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ABSTRACT 

Unsteady heat transfer in capillary zone electrophoresis in considered. Equations are derived that allow the calculation of the 
temperature evolution of the buffer under three different modes of electrophoresis: current-, voltage- or power-stabilized. In the 
power-stabilized mode, the temperature increase is intermediate between those in the current- (lowest) and voltage-stabilized (highest) 
modes. As the shortest transient time and the smallest temperature rise correspond to the current-stabilized mode of operation, this 
regime is recommended for temperature-sensitive separations and evaluations of the capillary heat-transfer coefficient, especially in the 
case of instrumentation-lacking forced cooling. 

INTRODUCTION 

Any electrophoresis process, whenever it occurs, 
is accompanied by internal heat generation caused 
by a dissipation of energy of moving ions. Heat 
exchange of the electrolyte solution with the outer 
medium is possible only through the surface of the 
electrophoresis cell. This inevitably leads to the 
appearance of temperature gradients within the 
solution and to a rise in the average temperature of 
the buffer. Changes in the buffer temperature affect 
its conductivity, dissociation constants (pK and 
hence pH), the wall c-potential and the mobilities of 
the separated particles and, as a result, influence the 
electrophoretic separation. 
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The importance of the heat-transfer process in 
capillary electrophoresis was realized a long time 
ago. However, systematic theoretical and experi- 
mental studies of temperature fields in the capillary, 
conditions of cooling and the like have been pub- 
lished only recently [l-7]. 

Experimental investigations have shown a non- 
linear dependence of the electric current on the 
applied voltage [l-3], high sensitivity of the electric 
current to variations of cooling conditions [l] and a 
decrease in the theoretical plate height due to 
inadequate cooling [ 11. The advantages of forced or 
Peltier cooling have been demonstrated by Nelson et 
al. [l]. It has also been reported that at high currents 
the electrophoresis process becomes unstable [ 11. 

Theoretixcal papers mostly deal with the radial 
temperature distribution within the capillary. Gobie 
and Ivory [2] unambiguously explained the devia- 
tions from Ohm’s law by the temperature depen- 
dence of the conductivity. They considered the 
steady-state temperature distribution within the 
capillary by taking into account the temperature 
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dependence of the buffer conductivity’. They pre- 
dicted and experimentally verified a situation in 
which the temperature increases infinitely. For this 
case they introduced the term “autothermal run- 
away”. We accept this term and will use it below, but 
the mathematical treatment in ref. 2 and the equa- 
tions therein do not consider time-dependent pro- 
cesses. 

The aim of this study was to consider the transient 
process of establishing the steady-state temperature 
distribution. The following arguments justifying the 
significance of this problem can be provided: (1) 
such an unsteady process exists, it has been observed 
experimentally [l] and, therefore, it should be stud- 
ied; (2) the heat transfer during electrophoresis 
under stacking conditions [6], when the electric 
conductivity of the sample zone differs from that of 
the buffer is, in fact, an unsteady process; and (3) it 
can be assumed that the process of micelle formation 
in micellar electrokinetic chromatography [8] de- 
pends not only on the resulting temperature but also 
on the transient temperature regime. 

Below we formulate equations of unsteady heat 
transfer in the capillary. The approximate solution 
of these equations allows us to calculate a time 
dependence of the electric current in the capillary 
after a voltage has been applied for different opera- 
ting modes from a power supply (voltage-, current- 
or power-stabilized mode). A transient time (i.e., the 
time necessary to achieve a steady state) is calculated 
as a function of the capillary parameters and also 
parameters of the electrophoretic process. 

THEORY 

This part presents the general equations of un- 
steady heat transfer and boundary conditions in 
both dimensional and dimensionless forms and sets 
the problem in mathematical terms. 

We consider the same system dealt with by others 
[2,6], consisting of a lumen, a fused-silica wall and a 
polyimide coat (Fig. 1). The electric conductivity of 
the buffer is assumed to be linearly dependent on 

’ A heat-transfer process is called “steady” if the temperature 
field does not vary with time, otherwise it is called “unsteady”. 
These terms are used in order to avoid using “equilibrium” and 
“non-equilibrium”, because a process of heat transfer is 
non-equilibrium in its nature. 

Fig. 1. Schematic representation of the capillary cross-section. 
RL, Rw and RP = radii of the lumen, wall and polyimide coat, 

respectively; r = distance between the centre of the capillary and 
any point of the cross-section (modified from Gobie and Ivory 

PI). 

temperature [2]. The difference between previous 
studies and this work is that we consider the 
development of the temperature field not only in 
space but also in time. The behaviour of the 
temperature field in the lumen, in the wall and in the 
coat is governed by the equations of unsteady heat 
transfeP [9]: 

+q O<r<RL (1) 

&.<r<Rw (2) 

Rw=SrrRp (3) 

where T is the temperature, t the time, r the radius, 
pL, pw and pp are the densities of the buffer, wall and 
the polyimide, respectively, CL, Cw and Cp are their 
specific heat capacities, xL, xw and xp are their 
thermal conductivities, RL, Rw and RP are the radii 
of the lumen, wall and the polyimide coat, respec- 

’ For symbols, see Part I [I 11. 
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tively, and q is the Joule heat generation (quantity of 
energy dissipated in unit volume per unit time). 

The boundary conditions for eqns. l-3 specify the 
finiteness of the temperature at the origin r = 0, the 
continuity of the temperature and the heat flux at the 
lumen-wall and wall-coat interfaces and the heat 
balance at the external surface of the capillary. 
These boundary conditions are expressed as follows: 

T = finite at r = 0 (4a) 

aT+ 
T- = T+, w,.g= Xw.ar at r = RL (4b) 

aT- aT+ 
T- =T+,Xw.F=xp.rutr=RW (4c) 

--;(p.g= h(T- Tc) at r = RP (4d) 

where the superscripts - and + indicate left and right 
values of the temperature and its derivative with 
respect to a boundary, h is the coefficient of the 
external heat transfer and Tc is the temperature of 
the coolant. 

The heat-transfer coefficient depends on cooling 
conditions and for the case of forced cooling can be 
represented as follows: 

h = Na~clf2Rr) (4e) 

where xc is the thermal conductivity of the coolant 
and NU is the Nusselt number, which is given by 

Nu = 0.76Re0.4Pr0.37 (40 

for the case of forced cooling and by 

Nz4 = 

for the case of lack of forced cooling [lo], Re, Pr and 
Ra are the Reynolds, Prandtl and Rayleigh num- 
bers, respectively, whose definition can be found 
also in ref. 8. 

The initial condition for eqns. l-3 is set in the 
following form: 

T(r, t = 0) = Tc (5) 

An explicit expression for q appearing on the 
right-hand side of eqn. 1 depends on the mode in 
which the power supply is used. We shall distinguish 
three modes by which Joule heat is produced, 
outlined below. 

Voltage-stabilized mode (E = constant) 

q = aE2 = qo[l + a(T - To)] (W 

CJ = oo[l + a(T - To)] W) 

where c is the electric conductivity of the buffer at 
temperature T, o. the electric conductivity of the 
buffer measured at temperature To, GI the tempera- 
ture coefficient of the electric conductivity, E the 
electric field strength and q. the initial dissipated 
power per unit volume. In this mode the power and 
the electric current are time dependent. 

Current-stabilized mode (I = constant) 
By introducing the average electric conductivity 

as 

RL 

0 = 21r 
s 

r adr/S (6~) 

0 

where S = nRi is the area of the lumen cross- 
section, one obtains for E and q the following 
equations: 

E = lo/(,%) (W 

q = o[I~/(S~)]~ = qoD;[l + cr(T - To)]/c2 (W 

where IO is the value of the current which is 
maintained stable. It was taken into account, when 
deriving eqns. 6d and e, that the electric field 
strength may vary with time but not in radius. In the 
current-stabilized mode the power and the .electric 
field (voltage) are time dependent. 

Power-stabilized mode (Q = constant) 
In analogy with the previous case, one obtains for 

4 

4 = 400/~ (6f) 

In this mode the electric field and the electric 
current are time dependent. In all instances we 
neglected the transient times of the power supply. 

It is useful for further analysis to introduce several 
dimensionless variables. We shall use the lumen 
radius RL as a length scale, the characteristic tem- 
perature difference: 

A T,,r = qoRtlXL Va) 

as the temperature scale and the characteristic time 
of thermal diffusivity: 
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= R2 pL c 
T pL 

L 
.- 

c 
XL 

VW 

as the time scale. 
The autothermal parameter kZ is defined as 

follows: 

k2 = aATref (74 

the dimensionless temperatures are 

9 = (T - T,)/AT,,,, 9c = (Tc - ToYAT,,, (7d) 

and the Biot number is defined by 

Bi = hRL/XL (74 

The average dimensionless temperature 3 is given by 

RL 

9 = $ 8rdr 
L s 

0 

Eqns. 1-6 form a set of non-linear integro-differ- 
ential equations of conjugated heat transfer. In the 
particular case of the voltage-stabilized mode of 
operation, this system becomes linear and merely 
differential. This case is the most common in 
capillary electrophoresis practice and will be studied 
in detail below. However, we shall consider in a 
simplified form all modes of operation listed above. 

APPROXIMATE ANALYSIS OF THE UNSTEADY HEAT 

TRANSFER 

In this part we shall use approximate solutions for 
the buffer average temperature for different modes 
of power supply (see also Part I [l 11). Although not 
quantitative, such results are useful for a better 
understanding of the physical nature of the unsteady 
process. 

The approximate solution for the average buffer 
temperature in the case of good cooling conditions 
(see Part I [ 1 I] ) is given by 

3, = 9, + [SC - $,I exp(- t/r) (9) 

9 = 2BioAh f 1 
a’ 2&A -fk2 (94 

Z = (2BioA -jk2)- ’ 

where the factor f is 
1 for the voltage-stabilized mode 

f = - 1 for the current-stabilized mode 
0 for the power-stabilized mode, 

Pb) 

?&is the CipprOXiIUate average temperatUI%, BioA iS 

the overall Biot number defined below, 9,, is the 
steady-state (i.e., independent of time) part of the 
solution and r is the characteristic time of the 
transient process. 

The overall Biot number used by Gobie and Ivory 
[2] in our notation has the following form: 

BioA = pwL ln(Rw/&) + +- lWGIRw) + 
PW 

(10) 
The solution, as seen from eqn. 9, consists of two 
parts, one of which is the steady-state temperature 
and the other is the transient part vanishing in time. 
During a period of time equal to r, the unsteady part 
of the temperature decreases e times. We shall define 
the transient time of the process r,, as the time 
necessary for decrease in the unsteady part of e4 
times (l/e4 = 1.8%): 

rt, = 42 (9c) 

The dependences of the dimensionless average 
temperature 9, on the dimensionless time calculated 
using eqns. 9 for three modes of operation are shown 
in Fig. 2. The curves corresponding to different 

Voltage-stabilized 

Power-stabilized 

Current-stabilized 

0 
I I I I / 
5 10 15 20 25 

dimensionless time 

Fig. 2. Dimensionless temperature as a function of dimensionless 
time (approximate equations) for three possible modes of power 
supply operation. BioA = 0.2, k2 = 0.2. Note how the current- 
stabilized mode corresponds at any given time to the lowest 
temperature evolution. 
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modes of operation are calculated for &A = 0.2 
and kZ = 0.2. It is seen from Fig. 2 that the shortest 
transient time and the smallest temperature increase 
correspond to the current-stabilized mode. The 
longest transient time and the largest temperature 
increase correspond to the voltage-stabilized mode, 
while the power-stabilization mode lies in the mid- 
dle. The difference between these three modes is 
caused by the temperature dependence of the buffer 
velocity. 

Of course, these effects are pronounced only for 
the case of relatively small Biot numbers RioA (poor 
cooling conditions) and relatively large values of the 
autothermal parameter k2 (high voltage, large diam- 
eter of capillary, high buffer conductivity), or, 
better, for the case when the Biot number and the 
autothermal parameter are of the same order of 
magnitude. Thus, if k = 0, the values for r and $!$ 
(see eqns. 9) will be the same for all three cases. It 1s 
also seen from eqns. 9 that the transient time r and 
the average buffer temperature for the voltage- 
stabilized mode increase infinitely if k2 approaches 
2B&. This result is in agreement with the study of 
Gobie and Ivory [2], who called this phenomenon 
the “autothermal runaway”. It is interesting that 
neither z nor 9, is affected by the autothermal 
parameter k2 in the power stabilization mode. It 
should be stressed that this approximate theory is 
limited to the case of a capillary with a relatively thin 
wall and coating. 

UNSTEADY HEAT TRANSFER IN A POWER-STABI- 

LIZED MODE 

This part aims at presenting results of mathemati- 
cal modelling of the transient heat transfer in the 
power-stabilized mode governed by eqns. l-6. In 
order to calculate temperature profiles across the 
capillary and transient times, we used the procedure 
described in Part I [l 11. 

As the temperature regime depends significantly 
on the capillary dimensions and on the cooling 
conditions, we shall distinguish three types of capil- 
laries and three modes of cooling. 

The capillary types are thin, with I.D. < 50 pm, 
intermediate, with 50 pm < I.D. c 150 pm, and 
thick, with I.D. > 150 pm. The thermal properties 
of the fused-silica wall and polyimide coating were 
taken from the Standard Product List of Polymicro 

Technologies (Phoenix, AZ, USA)‘.. The thermal 
properties of the buffer are assumed to be identical 
with those of water and the electrical conductivity of 
the buffer and its thermal coefficient were taken 
from ref. 2. All data used are presented in Table I. 

As representative examples of thin, intermediate 
and thick capillaries we chose those with I.D. = 50 
pm, O.D. = 363 pm for thin, I.D. = 150 pm, 
O.D. = 363 pm for intermediate and I.D. = 530 
pm, O.D. = 700 pm for thick. The thickness of the 
polyimide coating was assumed to be 15 pm in all 
instances. 

The three modes of cooling we distinguish are lack 
of forced cooling, forced air cooling and forced 
liquid cooling. 

The heat-transfer coefficient for the case of lack of 
forced cooling was evaluated by using eqns. 4e and g 
with parameters corresponding to dry air at 25°C 
and the characteristic temperature difference (for 
evaluation of the Rayleigh number) equal to 30°C. 

The values of heat-transfer coefficients in air and 
liquid cooling systems used in the Beckman appara- 
tus for the capillary with Rp = 165 ,um are hai, = 
239.54 W/m2 . K for the air cooling system and 
hii, = 1136 W/m2 . K for the liquid cooling sys- 
tem (data kindly provided by Dr. K. Anderson, 
Beckman Instruments, Palo Alto, CA, USA). We 
recalculate the heat transfer coefficients by multi- 
plying these values by the factor (Rp/165)-0.6, 
according to eqns. 4f and e. 

The evolution of temperature profiles across the 

TABLE I 

PHYSICAL PARAMETERS USED FOR COMPUTER SIM- 
ULATIONS 

Parameter Value Parameter Value 

PLR 1 g/cm3 XL’ 0.61 W/mK 

PW 2.15 g/cm3 &. 1.5 W/mK 

PP 1.42 g/cm3 xp 0.15 WjmK 

Cwb 4.18 J/g Qd 7.5 mS/cm 
c Fw 1 J/g ae 2.17 . 1O-2 K-’ 
C PP 1.1 J/g 

’ Density. 
b Specific heat capacity. 
’ Thermal conductivity. 
d Electric conductivity of the buffer. 
’ Thermal coeffkient of electric conductivity. 
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Fig. 3. Temperature profiles across the capillary at different times as a function of the r/RL ratio (where r 

the section of Fig. 1, up to RP, and the centre of the capillary; RL 
= distance between any point in 

= radius of the lumen of the capillary). In all three simulations, the lower 
three curves represent time points equal to 0. lr, r and 4~. The upper curve in all figures corresponds to the steady-state temperature 
distribution. (A) Lack of forced cooling, voltage gradient 90 V/cm; (B) air-cooling, voltage gradient 190 V/cm; (C) liquid cooling, voltage 
gradient 360 V/cm. Note that, in all simulations, the value of zero on the abscissa represents the centre of the lumen of the capillary; 
therefore, a full representation of the temperature profile in the entire capillary should correspond to a specular doubling of the image on 
the left-hand side of each figure. The vertical dashed lines represent at x = 1, end of the lumen; at x = 2.22, end of the wall; and at x = 
2.42, end of the polyimide coat of the capillary. 
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TABLE II 

TRANSIENT TIME AS A FUNCTION OF COOLING MODE AND CAPILLARY SIZE (CALCULATED AT AT z 30°C) 

Type of capillary Parameter Type of cooling 

None Air cooling Liquid cooling 

Thin (I.D. = 50 pm, E (Via) 250 550 1050 
O.D. = 363 pm) Tt, (s) 25 5.2 1.2 

Intermediate (I.D. = 150 pm, E (V/cm) 90 190 360 
O.D. = 363 pm) 51, (s) 29.6 6.2 1.4 

Thick (I.D. = 530 pm, E (V/cm) 28 65 125 
O.D. = 700 pm) r1, (s) 120 21 4.8 

capillary of the intermediate type for three modes of 
cooling is shown in Fig. 3. The curves on the figures 
correspond to temperature profiles at time points 
equal to O.lr, z and 42. The last one was defined 
above as the transient time. The highest curve in all 
figures corresponds to the steady-state temperature 
distribution. The voltage was chosen so as to 
provide an approximately equal (about 30°C) tem- 
perature increase in all instances. It can be seen from 
Fig. 3A that the temperature profile evolves by 
remaining almost uniform in the case of lack of 
forced cooling. It takes approximately 30 s to attain 
the steady state. The case of air cooling (Fig. 3B) is 
characterized by shorter transient times in compari- 
son with the lack of forced cooling and greater 
temperature gradients of the buffer temperature. 
The electric field providing a temperature increase of 
30°C is 190 V/cm, which is considerably greater than 
the 90 V/cm reported in Fig. 3A. With liquid cooling 
(Fig. 3C) the voltage is increased up to 360 V/cm and 
the transient time decreases to 1.36 s. However, the 
temperature gradient in the buffer becomes more 
pronounced and assumes a quasi-parabolic profile 
in the lumen of the capillary. 

Results illustrating the influence of cooling and 
the type of capillary are presented in Table II. We 
took the temperature increase of 30°C as a reference 
point and calculated the transient times and electric 
fields necessary to produce such an elevation of 
temperature for all combinations of capillary types 
and cooling conditions. When comparing the values 
for thin and intermediate capillaries in Table II one 
might conclude that a threefold increase in capil- 
lary inner diameter does not lead to considerable 

changes in transient times for all modes of cooling. 
However, an increase in transient times of about 
20% occurs. The transition to a thick capillary 
shows a considerable increase in transient times (by 
a factor of cu. 4). It can be seen from Table II that the 
transient process should be taken into account when 
performing separations in the absence of cooling for 
all type of capillaries, especially for thick ones. With 

thin 
09000 I I I 

0.005 0.010 
0.015 , 0.020 I 0.025 I 

autothermal parameter k* 

Fig. 4. Dependence of the transient time (in seconds) on the 
autothermal parameter (k’) in the case of lack of forced cooling. 
Thin = capillary of 50 pm I.D. and 363 pm0.D.; intermediate = 
150 pm I.D. and 363 pm O.D.; thick = 530 pm I.D. and 700 pm 
O.D. Note how the thin and intermediate capillaries behave 
similarly, whereas a large deviation is seen with the thick 
capillary. 
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air cooling these effects are pronounced only for can be used for choosing a capillary type for a given 
thick capillaries and with liquid cooling their in- cooling system or for the determination of the 
fluence on separation appears to be negligible. parameters of a cooling system. 

As the lack of cooling corresponds to longer 
transient times than other modes of cooling, we 
present dependences of the transient time on the 
autothermal parameter, eqn. 7c. This parameter is 
responsible for the autothermal runaway, as is 
evident from eqns. 9a and b. Fig. 4 shows these 
dependences for three types of capillaries and illus- 
trates the progressive increase in transient time with 
higher values of the autothermal parameter (i.e., 
increasing power generation). 

CONCLUSIONS 

Some practical guidelines can be derived from our 
simulations of thermal transients as follows. 

In systems lacking forced cooling, the best oper- 
ating mode would be at constant current, as this is 
the system generating the lowest temperature in- 
crease due to Joule heating. 

The dependences of the transient time for the 
three capillary types on the heat-transfer coefficient 
are shown in Fig. 5, which generalizes our previous 
considerations to diverse kinds of coolants, cooling 
systems, etc. The electric field for each curve was 
adjusted so as to match the temperature for each 
capillary type at a given value of heat-transfer 
coefficient. Fig. 5 shows the importance of the 
capillary outer diameter on the transient process. It 

In uncooled capillaries, the highest theoretical 
plate number will be obtained with the narrowest 
bore (e.g., 20 pm I.D.), as this will correspond to the 
minimum radial temperature excursion. 

As the thermal transients can last as long as >2 
min, they will probably not be relevant in long- 
duration separations (typical of protein and nucleic 
acid analyses in gel media) but they might affect 
short-duration runs, e.g., separations occurring in 
just a few minutes. 

b * 
.?! 40 

j “o ** 
0 

20- 8 ** 

*8 **t* 
*8 * * 

0, I11111 %oooo~~~&x~ I 1 
100 1000 

h (W/m’K) 

Fig. 5. Dependence of the transient time for three capillary types 
on the coefficient of heat transfer [h (W/m2 K)]. As in Fig. 4, 
note the very similar behaviour of the thin (0) and intermediate 
(0) capillaries and the strong divergence of the thick capillary 
(#). Note that, for any given value of the heat-transfer coefi- 
cient, the temperature on each of the three curves will coincide 
(this is obtained by adjusting the electric field strength in each 
type of capillary). E: +% (thick capillary), 32 V/cm; 0 (intermedi- 
ate capillary), 110 V/cm; 0 (thin capillary), 260 V/cm. 

In very large-bore capillaries (ca. 500 pm I.D.), if 
there is a large temperature difference between the 
axis and the periphery, two phenomena will contrib- 
ute to zone broadening (decrease in theoretical plate 
number): (a) radial viscosity gradients, allowing for 
faster migration of ions at the centre of the lumen 
(this will automatically generate conductivity differ- 
ences) and (b) radial pH gradients, due to pK 
variations of the buffering ions in the background 
electrolyte (e.g., the dpK/dT value for Tris is 0.03) 
[12], with a concomitant modulation of the mobility 
of the analyte ions, especially at background electro- 
lyte pH values close to the pK values of the analytes. 

Our results can be generalized to other types of 
separations, e.g., isoelectric focusing in thin gel slabs 
(500 pm thickness). As these gels are cooled only on 
one side (see Fig. 3.13 in ref. 13), it is clear that 
temperature gradients will be pronounced (with 
generation of a radial pH gradient, in addition to the 
longitudinal pH gradient established between the 
anode and cathode). This definitely calls for gels of 
much decreased thickness (e.g., 50-100 pm, simula- 
tion in progress). 
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