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Abstract
Previous research work has shown that sand production with hydrocarbons has helped to increase the
productivity of oil wells. However, this poses difficulties during shut down and start-up operations due
to sand deposition and are aggravated when the pipelines are undulating. The hilly-terrain geometry of
pipelines strongly affects multiphase flow regimes hence the need to study sand transport characteristics
as it is vital in efficient pipeline design. The aim of this research work is to experimentally investigate the
flow hydrodynamics that exist during sand transport in multiphase flow at different sand concentration. A
2-inch dip facility which consists of a downhill pipeline section, a lower elbow (dip) and an uphill pipeline
at inclination angles of 24° is used in the study. Extensive data were collected and analysed from continuous
measurement of instantaneous liquid and sand hold up using conductivity rings and flow visualisation using
a high speed camera. Results show that five different flow patterns were obtained from the sand-water test
both via visual observation and from the conductivity rings data namely: full suspension, streak, saltation,
sand dunes and sand bed. The knowledge of flow at minimum transport condition and full suspension
establishes the erosion rate over the life span of the pipeline. In contrast, the sand holdup measurement and
sand dune regime which was uniquely identified using the conductivity ring method would help overcome
the limitation of sand measurement in pipeline. Also, the Sand-Air-Water experiment carried out shows
the influence of the pipe geometry and multiphase flow regimes on sand transport in multiphase transport
pipelines.
Keywords: Multiphase Flow, Flow Regime, Conductivity Rings, Sand Transport

Introduction
Sand production is a common problem in most oil fields especially in unconsolidated reservoirs; posing an
adverse effect on well productivity and equipment. The problem of sand production with hydrocarbon is
inevitable even with the installation of sand exclusion systems or sand traps which has been disputed as not
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effective. However, according to Salama (2000), it has been proven that allowing sand production increases
the productivity of a well. In terms of sand concentration, a lower limit of 0.00538 % v/v (50lb/1000bbl) was
confirmed in a typical North Sea flow lines and this could increase to a maximum concentration of 0.0538
v/v (500lb/1000bbl) during shutdown or maintenance processes (Stevenson and Thorpe, 1999). Recent
approach of sand management is done by designing facilities that can handle the sand if produced. The
produced sand is controlled from depositing in the pipelines by operating the multiphase flow lines above
the settling velocity and the below critical erosion velocity to limit material damage. Durand (1953) carried
out one of the earliest experiment in an inclined pipeline in which he estimated the “sand limit deposition
velocity”, VD, below which there will be deposition of sand bed. Thus, it is of vital interest to study flow
conditions leading to sand deposition in solid-fluid transport systems.
Also, several studies have been done on sand transport at low angles (Zheng et al., 1995, Al-Safran et
al, 2005 etc.) but for sand flow characteristics at high angles, no adequate information has been obtained
(Osho et al, 2012). The pipelines used in oil and gas production follows the undulating pattern of either the
offshore seafloors or onshore topography known as hilly terrain geometry (as shown in Figure 1). The study
of multiphase flow in undulating pipelines is more complex than its study in horizontal pipelines due to the
flow interaction in the pipe sections and the angle of inclination involved (Osho et al, 2012).

Figure 1—Hilly terrain geometry of oil and gas pipelines (a) Flexible
riser configurations (Bai and Bai, 2005) (b) Onshore pipeline in Alaska

The undulating pipeline could consist of downhill and uphill sections and elbow regions which are usually
described as dip. The complex nature of the pipe geometry strongly affects multiphase flow as well as the
sand transport characteristics and this differs from that of horizontal pipeline under same flow conditions,
hence the importance of this study in pipeline design.
Thus, this study reveals the influence of the undulating pipeline on sand transport of different
concentration in multiphase flow vis-a-vis the flow regime, minimum transport conditions, and sand
measurement using conductivity rings.

Experimental
The experimental set-up (as presented in Figure 2) was used for this study. The set-up is a 2-inch dip facility
which consists of a downhill pipeline section and an uphill pipeline section linked to a lower elbow (dip) at
inclination angle of 24°. The dip configuration has an inner diameter of 50.24 mm, designed and constructed
using Perspex material. The 2-inch test rig for the 24° dip facility comprises a Perspex dip pipeline of 1.4
m high and 6.5 m in length, a horizontal inlet line (2.1 m of PVC pipe, 2 m of Perspex pipe) and a 2-inch
PVC pipe with the length of 10.5 meters as the water supply line. The downhill and uphill pipe sections
were connected together by a smooth bend with the radian of 132°. The total length of the arc is 1.26 m
and a bend radius of 0.55 m.

SPE-198722-MS

3

Figure 2—Schematic drawing of 2-inch dip facility

The liquid supply system consists of a water tank, a centrifugal pump, pipeline network and the water
which was used as a carrier fluid. The liquid supply system is designed as a closed loop system in which the
water supplied is returned to the water tank thereby forming a continuous cycle. The centrifugal pump can
pump water up to 40m3/hr and its valve is manually controlled by turning the handle. The water flow rate
was measured using an electromagnetic flow meter, ABB K280/0 AS model and has a range of 0 to 20m3/hr.
The sand injection system consists of a sand hopper, a flow meter, pipeline network, a positive
displacement pump and the sand which is supplied from the hopper. From Figure 2, the sand injection unit
was situated after the mixing line of the air and water. The sand hopper is a cylindrical vessel, 800 mm in
diameter and 800 mm in height, with a 200 mm diameter axial flow impeller mounted inside the hopper.
The base of the hopper is connected to a variable speed positive displacement pump and also a 1-inch
OPTIFLUX 23000C Krohne magnetic flow meter was installed which is just after the discharge line of the
injection pump. Sand used for the study is Congelton HST 95 and has an average particle diameter of 270
micron and density of 2650 kg/m3. The sand concentration used for this study is outlined in Table 1.
Table 1—Sand concentration for each sand test
Sand concentration
(lb/1000bbl)

Volumetric sand
concentration (v/v%)

50

0.00538

100

0.0108

200

0.0215

500

0.0538

For the dip configuration, four pairs of conductivity sensors depicted in Figure 3 were installed
symmetrically in the downhill and uphill pipeline for liquid and sand hold measurement.
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Figure 3—Locations of conductivity rings on the 2-inch dip facility

Results and discussion
Flow Pattern Visualisation
High speed cameras were used to record the water-sand test carried out on the 24° dip configurations. The
results presented show the behaviour of the water-sand flow for different sand concentration and superficial
water velocity. The typical flow regimes observed for the dip configuration are classified into five categories:
full suspension, streak, saltation, dunes and sand bed.
Full Suspension. In this flow regime, the sand particles are fully suspended and well dispersed in the
flowing water. The images obtained from the high speed camera for this flow regime are displayed in Figure
4.

Figure 4—Full suspension flow regime for 24° dip pipeline

Streak. The streak regime is characterised by the flow of sand particles in bundle of path lines. The
downstream of the dip as discussed in 3.2 is mostly dominated by the streak flow regime for a wider range
of velocity which is attributed to the effect of secondary flow caused by the angle of repose. Also according
to Yan et al (2010), the secondary flow at the dip was due to the co-existed effect of gravity and centrifugal
force which causes a change in the pressure gradient as the sand flows through the curved pipe.
Saltation. This flow regime is described as when sand particles are continuously picked up from a thin sand
bed layer and transported further in the pipe by the flowing water. It is also associated with fast moving sand

SPE-198722-MS

5

particles at the top of the bed. This flow regime is linked to the saltation velocity described by Gomes and
Mesquita (2014) as the minimum fluid velocity needed to keep solid particles moving after being picked
up and not coming to rest.
Dunes. This is characterised by the formation of sand dunes as a result of the momentum of the sand being
smaller than that of the fast-moving water. The images obtained from the high speed camera for the dune
flow regime are displayed in Figure 5.

Figure 5—Dunes flow regime for 24° dip pipeline

Sand Bed. This flow regime is observed at a very low combined velocity of water and sand when the
sand particles form a very slow moving bed at the bottom of the pipeline. Unlike saltation, there are no fast
moving sand particles at the top of the bed.
Flow Regime Map for 24° Dip Configurations
The flow regime map has a unique feature which is attributed to the orientation of the pipeline i.e. downhill,
uphill and dip. Figure 6 shows that the downhill section of the dip facility is mainly dominated by the
saltation and the sand bed flow regime. This is simply because the flow downhill is supported by the force
of gravity acting downwards.

Figure 6—Downhill flow regime map for 24° dip pipeline

However, the uphill section is dominated by the formation of sand dunes as well as sand bed (as shown
in Figure 7). The flow uphill is against by the force of gravity; hence the sand particles tend to break away
forming dunes as the sand momentum is lower than the water velocity.
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Figure 7—Uphill flow regime map for 24° dip pipeline

On the other hand, the downstream of the dip section was observed to be dominated by the streak flow
regime (as presented in Figure 8). The sand particles tend to be dispersed due to the angle of repose thereby
forming a streaky flow regime. The angle of repose creates a secondary flow which is due to the co-existed
effect of gravity and centrifugal force which causes a change in the pressure gradient as the sand flows
through the curved pipe (Cuming, 1955).

Figure 8—Dip (Downstream) flow regime map for 24° dip pipeline

Flow Pattern Identification using Conductivity Rings Method
The flow regime plot from the conductivity rings for the dip pipeline will be described based on the already
established flow regimes.
Full Suspension. Figure 9 depicts the time series of the normalised voltage for fully suspended sand
particles at sand concentration of 50 lb/1000bbl of water. The characteristic feature for each plot describes
a narrow strip of coloured lines representing the respective pairs of conductivity rings. At higher velocity
of 1m/s, the sand particles are fast moving and suspended in water and so the conductivity rings will sense
less quantity of sand and more of water across the pipe. Hence this gives a normalised voltage reading close
to one.
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Figure 9—Full suspension for 24° dip pipeline (a) Downhill (50 lb/100 bbl) (b) Uphill (50 lb/100bbl)

Dune. Figure 10 shows a typical shape of a sand dune which is undulating. The normalised voltage in Figure
10 is calculated with respect to the liquid hold-up. Thus, the lower spike or trough of the dune indicates the
peak of the dune where the sand particles build up while the upper spike or crest represents the region of
less sand build up i.e. more of water. The shape of the plots clearly indicates the presence of sand dunes.

Figure 10—Sand dune regime for 24° dip pipeline (a) Downhill (50 lb/100 bbl)(b) Uphill (100 lb/1000 bbl)

Sand Holdup Measurement using Conductivity Rings
This work investigates the sand fraction time series in the different pipe sections using conductivity ring
techniques. The response of conductivity rings output voltage signals were converted to sand fraction (%)
using the equation from the conductivity rings calibration for sand and water.

Figure 11—Conductivity Rings sand hold up measurement (a) Downhill
(50 lb/1000 bbl, Vsl = 0.8 m/s) (b) Uphill (50 lb/1000 bbl, Vsl = 0.4 m/s)

Significance and Limitation of Conductivity Rings Method
The flow regimes from the conductivity rings are distinguished based on the relative value of the normalised
voltage and thus there was no clear distinction between the streak, saltation and sand bed flow regime.
However, the conductivity ring results clearly describe the sand dune flow regime by generating a typical
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dune shape. While the knowledge of flow regime at full suspension establishes the erosion rate over the
life span of the pipeline. In contrast, sand dune and full suspension regime which were uniquely identified
using the conductivity rings method would help overcome the limitation of sand measurement in pipeline.
Minimum Transport Condition (MTC) for Water-Sand Flow in Dip Pipeline
According to Thomas (1962), sand minimum transport velocity, VMTC for sand/water flows was defined as
the mean stream velocity (in situ velocity of water and sand mixture) required to prevent the accumulation of
a layer of sliding particles on the bottom of horizontal pipe. The minimum transport velocity for sand-water
test in the 24° dip pipeline is outlined in Table 2. The result shows that the minimum transport velocities
for sand concentration of 50 and 100 lb are almost the same. Also, similar result was obtained for sand
concentration of 200 and 500 lb. In terms of the pipe orientation, there was no significant difference in the
MTC for the downhill and uphill sections. However, the MTC for the downstream of the dip was much
lower compared to other sections. This is due to the co-existed effect of gravity and centrifugal force on
sand particles through the curved pipe. Thus, the downhill or uphill section should be considered in pipeline
design because the sand particles tend to settle at a much higher velocity than the dip section.
Table 2—MTC for Sand – Water for 24° dip pipeline
Sand
Concentration
lb/1000bbl

Downhill (m/s)

Upstream
of dip (m/s)

Downstream
of dip (m/s)

Uphill (m/s)

50

0.4 – 0.5

0.4 – 0.5

0.5 – 0.6

0.5 – 0.6

100

0.4 – 0.5

0.5 – 0.6

0.5 – 0.6

0.5 – 0.6

200

0.5 – 0.6

0.6 – 0.7

0.6 – 0.7

0.6 – 0.7

500

0.6 – 0.7

0.6 – 0.7

0.7- 0.8

0.7- 0.8

Sand Transport Behaviour in Air-Water Flow
Sand transport characteristics along the whole dip configuration is introduced to provide a better
understanding of sand transport behaviour in different air-water flow multiphase flow regimes such as
segregated and intermittent flow.
Sand Transport Characteristics in Stratified flow. In this experiment, it was observed that the prevailing
segregated flow was stratified flow in downhill section, where sand particles were transporting at the bottom
of the stratified liquid film as a thin sand streak. Similar occurrence was observed during the whole test
with different sand concentrations. Figure 12 below illustrates the transportation of thin sand layer on the
bottom of the downhill pipe.

Figure 12—Sand streaks transporting on the bottom of the pipe for 200 lb/1000bbl of sand, Vsl= 0.35 m/s
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Sand Transport Characteristics in Slug Flow. By increasing gas velocity, slug was found to be generated
at the upward of the dip. The compressed air on the liquid film region penetrates into the slug body as
turbulence was generated. As the turbulence at the slug front reaches the sand particles that have settled at
the bottom of the pipe, it lifts and transports some of the sand particles. At the slug tail, velocity begins to
decelerate. The rest of the sand particles crept back to the bottom of the pipe into the film zone, until another
energetic slug body picks up the sand particles (as depicted in Figure 13). Thus, kinetic energy impacted by
the turbulence of the slug front supports the transport of sand particles in the pipeline.

Figure 13—Slug flow for 50lb/1000bbl of sand, Vsl= 0.15m/s, Vsg= 0.3m/s (a)
Slug body pick up some particles (b) Part of the sand left in the liquid film

Conclusions
Research work by Salama (2000) has shown that sand production with hydrocarbons has helped to increase
the productivity of oil wells. However, sand deposition occurs during shutdown processes thereby posing
difficulties during start-up operations (Takahashi et. al., 1989). These challenges during sand transport are
aggravated when the pipelines are undulating. The undulating geometry of pipeline are strongly affects
multiphase flow regimes hence the need to study sand transport characteristics as it is vital in efficient
pipeline design.
The results from this study showed that the flow regimes observed in the dip facility strongly depends
on the sand concentration and velocity of water irrespective of the pipe orientation. Five different flow
regimes were identified within the range of flow condition for the sand–water experiment: full suspension,
streak, saltation, dunes and sand bed. The downhill section of the dip facility was dominated by the saltation
and sand bed regime while in the uphill section, the dunes flow regime was prevalent in the 24° dip
configurations. The dip section was observed to form more of sand streak behaviour due to the effect of
secondary flow caused by the angle of repose. These flow regimes were however different from horizontal
or inclined flow regime due to the influence of the flow interaction of the undulating pipes. Also the results
infer that the downhill or uphill section should be considered in pipeline design because the sand particles
tend to settle at a much higher velocity than the dip section. On the other hand, for the sand-air-water
experiments, stratified and slug flow regimes support the transport of sand particles.
This study also reveals the uniqueness of the conductivity rings in identifying sand dune regime and sand
holdup measurement and its significance in overcoming the drawbacks of sand measurement in pipeline.
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