further diagnostic information. Imagine twelve pressure loss tappings located at 90°, 

180°, 270° and 360° for pressure loss one, pressure loss two and the total pressure 

loss. Multiple measurements could be used to potentially determine the radial direction 

of any eddies and even whether swirl is occurring within the flow.  
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5. The design of the tapping was identical for all the measurement data within this thesis. 

The fittings were ¼ inch British standard pipe (BSP) welded boss fittings and connected 

via an impulse line consisting of 6 mm nylon tubing that was connected via a straight 

threaded ¼ inch bsp male 6 mm push-in fitting. The diameter of the drilled hole in the 

pipe spool was 4 mm. Although unlikely to alter the data, the diameter of the drilled hole 

and the impulse line could be modified to ascertain whether this influenced any of the 

measurements.  

6. One of the novel concepts in this thesis was the use of high viscosity fluids and large 

bore pipework. However, this meant that it was not possible to create straight pipe 

diameters upstream of the measurement section that was 100 or even 1000 diameters 

in length. A useful experiment would be to complete the work with high viscosity fluids 

and small-bore pipework and 1000 diameters of straight length pipework. This would 

provide continuity with the experiments within this thesis but also those referred to in the 

literature review. 
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APPENDIX A – TIME AVERAGED DATA EXAMPLE 

 

Summary Report Facility: NEL Oil Flow Facility

Test Desc: Transitional Flow Measurement Testing 40 degC

Quantity Type: Volume Flowrate

Device Under Test: Test Details:

Description: 4 in Spool Project No.: FPRE02

Serial No: Test No.: 9924-s12

NEL DAQ ID: 47 Test Date: 24-Jul-18

Fluid Properties: Operator: Chris Mills

Density @ 20°C: kg/l Calib. Method: Recirc.

Exp. Factor: /°C Line ID: A

Test 

Point

Ave. 

Temp.

Total 

Corr. 

Mass

Total 

Corr. 

Volume

Ref. Vol. 

Flow

Ref. 

Mass 

Flow

Fluid 

Density

Fluid Kin. 

Viscosity
Velocity

Reynolds 

(Pipe)

Pressure 

Loss

Pressure 

Loss

Std. Dev

Pressure 

Loss

Std. Dev

°C kg litre litre/s kg/s kg/m³ cSt m/s mBar % mBar

2 39.50 6339.70 7222.58 40.053 35.157 877.761 251.01 4.877 1987 96.62 0.50 0.4769

3 39.97 6334.26 7218.73 40.006 35.104 877.476 243.54 4.871 2045 94.76 1.53 1.2163

4 41.24 6641.19 7575.19 42.016 36.835 876.702 223.81 5.116 2337 93.97 2.00 2.0207

5 40.63 6660.70 7594.24 42.080 36.908 877.073 233.27 5.124 2246 95.57 1.31 1.2791

6 40.07 6929.42 7897.51 43.727 38.367 877.417 241.93 5.324 2250 102.16 1.68 1.6603

7 39.73 6914.44 7878.57 43.699 38.352 877.627 247.40 5.321 2199 104.63 1.52 1.4772

8 40.36 7279.18 8297.79 46.031 40.381 877.243 237.50 5.605 2413 114.93 2.56 2.8591

9 40.84 7270.09 8290.19 45.967 40.311 876.951 229.98 5.597 2489 115.50 3.12 3.7786

10 40.41 7591.55 8654.15 48.001 42.107 877.216 236.70 5.844 2525 128.45 3.96 4.9467

11 40.12 7624.83 8690.36 48.069 42.175 877.390 241.22 5.853 2481 127.21 3.12 3.8440

12 40.59 7895.88 9002.04 50.003 43.859 877.121 233.85 6.088 2662 159.85 3.15 5.4857

13 40.81 7923.34 9034.69 50.011 43.859 876.991 230.51 6.089 2701 162.73 3.24 5.0877

14 40.14 8267.54 9422.69 52.239 45.835 877.408 240.89 6.360 2700 177.05 3.43 5.8589

15 39.92 8283.83 9439.86 52.260 45.860 877.537 244.27 6.363 2664 175.49 3.67 5.6257

16 40.52 8524.57 9718.25 53.879 47.261 877.171 234.92 6.560 2856 220.18 2.65 6.0971

17 40.89 8496.08 9688.25 53.806 47.185 876.948 229.19 6.551 2923 222.54 1.49 3.3480

18 40.77 8888.08 10134.33 56.013 49.125 877.027 231.08 6.820 3018 244.90 1.21 2.9700

19 40.40 8867.04 10107.81 56.064 49.182 877.247 236.74 6.826 2949 242.19 1.86 3.2437

20 39.94 9173.11 10453.30 57.964 50.865 877.532 243.96 7.057 2958 261.01 1.32 3.3296

21 40.23 9135.61 10412.63 57.833 50.741 877.359 239.45 7.042 3007 264.07 0.87 2.3772

22 40.91 9504.35 10837.96 60.121 52.723 876.949 228.84 7.320 3271 281.26 0.52 1.4296

23 40.55 9502.22 10832.84 60.165 52.775 877.168 234.44 7.326 3195 283.34 0.49 1.4294

24 40.28 10300.28 11740.42 64.986 57.014 877.335 238.62 7.913 3391 325.91 0.34 1.1061

25 40.20 10266.83 11701.65 64.954 56.990 877.383 239.87 7.909 3372 325.68 0.42 1.0518

26 40.71 11099.51 12654.91 70.020 61.414 877.091 231.97 8.525 3758 369.42 0.34 1.2601

27 40.49 11084.39 12635.77 70.037 61.438 877.224 235.37 8.528 3705 370.87 0.32 1.3216

28 40.48 12663.47 14435.26 79.927 70.116 877.259 235.51 9.732 4226 468.90 0.31 1.4512

29 40.56 12662.54 14434.97 79.913 70.101 877.213 234.31 9.730 4246 468.61 0.29 1.2616

30 40.22 4744.45 5407.91 30.037 26.352 877.315 239.57 3.657 1561 66.33 0.89 0.5064

31 39.90 4739.63 5401.20 29.985 26.312 877.513 244.72 3.651 1526 67.36 0.81 0.4544

32 40.06 3169.84 3612.75 20.006 17.553 877.403 242.08 2.436 1029 44.11 0.89 0.3844

33 40.24 3168.32 3611.46 19.992 17.539 877.295 239.27 2.434 1040 43.54 0.90 0.3718

34 40.87 8243.19 9399.68 52.078 45.670 876.966 229.54 6.341 2825 201.76 2.09 4.0047

35 40.79 8266.43 9425.64 52.189 45.771 877.015 230.80 6.354 2815 196.21 2.91 5.5520

36 40.33 8277.54 9435.34 52.333 45.911 877.292 237.92 6.372 2739 187.18 2.92 4.9426

37 40.22 8290.19 9449.04 52.282 45.870 877.358 239.64 6.366 2716 188.50 3.06 5.2433

38 40.63 8256.92 9413.80 52.166 45.755 877.108 233.20 6.352 2785 194.68 2.51 4.8950

39 40.86 8241.29 9397.42 52.152 45.736 876.974 229.74 6.350 2826 197.54 3.75 5.1274

40 40.35 8274.06 9431.49 52.315 45.895 877.281 237.64 6.370 2741 187.48 3.16 5.3593

41 40.69 6632.10 7561.87 41.972 36.812 877.045 232.32 5.110 2249 94.43 0.97 0.8758

42 40.59 6635.42 7565.13 41.998 36.836 877.105 233.86 5.114 2236 95.79 2.19 1.9112

43 40.03 4582.64 5222.71 42.009 36.860 877.444 242.63 5.115 2156 98.95 1.03 1.0273

44 40.11 4435.10 5054.86 41.990 36.842 877.393 241.30 5.113 2167 97.63 0.97 0.9483

45 40.37 4429.29 5049.14 41.955 36.804 877.238 237.29 5.108 2201 96.44 1.36 1.3091

46 40.60 4427.39 5047.75 41.958 36.801 877.100 233.73 5.109 2235 95.19 1.21 1.1484

47 40.63 4438.99 5061.07 42.008 36.845 877.085 233.32 5.115 2242 95.68 1.90 1.8190

48 40.10 3168.02 3610.73 29.946 26.274 877.391 241.53 3.646 1544 66.64 0.54 0.3570

49 40.17 3157.91 3599.39 29.942 26.270 877.348 240.39 3.646 1551 66.55 0.53 0.3503

50 40.24 3161.58 3603.72 29.935 26.262 877.309 239.39 3.645 1557 66.40 0.53 0.3497

51 40.29 3156.44 3598.01 29.933 26.260 877.275 238.52 3.645 1563 66.21 0.54 0.3587

52 40.34 3160.83 3603.13 29.930 26.256 877.244 237.70 3.644 1568 66.01 0.53 0.3487

53 40.39 3163.58 3606.39 29.935 26.259 877.216 236.99 3.645 1573 65.86 0.47 0.3117

54 40.42 3159.37 3601.65 29.932 26.256 877.200 236.56 3.644 1575 65.79 0.42 0.2758

55 40.75 7381.08 8415.63 69.951 61.352 877.068 231.37 8.517 3764 368.31 0.37 1.3460

56 40.95 7378.61 8413.95 69.952 61.344 876.949 228.33 8.517 3815 367.66 0.34 1.2664

57 40.92 7400.40 8438.62 69.963 61.355 876.968 228.81 8.519 3807 368.43 0.33 1.2201

58 40.82 7397.35 8434.57 69.970 61.365 877.027 230.32 8.519 3782 369.26 0.28 1.0523

59 40.75 7376.56 8410.50 69.980 61.378 877.066 231.32 8.521 3767 369.24 0.29 1.0600

60 40.67 7383.39 8417.80 69.991 61.390 877.117 232.61 8.522 3746 369.39 0.31 1.1596

0.889360

-0.000676721



112 | P a g e  

 

APPENDIX B – HIGH SPEED DATA EXAMPLE 

 

NEL Oil Line High Speed Data

=============================================

Samp. Freq. 40

Log.  Mins. 8

Log.  mSecs 25

Excel File 50 l/s

Pressure Loss

Log.  Mode : Free Run

Time DP

ms mbar

0 156.899 159.989

25 156.899 159.989

50 158.425 161.515

75 158.425 161.515

100 158.425 161.515

125 156.899 159.989

150 158.425 161.515

175 158.425 161.515

200 159.188 162.278

225 158.425 161.515

250 160.714 163.804

275 159.951 163.041

300 160.714 163.804

325 159.951 163.041

350 160.714 163.804

375 160.714 163.804

400 159.951 163.041

425 159.951 163.041

450 159.951 163.041

475 161.477 164.567

500 159.951 163.041

525 161.477 164.567

550 160.714 163.804

575 159.951 163.041

600 161.477 164.567

625 159.951 163.041

650 160.714 163.804

675 159.951 163.041

700 160.714 163.804

725 161.477 164.567

750 159.951 163.041

775 159.951 163.041

800 159.951 163.041

825 161.477 164.567

850 158.425 161.515

875 160.714 163.804

900 159.951 163.041

925 160.714 163.804

950 160.714 163.804

975 160.714 163.804

1000 159.951 163.041
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APPENDIX C – HISTOGRAMS 

 

Plotting the results in terms of normalised histograms allows for the transition from laminar to 

turbulent flow to be visualised over the experimental range. That multiple sets of data exist for 

different nominal pipe sizes allows for trends to be investigated. 

 

The experimental data have been normalised to allow trends to be produced for all of the 

measurements. The following equation has been used to normalise the data.  

 

 𝑋𝑛 =
𝑋𝑖−𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥−𝑋𝑚𝑖𝑛
 , (44) 

 

where 𝑋𝑛 is the normalised data, 𝑋𝑖 is the measured data, 𝑋𝑚𝑖𝑛 is the minimum data and  𝑋𝑚𝑎𝑥 

is the maximum data.  

 

Normalising the data allows for the data to be ranged from 0 – 1 with increments of 0.05. A 

normal distribution would be expected for a stable flow with a mean value close to 0.5. A 

skewed or rectangular distribution would indicate that the data deviates significantly around the 

mean value. 

 

As histograms are sensitive to the quantity of data and bin size, the values have been fixed for 

all of the following charts. The number of data points included in each chart was limited to 

10,000 which enabled a comparison versus Reynolds number of a similar-sized data set logged 

at 40 Hz. This meant that approximately 250 seconds of pressure loss data was captured in 

each histogram chart. 

 

 

C.1 DN150 Results 

 

The histograms for the DN150 experimental results clearly display a laminar-turbulent transition 

occurring at a Reynolds number of 3250. Where the data appeared to be normally distributed 

for Reynolds number of 2500, the data for 3250, 3500 and 3750 Reynolds number shows a 

skewed distribution towards 0. This suggests that the data is mostly laminar with the onset of 

turbulent transition. This indicates the low critical Reynolds number, RelLOW for this set of 

experiments. 

 

The peak transition Reynolds number was previously identified as being at 4000 (Figure 4.6) 

and the histogram below shows that to be the case. The data appears to have a large standard 

deviation with the mean value at 0.5. 

 

The histograms for Reynolds number 4250 and 4600 indicate that the flow is turbulent with 
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some deviations towards transitional re-laminarisation. This is highlighted by the skewed 

distribution towards the normalised pressure loss value 1. By a Reynolds number of 5000, the 

flow appears to be a stable turbulent flow with the histogram displaying a normal distribution 

with a mean value of 0.5. This marks the high critical Reynolds number, RelHIGH for this set of 

experiments. 

 

 

Figure C.1 DN150 normalised pressure loss histograms 
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C.2 DN100 Results 

 

The following charts are displayed in ascending Reynolds number order. It would be sensible to 

assume that stable laminar flow would have a normal distribution with the mean value close to 

0.4 – 0.6. This appears to be the case for the histogram for Reynolds number 1030. As the flow 

moved closer to the laminar-turbulent transition, the low critical Reynolds number, RelLOW, the 

histogram shows that the data appears skewed towards 0.5 from 0 (Re number 2400). This 

suggests that there is some movement from laminar towards turbulence with some occasional 

excursions.  

 

The data for Reynolds numbers 2400, 2550 and 2700 have previously been identified as being 

in a transitional state between laminar and turbulent flow. The data appear normally distributed 

with a large standard deviation. 

 

At a Reynolds number of 3000, the data appears to be skewed towards 1 which indicates that 

the flow is mostly turbulent with occasional excursions towards transitional laminar flow. This is 

the high critical Reynolds number, RelHIGH. This agrees with Figure 4.2 which showed that 

transition occurred from a Reynolds number of 2000 – 3000. The histograms for Reynolds 

numbers greater than 3000 appear to indicate that stable turbulent flow has begun as the data 

has a normal distribution with the mean value close to 0.4 – 0.6. 

 

The histogram data displays both an increased standard deviation in the transitional region of 

2000 – 3000 Reynolds number and appears to indicate the distribution of the data. However 

more useful information could be gathered by analysing the instantaneous pressure loss data 

with respect to time. The next set of analysis explores using instantaneous pressure loss data. 
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Figure C.2 DN100 normalised pressure loss histograms 
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