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Scale-up of electrochromatographic separations has been problematic due to electri-
cally induced heating. A two-dimensional transient temperature model for electrochro-
matography was de®eloped, which accounts for physical properties of the stationary and
mobile phase, and the column wall. The model also accounts for both the temperature
effect on the electrical conducti®ity and a nonuniform, radially ®ariant current density.
This model was compared to experimental data from two electrochromatography sys-
tems with different cylindrical-column dimensions, packing materials, and operating
conditions. In all cases, the model predicts the temperature to within 3�C of the actual
temperature, both for column heatup and cooldown. Separation of a mixture of model
proteins on the 3.81-cm-ID scale was used as the basis for scale-up calculations. The
model identifies equipment parameters that control heating characteristics and can be
scaled up to process 75 mL of sample per run.

Introduction

Separations based on electrokinetic phenomena have be-
come more common over the past decade, particularly in the
analytical realm. Techniques such as gel electrophoresis and
capillary electrophoresis are commonly used in analyzing bio-
logical and pharmaceutical products. While these techniques
often offer superior resolution over chromatography, scale-up
from analytical to preparative-sized separations has been
problematic due to electrically induced heating in these de-
vices. One electrokinetic technique that has scale-up poten-
tial is electrochromatography, which combines an axial elec-

Žtric field with chromatographic packing Rudge et al., 1993;
Basak and Ladisch, 1995; Basak et al., 1995; Cole and

.Cabezas, 1995 .

Correspondence concerning this article should be addressed to M. Ladisch.

To date, electrochromatography research has been primar-
ily devoted to columns that were 1.5 cm ID or smaller that
used cooling jackets to dissipate electrically induced heating.
Larger diameter columns suffer from reduced heat removal
through the cooling jacket due to a decreased surface-area-
to-volume ratio. Different approaches for controlling the
temperature in the column can be used. For example, reduc-
ing the conductivity of the mobile and stationary phase re-

Ž .duces joule heating Basak et al., 1994 .
Research on electrochromatography column design and

operation requires quantitative metrics by which column tem-
perature as a function of position and time can be modeled
and ultimately predicted. We developed a means of measur-
ing the temperature inside the column without disrupting the

Ž .flow patterns or electric field Keim and Ladisch, 2000 . Since
the temperature profile in the column can be measured,
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Table 1. Electrophoretic Modeling Conditions Available in the Literature

Coordinate Wall Heat
System Transfer Temp. Accounts Accounts
Cylind. Const. Variation for for

Ž . Ž . Ž .Transient T C or No. of C or of Phys- Compa- Stationary Variable
or Steady Rectang. Dimens- Variable Temp. Variation of Accounts for ical rsion Phase Current

Ž . Ž . Ž .State S R ions V Conductivity Fluid Flow Const. to Exp. Data Properties Density
Ž .This work 2002 T C 2 V � � � � � �

Ž .Raj 1994 S C 2 C � � �
Raj and Hunter S C 2 C � �
Ž .1991

Ivory and Gobie S C 1 C �
Ž .1990

Turk and Ivory S R 3 C �
Ž .1984

Lynch and R 3 C � �
Ž .Saville 1981
Ž .Ostrach 1977 S R 3 C �
Ž .Tiselius 1937 S R 1 C

Capillary electrophoresis
Bello and SrT C 1 �

Ž .Righetti 1992
Gobie and Ivory S C 1 V �
Ž .1990

Grushka et al. S C 1 V �
Ž .1989

mathematical models of electrochromatography can now be
validated with the experimental data.

Models for steady-state heating effects in electrophoretic
separations have been available in the literature for over 60
years. Table 1 summarizes model assumptions, the coordi-
nate systems, and numbers of spatial dimensions of models
presented in the literature. With few exceptions, steady-state
operating conditions are assumed for modeling purposes.

Ž .Ivory and Gobie 1990 account for radial conductive heat
transfer at constant-temperature column wall. Using Eq. 1,
they estimated the steady-state radial temperature rise in the
column for a given voltage gradient and current density

d�
2i R 2T ž / rdx

T yT s 1y , 1Ž .r w ž /4k Rf

where T is the temperature at any radial position, r, T isr w
the temperature of the column wall, i is the total currentT
density, d�rdx is the voltage gradient, R is the column ra-
dius, and k is the thermal conductivity of the fluid in thef

Ž .packed bed. Ivory and Goby 1990 found that a 40�C tem-
perature rise will occur at a tube diameter of 2 to 3 mm for a

w Ž x100-Vrcm voltage gradient for k s0.5 Wr m � �C . Equationf
1 predicts that an increase in column diameter from 1.5 cm
to 5.1 cm will result in a temperature that is 11.56 times the
temperature rise of the 1.5-cm column. However, large volt-
age gradients are not always needed, particularly for process
scale separations, where resolution of the components into
only two or three peaks is needed. Scale-up of the system
depends on using a lower voltage gradient, low conductivity
buffer, and operating the column at transient conditions. This
was recently demonstrated for a 3.8-cm-ID column that gave

Ž .baseline separation of bovine serum albumin BSA and myo-

Ž .globin Keim and Ladisch, 2000 . Further data and a new
mathematical model are presented here for 3.81-cm-ID and
5.1-cm-ID columns at transient operation for voltage gradi-
ents from 10 Vrcm to 25 Vrcm.

Equipment and Stationary Phases
A complete description of the equipment used for the elec-

trochromatography experiments is presented in Keim and
Ž .Ladisch 2000 . The following is a synopsis of that work. Two

plexiglass columns of different dimensions were used for ex-
perimental and modeling purposes. The first column was a
5.1-cm-ID�20.3-cm-long column and a 0.635-cm wall thick-

Žness. It was packed with Sephadex G-50 Fine Pharmacia,
.Piscataway, NJ . The second column consisted of a 3.81-cm-

ID�38.1-cm-long column packed with TosoHaas HW40-C
Ž .stationary phase 10,000 MW cutoff , a gift from TosoHaas

Ž .Montgomeryville, PA . The wall thickness of the second col-
umn was 1.27 cm.

The electrodes are separated from the packed bed using
either an ultrafiltration membrane or a polyacrylamide gel
plug. The stationary phase was retained in the column by a
glass frit at either end of the packed bed. Platinum mesh,
instead of individual platinum wires, were used as the elec-
trodes to reduce current density and thereby reduce bubble
formation from electrolysis gases. Electrical current was sup-
plied by an EC650 DC power supply made by EC Apparatus

Ž .Company St. Petersburg, FL . Four Type-T thermocouples
Ž .from Omega Engineering, Inc. Stanford, CT were spaced

evenly along the axial length of both columns. Each thermo-
couple was inside of an electrically insulated sheath and was
positioned in the radial center of the column. To achieve on-
line detection of the proteins, the absorbance at 280 nm was
obtained using a Type 6 optical unit and UA-5 recorder from

Ž .Isco Lincoln, NE . The temperatures from the four thermo-
couples and UV absorbance were recorded using an
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Ž .IOTechrStrawberry Tree Cleveland, OH data-acquisition
system at 8-s intervals. Both temperature and absorbance data

Ž .were transferred to Microsoft Excel Redmond, WA for data
analysis and modeling.

wThe mobile phase was a 3.9-mM tris hydroxy-
x Ž .amino methane tris - 47-mM glycine, pH 8.2 solution and was

Žselected due to its relatively low conductivity Basak and
.Ladisch, 1995; Basak et al., 1994; Rudge et al., 1993 . The

buffer was cooled prior to entering the column using a series
of cooling coils that were immersed in an ice bath. The pro-

Žteins used in these studies were bovine serum albumin A-
. Ž6003, 95q% purity and horse heart myoglobin M-0630,

. Ž .95�100% purity from Sigma St. Louis, MO . Void fractions
Ž .were measured using BSA MW s 68 kD and myoglobin

Ž .MW s 17.5 kD . Both of these proteins have molecular
weights that are higher than the molecular weight cutoff of

Ž .the stationary phase 10 kD . The ice bath, column, detector,
and fraction collector were inside of a Kelvinator refrigerated
cold box. The temperature inside of the cold box was main-
tained between 6 and 10�C.

Modeling
Two-dimensional unsteady-state heat-transfer model

The model divides the electrochromatography column into
Ž .two distinct subsystems Figure 1 . The fluid and stationary

phases form the first subsystem, with axial boundaries con-
sisting of the column inlet and outlet. The outer radial
boundary of the first subsystem is the column wall and is sub-
ject to the constraint of forced convection heat transfer. The
second subsystem is the column wall itself. Since the main
equipment used to gather experimental data has a wall thick-
ness of 1.27 cm, the column wall cannot be ignored in deter-
mining the heat-transfer characteristics of the column. For
modeling purposes, the second subsystem is subject to forced
convection on the inner surface, free convection on the outer
surface, and conduction through the solid wall.

Subsystem 1. If thermal equilibrium between the mobile
and stationary phases is assumed, the heat-transfer model is
significantly simplified. Equation 2 accounts for mobile-phase
flow, internal heat generation, and external cooling in the

Ž .packed bed Bejan, 1995 .

� T � � 2T u � T
s y2ž / ž /� t � � � x� x

2� �
�mž /� 1 � � T � � xq r q . 2Ž .ž / ž /ž /ž /� r � r � r � km� 0

In Eq. 2, T is temperature at radial position, r, and axial
position, x; t is time; � is the thermal diffusivity as defined
in Eq. 3; � is the thermal capacity factor as defined in Eq. 4;
u is the superficial velocity; � is the electrical conductivitym
of the packed bed; and k is the thermal conductivity of them
medium

km
�s 3Ž .

� cf p , f

Figure 1. Systemfor modeling with description of bound-
ary conditions.

� � c q 1y� � cŽ .T f p , f T s p , s
� s . 4Ž .

� cf p , f

In Eqs. 3 and 4, � is the fluid density; c is the fluid heatf p, f
capacity; � is the total column void fraction; � is the sta-T s
tionary phase density; and c is the heat capacity of station-p, s
ary phase.

The following boundary conditions were used

� T � T
T sT s0, s0,xs 0, r init � x � rxs L rs 0

� T
and k sh T yT , 5Ž .Ž .m i w� r rs R

where L is the length of the column, T is the initial tem-init
perature, and h is the internal heat-transfer coefficient be-i
tween the column wall and the medium. The following initial
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Table 2. Temperature Dependence of Physical Constants for Modeling
2 Ž .Physical Property Fit of Data to Equation R Fitted Range �C

Water
3 y3 2Ž .Density kgrm y4.01�10 T y0.0367Tq1002 0.999 0�80

y7 3 y5 2 y3Heat capacity y2.75�10 T q5.184�10 T y2.655�10 Tq4.218 0.994 0�80
w Ž .xkJr kg�C

y5 2 y3Thermal conduct. y1.143�10 T q2.344�10 Tq0.5529 0.999 0�80
w Ž .xWrm �K

2 y10 2 y8 y6Ž .Kinematic visc. m rs 2.686�10 T y3.837�10 Tq1.749�10 0.989 0�80

Air
3 y5 2 y3Ž .Density kgrm 3.78�10 T y6.46�10 Tq1.20 0.981 y170 to 125

y8 2 y5 y2Thermal conduct. y3.61�10 T q7.97�10 Tq2.41�10 1.000 y170 to 125
w Ž .xWrm �K

2 y10 2 y7 y5Ž .Thermal diffus. m rs 2.42�10 T q1.29�10 Tq1.78�10 0.995 y170 to 125
2 y10 2 y8 y5Ž .Kinematic vis. m rs 1.14�10 T q8.68�10 Tq1.33�10 0.996 y170 to 125

Ž . 2Note: All equations were based on polynomial fits of data from Ozisik 1985 ; R values for each of the polynomial fits are given in the table.

condition was used:

T sT . 6Ž .Ž x , r , ts0. init

Physical properties for the buffer and air as a function of
temperature are given in Table 2.

Subsystem 2. The temperature distribution in the wall is
calculated by Eqs. 7 through 9. Physical properties for model-
ing temperature distribution in the column wall are given in
Table 3.

2� T � T 1 � � T
s� q r 7Ž .w 2 ž /½ 5� t r � r � r� x

kw
� s , 8Ž .w � cw p ,w

where k is the thermal conductivity of the column wall, �w w
is the density of the column wall, and c is the heat capac-p,w
ity of the column wall. The following boundary conditions
were used

� T � T
s0, s0,

� x � xxs 0 xs L

� T
k sh T yT ,Ž .w i w f rs R� r rs R

� T
yk sh T yT , 9Ž .Ž . rs Rw o w ref w� r rs R w

Table 3. Physical Constants Used for Modeling HW40-C and
Plexiglass Wall

Physical Property Value Reference
3Ž . Ž .Density kgrm 1,190 Int. Plastic Selector 1989
w Ž .x Ž .Heat capacity kJr kg �C 1,380 Krevelen 1976

wŽ Ž .x Ž .Thermal conduct. Wrm �K 0.0737 Int. Plastics Selector 1989

where T is the mean film temperature at the inner columnf
wall, h is the outside heat-transfer coefficient between theo
column wall and the refrigerated air, T is the temperatureref
of the refrigerated air, and R is the outside diameter of thew
column wall.

The equations for both subsystems were combined and
Žsolved by an alternating direction implicit solution Vermuri

.and Karplus, 1981 using Visual Basic for Applications in Mi-
crosoft Excel. Model predictions were output directly to the
Excel spreadsheet and compared to experimental data ob-
tained from the data-acquisition system.

Void fraction, Reynolds number, friction factor, and
pressure drop

The extraparticulate void fraction, � , can be estimated ab
Ž .priori using Eq. 10 Fand and Thinakaran, 1990 if the col-

umn diameter, D, and the stationary phase particle diameter,
d , are knownp

0.151
� s q0.360. 10Ž .b Drd y1Ž .p

The calculated result is consistent with measurements made
in our laboratory using large molecular-weight probes to de-
termine the extraparticulate void fraction. The column

ŽReynolds number, Re , can be calculated from Eq. 11 FandD
.and Thinakaran, 1990 :

uD
Re s , 11Ž .D 	

Žwhere 	 is the kinematic fluid viscosity viscosity divided by
.density . The particle Reynolds number, Re , can be calcu-d

Ž .lated from Eq. 12 Fand and Thinakaran, 1990 :

udp
Re s . 12Ž .d 	

If Re is between 10y5 and 2.3, the fluid flow is in the Darcyd
Ž .region Varahasamy and Fand, 1996 . In cases where the ra-

February 2003 Vol. 49, No. 2AIChE Journal 405



tio of the column diameter to the particle diameter is small,
it is necessary to account for wall effects in the equations for
friction factor and Reynolds number. A wall correction factor
term, M, must be calculated to determine the wall modified

Žfriction factor and Reynolds number using Eq. 13 Vara-
.hasamy and Fand, 1996

2 dp
Ms1q . 13Ž .

3D 1q�Ž .b

The modified wall-corrected, particle Reynolds number, Re ,w
is calculated using Eq. 14

udp
Re s . 14Ž .w 	 1y� MŽ .b

For flows in the Darcy region, the modified, wall-corrected
friction factor, f , can be calculated using Eq. 15w

36

f s . 15Ž .w 2Re Mw

The quantity 
 is the wall-corrected Kozeny�Carman factor
Žand is calculated from the following equation Fand and Thi-

.nakaran, 1990


s5.340y0.6545ey0.09034ŽDrd p. 16Ž .

For Drd ratios exceeding 40, the Kozeny�Carman factor isp
equivalent to 5.34.

Stationary phase electrical conducti©ity
In a packed column, the voltage gradient can be estimated

from Eq. 17

d� iTs . 17Ž .
dx �m

When electrical current is passed through any medium, Joule
heat is generated in the medium. The power generation per
unit volume Q can be estimated from Eq. 18

2d� d�
Qs i s � . 18Ž .T mž /dx dx

Temperature Dependence of Electrical Conducti®ity. The
electrical conductivity of the packed bed increases with in-
creasing temperature, ionic strength, and dissolved gasses. For
all experimental runs, the ionic strength of the buffer was

kept constant. Prior to each run, the buffer was either de-
gassed using a vacuum flask or an in-line degasser placed on
the inlet side of the pump. The effect of temperature on the
conductivity was estimated from voltage drop and tempera-
ture measurements in the column. The model uses conductiv-
ities calculated from Eq. 19 for temperatures between 6 and
24�C and Eq. 20 for all other temperatures. For 6�CFTF
24�C

� s y0.00203T 4q0.11302T 3y2.13578T 2q19.07746TŽm

q0.39533 10Žy4. . 19. Ž .

For all other temperatures,

� s 3.51201Tq35.6456 10Žy4. . 20Ž . Ž .m

The temperature from the previous time step at the same
axial and radial position was used to calculate the conductiv-
ity for the current time step. The p K of the buffer, anda
therefore pH, is a function of temperature, which in turn will
affect the local electrophoretic mobility of a protein. As de-
scribed later in this article, the radial temperature profile is
estimated to be on the order of 2�C to 3�C, resulting in a
small gradient in the p K of the buffer. This in turn coulda
contribute to peak dispersion, if the sample volume contain-
ing the protein is at this part of the column when the temper-
ature rise occurs. Equations 19 and 20 experimentally aver-
age this effect, if present, since the effect of temperature on
conductivity was estimated from measurements in the col-
umn, which by definition reflects these effects, if they are
occurring.

Calculating the Voltage Drop for Constant-Current Experi-
ments. The modeling of constant-voltage operation is sim-
pler than the modeling of constant-current operation. Under
constant-voltage operation, the heating per unit volume at
any point can be calculated using Eq. 18 without having to
know the local current density, assuming the electrical con-
ductivity is known. However, under constant-current opera-
tion, the voltage gradient as well as the local current density
are unknown. Since the column temperature varies radially,
the electrical conductivity varies radially. The radial middle
of the column has a higher conductivity and will conduct more
electricity than the outer edges of the column where the con-
ductivity is lower.

To estimate the voltage gradient across an axial length of
� x, the following rationale was used. The sum of the individ-
ual current densities multiplied by their respective areas give
the total current. The current density at any given point can
be calculated from the voltage gradient multiplied by the lo-
cal electrical conductivity. The voltage drop at each axial lo-
cation was calculated by dividing the total current by the sum
of the average conductivities multiplied by their respective
areas via Eq. 21.

� � I
s . 21Ž .Ž .js Rr� r� x � q�Ž . Ž .x , j x , jy1m m22

� j� r y jy1 � rŽ . Ž .Ž .Ž .Ý ž /2js1
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Calculation of heat-transfer coefficients
Forced-Con®ection Heat Transfer in a Packed Bed. Based

Ž .on the analysis by Varahasamy and Fand 1996 , the Nusselt
number for forced-convection heat transfer in a packed bed
with heat removal at the walls can be calculated from Eq. 22

0.19120.5 0.4067Nu s0.5016 Re Pr f ReŽ .forced D m w w

0.91170.5
D

arctan , 22Ž .ž /dž /p

where

	� cf p , f
Pr s sPrandtl number of the media 23Ž .m km

Ž .The value of k is calculated by Krupiczka 1967 as followsm

w Ž .xy 0.280y0.757 log � q0.057 log k rk10 T 10 f sk f
k sk 24Ž .m f ž /ks

where k is the fluid thermal conductivity and k is the sta-f s
tionary-phase thermal conductivity. Once the Nusselt number
has been calculated the inner heat-transfer coefficient can be
calculated from Eq. 25

k Num forced
h s . 25Ž .i D

Free-Con®ection Heat Transfer on the Column Wall. The
Rayleigh number, Ra , determines the onset of natural con-D
vection. For a horizontal cylinder of diameter, D, it can be

Ž .calculated from the following equation Ozisik, 1985

gD3
 T yTŽ .w ref
Ra s Pr , 26Ž .D a2	

where g is the gravitational constant, Pr is the Prandtl num-a
ber for air at the film temperature, and 
 is the coefficient
of thermal expansion. When Ra is between 104 and 107, theD
Nusselt number for free convection, Nu , can be evaluatedfree

Ž .from Eq. 27 Ozisik, 1985

Nu s0.480 Ra0.250. 27Ž .free D

Once the free-convection Nusselt number is calculated, the
outer heat-transfer coefficient, h , can be calculated from Eq.o
28

k Nuw free
h s 28Ž .o D

Results and Discussion
The solution of Eqs. 2 to 28 gave the transient profiles in

Figure 2A for a 3.81-cm � 38.1-cm column at the conditions
indicated in the figure legend. The corresponding separation

( ) ( )Figure 2. A Model vs. experimental data and B elec-
trochromatographic separation of BSA and
myoglobin in a 3.81cm ID�38.1cm long col-
umn packed with TosoHaas HW-40C.
Figure 2A. Data for the radial center of the column 38.1 cm
from the inlet; time step for modeling, 20 s; radial column
step, 1.905 mm; radial step for column wall, 0.635 mm; mo-
bile phase, 3.9 mM tris-47 mM glycine; flow rate,
1.951mLrmin for both modeling and experimental data.
Electric field was turned on at 15.3mA for 3 h and 35 min.;
cold box temperature, 6�C; inlet mobile phase temperature,
2�C for both sets of data. Physical properties of water were
assumed to be constant. Bulk void fraction calculated was
0.360 and total void fraction was 0.914. Model Case 1 as-
sumes c , � , and k are the same as that as plexiglass;p, s s s
Model Case 2 assumes c , � , and k are the same as forp, s s s
water. Values of these parameters are in Tables 2 and 3.
Figure 2B. Power supply was turned on at 10 min with a
current of 15.3mA and turned off after 3 h and 45 min. All

Ž .conditions identical to Figure 2 A . Sample size was 9.5mL
of 1.048 mgrmL myoglobin and 1.144 mgrmL BSA.

is shown in Figure 2B. Since the stationary phase is a
methacrylate-based resin, the heat capacity, thermal conduc-
tivity, and density were assumed to be similar to that of plexi-

Ž .glass which is a methacrylate polymer , as given in Table 3.
Ž Ž ..The predicted labeled as Model Case 1 in Figure 2 a and

experimental temperature profile at the column outlet did
not coincide as closely as when the physical properties of wa-
ter were used to represent the entire packed bed in a second
calculation. The stationary-phase particles are porous and
consist of at least 60% water by weight and the total void
fraction for the packed bed is 0.914�0.004. Hence, the use
of the properties of water is justified. The profiles for simula-
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Figure 3. Difference in predicted temperatures between
using constant physical properties and tem-
perature variant physical properties of water
at the column outlet.

Ž .Conditions are identical to those in Figure 2 A .

tions based on temperature-variant properties of water are
Ž .similar to those for the temperature-invariant case Figure 3 .

Temperature-invariant thermal properties were used, since
computing time decreased from 2 h to 6 min per simulation.
The model was compared to experimental data from another

Žchromatography system that had different dimensions 5.1�
. Ž . Ž .20.3 cm and packing material Sephadex G-50 Figure 4 .

The measured and predicted temperature rises were within
2�C.

The prediction of the temperature profile at the inlet coin-
cided with measured temperatures for the first hour, but then

Ž .diverged Figure 5 . Heating in the inlet glass frit is probably
the cause. Since the porosity of the glass frit is low, the
cross-sectional area for current flow is low. Thus, both the
current density and the electrical resistance in the glass frit
are high. High current density and high resistance result in
high heating per unit volume. Thus the glass frit and the fluid
it contains heats up more rapidly than the stationary phase in

Figure 4. This model vs. another chromatographic sys-
tem.
The column used for the data was 5.1 cm ID � 20.3 cm
long packed with Sephadex G-50. Wall thickness was 0.635
cm. Electric current was adjusted to maintain �10 Vrcm and
fluid flow rate was 0 mLrmin until �7,000 s and then elec-
tric field was turned off and pump was started at �1.2
mLrmin.

Figure 5. Experimental data at the column inlet vs. the
model.

Ž .Conditions identical to those in Figure 2 A .

the rest of the column. The part of the column that is hottest
to the touch is in the area where the frit touches the column
wall. When the electric field is turned off, the temperature at
the inlet decreases much more rapidly than the temperature
at the middle and outlet thermocouples. Conversely, the tem-
peratures at these locations do not increase until several hours

Ž .after the inlet temperature rises compare Figures 2A and 5 .
A major contributor to the column temperature rise is re-

sistance to heat transfer through the column walls. The col-
umn wall is thick, has a low thermal conductivity, and acts as
a thermal insulator. While the radial temperature drop in the
column is less than 3�C, the temperature drop across the col-

Ž .umn wall is over 15�C Figure 6 . If the column wall was made
of a more thermally conductive material and consisted of a
cooling jacket with circulating water, the temperature rise

Ž .could be reduced by 50% compare Figures 2A and 7 . The
experiments reported in this work were carried out in plexi-
glass columns instead of metal columns due to the need to
select a material that was readily available and would serve
as an electrical insulator. Future work should seek informa-

Figure 6. Predicted radial temperature at the column
outlet for both the packed column and column
wall immediately prior to turning off the elec-
tric field.

Ž .Conditions identical to those in Figure 2 A .
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Figure 7. Predicted effect of column diameter on tran-
sient temperature rise in a column packed with
HW40-C.
Column was scaled up on constant current density and con-
stant linear velocity. Column length was 38.1 cm for all
columns. Column wall was maintained at 6�C and 3.9 mM
tris-47 mM glycine mobile phase was cooled to 2�C. The flow
rates increase with increasing column diameter and result in
a constant interstitial velocity of 7.92�10y5 mrs. The volt-
age gradients were time-averaged over the time while the
electric field was applied.

tion on materials that are both thermal conductors and elec-
trical insulators.

Temperature profiles can be calculated assuming that the
stationary phase has the same heat capacity, density, and

Ž .thermal conductivity as water that is, the aqueous buffer .
However, it should be noted that the effect of the stationary
phase on electrical conductivity cannot be ignored. The pre-
dicted temperature rise is substantially different from experi-
mental data if the electrical conductivity of the stationary
phase is assumed to be constant. When the conductivity of
the stationary phase as a function of temperature is mea-
sured and used in the model, the predicted voltage drop at
the outlet is within 2 Vrcm of the measured voltage drop for

Ž .the 4 h over which data were collected Figure 8 .

( )Figure 8. This model Eq. 21 vs. experimental data for
voltage drop at the column outlet.
Experimental and model conditions are identical to those in

Ž .Figure 2 A .

Equivalent separations can be achieved upon scale-up by
holding the column length constant while increasing the col-
umn diameter. Interstitial velocity, column length, voltage
gradient, and current density are held constant so that heat
generation per unit volume is also constant. As a result of
increased total power generation and decreased heat removal
from the external walls, the column temperature increases
with increasing the diameters illustrated in Figure 7.

The model predicts that the maximum column diameter
yielding separation of the proteins BSA and myoglobin shown
in Figure 2B is 10.8 cm. Since the sample volume that can be
processed during a single run in the same amount of time
increases in proportion to the square of the column diameter,
a sample size of 76.5 mL would be injected.

Column diameter also affects temperature and the average
voltage gradient in the column. Conductivity increases and
the resulting voltage gradient decreases when the center-line
temperature increases. The average voltage gradient will de-
crease with increasing diameter since center-line tempera-
ture increases with increasing column diameters. Therefore,
a perfectly cooled column that shows a lower temperature
rise will result in a higher voltage gradient. Therefore, the
resolution of the current equipment is expected to improve if
a more thermally conductive column wall is found and en-
hanced cooling is achieved.

Conclusions
The model presented in this article accurately predicts the

temperature rise for different cylindrical-column dimensions
and two types of stationary phases. The electrical conductiv-
ity of the stationary phase, mobile phase, and the combina-
tion of the two are major contributors to heating characteris-
tics. Therefore performance of the column is a function of
both phases. However, the contribution of the liquid phase to
thermal conductivity dominates that of the stationary phase.
Hence, modeling of temperature profiles is based on the
aqueous phase alone. The temperature dependence of the
physical properties of water do not have a significant effect
on the predicted temperature rise in the column. If 42�C is
selected as a maximum operational temperature, the model
predicts that scale-up of the current column to a diameter of
10.8 cm is possible, and processing of 75-mL sample volumes
per run could be achieved.
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Notation
Ž .c sheat capacity, kJr kg �Kp

d sparticle diameter, mp
Dscolumn diameter, m
f smodified wall-corrected friction factorw
gsgravitational acceleration, cm2rs
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Ž 2 .hsheat-transfer coefficient, Wrm �K
i stotal current density, Arm2
T
Iscurrent, A
jsiteration counter

Ž .ksthermal conductivity, Wrm �K
Lscolumn length, m

Mswall-correction factor
NusNusselt number
PrsPrandtl number
Qsheat generation per unit volume, Wrm3

rsradial distance, m
Rscolumn radiusrinside radius of column wall, m

Ra sRayleigh numberD
Re sparticle Reynolds numberd
Re scolumn Reynolds numberD
Re smodified wall-corrected Reynolds numberw
R souter radius of column wall, mw

tstime, s
Tstemperature, �C
ussuperficial fluid velocity, mrs
xscolumn axial distance, m

Greek letters
�sthermal diffusivity, m2rs

scoefficient of thermal expansion, Ky1

� sextraparticulate void fractionb
� stotal void fractionT

d�rdxsvoltage gradient, Vrm

swall-corrected Kozeny�Carman factor
	 skinematic fluid viscosity, m2rs
�sdensity, kgrcm3

� sthermal capacity factor
Ž .y1� selectrical conductivity of medium, ohm �cmm

Subscripts
asair
fsproperties of fluid used as mobile phase

forcedsforced convection
freesfree convection

isinside column wall
initsinitial condition

msproperties of packed-bed medium�includes both station-
ary- and mobile-phase properties

osoutside column wall
wsproperties evaluated for plexiglass wall
rsat radial position r

refsrefrigeration
ssstationary phase�not including fluid inside
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