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A B S T R A C T

Ice slurries are phase change materials extensively used in refrigeration technology. This work describes an
experimental study and empirical modeling that was carried out to characterize the rheological behavior of
ice-in-oil slurries. Decane and crushed ice were mixed to prepare test samples with ice volume percentages
ranging from 3.5 to 17.7%. The size of the particles was 0.27±0.13 mm. The viscosity measurements are
performed at −2.5, −5.0, and −10.0 ◦C using a rotational viscometer with a three-bladed impeller. The
maximum relative velocity was ∼3.1 for 17.7% vol. concentration. A Bingham viscoplastic model was used to
predict the rheological behavior of ice-in-oil slurries. The fractal dimension, packing limit, size of ice particles,
and inter-particle cohesive forces were all considered in rheological calculations to make the model extensively
applicable. The model accuracy is then examined using third-party experiments and experimental findings from
the current study. The model appears to be a viable tool for predicting the viscosity of ice-in-oil slurries.
1. Introduction

Ice slurries are low-cost and environmentally friendly heat transfer
fluids (O’Neill et al., 2021) containing the widely accessible phase
change material (Esen, 2000; Esen and Ayhan, 1996). They are used
in refrigeration technology (Kauffeld et al., 2005; Kauffeld and Gund,
2019). The slurries are applied both as coolants and thermal storage
media. A conventional slurry contains particles of fresh-water ice dis-
persed in an aqueous solution. To preserve the ice particles yet to
prevent the entire slurry from freezing, sodium chlorine or spirits are
dissolved in water forming a base fluid (Monteiro and Bansal, 2010).

Ice slurries are multiphase systems with complex rheological behav-
ior. There is a sufficient rheological database accumulated for slurries
with an aqueous base. Bel (1996) measured the apparent viscosity of
the slurry with 0.4 mm ice particles dispersed in an aqueous solution
of ethanol at concentrations below 12%. Newtonian behavior of the
slurry was detected. Lakhdar obtained similar results for an equivalent
slurry with concentrations below 6%, while a pseudoplastic behavior
was observed for concentrations up to 28%. Christensen and Kauffeld
(1997) studied the slurry based on an ethanol solution with finer ice
particles of 100 μm. They reported Newtonian behavior for concentra-
tions below 15%. When the concentration was in the range 15. . . 30%,
the slurry turned into a Bingham fluid (Genovese et al., 2007a).
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A massive database of rheological measurements was obtained for
ice slurries indirectly by considering pressure loss imposed by ice
particles in pipes. The studied systems were based on aqueous solutions
of polypropylene (Stutz et al., 2000), propylene (Bellas et al., 2002),
ethylene glycol (Lee et al., 2002), and brine (Illán and Viedma, 2009).
In these works, the size of ice particles was in the range of 0.1...3.0 mm,
and the ice concentration was below 30%. Monteiro and Bansal (2010)
analyzed the indirect rheological data and found that most of the
considered cases were described with the Herschel-Bulkley rheological
model.

The aqueous base is less suitable for applications when a slurry
goes through repeated cycles of melting and solidification (Matsumoto
et al., 2000; Chibana et al., 2002). In this case, an original composition
of the slurry might not reproduce in the cycles. To tackle this issue,
melting ice particles may be dispersed in an oil base fluid, so they are
able to turn into water and form an emulsion, which is further frozen
again (Matsumoto et al., 2004, 2006). Slurries of ice in oil are also
considered models for slurries of gas hydrates (Darbouret et al., 2005)
and so applied in petroleum research (Yang et al., 2004). Although
the ice particles in the oil-based slurry could be more cohesive than
in an aqueous system (Aman et al., 2012) and so the rheology of the
slurry should be sufficiently different, there was little published on that
matter.
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Matsumoto and Sonoda (2008), Matsumoto and Matsumoto (2009)
measured the viscosity of ice slurry with an oil base formed by a
lamp oil (Matsumoto and Sonoda, 2008) and medium chain triglyc-
erides (Matsumoto and Matsumoto, 2009). The experiments were car-
ried out at around −5.6 ◦C. The maximum size of the ice particles was
in the range of 2.5...3.0 mm. The authors obtained similar results for
both systems. The relative viscosity of the slurry was almost linearly
dependent on the concentration of particles. The relative viscosity was
about 3.0 at 20% of ice in the slurry; the maximum value was 4 at
∼40%. The experimental results were not tested against the existing
rheological models.

Lu and Sun (2021) produced an ice slurry freezing a water-paraffin
emulsion. Prior to the solidification of ice particles, water was dis-
persed in nanosized droplets using a sonicator, and the emulsion was
stabilized by sodium oleate and hexanol. The size of the ice particles
further increased, and the maximum size became ∼2 mm. The apparent
viscosity of the slurry was studied in the temperature interval −3
to −1 ◦C. As follows from the rheological measurements, the relative
viscosity was about 5.2 at ∼40% wt., which is similar to Matsumoto‘s
data considering the oil density difference (Matsumoto and Matsumoto,
2009). The maximum apparent viscosity was about 7 for ∼58% wt.,
which is a notable solid loading for a homogeneous slurry. There was
no rheological model proposed for the slurry.

Rensing et al. (2011) measured the viscosity of ice slurries formed
from water-in-crude oil and brine-in-crude oil emulsions at −10.0 ◦C.
The size of the droplets forming the particles was in the range
1.2...2.8 μm. The coalescence of the drops and the agglomeration of
the frozen particles increased the particle size up to 1 mm. During
the experiments, the slurry exhibited non-Newtonian behavior with a
20% vol. particle concentration, having a relative viscosity of 4 for
the water-based ice and 7 for the brine-based ice. Yield stresses were
300...∼3000 Pa for the concentrations in the interval 20%...60%. An
increase in the particle concentration above 20% resulted in a dramatic
increase of the relative viscosity to ∼14 at 40% for the water-based
slurry, while the viscosity reduced for the same concentration of the
brine-based ice. The obtained rheological deviations are due to the
difference in the surface energy and the cohesion of the considered
types of ice particles. However, the Cross model used by the authors
to approximate the results does not explicitly account for the observed
phenomenon.

At the end of the literature overview, we conclude that there is
no universal rheological model describing ice slurries with an oily
base. The existing models are empirical and do not consider such an
important phenomenon as cohesive interactions between the particles.
Moreover, the granulometry of the ice is not taken into account by the
so-far applied rheological expressions.

To address these uncertainties, we conduct rheological measure-
ments in an ice slurry based on decane. Given the similarity between
ice-in-oil slurries and gas hydrates, the proposed model can shed light
on the rheological behavior of hydrates and help design hydrate man-
agement strategies. In the experiments, we accurately define both the
concentration and size of the particles. Moreover, for the first time,
we present an ice-in-oil slurry with known cohesion between the parti-
cles (Yang et al., 2004). The next aim of the study is to formulate a more
realistic rheological model accounting for the sizes of the ice particles
and their cohesion. We validate the model with our experiments and
third-party data from the literature. Based on experimental findings,
the potential of ice-decane slurry as a secondary refrigeration agent is
examined.

2. Experiment

The viscosity of the slurry was measured using Bohlin Visco 88 vis-
cometer. The viscometer was coupled with a 40 mm in-house impeller
having three pitched blades. This impeller homogeneously dispersed
the particles throughout the measurement. In the tests, a sample of
42
Fig. 1. Experimental setup.

liquid was placed in a 400 ml standard chemical beaker. The geometry
of the experimental system and the impeller are shown in Fig. 1.

Using the non-standard impeller required calibration tests with
single-phase fluids of known viscosity. We used pure decane, tap water,
35% vol. aqueous solutions of propylene glycol and ethylene glycol for
the calibration tests. Table 1 displays the viscosity of the calibrating
fluids and the corresponding torque values obtained from the viscome-
ter. The calibration measurements were interpolated in Origin to obtain
a correlation between the torque 𝑇 on the viscometer’s shaft and the
measured viscosity 𝜇: 𝜇 = 0.1306 ⋅ exp (3.8807 ⋅ 𝑇 ).

For the measurement of the slurry viscosity, we used distilled water
to manufacture ice cubes in a freezer at −22 ◦C. The ice was degassed
using the procedure from the literature (Shamsutdinova et al., 2018).
We used ice cubes mixed with a cold decane at −22 ◦C to produce the
particles. The ice cubes filled with decane were milled in the BN750EU
ice crusher from Ninja. The desirable volume concentration of ice was
achieved by mixing the required masses of ice and decane. A fresh
sample of the slurry was studied immediately after the production.
The viscosity measurements were conducted at an ambient temperature
of 22 ± 1 ◦C and atmospheric pressure. When the temperature of a
fresh cold sample increased to −10 ◦C due to the heat transfer with
the ambient, the measurements started. During the measurements, the
torque at the impeller was recorded at a rotation speed of 572 rpm (No.
in Visco 88). The viscosity was then computed from the torque using
the calibration dataset. We measured the viscosity at different negative
bulk temperatures during heating the sample from the ambient. The
temperature of the slurry was controlled using a K-type thermocouple
(±2.2 ◦C) connected to an RS PRO RS-42 datalogger (±0.1 ◦C). Rhe-
ological tests were conducted for a slurry with a 3.0 to 18.9% vol.
particle concentration. Five series of measurements were carried out
at three slurry temperatures for five selected particle concentrations
within the specified range, resulting total of 75 measurements. Accurate
reproducing of the slurry concentration from series to series was chal-
lenging, leading to variations around the selected value. Thus, based
on the averaged data, all the measurements were summarized for the
concentration range from 3.5 to 17.7% vol.

Experimental uncertainties

The uncertainty of the viscosity measurement is given as 𝜎 =
√

𝜎2𝑠 + 𝜎2𝑖 , where 𝜎𝑠 is the statistical error during measurements. The
instrumental uncertainty 𝜎𝑖 is the error of the calibration correlation. It
was defined as 𝜎𝑖 =

√

𝜎2𝑟 + 𝜎2𝑑 , where 𝜎𝑟 is the experimental uncertainty
of the referent experiments (Huber et al., 2009; Anon, 2022; Huber
et al., 2005; Hoga et al., 2018; Khattab et al., 2017). The latter
uncertainty 𝜎𝑑 is the average deviation between the reference value
from the literature and the viscosity of the calibrating liquid, which
was re-calculated using the calibration correlation.
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Table 1
The viscosity of calibrating fluids at 𝑡 = 21 ◦C and 𝑃 = 0.1MPa retrieved from literature and torque values received from the viscometer at
stirring rate 𝑁 = 572 rpm.
Fluids Viscosity, [mPa s] Torque [mN m] Purity/Provider

Tap water 1.002 (Huber et al., 2009) 0.581 Bergen Vann (May 2022) (Anon, 2022)
Decane 0.903 (Huber et al., 2005) 0.448 >95%/Avantor
Ethylene Glycol 19.735 (Hoga et al., 2018) 1.263 >99%/Fybikon
Propylene Glycol (35% wt.) 2.880 (Khattab et al., 2017) 0.803 >95%/Swed Handling
Fig. 2. Ice particles sampled from (A) fresh slurry and (B) after stirring by viscometer
for 3 min at 60 rpm.

Fig. 3. Particle size distributions in fresh and in-situ samples.

3. Results and discussion

Particle size analysis

Like a majority of natural crystals, ice crystals vary in size. The
diameter distribution of ice particles is among the factors controlling
the inter-particle interaction. Fig. 2 contains pictures of ice particles
collected from a freshly-made sample (Fig. 2A) and after stirring by the
viscometer for 3 min (in-situ sample). The in-situ sample was agitated
at the temperatures in the interval −22 ◦C to −2 ◦C (Fig. 2B).

After the preparation, both samples were placed in the freezer at
−22 ◦C for 20 min for thermal stabilization. The ice particles in the
image were distributed on 12 cm2 flat plates with a scale. A black
filter paper was placed beneath the particles to absorb residual decane
and to achieve a good contrast. The particles were taken from the
slurry with the aid of a straw. To prevent the melting of the particles,
the equipment was placed inside the freezer well before the particles
were studied. Again for thermal stabilization, the plate was put in the
43
Fig. 4. Relative viscosity of ice-in-decane slurry at various temperatures and particle
concentrations.

freezer for 10 min after spreading the particles. Then, pictures of the
particles were taken with Leica Quad digital camera (20 MP, f/2.2,
16 mm). From Fig. 2, we note that the particles are transparent and non-
uniform in shape and size. The pictures were treated using the ImageJ
software, where the particles were detected and measured manually.
Up to four pictures were treated for each sample. Fig. 3 summarizes the
particle size distributions in the samples. The size of the particles varied
from 0.09 to 0.96 mm. Particle size frequency is coherent with the log-
normal curve. The average diameter of the particle was 0.27±0.13 mm
in both fresh and in-situ samples. This result is consistent with other
works considering ice slurries (Stutz et al., 2000; Illán and Viedma,
2009). The average circularity was found to be 0.83±0.03. As can be
seen, the particle sizes for the samples are not significantly different
from one another. This might be because the stirring time and rate were
small enough to induce agglomeration.

Relative viscosity of the slurry

The relative viscosity of the slurry, calculated by Eq. (1), is shown
in Fig. 4, and in Table 2 for various temperatures and particle concen-
trations. In Eq. (1), 𝜇𝑎 is the apparent viscosity of the slurry determined
in the experiments, and 𝜇𝑙 is the viscosity of decane for a given
temperature.

𝜇𝑟 =
𝜇𝑎
𝜇𝑙

(1)

As can be seen, the relative viscosity of the slurry increases as the
number of ice particles in the slurry increases. This is because a higher
amount of particles provides stronger resistance on the impeller due
to enhanced granular stresses in the slurry. The maximum relative
viscosity of 3.1 was achieved at 17.7% vol., which is consistent with
literature (Matsumoto et al., 2000). We also note that the relative
viscosity increases with temperature at a given concentration. This is
explained by the fact that the cohesion of ice grows with tempera-
ture (Yang et al., 2004). Relative viscosities of 3.5% vol. and 5.5% vol.
slurries are below unity. Here an additional uncertainty arises due to a
transition of flow regime. Indeed, following Lashgari et al. (2014), the
transition to the grain-inertia regime happens at the ice concentration
of about 5% vol.
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Table 2
Relative viscosity of the ice-decane slurry at different temperatures and
volume concentrations of ice.
Concentration % vol. −10 ◦C −5 ◦C −2.5 ◦C

3.5 0.8 0.8 0.9
5.4 0.8 0.9 0.9
8.8 1.2 1.3 1.4
14.5 2.6 2.7 2.8
17.7 2.7 3.1 2.9

3.1. Rheological models

It is interesting to evaluate the correspondence of the existing rhe-
ological models to our experimental results. We consider the Bingham
plastic fluid viscosity model (Genovese et al., 2007b):

𝜇𝑚 = 𝜇𝑎 +
𝜏𝑦
𝛾
, (2)

where 𝜇𝑎 is the apparent viscosity of slurry, 𝜏𝑦 is yield stress, and 𝛾 is
a shear rate. The apparent viscosity 𝜇𝑎 can be expressed using Thomas’
equation (Balakin et al., 2018):

𝜇𝑚 = 𝜇𝑙
[

1 + 2.5𝜙 + 10.05𝜙2 + 0.00273𝑒16.6𝜙
]

(3)

where 𝜇𝑙 is the viscosity of the base fluid (decane), and 𝜙 is the volume
concentration of solid particles.

The yield stress 𝜏𝑦 behavior is primarily governed by the volume of
the particles, their size, and how they interact with one another. In this
context, assessing the cohesive force between the ice particles is crucial.
In line with Potanin et al. (1995), the yield stress can be expressed as:

𝜏𝑦 =
( 2
5𝜋

) 𝐹𝑐

𝑑20

(

𝜙
𝜙𝑚𝑎𝑥

)
3

3−𝑓𝑟
(4)

where 𝐹𝑐 is the cohesive force between ice particles, 𝑑0 is the average
diameter of particles, 𝜙𝑚𝑎𝑥 is the packing limit of dry particles, and 𝑓𝑟
is the fractal dimension. The 𝑓𝑟 is a dimensionless parameter, which
describes the degree to which the shape of a solid particle deviates from
the spherical (Genovese et al., 2007b). Struchalin et al. (2023) found
that the ice particle fractal dimension is 𝑓𝑟 = 2.57. Following empirical
correlations from Hoffmann and Finkers (1995), the packing limit of the
ice particles was found as 𝜙𝑚𝑎𝑥 = 0.56. However, we anticipate that the
packing limit in the suspending medium may be lower than in a solid
state. Thus, we took into account a variety of packing limits, including
𝜙𝑚𝑎𝑥 = 0.44, 0.50, and 0.56. Finally, using linear interpolation of
experimental data from the literature (Yang et al., 2004), the cohesive
force 𝐹𝑐 between ice particles at −2.5 ◦C was determined. Since all of
the terms involved in the yield stress estimation have been presented,
we can focus on obtaining the shear rate.

In the literature (Herri et al., 1999), the shear rate is defined as:

𝛾̇ =

√

2
15

𝜖
𝜈𝑚

(5)

where 𝜖 is the turbulent energy dissipation rate and 𝜈𝑚 is slurry
kinematic viscosity. To express the energy dissipation rate, we em-
ployed (Herri et al., 1999):

𝜖 =
𝑁𝑃𝑁3𝐷5

𝑆
𝑉

(6)

where 𝑉 = 0.4 ⋅ 10−3 m3 is the volume of analyzed slurry, 𝐷𝑆 = 0.04 m
is the diameter of the stirrer, 𝑁 is the stirring rate, and 𝑁𝑃 is the
power number of the stirrer. The power number of the stirrer is a
dimensionless number relating the resisting force to the inertial force:

𝑁𝑃 = 𝑃
𝜌𝑚𝑁3𝐷5

𝑆

(7)

Substituting Eq. (7) into Eq. (6) gives:

𝜖 = 𝑃 (8)
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𝜌𝑚𝑉
Fig. 5. Relative viscosity of ice-decane slurry at various particle concentrations.
Experimental results at −2.5 ◦C (red squares, Table 2) are compared with experiments
of Struchalin et al. (2023), Matsumoto and Matsumoto (2009), Rensing et al. (2011),
and the rheological model (Eqs. (2)–(11)). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

where 𝑃 is the power input implied on the viscometer and 𝜌𝑚 is the
density of the slurry. The power input is defined as a product of the
angular velocity of the stirrer and torque 𝑇 applied on the vertical shaft
of the viscometer:

𝑃 = 2𝜋𝑁𝑇 (9)

The density of the slurry 𝜌𝑚 is given by:

𝜌𝑚 = 𝜌𝑙(1 − 𝜙) + 𝜌𝑠𝜙 (10)

where 𝜌𝑠 and 𝜌𝑙 are the densities of ice and decane. And finally, the
kinematic viscosity in Eq. (5) is given as (Mills, 1985):

𝜈𝑚 =
𝜇𝑎
𝜌𝑚

(11)

Since all constituents of the model have been described, we can ex-
amine the model performance. The results of the rheological measure-
ments are compared with the predictions of the models in Fig. 5 , which
is plotted with relative viscosity on the 𝑦-axis and slurry concentration
on the 𝑥-axis. In addition, this figure provides the relative viscosity of
ice-in-oil slurries considered in the literature (Struchalin et al., 2023;
Rensing et al., 2011; Matsumoto and Matsumoto, 2009). The viscome-
ter measurements of ice-decane slurry at −2.5 ◦C from the current
investigation are displayed with associated uncertainties. Struchalin
et al. (2023) produced ice-decane slurry viscosity values by correlating
the pressure drop obtained during flow loop tests. We read from the
figure that our results compare well to the dependence from Struchalin
et al. (2023), and the deviations are due to the different particle
sizes. The average and maximum deviation are 22.5% and 38.4%,
respectively. Rensing et al. (2011) measured the viscosity of the ice
slurry formed in an oil emulsion at −10 ◦C. Here, the average and
the maximum deviations from our data are 23.8% and 39.0%. This
difference may be due to the higher sphericity (and, therefore, cir-
cularity) of the particles in the study of Rensing et al. (2011). This
potentially leads to lower viscosity of the particle suspensions (An et al.,
2018). Matsumoto and Matsumoto (2009) measured the viscosity of the
slurry formed from an emulsion. The deviations of our data from this
dataset are 20.8% on average and 32.0% on maximum.

The unified model predictions (Eqs. (2)–(11)) are shown for differ-
ent packing limits, including 𝜙𝑚𝑎𝑥 = 0.44, 0.50, and 0.56. Less deviation
from the experimental results can be observed with 𝜙𝑚𝑎𝑥 = 0.50, which
is 20.0% on average and 45.5% on maximum. It confirms that the
packing limit of solid particles in the liquid phase is smaller than in
the solid form.
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4. Conclusions

In this study, we conducted rheological measurements for the ice
slurry based on decane. We ran the experiments at negative temper-
atures down to −10 ◦C and particle concentration from 3.5 to 17.7%
vol. The average diameter of the particles was 0.27 mm, and this value
did not alter during the experiment. The measurement results indicate
that the relative viscosity of the ice-decane slurry increases as both
the particle concentration and temperature of the slurry increase. The
maximum relative viscosity of ice-decane slurry is 3.1 at 17.7% vol.
This moderate value means that the slurry is suitable for heat transfer
applications. The obtained data have been compared with other studies
of ice-in-oil slurry viscosity. As a result, the relative viscosity in our
work has an average deviation of about 20% from the third-party data.
The information regarding the rheological characteristics of ice-in-oil
suspensions was expanded by our measurements. Bingham viscoplastic
model was used to predict the viscosity of ice slurry. Unlike many
empirical models, the current model considers particle size and inter-
particle cohesion. The model is validated against our measurements
and third-party experiments, with an average deviation of 20.0%. The
model can be applied to predict the viscosity of PCM ice-slurries when
designing the thermal process and controlling the operating conditions.
In addition, given the similarity of ice-in-oil systems with hydrate
slurries, this model is a valuable tool in the development of hydrate
management strategies for flow assurance.
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