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Experimental Investigation of an Ion-Drag Pump-Assisted
Capillary Loop

B. R. Babin,* G. P. Peterson,t and J. Seyed-Yagoobii
Texas A&M University, College Station, Texas 77843

An ion-drag pump was constructed and calibrated to determine the available pumping pressure as a function
of input voltage for various working fluids. The experimental results were then compared with an analytical
model and found to predict the ion-drag pump performance to within £15%. Using this information, an
analytical model capable of predicting the performance enhancement of an ion-drag pump-assisted capillary
loop was also developed and compared with the values obtained from experimental tests conducted on a thermat
test loop. Although the analytical model slightly overpredicted the performance enhancement resulting from
the ion-drag pump, the predicted trends were similar to those obtained from the experimental program. These
trends included decreased thermal test loop performance with increased evaporator/condenser elevation differ-
ence, increased performance (due to increased operating temperature), and an increase in performance ranging
from 20 to 100%, due to the addition of a two-stage ion-drag pump. The performance enhancement of the
thermal test loop was verified at various operating temperatures and evaporator/condenser elevation differences.

Nomenclature
diameter
gravitational acceleration
= evaporator/condenser height difference
current
length
merit number
pressure
heat transport capacity
= radius
voltage
emitter/collector electrode spacing
dielectric constant
efficiency
wetting angle
= latent heat
viscosity
volumetric flow rate
density
= surface tension
angle of inclination
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Subscripts

¢ = capillary

EHD = electrohydrodynamic
= gravitational

= liquid

= vapor

= charge
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Introduction

HE capillary limit in a heat pipe or two-phase capillary
pumped loop, occurs when the capillary pumping pres-
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sure is not sufficient to promote flow of the working fluid
from the condenser back to the evaporator. This problem
occurs in the large monogroove heat pipes proposed for use
on the Space Station Freedom! and also in the tiny micro heat
pipes used for the thermal control of semiconductor devices.”
Because the capillary pumping capacity is the primary limi-
tation which governs the operation of most moderate tem-
perature heat pipes and capillary loops, numerous alternative
pumping mechanisms have been proposed and evaluated for
use in these devices. These alternative pumping mechanisms
include the development of complex arterial wicking struc-
tures such as the monogroove,! the double wall artery,’ or
the cats eye artery; and the investigation of various active
pumping mechanisms such as osmotic, bimorph, and me-
chanical pumps®; or the use of a vapor compressor.” These
various capillary enhancement and active pumping mecha-
nisms have been evaluated and compared previously,” and
while the arterial modifications have proven quite successful,
several of the active pumping mechanisms have experienced
problems associated with vibrations and/or size limitations.
One relatively new pumping mechanism under investigation
for these types of applications is the electrohydrodynamic
(EHD) pump. Electrohydrodynamic pumping results from
the application of an electrical field to a dielectric fluid. As
shown in Fig. 1, free charges are established within the die-
lectric fluid by emission of a corona source. The electrical
field created by the negatively energized emitter electrode
and the grounded collector electrode drags the free charges
through the field, thus setting the fluid in motion. These types
of electrohydrodynamic pumps are known as ion-drag pamps.

The fundamental physical phenomena which makes the op-
eration of ion-drag pumps possible was first described in the
early 1900s.8 Later in the 1950s, a significant number of ex-
perimental and analytical advances were made. The analytical
modeling was particularly useful because it facilitated further
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Fig. 1 Ion-drag pump operating mechanism.
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pump development and research.” These analytical and ex-
perimental developments continue to be the foundation of a
majority of the work done in this field.

In the early 1970s Abu-Romia'® suggested the use of elec-
tro-osmotic forces to assist in the pumping of liquid in a cap-
illary driven heat pipe. In an extension of this concept, Jones'!
proposed a new type of heat pipe which utilized an electrode
structure to orient and guide the dielectric liquid flow. The
results of this investigation indicated that relatively high per-
formance devices were possible.

Ion-drag pumps have no moving parts and as a result will
not create any of the vibration problems typically associated
with conventional rotary pumps or compressors. They have
been shown to be capable of providing continuous pumping
pressures for several traditional heat pipe working fluids (i.e.,
dielectric refrigerants),'2-'* require low power input, have a
pump power efficiency (n = vAP/VI) of approximately 5-
10%,'* and appear to be well-suited as an alternative active
pumping mechanism for use in heat pipe or capillary pumped
systems. The objective of the present work was to determine
the feasibility and possible performance enhancement which
could result from the use of an ion-drag pump designed to
supplement the capillary pumping of the wicking structure
within operating heat pipes or capillary pumped loops. In this
way, the capillary limit could be increased and the axial heat
transport improved.

Analytical Evaluation

Prior to the construction of the experimental test facility,
it was first necessary to develop an analytical model capable
of predicting the performance limitations and operational
characteristics of a thermal test loop both with and without
the assistance of an ion-drag pump. Once developed, this
model could be used to select the working fluid and design
the experimental test facility.

Modeling of Heat Pipe with Ion-Drag Pump Enhancement

To function properly, the capillary pumping pressure in a
heat pipe or capillary pumped loop must be greater than or
equal to the sum of the pressure losses throughout the loop.
This can be stated mathematically as

AP = AP, + AP, + AP, (1)

where AP, is the capillary pumping pressure, AP, is the pres-
sure required to transport the vapor from the evaporator to
the condenser, AP, is the pressure required to transport the
liquid from the condenser to the evaporator, and AP, is the
hydrostatic pressure due to the local gravitational accelera-
tion. Each of these pressure gradients can be expressed as
functions of the physical structure of the heat pipe or capillary
loop and the properties of the working fluid.

The first of these, the capillary pumping pressure, can be
defined mathematically as

AP, = (20/r)cos 6 2)
where r, is the capillary radius of the wicking structure. The
pressure gradient occurring in the vapor and liquid passages
can be expressed as

AP, = (2fldZpi )L Q* 3
AP, = (128u/7d}p,A)L,Q C))

respectively, as presented by Chi.** Finally, the hydrostatic
pressure term AP, can be expressed as

AP, = pgL,sin ¢ (5)

where ¢ is the angle of the liquid return passage with respect
to a plane normal to the gravitational vector. This term may
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either assist or hinder the return of the liquid from the con-
denser to the evaporator, or in space applications where the
gravitational acceleration is near zero may be negligible.'®

When an ion-drag pump is utilized to assist in the return
of liquid from the condenser to the evaporator, an additional
term must be added to Eq. (1) to account for the increased
pumping pressure. The resulting expression for the capillary
limit of an ion-drag assisted heat pipe or capillary pumped
loop then becomes

AP, + APpyp, = AP, + AP, + AP, (6)

where APgyp, represents the available pumping pressure pro-
vided by the ion-drag pump. This available pumping pressure
can be approximated in terms of the applied voltage and the
maximum uniform charge density as

APpyp = poV (7

The maximum charge density within the generated electri-
cal field in these types of devices has been shown to be!’

po = (26V/8?) (8)

Utilizing the expression given in Eq. (6), the maximum Q
for an ion-drag pump assisted heat pipe or capillary pumped
loop can be developed as a function of the physical structure
of the loop, the properties of the working fluid, and the elec-
trical field applied to the ion-drag pump.

Selection of Working Fluid

With the merging of two separate phenomena (heat pipes/
capillary pumped loops and ion-drag pumps) as was done in
this investigation, careful consideration must be given to the
working fluid. The working fluid must be useful as a heat
pipe fluid, i.e., have a large latent heat of vaporization, low
viscosity, and high surface tension, and also must have a low
electrical conductivity and a high permeativity.’® To deter-
mine the performance of different heat pipe working fluids,
Me defined as

Me = (p,o M) 9

can be used.!®

After considering several potential working fluids, R11 was
selected due to the combination of low electrical conductivity
and relatively high merit number.

Experimental Apparatus

To conduct the experimental investigation, three major
components were constructed: 1) an ion-drag pump, 2) a pump
calibration facility, and 3) a thermal test loop. Each of these
components is discussed separately in the following sections.

Ion-Drag Pump

A schematic of the ion-drag pump used in the current in-
vestigation is shown in Fig. 2. The pump was constructed from
a Lexan® tube with an outer diameter of 2.54 cm and inner
diameter of 1.90 cm. Two sections, each 2-cm long, were cut
for use in the construction of the emitter electrodes. A cir-
cumferential groove approximately 1-mm deep and 2-mm wide
was then machined into the outer surface of each section,
midway between the two ends.

A series of 0.61-mm diam holes were then drilled radially
in the center of the groove at 10-deg increments producing a
total of 36 holes per section. Brass needles 0.61-mm in di-
ameter were inserted into each hole so that the tip of each
needle penetrated approximately 2-mm past the interior wall
of the Lexan tube. The needles were then sealed in place by
injecting a dichloro-methane solution into the groove. Next,
the needles were bent in the flow direction using a specially
designed fixture, and copper wire was woven through the
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Fig. 2 Construction of an ion-drag pump.

protruding outer ends of the needles until the grooves were
filled. In this manner, an electrical connection between all of
the needles was achieved.

Two collector electrodes, also shown in Fig. 2, were fab-
ricated from a 2.54-cm diam brass rod with a 1.90-cm hole
machined in the center. The resulting brass tube was cut into
slices 2-mm long, and as was the case for the collector elec-
trodes, a small groove was machined into the outer surface
and copper wire was wrapped around the emitter electrode
to make the electrical connection. Once completed, the emit-
ter and collector electrodes were assembled in an alternating
pattern and glued together resulting in a two-stage pump with
a distance of approximately 10.2 mm between the emitter and
collector electrodes in each stage. A layer of corona dope was
applied to all the exposed metallic parts to ensure that no
electrical breakdown would occur on the external surfaces of
the pump. Lexan connector flanges were then bonded to each
end of the ion-drag pump so it could be attached to the pump
calibration and thermal test loop facilities.

The electrodes in this ion-drag pump were designed with
primary consideration given to the fluid mechanics occurring
within the pump. For this reason, the emitter electrodes sup-
plied the necessary charges within the viscous layers where
the electrical forces were most useful in overcoming the high
viscous shear stresses.

Pump Calibration Facility

In order to calibrate the ion-drag pump, a pump test facility
was constructed. This facility consisted of a 9-cm diam U-
tube connected by a smaller diameter test section bonded to
each leg of the U-tube. The ion-drag pump was bolted be-
tween two flanges attached to this smaller tube and sealed
with O-rings. Pressure taps were located 2.54 cm from each
end of the ion-drag pump to measure the pressure difference
generated by the pump to within +2.5 Pa as a function of
the applied voltage, which was measured with an accuracy of
+0.2 kV using a digital multimeter. In addition to measuring
the pressure differential and voltage, a series of T-type ther-
mocouples (AWG30) with an experimental uncertainty of
+0.5°C were located in the liquid to monitor the temperature
throughout the tests. Using this pump calibration facility, the
pumping pressure of the ion-drag pump could be determined
as a function of the input voltage applied to the emitter elec-
trodes.

Thermal Test Loop

To test the performance enhancement of the ion-drag pump,
the thermal test loop shown in Fig. 3 was constructed. This
thermal test loop consisted of three primary components:
1) an evaporator, 2) a condenser, and 3) the vapor/liquid
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channels. The evaporator and condenser were both made
from 20.32 x 20.32 x 3.17 cm copper blocks. The centers
of the blocks were machined to form 17.78 x 17.78 X 2.54
cm open sections as shown in Figs. 4a and 4b. The evaporator
had a 1-mm deep groove, 3-mm high, cut along the bottom
surface to hold down three layers of no. 12 mesh copper
screen. Approximately 1 m of 0.635-cm coiled copper tubing
was installed in the condenser through which an ethylene-
glycol coolant was circulated. To seal both the evaporator and
the condenser, a 20.32 x 20.32 x 0.635 cm copper lid was
silver soldered to each of the base plates. Holes were drilled
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Fig. 3 Schematic of the thermal test loop facility.
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and tapped in the lid of the condenser for a valve to be used
to charge the heat pipe.

The liquid and vapor flow channels were installed in 1.27-
cm diam holes drilled into the top and bottom of both the
condenser and evaporator. The vapor and liquid flow chan-
nels, 1.27-mm diam. and 2.5-m long, were then silver soldered
in the top and bottom of the evaporator and condenser. The
lower channel, which served as the liquid return line, was
fitted with two Lexan connector flanges to allow the instal-
lation of the ion-drag pump. The entire test loop including
the condenser, evaporator, and flow channels was then wrapped
with Fiberglas® insulation approximately 10-cm thick to re-
duce the convective losses.

To insure proper wetting, the thermal test loop was cleaned
using an acetone solution. After cleaning, the test loop was
evacuated and rinsed several times with n-Propyl alcohol. The
test loop was again evacuated and charged with 1.6 1 of R11.
The charging procedure was accomplished in such a manner
so as to minimize the amount of noncondensible gases ad-
mitted to the system.

Experimental Procedure

In order to investigate the effects of the ion-drag pump on
the thermal test loop, a series of three separate tests were
conducted. First, the ion-drag pump was calibrated in order
to develop a pump calibration curve which described the re-
lationship between the input voltage and pump pressure for
the R11 working fluid. Second, the thermal test loop was
evaluated without the ion-drag pump to determine the max-
imum transport capacity. And third, the ion-drag pump was
placed in the thermal test loop to determine the increase in
the heat transport capacity resulting from the ion-drag pump.

During the ion-drag pump pressure calibration tests, the
input voltage to the emitter electrodes was varied, and the
input voltage and current were measured using two digital
multimeters. The resulting pressure difference generated by
the ion-drag pump was measured by two pressure taps located
at the pump inlet and exit and a differential pressure trans-
ducer. As mentioned previously, because the pumping pres-
sure is a function of the working fluid properties, and there-
fore, temperature dependent, several thermocouples were
placed in the working fluid to monitor the temperature
throughout the pump calibration tests.

The pump calibration tests were conducted as follows: the
test facility was filled with refrigerant R11 and the system was
sealed. A data acquisition system control program was then
initiated and measurements of the temperature and the pres-
sure differential produced by the ion-drag pump were re-
corded for 3 min at 15-s intervals. The mean pressure differ-
ential and standard deviation were then calculated and stored.
This process was repeated, increasing the voltage to the ion-
drag pump from 10 to 26 kV in increments of 2 kV. This
provided a method by which the pumping pressure generated
by the ion-drag pump could be determined to within +2.5
Pa.

Once the ion-drag pump pressure differential had been es-
tablished as a function of the input voltage, the ion-drag pump
was installed in the thermal test loop as illustrated in Fig. 3.
In this test loop, input power was provided to the evaporator
by two 7.6 X 17.8 cm electrical resistance heaters and mea-
sured by monitoring the voltage and current. Heat removal
from the condenser was provided by a constant temperature
circulating bath, and measured using two thermocouples placed
at the coolant flow inlet and outlet to calculate the sensible
heat of the ethylene-glycol coolant. To monitor the temper-
atures in the heat pipe, several T-type sheathed thermocou-
ples were installed in the vapor and liquid space of both the
evaporator and condenser. Three other thermocouples (T-
type, AWG-30) were embedded in the bottom of the casing
of both the evaporator and condenser at 1.27-cm intervals
from the center. Throughout the thermal tests, the input power
to the ion-drag pump and pressure differential were again
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measured using the technique previously described for the
pump calibration tests.

The thermal test loop investigation was conducted as fol-
lows: The coolant bath temperature was adjusted and once
the system had reached a constant temperature, the control
program was initiated. This program continuously displayed
the previously mentioned measured quantities at 15-s inter-
vals. The heat pipe was then situated in a horizontal position
and an input heat flux was applied to the evaporator. After
the system had reached steady state, the evaporator was slightly
elevated. This process was then repeated until evaporator
dryout (defined as the point where the condenser vapor tem-
perature steadily decreased while the evaporator vapor tem-
perature continued to rise) had been reached. At this point
the ion-drag pump was turned on and the effect on the thermal
transport capacity was observed. The elevation was again in-
cremented until the point at which dryout occurred. Once a
set of tests had been completed, the system was allowed to
cool and the process was repeated for increasing power in-
tervals and then again for varying condenser coolant tem-
peratures.

Results and Discussion

Using Eq. (7), the pressure generated by the ion-drag pump
was determined for the two-stage pump. Additional estima-
tions for three and four stage ion-drag pumps of similar con-
struction have been presented by Babin.!® For all three cases
the pressure generated by the ion-drag pump increased lin-
early with increasing voltage. Figure 5 illustrates the results
obtained for a two-stage pump. The experimental data re-
sulting from the ion-drag pump pressure tests are also illus-
trated in Fig. 5. As shown, the model predicts the perfor-
mance of the ion-drag pump reasonably well. However, the
slope of the predicted curve is approximately 10% less than
the slope of the experimental curve. Overall, the analytical
model of the pump performance proved to be a good indicator
of the actual pump performance.

Using the heat pipe modeling technique previously de-
scribed, the thermal test loop performance, both with and
without the ion-drag pump, was determined as a function of
the evaporator/condenser elevation difference for various op-
erating temperatures. The results indicate that the thermal
transport capacity of the test loop increases with increased
operating temperature, and that the effect of elevation dif-
ference is slightly greater at higher temperatures. Figure 6
illustrates the improvement in the transport capacity predicted
by the analytical model presented in Eq. (6), using a two-
stage ion-drag pump with 12 kV (20 Pa, see Fig. 5) and an
operating temperature of 265 K. As illustrated, the model
predicts a 40% performance increase at zero elevation dif-
ference. Also, the elevation at which the thermal test loop
ceases to operate increased from 3 to 4.75 mm, a 50% im-
provement over that of the thermal test loop without ion-drag

pump.
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Fig. 5 Comparison of analytical and experimental performance for
a two-stage ion-drag pump at 265 K.
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Fig. 7 Measured heat pipe performance with and without the two-
stage ion-drag pump at 265 K, 20 kV.

The results of the experimental investigation of the ion-
drag pump-assisted thermal test loop are shown in Fig. 7, for
an operating temperature of 265 K. In this figure, the solid
symbols indicate the last test point prior to dryout, while the
open symbols represent the first point where dryout was con-
firmed. The arithmetic average of these two points was as-
sumed to be the point where dryout occurred. The two solid
lines represent a best-fit straight line through these dryout
values. As shown, the performance enhancement due to the
ion-drag pump was varied from almost 100% at high adverse
tilts (evaporator up) to less than 20% when the thermal test
loop was operating in a reflux mode. In addition, the maxi-
mum tilt at which the pump assisted thermal test loop would
continue to operate was increased from approximately 2—-3.5
mm. Finally, it is clear that the performance of the thermal
test loop decreased as the tilt increased, verifying the effect
of tilt on the test loop performance.

By comparing Figs. 6 and 7, it is apparent that the analytical
heat transport model given by Eq. (6), overpredicted the
performance of the thermal test loop both with and without
the ion-drag pump by nearly the same amount. This would
indicate that although not predicting the operational limit with
a high degree of accuracy, the analytical model can be used
as an effective tool in the design and optimization of these
types of systems.

Another perspective of the thermal test loop performance
enhancement due to ion-drag pumping can be gained by eval-
uating the data at a constant evaporator/condenser elevation
difference (i.e., ¢ equals a constant) and varying the operating
temperature. This is done in Fig. 8 which compares the pre-
dicted and measured performance of the thermal test loop
both with and without the ion-drag pump. As illustrated, the
model and experimental results demonstrate a similar im-
provement due to the addition of the ion-drag pump. Again,
the model overpredicts the performance by approximately
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Fig. 8 Comparison of predicted and measured heat pipe performance
in a horizontal orientation with and without the two-stage ion-drag
pump, 20 kV.

20% , however, several conclusions can still be made. The first
of these is that while the analytical model overpredicts the
enhancement due to the ion-drag pump, the slopes of the
curves are similar, again illustrating the practicality of the
model in the design of such thermal test loops. The second
conclusion is that for each operating temperature, a clearly
visible enhancement in the performance occurred due to the
ion-drag pump.

Finally, the input power to the ion-drag pump, which is on
the order of 1.0 W for all of the tests reported here, was
monitored throughout the experimental program by mea-
suring the voltage and current levels. The measured power
levels were consistent with other values previously reported
for similar ion-drag pumps.**

Conclusions

An ion-drag pump that enhanced the performance of a
thermal test loop was successfully constructed and operated.
This ion-drag pump was experimentally calibrated to deter-
mine the pumping pressure generated as a function of input
voltage. The results were then compared to an analytical model,
which was shown to predict the ion-drag pumping pressure
as a function of input voltage and fluid properties to within
+15%. Additional work on the construction of ion-drag pumps
is necessary if they are to be developed to operate in more
complex heat transfer systems, such as heat pipes or capillary
pumped loops.

An analytical model that predicts the performance en-
hancement of a thermal test loop due to the addition of an
ion-drag pump has also been developed. Experimental results
compared favorably with the values predicted by this model.
Although the analytical model slightly overpredicted the per-
formance enhancement of the thermal test loop, it illustrates
trends similar to those of the experimental data. These trends
include decreased performance with increasing evapora-
tor/condenser elevation difference, increased performance due
to increasing operating temperature, and a significant increase
in the performance due to the inclusion of the ion-drag pump.
Most significantly, an ion-drag pump suitable for use in heat
pipes or capillary pumped loops have been constructed and
tested, and shown to improve the heat transport capacity from
20 to 100% with two electrode pairs. This performance en-
hancement was verified at various operating temperatures and
evaporator/condenser elevation differences. Greater im-
provement in the heat transport capacity and pressure gen-
eration can be achieved by increasing the number of the en-
ergized electrode pairs with only a small increase in the required
input power."
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