A second look at electrokinetic phenomena in boiling
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In the article by V. AschJ. Appl. Phys37, 2654(1966], experiments were performed to study the
influence of an electrostatic field on nucleate boiling of Freon®1BL3. We have found that Asch

might not have properly considered the effects of his experimental setup and therefore came to
incorrect conclusions concerning electrophoretic and dielectrophoretic forces. Asch’s analysis of the
electric field distribution led him to conclude that the dielectrophoretic forces were small, however,
we show in this article that, in general, there are strong dielectrophoretic forces in the vicinity of the
heater wire. This article presents the results from a set of experiments performed with an apparatus
similar to that of Asch’s with test fluids of R-113 and FC-72. The experimental results show that
vapor bubbles can be attracted to either the anode or cathode depending on the potentials with
respect to the heater wire on which the boiling takes place. This is contrary to the results obtained
by Asch which led him to conclude that the bubbles were always attracted to the anode. The bubble
movement appears to be the result of a combination of dielectrophoretic forbésh are very

strong but highly localized electrophoretic forces, and bulk electroconvective flow. Furthermore,
the combined effects of these forces away from the wire can lead to unstable behavid®960
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I. INTRODUCTION charge on the liquid sidésee Fig. 1 The hypothesis
further allows for the existence of “slip” between the
two layers. In slipping apart, the positive charges in the
liquid are transferred away to adjoining molecules while
the bubbles, lacking such continuity of their phase, retain
their negative charges and are attracted by the anode.

In 1966, Asch presented the results from two experi-
ments. The first experiment consisted of two ball electrodes
with a chromel wire placed midway between them. The
working fluid was R-113. The wire was electrically heated

with 4.5 amps of direct current which produced boiling on ) _ o
the wire. This experiment was designed to study the trajecThe second experiment consisted of a similar arrangement;

tories of the vapor bubbles from the heater wire when a 3@'0Wever, the wire was placed between circular-disk elec-
kV potential was placed across the ball electrodes. It walodes and the peak heat flux was measured for various ap-

observed that placing the heater wire near the anode result@j€d potentials. _ ,
in vapor bubbles being drawn towards the anode. The results Other publications havcée questloned“the c,onclu5|ons of
were the same when the heater wire was placed near tHiS WOrk. In a review, Jonésstates that "Asch’s observa-

cathode, i.e., bubbles still traveled to the anode. According t§0NS Of bubble motion were confined to regions of extremely

Asch “the test thus proved that motion was due to the charg\-’veak electric “‘?'d gradient, S0 his comparison of ‘ele_gtro-
‘dielectrophoretic’ forces for nucleate boiling

ing of particles rather than the nonuniformity of field, i.e., Phoretic’ and : :
that the observed phenomenon is due to electrophoresis afiiSemewhat questionable. Further, the paper did not recog-

not to dielectrophoresis, else the bubble pattern would havBiZ€ the possible presence of bulk electroconvection, which

been directed to the cathodé.The following is the expla- could cause bubble motion.” In a more recent review of
nation of the phenomena as given by Adch: Asch’s results, Marco and Gradsitated “ . . some other

) , masking effec{other than a net electrical chaigmight be
The existence of a charge on the bubbles and their MGsresent, such as electroconvection.”

tion is best e'xplained by the Helmlholtz—Lamb hypoth.e3|s Based on the results from another experiment performed
of the electric “double layer.” This treats the charging py the present authors it was found that, among other things,
phenomenon as a parallel to electrification in frictionalihe conclusions of Asch were in error due to the improper
electricity. By this theory, two layers of charges are cre-cparacterization of the electric field distribution near the

ated at the boundary between the bubble and the SUggater wire. Therefore, a replica of the experiment used in
rounding liquid, molecules of one charge lining up oN he griginal 1966 article was constructed. The results from
the vapor side matched with molecules of 0ppositéege tests show that the overall problem is extremely com-
plex and that there are competing interactions from both di-
dElectronic mail: chung@mme.wsu.edu electrophoresis and electrophoresis.
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the ebullition cyclé. Equation(2) has been used successfully
to determine dielectrophoretic force on vapor bubBl&s-
ther, or both, of the first two terms in Equati¢h) can be

y N A - - significant in controlling the resulting electroconvective
i + * N - — | Anode flow.
+ X ol - -

lll. EXPERIMENT

+ o+t

Bubble

-t -

The experiments performed here are almost identical to
that of Asch! A rectangular boiling chambdfi2.5 cmx7.5
cmx12.5 cm was fabricated from 1.27 crf0.5 in) Plexi-
glas and was vented to the atmosphere. For the first experi-
ment (the visualization experimepttwo 1.27 cm(0.5 in)

Il. THEORY brass-ball electrodes were mounted at opposite ends of the

The electrohydrodynamitEHD) force that is produced chamber and were separated by 6.02 (@38 in). A plati-
by an electric field acting on a unit volume element of di- "Um wire 3.17 cm long and 0.025 cm in diamete:0.09(2)

electric has no unique formulation. One generally accepted/@S Placed at one of three locations between the ball elec-
expression igJone€ Marco and Grassl,Strattorf) trodes. The first apd second Iocat_lons were 1.27(@M in)
from the left and right electrodgsimilar to Asch, and the

third was midway between the electrodes. Asch used a BWG
28 chromel wire that had a diameter of 0.035 cm, a resis-
tance of 4.113)/ft, and an unknown length. However, from
whereF© is the force per unit volumep; is the free charge the pictures provided, it appeared to be approximately 3 to 4
density,E is the electric fieldg is the dielectric permittivity ¢m long. The wire was electrically heated with a dc power
of the dielectric fluid, ang is the dielectric density. The first supply. “Alligator clips” similar in dimension to those ob-
term is the force per unit volume on a medium containingserved in the original work were used to hold and position
free electric charge of densipy . The direction of this force  the platinum wire within the boiling chamber. The voltage
depends on the polarities of the free charge and the directiofcross the heater was measured at the connection to the clips,
of the electric field. The second term describes the forceind the current was also recorded. This allowed the calcula-
exerted on a dielectric fluid due to spatial gradients in thejon of the mean heat flux from the platinum wiirgeglecting
permittivity. Sincee is not differentiable at a liquid-vapor the small conduction losses due to end effedesr the fig-
interface, it is appropriate to formulate directly the dielectro-yres shown later, a current between 8 and 10 amps was run
phoretic force acting on a dielectric spherical vapor bubblehrough the wire which produced a sufficient amount of va-
or liquid droplet in a two-phase mixture. The resulting DEP por for visualization. In addition, the power was varied over
force for a vapor bubble is given by PShnd Jones and the complete range of the boiling curve-10-35 W/cnd),
Bliss® and it was verified that the observed results were not depen-
dent on the amount of power suppliédisch apparently used
V(|E|?), (2) about 15 to 30 W/cR). Various dc high-voltage potentials
were applied to the ball electrodes while the motion of the
whereR is the radius of the bubble ang and ¢, are the vapor generated from the wire was filmed.
relative permittivity of the liquid and vapor, respectively. The second experiment was similar to the first except the
The direction of this force is such that the medium with ball electrodes were replaced with 2.54 ¢inin.) circular-
relatively smaller permittivity will be driven away from re- disk electrodes spaced 2.54 dthin. apart. The platinum
gions of high electric field towards regions of low electric wire was placed between the electrodes and the maximum
field. Therefore, for both R-113 and FC-72, the vapor phaséeat flux was measured for various dc high-voltage poten-
will move away from the higher field regions while the con- tials applied across the electrodes. For most of the tests the
tinuous liquid phase will be drawn into these regions. Thebulk fluid temperature was the same as ambient conditions
third term in Equation(1) describes electrostrictive effects (25=2 °C), however, it was verified that similar trends were
and is important when considering application of a nonuni-obtained using different subcoolings. The bulk fluid tempera-
form electric field to a compressible dielectric. The exactture in Asch’s experiments was not given. Spectrophotomet-
physical significance of this term for fluids has been the subric grade R-113 was used as one of the working fluids, since
ject of some conjectufé’ and has been likened to an elec- this was the fluid of the original work, and FC-72 was cho-
trical pressure. Since the compressibility of a fluid is small,sen as the second. Both fluids are highly insulating dielec-
the electrostriction effect has no practical influence on hytrics and have boiling points of 47.6 °C and 56 °C, respec-
drodynamics for an incompressible flGv. tively, at standard atmospheric conditions. The relative
Equations(1) and(2) have been used extensively in the permittivity of the liquid and the vapor for R-113 and FC-72
analysis of EHD induced phenomena for boilftgThese aree =2.44,¢,=1.01, ande,=1.76,¢,=1.00, respectively.
equations show that high-voltage electric fields affect botHn the original work of Asch there is no mention of degasing
the bulk fluid flow (electroconvectionand the movement procedures; however, the high solubility of gases in both
and growth of bubbleg§in addition to many other aspects of these fluids is well established. Therefore, two separate tests

FIG. 1. Electric double layer analysis used in Asch’s original work.
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were performed: one without degasing and a second with the
fluid degased by boiling vigorously at low pressure while §
venting through a reflux condenser.

IV. RESULTS AND DISCUSSION

+30 kV

It appears that Asch was mistaken in his analysis of the
electric field distribution near the heated wire. Specifically,
Asch states “in visualizing the genera| pattern [efectric] FIG. 2. Dominant vapor trajectoty tov_vards the anode or the c_ath_ode, i.e.,
flux lines between two ball electrodes one can well recognizéowards the electrode with potential different from that of the wire itself.
that field intensity increases with proximity to the
electrodes. However, Asch apparently did not take into
account the potential of the electrically heated wire. ThisTherefore, much of what he describes as “vapor” was actu-
potential is dictated by the power supply used to heat thally some mixture of air and vapor. This can also be recog-
wire and, assuming a grounded power supply, is generallpized by the fact that the very small diameter bubbles did not
very small with respect to the applied high-voltage field. Inquickly condense. Vapor bubbles can recondense extremely
the experiments the wire was placed between the electrodeapidly (the rate being dependent on the subcooling level
at points where, if the wire were not present, the potentiaDn the other hand, while dissolved gas will come out of
would be several thousand volts. Since the potential of theolution quickly when heated at the wire surface, it takes the
wire was fixed by its power supply, this caused a local dis-gas a considerably longer time to diffuse back into solution.
turbance of the field that resulted in a very large field gradi-We found similar bubble flow patterns for the degased and
ent which, in turn, produced large dielectrophoretic forcesnondegased testair has approximately the same permittiv-
Therefore, the electric field in the fluid depended not only onity as FC-72 and R-113 vapor and would be expected to
the ball electrodes, as Asch assumed, but on the entire syexperience approximately the same dielectrophoretic force
tem of conductorgincluding the wire itself. It is not com-  For simplicity we will refer to any air bubble, vapor bubble,
pletely clear from the original manuscript what the potentialor air/vapor mixture as simply the vapor, as it was impossible
of each ball electrode was. It was stated for the visualizatioio determine any relative contributions except for the de-
experiment that a 30 kV difference was used, and for the heajased tests in which all the bubbles are composed of the
flux experiment that the potential difference was varied bevapor phase of the respective fluid.
tween zero and 50 kV. It is therefore assumed that one ball There are two phenomena which, considered together,
electrode, identified by Asch as the cathode, was at groundre key to understanding the observed results. The first is the
potential; the other was at the stated positive potential; antbrce which acted to detach the vapor bubbles with ex-
the heated wire was at a potential near that of the cathodetremely small sizes from the heater surface as observed in

For simplicity, we will refer to any conductor at a poten- both Asch’s work and the present work. Aschorrectly
tial betweer+20 V and—20 V as groundedthus, the heater stated in the original manuscript that “it was apparent that
wire is always described as groundlell an electrode has a the forces of the electric field were acting to detach the
potential significantly greater than that of the heater wire, itbubbles from the heated surface early in their process of
will be referred to as positively charged. Conversely, if angrowth.” It is the origin of the force very near the wire,
electrode has a potential significantly less than the heatewhich acted to detach the bubbles, that is in dispute. The
wire, it will be referred to as negatively charged. When onesecond phenomenon came into play away from the wire,
of the electrodes is grounded, the other will be described aafter the bubble detached, and controlled the vapor bubbles
charged(whether positively or negatively charged trajectories.

Our experiments showed that results similar to Asch’s A numerical solution would be required to accurately
can be obtained by grounding the left ball electrode and apfind the dielectrophoretic force present in this experimental
plying +30 kV to the right ball electrode, i.e., the flow was setup. This is due, in part, to the proximity of the alligator
towards the anode. However, grounding the right electrodelips to the region of interest along the heater wire and the
and placing—30 kV on the left electrode we found that the finite length of the wire. However, given the small diameter
motion of the vapor is towards the cathode. Repeated runsf the wire and the complexity of the shape of the clips, a
with both fluids showed the general trend that, for one balicomplete model of the experiment is not feasible. Alter-
electrode grounded and the heater wire grounded, theately, to gain a better insight into the qualitative behavior of
bubbles moved towards the charged ball electrode regardlesise system, the dielectrophoretic force in a two-ball system
of its polarization or the location of the wire in the boiling was studied. In this simplified model, one ball had a radius
chamber. Sample results are shown in Fig. 2 for R-113. Alequal to that of one of the electrod€k27 cn) while the
though the vapor flow to the charged electrode was not asther had a radius equal to that of the heater \W@r625 cn.
strong for FC-72, similar trends were observed. An analytic solution to the dielectrophoretic forces present in

Due to the large subcooling, the vapor flow towards thethis system is easily obtained and serves to illustrate the be-
charged electrode was easier to visualize when the fluid wasavior one might expect in the more complicated experimen-
not degased. In fact, given that Asch did not mention a detal setup. Figure @) shows the resulting DEP force distri-
gasing procedure and, in view of the pictures from the origi-bution and Fig. &) shows the resulting DEPbuoyancy
nal manuscript, it appears that Asch did not degas his fluidforce distribution m a 4 mm by 4 mmwindow with the
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(a) DEP Forces (b) DEP + Buoyancy Forces
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FIG. 3. (DEP) and (DEP + buoyancy forces for the simplified two-ball system. The figures represed mm by 4 mmwindow around the small-ball
electrode(the wirg located 1.27 cm from the diameter of the large ball electridde charged ball electroge

heater wire located at the center of the window and R-113 asvely smaller total force; above the wire the two forces add
the working fluid. The center of the small ball was locatedto produce a larger force. Most importantly, it is obvious that
1.27 cm away from the diameter of the large ball and thethe DEP force is stronger towards the charged electrode and
potential of the large ball was 30 kV while the small ball wasthe combined effects from DEP and buoyancy forces result
grounded. This geometry and potential roughly corresponéh a dominant force up and towards the charged electrode. A
to the first wire position in the ball-electrode visualization comparison of Fig. 2 with Fig. 8) reveals that the com-
Study described earlier and prOVideS a qualitative view of th%”]ed DEP and buoyancy 'forces7 at least qua|itative|y agree
relative magnitudes of the DEP and buoyancy forces in thgyith much of the observed results.
vicinity of the wire. The arrows show the dire_ction and th_e In support of his conclusions concerning the dominance
contour plots represent ranges of force magnitudes. For sims glectrophoresis, Asch cites PBiatho states that dielectro-
plicity, the magnitudes were normalized by the buoyancy,pqresis “generally requires a large difference in dielectric
fqrce. In both Figs. @& and 3b), there are 21 evenly dis- constant between solvent and solute, ¢ €,) = 2-100."
tnbdutoei COPIOLIJZI'.S. These gobntours spﬁn the ranogg beftween hP further states that “dielectrophoresis usually requires a
'zi_n 3(.b) Q(lblor K 9. &), arI[. etweefn the rangleTh gf OF " substantial difference in the relative permittivities of the par-
'9.. ack representing zero for eac plotherefore, éicle and the surrounding medium, e.gs, & €,) = 1.” This
within the white section the forces are larger than 0.4 g an L iterion is satisfied with R-113 and not EC-72 however

2 g for the two plots, respectively. In fact, it was found that _. .
the DEP force increased rapidly in this region near the Smal@electrophoreﬂc phenomena has been observed for both

ball and was on the order of 90 000 times buoyancy at théhese fluids with electric fields and field gradients much
surface of the small ball. Because the DEP force is indepens—ma,”(':'r than those of the present study. Pachosed a pair
dent of the polarity of the field, these plots represent either & diverging plate electrodes to show that bubbles can be
positive- or negative-charged electrode. Also, similar trend€n©ved against gravity for both R-113 and FC-72. ﬁqﬂﬂ;o
were observed when the wire was placed at the second arfiAtes “dielectrophoresis usually requires quite Q|ver_gent
third positions in the ball-electrode visualization study, i.e.,fields for strong effects and requires relatively high field
midway between the two ball electrodes and at 1.27 cm awa§trengths(104 V/m for media of low dielectric constant as in
from the right ball electrode. From these results, it appearéhe case of R-113 and FC-i2These results leave no doubt
that the electric field and electric-field gradients are intenséhat, given the magnitude and gradient of the electric field in
near the extremely small radius wire and resulted in verythis study, both of these fluids will be strongly affected by
large dielectrophoretic forces on the vapor bubbles. This iglielectrophoresis as represented in Fig. 3. It was observed for
consistent with previously published results for EHD en-both fluids that the bubbles near the heater wire moved radi-
hanced boiling when a small diameter wire serves simultaally outward (even if only for a short distangeand only
neously as an electrode and the heat sofifceway from  moved towards the charged electrode after detachment.
the wire, in the regions where buoyancy and DEP forces By setting one ball electrode to15 kV and the other to
were comparable, there exists a region below the wire where-15 kV, a 30 kV field is present between the ball electrodes.
the DEP and buoyancy forces compete, resulting in a relaf the wire is placed at the midpoint between the two balls,
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+ 30 k\V + 30 kV

FIG. 4. Vapor trajectories toward the anode or the cathode or both.

the DEP forces should be very small. At this location thevective flow towards the charged electrode and this could
potential from the ball electrodes is nearly zdapproxi- have carried the vapor bubbles towards the charged elec-
mately equal to that of the wiyeand the electric field and trode. In fact, this is the explanation suggested by Jomed
electric-field gradients are smdljiven the small radius of Marco and GrassiHowever, because of the extremely large
the heater wire used in this study, it is reasonable to assunwectric field and electric-field gradient near the wire, and the
that when the grounded heater wire is centered at a poirfact that bubbles formed on and emanated from the heater
where the potential is zero the DEP force due to local disturwire (which was essentially one of the electrogesis dif-
bance of the field is essentially zerdrhis was the exact ficult to discount the possibility of free charge forogdec-
result obtained in our experiment. For this case, the bubblesophoretic effectson the vapor bubbles in accordance with
all consistently move up under the action of buoyancy withAsch’s observations. The wire could have provided a source
sizes similar to the tests without the electric field, i.e., thereor sink for charge while the large electric field provided the
was no noticeable difference when the electric field wagotential for charge movement. The fact that the bubbles,
turned on. which appeared to act as charge carriers, are capable of ei-
Consistent with Asch’s results, increases in heat flux asher acquiring chargéwhen moving towards the negative
high as threefold were measur@er that obtained when no electrode or giving up charggwhen moving towards the
field was presemtwhen the heated wire was placed at apositive electrodecannot be ignored. In fact, this charging
location where there was a significant difference between thenechanism, commonly known as induction charging, is one
potential established by the disk electrodes and that of thef the two principal methods of applying electric charge to
wire itself (for example, 0.127 cm away from the negative- objects (the other being corona chargingin induction
or positive-charged disk electrode with the other disk eleccharging the electrostatic field induces a surface charge on a
trode grounded However, when the heated wire was locateddispersed phase which, lacking continuity of its phase, can
where the potential established by the electrodes was neartiien travel to and charge an objdict this case the object is
zero—one disk electrode had a negative potential, the othdéhe charged electrogleln addition to the explanation given
had a positive potential, and the wire was located at the poinpreviously by AscH,the bubbles may exchange charge with
of zero potential between the electrodes—there was virtuallyhe heater wire during the growth/detachment stage. Also,
no change in the measured heat flux. after being removed with extremely small sizes by extremely
From the experimental results and this simplified analydarge DEP forces, the vapor bubbles experience small DEP
sis, all evidence supports the conclusion that the dielectrcand buoyancy forces away from the wire since these forces
phoretic force was the dominant force controlling the detachare proportional to the bubble volume. The drag force is also
ment of extremely small bubbles for both R-113 and FC-72small on a small diameter vapor bubBfeTherefore, after
The DEP force distribution also appears to account for muchletaching, the bubbles trajectory could be dominated by
of the observed vapor flow patterfup and towards the small amounts of charge and would move freely towards the
charged electrode However, the results from the experi- charged electrode as observed.
ments were complicated by two other observed phenomena. As shown in Fig. 4, the second phenomena we observed
First, as shown in Fig. 2, vapor was also observed to conwas that, for any individual boiling test, the vapor may move
tinue to move towards the charged electrode at points whera either direction and sometimes moved in both directions
the DEP force should be opposing the vapor movement ansimultaneously; however, the dominant direction was to-
the buoyancy force would cause them to rise. In our experiwards the charged electrode. As the wire was placed closer
ments the EHD-induced secondary motions created a core the charged electrode, the system was more stable and
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quickly settled on vapor moving towards the charged elececiently explain the tiny bubbles observed to move all the way
trode. Note that when a vapor bubble flow is establishedo the charged electrode. These small diameter bubbles were
towards the charged electrode, the resulting vapor itself caaffected by the electroconvective bulk liquid flow. In addi-
distort the field near the heater wire. This may result in theion, the bubbles appeared to act as charge carriers, appar-
dominant vapor bubble flow towards the charged electrodently exchanging charge during the ebullition detachment
being overtaken by a flow in the opposite direction towardsprocess and/or during their trajectory. This was further justi-
the grounded electrode. In a similar manner, after the flow idied by the fact that after detachment the dielectrophoretic,
established towards the grounded electrode, and the vapbuoyancy, and viscous drag forces were very small on the
towards the charged electrode has been removed by buogxtremely small bubbles. Therefore, away from the wire, the
ancy and EHD effects, the original dominant flow towardsbubbles could be dominated by a very small electrophoretic
the charged electrode can be reestablished. Again the vefgrce. This, coupled with the fact that the bubbles themselves
small DEP, buoyancy, and viscous drag forces on the smatiould have distorted the electric field distribution, resulted in
vapor bubbles could have contributed to this observed instaa non-periodic oscillatory vapor flow. However, the domi-

bility. nant flow direction was towards the charged electrode and
was strengthened as the wire was placed closer to the
V. CONCLUSIONS charged electrode. Finally, while we have corrected some

In Asch’s article generalizations were made in support Oimlstakes made in the past, the observed hydrodynamics ap-

observed experimental results which we have shown to pBEA to be controllec_i by complex interactions bet_wefen hu-
incorrect. Concerns about the interpretation of the results jfy1€rous and competing EHD. force-s on both the I|qu!d and
this work have been raised in at least two review papérs. vapor Qnd further research_ 'm(.) this problem_ is required to
The main error in Asch’s interpretation was probably Cause&ietermme the relative contributions of the various forces and
by neglecting the wire itself as an electrode. We found thafhe resulting instabilities due to their interactions.
the electric field in the vicinity of the grounded heater wire .
created intense dielectrophoretic forces, which explains the Y- Asch. J- Appl. Phys37, 2654(1966. _
observed small bubble detachment diameters. Asch’s state T. B. Jones, iMdvances in Heat Transfeedited by T. F. Irvine and J. P.
: Hartnett(Academic, New York, 1978 Vol. 14.
ment that the bulk vapor flow was always towards the anode®p. piMarco and W. Grassi, Enhanced Heat Tran&fe99 (1993.
was also shown to be incorrect. We observed that the bulkJ. A. StrattonElectromagnetic TheoryMcGraw-Hill, New York, 194},
; ; Chap. 2.

vapor .ﬂOW. was dominantly towards. th? electrode with the 5H. A. Pohl, Dielectrophoresis, The Behavior of Neutral Matter in Nonuni-
potentl_al dlffe':ent .f'_’om that OT th_e wire itself. form Electric Fields(Cambridge University Press, Cambridge, 1978

Using a simplified analysis, it was shown that much of ¢T. B. Jones and G. W. Bliss, J. Appl. Phy8, 1412(1976.
the observed vapor flow was qualitatively consistent with ;F’- Cooper, ASHRAE Trans. Symp8, 445(1992.
combined effects from buoyancy and the dielectrophoreticgg' |\A/|' ic;}llﬁgéﬁggld S’“ﬁzé’hﬁﬁgzﬁlgjit Trandfk 495 (1993
force produced in the vicinity of the wire. However, the di- 158 i, 3. R. Grace, and M. E. WebeBubbles, Drops, and Partiles
electrophoretic forces on the vapor bubbles did not suffi- (Academic, New York, 1978

6760 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996 Snyder, Schneider, and Chung

Downloaded-21-Aug-2002-t0-199.237.73.111.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/japo/japcr.jsp



	I. INTRODUCTION
	II. THEORY
	III. EXPERIMENT
	IV. RESULTS AND DISCUSSION
	V. CONCLUSIONS

