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In a hydraulic wash column the solid crystals are separated from the mother liquor by
filtration in the top section of the column. Remaining impurities are remo®ed ®ia coun-
tercurrent washing of the crystals in the bottom section. Since compressibility limits the
capacity of a wash column, this phenomenon needs to be quantified and modeled rigor-
ously. The compressibility of the bed was determined from the porosity profile and the
liquid-pressure profile inside the wash column. The porosity of the bed decreases from
0.65 to 0.3 during transport of the bed. This is associated with a decrease in local bed
permeability by a factor of 10. The compressibility of the bed, therefore, partly explains
the large ratio between the a®erage permeability abo®e and below the wash front. Com-
pressibility coefficients make it possible to relate the compressi®e stress to the porosity
and permeability in the top section of the bed. These coefficients are, therefore, incorpo-
rated in a model to successfully predict the capacity of a wash column with a compress-
ible bed.

Introduction

Melt crystallization processes can be used for the ultrapu-
rification of organic compounds at a relatively low energy
consumption compared to the distillation processes, while the
use of solvents such as in liquid extraction processes is
avoided. When appropriate growth rates are applied, highly
pure crystals can be formed in suspension crystallization pro-
cesses. To reach the desired purity of the end product, the
crystals have to be separated from the impure mother liquor
and washed to remove any adhering mother liquor. This
solid�liquid separation and washing can be performed in so-
called wash columns. Three types of wash columns can be
named according to the transport mechanism of the solids:
gravitational, mechanical, and hydraulic. Industrial designs of
all three types are discussed in the literature. In hydraulic
wash columns transportation of the packed bed is due to the

Ž .liquid pressure drop over the bed Arkenbout, 1995 .
The working mechanism of the TNO-Thijssen-type hy-

draulic wash column is illustrated in Figure 1. A feed slurry is
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pumped into the top of the wash column, which is a cylinder
containing one or more vertical filter tubes. The mother liquor
and the crystals move through a short slurry zone until a
packed bed of crystals is reached. The crystals fall on top of
the bed, while the mother liquor flows through the packed
bed to filters positioned in the filter tubes. The mother liquor
leaves the column via the filter tubes. The liquid pressure
drop associated with the liquid flow through the bed creates
the force to transport the crystals through the column. A
steering pump can be used to recycle filtrate into the top of
the wash column to alter the transport force without needing
to change the feed slurry. At the bottom of the wash column
the crystals are scraped off by a rotating knife, and thus, en-
ters the reslurry chamber. A stream of the pure melt is circu-
lated through the reslurry chamber and transports the crys-
tals through a heat exchanger, where the crystals are melted.
The major part of the pure melt, which is the product, then
leaves via the product valve.

A small excess pressure is created in the reslurry chamber
by the product valve, so that the residual part of the melt is
forced back into the column to perform a countercurrent
washing action. The temperature of this pure wash-liquid
equals the melting point of the material and will therefore
crystallize on the downward moving crystals, which are still at
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Figure 1. Principle of a hydraulic wash column.
1sColumn wall; 2smoving crystal; 3s filter in filter tube;
4s wash front level; 5s rotating knife; 6s melter; 7s
reslurry chamber; 8s product valvue. As slurry section; B
s filtration section; Cs stagnant section; Ds wash section.

feed temperature. In this way the wash liquid solidifies be-
fore it is lost via the filter tubes and forms a sharp wash front,
which marks a considerable decrease in porosity and perme-
ability. When hydraulic wash columns are used in nonmelt
applications, the wash liquid will not solidify on the crystals
and is therefore lost via the filters. Apart from the recrystal-
lization, the basic principles for the solid�liquid separation
and washing step are identical, so that theories developed for
wash columns in melt crystallization can be applied to solu-
tion crystallization as well.

The main processes taking place in the wash column are
filtration, displacement washing, and solidification. An im-
portant phenomenon in filtration processes is compression or
consolidation of the filter cake, due to the forces exerted on
the crystal bed. Due to these forces, the particles can rear-
range or deform, which causes a decrease in porosity and
permeability. For very compressible materials, the consolida-
tion may be so large that an impermeable layer of material is
formed when the pressure drop over the filter cake is too
high. In fact the compressibility of the crystal bed determines
the effectiveness of the filtration process and the optimal or

Ževen possible operating conditions Svarovsky, 1990; Tiller
.and Yeh, 1987; Kamst et al., 1997a .

Compression of the crystal bed during the operation of a
hydraulic wash column leads to a decrease in permeability of
the packed bed both above and below the wash front. As a
result, the pressure level in the wash column has to be in-
creased to facilitate washing of the bed and to maintain
transport of the packed bed. In previous research, models
were presented to calculate the compressive stress profile in
the wash column. However, in these models the compressibil-

Žity of the crystal bed was not taken into account Jansens et
.al., 1994a; Schneiders and Arkenbout, 1986 .

The objective of this article was to evaluate the effect of
the compressibility of a packed crystal bed on the perform-
ance of a hydraulic wash column. Therefore, a steady-state
model of the wash column was extended to describe the con-
solidation of the bed in relation to the production rate of the
wash column. The compressibility coefficients of the bed that
are needed for the model calculations were determined from
the porosity profile and the liquid-pressure profile, which
were measured inside an operating wash column.

Modeling
Compressi©e stress in a hydraulic wash column

The stress distribution in a bed of particulate material with
interstitial liquid flow is often described with the help of the
effective stress. This is a useful simplification of the way in
which the stress on the solid is transferred through the solid

Ž .matrix Tiller et al., 1987b; Atkinson, 1993 . The effective
stress is used to calculate the compressive stress profile in the
wash column.

Assuming liquid flow in the axial direction only, a force
balance over a horizontal slice of the crystal bed in the col-

Ž .umn Figure 2 results in the following equation

d� h dp h 4Ž . Ž .1sy q 1y� � y � gy � h 1Ž .Ž . Ž . Ž .s l wdh dh D

The density difference between the mother liquor and the
crystals is usually small for organic crystals, and the buoyancy
term is therefore neglected in the remainder of the analysis.

Ž .According to the theory of Janssen 1895 , the shear stress
Ž .at the wall � Pa can be calculated from the radial com-w

Ž .pressive stress � Pa , the wall friction coefficient � andr w
the ratio between radial and axial stress, K

� h s� h �� s� h �� �KsK �� h 2Ž . Ž . Ž . Ž . Ž .w r w w f

Figure 2. Stress distribution on a slice in the packed
bed.
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The wall friction coefficient and the stress ratio, K , are often
combined to give the friction factor, K . Several authors havef
presented methods to determine the friction factor, K , inf

Žthe wash column Schneiders and Arkenbout, 1986; Jansens
.et al., 1994a; van Oord-Knol, 2000 .

The liquid pressure drop over the cake in the wash column
can be calculated with Darcy’s law, which gives a linear rela-
tion between the pressure drop over the cake and the flow
through the cake. The validity of Darcy’s law for the calcula-
tion of the liquid-pressure drop in a hydraulic wash column is
discussed in the Appendix. Since in a hydraulic wash column
both the liquid and the solid move, the solid velocity has to
be taken into account to calculate the superficial liquid veloc-

Ž .ity Shirato et al., 1969 , which transforms Darcy’s law into

dp h ��� 	 	Ž .l l ssy y 3Ž .ž /dh B A�� A� 1y�Ž .

with � the porosity of the cake defined as

Volume of voids
�s 4Ž .

Volume of cake

Ž 2.The permeability, B m , is a measure for the resistance of
the filter cake. Usually the permeability is presented as a

Ž .function of porosity. Coelho et al. 1997 give an overview of
the relationships between these two quantities for packings.
The well known Kozeny�Carman equation relates the per-
meability of the crystal bed to the porosity of the bed and the

Ž 2 3.specific surface area, S m rm , of the particles that form0
the bed

� 3 1
Bs 5Ž .2 2kS1y�Ž . 0

The Kozeny constant, k, is about 5 for equally sized, spheri-
cal particles. For a polydisperse particle mixture or for non-
spherical particles, k has to be determined experimentally.
Equation 5 is of limited use for compressible materials, be-
cause the porosity and the Kozeny constant change when the

Ž .bed is compressed Svarovsky, 1990 .
To calculate the compressive stress profile in the hydraulic

wash column, the crystal bed is divided in three sections: the
filtration section, the stagnant section, and the wash section,

Ž .as shown in Figure 1. At the top of the crystal bed hs0 ,
the compressive stress is 0, as the filtration length is zero.
Since the crystal bed forms a continuous matrix throughout
the wash column, the compressive stress at the end of a sec-
tion is the start value of the compressive stress in the next
section. When the liquid pressure profile in each section is
known, the compressive stress profile can be calculated.

The liquid-pressure profile in the filtration section can be
calculated from the flow rates, crystal concentration, and col-
umn dimensions using Eq. 6. For a compressible bed, the
porosity and the permeability are functions of the position in
the bed, because of the increasing compressive stress. The
relations between the compressive stress and the porosity and

permeability are given in Eqs. 11 and 12

dp h y� h �� 1y
 �	 q	Ž . Ž . Ž .l feed steers � ždh B h � h �AŽ . Ž . c


�	feedy 6Ž ./1y� h �AŽ .Ž . c

The direction of the superficial liquid velocity changes at the
filters, and, therefore, the liquid pressure reaches its mini-
mum, while the compressive stress reaches its maximum at
the filters. It is assumed that the compression of the crystal
bed is irreversible, so the porosity and the permeability in the

Ž .stagnant zone between the filters and the wash front re-
main constant and equal to the porosity and permeability at
the filters. It is further assumed that, in the steady state, there
is no liquid flow in the stagnant zone. The movement of the
crystal bed causes a linear liquid-pressure drop, which is cal-
culated as follows

� P y� �� 
�	l , st s t feeds � y B sB filter 7Ž . Ž .stž /L B 1y� �AŽ .st st st c

At the wash front, the wash liquid crystallizes on the cold
crystals, which causes a steep decrease in the porosity and
permeability. The amount of wash liquid that crystallizes is
equal to the cooling capacity of the crystals. Assuming that
all the wash liquid solidifies on the cold crystals, the porosity
in the wash section and the wash liquid flow can be calcu-
lated. The porosity and permeability remain constant
throughout the wash section, while the compressive stress de-
creases in the direction of the bed movement

� l

�	 q	 �feed w lž /� P y� �� 	 �l ,w s w s w l ss � y y 8Ž .

L B � �A 1y� �AŽ .ws ws ws c ws c� 0
with

c � T yTŽ .P melt feed
� s� y 1y� � 9Ž .Ž .ws st st � Hm

c � T yT �Ž .P melt feed s
	 s
�	 � � 10Ž .wl feed � H �m l

With this set of equations, it is possible to calculate the com-
pressive-stress profile and the liquid-pressure profile in the
wash column, when the relations between porosity and per-
meability and compressive stress are known.

Compressibility
To incorporate the compressibility of the bed into the

model, the porosity and the permeability of the crystal bed
have to be related to the compressive stress. A large amount
of empirical relations are presented in both the soil mechan-
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Ž .ics literature van Impe, 1999 , and in the filtration literature.
Ž . Ž .Tiller and Yeh 1987 and La Heij et al. 1996 presented the

following equations to describe the porosity and permeability
of compressible particulate beds in filtration processes

y��
�s� 1q 11Ž .0 ž /�a

y
�
BsB 1q 12Ž .0 ž /�a

This type of equation is called constitutive, which means that
the parameters are material dependent. Here, � and B are0 0
the porosity and permeability at zero stress, and � and 
 are
the compressibility coefficient for the porosity and the per-
meability, respectively. When these compressibility coeffi-
cients are equal to zero, the bed is incompressible. The term
� is an empirical scaling parameter without physical mean-a

Ž .ing Tiller and Yeh, 1987 . Equations 11 and 12 are used to
describe the compressibility in the wash column. It is stressed
that these are empirical relations and are only valid in a lim-
ited stress range, so predicted values for the permeability and
the porosity outside this stress range have to be used with
caution. A more theoretical determination of the mechanical
properties of porous media can be found in Poutet et al.
Ž .1996 .

The constitutive equations presented here assume that the
material shows elastic deformation, which means that it de-
forms instantaneously when a stress is applied. When time-
dependent consolidation, that is, creep, plays a role, the ma-
terial behaves viscoelastic or viscoplastic. In soil mechanics
and expression processes, creep has to be taken into account,
as the material is subject to a load for a period, which is on
the same order of magnitude as the time constant for creep
Ž .Kamst et al., 1997b; La Heij et al., 1996 . In a hydraulic
wash column, the residence times are short in comparison
with phenomena in soil mechanics. Furthermore, there is a
constant liquid-pressure gradient over the whole wash col-
umn, while creep will only dominate the consolidation rate of
a bed, when the pressure drop has become negligible. It is
therefore assumed that creep can be neglected in a wash col-
umn.

Experimental Procedure
Hydraulic wash column

The TNO-Thijssen-type hydraulic wash column that was
used for the experiments is 15.6 cm in diameter and contains
six filter tubes with an outer diameter of 2 cm. The filters are
3 cm high and are positioned 28 cm above the knife. The
wash column is fed continuously from a 70-L scraped cooling
crystallizer, that produces p-xylene crystals from a mixture of
xylenes. For some experiments the crystal-size distribution
was determined by sieve analysis. The mass-based mean di-
ameter varied between 805 and 1350 �m.

The filtrate, product, and steering flow were measured with
positive displacement meters and recorded with a PC. The
pressures in the feed inlet, in the filtrate outlet, and in the
melting circuit were recorded as well. The position of the
wash front was visualized by adding a minor amount of red
dye to the xylene mixture and was recorded manually, to-

Table 1. Range of Process Conditions During
Experiments

Ž .Feed flow Lrh 200�800
Ž .Crystal concentration vrv 0.04�0.14

Ž .Steering flow Lrh 0�850
Ž .Product flow Lrh 20�95
Ž .Top pressure barg 0.6�4.5
Ž .Filter pressure barg 0.04�0.4
Ž .Bottom pressure barg 0.4�1.6

Ž .Bed level above scraper cm 40�80
Ž .Wash front level above scraper cm 4�23

gether with the length of the crystal bed. The range of pro-
cess conditions used is given in Table 1.

Determination of compressibility data
The compressibility coefficient of a particulate material can

be determined in a so-called compression permeability cell
Ž .CP-cell , or in a filtration experiment, where the porosity
and liquid pressure profiles are measured as a function of

Žtime Svarovsky, 1990; Tiller et al., 1972; Chase and Willis,
.1992; Shirato et al., 1985 . In a CP-cell, a mechanical load is

applied on the cake with help of a movable perforated pis-
ton. The cake porosity and permeability are measured as a
function of the applied load. Application of a CP-cell in melt
crystallization is troublesome, since the temperature of the
slurry is critical: small temperature changes already induce
large changes in crystal concentration and size distribution,
and, thus, in the structure of the crystal bed under examina-
tion. Therefore, it was decided to determine the compress-
ibility of the cake in situ, with help of porosity and liquid-
pressure profiles in the wash column.

The porosity profile was determined from the product flow
rate and the crystal velocity, that was measured at the wall of
the column by following a single crystal on its way down
through the glass column. The porosity of the crystal bed is
related to the product flow, since the total flow of crystals
through the column is constant and equals the liquid-product

Ž 3 .flow 	 mrs , when the wash column operates at a steadyp
state. At any position in the column the velocity of the crystal
bed, the porosity, and the product flow are therefore related
via a mass balance as follows

	 �� s® � 1y� � A � � 13Ž . Ž .p l s c s

To determine the liquid pressure as a function of the position
in the crystal bed, a stainless-steel tube with a small diameter
was filled with liquid and was inserted in the hydraulic wash
column, as shown in Figure 3. The thin tube was connected

Ž .to a calibrated pressure transducer P with a multimeter,
and can be moved up and down through the top flange of the
wash column to determine the total liquid-pressure profile.
To prevent the capillary from clogging with crystals when it is
moved up and down, the lower end was closed and several
small holes were made in the circumference of the capillary
near the bottom. The tube was filled with ethylene glycol to
prevent the crystallization of liquid in the tube. Tubes with
an outer diameter of 3 mm and of 2 mm were used, while the
length of the tubes varied between 0.95 and 1.15 m. It was
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Figure 3. Small-diameter tube in the hydraulic wash
column to measure local liquid pressure.

demonstrated that the introduction of the tube did not change
Ž .the stress profiles significantly van Oord-Knol, 2000 . The

data presented have been corrected for the differences in hy-
drostatic pressure caused by the different lengths of the cap-
illaries.

Results and Discussion
Porosity profiles

The porosity profiles are determined from crystal velocity
profiles, which were measured at several production rates.
The porosity decreases from the top of the crystal bed to the
filters, as shown in Figure 4, while the three chosen represen-
tative profiles scatter around the same curve. To calculate
the porosity below the wash front, the volume flow of the
crystals was corrected for the wash liquid that is crystallized
on the crystals. The porosity decrease at the wash front

Ž .amounts to 0.04 Eq. 9 . In Figure 4, this decrease is not visi-
ble due to the scatter in the porosity.

Figure 4. Porosity for three production rates and
( )wash-front levels wf .

The porosity profiles below the wash front are corrected for
crystallization at the wash front.

Figure 5. Measured liquid pressure profiles in the hy-
( )draulic wash column, for beds of 69 cm � ,

( ) ( )54 cm � , and 49 cm � .

The determined porosity in the top of the crystal bed is
high for a packed bed. The reported values can be slightly
overestimated, because the porosity can only be determined
at the wall of the column with the method used, and the
porosity at the wall is usually somewhat higher than in the

Ž .center of a packed bed Vortmeyer and Schuster, 1983 . The
advantage of the method used, however, is that it does not
disturb the bed with inserted probes. Another reason for the
relatively high porosity at the top of the bed may be the strong
movement of the crystals in the entrance zone just above the
crystal bed, which is presumably caused by the velocity of the
feed flow that is forced into the wash column.

Liquid-pressure profiles
Figure 5 shows three representative liquid-pressure pro-

files measured under different process conditions in the wash
column. The measured liquid pressure decreases from the top
of the crystal bed to the filters. The liquid-pressure gradient
in the top of the crystal bed becomes steeper in the direction
of the filter tubes and does not decrease linearly, as is as-

Ž .sumed in the work of Jansens et al. 1994a . The measured
profiles confirm that the bed is compressible: due to the de-
creasing porosity, both the resistance of the bed, and the liq-
uid-pressure drop increase at greater distances from the top
of the bed.

From the filters to the knife the measured liquid pressure
increases, which agrees with the fact that wash liquid is intro-
duced at the bottom of the column and flows in the direction
of the filters. It is remarkable that there is hardly any differ-
ence in the liquid pressure gradient in the wash section and
in the stagnant zone. It is assumed that in a steady state there
is a wash liquid flow in the wash section, while in the stag-
nant zone, only the crystal bed is moving. This should result
in a steeper liquid-pressure gradient in the wash section. This
discrepancy may be caused by minor fluctuations in the level
of the wash front: a rising wash front causes the mother liquor
to flow to the filters, when it is replaced by the wash liquid,
which causes the liquid-pressure gradient. It was not possible
to investigate this more precisely, because the wash front was
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Figure 6. Permeability profiles in the filtration section of
the wash column.

Ž .relatively high about 20 cm in most of the liquid-pressure
measurements.

The liquid-pressure measurements were carried out at a
single radial position in the column, so no information was
obtained on the validity of the one-dimensional approach for
the liquid pressure and flow profiles. However, the aspect
ratio of the wash column, defined as the ratio between the
distance the liquid has to move in the axial and radial direc-
tions, ranges from 10 to 25, depending on the length of the
packed bed. In addition, six filters are positioned in the col-
umn, so the radial velocity at the filters is about 1.5 times the
velocity in axial direction. Due to the short distance in the
radial direction, the pressure drop caused by radial liquid flow
will be relatively small compared to the pressure drop in the
axial direction.

Permeability profiles
The measured liquid-pressure profiles can be used to de-

termine the permeability B as a function of the position in
Ž .the bed Eq. 3 . Figure 6 shows the permeability in the top

Ž .section of the wash column for five experiments E1�E5 .
These permeability profiles will be used in the next section to
determine the compressibility coefficients. Going from the top
of the bed to the filters, a tenfold decrease in the local per-
meability was measured. Since the crystals in the top section
are suspended in the mother liquor at adiabatic conditions,
no major freezing or melting phenomena occur, so the mea-
sured effect can be attributed to compression of the bed.

The local permeability at the filters is, thus, considerably
lower than the average permeability in the top section, and
this may help to explain the unexpectedly large ratio between
the average permeability above and below the wash front, as

Ž .reported by Jansens et al. 1994b . These authors found a
ratio between the average permeability above and below the
wash front that amounted to 7, and again in experiments E1
to E5 a ratio was found that varied from 3.6 to 6. However, at
a typical temperature difference of 6.5�C, a ratio of 1.6 would
be expected when, for an incompressible bed, the porosity

Ž .decrease due to crystallization of the wash liquid Eq. 9 is
Ž .combined with the Kozeny�Carman relation Eq. 5 .

Figure 7. Compressibility coefficient �, from porosity
and liquid pressure.

Since in experiments E1 to E5 the local permeability at the
filters is 1.9 times lower than the average permeability in the
top section, it is shown that due to compressibility of the bed,
predictions of the permeability in the wash section have to be
based on the local permeability at the filters and not on the
average permeability of the top section.

Compressibility coefficient: Porosity decrease
To determine the compressibility coefficient for the poros-

ity decrease, we use the measured liquid-pressure profiles and
the measured porosity profiles. In four experiments these
profiles were determined immediately after each other, so
that the process conditions can be considered to be equal.
When Eqs. 1 and 2 are combined, and the buoyancy force is
neglected, the liquid-pressure profile can be used to calculate
the compressive stress profile in the crystal bed as follows

4Kd� h dp hŽ . Ž . flsy y � h 14Ž . Ž .
dh dh Dh

ŽA value of 0.09 is used for the friction factor van Oord-Knol,
.2000 . The hydraulic diameter, D , of the wash column ish

7.95�10y2 m, and the compressive stress at the top of the
Ž . w Ž . xbed is zero. A plot of ln � h vs. ln 1q� h r� is used toa

obtain the compressibility coefficient, �, which is the slope of
this plot.

Figure 7 shows the plots for the four experiments, and
Table 2 summarizes the values for the compressibility and
the porosity at zero stress, � . This � is an extrapolated value0 0
determined from the intercept of the compressibility plot; for
the xylene slurry, it amounted 0.61�0.10. The compressibil-

Table 2. Compressibility Coefficients with Main
Process Conditions During Experiments

11� P L Feed B �10l,filt filt 0
2Ž . Ž . Ž . Ž .Exp. bar cm Lrh � � m 
0

E1 1.26 54 494 0.63 0.14 11 0.88
E2 1.46 69 366 0.71 0.26 9.3 0.80
E3 1.24 47 597 0.55 0.12 10 0.95
E4 1.0 47 627 0.56 0.14 8.2 0.80
E5 1.06 49 471 � � 11 0.91
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ity for the porosity, �, determined from a combination of the
porosity and liquid-pressure profiles, was 0.17�0.09. The line
in Figure 7 represents the logarithm of both sides of Eq. 11,
using �s0.17 and � s0.61. Note that a high value of � is0 0
compensated for by a high value of �, which probably has a
numerical fitting reason rather than a physical one. The same
holds for B and 
 .0

Compressibility coefficient: Permeability decrease
Since theoretical relations between porosity and perme-

ability are considered to be inadequate for compressible beds,
the compressibility coefficient, 
 , which relates permeability
to compressive stress, was measured separately. For this rea-

Ž .son, the local permeability B h was determined from the
local liquid-pressure drop, according to Eq. 3. The compres-
sive stress was again calculated with Eq. 14 to obtain a set of
permeability�compressive-stress data. Figure 8 shows the plot
from which the compressibility coefficient, 
 , and the perme-
ability at zero stress, B , were determined with linear regres-0
sion. These values are summarized in Table 2 for five experi-
ments. The compressibility coefficient, 
 , for the p-xylene
crystal bed amounted to 0.87�0.08, and the permeability at
zero stress, B , amounted to 9.9�10y11 my2. The line in Fig-0
ure 8 describes the logarithm of both sides of Eq. 12, using
these values.

Kozeny – Carman for compressible crystal beds
If the permeability can be accurately calculated from the

porosity, the porosity at zero stress and the compressibility
coefficient for the porosity would suffice to calculate the
pressure in the wash column from the process flow rates. The
Kozeny�Carman equation is often used to calculate the per-
meability from the porosity, but is considered to be inaccu-

Ž .rate for compressible cakes Svarovsky, 1990 . This notion was
investigated for the experiments described in the previous
section. In Table 3 the measured liquid-pressure drop is com-
pared with the pressure drop that was calculated from the
permeability and compressibility coefficient, �, and with the
pressure drop calculated from the porosity, Kozeny�Carman
equation, and compressibility coefficient, 
 , as given in Table
2. The liquid-pressure drop was measured and calculated for

Figure 8. Compressibility coefficient � , from liquid
pressure.

Table 3. Measured and Calculated Liquid Pressure
Drop Based on Permeability or Porosity Used in the

Kozeny–Carman Equation

� P � P � Pl,measured l,permeability l,porosity

Ž . Ž . Ž .Exp bar bar bar

E1 0.81 0.755 0.460
E2 1.08 0.906 1520
E3 0.802 0.686 0.216
E4 0.754 0.893 0.403

that section of the wash column for which the local perme-
ability and porosity were determined. The calculated liquid-
pressure drop deviates from the measured pressure drop. For
the calculation based on the permeability, this deviation varies
from 7% to 20%, while for the calculations based on the
porosity, this deviation is 47% up to unrealistically high val-
ues. This large error in the prediction is explained by the low
accuracy of the compressibility coefficient for the porosity.
Since the permeability could be determined more accurately
than the porosity, the compressibility coefficient is more ac-
curate, which means the pressure-drop predictions are more
accurate.

When the average values for the compressibility coeffi-
cients and � and B are used to calculate the liquid-pres-0 0
sure drop for a range of feed flow rates and bed heights, the
difference between the liquid-pressure drops is small for low
flow rates, but increases with increased feed rates, as shown
in Figure 9. For a wide range of process conditions, however,
the two methods used to calculate the liquid-pressure drop
give only slightly different results. This indicates that for the

Ž .porosity range prevailing in the wash column 0.35�� �0.65 ,
Ž .the two empirical relations Eqs. 11 and 12 presented in the

theory correspond very well with common porosity�permea-
bility correlations that use a power law and with the
Kozeny�Carman equation. Combining Eqs. 11 and 12 gives

Figure 9. Liquid pressure drop in compressible bed for
increasing flow rates calculated from the per-
meability, using B and � and from the0
porosity using � and � .0
L s 50 cm; 
 s 0.15; 	 s 0 m3rs; � s 0.61; �s 0.17;bed steer 0
B s 9.9�10y11 m2; 
 s 0.87.0
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Eq. 15


r��
BsB 15Ž .0 ž /�0

The experimental compressibility coefficients then result in
an exponent of 0.87r0.17s5.1, which is in agreement with
the Kozeny�Carman equation, because in the relevant poros-

3 Ž .2 5ity range, the factor � r 1y� is roughly proportional to � .
The experimental exponent of 5.1 is also in agreement with
the values ranging from 4.15 to 5.5, as presented by several

Ž .authors Coelho et al., 1997 .

Compressibility and wash-column performance
To investigate the relation between the compressibility of a

packed bed and the production rate of the wash column, sim-
ulations were carried out with the model described. In the
simulations the length of the bed and the position of the wash
front were kept constant by adjusting the steering flow and
the product control valve, as is done in real experiments. The
steering flow was adjusted such that the stress at the knife is
zero, which means that the bed does not rest on the knife.

For the simulations it was assumed that the porosity and
permeability at the top of the bed, that is, � and B , are not0 0
influenced by the process conditions. This is a simplification,
which neglects the influence of the feed rate, the position of
the top of the crystal bed, and the crystal concentration, which
all have an effect on the initial packing of the crystals. The
properties of the compressible and the incompressible crystal
bed are summarized in Tables 4 and 5, respectively. For the
compressibility coefficients, the values determined in the pre-
ceding subsections were used. For the incompressible bed,
representative average values of the permeability and poros-
ity were used to calculate the pressure with increasing pro-
duction rates.

For the given process conditions and the defined bed height
Ž .and wash-front height Table 6 , the calculation starts with

the calculation of the compressive-stress profile, the liquid-
pressure profile, and the porosity profile in the filtration sec-
tion of the crystal bed, using Eqs. 6, 11, and 12 to solve

4Kd� dp fl ,filtsy y � 16Ž .
dh dh Dh

This gives the values for the porosity and permeability at the
filters, which are then used to calculate the porosity and per-

Table 4. Properties of the Compressible Crystal Bed

� 0.610
2 y11Ž .B m 9.9�100

� 0.17

 0.87
K 0.09f

Table 5. Properties of the Incompressible Crystal Bed

� 0.40
2 y11Ž .B m 1.6�10

K 0.09f

Table 6. Standard Process Conditions

Ž .L m 0.50bed
Ž .L m 0.15wash

3 y5Ž .	 mrs 9.6�10feed
3 3Ž .
 mrm 0.15

meability in the wash section. The position of the wash front
is kept constant. In practice, this is accomplished by closing
or opening the product valve to provide the pressure needed
to keep the wash front constant. In the calculations, the pres-
sure drop over the bottom section follows directly from the
bed and liquid velocity and the wash-front height.

To investigate the effect of the compressibility on the at-
tainable production rate, the production rate was increased,
which can be done by increasing the feed flow to the column
or by changing the crystal content of the feed. Obviously, this
gives the same result in the calculations for a given produc-
tion rate, since the steering flow is adapted, such that the
crystal content entering the column after mixing with the feed
remains constant.

Figure 10 shows that for an incompressible bed the pres-
sure at the top increases linearly with the production rate. It
further shows that the compressibility of the crystal bed can
have a large influence on the stress level in the wash column:
for the simulated compressible bed, the pressure at the top
of the column increases exponentially with increasing pro-
duction rates. High throughputs are, thus, not realistic for
very compressible beds, because of the high feed pressure
levels on the one hand, and because of the high wash pres-
sures on the other. This indicates that the compressibility of
the bed determines the operating window of the hydraulic
wash column. This operating window can be enlarged by
changing the position of the wash front; for a lower wash
front, a lower wash pressure is needed, and, thus, a lower
pressure at the top. For a production rate of 8185 kgrm2h, a
wash section of 10 cm would give a pressure of 12 bar at the
top, while for a wash section length of 15 cm, 19 bar was
calculated.

Figure 10. Simulated pressure in the wash column for
increasing production rates for a com-
pressible and an incompressible bed.
L s 50 cm; L s15 cm.bed wash
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Figure 11. Simulated pressure in the wash column for
increasing production rates for various com-
pressibility coefficients �.
L s 50 cm; L s15 cm.bed wash

It has to be mentioned here that the compressibility coeffi-
cients may change when the crystal properties change.
Changes in the particle size andror the shape, but also the
compressibility of the solid itself, will influence the compress-
ibility and the specific production capacity of the wash col-
umn. The effect of the value of the compressibility coefficient
was examined by calculating the pressure for increasing pro-
duction for various values for the compressibility coefficient
for the porosity, �. To calculate the permeability of the bed,
the Kozeny�Carman equation and the porosity are used, in-
stead of the compressibility for the permeability, 
 . It was
shown that at higher feed rates the pressure drop is underes-
timated this way. Figure 11 shows that for higher compress-
ibility coefficients, the pressure at the top rises more with
increasing production rates. Therefore, the higher the com-
pressibility, the smaller the operating window of the wash
column.

Conclusions
The compressibility of a packed bed limits the capacity of a

wash column. This phenomenon was therefore quantified and
modeled rigorously. For para-xylene crystals in a hydraulic
wash column, the compressibility was determined with the
help of in situ measured porosity and liquid-pressure pro-
files. The porosity of the bed decreases from 0.65 to 0.3 dur-
ing transport of the bed. This decrease is associated with a
decrease in the local bed permeability by a factor of 10. This
decrease in porosity and permeability was characterized with
a compressibility coefficient for the porosity, �, that amounted
to 0.17�0.09, and with a compressibility coefficient for the
permeability, 
 , that amounted 0.87�0.08.

The compressibility of the packed bed largely explains the
fact that the ratio between the permeability in the top of the
crystal bed and in the wash section is higher than the perme-
ability ratio, that is expected based on crystallization of the
wash liquid.

Simulation of the effect of the compressibility on the ca-
pacity of the wash column shows that the production capacity

may be limited for compressible beds, because the liquid
pressure at the top increases more than linearly with the pro-
duction rate. The higher the compressibility, the larger the
effect, that is, the higher the liquid pressure at the top of the
column.

Acknowledgment
The authors thank the NOVEM, and especially A. Kok, for the

financial support of the project. The authors also thank D. Verdoes
and M. Nienoord from TNO-MEP for the fruitful discussions and
the use of the pilot plant. P. Huisjes and H. van der Meer are thanked
for their skilled assistance during the experiments.

Notation
Ascross-sectional area, m2

A swetted cross-sectional area, m2
c

Bspermeability, m2

c sspecific heat of the solid phase, kJrkg�KP
Dsdiameter, m

D shydraulic diameter, mh
gsgravity constant, mrs2

hs vertical coordinate, m
� H s latent heat of fusion, kJrkgm

K s friction factorf
Ksratio between radial and axial stress
ksKozeny constant
Ls total length of a section, m
p s liquid pressure, Pal
P smaximum compressive stress, Pas
S sspecific surface area, m2rm3

0
T smelt temperature of the crystals, �Cm

T s temperature of the feed, �Cfeed
®svelocity, mrs

® ssuperficial liquid velocity, mrssup

Greek letters

scrystal fraction in the feed

scompressibility coefficient for the permeability
�scompressibility coefficient for the porosity
�sporosity
�s viscosity, Pa�s
	s flow rate, m3rs
�sdensity, kgrm3

�scompressive stress, Pa
� swall-friction coefficientw
� sshear stress at the wall, Paw

Subscripts
filts filtration section

filtersat the filter
ls liquid
psproduct
0sat zero stress
sssolid

stsstagnant zone
steerssteering flow

wlswash liquid
wsswash section
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Appendix: Validity of Darcy’s Law for the Wash
Column

The linear relation between pressure drop and liquid ve-
locity as assumed in Darcy’s law is only valid for laminar flow.
For higher Reynolds numbers, the Ergun equation should be

Ž .used Svarovsky, 1990

2 2® �� ® ��� P 1y� 1y�Ž .sup sup ll s150� � q1.75� � A1Ž .2 3 3L xx � �s®s®

To estimate the possible error that is made when using Darcy’s
law to calculate the liquid-pressure drop in the wash column,
first the surface volume diameter was estimated from the av-
erage permeability in the top section and a porosity of 0.40,
using the first part of Eq. A1. This x varies from 70 �m tos®
150 �m. Then the superficial liquid velocity was calculated
from the process conditions summarized in Table 1. The su-
perficial velocity varies from 0.004 mrs to 0.017 mrs. With
� s867 kgrm3 and �s0.68�10y3 Pa�s, the contribution ofl
both parts of Eq. A1 to the liquid-pressure gradient can be
calculated. It appears that the first part of Eq. 1 determines
94.7% to 98.8% of the calculated liquid pressure gradient.
The small error made is acceptable for the calculations in
this work.
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