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Abstract 9 

Oil–water two-phase flow experiments were conducted in a vertical pipe to study the 10 

liquid-liquid flow measurement using a non-invasive ultrasound Doppler flow sensor 11 

and a gamma densitometer. Tap water and a dyed mineral oil are used as test the fluids. 12 

A novel Doppler effect strategy is used to estimate the mixture flow velocity in a 13 

vertical pipe based on flow velocity measured by the ultrasound sensor and the shear 14 

flow velocity profile model. Drift-flux flow model was used in conjunction phase 15 

fractions to predict the superficial velocities of oil and water. The results indicate that 16 

the proposed method estimated oil-continuous flow and water-continuous flow have 17 

average relative errors of 5.2% % and 4.5%; and superficial phase flow velocities of oil 18 

and of water have average relative errors of 4.5% and 5.9% respectively. These results 19 

demonstrate the potential for using ultrasonic Doppler sensor combined with gamma 20 

densitometer for oil-water measurement. 21 
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1 Introduction 25 

Oil-water two-phase flow is frequently encountered in the petroleum industry, for 26 

example, in transportation pipelines between production wells and offshore platform 27 

separators (Eskin et al., 2017).  Accurate measurement of the oil-water two-phase flow 28 

is very important and challenging for a range of applications, particularly for  reservoir 29 

assessment and management (Du et al., 2012),  liquid production prediction and 30 

control(Shi et al., 2017), produced water estimation and management (Zhai et al., 2013). 31 

Importantly, as a oil field matures, the amount of water that would be produced together 32 

with the oil in the well increases significantly (Hasan and Kabir, 1998; Lucas and Jin, 33 

2001). The high water-cut oil-water flow causes a serious challenge to most multiphase 34 

flow measurement instruments such as the device has to deal with are the influences of 35 

small density difference between oil and water, flow regime and kinematic viscosity. 36 

The differences in flow regimes is created by the Kinematic viscosity (Dong et al., 37 

2015). 38 

Several attempts at measuring oil-water two-phase flow in both  horizontal and vertical 39 

pipe using either a single or multiple instruments were successful (Shamsul et al., 40 

2015).  Single sensing device is often use in measuring a parameter of flow such as 41 

velocity, phase volume fraction, pressure gradient, flow pattern identification and 42 

characterisation(Shamsul et al., 2015). For example, sensors frequently used in 43 

measuring oil-water flow include pressure transducers (Da et al., 2007; Flores et al., 44 

1998; Shamsul et al., 2015), ultrasonic sensors(Dong et al., 2015; Kouame et al., 2003; 45 

Morriss and Hill, 1991; Tan et al., 2016), gamma densitometer(Descamps et al., 2006; 46 

Kumara et al., 2010a; Tesi, 2011),  conductance probes(Chen et al., 2015; Du et al., 47 
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2012; Jana et al., 2006; Oddie, 1992; Shamsul et al., 2015) capacitance probes(Ismail et 48 

al., 2005) and electromagnetic flowmeters(Faraj et al., 2015; Jin et al., 2020).  49 

As a matter of fact, a comprehensive measurement of two-phase flow requires use of at 50 

least two different devices or two independent outputs of one device. Experimental 51 

studies on measurement of oil–water flow using two-sensor methods are plenty. For 52 

example, Conductance Ring Coupled Cone (CRCC) meter (Tan et al., 2015), 53 

electromagnetic flowmeter(EMFM) and electrical resistance tomography (ERT)(Faraj et 54 

al., 2015), EMFM combined with a plug-in conductance sensor array (PICSA)(Jin et al., 55 

2020), electrical capacitance tomography and venturi tube (Liu et al., 2017), ultrasonic 56 

transducers and electrical sensors(Tan et al., 2016), ultrasonic transducer and venturi 57 

tube(Huang et al., 2013), and gamma-ray densitometer and electrical conductivity 58 

probes (Descamps et al., 2006) have been reported in the literature.  59 

In addition, data fusion of several sensor signals and physical model of the multiphase 60 

flow for real time measurement of oil, gas and water flow rates in a three phase flow 61 

was successfully implemented by Meribout et al., (2010). Similarly, Figueiredo et al., 62 

(2016) reported an oil-continuous multiphase flow measurement method by using 63 

acoustic attenuation data for generating data for neural networks model for flow pattern 64 

recognition as well as gas volume fraction (GVF) estimation. But the downside of this 65 

type of multi-sensor multiphase flowmeters that it first involves features extraction and 66 

data training, and it uses invasive sensors which may incur pressure loss and higher 67 

installation or retrofit costs.  68 

Conductance sensor, even though it is an intrusive device, has been widely used for 69 

measuring the phase fraction or the flow velocity of oil-water two-phase flow (Chen et 70 

al., 2015). It  records the time-varying electrical conductive characteristics of the oil–71 
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water flow, However, conductance sensors are  significantly affected by phase inversion 72 

when flow changes from water-continuous flow to oil-continuous flow, the detection 73 

has to change from conductance to capacitance (Figueiredo et al., 2016). In a similar 74 

way, electrical capacitive sensors, though non-invasive, are susceptible to coating by 75 

paraffin wax and affected by the  phase inversion as well, when the flow changes to 76 

become conductive as in water continuous-flow (Chaudhuri et al., 2014; Dong et al., 77 

2015). Moreover, turbine flowmeter and Venturi tube are intrusive instruments and so 78 

they can cause flow constriction or contribute to pressure losses. A Non-invasive two-79 

phase flowmeter eliminates causes of pressure drop and corrosion of sensor, and 80 

importantly, it will help to reduce installation cost and maintenance cost (Kumara et al., 81 

2010a). Ultrasonic Doppler technique is good choice for two-phase flow measurement 82 

as it operates without flow disturbance and not restricted by pipeline material(Yin et al., 83 

2019). 84 

Ultrasonic techniques have been widely used for both phase velocity and phase fraction 85 

measurements (Thorn et al., 2013). The ultrasonic Doppler techniques have been 86 

explored for velocity measurement are the pulsed-wave ultrasonic Doppler(PWUD) and 87 

continuous-wave ultrasonic Doppler(CWUD) (Tan et al., 2021). PWUD utilises a single 88 

transducer to intercept the moving stream by sending short ultrasonic burst and 89 

receiving echoes from tracer particle along a sound beam. A typical example of such a 90 

sensor is described by (Baker and Yates, 1973; Murai et al., 2010; Yin et al., 2019). The  91 

CWUD uses two separate  transmitting and receiving transducers to measure the 92 

average flow velocity(Abbagoni and Yeung, 2016; Brody et al., 1974; Dong et al., 93 

2016, 2015; Tan et al., 2021). Although measurements obtained by PWDU devices are 94 

perfectly adequate for flow measurement, maximum flow velocity can be measured 95 
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with the PWDU is limited by its sampling frequency (Tan et al., 2021).  The CWDU 96 

technique can accurately measure flow velocity of oil-water two-phase flow and 97 

theoretically, there is no maximum limit to the subsonic flow velocity it can measure.   98 

 In fact, the non-invasive continuous wave Doppler ultrasound (CWDU) system was 99 

first invented for medical application in 1957 by Satomura, and in particular, the 100 

CWDU sensor is being developed for various flow measurement ever since. Kouame et 101 

al., (2003) presented an application of CWDU sensor for two phase flow velocity 102 

measurement and proposed the use of high resolution frequency techniques to overcome 103 

the problem of coloured noise. Shi et al., (2017) applied CWDU sensor technique to 104 

study oil-water flow in horizontal pipe and developed a model which takes into the 105 

influence of holdup distribution in determining the overall superficial flow velocity. 106 

Dong et al., (2015) developed a method of measuring oil-water two-phase flow using 107 

CWDU transducers and a generalised two-phase oil-water flow model. However, there 108 

was no consideration of hybrid sound velocity to compensate for the changes in sound 109 

velocity in the oil-water mixture flow. This may reduce the accuracy of the method. 110 

Similarly, Tan et al., (2016) developed a two-phase oil-water flow measurement model 111 

for a combined two sensor system of CWDU transducers and electrical sensors and 112 

studied oil–water two-phase flow through horizontal pipe experimentally for estimating 113 

the mixture flow velocity.  114 

However, oil–water vertical flow measurement using ultrasonic Doppler methods are 115 

rather scanty. In order to measure mixture flow velocity of liquid-liquid flow such as the 116 

oil-water using the ultrasonic Doppler sensor, a theoretical model would be needed to 117 

supplement the CWDU sensor measurements. As examples, such mathematical models 118 

have been developed for horizontal oil-water flow  in the literatures (Dong et al., 2016, 119 
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2015; Liu et al., 2021; Tan et al., 2016).  Table 1 presents recent experimental works for 120 

oil–water flow measurements. a more elaborate survey over  ultrasonic Doppler 121 

methods for multiphase flow measurement can be found in Tan et al., (2021).  122 

Table 1 Recent experimental works for oil–water flow measurement 123 

 Tan et al., 

(2016) 

Mazza and 

Suguimoto

, (2019) 

Liu et al., 

(2021) 

Jin et al., (2020) 

Oil density, 𝑘𝑔/𝑚3 841 793 790 Not stated 

Oil viscosity, (Pa.s) 0.0147 0.0011 0.029  Not stated 

Pipe diameter (mm) 50 26 50 20 

Pipe orientation Horizontal  Vertical Horizontal  Horizontal 

Superficial velocities, 𝑚 𝑠⁄  Yes No No Yes 

Water fraction/holdup 

measurement 

Yes Yes No Yes 

Flow pattern identification No Yes Yes Yes 

Sensing device(s) Ultrasonic 

transducers & 

conductance/ca

pacitance 

sensor 

Pressure 

transducer 

and  

impedance 

probe 

Ultrasonic 

sensor and 

conductance 

sensor 

Electromagnetic 

flowmeter and 

conductance 

sensor 

 124 

From the table it is clear that only Mazza and Suguimoto, (2019)Mazza and Suguimoto, 125 

(2019) performed experimental oil-water vertical flow measurement but they use 126 

pressure transducers and impedance probes. Jin et al., (2020) Jin et al., (2020)studied 127 

vertical low-velocity oil-water two-phase horizontal flow using electromagnetic 128 

flowmeter and conductance sensor and stated that non-uniform conductivity distribution 129 

leads to error for the output of the EMF. Liu et al., (2021) investigated experimentally 130 

the flow pattern identification of oil-water horizontal flow using ultrasonic transducer 131 
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and conductance sensor but do not provide holdups and superficial flow velocities.  The 132 

above-mentioned studies have shown not just the strengths of the ultrasonic Doppler 133 

technique but also a necessity for establishing a theoretical model for measurement of 134 

oil-water two-phase using the CWDU sensor. However, most of the ultrasonic Doppler 135 

methods are limited to horizontal flow and the phase fraction data were obtained with 136 

conductance sensor- an intrusive device! 137 

Gamma densitometer is also a non-invasive sensing device that is often used in 138 

measuring phase volume fraction and mixture flow density (Descamps et al., 2006; 139 

Kumara et al., 2010a). Descamps et al., (2006) measured the density of oil–water flow 140 

through a vertical tube and in situ liquid (oil and water) hold up, using a Berthold LB 141 

444 gamma ray densitometer.  Kumara et al., (2010a) experimentally investigated oil-142 

water flow  in a 15 m long, 56 mm diameter horizontal and slightly inclined pipes and 143 

measured the time averaged cross-sectional distributions of oil and water with by 144 

traversing a single-beam gamma densitometer along the vertical pipe diameter.  145 

The above survey revealed that the ultrasound Doppler sensor and the gamma-ray 146 

densitometer are right choice for a non-invasive multiphase flow measurement system. 147 

Experimental results reported in the literatures on the studies of liquid-liquid flow 148 

measurement also showed  that there is little research available on the use of clamp-on 149 

(non-invasive) ultrasonic Doppler method to measure oil-water two-phase flow, 150 

especially in the vertical pipe. A Non-invasive technique can be used as a temporary, 151 

semi-permanent or permanent method of multiphase flow measurement(Sanderson and 152 

Yeung, 2002).  153 

 Measurement of the phase flowrates  is an important part of managing oil production 154 

and besides, it  is a necessary prerequisite for water disposal and/or water 155 
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reinjection(Faraj et al., 2015).  However, the majority of the studies in oil-water flows 156 

are confined to horizontal pipes and the flow patterns in the vertical oil-water two-phase 157 

flow are entirely different from that of the horizontal flow systems. The motivation 158 

behind the present study is to perform an experimental study on oil-water two-phase in 159 

vertical upward flow pipe using non-invasive Doppler ultrasonic methods for 160 

measurement of the phase flow rates. 161 

In the present study, firstly it is focused on measuring the superficial the mixture flow 162 

velocity with the CWDU sensor conjunction with a theoretical flow velocity profile 163 

model,  and the water volume fraction using the gamma-ray densitometer this paper, a 164 

non-invasive method to estimate the mixture flow velocity and The mixture flow 165 

velocity encompasses both laminar and turbulent velocity profiles to represent the two 166 

main flow regimes of oil-continuous flow and water-continuous flow respectively. 167 

Secondly, the drift-flux model will be modified to estimate the superficial flow 168 

velocities of oil and of water from the data obtained by measuring the mixture flow 169 

velocity and calculating the water volume fraction. The estimated results will be 170 

compared with single phase flow meters at the inlets of the test rig. The difference 171 

between the test flowmeters and the reference flowmeters will be discussed along the 172 

effects of the phase volume fraction on the measurement results. 173 

 174 

2 Measurement Methodology  175 

2.1 Ultrasound Doppler principle 176 

A CWDU sensor uses the Doppler effect principle for the of flow measurement, in 177 

which both the ultrasound signal transmitter and receiver transducers are stationary but 178 

former sends ultrasound waves to and latter receive scattered waves from the moving 179 
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scatterers (droplets) in the flow. The average the droplets velocity in the measuring 180 

volume of the CWDU flowmeter sensor 𝑣̅ is determined using the Doppler effect 181 

principle as (Brody et al., 1974; Shi et al., 2017). Details on the interaction of the 182 

ultrasound wave with the oil-water flow can be found in (Dong et al., 2015a; Liu et al., 183 

2021; Tan et al., 2021; Zhai et al., 2013).  184 

The received ultrasound from a point droplet is a sinusoidal signal shifted in frequency 185 

from the transmitted ultrasonic carrier by an amount 𝑓𝑑 . The 𝑓𝑑   is related to the  186 

classical Doppler shift formula(Brody et al., 1974): 187 

𝑣̅ = 𝑐𝑓𝑑̅2 𝑓𝑡𝑐𝑜𝑠 𝜃 
(2-1) 

where: 𝑐  is the speed of sound, 𝑓𝑡is the transmitted ultrasonic carrier frequency, 𝜃 is the 188 

transducer orientation angle and 𝑓𝑑̅  is the average frequency shift reflected by multiple 189 

droplets in the flow.  190 

Although, there are some very small gas bubbles in the oil-water flow which could also 191 

scatter the ultrasound which may complicate the measurement. The present method 192 

assumes that the two-phase flow is well-mixed and the air particles in the flow are 193 

infinitesimally small compared to the wavelength of sound, and the effects of scattering 194 

by gas-bubble is neglected (Chaudhuri et al., 2014; Garcia-Lopez and Sinha, 2008).  195 

In oil-water two-phase flow, nevertheless, the Eqn. (2-1) could still be susceptible to 196 

errors due to the different sound speed in oil and in water (Dong et al., 2015). Therefore, 197 

the sound speed in the oil/water mixture is a hybrid sound speed 𝑐𝑜𝑤  which can be 198 

obtained from the Urick(1947) model, as follows (Garcia-Lopez and Sinha, 2008): 199 

𝑐𝑜𝑤 =  1√𝜌𝑚2 𝑘𝑚 
(2-2) 
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The variables 𝜌𝑚 and 𝑘𝑚  denote the mixture density 𝜌𝑚 =  𝜌𝑤𝛼𝑤 +  (1 − 𝛼𝑊)𝜌𝑜  and 200 

the mixture compressibility 𝑘𝑚 =  𝑘𝑤𝛼𝑤 +  (1 − 𝛼𝑊)𝑘𝑜 . 201 

where 𝛼𝑤 is the phase volume fraction of water ,𝑘𝑤 is the compressibility of water and 202 𝑘𝑜 is the compressibility of oil respectively, and 𝜌𝑤   and 𝜌𝑜  denote density of the oil 203 

and the water, respectively.  204 

Equation (2-2) is an appropriate result for estimation of the sound speed in the mixture 205 

flow. Rewriting Eqn. (2-1): 206 

𝑣̅ = 𝑐𝑜𝑤𝑓𝑑 ̅̅̅̅2 𝑓𝑡𝑐𝑜𝑠 𝜃 
(2-3) 

Equation (2-3) shows the expression of the flow velocity under the assumption that the 207 

transducers are uniformly transmitting and receiving ultrasonic signal into and from the 208 

flow and homogeneous distribution of the droplets in the flow. The flow velocity can  209 

computed and subsequently, the average flow rate can be estimated; knowing  the cross-210 

section area of the pipe (Brody et al., 1974). 211 

The droplets are travelling at different velocities and the received Doppler signal 212 

contains a distribution of frequencies which can produce a spectrum. So, the Doppler 213 

signal can be analysed through to the spectral estimation. The average Doppler 214 

frequency shift 𝑓𝑑  ̅̅ ̅̅   was calculated from a power spectrum using an intensity-weighted-215 

mean (IWM) equation(2-4) (Morriss and Hill, 1991). 216 

𝑓𝑑̅ = ∫ 𝑃(𝑓)𝑓𝑑𝑓𝑓𝑚𝑎𝑥0∫ 𝑃(𝑓)𝑑𝑓𝑓𝑚𝑎𝑥0  

(2-4) 

where: 𝑓𝑚𝑎𝑥  is the maximum Doppler frequency, 𝑃(𝑓) is the Doppler power spectrum,  217   𝑓𝑑̅   is the average Doppler shift, 𝑓𝑡is the transmitted frequency and 𝑓 is the Doppler 218 

frequency shift 219 
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The CWDU sensor may be used to measure the flow velocity in the whole pipe cross 220 

section. However, the sensing volume of the CWDU sensor is fixed region(often it does 221 

not cover the whole pipe cross-section) in the in pipe through which moving droplets 222 

will cause a detectable Doppler-shifted signal(Baker and Yates, 1973) A rule of thumb 223 

to follow is not to choose ultrasound sensor with measuring volume larger than is 224 

necessary. This is to avoid ultrasound signal reflection through the pipe walls which is a 225 

major concern. Other constraints include:(1)  if the transducer were designed to have 226 

bigger dimensions so as to produce larger measuring volume, then the origin of echoes 227 

may come from the pipe walls as well. (2) if the if the sample volume is too small only 228 

a uniform flow profile (i.e., plug flow) can be accurately measured(Rothfuss et al., 229 

2016). The measurement volume of the present method and pipe diameter is described 230 

in the section3.3. The capability of the CWDU sensor for flow velocity measurement 231 

can be improved  as described by the recent development of CWDU sensor through a 232 

theoretical correlation by Dong et al., (2015a) and Tan et al., (2016).   233 

The mean velocity 𝑉𝑚  can be estimated by integrating the flow velocity in the 234 

measuring volume. Based on these assumptions: (i) the ultrasonic intensity in the 235 

measuring volume is homogeneous, and (ii) the distribution of droplets is homogeneous 236 

in the measuring volume (Kikura et al., 2004).  For oil-water flow measurement using 237 

the Doppler measurement effective flow models is necessary to integrate the Doppler 238 

shift frequency to handle the complex flow distribution(Tan et al., 2021). For example,  239 

.Dong et al., (2015) carried out experiments with oil-water two-phase flow in a 240 

horizontal pipe and used a mathematical Doppler model for combining the flow velocity 241 

profile and the measured flow velocity in the measuring volume for measuring the 242 

mixture flow.  suggested a boundary layer model for describing the velocity profile of  243 
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dispersed and stratified oil-water flow for predicting superficial flow velocity and the 244 

flow velocity profile, measured flow velocity by ultrasonic sensor and phase fraction 245 

data were all combined to the predict the superficial flow velocity of each phase. 246 

Measurement of superficial flow velocities of oil and water in oil-water vertical pipe 247 

was not included in their work. In another development, Dong et al., (2016) described a 248 

method of incorporating the mathematical Doppler model (described in (Dong et al., 249 

2015)) into the drift-flux model, based on the assumption that there is slippage between 250 

two phases, and the they found that the overall measurement error was reduced by 251 

2.27%. However, these studies were conducted in horizontal pipes, and besides, the 252 

phase fraction was measured with electrical conductance sensor. Therefore, we extend 253 

that the method of mathematical Doppler model with the ultrasonic Doppler sensor for 254 

estimating the mixture oil-water flow to include estimation of the superficial flow 255 

velocity of oil and water from the measured mixture flow velocity.  256 

2.2 Gamma ray densitometry 257 

The gamma ray densitometer measurement theory is based upon electromagnetic 258 

radiation passing into the material is received by a detector. The emission and reception 259 

of the gamma electromagnetic radiation is governed by the Beer–Lambert’s law 260 

(Kumara et al., 2010a): 261 𝐼 = 𝐼0 𝑒𝑥𝑝(−𝜑𝑧). (2-5) 

where 𝐼0  is the initial intensity, (photon m2 − sec⁄ ) ,  𝜑  is the linear absorption 262 

coefficient; 𝑧  is the distance travelled through the absorbing medium and 𝐼  is the 263 

intensity of  the gamma beam received at the detector.  264 

Falcone et al., (2009) described a model of attenuation of gamma radiation across the 265 

pipe filled up with a multiphase flow for deriving the expression for the phase volume 266 
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fractions.  The multiphase flow in a pipe is modelled as a square channel filled with oil 267 

and water  with oil-water two-phase as shown in Figure 2-1(Kumara et al., 2010a; Stahl 268 

and von Rohr, 2004). a similar methodology for the for derivation of the expression for 269 

the phase volume fractions is adopted here. 270 

 271 

Figure 2-1 Attenuation of gamma radiation in a square channel filled with oil and water 272 

Assume that there are two phases in the channel (e.g. oil and water) with path lengths 273 

for the gamma beam traversing the respective phases of  𝑧𝑜 and 𝑧𝑤. The intensity 𝐼 of 274 

the gamma beam received at the received at the detector is given by: 275 𝐼 = 𝐼0 exp(−𝜑𝑝𝑧𝑝) exp(−𝜑𝑎𝑧𝑎) exp (−𝜑𝑤𝑧𝑤)exp (−𝜑𝑜𝑧𝑜) (2-6) 

where 𝜑𝑝  = linear absorption coefficient in the tube wall material; 𝑧𝑝  = path length 276 

through wall; 𝜑𝑎 = linear absorption coefficient for air; 𝑧𝑎  path length through air; 𝜑𝑜, 277 

and 𝜑𝑤 = linear absorption coefficient for oil and water phases respectively. 278 

For the two-phase mixture, the common method of calibrating the gamma densitometer 279 

is to measure the intensities (𝐼𝑜  and 𝐼𝑤) when the channel is full of each respective 280 

phase. Thus, 281 𝐼𝑜 = 𝐼0 exp(−𝜑𝑝𝑧𝑝) exp(−𝜑𝑎𝑧𝑎) exp (−𝜑𝑜𝐷) (2-7) 

 282 𝐼𝑤 = 𝐼0 exp(−𝜑𝑝𝑧𝑝) exp(−𝜑𝑎𝑧𝑎) exp (−𝜑𝑤𝐷) (2-8) 

Normally, the absorption in air is negligible.  283 
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Referring to Eqns. (2-6), (2-7) and (2-8), these give the test volume fractions for 284 

perpendicular phase distribution along the path length of the gamma beam as: 285 

𝛼𝑜 = 𝑧𝑜𝐷 = 𝑙𝑛(𝐼 𝐼𝑤⁄ )𝑙𝑛(𝐼𝑜 𝐼𝑤⁄ ) 
(2-9) 

 286 

𝛼𝑤 = 𝑧𝑤𝐷 = 𝑙𝑛(𝐼 𝐼𝑜⁄ )𝑙𝑛(𝐼𝑤 𝐼𝑜⁄ ) 
(2-10) 

2.1  Two-phase flow regime models 287 

Oil–water two-phase flow can be grouped into 1) the water continuous flow and 2) the 288 

oil continuous flow based on the flow rates and phase volume fraction. In oil-water two-289 

phase flow, the Reynolds numbers of water-continuous flow is high and presumably 290 

turbulent flow but most oil continuous flow has a low Reynolds number and it is 291 

assumed that the flow will be laminar(Dong et al., 2015).  292 

2.1.1 Laminar flow velocity profile 293 

For a laminar vertical flow, the mean velocity(𝑉𝑚, ) and its maximum velocity(𝑉𝑚𝑎𝑥) 294 

and the parabolic solution for laminar flow velocity profile(𝑢(𝑟))  in circular pipe can 295 

be expressed as:  296 

𝑢(𝑟) =  − 𝑅24𝜇 (𝑑𝑃𝑑𝑥 +  𝜌𝑚𝑔 𝑠𝑖𝑛 𝛷) (1 − 𝑟2𝑅2) 
(2-11) 

𝑉𝑚 =   2𝑅2 ∫ 𝑢(𝑟)𝑅
0 𝑟𝑑𝑟 =  −  𝑅28𝜇 (𝑑𝑃𝑑𝑥 +  𝜌𝑚𝑔 𝑠𝑖𝑛 𝛷) 

(2-12) 

𝑉𝑚𝑎𝑥 = −  𝑅24𝜇 (𝑑𝑃𝑑𝑥 +  𝜌𝑚𝑔 𝑠𝑖𝑛 𝛷) 
(2-13) 

 where 𝑦 is the distance from the pipe centreline, 𝑅 is the pipe radius, 𝜇  is the flow 297 

viscosity, 
𝑑𝑃𝑑𝑥  is the axial pressure gradient, 𝜌𝑚  is the mixture density, 𝑔  is the 298 
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acceleratioin due to gravity and  𝛷 is the angle of inclination of the flow pipe from the 299 

horizontal. 300 

For oil-continuous flow measurement,(𝑉𝑜−𝑚  ), is the mean velocity, and(𝑉𝑜𝑚𝑎𝑥 )  is its 301 

maximum velocity. The mean velocity in the measuring volume 𝑣̅   can again be 302 

expressed as in Eqn.(2-12) 303 

𝑣̅  = ∫ (1 − 𝑦2𝑅2) 2𝜋𝑦r0 𝑑𝑦.𝜋r2 . 𝑉𝑜𝑚𝑎𝑥   =  𝑉𝑜𝑚𝑎𝑥 (1 − 𝜎22𝑅2) 

(2-14) 

where 𝜎 is the radius of the measuring volume  304 

Equation (2-3) is for the calculation of the local velocity which is the average velocity 305 

of the scatterers in the measuring volume. The CWDU sensors can only measures the 306 

local velocity directly but not the true mean flow velocity. However, the mean velocity 307 

can be determined by establishing a theoretical relationship between the local flow 308 

velocity and the flow velocity profile.   The measuring volume of a CWDU sensor is a 309 

fixed region in the flow pipe  where the transmitting and receiving ultrasound beams 310 

intersect as a result of a presence of detectable moving scatterers (Baker and Yates, 311 

1973; Rothfuss et al., 2016).  Figure 2-2shows the relationship between the measuring 312 

volume and flow. The measuring volume shape and size is determined by the 313 

dimensions of the piezoelectric chip and the  geometry of the intersections of transmit 314 

and receive ultrasound beams as suggested by Dong et al., (2015a).  315 

 316 
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 317 

Figure 2-2 Relationship between the flow and the measuring volume 318 

The mean velocity of the flow laminar oil-continuous flow in across the flow pipe is 319 

expressed as 320 

𝑉𝑜−𝑚 = ∫ (1 − 𝑦2𝑅2) 2𝜋𝑦𝑅0 𝑑𝑦.𝜋𝑅2 . 𝑉𝑜𝑚𝑎𝑥   =  12 𝑉𝑜𝑚𝑎𝑥 

(2-15) 

Eliminating the maximum velocity, 𝑉𝑜𝑚𝑎𝑥  between these two equations (2-14) and 321 

(2-15)gives an equation of the mean velocity of oil-continuous laminar flow 𝑉𝑜−𝑚 322 

𝑉𝑜−𝑚 = 𝑅2(2𝑅2 − 𝜎2) . 𝑣̅  (2-16) 

2.1.2 Turbulent flow velocity profile 323 

In addition to the laminar flow profile described above, the importance of the role 324 

played by turbulence in oil-water two-phase flow cannot be over emphasized. As an 325 

example,  Hu et al., (2007) studied oil–water vertical dispersed flow in 38mm ID pipe to 326 

investigate the crucial role of the turbulence in the distribution, and mixing of the 327 

phases and its contribution in  droplet/bubble formation and breakage. They found out 328 
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that the phase fraction and the velocity of the dispersed both affect the characteristics in 329 

oil-water flow. Moreover, Paolinelli, (2020) proposed a mechanistic model for stability 330 

of dispersed oil-water flow in horizontal and inclined pipes  and the h the model was 331 

tested to be able to predict the break-up of dispersed phase droplets, and accumulation 332 

of droplets. 333 

 In this work, we present an investigation on turbulent flow regime as well. Velocity 334 

distribution in a pipe of a turbulent-flow can be resolved by either using the power law 335 

or from the logarithmic law.  In the present study, the properties of the water-continuous 336 

turbulent flow velocity profile is by application of the logarithmic-law because it is very 337 

often in agreement with experimental data (Chemlou et al., 2009; Eskin et al., 2017; 338 

Kumara et al., 2010c). The logarithmic-law for the velocity profile can be expressed as 339 u+ = 2.5lny+ + 5.5,     y+ > 11.6 (2-17) 

In the analysis of turbulent velocity profiles using the logarithmic law of the wall, it is 340 

easier to work with non-dimensionalised variables: y+is a non-dimensionalised distance 341 

defined as  𝑦+ = 𝑢𝜏𝑦𝜌𝑚𝜇𝑚  and 𝑢+  is a non-dimensionalised velocity and it is defined 342 

as:  𝑢+ = 𝑢 𝑢𝜏⁄ , where  uτ is the shear velocity and it is defined in section 2.1.2.1. For a 343 

circular pipe, y = R − r , where  𝑅 is the pipe radius and 𝑟 denotes the radial position 344 

where the velocity is calculated, and y is the radial distance from the pipe wall. 345 

Substituting the non-dimensionalised variables into Eq. (2-17), the Logarithmic-law 346 

layer velocity profile of turbulent oil-water two-phase flow in a pipe can be expressed 347 

as:  348 

𝑢𝑜𝑤 =  2.5𝑢𝜏𝑙𝑛 [(𝑅 − 𝑟)𝑢𝜏𝜌𝑚𝜇𝑚 ] + 5.5𝑢𝜏 
(2-18) 

where  uτ is the shear velocity 349 
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2.1.2.1 Shear velocity model 350 

The shear velocity 𝑢𝜏   can be expressed in terms of the wall shear stress and the 351 

mixture density.  352 

𝑢𝜏 = √𝜏𝑤 𝜌𝑚⁄ = √ 𝐷4𝜌𝑚 . 𝑑𝑃𝑑𝑥  

(2-19) 

where 𝜏𝑤 is the shear stress at the pipe wall,  𝜌𝑚 is the density of oil-water mixture 𝐷 is 353 

the pipe’s internal diameter and  𝑑𝑃𝑑𝑥   is pressure gradient 354 

For fully developed flow, the total pressure gradient is the sum of the frictional pressure 355 

gradient, and the gravitational pressure gradient(Brauner, 2002; Rodriguez and 356 

Oliemans, 2006): 357 

  𝑑𝑃𝑑𝑥 =  2𝑓𝑚 𝜌𝑚𝑉𝑚2𝐷 − 𝜌𝑚𝑔 𝑠𝑖𝑛 𝛷 
(2-20) 

where 𝑉𝑚 is the mixture flow velocity, 𝑓𝑚 the Fanning's friction factor of the two-phase 358 

mixture and 𝑔 is acceleration due to gravity. 359 

The friction factor𝑓𝑚 can be estimated from a correlation given the fluid properties such 360 

as Reynolds number, mixture flow velocity, viscosity and density. For turbulent flow of 361 

Newtonian fluids, the friction factor can be obtained from the Moody diagram, or 362 

calculated from one of the experimental correlations such as the Colebrook equation and 363 

Blasius correlation suggested in the literature (Brauner, 2002;Descamps et al., 2006).  364 

The Moody diagram is accepted and used charts in engineering but the pipes roughness 365 

may increase with use as a result of corrosion, scale build-up, and precipitation. 366 

Consequently, the friction factor may augment by a factor of 5 to 10(Çengel, 2007). 367 

Similarly, Colebrook combined the data for transition and turbulent flow in both smooth 368 

and rough pipes into the following implicit relation known as the Colebrook equation:  369 
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1√𝑓 = −2.0𝑙𝑜𝑔 (𝜀 𝐷⁄3.7 +  2.51𝑅𝑒√𝑓) 
(2-21) 

The Colebrook equation is equivalent to the Moody chart(Çengel, 2007).  In addition, 370 

the Blasius correlation in smooth tubes is given as:  371 

𝑓𝑚 = 𝑏𝑅𝑒𝑛  , 300 ≤  𝑅𝑒 ≤  100, 000 
(2-22) 

Coefficient 𝑏 and exponent 𝑛 are to be obtained experimentally so as to fit experimental 372 

pressure drop data. The Re is Reynolds number Re for two-phase flow is to be defined 373 

in section 3.6 374 

 In the literature, there are several correlations for the effective viscosity of liquid–liquid 375 

two-phase flow but those different expressions seem to have little impact on the 376 

homogenous model predictions because there are other factors involved (Grassi et al., 377 

2008). Therefore, the effective viscosity 𝜇𝑚  for the oil-water flow was calculated using 378 

as the expression in the Eqn. (2-23) (Dong et al., 2015; Kumara et al., 2009; Tan et al., 379 

2016).   380 𝜇𝑚 = 𝛼𝑤𝜇𝑤 +  𝛼𝑜𝜇𝑜 (2-23) 

where 𝜇𝑤 and 𝜇𝑜 are the dynamic viscosities of water and oil respectively. 381 

The mixture density, 𝜌𝑚 , of the oil-water flow can be determined from the gamma-ray 382 

densitometer. From phase fraction can then be determine by  383 𝜌𝑚 =  𝜌𝑤𝛼𝑤 +  (1 − 𝛼𝑊)𝜌𝑜 (2-24) 

Substituting frictional pressure gradient and mixture density into the Eq. (2-19)produces 384 

Eqn.(2-25), hence the Shear velocity for the mixture vertical flow is  385 

  𝑢𝜏 = √( 𝐷4𝜌𝑚) . [2 ( 𝑏𝑅𝑒𝑛) 𝜌𝑚𝑉𝑚2𝐷 − 𝜌𝑚𝑔] 

(2-25) 
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2.1.2.2 Determining the mixture flow velocity 386 

The relationship between the average velocity of the flow droplets 𝑣̅  and the shear 387 

velocity 𝑢𝜏  is obtained by integrating the velocity profile over the area of the pipe. 388 

Therefore,  389 

𝑣̅ =  ∫ 𝑢𝑜𝑤. 2𝜋𝑟𝑑𝑟𝑅0 𝜋𝑅2  

(2-26) 

where 𝑢𝑜𝑤 is the oil-water flow velocity profile. Again by substituting Eqn. (2-18) into 390 

Eqn.(2-26)we have  391 

𝑣̅ =  1𝜋𝑅2 ∫ 𝑢𝜏 [2.5𝑙𝑛 (𝑅 − 𝑟)𝑢𝜏𝜌𝑚𝜇𝑚  + 5.5] 2𝜋𝑟𝑑𝑟𝑅
0  

(2-27) 

Obviously the integration of Eqn. (2-27) is cumbersome to process. However,  the 392 

equation can be easily integrated by using a computer program such as 393 

‘MATHEMATICA’ to obtain a numerical solution as (Kudela, 2010). 394 

𝑣̅ =  12 𝑢𝜏 (2𝑘 𝑙𝑛 𝑢𝜏𝜌𝑚𝑅𝜇𝑚 + 2𝐵 − 3𝑘) ≈ 2.5𝑢𝜏 𝑙𝑛 𝑢𝜏𝜌𝑚𝑅𝜇𝑚 + 1.75𝑢𝜏  (2-28) 

Equation (2-28) shows the relationship between the shear velocity 𝑢𝜏 and the average 395 

velocity of the flow droplets 𝑣̅ . Solving Equation (2-28) we obtain a formula relating 396 

the shear velocity 𝑢𝜏  to the average velocity of the flow droplets 𝑣̅ (One exemplary 397 

solution is given in the Appendix A),. The value of the shear velocity 𝑢𝜏  of each test 398 

point obtained from the average velocity of the flow droplets 𝑣̅ which are substituted 399 

into the Eqn.(2-29) to estimate the mixture flow velocity  𝑉𝑚 .Solving Eqn.(2-25) for 𝑉𝑚 400 

and let the  mixture flow velocity in the water-continuous flow be( 𝑉𝑚 = 𝑉𝑤−𝑚): 401 

𝑉𝑤−𝑚 = [(4𝑢𝜏2 + 𝐷𝑔2𝑏 ) . (𝜌𝑚𝐷𝜇𝑚 )𝑛] 12−𝑛
 

(2-29) 
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The coefficient 𝑏 and exponent 𝑛 can be adjusted to fit friction data better according to 402 

the Reynolds number each data in the test matrix. Besides, constant coefficients cannot 403 

accurately represent all ranges of turbulent flow (Dong et al., 2016). 404 

2.2 Individual phase flow rate by the drift-flux model 405 

The flow velocities of oil and water phases in oil-water two-phase are different because 406 

of the slip existing between the continuous phase and the dispersed phase. So, it is 407 

important to estimate each phase flow velocity. However,  superficial flow velocities of 408 

oil and of water cannot be directly measured downhole.  Therefore, it is necessary to 409 

have a model of oil-water two-phase which allows allow prediction of these flow rates 410 

from flow properties that can be measured in the well(Lucas and Jin, 2001).  411 

The Zuber-Findlay (1965) drift flux model, which was originally develped for gas-412 

liquuid two-phase flow, has been modfied to model the relationship between the oil 413 

flow velocity(Vsoαo )  and the mixture flow velocity( Vm) by several authors (Dong et al., 414 

2016; Du et al., 2012; Hasan and Kabir, 1998; Mazza and Suguimoto, 2019). The drift-415 

flux can be express as follows: 416 𝑉𝑠𝑜𝛼𝑜 = 𝐶𝑜𝑉𝑚 +  𝑈𝑜𝑤 
(2-30) 

where αo  is the oil phase fraction, Vso  and Vm  are the oil superficial velocity, the 417 

mixture flow velocity, Co is the distribution parameter and Uow is the drift velocity of 418 

the dispersed phase. 419 

Additional relationships are required for calculating the parameters of the drift-flux 420 

model(Uow)  and (V∞). Du et al., (2012), Hasan and Kabir, (1998) and Lucas and Jin 421 

(2001) have reported extension of the semi-theoretical correlation of Wallis (Wallis, 422 
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1969) to establish a relationship for the drift velocity(Uow) for oil-water two-phaes flow 423 

as:  424 𝑈𝑜𝑤 =  𝑉∞(1 − 𝛼𝑜)𝑚 (2-31) 

where 𝑉∞ is the terminal rise velocity of a single oil droplet of the dispersed phase 425 

relative to the continuous phase, 𝛼𝑜  is the oil volume fraction and 𝑚 is the exponent 426 

drift velocity model. 427 

 Hasan and Kabir, (1998) first suggested  for inclined oil–water two phase flow as 𝑚 =428 2 . In other previous studies,  it was suggested that the exponent  can be set as 𝑚 =429 2 (Du et al., 2012; Lucas and Jin, 2001). In the present study, m is equally selected as 2 430 

for both equations. (2-31)  and then use the Harmathy correlation  which can be 431 

expressed as equation (2-32), (Harmathy, 1960), is often used for calculating the 432 

terminal velocityvelocity 𝑉∞.  433 

 434 

𝑉∞ = 1.53 [𝑔𝜎𝑜𝑤 𝜌𝑤 − 𝜌𝑜𝜌𝑤2 ]1 4⁄
 

(2-32) 

where σow is the oil/water interfacial tension, g is the acceleration of gravity.  435 

By substituting the flow parameters -the densities of the water 𝜌𝑤 998.4  kg/m3 and oil 436 𝜌𝑜815 kg/m3 oil-water surface tension is 𝜎𝑜𝑤 = 0.029 N/m into Eqn. (2-32), the  value 437 

of V∞ = 0.131 (m/s) obtained from the equation(2-32)  438 

It can be seen that in the Eqn. (2-32), the drop size is not included into the expression 439 

because of the known fact that under turbulent flow conditions the terminal velocity of 440 

liquid particles moving in liquid media is practically independent of the particle 441 

size(Harmathy, 1960).  442 
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To determine the value of the distribution parameter 𝐶𝑜, we substitute, 𝑉∞, 𝑉𝑠𝑜, 𝑉𝑚 and 443 𝛼𝑜 into Eqn. (2-30) for expressing the general drift-flux equation as:  444 𝑉𝑠𝑜𝛼𝑜(1 − 𝛼𝑜)2 =  C0   ∗ 𝑉𝑚(1 − 𝛼𝑜)2 + 𝑉∞ 
(2-33) 

The volumetric flow rates of oil (Qo)  and water (Qw)  flowing into the working section 445 

were measured at the inlets with the single phase flow meters. The reference superficial 446 

velocities of oil and of water were obtained the single phase flow rate using the 447 

expression  Vso =  (Q𝑜 Ap⁄ ) and Vsw  = (Q𝑤 Ap⁄ ) respectively. The reference mixture 448 

flow velocity is the sum of the two superficial velocities, 𝑉𝑚 = 𝑉𝑠𝑤 +  𝑉𝑠𝑜. The mean 449 

volume fraction αo of the oil in the working section was determined from the gamma 450 

densitometer measurements. The distribution parameter (C0),  can be estimated by 451 

plotting the quantity Vso αo(1 − αo)2⁄  against Vm (1 − αo)2⁄  as it would be expected 452 

from equation (2-33)that the data would fall on a straight line with slope C0 = 1.1  and 453 

intercept  V∞ = 0.131  as shown in Figure 2-3. 454 

 455 

Figure 2-3 𝑉𝑠𝑜 𝛼𝑜(1 − 𝛼𝑜)2⁄  versus 𝑉𝑚 (1 − 𝛼𝑜)2⁄  for vertical upward flow. 456 

This is in a good agreement with the value of the distribution parameter reported  in the 457 

literatures (Hasan and Kabir, 1998; Picchi et al., 2015). 458 
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The estimated mixture flow velocity of either the oil-continuous flow or the water-459 

continuous flow can be used to predict the the superficial velocity of oil and of water as 460 

follows: 461 𝑉𝑠𝑜 = 𝛼𝑜[𝐶𝑜𝑉𝑚 +  𝑈𝑜𝑤] (2-34) 𝑉𝑠𝑤 =  𝑉𝑚 − 𝑉𝑠𝑜 (2-35) 

2.3 Overall estimation procedure  462 

A schematic diagram of the measurement concept for two-phase oil-in-water flow is 463 

illustrated in Figure 2-4. The CWDU flow sensor estimate the average velocity of the 464 

droplets (dispersed phase) using Eqn. (2-1). The gamma-ray densitometer was used for 465 

measuring the phase fraction of oil in the mixture flow, and subsequently, the mixture 466 

density is calculated using equations (2-9) and (2-24) respectively. For oil continuous 467 

flow, the velocity profile follows the behaviour of laminar flow and the mean flow 468 

velocity can be estimated based on the equation (2-16).  Whereas, for the water-469 

continuous flow which has turbulent velocity profile, the flow velocity is estimation by 470 

substituting the values of the mixture density, viscosity, shear velocity, pipe diameter 471 

and acceleration due to gravity into Eqn. (2-29). Subsequently, the drift-flux model is 472 

applied to calculate the individual phase velocities from the overall flow velocity and 473 

the phase fraction estimates with Eq. (2-34) and (2-35). 474 
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 475 

Figure 2-4 Combined systems of the CWDU sensor and gamma densitometer for 476 

measurement of two-phase oil-water flow 477 

3 Experimental setup  478 

3.1 Flow facility, apparatus and test fluids 479 

The experimental investigations to measure vertical up flow of oil-water two-phase flow 480 

were conducted in a multiphase flow test rig at Cranfield University, Bedfordshire, 481 

United Kingdom. Figure 3-1 shows a schematic representation of the multiphase flow 482 

test rig.  The flow facility consists of the test rig, water tank, oil tank, a separator, two 483 

centrifugal pumps and measuring equipment. The experimental pipeline is a 2” schedule 484 

10 stainless steel pipeline consisted of an entry length of 40.0m long horizontal and 10.5 485 

m high vertical to ensure enough development length is allowed for the flow. A 486 

transparent PVC pipe test section of 1.2 m long and 50. 8 mm i.d. is provided for clear 487 

observation of the flow phenomena at approximately 8.5 from the riser base. At the exit 488 

of the test section, there is a pipe length of 0.60 m to avoid any flow disturbance in the 489 

test section. 490 
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 491 

Figure 3-1 Schematic diagram of the test facility 492 

3.2 Experimental procedure 493 

Process management software (Emerson DeltaV) provided digital automation to the 494 

operation of the test rig (process plant) which allowed for setting the input water and oil 495 

flow rates, and selection of the appropriate pumps and flowmeters. Two separate 496 

dedicated PCs, one with a LabVIEW® for the CWDU sensor and the other with 497 

Chastotomer® software for the gamma densitometer are used for the data acquisitions. 498 

In addition to the two PCs for measurement systems, another PC with LabVIEW 499 

software program is used for recording all the data from the reference instruments. The 500 

test fluids used in the experiments are tap water (density of 998.4 kg/m3and viscosity of 501 

0.001Pa.s at at 21℃) and dyed mineral-dielectric oil (Rustlick EDM-250, density of 502 

815kg/m3 and a viscosity of about 7.2mPa at 21℃). The oil flow and water flow were 503 

pumped individually from their storage tanks (12.5 m3 capacity) into the rig pipeline 504 

through a Y-mixer-manifold, first into the horizontal pipe and then flowed up to the 505 
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vertical pipe section. The oil flow was metered by the reference Micro Motion Mass 506 

flowmeter and a Foxboro Coriolis meter while the water flow was metered by the 507 

reference a Rosemount flowmeter and a Foxboro CFT50 Coriolis meter before the two 508 

liquids were mixed prior to the test section. 509 

A Coriolis mass flowmeter (Endress and Hauser Promass 83F) was installed at top of 510 

the test section at approximately 11.0 m from the riser base to measure the oil-water 511 

mixture mass flow and density as a reference density meter. All the reference 512 

flowmeters were, prior to the experimental study, calibrated against a primary reference. 513 

The specifications and operating ranges of the reference flowmeters are given in Table 514 

1.  515 

Table 2 Details of instruments of the flow rig 516 

Instruments Items Manufacturer Model Range 

Error 

(of the 

span) 

Coriolis 

Flowmeter 

Oil flow Micro Motion F200 up to 1.0 kg/s ±0.2% 

Coriolis 

Flowmeter 

Oil flow Foxboro CFT50 up to 10.0 kg/s ±0.10% 

Coriolis 

Flowmeter 

Water flow Foxboro CFT50 up to 10.0 kg/s ±0.10% 

EM 

Flowmeter 

Water flow Rosemount 8742C up to 1.0 kg/s ±0.5% 

Coriolis 

Flowmeter 

Mixture flow 

Endress and 

Hauser 

Promass 

83F 

0 to 50.0 kg/s ±0.10% 
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 517 

 518 

Figure 3-2  Oil-water flow test section showing the CWDU sensor set up 519 

The water cut is defined as the ratio between the water and total volumetric flow rates as 520 

introduced to the inlet section (Ibarra et al., 2017). The flow velocities at the inlet of the 521 

rig were calculated as: superficial velocity of the water flow 𝑉𝑠𝑤 = 𝑄𝑤 𝜌𝑤𝐴𝑝⁄  and the 522 

oil superficial velocity 𝑉𝑠𝑜 = 𝑄𝑜 𝜌𝑜𝐴𝑝⁄  with 𝐴𝑝  being the cross-sectional area of the 523 

pipe, 𝐴𝑝 = 𝜋𝐷2/4. The flow rates are varied from 0.28 kg/s to 2.78 kg/s (1m3/h to 524 

10 m3/h). For each experimental run, the inlet water cut, WC, was varied between 20% 525 

and 90% while the total flow velocity, 𝑉𝑚, was kept constant. Surely, this creates two 526 

categories of flow: water-dominated flow or oil-dominated flow. However, the drift 527 

velocity model can be applied to either status of the continuous phase. This is because 528 

the terminal rise velocity of a single droplet of the disperse phase is relative to the 529 

continuous phase(Lucas and Jin, 2001). Importantly, the variation of the water-cut has 530 

allowed us to observe of flow velocity measurements while the water cut being changed 531 

at constant total flow velocity.  532 
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A wide range of flow rates for mixture flow at different water-cut were measured to 533 

collect a maximum amount data. The test matrix of the data is shown in Figure 3-3. All 534 

test runs were performed at near atmospheric pressure and at a temperature of 21 ± 2 535 

°C. After the mixture flows pass through the test section, it then entered into the 536 

separation equipment which comprises gravity separators and coalesce-tanks. The 537 

mixture flow undergoes separation process and then flow flowed directly into their 538 

respective storage tanks after for re-use. 539 

 540 

Figure 3-3  Graphical illustration of the test matrix  541 

3.3 CWDU flow sensor instrumentation 542 

The ultrasonic Doppler flow sensor (United Automation Ltd, Southport, UK) has 0.5-543 

MHz centre frequency and contains a co-housed two piezoelectric chips (viz: T and R) T 544 

is for transmitting of ultrasonic waves into the flow and the R for receiving the signals 545 

from the scatterers. Therefore, the measurement volume of the present CWDU sensor 546 

has a square-shape determined by the effective diameters (20mm×20mm) of each 547 
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element. The sensor was bounded onto the side of the test section pipe using a clip and a 548 

gel to give a firm grip and better contact between the senor and pipe wall and then it 549 

was connected to a signal conditioning electronic circuit which provided both the 550 

excitation voltage of the transmitting Doppler piezoelectric chip and facilitation of the 551 

data acquisition.   552 

In the present study, the excitation voltages of the transmitting Doppler flow meter 553 

sensor were +18v and -18v (36v peak-peak). Table 2 shows the material used in the 554 

experiments and their related acoustic velocity.   Figure 3-4 shows a schematic CWDU 555 

sensor system 556 

Table 3 physical properties of the material considered 557 

Material Speed of sound (m/s) Density (kg/m3) 

Water (20℃ ) 1484 998.4 

Oil (20 ℃ ) 1324 815.4 

PVC 2380 1380 

Stainless steel 5790 7890 

 558 

 559 
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Figure 3-4  a schematic diagram of the CWDU sensor system 560 

The Doppler signals were recorded continuously for 20 s at a sampling frequency of 10 561 

kHz which is long enough for the flow regime profile to pass through the test section 562 

(Zhai et al., 2013).   The recorded signal was passed through an anti-aliasing filter and 563 

digitized using a computer-based ADC card (Nl E-series card PCI-MIO-16E-4, National 564 

Instruments, Austin, TX, USA), and recorded onto a hard drive of a PC.  The entire data 565 

acquisition process is controlled using graphical programming language LabVIEW 10 566 

software.  567 

The recorded Doppler signal was processed off-line using MATLAB (The Math Works, 568 

Natick, MA, USA) on a Widows 7 workstation) for obtaining the mean frequency shifts 569 

using an intensity-weighted-mean(IWM) equation(Morriss and Hill, 1991). The flow 570 

velocity is calculated using the estimated mean frequency shifts and the sound speed in 571 

the fluid. The literature values used as the  sound speed and density were 1484 ms−1 572 

and 998.4 kg/m3 for water respectively and corresponding values in the oil were 1324 573 ms−1and 815.4 kg/m3 respectively(Onda, 2003). 574 

Many techniques exist to compute the Doppler spectrum efficiently, based on FFT for 575 

example. Liu et al., (2021) reported an application of the FFT algorithm for Doppler 576 

spectrum of oil-water flow ultrasound Doppler for flow pattern identification and the 577 

authors also demonstrated that the non-invasive CWDU sensor is suitable for both flow 578 

velocity measurement and flow patterns identification.. In In the present study, the 579 

digital signal processing of the ultrasound Doppler signal consists of two parts: fast 580 

Fourier transform (FFT) algorithm and intensity weighted mean (IWM) estimation.  581 

Firstly, the data series is decomposed into a series of signal in the form of framed with 582 

the powers of 2 and windowing to evaluate the frequency spectrum. The windowing 583 
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technique prevented unwanted frequency appearing in the spectrum.  Secondly, with the 584 

FFT, the spectrogram yield instantaneous frequencies as functions of time that give 585 

sharp higher amplitude for the signal reflected off the droplets(Case et al., 2013).  586 

Figure 3-5 and Figure 3-6 are taken from the test data points and they  show the logged 587 

raw ultrasonic signal  and its Doppler spectrogram calculated using short time Fourier 588 

transform(STFT). The STFT plot or the spectrogram displays distribution of the 589 

frequency shifts in the oil-water two-phase flow. In the case of Figure 3-6, the 590 

spectrogram displays signal strength by colour intensity. Doppler shift frequency is 591 

relatively low and in the present study it ranges between 60Hz and 800Hz and the low 592 

frequency components in the spectrogram are not noise. So, they will not affect the 593 

measurement results.  594 

 595 

 596 

 597 

Figure 3-5 Example of the continuous wave ultrasound signal and its: (a) Raw signal, 598 

and (b) STFT, for conditions: Vm = 1.25 m/s, WC = 0%, and a 10kHz signal acquisition 599 

frequency. 600 
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 601 

Figure 3-6 Example of the continuous wave ultrasound signal and its: (a) Raw signal, 602 

and (b) STFT, for conditions: Vm = 1.25 m/s, WC = 60%, and a 10-kHz signal 603 

acquisition frequency. 604 

3.4 Gamma densitometer system 605 

The gamma densitometer used in this study employs Caesium-137 isotope. The gamma 606 

source, detector and a data processing unit are manufactured by the Neftemer® Ltd as a 607 

clamp-on multiphase flowmeter.  The gamma source housing provides an outlet that 608 

produces a cone of beam six degree wide having uniform physical properties directed 609 

across the pipe diameter. The caesium-137 isotope emits 0.1 – 0.94 MeV photon 610 

energies. The detector unit comprises scintillation crystals (NaI), photomultiplier tube 611 

(PMT), amplifier electronics and single channel analyser (SCA) and a temperature 612 

control. The PMT contains photocathode and focussing electrodes.  The scintillation 613 

crystals produce a pulse of visible light with energy proportional to that of the incident 614 

gamma photon and are detected by the photocathode which produces electrons by 615 

photoelectric effect. The amount of the electrons by the photocathode is low and it has 616 

to be amplified by the photomultiplier which converts the light pulses into voltage 617 

pulses of proportional amplitudes. The voltage pulses undergo signal conditioning then 618 
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passed on to channel analysers for classification(Kumara et al., 2010a; Tesi, 2011).The 619 

scattering of the gamma electromagnetic radiation by the matter via interaction of the 620 

photons with the matter can take several forms but the two methods of photoelectric or 621 

Compton scattering are the most frequency used at low energy emissions (Kumara et 622 

al., 2010a). The photoelectric type is the one used in the present study. 623 

The gamma-source and detector are arranged diametrically opposite to each other with 624 

the gamma densitometer source emitting a narrow beam of radiation and an opposing 625 

detector scan across the pipe-section for measuring the average flow volume fraction 626 

across the whole pipe diameter(Kumara et al., 2010a).  Figure 3-7 shows the schematic 627 

diagram of the gamma densitometer instrumentation set up in which the variables  I0 628 

and I are the incident and the received intensities of the gamma-rays. 629 

 630 

Figure 3-7 Schematic diagram of a single-beam gamma densitometer system 631 

Single phase flow calibration is required for the determination of the volume fractions at 632 

the beginning of every test point  (Falcone et al., 2009). Therefore, the gamma count 633 

rates of single phase water flow Iw and of oil flow Io were obtained and recorded. The 634 
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data is collected every test point and then stored for further processing. The flow 635 

parameters such as phase fraction and the mixture density can be calculated from the 636 

average pulse count rate and the calibration results (Falcone et al., 2009; Kumara et al., 637 

2010a)  638 

Figure 3-8 shows Examples of the gamma densitometer counts from (a) oil only signal, 639 

and (b) oil-water signal, for conditions overall velocity Vm = 1.25 m/s, WC =60%. A 640 

sampling at 250 Hz frequency was used and a total of 75,000 samples (which 641 

corresponds to 300 s sampling time (5 minutes) were collected at each sampling point.  642 

  643 

Figure 3-9 Gamma-ray densitometer pulse counts obtained from (a) Oil only signal, 644 

and ((b) oil-water signal 645 

3.5 Experimental observation 646 

From the observation of these experiments, vertical upwards oil/water flows, it was 647 

evident that when the flow velocities were relatively high (e.g. the mixture velocity 648 

above 0.60 m/s), the oil and water were well mixed and the flow regime was a dispersed 649 

flow. When the mixture velocity was low, then the flow regime was churn flow. This 650 

observation is also consistent with the recommended criteria for discriminating 651 

dispersed and non-dispersed oil/water upwards flows by API, (2015).  More detailed 652 

flow regime classifications were reported by other published studies.  653 
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 654 

Figure 3-10 Photos of the flow pictures taken in the experiments 655 

Flores et al., (1999) conducted experimental investigation for characterization of 656 

vertical oil-water flow and defined the flow patterns in oil-water two-phase vertical flow 657 

into six flow patterns belonging to two dominant classes: oil-continuous flow (water in 658 

oil churn flow, dispersion water in oil, and very fine dispersion water in oil), and water-659 

continuous flow (oil in water churn flow, dispersion oil in water, and very fine 660 

dispersion oil in water). in the present study, the oil-water upward vertical flow map 661 

produced by Flores et al. (1999) was used to map the flow data as shown in   Figure 662 

3-11. Furthermore, we developed the flow measurement model that allows study of the 663 

oil-water two-phase flow based on (1) the oil continuous flow, flow and (2) the water 664 

continuous flow, and to predict the superficial flow velocity of the oil and water by 665 

using established drift-flux model. These two main flow patterns were expected to occur 666 

in oil-water two-phase flow according to some authors (Dong et al., 2016, 2015; Lovick 667 

and Angeli, 2004).  668 
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 669 

Figure 3-11 the experimental test points plotted on the transition map by Flores et al., 670 

(Flores et al., 1999)   671 

3.6 Reynolds number of the oil-water two-phase flow 672 

The Reynolds number(𝑅𝑒), is the ratio of inertial forces to viscous forces acting on a 673 

fluid. For a circular pipe is laminar for Re ≤ 2300, turbulent for Re ≥  4000, and in 674 

between them is transitional. Reynolds number of the oil-water two-phase flow 675 

investigated in the present study was plotted against the input flow volume water 676 

fraction. Figure 3-12 shows a plot of Reynolds number of the oil-water two-phase 677 

mixture flow velocity range from 0.14 m/s to 1 m/s and the input water cut from 0% to 678 

100%. The plot is used for classification of the flow velocity profiles.  The Reynolds 679 

number Re for two-phase flow is defined as: 680 

𝑅𝑒 = 𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠 =  𝜌𝑚𝑉𝑚𝐷𝜇𝑚  
(3-1) 

where 𝜇𝑚 is the dynamic viscosity of the two-phase flow and 𝑉𝑚 is the mixture flow 681 

velocity.  682 
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 683 

 684 

Figure 3-12 Mixture flow Reynolds number as function of water fraction 685 

4 Results and discussion 686 

4.1 Mixture density measurement  687 

Using the non-invasive capability of the gamma-ray densitometer, the density of the 688 

mixture flow and the oil volume fraction investigated in these experiments were 689 

measured.  Figure 4-1 shows mixture densities obtained from the measurements with 690 

gamma-ray densitometer compared with the reference Coriolis flowmeter. From the 691 

Figure 4-1, it can be seen that the difference between the densitometer measurements 692 

and the reference mixture density rose  up to ±13% at 1m3/hr and then fell down to  693 

less than ±5% at 6m3/hr . So, in oil-water two phase flows, the measurement of the 694 

mixture flow density is affected by the  flow rate.  695 
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 696 

Figure 4-1 The relative errors of the mixture flow density   697 

4.2 Mixture flow velocity measurement.  698 

The oil-water two-phase flow is considered as a water-continuous flow when the inlet 699 

water-cut is greater than or equal to 30%. Otherwise, it is considered as an oil-700 

continuous flow(Brauner and Ullmann, 2002; Dong et al., 2016). The mixture mean 701 

flow velocities were computed from the measured local velocities in the measuring 702 

volume and  the flow veloity profile models through the applying equations (2-16) and 703 

(2-29).  The results are shown in Figure 4-2 and Figure 4-3  for the oil-continuous flow 704 

and for water-continuous flow respectively.  705 

The relative error and the absolute error for the flow measurement results are calculated 706 

using (4-1)and (4-2) respectively.     707 

Er = Dataest − Dataref𝐷𝑎𝑡𝑎ref  × 100% 
(4-1) 

where Dataest is the estimated  result in oilr-continuous flow (𝑉𝑜−𝑚)  and water-708 

continuous flow(𝑉𝑤−𝑚)and Dataref  is the reference mixture flow rate measured by the 709 

single phase flowmeters. The average absolute of the error is:  710 
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εave = 1/Ns ∑|Er| (4-2) 

where Ns is the sample number.  711 

4.2.1 Oil-continuous flow 712 

Comparison between the estimated mixture flow velocity predicted by equation (2-16) 713 

and the total mixture flow velocity obtained by the flow rates at the inlets is presented in 714 

Figure 4-2. For evaluating the accuracy of the proposed model, calculated both the 715 

relative error and the absolute error of the results. It can be seen that at most test points, 716 

the  relative error (Er) is within ±8.0 % of the reference mixture flow velocity.  This 717 

agreement is considered quite good considering the statistical nature of the experiments 718 

and the oil-water flow phenomena. 719 

 720 
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Figure 4-2 Measurement mean velocity of oil-continuous flow in oil-water two-phase 721 

flow  722 

 Finally, the mixture superficial velocity of oil-continuous flow was predicted by the 723 

equation (2-16) and the results show that the mean relative error was equal to 5.2% and 724 

maximum relative error was equal to 17.6%.    725 

4.2.2  Water-continuous flow 726 

The mean superficial velocity of the water-continuous flow can be estimated using the 727 

measured flow velocity in the measuring volume and corrections to account velocity 728 

profile in the pipe. The water-continuous in the present experimental set-up can be 729 

estimated using equation (2-29). The results for the water-continuous flow model were 730 

similar to the oil-continuous flow model. Figure 4-3 show the results from the water-731 

continuous flow model. 732 

For the Eqn.(2-29), the friction factor’s coefficient 𝑏  and exponent 𝑛  are to be 733 

determined for estimating the mixture flow velocity. There are many experimental data 734 

for these two coefficients in the literature. For an example, Blasius correlation for a tube 735 

with a smooth wall and for 2000 < Re <105  set the values of the coefficient 𝑏 and 736 

exponent 𝑛 as 0.316 and 0.25 (Descamps et al., 2006). In addition, the values of the 737 

coefficients b and n presented by Bannwart  (Bannwart, 2001) for the Reynolds number  738 

range of the 2 ×  103 to 105  range between 0.19 to 0.443 and 0.19 to 0.28 respecively. 739 

In the present experiment, selection of the coefficient 𝑏 and exponent 𝑛 were obtained 740 

by using the Blasius correlation as a benchmark and then the flow velocity  predictions 741 

were turned to best fit fit for each flow velocity.   the Blasius correlation(𝑏 = 0.316 and 742 

exponent𝑛 = 0.25) equivalent values in the present study are as shown in Table 4.   743 

Table 4 Friction factor coefficients 744 
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Mixture flow velocity, m/s Present experiment predicted values of 

coefficient 𝑏 and exponent 𝑛  

1. 0.143 b = 8.0;      n = 0.008 

2. 0.285 b = 4;         n = 0.06 

3. 0.423 b = 2;         n = 0.07 

4. 0.708 b = 0.80;    n = 0.06 

5. 0.988 b = 0.316;  n = 0.025  

 745 

Figure 4-3 Measurement mean velocity of water-continuous flow in oil-water two-746 

phase flow  747 
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As illustrated in Figure 4-3, the mixture flow velocities estimated when the flow 748 

condition is water-continuous flow-mean relative error was equal to 2.8% and 749 

maximum relative error was equal to 17%.  750 

Moreover, in comparison with the horizontal oil-water two-phase measurement using 751 

CWDU flow sensor method by (Dong et al., 2015) with the present experiment, the 752 

mixture flow velocity estimated in water-continuous flow maximum relative  error was 753 

equal to  11.8% and mean error 3.11% while the oil-continuous flow conditions has 754 

maximum relative  error 12.2% and mean relative error 4.8%  respectively. This 755 

suggests that the present study conducted on a vertical flow pipe good non-invasive 756 

flow measurement system can readily be achieved with using the ultrasound Doppler 757 

method. 758 

4.3 Effect of water-cut on mixture flow velocity 759 

The mixture velocities are evaluated for various input water-cut and these 760 

measurements result are then compared to the reference to experimental results. Figure 761 

shows that 87% points measured values are well within ±10% and 56% points are 762 

within ±5%.  The errors  in the measured mixture flow densities for the different 763 

volume fraction were was due to the flow structure changes even at constant  the total 764 

mixture flow rate. 765 
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 766 

Figure 4-4 Measured mixture flow velocity in varied water volume fractions  767 

4.4 Prediction of the superficial velocities of the oil and the water 768 

The oil-water mixture flow velocity in both oil-continuous flow and water-continuous 769 

flow can be determined using the CWDU method proposed in this study. However, the 770 

superficial velocities of the oil and the water are frequently required to be 771 

determined(Lucas and Jin, 2001). The individual phase superficial velocities of oil and 772 

of water were estimated using the drift-flux model in which the mixture flow velocity 773 

and phase fraction are the inputs. The results were compared with single phase 774 

flowmeter measurement at the flow inlets prior to the mixing.  775 

Equations (2-34) and (2-35) were used for the calculation of superficial flow velocity of 776 

oil and of water respectively and the initial results showed slight underestimation and 777 

overestimation. Hence, correction factors are essential to modify both Eqns.(2-34) and 778 

(2-35). Since the original results obtained from using the equations (2-34) and 779 

(2-35)were linear, consequently, the two equations were corrected individually using 780 
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determined by using a least-squares method based on linear portions of the original 781 

estimates. These yielded the equations which resulted in in Eqns. (4-3) and (4-4) for the 782 

superficial flow velocity of oil and water respectively, as:  783 Vso−mean = 0.78 ∗ Vso (4-3) 

and  784 𝑉𝑠𝑤−𝑚𝑒𝑎𝑛 = 1.08 ∗ 𝑉𝑠𝑤 (4-4) 

 Figure 4-5 shows the results for estimation of superficial velocity of oil using the 785 

equation (4-3). Similarly, Figure 4-6 shows the results of using Eqn. (4-4) for water 786 

superficial flow velocity respectively. The superficial phase flow velocity of oil is 𝑽𝒔𝒐𝒊 , 787 

and  𝑽𝑹,𝒔𝒐𝒊 as the reference value. The relative error 𝜹𝒊 is defined as:  788 

𝛿𝑖 =  𝑉𝑠𝑜𝑖 − 𝑉𝑅,𝑠𝑜𝑖𝑉R,𝑠𝑜𝑖  × 100% 
(4-5) 

where 𝒊 is the test point number, and the average relative error can be expressed as: 789 

𝛅𝐕𝐬𝐨̅̅ ̅̅ ̅̅ = 𝟏𝑵 ∑|𝜹𝒊|𝑵
𝒊=𝟏  

(4-6) 

 790 
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Figure 4-5 (a) the predicted superficial velocity of oil by equation (4-3) versus the 791 

reference superficial velocity of oil (b) The percentage error in superficial velocity of oil 792 

versus the reference superficial velocity of oil  793 

Figure 4-5 illustrates the comparison of the estimated superficial flow velocity of oil 794 

obtained from equation (4-3) plotted against the reference oil superficial velocity.  It was 795 

observed that the average relative error𝛅𝐕𝐬𝐨   was equal to 4.5% and the maximum 796 

relative error was equal to 19.15%. 797 

Using two equations similar to equations (4-5) and (4-6)the percentage error in the 798 

predicted water superficial velocity 𝐕𝐬𝐰  be calculated for each test point. Figure 4-6 799 

illustrates the comparison of the estimated water phase flow velocity obtained from 800 

equation (4-4) plotted against the reference water superficial velocity. Again, it was also 801 

observed that the average relative error  𝛅𝐕𝐬𝐨   was equal to5.98% and the maximum 802 

relative error was equal to 25.58% 803 

 804 
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Figure 4-6 (a) the predicted superficial velocity of water by equation (4-4) versus the 805 

reference superficial velocity of water (b) the percentage error in superficial velocity of 806 

water versus the reference superficial velocity of water  807 

The overall accuracy on the superficial phase velocities estimated  have average relative 808 

errors of  around 4.5% for oil flow velocity, and 5.9% for water flow velocity. 809 

However, the error of superficial oil flow velocity estimation rose when the water-cut 810 

increased at the initial stages but the relative error decreased as the water cut increased 811 

up further. These suggest that that smaller fraction of oil enlarges the relative error at 812 

the lower water-cut but relative error fell below 10% at the higher water-cut. The error 813 

of superficial water flow velocity was also rose at the lower water-cut but decreased 814 

when water-cut increases, the error of superficial water flow velocity predictions was 815 

much higher at low water-cut.  This phenomenon suggests that the input water-cut range 816 

affects the prediction accuracy of both superficial flow velocities. Analyses on effect of 817 

water-cut on superficial phase flow velocities estimation is provided in section 4.6. 818 

4.5 Superficial velocity of oil and water versus mixture flow velocity  819 

Predicted superficial velocity of oil and of water are reported in Figure 4-5 and Figure 820 

4-6 respectively. Here predicted superficial velocities of oil and of water are reported as 821 

a function of the reference mixture flow velocity in Figure 4-7 and Figure 4-8. From the 822 

plots, it is evident that oil superficial velocity basically fits the mixture flow velocity 823 

data, especially between the water-cut range of 20% and 90%. These translate to a good 824 

agreement between Predicted superficial velocity of oil and the oil flow velocity 825 

measured with the reference flowmeter in the range tested. A Similar trend was also 826 

observed in the comparison of the water superficial velocity and mixture flow velocity 827 

measured by the reference flowmeter. 828 



 

49 

 829 

Figure 4-7 predicted oil superficial flow velocity versus reference mixture flow velocity  830 

 831 

Figure 4-8 predicted water superficial flow velocity versus reference mixture flow 832 

velocity  833 

Figure 4-7 and Figure 4-8  show that prediction of the superficial velocities of oil and water 834 

using the drift-flux model has been validated by the results of the reference single phase 835 
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flowmeters.  It is clear from Figure 4-7that the superficial velocity of oil are in accordance with 836 

the mixture flow velocity when the oil flow is the continuous, but deviated slightly from the 837 

mixture flow velocity as the water-cut increased further. The distribution of the water superficial 838 

velocity, however, showed opposite trend. These are slight deviations from the mixture flow 839 

velocity are as a result variation in the flow velocity profiles. Oil-water two-phase flow 840 

measurement using the CWDU senor in a vertical pipe has not been reported in the literature.  841 

4.6 Effect of water-cut on superficial phase flow velocities 842 

It is important to note that in this study, both flow rates and water-cuts were varied in 843 

order to evaluate meter performance under varying flow conditions. The influence of 844 

the water volume fraction data were evaluated based on the errors calculated in the 845 

results of both superficial velocities of oil flow and water flow.  The errors are the 846 

difference between the single phase flow measured at the inlet and results obtained from 847 

the proposed method. The phase superficial velocities dependent on both the in situ 848 

holdup and the mixture flow velocity. The variation of relative error (ε)of mean oil 849 

superficial flow velocity and mean water superficial flow velocity (expressed in per cent 850 

of deviation from the inlet measurement) versus water-cut at the inlet are shown in 851 

Figure 4-9 (a) and (b). 852 

 853 
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 854 

Figure 4-9 Relative error (𝜀) of mean in phase superficial flow velocities 855  (𝑉𝑠𝑜−𝑚𝑒𝑎𝑛 and 𝑉𝑠𝑤−𝑚𝑒𝑎𝑛) versus input water-cut 856 

However, experimental results in an inclined pipe by (Lucas and Jin, 2001)  who 857 

predicted the superficial velocities of oil and water by using a differential pressure 858 

measurement and drift-flux model, showed markedly scatter in the data due to variation 859 

in the water-cut. But the effect of water-cut variation on the phase flow velocity is not 860 

so large within the present experimental condition. 861 

It is interesting to note, the errors encountered in the measurement of water phase flow 862 

velocity were at low total flow rate and low water-cut.  However, increasing the total 863 

flow rate reduces the water phase measurement errors.  While the errors encountered in 864 

the measurement of the oil phase flow were very high at both very low water-cut 865 

(<20%) and very high water-cut (>80%). It was concluded that these trends in the errors 866 

were due to increased turbulence in the pipe. Turbulent flow generates random radial 867 

movement of the droplets therefore it is a contributory factor in the inaccuracy of the 868 

measurement.  869 



 

52 

5 Conclusions 870 

This paper presents a method for measuring the mixture and individual phase velocities 871 

in oil-water two-phase vertical pipe flows using a continuous wave Doppler ultrasonic 872 

(CWDU) flow sensor, a gamma densitometer and theoretical correlations based on 873 

velocity profiles and the drift-flux model. It was verified and assessed in both the water-874 

continuous flows and oil-continuous flows in a near-industrial scale test rig with the use 875 

of industry standard single phase flow meters as references. Errors between the 876 

measured oil and water phase flow velocities and those of the respective flow meters are 877 

calculated in terms of mean relative error and maximum relative error between the test 878 

flowmeters and the reference flowmeters. 879 

The velocity of sound in oil and in water is different. Therefore, we adopted a hybrid 880 

method of estimating the sound velocity of the mixture flow which encompasses the 881 

contributions of the phase fractions based on the homogenous flow model. The sound 882 

speed of the oil-water mixture flow play is vital to the ultrasonic Doppler technique in 883 

the flow velocity measurement.  884 

The differences between flow rates obtained from the proposed method and the 885 

reference single phase flowmeters depend on the total flow rate as well as the water-cut. 886 

The maximum relative differences were found at the low end of the flow rates. The 887 

values of the oil-water two-phase flow such as the mixture density, sound speed, and 888 

viscosity are estimated based on the homogeneous flow model to simplify the 889 

calculation of the theoretical models. These models depend on phase volume fraction 890 

estimation. Therefore, the calibration of the gamma densitometer has to be made very 891 

accurately or else the estimated flow rates can have significant errors. 892 
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In general this oil-water two-phase flow measurement technique developed has effective 893 

range when the water volume fraction was between 25% and 75%. This proposed 894 

system is entirely non-invasive without utilising any electrical conductance sensor as in 895 

in the previous studies(Faraj et al., 2015; Jin et al., 2020; Tan et al., 2016). Therefore, it 896 

could be implemented in the pipeline without breaking in the pipeline. Further studies 897 

are recommended to focus on experimental investigations using crude oil (instead of 898 

mineral) and saline water (instead of tap water) to simulate more practical field 899 

conditions of the oil water flows in production operations.  900 
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 1101 

7 Appendix 1102 

7.1 Solution to equation (2-28) 1103 

𝑣̅𝑑𝑜𝑝 = 2.5uτ ln uτ𝜌𝑚𝑅μ𝑚 + 1.75uτ 
(A-1) 

𝑣̅𝑑𝑜𝑝 = 𝐵uτ ln𝐾uτ + 𝐴uτ (A-2) 

 𝐵 = 2.5, 𝐴 = 1.75, 𝐾 = 𝜌𝑚𝑅μ𝑚  1104 
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Equation (A-1) can be solved in similar expansion method as in Tan et al. (2016). The 1105 

expansion Ln 𝑥 = (𝑥 − 1) + ∑ (−1)𝑛(𝑥−1)𝑛𝑛+1∞𝑛=0  ≈ 𝑥 − 𝐸  was used to transform the 1106 

equation (A-2) as : 1107 𝐵𝑢𝑡2 + (𝐴 + 𝐵𝑙𝑛𝐾 − 𝐵 ∗ 𝐸)uτ − 𝑣̅𝑑𝑜𝑝 = 0 (A-3) 𝑎 = 𝐵 1108 𝑏 = 𝐴 + 𝐵𝑙𝑛𝐾 − 𝐵 ∗ 𝐸 1109 𝑐 =  −𝑣̅𝑑𝑜𝑝 1110 𝐸 is a compensation coeffiient, which is dependednt on the nature of the flow. In this 1111 

study, most of the experiments are in dispearsed flow and the value of  𝐸 = 3.3 for a 1112 

dispersed flow (Tan et al., 2016).  1113 

Solving the quadratic equation (A-3), the following expression for 𝑢𝜏, the shear velocity  1114 

can  be obtained: 1115 

𝑢𝜏 =  −𝑏 + √𝑏2 − 4𝑎𝑐2𝑎  
(A-4) 

Finally, the mixture velocity Vm can be calculated from the Eqn. (2-29) 1116 
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Nomenclature 𝑓𝑑̅̅ ̅ average frequency shift reflected by the multiple droplets  Er relative error of the estimation 
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εave average absolute of the error of the estimation 𝐴𝑝 pipe cross-sectional area, 𝑚2 𝐶𝑜 flow distribution parameter,  𝐼0 Initial gamma intensity 𝑈𝑜𝑤 drift flux between the phases 𝑉∞ Terminal rise velocity 𝑐𝑜𝑤 sound speed in the oil/water mixture 𝑓𝑚 two-phase friction factor 𝑓𝑚𝑎𝑥 maximum Doppler frequency  𝑓𝑡  transmitted frequency  𝑘𝑚 mixture compressibility 𝑢+ dimensionless velocity 𝑢𝜏 shear velocity m/s 𝑣̅ Average velocity of droplets in the measuring volume  𝑦+ dimensionless wall distance 𝜌𝑚 mixture density 𝐷 flow pipe internal diameter, m 𝐷𝑃 differential pressure 𝐸 compensation coefficient 𝐼 received gamma intensity 𝑃(𝑓)  Doppler power spectrum  𝑄 volume flow rate (oil + water) 𝑅𝑒 Reynolds number, dimensionless 
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𝑉 measured mean superficial flow velocity 𝑉 measured mean superficial flow velocity 𝑏 friction factor’s coefficient  𝑐 speed of the sound,  𝑔 acceleration due to gravity 𝑘 compressibility 𝑚 Exponent of the drift velocity, 𝑛 friction factor’s exponent  𝑢(𝑜𝑤) flow velocity profile  𝑧 distance gamma ray travelled through the absorbing medium 

Greek letters  𝜎𝑜𝑤 interracial tension,  𝜑𝑎  linear absorption coefficient in the air 𝜑𝑜 linear absorption coefficient for oil  𝜑𝑝 linear absorption coefficient in the pipe wall material 𝜑𝑤 linear absorption coefficient for water  𝑧 distance travelled through the absorbing medium 𝛷 is the angle of inclination of the flow pipe from the horizontal.  𝛼 time-averaged local volume fraction 𝜃 angle between the ultrasonic beam and the pipe axis 𝜇 dynamic viscosity 𝜌 flow density, 𝜏 wall shear stress, 
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𝜑 gamma absorption coefficient;  

Subscripts  𝑚 oil-water mixture 𝑜 oil flow phase 𝑠𝑜 superficial for oil phase 𝑠𝑤 superficial for water phase 𝑤 water flow phase 𝑧 distance travelled through the absorbing medium 

Subscripts 𝑚 oil-water mixture 𝑜 oil flow phase 𝑠𝑜 superficial for oil phase 𝑠𝑤 superficial for water phase 𝑤 water flow phase 

1122 
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Highlights 1125 
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▪ A method of measurement of of flow velocity in oil-water two-phase vertical 1126 

flow using a non-invasive ultrasound Doppler sensor is developed  1127 

▪ We present flow velocity measurement correlations for both oil-continuous flow 1128 

and water-continuous flow   1129 

▪ We formulated the drift-flux model for estimation of superficial velocity of oil 1130 

and of water from the measured two-phase flow velocity. 1131 

▪ The estimated results using this proposed method are in good agreement with 1132 

the reference flowmeters.  1133 
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