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Characteristics of Ice Slurry Containing Antifreeze Protein
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For the development of � owable ice for storage and long distance transportation purposes, that is
resistant to recrystallization and contains de� ned crystal structures, the characteristics of an ice slurry
generated from an antifreeze protein solution have been examined. Three methods for obtaining the
antifreeze protein are described. In crystal growth studies it has been shown that controlling the super-
cooling is important to generate the desired needle-type crystals, coming from an effective adsorption of
antifreeze proteins to the ice surface. The ice slurry’s thermal storage ability is found using a differential
scanning calorimeter. Furthermore, the slurry’s � owability is examined using both a capillary tube vis-
cometer and a test loop, the latter is used for comparison of the pressure drop with liquid pure water as
well as for the visualization of the slurry � ow. For an ice content of 30%, the pressure drop in a 6-mm-
i.d. tube at 1 m/s � ow is found to be twice the value for liquid pure water.

Nomenclature
D = i.d. capillary tube, m
L = length of capillary tube, m
V = average linear velocity in the tube length direction,

m/s
x = position of the capillary tube slurry column from the

top, m
Pf = frictional pressure drop, Pa
e = effective viscosity, Pa s

Introduction

I CE slurry is a promising working � uid for low-temperature
energy storage systems. A � ow of ice crystals has a large

cooling capacity as a result of the involvement of latent heat.
Compared to conventional systems utilizing the sensible heat,
slurry systems will necessarily give a lower mass � ow rate,
reducing the system dimensions. Several dynamic ice forma-
tion techniques have thus been developed.1– 3 Methods of dy-
namic ice formation of pure water can be categorized as fol-
lows: thin � lm ice on a cooled metal surface, ice formation in
the depressurized box, dynamic ice formation by the use of
supercooled water, ice formation by the use of direct contact
with refrigerant, and ice formation by the use of a small bubble
of air.
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Furthermore, ice slurry systems utilizing clathrates, polymers,
and organic liquids have been developed. However, there are
still problems related to the recrystallization of ice crystals for
realizing long-term storage and long-distance transportation. To
� nd improvements for this, a method for the creation of ice
crystals resistant to recrystallization has been proposed and re-
searched by the use of an antifreeze protein (AFP) solution.

Fish living in subzero ambient conditions survive by de-
pressing the freezing point of blood by the presence of freeze-
inhibiting proteins.4,5 These proteins are mainly known as
AFPs and antifreeze glycoproteins (AFGPs). Different from
dissolved substances like salt, sugar, glycerol, etc., that lower
the freezing point colligatively, these proteins lower the freez-
ing point of blood in a noncolligative manner.5

AFPs and AFGPs are quite different in molecular structure;
however, the reported effects on the antifreeze activity as well
as crystal growth are similar.5– 7 These proteins are adsorbing
to the ice crystal surface and disturb the crystal growth.7 How-
ever, mechanisms for the interaction between the -helical
AFP (which is to be further discussed here) and the ice crystal
lattice have yet to be cleared. Knight et al.7 indicated that there
are hydrogen bonds between systematically repeated hydro-
philic (polar) amino acids located on one side of the helix and
oxygen atoms in the ice crystal grid. Because of the hydro-
phobic (nonpolar) amino acids located on the opposite side of
the helical AFP molecule, further crystal growth is inhibited
in that direction, creating individually existing needle-type
crystals. The ability for these crystals to prevent recrystalli-
zation is important for improving the low-temperature energy
storage and distribution performance in district cooling sys-
tems and in buildings.

So far various applications utilizing AFPs have been pro-
posed. The strong ability of inhibiting recrystallization even at
low concentrations8 makes it promising for food preservation.
Furthermore, AFPs have the potential for avoiding the creation
of hydrate plugs in petroleum multiphase � ow, as well as the
potential to be used for body tissue preservation in the medical
� eld.

To examine the potential for low-temperature storage system
applications based on ice slurry from an AFP solution, in this
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Fig. 1 Amino acid and DNA sequences of molecularly– biologically synthesized AFP (42 amino acids) based on the amino acid sequence
of AFP found in Winter Flounder (37 amino acids). Amino acids: G, glycine; S, serine; D, aspartic acid; T, threonine; A, alanine; L,
leucine; N, asparagine; K, lysine; E, glutamic acid; and R, arginine.

Fig. 2 Comparison of the chemically synthesized AFP (continu-
ous line) with the puri� ed AFP from � sh (discontinuous line) by
reversed-phase HPLC.

paper we are reporting the experimental results of storage abil-
ity and � owability. The temperature and stored enthalpy rela-
tion is shown, representing the low-temperature storage char-
acteristics. Furthermore, the � owability has been examined by
use of a viscometer as well as by a laboratory scale loop.

Materials and Methods
Obtaining AFP

In this research one of the low molecular weight AFPs (3200
Dalton), found in the Antarctic Ocean � sh, Winter Flounder
(Pleuronectes americanus), has been utilized. The length of
this -helical AFP is approximately 50 Aº and the diameter is
10 Aº .6,7 Its repeated polar amino acids (threonine) are located
at the same side, aligned slightly skew compared to the helix
axis. This molecule has a relatively high content ( 60%) of
the nonpolar alanine (A), mainly located on the opposite side
of the helix.6 The amino acid composition is shown in Fig. 1.

AFP, for the purpose of creating ice slurry can, in principle,
be obtained in three different ways where our studies have
been utilizing AFP based on all three methods.

Chemically Synthesized

Based on the composition information of the 37-amino acid
AFP (Fig. 1) from the Winter Flounder,9 the chemically syn-
thesized protein was ordered as a reference to the AFP made
by the following two methods. For higher molecular weight
proteins such a synthesis will include several steps and become
expensive when a larger amount is synthesized. Analysis of
the sample by reversed-phase high-performance liquid chro-
matography (HPLC) showed a purity of 96%.

Synthesized in Bacterial Cells

This method, synthesizing AFP molecularly– biologically in
bacterial cells by the use of a recombinant protein-expressing
plasmid vector, has utilized DNA sequencing information in
coding the amino acid sequence of AFP. Contrary to the chem-
ical synthesis, this method has the ability to synthesize even
the higher molecular weight proteins as well as produce a large
amount of protein by increasing the scale of bacterial culti-
vation. Utilizing this method, the 42-amino acid AFP was syn-
thesized as follows (Fig. 1): double-stranded nucleotides cod-
ing for the amino acid sequence of AFP10 were chemically
synthesized. These nucleotides have restriction enzyme-cutting
sites, BamH1 site (GGATCC) and EcoR1 site (GAATTC) at
each terminal to connect to the protein-expressing plasmid,
pGEX2T. The plasmid vector pGEX(AFP) was constructed by
inducing those nucleotides to the BamH1 and EcoR1 site of
the pGEX2T. The extra � ve amino acids were added to the
37-amino acid AFP, two at one end (GS) of the protein and
three at the other (NSS) to construct the plasmid vector. How-
ever, this was thought to have little effect on the antifreeze
activity caused by the maintenance of the structure. Escheri-
chia coli DH5 bacteria were cultivated by an ordinary way

after being transformed with the pGEX(AFP). AFP was then
synthesized as glutathione-S-transferase (GST) fusion protein
in bacterial cells after adding isopropyl-1-thio- -D-galactoside
(IPTG) as an inducer. AFP was applied to the glutathione-
sepharose 4B af� nity column and eluted after thrombin diges-
tion at the connecting site with GST in the column. Finally,
puri� cation was performed through a Sep-Pak C18 cartridge.
The purity by HPLC analysis was found to be the same as the
chemically synthesized AFP. Using this method, 1.5-mg AFP
could be obtained from 1 l of bacterial culture broth. This
method was used to produce AFP for the ice slurry experi-
ments, except the loop experiments.

Puri� ed from the Blood of Fish

AFP puri� ed from � sh blood11 is normally composed by
several AFP molecules, which have similar shapes and prop-
erties.12 AFP from Winter Flounder, AFP I, was analyzed using
reversed-phase HPLC. On the chart, several peaks close to the
peak of the chemically synthesized AFP were found, as illus-
trated in Fig. 2. This indicates a probable similarity in the
molecular structure. AFP puri� ed from � sh blood is less ex-
pensive than AFP obtained from the two previously mentioned
methods. In the ice slurry loop experiments, where a large
amount of protein was required, this type of AFP was utilized.

The chemically synthesized AFP as well as the AFP puri� ed
from � sh blood was delivered in dried condition. To dissolve
these properly, NaOH was added, since a basic solution turned
out to be effective. After the dissolving process, HCl was used
for neutralization. The � nal solution contained 50 mM NaCl.
To have equal conditions, the solution of AFP obtained by all
three methods had the same NaCl concentration.

Ice Nucleating Protein

To simplify the experiments of freezing, by means of re-
ducing the liquid supercooling and therefore achieving more
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Fig. 5 Ice slurry loop used for experiments.Fig. 4 Capillary tube viscometer used for experiments.

Fig. 3 Measurement characteristics using DSC when melting.

predictable crystal initiation, an ice nucleating protein released
from the ice nucleating bacteria Pseudomonas Syringae was
included in the AFP solution. A nucleation temperature of

4.8 C could be obtained with a concentration of ice nucle-
ating protein, corresponding to 3 107 bacterial cells/ml AFP
solution. However, for investigations of controlled crystal
growth, only the ice crystal itself was good enough for nucle-
ation.

Low-Temperature Storage Ability of Ice Slurry

To determine the low-temperature storage ability of the ice
slurry created from an AFP solution, a differential scanning
calorimeter (DSC) was utilized. The sample of the AFP solu-
tion was sealed in an aluminum capsule and placed inside a
chamber where the sample and a reference material, Al2O3,
were exposed to the same temperature-controllable environ-
ment. A receiver containing methanol, holding a temperature
of about 50 C was covering the chamber, while heat was
applied to the sample and the reference through direct con-
duction from a buffer block for obtaining the desired temper-
ature. After the creation of ice, the sample and reference were
heated at a constant temperature gradient of 0.1 C/min. The
heat input difference between the sample and reference as well
as the sample temperature were recorded. In Fig. 3, the typical
characteristics of melting are shown. Point a) indicates the start
of melting, point b) indicates the melting process is � nished,
while at point c) the temperature gradient of the sample has
returned to its original 0.1 C/min. The total amount of heat
involved in the phase change can be found as the area between
the curve and a straight line between point a) and point c)
(area A and B in Fig. 3). To � nd the accumulated low-tem-
perature energy as a function of the AFP ice slurry’s temper-
ature, it was necessary to recalculate from the obtained values
of heat input difference.

Measurement of Slurry’s Effective Viscosity by a Capillary
Tube Viscometer

The � owability of ice slurry can be expressed through the
viscosity relations or by determining the pressure drop rela-
tions during � ow. A � uid’s viscosity is found by measuring
the shear stress and shear rate. Since the amount of the AFP
solution available was limited, a capillary tube viscometer
made of glass was constructed, similar to an hour glass, for
the investigation of the ice slurry viscosity. The principal of
this method is to measure the frictional pressure drop in lam-
inar � ow for a � uid in a long, smooth cylindrical tube with
known dimensions and at a given shear rate.

As shown in Fig. 4, a capillary tube with an i.d. of 2.5 mm
and a length of 220 mm was used, giving a length/i.d. ratio
large enough to omit end effects.13 The hour glass was placed
in a temperature-controlled ethanol bath. The creation of ice
slurry was obtained by freezing the AFP solution inside the
tube and then adjusting to the desired temperature over a long
period to obtain a uniform condition for slurry in the tube.
Effective viscosity e is the viscosity that makes Poiseuille’s
equation � t any set of laminar � ow characteristics for time-
independent � uids. It can be found as the derived shear rate/
shear stress ratio and can, in principle, be applied to non-New-
tonian � uids as well, if the effective viscosity is related to the
derived shear rate 8V/D (Ref. 13). Including values at different
positions in the capillary tube during � ow through, the equa-
tion becomes

D P (x)/4(L x)f(x) = (1)e
8V(x)/D

The velocity was measured by a high-speed camera and the
pressure difference recorded both parameters relative to the
position x.

Measurement of Ice Slurry Pressure Drop for Flow in a Loop

To examine the ice slurry � ow characteristics during tube
� ow, similar to what would be the situation in real applica-
tions, a horizontally arranged loop was constructed as shown
in Fig. 5 for measuring the pressure drop. The straight lines
were made of glass tubes, whereas the bends were made of an
elastic vinyl hose, with all parts being 6.0 mm i.d. The di-
ameter was chosen as large as possible for the limited amount
of AFP available. The experimental apparatus was put in a
temperature-controlled room, set at the slurry operational tem-
perature ( 0.5 to 0 C) to avoid the in� uence of heat leakage.
Furthermore, for slurry temperature adjustments, the glass
tubes were covered by a parallel ethanol � ow, temperature con-
trolled by a separate ethanol cooler. Slurry temperature was
measured using a thermistor and a sensor inserted into the
slurry � ow; whereas the pressure drop was measured for the
1-m straight glass tube. The � ow rate could be controlled by
a pump having a maximum speed of 1.0 m/s.

To create the desirable ice slurry condition for the experi-
ments, the following procedure was used: 1) creation of seed
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Fig. 8 Stored enthalpy as a function of melting temperature for
four AFP concentrations. The freezing characteristics for 6 mg/ml
are also indicated.

Fig. 7 Needle-type crystals after mechanical disturbance. They
exist as individual crystals, not connected to each other.

Fig. 6 Characteristic needle-type ice crystals.

crystals in heat exchanger 3-4 at the nucleation temperature
(decided by the ice nucleation protein), 2) distribution of seed
crystals to the whole loop using the pump for a few seconds,
3) melting the dendritic– crystal-based compact ice in heat ex-
changer 3-4 while growing needle type crystals from seed
crystals in heat exchanger 1-2 and 4-5, 4) adjustment of op-
eration temperature in all heat exchangers and starting ice
slurry � ow, and 5) obtaining steady-state condition and re-
cording � ow temperature and pressure difference.

Results and Discussion
Observation of Ice Crystal Structure

An investigation of the dynamic process of ice crystal
growth in� uenced by AFP adsorption has been performed by
Coger et al.12 They reported that an AFP concentration of 1
mg AFP per ml water is high enough to guarantee modi� ca-
tions in the ice crystal structure caused by freeze inhibition.
Between 1– 10 mg/ml, the spicular or needle-type crystals
dominate.

The purpose of observing the ice crystal growth in our re-
search was not only to detect the shape of crystals, but also to
see the in� uence of mechanical disturbance, since this is im-
portant for the � owable ice slurry. Experiments were per-
formed in a 5 C room, observing crystals under an optical
microscope through polarized plates. Ice crystals were growing
from inserted seed ice in an AFP solution exposed only to the
surrounding low temperature.

In the experiments using an AFP concentration of 5 mg/ml,
the importance of supercooling for ice crystal formation was
observed qualitatively. If seed ice crystals were inserted in a
highly supercooled solution, dendritic crystals were created in-
stead of the characteristic needle-type ones and the growth
occurred at high speed. The formation of such crystals indi-
cates that the potential for growth, caused by the high super-
cooling, resulted in a growth that is too fast for the AFP to
adsorb to the ice crystal surface. At growth-initiating temper-
atures corresponding to low supercooling, above the critical
value for dendritic growth, the typical needle-type crystals
could be observed (Fig. 6). Here, the AFPs are successfully

adsorbing to the surface and control the growth, occurring par-
allel to the prism faces. The growth continues as long as there
is a thermodynamic potential in the adjacent surroundings of
the crystal, corresponding to a temperature just below the local
freezing point. The more seed crystals there are in the solution,
the higher the number of needle crystals becomes. Mechanical
disturbance during this growth will easily cut the needles into
smaller pieces, which can act as additional seed crystals. Fig-
ure 7 shows a situation after mechanical disturbance. There is
no binding between two crystals’ prism face surfaces, but they
exist separately from each other. Furthermore, when the ther-
modynamic potential for growth is not present, and when the
temperature is lower than the melting point (within the thermal
hysteresis gap), the growth of long needle crystals is stopped
and at the same time there will be no melting. For ice storage
purposes these factors are important, since no mechanical stir-
ring is necessary because of the lack of recrystallization and
the slurry can remain unchanged within the temperature range
of the hysteresis.

For the design of heat exchangers utilizing ice slurry made
from AFP solutions, the control of heat � ux will be important
to avoid the supercooling to exceed the critical value for den-
dritic growth and by that obtain needle-type crystals affected
by adsorbed AFPs.

Stored Enthalpy as a Function of Slurry Temperature

In Fig. 8, the results for four different AFP concentrations
are shown for the melting case. The values for pure water are
also included for comparison. The freezing characteristics will
show a different picture because of the effective depression of
the freezing point. In Fig. 8, the 6-mg/ml case is shown for
comparison with the corresponding melting characteristics.
The important information from such a description is the value
of the hysteresis gap, where apparently no freezing or melting
occurs.

For the melting case, the values from 0.3 C up to the
equilibrium melting temperature are quite equal for the four
concentrations. However, for values lower than 0.3 C, the
in� uence of the difference in concentration is considerable.

0.3 C represents approximately 100 kJ/kg accumulated heat,
corresponding to 30% of the latent heat of pure water. At

1.0 C, the main part of the latent heat is accumulated in ice,
corresponding to 285 kJ/kg in the case of 6 mg/ml, which
represents 85% of the latent heat of pure water.

Effective Viscosity and Pressure Drop as a Function
of Slurry Temperature

In Fig. 9, the effective viscosity for the ice slurry, consisting
of 6 mg/ml AFP, is presented as a function of the derived shear
rate 8V/D for various temperatures. The initial shear stress ob-
served indicates that the ice slurry has a Bingham � uid char-
acteristic. Increasing the temperature seems to have a signi� -
cant effect on the effective viscosity reduction. In Table 1,
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Table 1 Approximated correlation between
the ice slurry temperature (and ice content)
and the effective viscosity ratio between ice
slurry made from a 6-mg/ml AFP solution

and liquid pure watera

Slurry
temperature, C

Content
of ice, %

Effective
viscosity ratio

0.3 30 2
0.4 60 100
0.5 70 250
0.6 75 500

a
The 0.3 C case is measured by the slurry loop. Shear

rate value is 1000 s 1.

Fig. 9 Effective viscosity as a function of derived shear rate
8V/D. *), the 0.3 C case is measured by the slurry loop for an
AFP concentration of 5 mg/ml.

Fig. 10 Pressure drop in the 1.0-m-long horizontal glass tube as
a function of � ow velocity for various temperatures.

Fig. 11 Photograph showing needle-type crystals in a glass tube
growing from the distributed seed crystals.

Fig. 12 Photograph showing needle-type crystals in a glass tube
after the growth from seeds is completed.

Fig. 13 Photograph showing the typical situation of slurry � ow
in the loop.

values from Figs. 8 and 9 have been compared. At a temper-
ature of 0.6 C, 250 kJ/kg stored enthalpy is involved. This
corresponds to 75% of the latent heat of pure water, which
also indicates the content of ice in the slurry.

The steep curve for the melting characteristic in Fig. 8 in-
dicates the strong temperature dependency of stored enthalpy.
A small change in temperature in this area will change the
content of ice dramatically and the � owability will necessarily
be strongly in� uenced.

In Fig. 10 the pressure drop/speed relation for � ow in the
loop is shown for various temperatures at an AFP concentra-
tion of 5 mg/ml. Also, the liquid pure water case is shown as
a reference. Increasing the slurry speed reduces the pressure
drop ratio between ice slurry and liquid pure water. In the

0.30 C case, the pressure drop for the ice slurry is around
twice at 1 m/s, while in the case of 0.5 m/s, it is around three
times. When designing ice storage systems these results are
important for � nding the suitable operational condition.

If we correlate the pressure drop of the ice slurry to the
value for pure water and use this as an indication of slurry

viscosity, we can present the loop results to be compared with
the values obtained using the capillary tube viscometer. In Fig.
9, the loop values are included, within the limited range of
shear rate, decided by the pump. A signi� cant drop in effective
viscosity can be seen for a reduction in ice content from 60 to
30%.

For evaluating ice slurry systems using AFP as the additive,
the knowledge about ice crystal shape and size when � owing
in tubes is important. In Figs. 11– 13, photographs from loop
operation are presented. When ice crystals grow from seed
particles in a non� ow condition, the characteristic needle-type
crystals can be observed (Fig. 11). The whole volume inside
the tube, not only the AFP solution at the glass surface heat
exchanging area is supercooled within the range of needle
crystal growth. Figure 12 shows the situation when the growth
is nearly complete (no growth potential). When slurry is � ow-
ing, the mechanical disturbances from the pump and the crys-
tal/crystal interaction breaks the long needles into shorter ones.
Figure 13 is a typical photograph, showing steady slurry � ow.
Crystals � ow uniformly in the core, while the liquid is effec-
tively lubricating the surface. In the case of 30% ice content,
the Bingham characteristic can hardly be seen because of the
low value of the initial shear stress. However, as the pressure
drop and viscosity � gures show, the tendency for increased
� owability at higher shear rates is still present. Obtaining mi-
croscale knowledge about the growth inhibition mechanisms
when AFPs are adsorbing to the ice surface can make it pos-
sible to create even more advanced crystal structures, mini-
mizing � ow resistance.

For the design of heat exchangers it will be important to
control the supercooling to generate the needle-type crystals
as well as to ensure the presence of seed ice. Since the ice
crystals have resistance to recrystallization, there will be no
need for continuous stirring in the storage tank, which will be
bene� cial for long-term storage.

AFP Molecular Long-Term Stability

One challenge when using AFP for ice storage is the pos-
sibility for degradation of the protein during operation and
storage. In a nonsterile condition the protein molecule might
be damaged because of digestion by bacteria. However, always
keeping the AFP solution at a low temperature reduces the
bacterial activity and prevents the AFP from damage. To de-
termine any degradation, we compared the HPLC charts before
and after utilizing the AFP in the loop experiments. No addi-
tional peaks that could indicate any degradation of the AFP
could be detected. Furthermore, 50– 100 times of repeated
freezing and thawing did not in� uence the ability for growing
needle crystal ice.
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Table A1 Relative uncertainty estimations in the viscometer experiments for a given velocity

Velocity,
m/s

Pressure
difference, %

Column
height, % Velocity, % Diameter, %

Effective
viscosity, %

Shear
rate, %

3 10 5 2 0.3 0.5 2 3.5 2.1
3 10 4 2 0.5 1 2 3.6 2.2
3 10 3 2 1.5 3 2 4.8 3.6
3 10 2 2 3 6 2 7.6 6.3
3 10 1 2 5 30 2 30.6 30.1

Conclusions
To evaluate ice slurry made from an antifreeze protein so-

lution for low-temperature storage applications, molecularly–

biologically synthesized protein has been used, and the stored
enthalpy as a function of the temperature as well as the effec-
tive viscosity and pressure drop as a function of temperature
have been experimentally investigated and the following con-
clusions made:

1) For AFP concentrations ranging from 2 to 8 mg/ml, nee-
dle-type crystals are created when the supercooling is low.
Because of the adsorption of AFPs to the surface of ice, the
crystals have the ability not to recrystallize, which is important
for long-term storage considerations.

2) In the case of an ice slurry containing 30% ice (30% of
the latent heat of pure water), the pressure drop of a � ow inside
a 6 mm tube at a speed of 1 m/s is twice the pressure drop of
liquid pure water. The � uid shows a typically Bingham � uid
characteristic.

3) At a temperature of 1.0 C, most of the latent heat in
the AFP solution is accumulated in ice. Since the content of
ice in the slurry is strongly related to the temperature, the
control of the temperature of operation is essential to obtain
the desirable � owing condition.

4) The feasibility of utilizing ice slurry containing AFP for
ice storage applications has been cleared through the investi-
gation of storage ability and � owability.

Appendix: Uncertainty Analysis
Calorimeter Experiments

In the measurements of the ice slurry’s stored enthalpy/tem-
perature relation using the differential scanning calorimeter,
there are uncertainties involved in the determination of the heat
input difference between the reference material and the sample
as well as in the temperature (thermocouple). The level of
noise for the heat input difference is set to be within 5 W
below 400 C. For the peak value in Fig. 3 this corresponds to
2%. The thermocouple has an accuracy of 0.05 C. The rep-
resentation of the ice slurry’s stored enthalpy in this report is
from the recalculation of the heat input difference to express
the dependency of temperature. It is necessary to de� ne the
temperature where the sample is considered to be frozen, com-
ing from a negligible change in heat input difference at the
lower temperatures in Fig. 3. Furthermore, the recalculation
includes an integration equal to the sum of trapezoids of 70
time-steps with an estimated uncertainty of less than 1%. The
freezing estimation that is based on three measurement points
is given to show the trend for thermal hysteresis.

Viscometer Experiments

For the representation of effective viscosity as a function of
the derived shear rate, there are four input parameters involv-
ing uncertainty: 1) pressure difference (pressure transducer) for
the � uid to pass through the capillary tube, 2) estimation of
the slurry column height inside the tube, 3) slurry column ve-
locity (recorded as the time for the column to � ow steps of 5
mm), and 4) given inner diameter. In addition there is tem-
perature, recorded by a thermocouple. In Table A1, the values
are presented. The relative uncertainty is varying when chang-
ing the slurry column height as well as the velocity. At higher
velocities the accuracy drops as a result of limitation in the

high-speed camera recording. Temperatures are given by an
accuracy of 0.05 C.

Loop Experiments

For the experiments of slurry � owing in a straight tube, there
are three measured parameters involved: 1) temperature (by
thermistor), 2) pressure drop (by absolute pressure transducer),
and 3) volumetric � ow (included in the pump by recording the
rotation speed). The accuracy of the thermistor is 0.005 C.
The pressure difference coming from the measurement of the
absolute pressure at the two points is estimated within 8%,
based on repeatability considerations. Slurry velocity is based
on the measured volumetric � ow for the given inner tube di-
ameter of 6.0 mm ( 0.05 mm) and is given an accuracy of

0.25%.
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