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A B S T R A C T

Slurries of cohesive particles constitute a significant risk during subsea petroleum production due to their
potential to plug the flow. This article describes a flow loop study of a slurry consistent with 0.23-mm ice
particles in decane. The experiments were conducted for the concentration of particles up to 20.3% vol. and Re
< 25000. The cohesion of ice was suggested by controlling the temperature of the slurry. The relative viscosity
of the slurry was computed as a function of particle concentration using pressure drop measurements. The
relative viscosity was 3.1 for the concentration of 20.3%. The Bingham-fluid model agreed with the empirical
calculations within the discrepancy of 15.5%. Increased viscosity of slurry led to a higher pressure drop in
the flow loop compared to the single-phase case. Pressure drops for 20.3% slurry flow were 5.2% and 44.4%
higher than for pure decane at Reynolds numbers of 24778 and 4956, respectively. The test section of the
loop was equipped with an orifice to induce the formation of plugs. The plugs were observed at particle
concentrations below 7.0%. The article presents detailed experimental logs depicting the process of plug
formation. The observed blocking cases partially agreed with flow maps from the literature. In addition, we
note the applicability of the blockage risk evaluation technique from the Colorado School of Mines.
1. Introduction

Slurry flows are frequent in energy technology. One of many ex-
amples is coal slurries, which are used for a low-cost transport of fine
coal particles and efficient coal combustion [1]. Also, slurries occur as
drilling muds in the petroleum industry [1] and as coolants in refrigera-
tion processes [2]. Generally, pipe transport of slurries is a challenging
problem. The particle size often varies between tens to hundreds of
microns, and such particles settle under gravity without sufficient flow
agitation. Particulate deposits are thus formed in stagnation zones often
associated with local flow restrictions.

The issue of deposit formation is crucial in petroleum flow assur-
ance. Deposits of solid particles increase pumping costs and negatively
alter the flow morphology. In this context, the most problematic slurries
are those containing cohesive particles, i.e., gas hydrates, wax, and
their mixtures [3–5]. In addition to the formation of deposits, the
cohesive particles may plug the whole pipeline cross-section. There are
many detailed experimental studies of hydrate slurries. Majid et al. [6]
considered the formation and flow of a methane slurry in a 4-inch
flow loop filled with a three-phase mixture of crude oil, brine, and
methane. Their research revealed significantly elevated pressure drops
if more than 15% of hydrates were formed in the slurry, mainly if the
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oil content was high. It means the cohesion between hydrate particles
is weaker in water-dominated systems. A similar result was obtained by
Vijayamohan et al. [7] for a natural gas hydrate slurry in a 3-inch flow
loop. None of these works studied the process of plugging in detail, as
those papers dealt with complex high-pressure systems where multiple
parameters of the slurry were uncertain. These parameters were the
particle size, cohesive force, and volume fraction of the particles.

To ease the experimental characterization of the slurry, it is possi-
ble to combine the desired parameters of the flow into the apparent
viscosity and yield stress. There are various works where flow loop
pressure measurements are interpreted in terms of the rheology of
hydrate slurries. Darbouret et al. [2] conducted laminar flow loop
experiments using a water-based slurry of tetra-n-butylammonium bro-
mide hydrate. The authors found that the slurry was a Bingham-type
fluid with yield stress up to 4 Pa at 50% particle load. Fidel-Dufour
et al. [8] studied a laminar slurry of methane hydrates that were formed
in a water-dodecane emulsion. They found that the slurry’s apparent
viscosity depends on the particle’s mean size and that the relative
viscosity of the slurry is above 6.0 at the particle concentration of
16%. The rheological expression by Snabre and Mills [9] was used by
Fidel-Dufour et al. [8] to fit the experimental data. In addition, it is
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challenging to relate the obtained rheological studies to an industrial
case that is supposed to be in a turbulent regime. A comprehensive
rheological study of a natural gas hydrate slurry was recently conducted
by Ding et al. [10]. The analysis was performed in a 25-mm flow loop
for an emulsion-hydrate slurry, controlling the pressure drop and the
particle size in the system. They found that the rheological expression
by Snabre and Mills [9] fitted the experimental results well and that a
significant amount of unconverted water was trapped inside hydrate
shells. Therefore, hydrate-based slurries may be characterized by an
effective volume fraction beyond the actual solid content in the system.
The flow parameter is the effective volume fraction, which is uncertain
for a realistic industrial system. Despite the greater certainty in the
design of the rheological experiments, there was no plugging formation
reported there [2,10]. This is most possibly since a rheological analysis
requires a homogeneous flow in the system. However, the process of
plugging is also dependent on the local flow parameters and geometry
of the process.

Ice slurries may contribute to a more accurate design of flow-
assurance experiments as ice particles constitute a suitable model of
gas hydrates. In this case, the concentration and the initial size of
the particles may be controlled by precisely dozing the ice directly
into the slurry. The thermal stability interval is similar for a majority
of hydrates [3] and the cohesion of the ice is also similar to that of
hydrates and is well known for different conditions [11,12]. There is
a significant knowledge base on experiments with the ice slurries used
in refrigeration [13]. In these studies, the concentration of the particles
was up to 40% [14,15], and the size of the particles was typically under
1.0 mm [16,17].

Niezgoda-Źelasko and Źelasko [15] measured the pressure drop in
a flow loop with slurries with 100∼150 μm particles at concentrations
under 30%. They found that the pressure drop significantly increased
with ice concentration for laminar and transitional flow regimes. How-
ever, the particle presence did not contribute to the pressure drop in
the turbulent flow regime. Moreover, the pressure drop in the slurry
was lower than that in the one-phase flow of the pure carrier fluid for
the same flow velocity.

Onokoko et al. [18] analyzed pressure drop in a pipe flow of
slurry loaded with up to 20% wt. ice particles. A slight influence of
the particle concentration on the pressure drop was noted for flow
velocities above 2 m/s. However, in [15], a doubling of pressure drop
decrease was detected at 0.08 m/s when the ice concentration was
increased from 5% wt. to 20% wt.

Rayhan and Rizal [19] studied water-based ice slurry with methanol
in the flow loop. They found that Doetsch and Christensen models could
not adequately predict the pressure drop in slurries, obtaining a four-
fold increase in the laminar regime at a particle concentration of 𝑥 =
9% wt. They proposed a new model and noted that slurries showed
oth Newtonian (3% < 𝑥 < 5% wt.) and pseudoplastic behavior (𝑥 > 9%
t.).

Bordet et al. [14] considered the pressure drop and flow patterns
n a straight horizontal pipe with an ice slurry laden with 250 μm
articles at concentrations up to 18.4%. The experiments showed that
he pressure drop was 1.6 times higher for 18.4% ice slurry than for
he pure carrier fluid at 0.6 m/s, and the slurry pressure drop was 21.7
imes higher than that for pure fluid at 0.025 m/s. A majority of the
eported flow experiments with ice slurries in the literature did not
esult in plugging of the pipe [13]. This is probably due to the fact that
he carrier fluid involved was an aqueous solution of ∼10% ethanol or
lycol, whose presence decreases the cohesion of ice.

There are a few experimental studies of cohesive ice slurries for
etroleum flow assurance. Rensing et al. [20] conducted experiments
n an ice slurry in crude oil at ice concentrations up to 70%. The slurry
as produced by cooling a water-in-oil emulsion with a droplet size
elow 3 μm. During the experiments, it was found that the slurry was
hear-thinning for concentrations above 10%. The relative viscosity of
2

he slurry was equal to 25 at the concentration of 50%. There was yield
tress detected in the slurry at concentrations above 25%. The yield
tress was in the interval of 300 to 3000 Pa. The relative viscosity of the
lurry produced from a brine-in-oil emulsion was at least twice lower
han for a pure-water–ice slurry. This indicated a higher cohesion for
he latter case.

The work by Hirochi et al. [21] is among but a few experiments on
lugging in ice slurries. In this work, an experimental system consisting
f a 52-mm pipeline was blocked by a water–ice slurry. The plugging
as induced by an orifice inserted into the pipe. The particle size was
mm, and the concentration of the particles was up to 40%. A flow map
f the plug formation was determined in the experiments. According
o the flow map, a plug was formed in a very dilute slurry at a flow
elocity lower than 0.12 m/s, while blockage was impossible at 0.5 m/s
ntil the concentration increased beyond 32%.

In our research, we further developed the experimental approach
roposed by Hirochi et al. [21]. For this, we conducted a series of
low loop experiments using a decane-oil slurry. The loop was also
quipped with an orifice to localize the place where the plug can
e formed. We investigated the potential location and rationale for
ow plugs are formed in the system. In our tests, we accurately con-
rolled the concentration and size of the particles. In addition, by
xploiting micro-mechanical measurements by Yang et al. [12], we
et the temperature of the flow to control the cohesion between the
articles. This paper provides a precise definition of flow geometry
nd experimental conditions. Together with the detailed information
n the formation of particulate obstructions in the loop, they formulate
suitable benchmark for validating numerical models of plugging.

. Experiments

.1. Ice slurry

The ice slurry used in this study was made from decane (liquid
hase) and ice particles (solid phase). Decane with a chemical purity of
99% was supplied by Sigma Aldrich company, while the ice was pro-
uced in-house from tap water. The typical chemical composition of the
ater is presented in Supplementary materials (Bergen Vann, annual
ater quality report). Surfactants were not used in the experiments.

For the tests, ice slurry was prepared through several stages. First,
he required mass of ice was produced as ice cubes in a freezer at
22 ◦C. Then, the ice cubes were crushed and mixed with a small
mount of decane in a blender (BN750EU from Ninja).

The resulting ice particles were investigated by means of optical
ranulometry. Pictures were taken by a Leica Quad Camera (20 MP,
/2.2, 16 mm). We analyzed the photos of the particles taken from
he samples of freshly produced slush before they were charged into
he flow loop. We also took samples from the flow loop during the
xperiments.

The obtained photos were treated in the Image-J software with the
tandard functions ‘‘Analyze’’ and ‘‘Analyze particles’’. The treatment
imed to determine the boundaries of particles and estimate the particle
ize as the diameter of a sphere with an equivalent projected area.

The produced concentrated slush was cooled down to −22∼−25 ◦C
and stored in a freezer. The pure decane was kept at the same tempera-
ture. At the test start, the decane and required slush mass were poured
into the expansion tank (see Fig. 1) and stirred there.

2.2. Flow loop

The experimental set-up is depicted schematically in Fig. 1. A closed
flow loop where ice slurry was pumped through a transparent test
section. The test section was a straight horizontal pipe, 1.73 m in
length, 22-mm inner diameter, and a 1.5-mm wall thickness. The walls
of the tubing were made of 304 stainless steel. A blind-T flow restriction
conditioned the flow profile at the entrance to the test section. The

section was equipped with an orifice to increase the probability of plug
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Fig. 1. The hydraulic scheme of the flow loop. P, T, F denote pressure, temperature,
and flow rate measurements.

Table 1
Measurement system.

Parameter Sensor Meas. range Inst. error

Temperature PT100 + LKM 103
Transducer

−40∼85 ◦C ±0.1 ◦C

Pressure Gems 3500 Pressure
Transmitter

0∼4 bar 0.25%

Differential
pressure

Omega PXM219-006AI 0∼6 bar 0.25%

Flow rate Micro Motion Coriolis
Flow Meter (R050S
Sensor,1700 Transmitter)

0∼3600 kg/h 0.5%

formation. The diameter of this restriction was 9.5 mm, and the length
was 10 mm. Also, there were two facets (1 mm × 45◦) in the orifice.

The orifice was installed at a distance of 85 cm from the test
ection inlet. It corresponds to 38.6 hydraulic diameters. The orifice
as mounted inside a 110-mm transparent glass pipe (borosilicate glass
.3). The test section was connected to the rest of the loop using two
0-degree T-junctions. The total length of the steel pipes in the loop was
.7 m. There were also 1.3 m of flexible hoses that enabled changing tilt
ngles of the test section. The internal surface of the hoses was covered
ith smooth nitrile rubber. The loop included two 45◦ bends in the

metal pipes after the pump and fourteen 90◦ bends in the pipes in total
(including the turns inside the flowmeter). A bifurcation of the pipes
between the pump and the test section included an injection port.

For pumping the slurry, we used a centrifugal pump (Pedrollo HF
70 A, 2.2 kW) coupled with a frequency converter (ABB ACS355). We
altered the flow rate in the system using the frequency converter. The
casing of the pump was made of cast iron, and the closed-type impeller
was made of brass. The axial clearance in the pump was 4 mm. The
impeller with seven blades had a thickness of 10 mm and a diameter
of 200 mm.

The measurement system of the flow loop consisted of a digital
manometer at the outlet from the pump, a differential manometer at the
test section, a Coriolis mass flowmeter after the test section, and several
sensors for temperature control. The internal geometry of channels
in the flow meter was clarified by means of supplementary computer
tomography. The specifications of the sensors are presented in Table 1.
The sensor signals were collected and processed using the National
Instrument 6001 DAQ USB data card operated under a LabView-based
control program with an acquisition frequency of 1 kHz.

The flow loop included an expansion tank made of 304 stainless
3

steel and open to the atmosphere. The tank was used for filling, cooling, w
and dispersion of the slurry. The tank consisted of a cylindrical top
part (∅310 mm, 310 mm height) and a conical bottom part (∅35 mm
ottom, 230 mm height). The total volume of the tank was 29.9 l.
coil heat exchanger was installed inside the tank and connected to

he chiller (WTG-Quantor Chilly 25 M-LT). The heat exchanger was
uilt of SS 304 metal pipe (∅10 × 1 mm) and had fourteen coils of
rounded rectangular shape with the sides of 120 × 50 mm and a

adius of 25 mm. The cooling system had a bypass line for changing
he flow rate of the coolant. Using a bypass line of the heat exchanger,
e set the temperature in the tank with the accuracy of ±0.2◦C relative

to the required temperature. The coolant was a 35% vol. propylene
glycol–water mixture. The coolant was pumped by Y 2051.0263 pump
delivering 0.44 m3/h at 3.0 bar.

An overhead stirrer (Joanlab OSC-20L) with a 75-mm three-blade
impeller continuously operated at 1700 rpm and homogenized the
slurry during the tests. Two layers of polyethylene foam thermally
insulated the outer surfaces of the loop. The average thermal resistance
of the walls was 5.3 (m2⋅K)/W. The set-up was placed in a room that
was controlled by an automatic energy management system. The room
temperature was within the range 21.2∼25.4 ◦C.

The tests were performed following an established procedure. First,
the chiller was set to −9 ◦C. Thereafter, the pre-cooled pure decane

as charged into the loop, and the pump was started at 1600 kg/h.
he pre-cooled pure decane cooled down the loop elements to negative
emperatures, which prevented the initial melting of the ice particles.
ext, the stirrer was activated, the flow was increased up to 2200 kg/h,
nd the concentrated ice slush was loaded to the tank. In case there was
o immediate plug formation in the loop, the set-up and the resulting
ce slurry were stabilized thermally at −1 ◦C using the valves in the
ooling loop. This temperature was chosen as the lowest subcooling
e could maintain for a long time in the rig and so achieve the
ighest possible cohesion between the particles [12]. Afterward, the
low rate was reduced to 2000 kg/h. The pressure drop measurements
tarted after the pressure and the flow rate fluctuations remained within
3% of the average value, so the flow was considered in a steady
tate. We limited the duration of pressure drop measurements to avoid
he formation of significant deposits in the loop due to the slurry
eposition. During each measurement, the flow was held constant for
bout three residence times of the system, and then the flow rate was
educed in seven stages down to 400 kg/h. The flow regime remained
urbulent, so the particles were agitated due to the turbulent dispersion.
dditional visual observation of the flow in the glass pipe indicated

hat no deposition or bed formation was observed during the pressure
rop measurement. Thus, we assume no significant deposit was in the
ipes, and the pipe cross-section remained unchanged. This assumption
as used for the calculation of slurry viscosity described in Section 3.3.

n addition to the pressure drop measurement, we conducted a long-
erm test to study the deposition of the particles. In this case, we set

constant pump frequency and recorded the flow rate and pressure
rop for a long time until a plug was formed. After the experiments, we
topped the flow and cooling and left the slurry for melting. In the end,
he set-up was drained, and the separation of decane from the water
as carried out by the fractional freezing method. The purified decane
as weighed and replenished if necessary.

.3. Rheological analysis

The dependence of the slurry viscosity, 𝜇𝑚𝑖𝑥, on the volume particle
oncentration, 𝜙, was one of the issues studied in this paper. Our
esearch tested various viscosity models of suspensions against the flow
oop measurements. Table 2 presents the rheological expressions we
sed. The analysis was carried out by computing the apparent viscosity
f the slurry from the pressure drop measurements. This procedure is
escribed in Section 3.3. Here and further for describing our results,

e use volume particle concentration.
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Table 2
Rheological expressions.
Reference Expression

Thomas (1965) [22] 𝜇𝑚𝑖𝑥 = 𝜇𝑙 ⋅ [1 + 2.5 ⋅ 𝜙 + 10.05 ⋅ 𝜙2 + 0.00273 ⋅ 𝑒𝑥𝑝(16.6 ⋅ 𝜙)]

Snabre and Mills (1993) [9] 𝜇𝑚𝑖𝑥 = 𝜇𝑙 ⋅ (1 − 𝜙) ⋅
(

1 − 𝜙∕𝜙max
)−2

Brinkman (1947) [23] 𝜇𝑚𝑖𝑥 = 𝜇𝑙 ⋅ (1 − 𝜙)−2.5

Ford et al. (2006) [24] 𝜇𝑚𝑖𝑥 =

{

𝜇𝑎 + 𝜏𝑦∕𝛾 𝛾 > 𝛾0
𝜇∞ 𝛾 ⩽ 𝛾0
Fig. 2. Ice particles (A) and their contours in Image-J (B).
In Table 2, 𝜇𝑙 is viscosity of the carrier liquid, 𝜙𝑚𝑎𝑥 is the packing
limit of the particles, 𝜏𝑦 is the yield stress, 𝛾 is the shear rate, 𝜇∞=80 Pa
⋅ s [24,25] and 𝛾0 = 𝜏𝑦∕(𝜇∞ − 𝜇𝑚𝑖𝑥) are the limiting viscosity and shear
rate, 𝜇𝑎 is the apparent viscosity of the slurry from Thomas’ model.
We calculated the packing limit 𝜙𝑚𝑎𝑥 using the empirical expression by
Hoffmann and Finkers [26] for the voidage of a loosely packed bed of
the particles 𝜀𝑙𝑝:

𝜙max = 1 − 𝜀𝑙𝑝 = (1 − [(1 − 0.416) ⋅ exp(−0.0142𝜌𝑑) +

+0.416] ⋅ exp(−0.829𝜎)) ⋅ 𝜓0.862 (1)

where 𝜓 is the mean circularity of the ice particles, 𝜎 is the geometrical
standard deviation of the particle size distribution, 𝑑 is the volume
mean particle diameter in μm, and 𝜌 is the particle density relative to
the density of water.

The yield stress in Bingham’s model (taken from Ford et al. [24]) is
given as [27]:

𝜏𝑦 = 𝜎𝑠 ⋅
( 2
5𝜋

)

⋅
(

𝜙
𝜙max

)
3

3−𝑓𝑟
, (2)

where 𝑓𝑟 is the fractal dimension of particles. In Eq. (2), 𝜎𝑠 = 𝐹𝑐∕𝑑20
is the strength of a bond between the particles of size 𝑑0 [27]. The
cohesive force for the ice particles in decane 𝐹𝑐 was taken from the
micromechanical measurements presented in Yang et al. [12]. For this
purpose, we approximated the experimental dataset from [12] by a
polynomial using function numpy.poly1d in Python 3.8 [28]. We com-
puted the cohesive force using the polynomial for the cases within the
experimental temperature interval [12]. The shear rate 𝛾 was computed
using a system of equations for isotropic turbulence in a pipe flow [29].

3. Results and discussion

3.1. Ice particles

Fig. 2 presents a characteristic appearance of the ice particles in
a fresh slurry. It is clear that the ice particles are of a fractal-like,
irregular shape: they have rough surfaces with perceptible protrusions.
The shape of the particles is defined by the size of the primary ice
crystals and the mechanics of the ice crushing process.
4

The particle size range is between 0.2 to 2.1 mm (Fig. 3A). The
particle size distribution (PSD) has a single mode at 0.41 mm, and a
standard deviation of 0.39 mm. The average circularity of the particle
projections to the focal plane of the camera is 0.525. Here and further,
all the PSD are well described by the log-normal distribution curve.

Based on analysis of 14 data samples and using the method from
[30], an average fractal dimension of the particles was estimated as
2.57. According to Eq. (1), the packing limit of the ice powder was 𝜙𝑚𝑎𝑥
= 0.56. This value was close to the one reported by Hirochi et al. [21]
for an ice–water slurry.

Fig. 3B illustrates the particles taken from slurry flow at 2000 kg/h.
The sample was taken after the thermal stabilization of the flow,
directly before the pressure drop measurement. The in-situ morphology
of the particles is similar, resulting in a single mode of the PSD at
0.23 mm and a standard deviation of 0.48 mm. The circularity of
particles from the sample is 0.482. Analysis of 28 samples of slurry
taken at different flow rates and particle concentration showed some
variation in average size of the particles (±0.1 mm) and circularity
(±0.2).

From the sampling results, we concluded that there was no sig-
nificant agglomeration of particles. A smaller particle size could be
explained by partial melting in regions where the particles could collide
with the walls where the local temperature was positive, most likely in
the pump. Another reason could be the sampling procedure itself, as the
sampling velocity was lower than the mean flow velocity in the loop,
and the sample was taken through a branch of a T-junction. Therefore,
the largest particles could deposit before they left the system.

3.2. Pressure drop

The pressure drop (PD) was measured for the slurries with volume
fraction up to 20.3% both at the orifice and over the entire loop
(between the ‘‘P’’ sensor point and expansion tank inlet).

As expected, the pressure drop rises in the slurries with an increase
in the flow rate following the dependence of a power-law type (see
Fig. 4). In Fig. 4 we present the pressure drop in slurries of various
particle concentration, 𝛥𝑃𝑠, and decane, 𝛥𝑃𝑑 , between pump outlet and
expansion tank, as well as their relative pressure drops 𝛥𝑃 = 𝛥𝑃 ∕𝛥𝑃 .
𝑟 𝑠 𝑑
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Fig. 3. Particle size distribution in fresh slurry (A) and an in-situ sample (B).
Fig. 4. Absolute (A) and normalized (B) total pressure drop in the ice slurry flow (between ‘‘P’’ pressure sensor and the expansion tank).
Here, we see, the pressure drop varies differently when the particle con-
centration increases. For example, at the minimum flow rate (400 kg/h,
Re = 4956), the pressure drop over the section containing the orifice
was 0.010 bar for pure decane and 0.015 bar for 20.3% slurry (50%
higher), while at the maximum flow rate (2000 kg/h, Re = 24778) the
values were 0.330 bar for pure decane and 0.331 bar for 20.3% slurry
(0.3% higher). Similar results were obtained for the PD across the loop,
where the PD at 400 kg/h was 0.124 bar and 0.179 bar in pure decane
and 20.3% slurry (44.4% higher); and 1.09 bar vs. 1.147 bar (5.2%
higher) at 2000 kg/h.

The obtained results are consistent with the previous studies of ice
slurries based on aqueous solutions of alcohols. Niezgoda-Źelasko and
Źelasko [15], Onokoko et al. [18], Bordet et al. [14], and Illan and
Viedma [31] observed that the PD increased at a reduced flow velocity
yet an increased particle concentration.

Considering the concentration of the particles in the slurry, we
classify the flow as collision-dominated [32]. The effect of the particle
concentration on the pressure drop in the slurry flow is due to an
enhanced energy dissipation caused by inter-particle and particle–wall
interactions.

It should also be noted that particle deposits appear on the inner
surfaces of the pipes over time. The flow conditions influence the size
and structure of the deposits. The lower the flow rate, the larger the
deposits are. This attributes to the significant PD increase with the
concentration of the flow rates under 1000 kg/h.
5

3.3. Flow rheology

The relative velocity of the slurry was obtained from the pressure
measurement. For this, we assumed a homogeneous slurry flow for the
entire interval of the considered flow rates. Then the PD between the
pump point (’P’) and the expansion tank was computed from:

𝛥𝑝 =
𝑁
∑

𝑖=1
𝜆𝑖
𝑙𝑖
𝑑𝑖

𝜌𝑚𝑖𝑥𝑢2𝑖
2

+
𝑀
∑

𝑗=1
𝜉𝑖
𝜌𝑚𝑖𝑥𝑢2𝑗

2
+ 𝜌𝑚𝑖𝑥𝑔𝑧𝑝, (3)

where 𝑙𝑖 and 𝑑𝑖 are the length and the equivalent hydraulic diameter
of 𝑖th pipe element on the way to the tank; 𝑢𝑖 and 𝑢𝑗 are the average
flow velocities in the pipe element and in the 𝑗th local flow restriction
(e.g., bend, orifice). Furthermore, 𝜌𝑚𝑖𝑥 = 𝜙𝑝𝜌𝑝 + 𝜌𝑙(1−𝜙𝑝) is the density
of the mixture with the volume fraction of particles 𝜙𝑝 with indices
denoting the particles (p) and the carrier liquid (l). The hydrostatic
pressure difference is defined by the elevation of the tank 𝑧. The
friction coefficients 𝜆𝑖 and the local flow resistance coefficients 𝜉𝑖
were set dependent on the local Reynolds number 𝑅𝑒𝑖. We calculated
these coefficients following Idelchik [33]. A complete set of the used
equations is available in the Supplementary Materials.

Based on pressure drop measurements, we estimated the viscosity of
the slurry using Eq. (3). For this, the pressure drops over the entire loop
were calculated within the range of experimental flow rates for each
particle concentration with a variable value of slurry relative viscosity.
Then, using the least squares method, we found the slurry apparent
viscosity that provided the best agreement between the calculated and
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Fig. 5. Relative viscosity of ice slurry.

experimental pressure drops for the entire range of the considered
flow rates. the local Reynolds number was computed from 𝑅𝑒𝑖∕𝑗 =
𝜌𝑚𝑖𝑥𝑢𝑖∕𝑗𝑑𝑖∕𝑗∕𝜇𝑚𝑖𝑥.

The results of the calculation are presented in Fig. 5 in terms of the
relative viscosity 𝜇𝑚𝑖𝑥∕𝜇𝑙 for different particle concentrations. In this
figure, the results for Bingham‘s model are averaged over the experi-
mental interval of flow rate variation. The figure demonstrates that the
relative viscosity rises with the particle concentration, achieving the
value of 3.1 at 20.3% concentration. It should be noted that a more
detailed rheological study of the slurry could show variation in viscosity
at different shear or flow rates. This is indirectly confirmed by a rising
pressure drop in slurry flow with a reduction in flow rate (Fig. 4B).

Two primary reasons explain this phenomenon: enhanced dissipa-
tive interactions in the particulate phase and the momentum coupling
between the particles and fluid.

To verify the validity of the applied rheological approach, in Fig. 5
we also present experimental results from Rensing et al. [20] for a
similar oil-based slurry of ice. We see that the relative viscosity is up to
21.9% lower. This is explained by our experiments being carried out at
a lower subcooling of –1 ◦C. This resulted in stronger cohesion between
the particles.

From Fig. 5, we conclude that the models of Brinkman, Thomas, and
Mills give comparable calculated values of the relative viscosity. They
agree with our experimental data up to 12% of particle concentration.
The average discrepancies at 𝜙 < 12% for Brinkman, Thomas, and Mills
models are 10.3%, 6.9%, 6.5%, respectively, and the maximum dis-
crepancies are 14.8%, 10.7% and 10.5%. However, a higher mismatch
between these models and our data appears for denser slurries (𝜙 >
12%), leading to discrepancies up to 43.2% (Brinkman). At the same
time, the data from the Brinkman, Thomas, and Mills models do not
show a similar trend. Most probably, the considered rheological models
are not applicable for the dense slurry as the flow morphology deviates
from homogeneous in this condition.

Treating the slurry as a Bingham fluid yields comparable results
to the other models up to 𝜙 = 15%. Increasing particle concentration
above this level leads to the rapid growth of the relative viscosity
calculated by the Bingham-fluid model. As a result, the computed
values reproduce the experimental trend better, with average and
maximum discrepancies of 15.5% and 48.8%. Nevertheless, this model
is susceptible to the packing limit. This parameter is also the least
certain in a dynamic flow condition.
6

3.4. Formation of plugs

Another study objective was to achieve a controlled plugging of the
flow loop. We purposely located the orifice within the test section to
do so, thus introducing the most significant local flow restriction. The
literature data shows that plugging in cohesive slurries often occurs
where the pipe is partially obstructed.

During the tests, we registered several cases when the orifice was
blocked. The experimental logs of these cases are presented in Fig. 6 in
terms of the temporal variation of mass flow rate at different particle
concentrations. In addition, the figure depicts two cases where the
flow loop was plugged at another place of the loop. To highlight the
differences between the cases, we describe the process of plugging
below.

№1. The initial flow rate was 1500 kg/h, and the concentration of the
particles was 2.2%. The first partial blockage of the orifice came 3292 s
after the temperature and the flow rate were established. During ∼600
s, partial blocking of the loop and the orifice occurred. As a result, the
flow rate was reduced to ∼1100 kg/h. The growth of the obstruction
in the orifice and an associated reduction of the flow rate to 500 kg/h
occurred after 3.9 h. The formed deposit was unstable. The deposit
was also partially resuspended by the flow after 4.4 h. As a result, the
flow rate increased to 600 kg/h. Later on, a sudden blockage of the
entire cross-section of the orifice occurred. We consider this case in
more details in Figs. 7 and in Fig. 8

№2. The initial flow rate was 400 kg/h, and the concentration of the
particles was 6.8%. A blockage occurred in 2 min. In this case, we
observed a rapid formation of a large particle deposit (e.g. Fig. 8, №4
(left), area circled in red) that swiftly turned into a plug. Compared to
case 1, the initial flow rate was substantially lower, and the particle
concentration was much greater. Due to the low flow agitation, gravi-
tational deposition of the particles was dominant in this case. The flow
regime was slug-type indicating accumulation of particles upstream at
local restrictions. The size of the slugs was comparable to the size of
the opening in the orifice.

№3. The initial flow rate was 400 kg/h, and the concentration of the
particles was 6.9%. The first sign of the blockage appeared after 580
s. Due to this blockage, the flow rate was reduced to ∼300 kg/h, but
later it was restored. In about an hour from the start of the experiment,
a plug was formed in a period of 178 s. For this case, the deposit in the
vicinity of the orifice was smaller than in case №2.

We note that the conditions of this case are similar to case №2, while
much slower plugging happened here. This can probably be explained
by slightly different local flow conditions upstream, particularly vari-
ations in the positions where the slugs are formed. This is indirectly
confirmed by the pressure records that showed ∼7% higher drop before
the orifice.

№4. The initial flow rate was 700 kg/h, and the particle concentration
was 7.1%. Thus, this case was similar to case №2. The first partial
blockage (blockage of a part of the orifice) of the orifice occurred after
120 s when a massive slug blocked the orifice (similar to Fig. 8, №4
(left)). This plug was porous, so the flow was not stopped but reduced to
280 kg/h. Within 166 s after the flow reduction, the plug in the orifice
collected more particles from the flow, which reduced the porosity and
finally plugged the flow loop.

№5. The initial flow rate was 500 kg/h, and the particle concentration
was 7.2%. Partial blockage of the loop took place in 580 s after the
start. The deposition occurred at the bottom of the test section. The
flow rate was reduced to 250 kg/h, and the flow loop was blocked
within 120 s after this flow reduction. There was no plug formed at the
orifice. Therefore, the blockage was possibly due to plugging another
conduit with a reduced cross-section somewhere in the loop, maybe
in the flow meter. An alternative scenario could be the formation of a
massive deposit in the horizontal pipes of the loop. In this latter case,
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Fig. 6. Experimental logs during plugging.
Fig. 7. Experimental log for case №1.
a uniform narrowing of the cross-section raises the flow resistance and
dramatically reduces the flow. The blockage time is comparable to cases
№2 - 4.

№6. The initial flow rate was 400 kg/h, and the particle concentration
was 7.2%. The growth of the deposit at the bottom part of the test
section led to a gradual decrease in the flow rate down to 300 kg/h,
which happened 470 s after the start. This initiated a rapid blockage
of the loop after the test section. Considering cases 2, 3, and 6, with
similar experimental conditions, it is seen that plugging happens either
at the orifice or in the loop. This means that the probability of plugging
is comparable in many regions of the flow loop for low initial flow rates.

In Fig. 7, we provide a detailed experimental log for case №1. This
case resulted in the slowest evolution of the plug at a low particle con-
centration of 2.2%. The set-up and the slurry flow were first stabilized
thermally to −1 ◦C at the inlet to the test section according to the
measurement procedure. Then, the flow rate for this experiment was
set at 1500 kg/h. For the next 3200 s, the flow rate remained stable.
The pressure drop was constant at 0.2 bar. After about 3290 s, the flow
rate fell to 970 kg/h. At the same time, the differential pressure over
the test section reduced to ∼0.15 bar and then suddenly rose to 0.4 bar.
Thus, we concluded that a partial blockage of the loop occurred and
then initiated a partial blocking in the test section. Here we think that
there were particles accumulated in the blind bends upstream of the
test section during the initial period. They were further suspended and
next deposited in horizontal pipes as a stationary bed of the particles.

A decrease in the flow rate leads to the beginning of a ring-like
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deposit formation near the orifice. The deposit was formed at the
frontal edges of the orifice and all over the sidewall of the pipe. During
the following 10600 s, the growth of this deposit coincided with the
development of a stationary bed of particles along the horizontal pipe.
This process is schematically presented in Fig. 8. There was no signifi-
cant increase in the pressure drop during the ring-like deposit formation
process. Due to the increased friction in the slurry, the system was
heated up by ∼0.5◦C but remained at temperatures below 0 ◦C, without
melting of particles in the loop, indicating the increased cohesion in the
slurry. A reduction of flow velocity leads to heat transfer deterioration
at the cooling coils and contributes to the heating of slurry from the
ambient.

After this time, the flow in the system dropped down to ∼500 kg/h,
lasting approximately 25 s. The stationary bed had reached the orifice
and merged with the ring-like deposit. During these 25 s, the flow rate
decreased, and a partial blockage of the orifice occurred. This led to
an increase in the differential pressure over the orifice to 0.5 bar. As
a result of the reduced flow agitation, the turbulent dispersion of the
particles was reduced, so fewer particles resided close to the upper
wall of the pipe. The gravitational deposition started to dominate, and
the particulate flow was shifted towards the bottom of the pipe. The
temperature increased by another ∼ 0.5◦C. This contributed to further
growth of the deposit at the bottom of the tube. As a result, after 1000
s, the cross-section upstream the orifice and the orifice were blocked
completely. The blockage increased the pressure drop to above 0.6 bar
within 13 s. The flow in the loop stopped. The temperatures above
0 ◦C at the test section inlet is addressed to the formation of a deposit

near a temperature sensor working as thermal insulation between the
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Fig. 8. Schematic description of plugging.
sensor and the main flow. It can happen just before the formation of
the plug and does not influence the process of the blockage build-up at
the orifice.

3.5. Mapping the plugs

It is interesting to validate the existing methods of plugging predic-
tion against our results. The most traditional approach is based on flow
morphology maps. The main parameters governing the morphology of
the multiphase flow are the Reynolds number and the concentration of
particles [34,35]. Several flow maps are derived from experiments and
simulations of systems similar to ours. In Fig. 9, we show how the con-
sidered cases appear on the maps presenting the obtained cases of the
orifice blocking in the test section. The first map by Poloski et al. [36]
is formed by regions of a homogeneous (stable) and a segregated
(unstable) flow. The boundaries between these regions derive from
8

the critical particle deposition velocities determined for a particular
flow regime. The second is the map of Doron and Barnea [37]. This
map indicates the following flow regimes: homogeneous flow, moving
bed, stationary bed, and a regime where plug formation is possible.
The boundaries between the regimes are obtained from a numerical
model. The third map is based on the experimental results by Hirochi
et al. [21].

In Fig. 9, we observe deviations between the flow maps and the
plugging cases from our experiments. The map of Doron and Barnea
[37] predicts the formation of a stationary deposit, while the blockage
region is far from our experimental points (𝜙 > 0.5). This is connected
to the fact that their model did not account for cohesive interaction
and adhesion to walls. According to Poloski et al. [36], initially, our
cases were in the stable turbulent flow region without sediment forma-
tion. This agrees with the experimental observations, as the flow was
homogeneous at the start of the experiment. As in the map by Doron
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Fig. 9. Experimental results on flow maps from the literature.

Fig. 10. Blockage risk evaluator.

and Barnea, the flow map by Poloski et al. [36] predicts the formation
of deposits when we consider the last stable flow rate. However, this
map does not depict the plug formation most possible due to a lower
cohesion of the particles used by the authors. A better precision comes
from the map by Hirochi et al. [21]. No plugging is predicted for the
initially set flow rate, while most of the cases are in the plugging region
for the last stable flow rate. We note that this latter flow map comes
with the best correspondence to our data as there was a similar orifice
in the flow loop used by Hirochi et al. [21]. The open area was 8.3%
of the pipe area for the orifice in their work [21]. In our experiments,
this ratio was 18.6%.

Another approach to assess the possibility of plugging is the risk-
based approach proposed by Chaudhari et al. [38] for a gas-emulsion
flow laden with hydrates. The emulsion was formed by water droplets
dispersed in an oil phase. Using dimensional analysis and the available
statistical data on plugging in a high-pressure flow loop from the
Colorado School of Mines (CSM), they proposed an expression for a
9

blockage risk evaluator 𝐵𝑅𝐸:

𝐵𝑅𝐸ℎ = 500
𝜙∕ (1 − 𝜙)𝐿𝐿

[𝑅𝑒 (1 − 𝐿𝐿)]0.52 𝐶𝑎0.27
, (4)

where 𝜙 is the volume fraction of particles, 𝑅𝑒 is the Reynolds number,
𝐿𝐿 is the volume fraction of emulsion, and 𝐶𝑎 is the capillary number
responsible for the solid phase cohesion due to liquid bridges.

There is no liquid other than decane in our ice slurry. Therefore,
we adopt Eq. (4). Instead of the standard capillary number, we define
a granular capillary number 𝐶𝑎𝑔 = 𝜇𝑙𝑢∕𝛾𝑐 , where 𝑢 is an average flow
velocity, and 𝛾𝑐 = 4𝐹𝑐∕3𝜋𝑑0 is the interfacial energy per unit area of
ice in decane. Fitting the experimental data from Yang et al. [12],
we obtain 2𝐹𝑐∕𝑑0 ∼1.4 N/m for ice in decane at −1 ◦C. Taking into
account that there is no gas in the slurry (𝐿𝐿=1) and making use of
the Taylor series expansion, an asymptotic value of the risk evaluator
then becomes:

𝐵𝑅𝐸 = lim
𝐿𝐿→1

𝐵𝑅𝐸ℎ = 1042
𝜙∕ (1 − 𝜙)
𝑅𝑒0.52𝐶𝑎0.27𝑔

. (5)

In Fig. 10, we present how the 𝐵𝑅𝐸 depends on the flow rate and
concentration of particles. The grey zone in the figure indicates the
threshold of 𝐵𝑅𝐸ℎ defined in Chaudhari et al. [38]. Plugging is possible
when 𝐵𝑅𝐸 is greater or equal to the values in the interval.

According to the risk analysis, plugging may occur for the exper-
imental interval of flow rates when 7% of the particles are present
in the slurry. This is confirmed by our experiments for cases №2 - 6.
However, for case №1 at the concentration of 2%, the risk evaluator in-
dicates that plugging is unlikely, which disagrees with our experimental
observation. This case deviates both from the risk-based analysis [38]
and from the flow map by Hirochi et al. [21]. The deviation is due
to the formation of particulate deposits before the orifice, their partial
re-suspension into the flow, and the respective formation of particulate
slugs.

4. Conclusion

This paper presents flow loop data for the slurry flow of ice in
decane. For this system, the dependence of cohesion on particle sub-
cooling is generally known in the literature. In the experiments, we
considered how the pressure drop in the loop depends on the flow rate
and the concentration of particles. The volume fraction of particles was
below 20.3%, and the Reynolds number was in the range from 5000 to
25000.

During the experiments, we observed that the pressure drop in
the slurry was most sensitive to the presence of particles when the
Reynolds number was under 10000. Using the pressure drop data, we
estimated the apparent viscosity of the flow. Bingham‘s rheological
model correlated the experimental values of the viscosity with the
discrepancy of about 15.5%. The computed viscosity was higher than
the values predicted by rheological expressions. This is related to the
formation of particulate deposits in the flow loop and the respective
reduction of the cross-section of the pipe.

In addition to the pressure drop measurements, we identified flow
regimes when the particles plugged the flow loop. To achieve plugging,
we used an orifice that imposed a significant flow resistance in the
loop. Several cases of plugging were studied at particle concentrations
of 2.2% and 7%. At the latter concentration, plug formation was often
observed within a relatively short running time of several minutes. In
the experiments, we observed that large slugs of the ice phase collided
with the front surface of the orifice. This initiated a rapid growth
of a deposit, blocking the orifice. With a reduction in the particle
concentration, the deposit gradually formed near the orifice at a slower
speed. The formation of a stationary layer of particles at the bottom of
the horizontal pipe was observed, growing in the upstream direction.

We further compared with forecasting of plugging events using flow
maps from the literature. The experimental results corresponded well
with a flow map developed for a similar system with ice and an orifice.
We also adopted a risk evaluation method developed by the Colorado
School of Mines. This approach was able to predict plugging.
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