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In the process of freeze concentration (FC), the main problems in operating the
counter-current wash column used for separating ice from ice slurries are channeling
and viscous fingering. These phenomena lead to the mixing of pure water and mother
liquid, as well as entrainment of mother liquid within the removed ice. Experimental
and thermal analysis of the wash front interface in this research relates ice melting
and wash front breakthrough with the operating conditions (such as the wash water
temperature, ice bed temperature and porosity). Criteria for wash front stability are
proposed. VVC 2009 American Institute of Chemical Engineers AIChE J, 55: 2835–2847, 2009
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Introduction

Many methods have been developed in chemical engineer-
ing for separating solid particulates from liquids, such as
centrifugation, press filtration, vacuum filtration, and mem-
brane filtration.1,2 Other methods include deposition and
flocculation, etc. However, these methods proved not suita-
ble for removing ice from ice slurries, not only because the
ice particles in freeze concentration (FC) are very small—
from \10 lm before ripening to about 100–200 lm after
ripening for 3–5 h3—but also because the ice particles melt
and re-freeze in pressure driven filtration. This limits the
pressure applied.

As an essential step of FC, the separation of ice from ice
slurries determines the loss of solute in the process. Centrifu-
gation has been widely used in chemical engineering to sep-

arate particles from liquids, e.g., to separate crystals from
magmas. It has reportedly been used for separating ice from
ice slurries.4–6 Nevertheless, our studies showed that the
high strength of centrifugal force imposed on the ice cakes
would cause the non-Darcy effect: the filtrate flux is not pro-
portional to the pressure drop across the filter mesh. This
may be due to the press-and-melt nature of ice: a portion of
ice melts under the pressure and passes through the filter as
liquid, then freezes again to form fine ice particles. More-
over, an ice crust can be formed against the filter via thaw-
ing and freezing under the centrifugal force. This blocks the
channels in the interstices between the ice particles, increas-
ing the power consumption required to overcome the resist-
ance. Therefore, to separate ice from the ice slurries found
in FC, centrifugation does not appear to be a good choice.

Among various separation methods, the wash column has
its unique advantages in segregating ice from the ice slurry
because the liquid does not need to overcome the surface
tension in passing through the porous matrix of the ice bed.
The ice slurry is a mixture of ice crystals and unfrozen

Correspondence concerning this article should be addressed to F. G. F. Qin at
f.qin@auckland.ac.nz or X. D. Chen at dong.chen@eng.monash.edu.au

VVC 2009 American Institute of Chemical Engineers

AIChE Journal 2835November 2009 Vol. 55, No. 11

SEPARATIONS



mother liquid. It is also a crystal magma usually produced
from a subcooled scraped surface heat exchanger (SSHE). It
is then fed into a suspension crystallizer, where small ice
crystals (0.1–10 lm) gradually become larger by Ostwald
ripening, an adiabatic process during which those very fine
crystals, smaller than the thermodynamic critical size, melt;
but the surviving crystals grow bigger.7 The permeability of
the packed ice bed produced with the ice slurry also
increases due to larger particle size.8

In a wash column, the ice slurry is compressed to form an
ice bed, which is saturated with mother liquid. Wash water
is introduced into the wash column on top and passes
through the ice bed slowly to displace the mother liquid as a
downward plug flow. The mother liquid usually has a greater
specific gravity than the wash water, so that a horizontal
wash front, a transitional region, can be seen between the
upper washed ice and the lower unwashed ice. The washed
ice is pushed up in the counter direction of the movement of
the mother liquid and removed (together with the interstitial
wash water) on top the wash column. Meanwhile, the
concentrated mother liquid is withdrawn at the bottom
(Figure 1d).

Counter-current wash columns have been used in some
melt crystallizations, especially for viscous organic com-
pounds, to separate crystals from melts.9–13 There are several
kinds of wash column that cater for different applications.
They are defined by their method of operation, e.g., gravity
wash columns, hydraulic wash columns, and mechanical
wash columns (Figure 1). Nevertheless, compared with many
other solid–liquid separation methods, the technology of
wash columns is often considered to be under development.
Only a few relevant studies and applications have been
reported. The wash column used for separating and purifying
ice from ice slurries has different characteristics compared
with those used in other melt crystallizations. For instance,
ice is lighter in weight than the mother liquids and always
tends to float; the washed (pure) ice is not melted inside the
wash column normally (for producing washing water); and

there is only a very little amount of ice crystallization/re-
crystallization taking place during the wash operation. This
is quite different from the gravity wash column, which has
been used for separating organic compound crystals from the
melt. In a gravity wash column, crystals are purified by
leaching and sweating, which actually involves continuous
melting and re-crystallization in the journey of passing
through the column.12,14

Experimental

Apparatus and method

The experimental wash column is shown in Figure 2. It
was made of a perspex cylinder with an inside diameter of
80 mm and height of 500 mm. The exterior was wrapped
with 30 mm of rubber foam for thermal insulation, on which
a double-glazed 30 mm � 200 mm observation window was
constructed at the upper section of the column.

The ice slurries were produced from a laboratory
SSHE.15,16 The morphology of the ice was examined by a
biological microscope placed in a cold cabinet.17,18 After
aging for a given time, the ice slurry was quickly poured
into the wash column for experimental study. The compress-
ing force was provided by weight(s) on top of the mesh pis-
ton giving 0.1–0.4 kg cm�2 pressures. In this study, the pres-
sure used was 0.1 kg cm�2 unless stated otherwise.

An ice-free section of mother liquid above the mesh pis-
ton was produced after compression. This part of the mother
liquid was then drained to allow the liquid level to be flush
with the ice bed surface. The mesh piston was kept in the
wash column to maintain the pressure and prevent water
rushing into the ice bed. A given amount of cold wash water
was added into the column from the top until it reached the
level marked ‘‘water line’’ before washing started. A ruler
was placed beside the observation window to measure the
thickness of the washed ice. During washing the mother liq-
uid was drained into a measuring cylinder. The washing (or
draining) rate was measured using a stopwatch.

Figure 1. The schematic diagram of different wash columns used in industrial crystallization. (a) Gravity wash col-
umn, (b) hydraulic wash column, (c) mechanical wash column, and (d) ice wash column.
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The temperature distribution on the inside surface of the
column was measured using six Type-T thermocouples of
0.5 mm diameter. The radial temperature distribution at the
cross section at the wash interface was measured by four
Type-T thermocouples of 0.5 mm diameter.

Experimental Results and Discussion

Morphology of the ice particles

The newly formed ice particles are very small with irregular
shapes as shown in Figure 3a. Most of them are dendrite debris
of ice scraped off from the cooling surface. The cloudy mass in
the picture without a clear boundary may consist of numerous
smaller ice particles, which cohere as agglomerates.

The grain size of ice increases gradually during ripening.
Agglomeration and re-crystallization may occur simultane-
ously. This can be seen in Figure 3b. The morphological
change of ice during ripening has been studied by many and
Ostwald ripening is usually said to play an important role in
this process.19–22 Ice particles are forced to touch with the
adjacent particles when being compressed in the wash col-
umn. The ice is at a subzero temperature before washing
because of the freezing point depression (FPD) of the solu-
tion. However, the temperature approaches zero at the wash
front when the ice is in contact with the wash water. Mild
ice crystallization joins the ice particles to form a sinter-like
matrix of ice, as shown in Figure 3c. Table 1 and Figure 4
show the temperature change on the inside surface of the
wash column across the wash front.

Table 2 and Figure 5 show the radial temperature profile
at the cross section of the wash interface. It can be seen that
the temperature at the interface is zero (or very close to

Figure 3. Micrograms of the morphological change of
ice particles. (a) The ice dendrites scraped off
from the cooling surface, (b) the ice particles
during ripening, and (c) the porous, sinter-like
structure of the washed ice bed (which was
produced from the ice slurry ripened for 4 h).

Figure 2. The experimental wash column.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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zero) except within about 0.5 mm of the sidewall. Note that
the installation accuracy of the thin Type-T thermocouple re-
stricted the measurable distance to the sidewall.

The experimental study showed that wash operation might
fail due to a number of reasons, such as channeling, viscous
fingering, and clogging, etc. These problems will be further
studied in the following parts of this article.

Channeling and viscous fingering

Water and mother liquids are the so-called first-contact
miscible liquids: when water displaces mother liquid in ice
particle beds, mixing occurs. An often-seen undesirable
problem is that a sharp, clear, horizontal wash front does not
show up. Instead, the wash front is uneven or in the worst
case no clear washed ice layer can be seen. The reason
seems to be over mixing of the wash water with the mother
liquid. However, careful observations (with the help of dye-
tracer added in the mother liquid) showed that this might be
attributed to two reasons: channeling and viscous fingering.

When local fractions of the ice bed progressively become
loose during washing because of ice melting or migrating,
channeling occurs. Channels appear as downward extending
caves as shown in Figure 6. Viscous fingering occurs when
the wash front moves faster at some places than others (see
Figure 7). Unlike channeling, the local porosity in the vis-

cous fingering region does not appear to change. However,
viscous fingering breaks through the horizontal displacing
interface (wash front), so the separation of ice from the
mother liquid becomes less efficient or even fails. Both
channeling and viscous fingering often occur in the vicinity
of the sidewall.

An uncompressed piled ice bed cannot be washed properly
because particle cohesion and agglomeration cause the ice in
the slurry to become lumpy. The interstices between ice
lumps allow the liquid to run down faster than in other pla-
ces. This causes channeling as illustrated in Figure 8a.

As mentioned before, both channeling and viscous finger-
ing in a packed ice bed are related to ice melting or migra-
tion. Therefore, the temperature control of the wash water is
critical. Figure 9 presents the effect of the wash water tem-
perature on the wash performance of an ice bed. The bed
temperature was measured to be �1.7�C, which was the
freezing point of a 6% weight concentration of NaCl salt so-
lution in the ice bed. The wash water temperature was
reduced step by step from above 4�C to 0.1�C in a continu-
ous counter-current wash column of a pilot scale FC system.
The piston pressure in this run was set to 0.1 kg cm�2. The
experimental apparatus used for this run is not shown for in-
tellectual property reasons. It can be seen that the experi-
mental wash water temperature Twe must be kept below
1.5�C to achieve a desirable wash and separation result.

Freezing and clogging

If washing is done properly and a sharp wash front is
formed, the ice bed can be slid out of the wash column after
removing the supporting mesh at the bottom. The ice bed is
rigid enough to stand by itself on the table as shown in Fig-
ure 10c. But unwashed ice beds (red part in the pictures)
remain soft even though they were compressed.

A potential problem of water freezing is the clogging in
the ice bed, which results from over-crystallization of ice in
the porous ice bed. A high concentration of the mother liq-
uid with its corresponding FPD will enhance this effect. A

Table 1. Temperature Distribution on the Inside Surface
Along the Wash Column

Height (cm) 0 5 10 15 20 25

Temperature (�C) �0.80 �0.63 �0.61 0.34 0.35 0.36

Figure 4. Temperature distribution on the inside sur-
face along the wash column (wash water
used was below 0.3�C).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 2. Temperature Profile Across the Wash Column at
the Wash Interface

R (cm) 0 3.3 3.8 4 4.5 7.5

Temperature (�C) 0.37 0.39 0.39 0.63 2.8 18.70

R is the radial distance from the column center to the measured point.

Figure 5. Radial temperature profile at the wash inter-
face (the wash water used was below 0.5�C).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

2838 DOI 10.1002/aic Published on behalf of the AIChE November 2009 Vol. 55, No. 11 AIChE Journal



similar phenomenon was mentioned by others.23–25 Experi-
ments in this study showed that it usually happened when
the aging time of the ice was insufficient. Perhaps it was
because the ‘‘premature’’ ice slurry contained a large amount
of very fine ice particles so that the permeability was poor.
The situation may become worse when the ice bed is over
compressed for it will result in dead-end pores and occlusion
of mother liquid inside ice lumps due to pressure-induced
fusion of ice. Clogging of the ice bed increases the flow re-
sistance and holds up the ice bed movement. The ice close
to the wall may gradually melt and eventually lead to chan-
neling. This is illustrated in Figure 8c.

Table 3 presents the experimental observations of the effect
of the piston pressure on the wash performance. Zero pressure
means that the ice bed was naturally piled up. As the applied
pressure was increased from 0 to 5 kg, the wash gradually
became better. When the pressure increased to 10 kg and
higher, the movement of the wash interface gradually became
sluggish. When the pressure was somewhat higher than 40 kg,
partial clogging might form because the packed ice bed started
to show unwashed parts, and then partial channeling started to
appear at the vicinity of the wall.

Axial dispersion

The solution was dyed red to facilitate the observation in
this work. Photographs in Figure 10 illustrate the influence
of ripening time (and the grain size of the ice) on the axial
dispersion in the wash column. The ice grains were initially
very small, e.g., \10 lm, with irregular shapes. They
increased to �200 lm in diameter after ripening for 3–6 h
(Figure 3). Similar and indeed perhaps more details have
already been reported by others previously.3,7,21,22,26 Experi-
ments in this study show that washing cannot produce a

Figure 6. Channeling in the vicinity of the side wall. (a) A side view of channeling in the ice bed as downward
caves and (b) a bird’s eye view of channeling in the ice bed.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 7. Viscous fingering at the wash front.

(a) Initial viscous fingering and (b) developed viscous fingering.
[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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sharp, horizontal wash front in the ice bed if it is produced
from a premature ice slurry. This is shown in Figure 10a
where the wash front is very fuzzy, implying that over
mixing of the wash water and mother liquid must have
taken place. In contrast, we are assured that the wash front
will become sharper and clearer if the ice slurry is given a
longer ripening time (Figure 10c).

In other words, the effective axial dispersion coefficient
increases greatly as the ice grain size reduces. As the dimen-
sion of the pore canal should be in the same order of magni-
tude as the ice grains, this means that the larger the grain
size in the ice bed, the smaller the effective axial dispersion
coefficient. This cannot be well explained with the current
dispersion theories of miscible fluids in porous media, which
predicts an opposite trend.27–29 This is surprising, however,
further discussion and analysis regarding the dispersion coef-
ficient in porous ice beds is not the focus of this article.

Porosity and permeability

Ice grain size plays an important role in washing. First,
it determines the porosity and permeability of the (com-
pressed) ice bed. Second, it impacts the wash front
range—the thickness of the transitional layer, which repre-
sents the degree of mixing between water and the concen-
trated solution. For the ice slurries produced by a SSHE,
a larger grain size can only be obtained by providing
appropriate ripening conditions and sufficient time. An ice
bed compressed from a premature ice slurry shows poor
permeability due to the small grain size.8 If the bulk per-
meability is too small, the wall effect will become signifi-
cant because (1) the porosity at the outer boundary of the
ice bed is greater and (2) the heat import from the envi-
ronment tends to melt the ice in this region. The wall
effect produces a weak region for the breakthrough of the
wash front.

Theoretical Analysis

Mobility ratio

If there are two miscible liquids, when one liquid displa-
ces another in a porous medium, an important criterion for a
stable displacing front is that the mobility ratio M \ 1.27 M
is defined as:

M ¼ Kw=gw
Kl=gl

(1)

where Kw and Kl are permeabilities of the ice particle bed for
water (in the washed layer) and mother liquid (in the unwashed
layer), respectively. gw and gl are the viscosities of water and
mother liquid, respectively.

If there is neither freezing nor thawing during the washing
of the ice bed, its porosity will be the same before and after

Figure 8. Schematic diagram of different behaviors in washing process.

(a) Loosely piled ice bed, (b) evenly and moderately compressed ice bed, and (c) over-compressed ice bed, this may possibly cause liquid
entrainment and ice bed clogging, which ends up with ice melting at the outside bed.

Figure 9. The effect of wash water temperature on the
wash performance (the piston pressure is set
to 0.1 kg cm21 and the aging time of the ice
slurry was about 3 h).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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washing. With a lower viscosity, water will present a greater
permeability than the mother liquid does, i.e., Kw [ Kl.
Therefore, M must be greater than 1. So the displacing front
tends to be unstable in this case.

However, as mentioned earlier, freezing occurs more or
less at the wash front depending on the FPD of the mother
liquid, causing the porosity to decrease in the washed ice
bed. So the permeability in the washed ice bed may be
smaller than that in the unwashed ice bed, i.e., Kw � Kl.
Since water is less viscous than the mother liquid, gw \ gl,
and the mobility ratio (M) is uncertain in this case.

Some useful figures are: the viscosity of water at the
freezing point (0�C) is 1.78 � 10�3 Pa s; the viscosity of
25 w/w% (freeze concentrated) whole milk at the freezing
point (�1.2�C) is 0.04 Pa s; the viscosity of 25 w/w% sugar
solution at the freezing point (�2.0�C) is 5.1 � 10�3 Pa s.
So the ratio of (gl/gw) for the whole milk is about 22 and for
the sugar solution is about 3. In other words, the possibility
of developing viscous fingering in washing the freeze con-
centrated milk ice bed is eight times greater than that in
washing the sugar solution ice bed. Generally speaking, the

more viscous the mother liquid is, the greater the chance of
developing viscous fingering.

On the other hand, gravity is a stabilizing factor of the
wash front. As the density of mother liquid is greater than
water, i.e., ql [ qw, it tends to stay at the lower position
when the displacement is taking place. This prevents the
mixing of two liquids. The movement of the displacing
interface tends to result in viscous fingering, which mixes
the two liquids. Therefore, the stability of washing the ice
bed remains complex and uncertain, as can be illustrated by
the selected unsatisfactory washings shown in Figures 6, 7,
and 10, respectively. The thermal behavior of the ice bed
may become an important factor.

Criterion of wash front thawing

When water passes through a packed ice bed, the problem
of freezing and thawing of ice distinguishes the ice bed from
other porous media. Thawing of ice leads to channeling, but
over freezing can result in clogging.

The temperature of cold wash water (fresh water) is
always above its freezing point (0�C), but the ice bed is sub-
freezing (\0�C) due to the FPD of the mother liquid. At the
wash front, the temperature will approach equilibrium
quickly because of (1) the very slow flow velocity (\0.01 m
s�1), (2) large contact interface area, and (3) very short heat
transfer distance between wash water and the subfreezing ice
at the wash front. In fact, since the pore canals are very
small, the movement of liquid in the ice bed should always
be in the creeping flow regime, i.e., Re\ 1.29,30

At a thin layer at the wash front (see Figure 11) where the
water is just displacing the interstitial mother liquid, the heat
flux is from water to ice resulting in a decrease in water tem-
perature and an increase in ice temperature. Moreover, partial
freezing of water or partial melting of ice are both possible at
this layer depending on the temperature (T) achieved at the
first contact of water and ice before phase change takes place,
in which only the sensible heat is exchanged:

DzDSð1� /ÞqiciðT � TiÞ ¼ DzDS/qwcwðTw � TÞ þ DzDS _q

(2)

where Dz is the thickness of the selected ice-slurry layer,
which can be a small distance that the wash front moves

Figure 10. Photographs of the washed ice bed pro-
duced from ice slurries with different ripen-
ing time: (a) not ripened, (b) 3 h of ripening
time, and (c) 6 h of ripening time.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 3. Effect of Piston Pressure on Wash Performance
(the Wash Column Diameter 5 80 mm, the Wash Water

Temperature was Within 0–0.3�C and the Aging Time of the
Ice Slurry was About 1.5 h)

Force (kg) 0.0 0.5 2.5 5.0 10.0 20.0 40.0
Pressure (kg cm�2) 0.00 0.01 0.05 0.10 0.20 0.40 0.80
Performance �� � �� �� � �� �

��, channeling and fingering; �, unacceptable wash; ��, wash front is
well-defined but not horizontal; ��, good wash with well-defined and hori-
zontal wash front; �, acceptable wash but became slow.

Figure 11. Schematic diagram of an unevenly packed ice
bed within which channeling is likely to occur
in some particular regions (region 2 and 3).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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through in a unit time. DS is the cross-sectional area of the
layer. qi, ci, and Ti are the density, thermal capacity, and
temperature of ice, respectively. qw and cw are the density and
thermal capacity of the wash water. Tw is the temperature of
wash water just before it arrives to the wash front (not the
temperature in the wash water reservoir). / is the porosity of
the ice bed. _q is the heat source function representing the heat
released in a unit time and in a unit volume of the ice bed. An
actual heat source can be internal (caused by chemical
reactions for example) or external (caused by radiation or
conduction, etc).

The left-hand side of Eq. 2 represents the heat taken up
by the ice when the temperature increases from Ti to T. The
right-hand side represents the heat being transferred to the
ice, which includes the fraction released by the water (the
first term) and the fraction released by the heat source (the
second term). Equation 2 can be simplified by dividing both
sides with the element volume (DzDS):

qicið1� /ÞðT � TiÞ ¼ qwcw/ðTw � TÞ þ _q (3)

where

T ¼ BwiB/Tw þ Ti þ _q=½qicið1� /Þ�
1þ BwiB/

¼ BwiB/Tw þ Ti
1þ BwiB/

þ _q

qicið1� /Þ þ qwcw/
ð4Þ

where Bwi ¼ qwcw
qici

� 1�103�4:2�103

0:917�103�2:1�103
� 2:18 and B/ ¼ /

1�/.

There are three possible values of the first contact temper-
ature (T):

If T [ 0�C, ice melts. Over thawing of ice may lead to
wash front breakthrough and channeling;

If T ¼ 0�C, ice bed is stable; and
If T \ 0�C, ice grows, forming a sinter-like structure in

the washed, porous ice bed.
With T ¼ 0 in Eq. 3, which is the freezing point of pure

water, one has:

Tw ¼ � qicið1� /Þ
qwcw/

Ti �
qicið1� /Þ
qwcw/

þ 1

qicið1� /Þ þ qwcw/
_q

¼ � Ti
BwiB/

�
1

BwiB/
þ 1

qicið1� /Þ þ qwcw/
_q ð5Þ

where Tw is a specific wash water temperature at which the ice
at the wash front will neither grow nor melt, i.e., the sensible
heat exchanged in the first contact between water and ice (in
the region of DzDS) does not result in phase change. The heat
source function _q does not exist inside the bulk ice bed
(assuming that no chemical reaction and no electromagnetic
radiation are involved; this is a safe assumption in this case),
but it may become significant in the vicinity of the sidewall. _q
is positive when the ambient temperature is above the freezing
point temperature of the mother liquid, indicating that thawing
is more likely to happen on the outside of the ice bed rather
than inside it, as shown in the region 3 of Figure 11. Therefore,
thermal insulation of the wash column is definitely beneficial.

Although the first contact temperature (T) can be positive or
negative, after the so-called ‘‘first contact’’ the actual tempera-
ture will always quickly approach zero because: (1) ice would
melt if T[ 0�C or grow if T\ 0�C, both leading to the equi-
librium temperature of 0�C and (2) the interstices between ice
particles in the ice bed would be smaller than the particle size,
and in such a compact porous medium thermal equilibrium at
the wash front would be achieved quickly.

One case that needs to be considered is when the porosity
of the ice bed is uneven as illustrated in Figure 11. For
example, if region 2 is looser than region 1, i.e., /2 [ /1,

the local interstitial flow velocity in region 2 would be
greater than that in region 1, i.e., v2 [ v1. This would result
in the water temperature in region 2 being higher than that
in region 1, Tw2 [ Tw1. Now, if T2 happens to be above
zero, ice in region 2 would thaw, resulting in /2 increasing
further, which in turn increases the local flow velocity and
eventually leads to a breakthrough of the wash water in
region 2. This is briefly expressed as:

Figure 12. The operating conditions of thewash column. (a)
Conditions that keep the contact temperature to
be T 5 0�C. Surfaces S1 is for the inside of the
ice bed, and S2 is for the region close to the wall
and (b) conditions that cause clogging of the ice
bed, which is on surface S3, where/f5 0.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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That is to say, channeling is a result of a positive-feed-
back process.

The wall effect in a packed bed normally leads to a
greater porosity close to the wall than that in the bulk.1 The
heat input from the environment is expected to increase this
trend. Channeling is most likely to occur in this region, i.e.,
in region 3 of Figure 11. This has been confirmed by experi-
mental observation as shown in Figure 6a.

In the bulk of the ice bed, where the heat source
function can be ignored, i.e., _q ¼ 0, Eq. 5 is simplified to
the following:

Tw ¼ � Ti
BwiB/

¼ � /Ti
ð1� /ÞBwi

� � /Ti
2:18ð1�/Þ (6)

The porosity (/), the ice bed temperature (Ti), and the
wash water temperature (Tw), construct a 3D space in Carte-
sian coordinate system. Equation 6 is represented by the sur-
face S1 in Figure 12a, at which T ¼ 0�C. Above the surface,
where T [ 0�C, ice melts at the wash front. Under the sur-
face, where T\ 0�C, ice grows instead.

Criterion of wash front clogging

When the first contact temperature (T) is negative, i.e., T\
0�C, the wash water may partially freeze, so that the porosity
of the washed ice bed should decreases. Equation 4 predicts
that, if the heat source is ignored ( _q ¼ 0), a lower porosity (/)
and a lower original ice bed temperature (Ti) will produce a
lower value of T. The growing ice may join the separate ice
particles to form a sinter-like ice cake in the washed ice bed,
as we have seen in Figure 3c. Over-crystallization of ice
would significantly reduce the bed porosity. The final poros-
ity, /f, is determined by how much ice is produced. The
energy balance of this process can be written as:

qwcwDzDS/Tw þ DHqiDzDSð/� /fÞ ¼ �qiciDzDSð1� /ÞTi
(7)

where qwcwDzDS/Tw represents the sensible heat released by
the interstitial water from its original temperature Tw to the
freezing point (0�C) at the wash front. DHqiDzDSð/� /fÞ
represents the latent heat released by the frozen water which
causes the porosi ty change from / to /f , and
�qiciDzDSð1� /ÞT represents the sensible heat taken up by

ice when the temperature changes from its original tempera-
ture (Ti) to the freezing point (0�C).

Re-arranging this equation, yields:

/f ¼ /þ qicið1� /ÞTi þ qwcw/Tw
DHqi

(8)

Letting /f ¼ 0 in Eq. 8 yields:

Tw ¼ � qi/DH þ qicið1� /ÞTi
qwcw/

(9)

This means that if the wash water temperature (Tw) were
given by Eq. 9, the growth of ice would cause the porosity
at the wash front to be zero. To illustrate the necessary con-
dition, variables of /, Ti, and Tw are used to construct a 3D
space again. Equation 9 generates a surface S3 in Figure
12b, on which /f ¼ 0. Above S3, /f [ 0. Therefore condi-
tions above S3 prevent the ice bed from clogging. Generally
speaking, since the wash water is unlikely to reach the sub-
freezing temperatures, ice bed clogging is unlikely to hap-
pen, unless the ice particle is very small (premature) and the
ice bed is over compressed, as we have observed in experi-
ments shown in Table 3. When the piston press increases to
30 kg or above, washing the ice bed becomes very difficult
because of its poor permeability.

However, the ice bed may be unevenly compressed or
packed to some extent. If a local original porosity value (/)
is close to zero, consequently its final porosity (/f) is likely
to approach zero as well. Permeability in this part becomes
worse and washing will be uneven. If /f approaches zero in
the overall cross-sectional area of the wash front, the axial
permeability of the ice bed will approach zero as well,
because all interstices at the wash front are filled up by
newly formed ice. Washing cannot proceed further.

Therefore, a feasible operating condition can be achieved
by controlling the three parameters as follows: the original
porosity of the ice bed (/) at 0.25–0.5, the ice bed tempera-
ture (Ti) between �1 and �8�C (depending on the FPD of
the mother liquid) and the wash water temperature (Tw)
close to 0�C. Washing will be more likely to proceed in the
region slightly above the horizontal plane, where Tw ¼ 0
(�C). Although it is unlikely that the entire ice bed will
become clogged, there may be local regions where fusion

Figure 13. Double-glazed perspex wall plus rubber-foam for thermal insulation of the wash column. (a) Double-
glazed wall with air jacket and (b) heat flux from environment to form a heat-affected layer.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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and cohesion of ice result in liquid-sacs or dead-end pores
inside the ice lumps. This situation is most likely to occur at
the region close to the intersectional line of the surface (S3) and
the horizontal plane (Tw ¼ 0�C), i.e., the red line in Figure 12b.

Heat source function

In Eq. 5, the heat source function ( _q) is assumed to be
zero inside the ice bed so that we have Eq. 6. At the bound-
ary of the ice bed near the wall, however, we may need to
consider the impact of the heat exchange with the environ-
ment, where _q cannot be ignored. The numerical value of _q
is estimated later.

It is assumed that there is a heat-affected layer at the
boundary of the outer ice bed close to the wall, in which the
heat input from the environment is able to melt, more or
less, the ice particles as illustrated in Figure 13. The overall
heat transfer coefficient (U) on the double-glazed jacketed
wall of the wash column can be expressed as:

1

U
¼ d

kl
þ b1
k1

þ b2
k2

þ b3
k3

þ b4
k4

þ 1

hair
(10)

The heat transfer between the rubber foam surface and
ambient air is by natural convection with a low individual
heat transfer coefficient (hair). An estimated value, hair ¼ 10
Wm�2 �C�1, is used in this study.1 Other values used in Eq.
10 are listed later:

The acrylic (perspex) jacket wall thickness is b1 ¼ b3 ¼ 5
� 10�3 m, the thermal conductivity k1 ¼ k3 ¼ 0.188 Wm�1

�C�1. The air-layer thickness in the jacket is b2 ¼ 5 � 10�3

m, its thermal conductivity k2 ¼ 0.025 Wm�1 �C�1. The
rubber foam thickness is b4 ¼ 30 � 10�3 m, and its thermal
conductivity k4 ¼ 0.047 Wm�1 �C�1.

The thickness of the heat-affected layer (d) is taken as a
value that should fall into the range of a single ice particle
size as a first approximation or several times of the single
ice particle size. This means ice melting in this range would
eliminate a whole grain of ice, greatly increasing the chance
of channeling. Assuming the average diameter of an ice par-
ticle is 100 lm, we can simulate the value of d varying from
100 to 2000 lm. The average thermal conductivity of the ice
slurry can be estimated to be:

k1 ¼ 0:5kice þ 0:5kl ffi 0:53 Wm�1 �
C
�1

Therefore, the overall heat transfer coefficient can be esti-
mated with Eq. 10. Then the heat source function at the
heat-affected layer is:

_q ¼ Q

V
� UAðTa � TbÞ

d A
¼ UTa

d
(11)

whereQ is the heat flux from the outsidewall to the ice slurry.V is
the volume of the selected heat-affected layer close to the wall at
thewash front.A is the annular outside surface areaof the ice bed at
the wash front. Ta is the ambient temperature. Tb is the wash front
temperature, which is supposed to be zero degrees Celsius as
suggested earlier. One can see at Eq. 11 that the value of the heat
source function ( _q) is greatly affected by the selected thickness (d),
highlighting the significance of the particle size of ice (and
ripening time as well) in relation to channeling. The smaller the
particle size, the thinner the heat-affected layer, and the greater the
numerical value of the heat source function. The heat transfer
coefficient (U) is also influenced by the thermal insulation outside
the wash column. For acrylic (perspex) wall cylinder, four typical
values of the heat source function are calculated usingEqs. 10, 11:

_q ¼ 0 for the ideal adiabatic condition;
_q ¼ 2.0 � 105 (Wm�3) for double-glazed jacket wall plus

rubber foam insulation;
_q ¼ 5.64 � 105 (Wm�3) for double-glazed jacket wall

insulation;
_q ¼ 1.58 � 106 (Wm�3) for single shell wall.
Table 4 shows more details of the impact of thermal insu-

lation and thickness of the heat-affected layer on the values
of U and _q. Using a typical values of the heat source func-
tion, _q ¼ 5.64 � 105, for the insulation of double-glazed
jacket wall, another surfaces, S2, are generated in terms of
Eq. 5, as shown in Figure 12a. The surface S1 represents the

Table 4. Estimations of the Heat Transfer Coefficient (U) and the Heat Source Function (Fh)

Insulation scheme

U _q U _q U _q U _q U _q

d ¼ 0.1 mm d ¼ 0.25 mm d ¼ 0.5 mm d ¼ 1 mm d ¼ 2 mm

Single shell 7.9 1580000 7.9 632000 7.9 316000 7.9 158000 7.9 79000
Double glazed 2.82 564000 2.82 225600 2.82 112800 2.82 56400 2.82 28200
Double glazed plus rubber foam 1 201680 1 80650 1 40300 1 20130 1 10050

U, Wm�2 �C�1, _q, Wm�3.
The ambient temperature is assumed to be 20�C. The wall material is clear perspex.

Figure 14. Model prediction of the criterion of wash
front thawing which varies with the ice bed
porosity in the heat-affected layer.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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required wash water temperature inside the bulk ice bed but
the surface S2 represents the required wash water tempera-
ture in the heat-affected zone close to the wall.

S2 is below S1 as shown in the 3D model implying that for
the same bed porosity and bed temperature, the heat affected-
layer requires a lower wash water temperature to counter-bal-
ance the heat input from environment to prevent ice thawing.

A typical scenario is that the ice bed temperature (Ti) is
around �1 to �2�C; and the heat-affected layer (d) is 0.1 mm.
To prevent ice thawing at the wash front in the vicinity of the
wall, the first contact temperature (T) of wash water and ice
(given by Eq. 4) should be T � 0�C. Partial freezing of water
will take place to sinter the washed ice bed. The relationship of
Tw—/— _q complies with Eq. 5. The chart of Tw versus / is
illustrated in Figure 14, where the values of _q highlighted in
Table 4 are used for simulative calculation. The values of _q
and U are obtained for different thermal insulations in terms of
Eqs. 10, 11. It can be seen that the effect of the double-glazed
jacket plus exterior rubber foam is very close to the ideal adia-
batic condition. The values of / from 0.3 to 0.6 are important
because the porosity of a mechanically compressed ice bed falls
into this region (as highlighted in Figure 14).

Model—experiment comparisons

As the piston pressure used for compressing the ice slurry
was set to be 0.1 kg cm�2 in most experiments of this study,

the porosity of the obtained ice bed was accordingly 0.4 in
terms of our previous calibration.8 In the 3D model shown in
Figure 12, the model prediction of the wash water temperature
that prevents ice thawing in the vicinity of the outside wall is
given by the intersecting line of the surface S2 (green color)
and the vertical semi-transparent yellow surface (at / ¼ 0.4).
The intersecting line itself is shown in blue color in Figure 12,
and its projection on the Ti � Tw plane is shown in Figure 15,
in which the line (/ ¼ 0.4) keeps the same color.

Other projected lines in Figure 15 represent the model predic-
tion of wash water temperature in different ice bed porosities.

Table 5 lists three groups of experiment data regarding the
performance of the counter current wash column of ice bed.
The ice beds were compressed from three types of ice slurry
which was produced from FC of sucrose solutions, whole milk
and NaCl salt solutions, respectively. In these trials, as men-
tioned earlier, the applied piston pressure was set 0.1 kg cm�2

or slightly higher, so the packed ice bed porosity was supposed
to be 0.35–0.4. Note the measured ice bed temperature Ti
equaled the temperature of the mother liquid of the ice slurry.
It was actually the equilibrium temperature, i.e., the freezing
point, which was varying with the concentration C of the solu-
tions. The model predictions of wash water temperature Tw
were obtained in terms of Eq. 5, and the experimental wash
water temperature Twe were measured when the satisfactory
wash performance was observed. Let us take the experiment
shown in Figure 9 as an example. The weight concentration of
the NaCl salt solution was 6%, the ice bed temperature was
�3.3�C, the model prediction of the wash water temperature
was 1.94�C, and the observed satisfactory wash water temper-
ature Twe was �1.5�C. These data composed the 11th column
of Table 5. For each single solute concentration C in Table 5,
there were actually at least three to four repetitive experimen-
tal points of wash water temperature Twe. The data presented
in the table are the average values.

The model-experiment comparison of the wash water tem-
perature is illustrated in Figure 15 by plotting the experimental
data Ti and Twe listed in Table 5. Another group of test shown
in Figure 15 (pink color) is the experiments in which the pis-
ton pressure was double (0.2 kg cm�2), and the porosity of the
ice bed was estimated to be 0.3 accordingly.

One can find that the experimental values are always
below the model prediction in the chart. The maximum dis-
crepancy between the model prediction and experiment is
within 0.8�C. This may result from two reasons.

First, the model prediction is originally the criterion of
wash front thawing, which is defined as the wash water tem-
perature at which ice would neither growth nor thaw. But

Figure 15. Criterion of wash front thawing (model pre-
dictions) and the experiment results of the
wash water temperature under which good
wash performance was obtained.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 5. Model Prediction and Experimental Measurement of the Wash Water Temperature that Prevents Channeling in
Packed Ice Beds with Porosity of 0.4

Sucrose Solution Whole Milk NaCl Salt Solution

C 10 15 20 25 10 15 20 25 3 6 8 9
Ti �0.6 �1.0 �1.4 �2.0 �0.4 �0.6 �0.9 �1.2 �1.7 �3.3 �4.6 �5.3
Tw 0.08 0.35 0.63 1.04 �0.06* 0.11 0.29 0.49 0.84 1.94 2.80 3.31
Twe 0.0 0.0 0.5 0.5 –** 0.0 0.0 0.0 0.5 1.5 2.0 2.5
D 0.08 0.15 0.13 0.54 – 0.11 0.29 0.49 0.34 0.44 0.80 0.81

�D 0.39

*The model prediction temperature is negative, this is not practical implying ice is still thawing even 0�C wash water is used.
**Channeling was observed even though 0�C wash water was used.
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this temperature does not guarantee viscous fingering won’t
happen. However, the experimental results shown in Figure
15 represent the wash water temperature under which good
wash performance was observed. Actually as discussed in
the ‘‘Mobility Ratio,’’ ice growth at the wash front is impor-
tant to produce a mobility ratio M \ 1—a criterion that
must be satisfied for a stable displacement without viscous
fingering. That is to say, only by using colder wash water
than the model prediction can we avoid the viscous finger-
ing, and only by avoiding the viscous fingering can we
obtain a well defined, horizontal wash front. In the experi-
ment of washing a packed ice bed, sometimes it was hard to
distinguish channeling from viscous fingering. So we could
only record the ‘‘good wash’’ conditions.

Second, the discrepancy might partially ascribe to experi-
mental errors involving the following aspects: (1) The poros-
ity in the packed ice bed was varying slightly due to the
dynamic compression process (model prediction assumes
that it was 0.4); (2) The heat source function _q may be vary-
ing too in different experiments due to the change of ambi-
ent temperature, but the ambient temperature was assumed
to be 20�C in model predictions; (3) The measurement error
of the wash water, which was estimated to be 	0.2�C in this
study; and (4) The observation error induced by the experi-
ment operator. Among the four aspects mentioned earlier,
the last one may be the most influencing, and it is unable to
be quantified. Generally speaking, the model prediction is
satisfactory in giving the suitable wash water temperature
that prevents channeling in washing the packed ice bed.

The comparison of the criterion of wash front clogging
(model prediction) and the experimental result was found
even harder, for the wash water (usually tap water) could
not be chilled to a required subfreezing temperature. Only
three experiments with wash water close to 0�C gave reason-
able results which were shown in Figure 16. In these experi-
ments 40 kg compressing force was applied to form the ice
bed (see Table 3). The bed porosity was estimated to be
0.05. A higher compressing force and a lower bed porosity
could not be obtained in our current experiment apparatus.

Therefore, further experiments using thicker solutions with
lower freezing points, so as to produce a lower ice bed tem-
perature Ti, e.g., \ �10�C, instead of using more highly
compressed ice beds should be done in the future to verify
or modify the model of wash front clogging.

Conclusion

Thawing and freezing may both occur during the washing
of ice beds in various locations. The former leads to chan-
neling. The latter joins the adjacent ice particles, which
helps to stop channeling and viscous fingering. However,
over growth of ice may produce dead-end pores and cause
liquid entrainment in the washed ice bed. The movement of
the wash front tends to induce viscous fingering during the
wash of the ice bed, while gravity is a stabilizing factor that
keeps the wash front horizontal. Experimental study also
showed how the wall effect of packed bed and the ambient
temperature impact the wash performance.

Thermal analysis of this study revealed three criterions in
achieving a horizontal, sharp and well-defined wash front.

1. The wash water temperature must be less than or
equal to the value of criterion of wash front thawing to pre-
vent channeling.

2. The mobility ratio at the wash front must be\1 to pre-
vent viscous fingering. Because of this, the wash water tem-
perature must be even lower than the value of the criterion of
wash front thawing to allow ice growing at the wash front.

3. The wash water temperature must be greater than the
value of the criterion of wash front clogging due to over
crystallization of ice. This allows wash water to pass through
the ice bed and displace the mother liquid.

The mathematic model established in this study can be
illustrated as a 3D image, which visually relates the operat-
ing variables, such as the wash water temperature, ice bed
temperature, ice bed porosity, etc with the thermal behaviors,
such as freezing and thawing, of the ice bed. The model
explains the experimental results and gives a new insight
into the operation of the packed ice wash column.

Acknowledgment

The authors thank Dr. Sashini Premathilaka for helping in completing
this article. The authors acknowledge the partial sponsorship of the
Chinese National Nature Science Foundation to this research.

Notation

A ¼ the annular outside surface area of the ice bed at the
wash front, m2

b1, b2, b3, b4 ¼ thickness of the inside wall, air jacket, outside wall, and
rubber foam, respectively, m

Bwi ¼ ratio of volumetric thermal capacity of water and ice
(Bwi ¼ qwcw

qici

 2:18)

Bf ¼ volumetric ratio of liquid and ice in the ice bed
(B/ ¼ /

1�/)
ci ¼ thermal capacity of ice (¼2100), J kg�1

cw ¼ thermal capacity of water (¼4200), J kg�1

C ¼ solute concentration in weight percentage (kg solute/
100 kg solution), %

Dp ¼ diameter of the individual ice particle, m
hair ¼ natural convectional individual heat transfer coefficient,

Wm�2 �C�1

Kw ¼ permeability of water in washed ice bed, m2

Kl ¼ permeability of the mother liquid in unwashed ice bed,
m2

Figure 16. Criterion of wash front clogging (model pre-
dictions) and the experimental results of the
wash water temperature under which wash
front clogging occurred.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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M ¼ mobility ratio,
_q ¼ heat source function, W m�3

Q ¼ heat flux input at the wash front from environment to
the wash column (Q ¼ UATa), W

T ¼ first contact temperature between water and ice, �C
Ta ¼ ambient temperature, �C
Tb ¼ wash front temperature (¼0), �C
Ti ¼ ice bed temperature, �C
Tw ¼ wash water temperature below which ice thawing can

be avoided (model prediction), �C
Twe ¼ wash water temperature that results in satisfactory wash

front (experiment), �C
v ¼ interstitial velocity of the mobile phase in the ice bed,

m s�1

d ¼ thickness of the heat-affected zone in the vicinity of the
wall in the ice bed, M

D ¼ discrepancy of the model prediction and the
experimental measurement of the wash water
temperature (D ¼ Tw � Twe),

�C
DH ¼ freezing heat of water (¼334,000), J kg�1

/ ¼ original porosity of the unwashed ice bed
/f ¼ final porosity of the washed ice bed
gl ¼ viscosity of the mother liquid, Pa s
gw ¼ viscosity of the wash water, Pa s
kl ¼ thermal conductivity of the mother liquid, Wm�1 �C�1

k1, k2, k3, k4 ¼ thermal conductivity of the inside wall, air, outside
wall, and rubber foam, respectively, Wm�1 �C�1

qi ¼ density of ice (¼917), kg m�3

ql ¼ density of the mother liquid, kg m�3

qw ¼ density of wash water (¼1000), kg m�3
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