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Abstract 

Producing sand during oil and gas production is unavoidable. Sand is produced along with oil and gas 

and its deposition in pipelines is a significant risk as it can cause pipe corrosion and flow assurance 

difficulties. It is therefore key that flow conditions are sustained to guarantee lack of deposition of sand 

particles. The minimum combination of mixture velocities that guarantee continuous sand motion is 

known as the minimum transport condition (MTC). Here, we investigate the effect both of sand 

concentration and particle diameter on MTC in a horizontal pipeline in the stratified flow regime. Non-

intrusive conductivity probes were utilised for the detection of sand. These sensors are commonly used 

for the measurement  of film thickness in gas and liquid flows, but we demonstrate their use here for sand 

detection after suitable calibration. It was observed that at the ultra-low sand concentrations of our 

experiments, MTC increases with both sand particle diameter and concentration. We developed a new 

correlation based on Thomas’s lower model but included a sand concentration correction term that also 

applies at low particle concentrations. The correlation’s predictions compared favourably with our 

measurements at MTC as well as data obtained from the open literature at medium concentrations.   

 

Keywords: Conductivity sensors, multiphase flows, sand transport, stratified flow, flow measurement. 

 

Introduction 
Predicting sand minimum transport conditions (MTCs) in pipe two-phase flow in petroleum pipelines 

is crucial and a topic of increasing importance in the petroleum industry. Most of current oil and gas 

reservoirs are disposed to producing sand due to the different actions carried out to increase production 

rate. Should oil and gas production rate be high, the transport of sand particles along the pipe walls will 

result in erosion of the pipe’s inner surface. Conversely, if the rate of fluid production is low, sand 

deposition will become a problem within the conduit, and a consequence can be considerable damage to 

facilities and flow assurance problems. These include larger pressure loss, localised high velocities, loss 

of production due to partially or completely blocked pipes, and frequent cleaning operations which can be 

prohibitively expensive. Due to these, there is need to produce from reservoirs with sand without affecting 
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production rates and production systems integrity. (Bello, 2008) noted that to prevent sand sediment 

deposition in pipes during oil and gas production, adequate knowledge of key design parameters is needed, 

such as MTC, sand hold-up, and precise prediction flow regimes. 

Before going into the details of our study, a brief review of recent literature will be given. Oudeman 

(1993), conducted experiments of sand transport in air–water two-phase flow and a correlation was 

proposed. To do that, they defined two dimensionless groups associated with sand transport and fluid flow 

rates. Experiments were performed in a pipe of 0.07 m internal diameter where they utilised particles of 

150-microns, 300-microns and 690-microns sizes. The clustering effect of smaller particles were 

determined with void fractions of 0 to 20%, and liquid velocities ranged between 0.1 and 0.2 m/s. For 

monitoring the effect of viscosity, water was mixed with carboxymethyl cellulose to increase viscosity to 

7 mPa.s. Sand concentration used was not specified in their article and also the effect of surface tension 

was determined by adding surfactants. Ouderman concluded that the sand transport is not directly affected 

by the gas–liquid flow regime. For viscosity, water–CMC mixture was reported to have an increased 

capacity to carry sand and has erosion effect on the sand bed. Moreover, in the transition from stationary 

to moving bed, void fraction has little influence but has substantial effect in the transition from a moving 

bed regime to suspension.  

(King, Fairhurst and Hill, 2001) derived a minimum transport model for pressure drop which is a 

revised Thomas (1962) model. Their derived relationship relates friction velocity to pressure gradient by 

a criterion comparing particle diameter to the viscous sub-layer thickness. Thomas (1962) MTC 

relationship based on the friction velocity are categorised as his upper model and lower model 

respectively. (Stevenson and Thorpe, 2002) investigated particle motion in the stratified smooth flow 

regime and a correlation was developed to calculate inception velocities of particles in the smooth 

stratified flow pattern. They performed their experiments in a 0.04 and 0.07-m pipes at slightly inclined 

angles to the horizontal. The particle sizes used were of 150–1180 micron size. The effect of viscosity was 

also investigated (1–4.8 mPa.s). In conclusion, they noted that the average velocity of the stratified liquid 

has a linear proportionality to particle velocity and large particles are transported quicker than small 

particles.  

Ibarra et al. (2014) studied sand transport in stratified air – water flow and a correlation was derived 

for sand minimum deposition velocity. A 4-in horizontal test facility was used to carry out their 

experiments. Water and air were the test fluids. Glass spheres of 211-297 microns were the solid particles 

transported. The gas and liquid velocities were respectively in the range: 5–11 m/s and 0.10–0.14 m/s.  

An experimental investigation was conducted by (Najmi et al., 2015) on particle transport at low liquid 

loading with low gas flow rates. The influence of particle shape, concentration, size and pipe diameter 

were investigated but not the impact of liquid viscosity. The experiments were conducted by using two 

pipes of diameter 0.05 and 0.1 m, the latter of which can be considered as a large diameter pipe. The 

irregular and regular particles used in the work ranged from 20 to 350 microns with volume concentrations 

(CV) of 0.01% and 0.1%. Water was used as the experimental liquid. They utilised the model of (Fan et 

al., 2007) to calculate the liquid holdup so that the actual sand deposition liquid velocity can be 

determined.  

Most recently, (Fajemidupe et al., 2019) studied sand MTC in air–water using non-intrusive 

conductance probes in the stratified regime. An extensive characterisation of sand flow regimes were 

carried out at various particle concentrations and sizes. They observed that sediment transport is affected 

by a combination of size, concentration and gas superficial flow for which an MTC correlation was 

developed based on Thomas’s lower model using their data and that of (Ibarra, Mohan and Shoham, 2014) 

for low to medium sand concentrations.  

The concise literature review presented above reveals that there are many studies on the influence of gas 

and liquid velocities, particle size and concentration. However, with the exception of (Fajemidupe et al., 

2019), these studies were mostly limited to medium and high sand concentrations. Conversely, there seem 

to be no general consistency in the form of correlations for particle transport in pipelines. Nevertheless, 

many authors did adopt Thomas (1962) lower model, fitting their experimental data to incorporate a sand 
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concentration factor, but these generally fail to sufficiently describe sand behaviour at ultra-low 

concentrations (i.e. <0.001% v/v). Hence, in the current study, effort is made towards improvement and 

we present a valuable dataset for sand, liquid, and gas transport in horizontal pipes.  

 

Experiments 
We carried out the experiments in the sand horizontal test facility in the two-phase flow laboratory 

within the Oil and Gas Engineering Centre at Cranfield University. Figure 1 (a) gives the experimental 

and it mainly comprises of a horizontal pipe section with an internal diameter of 2 in. (i.e. 0.0504 m). The 

test facility comprises of a 25-m length of pipe, of which 10.5 m of that is made of PVC that was used as 

the inlet for water supply. The remaining pipe section is made of Perspex material. A couple of flush-

mounted conductivity sand sensors were flush-mounted, identical to those utilised by (Aliyu et al., 2017b, 

2016; Aliyu et al., 2016; Aliyu et al., 2017; Almabrok et al., 2016) for the measurement of liquid film 

thickness and have an uncertainty of ±3.33%. A schematic is given in Figure 1 (b) and (c). The probes, 

installed at 6 m downstream of the air/sand introduction location along the axis of the horizontal pipe, are 

210 mm apart. The other sand sensor was placed in between the conductivity ring sensors. In his doctoral 

thesis, (Fajemidupe, 2016) showcased the efficacy of such sensors for use in detecting flowing sand. The 

voltages obtained from the sensors were converted into a non-dimensional or normalised voltage (𝑉𝑛𝑜𝑟𝑚) 

using the relation:  

 

𝑉𝑛𝑜𝑟𝑚 =  
V𝑠𝑎𝑛𝑑,𝑤𝑎𝑡𝑒𝑟− V𝑒𝑚𝑝𝑡𝑦 𝑝𝑖𝑝𝑒 

V𝑤𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦− V𝑒𝑚𝑝𝑡𝑦 𝑝𝑖𝑝𝑒
  (1) 

 

Where V𝑠𝑎𝑛𝑑,𝑤𝑎𝑡𝑒𝑟 is the voltage response when sand and water mixtures flow in the pipe; V𝑒𝑚𝑝𝑡𝑦 𝑝𝑖𝑝𝑒 

is the voltage response for an empty pipe with only air at atmospheric pressure; and V𝑤𝑎𝑡𝑒𝑟 𝑜𝑛𝑙𝑦 is the 

voltage response for the pipe full of water only. The implication of Eqn. (1) is that a pipe with flowing 

water only, the normalised voltage is unity. In the presence of sand, there is an attenuation of the voltage 

signals between the transmitter and receiver electrodes and this varies with the sand concentration 

according to a calibration curve: 𝐶𝑣 = 0.037exp(-36.35𝑉𝑛𝑜𝑟𝑚) + 0.0628exp(-7.577𝑉𝑛𝑜𝑟𝑚), where 𝐶𝑣 is the 

sand fraction (in % v/v). where there are sand–water mixtures,  normalised voltage values are between 

zero and unity. During experiments, we recorded voltage response from each sensor for 2 minutes after 

steady state is adjudged to have been established.  

Pressure transducers were also mounted at 1.5 m downstream from the first sensor and 4 m from the 

air–sand introduction location to read pressure signals from which pressure gradient was calculated.  

Additionally, a 2-in ring-type conductivity sensor was installed to quantify liquid holdup. The calibration 

method for all the sensors are detailed in previous articles (Aliyu et al., 2017a; Yan, 2010).  
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(a) 

 
 

(b) (c) 
 

Figure 1: (a) Sand transport test flow loop (b) Conductivity sand sensor probe flush-mounted in a Perspex calibration 

assembly (c) details of  sensor (all dimensions are in mm) (See (Fajemidupe et al., 2019) for further details) 

Results and discussion 
 

Sand transport flow regime identification 
Visual observations of the inception of particle transport were used for MTC determination, and flow 

regime determination for different 𝑉𝑠𝑙 values. Video recordings were also made and used for detailed 

studies of sand transport behaviour. Flow pattern maps were generated for the respective flow conditions 

and have been presented in previous publications (Fajemidupe, 2016; Fajemidupe et al., 2019). In the 

following subsections, we present still images of these video recordings alongside the sand signals from 

both conductivity sensors. We use the power spectral density (PSD) to analyse the frequency response of 

the signals obtained from the sensors. The PSD, defined as the power spectrum of a time series describes 

the decomposition of power into its constituent discrete frequency components. For a discrete signal 

within a final window of observations 1 ≤ 𝑛 ≤ 𝑁, and sampled at discrete times 𝑥𝑛 = 𝑥(𝑛Δ𝑡) for a total 

measurement period 𝑇 = 𝑁Δ𝑡, a single estimate of the power spectral density is given as: 
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𝑃𝑆𝐷 =
(Δ𝑇)2

𝑇
|∑ 𝑥𝑛𝑒−𝑖𝜔𝑛Δ𝑡𝑁

𝑛=1 |
2
  (2) 

where 𝜔 = 2𝜋𝑓 is the angular frequency and f is the sampling frequency of the signals. As for any real 

world application such as the sensors used here, the signals are averaged over many trials to obtain 

statistically representative samples of the underlying phenomenon. For sand transport above minimum 

transport conditions (i.e. 𝑉𝑠𝑙 = 0.06 m/s, 𝑉𝑠𝑔 = 4.4 m/s) with particle sizes of 212 microns at 500 lb/1000 

bbl concentration, the image of this flow condition is given in Figure 2 (a).  At this condition, all sand 

particles were suspended and none moving at the pipe’s lower periphery or across the interface dividing 

the gas and liquid phases. The PSD for suspension has peaks that spread from 0 to 5Hz with the 

dominant frequency occurring at 0.9Hz.  

A thick streak of sand emerged at the pipe’s bottom as 𝑉𝑠𝑔is less than 𝑉𝑠𝑔,𝑀𝑇𝐶 (Figure 2 (b)). This 

occurred when 𝑉𝑠𝑔 decreased from 4.3 m/s to 4.2 m/s. Thicker sand streaks sliding along the bottom of the 

pipe were observed. The signals from the sensors are well below unity in comparison to those from the 

suspension flow regime. Sand streaks, defined as ribbons of sand, were formed and structured along the 

flow direction. Below MTC, the decrease of 𝑉𝑠𝑔 from 4.4 m/s to 4.3 m/s at the same 𝑉𝑠𝑙 of 0.06 m/s resulted 

in the sand particles to move hence causing in the achievement of MTC. An image of this test point is 

shown in Figure 2 (c). For this air–water test point, some sand particles moved at the pipe bottom as semi-

settled streaks in the liquid phase. The peaks of the PSD plot at the MTC spread from 0 to 3Hz and decay 

from 3 to 5Hz with the dominant frequency occurring at around 0.1Hz. 

Figure 2 (d) depicts the moving sand dunes flow regime where particles with sizes of 212 microns 

and 𝐶𝑣 of 500 lb/1000 bbl. The superficial liquid velocity was 0.06 m/s. Moving sand dunes appeared as 

𝑉𝑠𝑔 was decreased from 4.2 m/s to 4 m/s and dunes are moved slower, increasing in size by 20–30%. 

Reducing the gas superficial velocity further, resulted in sand particles converted into more densely 

packed clusters at the pipe bottom compared to the condition at 𝑉𝑠𝑔= 4.2 m/s. In terms of the frequency 

analysis, the dominant frequency of moving dunes occurs at 0.1Hz. The peaks in this flow regime decay 

significantly to almost a single peak. We observe that the PSD for moving dunes in sand–air–water is 

similar to the PSD of moving dunes in sand–water. 

 

   
(a) 

   
(b) 
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(c) 

 
  

(d) 
 

Figure 2: Representative sand flow regimes (left), signals from the two installed sensors – blue for upstream sensor, 

red for downstream (centre), PSD frequency plots (right). (a) Sand suspension at 𝑽𝒔𝒍 = 0.06 m/s, 𝑽𝒔𝒍 = 4.4 m/s, 𝑪𝒗= 

500bl/1000 bbl; (b) Sand Streak regime below MTC at 𝑽𝒔𝒍 = 0.06 m/s, 𝑽𝒔𝒈  = 4.2 m/s, 𝑪𝒗 = 500 bbl/1000 bbl); (c) Sand 

Streak regime at MTC i.e. 𝑽𝒔𝒍 = 0.06 m/s, 𝑽𝒔𝒈  = 4.3m/s, 𝑪𝒗 = 500bl/1000 bbl; (d) Moving sand dunes at 𝑽𝒔𝒍 = 0.06 m/s, 

𝑽𝒔𝒈 = 4.2m/s, 𝑪𝒗 = 500bl/1000 bbl. Adapted from (Fajemidupe, 2016; Fajemidupe et al., 2019). 

Mixture friction factor 
In solid–air–water flow, determination of friction factor is vital for the estimation of real liquid 

velocities. As a result of this, we obtained friction factors from the experimental pressure gradients. Table 

1 shows that 𝑉𝑠𝑔, and 𝑉𝑠𝑙, real liquid velocity, 𝑢𝑐
∗ (the critical friction velocity), liquid holdup and friction 

factor for 212 microns at 𝐶𝑣 of 200 lb and 500 lb per 1000 bbl. When the friction factors are compared at 

MTC for the same liquid superficial velocity at different 𝐶𝑣 values (e.g. 𝑉𝑠𝑙 0.06 m/s, 200 lb/1000 bbl and 

𝑉𝑠𝑙 0.06 m/s, 500 lb/1000 bbl) in Table 1, we show that the measured friction factors from pressure 

gradients are different for the same 𝑉𝑠𝑙 due to the presence of sand particles. Yet, using a general friction 

factor for the calculation of the real liquid velocities at different gas superficial velocities can result in 

over- or under-estimating real liquid velocities. Because of this, the friction factor was determined from 

the pressure gradient measured experimentally. 

 
Table 1: Calculated equivalent friction for different flow conditions for particles of 212 microns 

Particle 

concentration, 

Cv [lb/1000 bbl] 

Vsl 

[m/s] 

Vsg 

[m/s] 

Particle 

velocity at 

MTC [m/s] 

Critical 

friction 

velocity [m/s] 

Liquid 

holdup [-

] 

Mixture 

friction 

factor 

200 0.06 4.12 0.23 0.049 0.25 0.091 

500 0.06 4.29 0.24 0.053 0.24 0.097 

200 0.07 3.90 0.25 0.046 0.27 0.063 

500 0.07 4.19 0.33 0.059 0.21 0.064 

200 0.08 3.73 0.33 0.062 0.24 0.069 

500 0.08 4.00 0.36 0.063 0.22 0.061 

200 0.09 3.55 0.38 0.064 0.24 0.058 
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500 0.09 3.62 0.39 0.069 0.23 0.061 

 

Correlation of MTC data 
We attempt to arrive at an MTC correlation of the form:  𝑢𝑐

∗ − 𝑢0
∗ = 𝐾𝐶𝑣

𝛼 in order to progress Thomas’s 

lower model. First proposed by Thomas in 1962, correlations of this form have been suggested by (Zandi 

and Haydon, 1971). To develop a correlation that describes all our conditions at MTC, data from test 

points (𝑉𝑠𝑙 = 0.06, 0.07, 0.08, 0.09 m/s) are collated and the  following procedure was adopted for data 

reduction. Firstly, data was collected for all 𝑉𝑠𝑙 and for the range of 0.0000539  𝐶𝑣 0.00049. The MTC 

was precisely determined by a cross-corelation of the two signals from the sensors and which a friction 

velocity was calculated using: 

 

𝑢𝑐
∗ = (√

𝑓

2
) ∗ 𝑢𝑝,𝑐  

(3) 

 

where f is the mixture friction factor calculated from the pressure gradient as follows: 𝑓 = −
𝑑𝑃

𝑑𝐿
 

𝐷

𝜌𝑚𝑖𝑥𝑉𝑚𝑖𝑥
2  

where 𝑉𝑚𝑖𝑥 is the mixture velocity being the sum of the real liquid, sand and gas velocities at MTC; 

𝜌𝑚𝑖𝑥 is the mixture density calculated by 𝜌𝑚𝑖𝑥 = 𝐻𝑙𝜌𝑙 + (1 − 𝐻𝑙)𝜌𝑔 + 𝐶𝑣𝜌𝑝; 𝐻𝑙 is the liquid holdup 

obtained using the ring conductivity sensors, and subscript p denotes particles. Secondly, data for 50 

lb/1000 bbl is used to calculate 𝑢0
∗  since it is the friction velocity at infinite dilution (or least 

concentration) from the 2-inch flow rig: 

 

𝑢𝑜
∗ = 𝑢

𝑐(
50 𝑙𝑏

1000 𝑏𝑏𝑙
)

∗   (4) 

All data are fitted to 𝑢𝑐
∗ = 𝑢0

∗ + 𝐾𝐶𝑣
𝛼. The slope K and the power 𝛼 are determined by least squares 

regression. The left-hand side and first term used in isolation give Thomas’s lower model. Assuming a 

power law behaviour, a correction to the Thomas lower model can be incorporated to account for sand 

concentration 𝐶𝑣. Next, we convert uc
∗ to a real liquid velocity at MTC. We therefore give a correlation 

for MTC for sand in stratified flow as: 

 

𝑢𝑐
∗ = 𝑢0

∗ + 0.7𝐶𝑣
0.4m (5) 

where 𝑢0
∗   is Thomas’s (1962) lower model: 

 

𝑢0
∗ = [100𝑢𝑡 (

𝑣

𝑑𝑝
)

2.71

]

0.269

  
(6) 

 

where 𝑑𝑝 is the particle size,   𝑢0
∗  is the friction velocity, v is kinematic viscosity and 𝑢𝑡 is particle 

settling velocity. Figure 3 is a plot of Eqn. (5) together with the present experimental data and those by 

(Ibarra, Mohan and Shoham, 2014). They used particle concentrations of between 0.001 and 0.0048% 

v/v. Their work did not study <0.001% v/v which all current data was obtained. As seen, Eqn. (5), is a 

good fit to both datasets and effectively reflects the influence of small to intermediate particle 

concentrations.  
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Figure 3: Correlation of sand MTC data: current and other literature data against modified Thomas-type 

correlations. All markers are measurements while curves are respective models.   

We compare the results of correlation’s predictions with the experimental data for sand transfer at MTC 

at different particle concentrations and sizes. We find that our correlation gave satisfactory predictions in 

comparison to the experimental results at MTC at most test conditions. The percentage absolute error, 

PAE (defined as  𝑃𝐴𝐸 = |𝑉𝐿,𝑀𝑇𝐶,𝑒𝑥𝑝 − 𝑉𝐿,𝑀𝑇𝐶,𝑝𝑟𝑒𝑑|/𝑉𝐿,𝑀𝑇𝐶,𝑝𝑟𝑒𝑑 × 100%) was used to measure the 

performance of the correlation. The subscripts exp and pred used with the velocities denote experimental 

and predicted respectively. The errors range from zero to 24% and a mean deviation of 7%. Each of the 

most deviated points occurred at the least and largest particle diameters implying that the best predictions 

are at medium particle sizes. 

 

Conclusions 
Erosion and corrosion problems can result in oil and gas pipelines if sand, co-produced and transported, 

is allowed to settle within the pipe. This results in pipes eroding, corroding and giving flow assurance 

problems. It is hence paramount that flow conditions ensure unceasing sand transport so that just the 

precise amount of energy is consumed. Flow conditions that allow this are referred to as the minimum 

transport conditions. Here, sand minimum transport conditions in horizontal solid–gas–liquid flows were 

determined for different sand particle sizes and concentrations in the stratified regime. We used visual 

observations to categorise the sand flow regimes. These were identified as the sand streak regime, 

suspension regime, and moving sand dune regime. Using the liquid holdup measured with ring-type 

conductivity sensors, alongside the sand concentration, and pressure gradient for friction factor 

calculation, we determined the friction velocity and the minimum transport velocity of the liquid. A 

correlation based on Thomas (1962) lower model was then extended by including a power-law 

concentration term. We demonstrated the improved predictions of the new correlation and suggest further 

work to be carried out to additionally extend the existing range of sand particle concentrations available 

in the open literature.  
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