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Influence of Bulk Fluid Velocity on
the Efficiency of
Electrohydrodynamic Pumping

Vishal Slnghal The efficiency of conversion of electrical power into fluidic power in an electrohydrody-

) namic (EHD) pump depends on the bulk fluid velocity. An analytical formulation is

Suresh V. Garimella developed for calculation of the efficiency of an EHD pump, with and without the pres-
e-mail: sureshg@ecn.purdue.edu ence of a superimposed flow due to an externally imposed pressure gradient. This for-
mulation is implemented into a numerical model, which is used to investigate the effect of

School of Mechanical Engineering, bulk fluid velocity on the efficiency of the EHD action. In particular, the net flow due to

Purdue University, the combined action of EHD and a positive or negative external pressure gradient is
585 Purdue Mall, computed. Both ion-drag pumps and induction EHD pumps are considered. Pumps based

West Lafayette, IN 47907-2088 on the ion-drag principle that are studied include a one-dimensional pump, a two-

dimensional pump driven by a stationary potential gradient, and another driven by a
traveling potential wave. Two-dimensional repulsion-type and attraction-type induction
pumping caused by a gradual variation in the electrical conductivity of the fluid is also
investigated. The efficiency of EHD pumps exhibited a strong dependence on bulk fluid
velocity: for the two-dimensional steady ion-drag pump, for example, the efficiency in-
creased from less than 2% to 22% under the influence of an external pressure gradient.
The corresponding increase in efficiency for a two-dimensional repulsion-type EHD
pump was from 0.26% to 24.5%DOI: 10.1115/1.1899173

Introduction A transient, three-dimensional model of electrohydrodynamics,

ElectrohydrodynamicéEHD) as a means of pumping fluids hascapable of solving coupled charge transport and Navier—Stokes

. o equations, was recently developgtb,17. This model is used
been under investigation for several decadesb. However, the here to study the effect of bulk fluid velocity on the efficiency of

low efficiency of conversion of electrical power into fluid POWer. v arsion of electrical power into fluidic power in an EHD

has_ limited the implementation (.)f EHD pumps in practical appllbumping device. One-dimensiondD) and two-dimensional ion-
cations. Recent developments in microfluidics have led to a fag pumps actuated using a stationary potential gradient as well

] a traveling potential wave are studied. Attraction- and

for miniaturization, absence of moving parts, and the resultlr}g ulsion-tvpe induction EHD pumps are also considered
high reliability. Miniature ion-drag6,7], induction EHD[8,9] and P yp pump '

electro-osmotid 10,11 pumps have been investigated. However,
the efficiency of these devices, seldom greater than 5% and offerevious Studies
less than 1%, continues to be a critical issue of concern.

i A few studies in the literature have dealt specifically with the
The efficiency of an EHD pump strongly depends on the bUI(Ie(fficiency of EHD pumps. Crowlef/13] studied the efficiency of

glrJ]Ide>\</tee|:)ncalttlybr?egiﬁlrﬂeczlrlgldli;ﬁ? I(E,)ar:ugrr?gg fﬁ)gmnlfth:;ﬁqtzd dlijrggﬁéHD induction pumps which use the electrical conductivity jump
’ W the interface between different fluids for inducing charges. This

as th? EHD pump, the eff|C|e_ncy of conversion of electnc_al pow%liudy was confined to the attraction mode, where fluid motion is
to fluid power is higher than if the external pressure gradient wej

not presenf12]. Conversely, an external pressure gradient in t if the same dlrectlon_as_ the travellng_ pqtentla_l wave. _Thls_would
oDDOSItE direction causes a’ decrease in EHD pumpin efficier?&cur when th'e electric flelld. strength is higher in the fluid with the
TEP ffact b d to advant For i tp pEI%D Ehaller electrical conductivity. Flow between two parallel plates

IS efiect can be used to advantage. For Instance, PUMPHIES studied. Layers of two nonmixing fluids with different elec-
could be use(_j asa b_ooster _for existing flow |r_15|de PIpes or Ché{ﬂ‘cal properties were present between the plates. A traveling po-
nels. The main pumping action would be carried out by an exteg o\ \wave was applied to the plate which was in contact with
nal pump, while the EHD action helps to increase the fluid Velo‘fﬁe

itv. Control of local heat t for i i ) tUbes | fluid of lower electrical conductivity. The other plate was
ty. Lontrol of local heat transier in Specific regions or Woes IN g, nded. An analytical expression was derived for the efficiency
heat exchanger, for example, by this means could be of gr

. o T the pump, as a ratio of the product of average shear stress at the
advantage in specific applications.

' . - interface and velocity of the interface to the time-averaged elec-
Several studies have considered the efficiency of EHD pumgg. power input. The effect on pump efficiency of various pa-

[13-18. Most, however, have focused on the effect of the electtiz neters was analyzed using the expression derived. The effi-
cal properties of the fluid on the efficiency of conversion of eleGency was indicated to be high under the following conditions:
trical power to fluidic power. The role of bulk fluid velocity in yhe charge relaxation time in the less-conducting fluid is smaller
increasing the efficiency of EHD pumps has not received mughan the time period of the potential wave; the more conducting
attention. The study of Bondar and Bast[é@i2] appears to be the i is highly conductive; and the less-conducting fluid layer is
only one that has identified the potential increase in the efficiengyi, with thickness much smaller than the wavelength of the po-
of EHD action due to increased bulk fluid velocity. tential wave.

Bondar and Bastiefil2] presented experimental results on the

Contributed by the Fluids Engineering Division for publication in therNAL oF effect of bulk fluid veloglty on the eﬁICIenCy .Of EHD' lons were

FLuips ENGINEERING. Manuscript received by the Fluids Engineering Division Aprilgeneratecl by corona dlscharge from a moving po_mte(_j electr(_)de
20, 2004; revised manuscript received March 5, 2005. Associate Editor: Akira Go@ttached to a steel rod. The force due to electrical interaction
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between the charges and the rod caused a variation in the acoaly study which identified bulk fluid velocity as a significant
eration of the steel rod. The resultant change in velocity was megarameter in determining the efficiency of EHD. Moreover, the
sured using an opto-electronic detector. This experiment was p#reoretical and numerical analyses in past studies have been lim-
formed without and with a pressurized air stream, with thited to very simplified systems, with simplifying approximations
efficiency reaching 2.6% and 7.5% under the former and lattfequently made in the governing equations. This was necessitated
conditions, respectively. This compared to an efficiency of leskie to the inability to solve coupled charge transport and Navier—
than 1% without the pressurized air and moving electrode. TIsokes equations in these studies, which is required to calculate
efficiency increase was also found to be independent of the elélee efficiency of an EHD system.
trical power input to the corona discharge. They also presented arA theoretical model for EHD pumping is developed below, fol-
integral equation for the efficiency of a stea@ynstant voltage lowing which the numerical analysis approach is described, in-
drop and charge sourcEHD pump. Assuming negligible viscous cluding model validation results. The variation of the efficiency of
losses in the ionization region, it was shown that the efficiency efnumber of EHD pump configurations is then explored as a func-
EHD can be changed solely by the bulk fluid velocity, withoution of bulk fluid velocity.
changes in the electrical parameters.

Crowley et al.[14] conducted a theoretical study on the effect
of fluid properties on the efficiency and flow rate of a twoTheoretical Analysis

dimensional ion-drag EHD pump. Variations in electric field_ du_e A methodology for the calculation of efficiency of EHD pump-
to the space charge effect were neglected, and the electric f'fﬂ is developed. Alternative definitions for the efficiency of an
was assu_med to b_e uniform through_out the pump. This fa(.:'l.'tat D pump in the presence of an externally imposed bulk fluid
an analytical solution of the governing equations. The eﬁ'c'enqyelocity are presented. General integral equations are derived for

of the EHD pump was defined a;;l/_(1+a), Wherea_is given both definitions of efficiency, and then simplified for the particular
by a=uE/v+cE/qu. These expressions were obtained from 8ystems considered here.

simplified consideration that the efficiency was equal to the ratio

of the electrical power input if fluid mobility and conductivity Governing Equations. Magnetic induction due to moving

were zero, to the actual electrical power input, i.e;, charges is assumed to be negligible in the following discussion,

=quAV,/ (QuAVe+ugAEV,+ocAEV,). It was concluded that low which means the electric fiel is irrotational. Gauss's law can be

electrical conductivity and low ion mobility lead to high effi-Written in terms of the electric potentidk(V) as

ciency. Limits on flow velocity in an ion-drag EHD pump due to q=-V -(s V) (1)

several different factors were also identified. These factors are

charge decay by charge conduction and ion mobility, frictiokonservation of chargg, in the absence of any charges due to

forces for laminar and turbulent flow, and breakdown of fluid siPecies reaction, is given by

high electric fields. Low fluid viscosity and high permittivity were aq

also suggested to lead to high flow rates. —+V.J=0 (2
Seyed-Yagoobi et al[15] presented a theoretical model of a

steady 1D EHD pumping. Current due to conduction, mobilitydere,J, the current density vector is given by

and convection of charges was accounted for in the governing _

equations for EHD. For a 1D flow the EHD equations can be J=oE+qv+auE-DVq ®

solved without recourse to Navier—Stokes equations. This is bERe four terms on the right hand side of E8) represent current

cause there are no pressure gradients or viscous losses in adlB to conduction, convection, ionic mobility, and diffusion of

flow and hence the flow velocity is the same everywhere. Thinarges, respectively. A detailed explanation of these terms is

charge transport equation was solved numerically to obtain eleoailable in[16,17]. Current due to diffusion of charges is gener-

tric field and charge density distributions which were then used &ly negligible, as the diffusion Peclet number is generally much

calculate efficiency. Results were presented in terms of three n@teater than unity, as is assumed in the following analysH.

dimensional numbers: Electric Reynolds numbezRev/oL, Otherwise, current due to charge diffusion can be significant and

Electric slip numberEsl=uV,/vL, and Electric source number should not be neglected.

Es=q.L?/eVe; Rex is the ratio of free-charge relaxation time of Combining Eqs(2) and(3), the charge transport equation can

the fluid (¢/ o) to the time which characterizes system dynamidde written as

(L/v), Esl represents the relative motion of charges compared to aq

the bulk fluid velocity, andEs indicates the influence of space 7t V@)=V -(cVD)+V -(quV D) (4)

charge on the electric field. The Electric Reynolds numbey, e o . ] ] ]

also indicative of the efficiency of energy conversion. For a steady’e continuity and Navier-Stokes equations which describe the

1D EHD pump with an applied voltage difference across a domaiiylid flow are given below. The Navier—Stokes equations are

and a constant known charge density upstream of the domain, f@dified to include pressure generation due to Coulomb forces.

efficiency of the pump was given by=0.5E.2-E.?)/(ReE, . ap

+Esp,—ESEsh.E,), where E; and E, are the nondimensional Continuity: —-+ V- pv=0 5

electric fields downstreartat collectoj and upstreanfat emittey

of the domain anqbz is the nondimensional charge density down- Ipv

stream of the EHD pump. The quantiti&®, E,, and p, were Navier—Stokes: a (V- V)v==Vp+V .7+pf-qVe

obtained from numerical analysis. For given valueEstndEs|,

efficiency was shown to increase with ReThe efficiency was (6)

higher for low values oEsl, which corresponds to low mobility, Body forces(other than Coulomb forcgsire assumed negligible

small voltage difference, or large fluid velocitys was shown to in the following analysis. The charge transport Ed$.and(4) are

be important only at low values of Re It was thus concluded solved along with the fluid transport Ed$) and(6) via a numeri-

that low mobility, low conductivity, and high permittivity all lead cal analysis to obtain the distribution of potential and charge, as

to higher efficiency. well as the flow characteristics. The electrical and fluidic equa-
Most of the related studies in the literature have focused on ttiens are coupled due to the presence of the charge convection

effect of electrical properties of the fluid on EHD efficiency. Tderm in the charge transport equation and the Coulomb force term

the authors’ knowledge, Bondar and Bastigt?] reported the in the Navier—Stokes equations.

Journal of Fluids Engineering MAY 2005, Vol. 127 / 485



Efficiency Calculation. The efficiency of a steady-state EHD Viwa 1
pump will be shown by the following analysis to vary with bulk Mee = = T+ vgmud (13
fluid velocity. An expression for the efficiency of a general Vion wa Udrift waf Ufl.wa
(steady/transienEHD pump is then derived, and is subsequentlin Which vgig wa, Vion.wa @Ndv gt wa refer to the weighted average
simplified for the different pumps considered. of fluid, ion and drift velocities with respect to the electric force
In a steady-state system, the electrical power input to an EHi@nsity.
pump is given by Equation(13) suggests that the efficiency of an EHD pump is

related to bulk fluid velocity in the pump. No assumption was
p - J f f = @ made in this analysis regarding the source of this fluid velocity. It
e ion * M EC may be solely due to the EHD action or may be brought about by
(Vol) an external pressure gradient. In fact, EtR) suggests that the
efficiency of an EHD pump can change radically without a change

HereP is input (electrica) power, viey is velocity of the ions and in the electrical conditions of the pump. The pump efficiency

dFg, is electrical force acting on a unit volume of the domain. Th ould increase with an increase in the fiuid bulk velodityit is

electrical force ona unit volur_ne'can be ﬂ."ther writtendig, in the same direction as the drift velocity of the iprasd vice
=Edg, wheredq is charge density in that unit volume. Hence, Eq,,

X versa.
(7) can be written as The instantaneous electrical power infytto any EHD pump

can be written as
Pi =f f f Vion * Edq (8)

(Vol) Pi:ffjdv 3 :fE-JdVOI (14

The mechanical power output from the EHD punffy, can be (Vo)
written as The above integral would be carried out over the entire region
which has a current path to any of the powered electrodes. Intro-
P, = f f j v - dFy, 9 ducingJ=0E+qv+guE in the above equation yields
)

(Vol P, = f E - (¢E +qv +quE)dVol (15

Here,vy is bulk velocity of the fluid andiF, is that component of
the force which contributes to useful work. In Cartesian coordinates, E(L5) reduces to
The bulk velocity of the ions is related to the velocity of the
fluid. When the ions are in equilibrium with the fluid, i.e., when _ 2 2 2
the difference in bulk velocities of the ions and the fluid depends "1~ J f J Lo+ au)(E+Ey+ E) +a(Ewx+ Eyy
only on local electric fieldas would happen when there are no
external sources of ions in the domain, i.e., charges are not being +Ep,)]dxdydz (16)

crea?ed or destroyed due to induction or chemical readtidhis The mechanical work done by an EHD pump causes a pressure
relation can be expressed as gradient in the fluid, which changes its velocity. For a fluid al-
Voo = Ve + Vo 10) ready in motion, the velocity would increase if the Coulomb
ion fl drift ( ) £ . . . ..

] ) ) ] o orces are in same direction as the existing flow, and would de-
Here vy is the drift velocity of the ions and is given by crease otherwise. The pressure gradient is balanced by viscous
=wE. It should be noted that in the absence of free electror@rces in the fluid and friction forces at the fluid-solid interfaces
external sources of ions or diffusion, the equation for current dehich act to retard the flow. Hence the mechanical power output
sity [Eq. (3)] reduces taJ=qvy +quE. Dividing this equation by P, of an EHD pump is given by
charge density results in Eq(10).

The efficiency of an EHD pump can therefore be written as Pozf (S V)enp — (S-Vno £rpdS (17)
vy - dFy in which s is the stress vector. Subscript “EHD” in the equation
P, Vol) refers to flow due to combined action of EHD forces and external
Nee= = =—— 7 (11) pressure gradient, while subscript “No EHD” refers to flow solely
P = due to external pressure gradient. The above integral is executed
fon * =T EC over the boundary of the domain. The retarding forces are re-
(Vol) flected in the velocity gradients in the fluid. Pressure and viscous

If it is assumed thatiF,,=dFg,, which implies that there are neg- SI€SSEs can be written §5=—piud; * mis(vij+vj i), wherep is
ligible losses due to frictional forces and viscous effects, the efftal pressure drops is V'chslt.y of the fluid ands; is the
ciency is given by Kronecker delta vectorg;={g 17, - The terms; represents
stress in the direction on a plane in the direction. However,
flow due to an applied external pressure gradient is not reflected in
ff fvﬂ ~dFe the above equation, as both the pressure gradient as well as the
(Vol) viscous forces caused by this pressure gradient are included in the
= 12 equation. The equation fa; can be modified as follows to ac-
(Vg + Vgri) - dFgg count for flow due to an applied external pressure gradignt
—P&ij + myis(vi jFvj,i), Wherep=pi—Papp IS Net pressure gradient
generated by the EHD pum(p,p, is applied external pressure
This expression was first presented by Bondar and Basti@nlt  gradien}.
can be further rewritten as The output fluid power can therefore be written as

Tee

(Vol)

486 / Vol. 127, MAY 2005 Transactions of the ASME



Table 1 Description of different EHD pumps considered in the present study.

Pump . Source of .
Number | DESCription | pr e Field | Source of Charges Comments Schematic
Steady 1-D Constant " Fluid velocity is artificially
1 ion-drag stationary szmg?izdﬁlty pinned; same pump as studied in
pump voltage drop P pump [15]
b Flow is fully developed; fluid
Steady 2-D voltage :yo Constant uniform charge | velocity is varied by applying
2 ion-drag ti?xgthe P density upstream of the | pressure gradient' along length of
pump A pump pump; similar to steady 1-D
direction of .
flow pump except for viscous losses
Uniform charge density | Flow is periodic in both time and
upstream of the pump for | space"; fluid velocity variation as =
Transient 2- 10% of duration of for steady 2-D ion-drag pump; i
3 D ion-drag potential wave starting | closely simulates ion-driven air | | _— Charge cloud
pump from time when potential | flow device described in [19],
. at that cross-section is except that 1-D geometry was L@
Trivelt{l;lg highest considered in [19]
potenti . T : Positive ch roud [1_
Repulsion- | wave along | Induction of charges due Flow li,wn?dlc n t?oth tlrpe.and e &0 =
N . space"; fluid velocity variation
type one side of | to gradual decrease in o " . R
4 . ! i 2 4 as in steady 2-D ion-drag pump;
induction the pump from side with potential . i
. . closely simulates liquid pump
EHD pump with other wave to other side described in [16,17] Negative charge cloud
side grounded = o] bot;1 - 5
ow is periodic in time an Positive ch . I—_l:
Attraction- Induction of charges due | space"; fluid velocity variation seNveichene deud | =
5 type to gradual increase in o | as in steady 2-D ion-drag pump;
induction from side with potential | similar to repulsion-type EHD Q,
EHD pump wave to other side pump except that o gradient in Negative charge cloud
opposite direction

| Additional to pressure head generated by EHD

# Time periodicity: Same velocity profile repeated at every cross-section after a time equal to the time-period of the potential wave
Space periodicity: At any given time, same velocity profile repeated after a distance equal to the wavelength of the potential wave

Po=f (= P& + myis(vij + v} *Venp = 1= P8 + tyis(vij + v D]i - Vino enpdS (19)
In Cartesian coordinates, for a boundary alongxtuérection, Eq.(18) reduces to
Po= f {= poy+ Mvis[zvx,xvx + (Ux,y + Uy,x)Uy + (Ux,z + UZ,X)UL-l}EHD —{-pvg+ /'Lvis[zvx,xvx + (Ux,y + Uy,x)Uy + (Ux,z
+ 02,00 ] no EnDdS (19

Similar expressions may be written for tieand z directions.
The efficiency of the EHD pump is the ratio of mechanical power output to electrical power input. FrorfilBgand (18), this
efficiency can be written as

&)_f((- P3;
P

+ pyis(vij + Uj,i))f “V)enp — {[- P& + myis(vij + Uj,i)]f “Vino EnpdS

Mee = (20)
f E - (6E +qv+quE)dVol
For two-dimensional EHD pumps, the above equation can be written in Cartesian coordinates as follows
f (= pog+ /'Lvis(zvx,xvx + (Ux,y + Uy,x)vy))EHD — (- pog+ Mvis(zvx,xvx + (Ux,y + Uy,x)vy))No gnpdy
+ J {= pvy + :uvis[zvy,yvy + (Uy,x + Ux,y)vx]}EHD -(- pvy + /Lvis(zvy,yvy + (Uy,x + Ux,y)vx))No erpdX
Mee = (21

f f [(o+qu)(EZ + E2) + q(Ex + Eyvy)Jdxdy

For each of the different pumps considered in this work, this equation reduces to the simplified versions developed below. The five
pumps considered are described with the help of schematic diagrams in Table 1. It may be noted that in the following three equations,
flow without EHD is due to a constant one-dimensional pressure gradient.

Journal of Fluids Engineering MAY 2005, Vol. 127 |/ 487



(pvy) - (pv
One-dimensional ion-drag pump:zg, = P e~ (PUJero (22

f [(o+ qu)E; + qEw,]Jdx

Two-dimensional ion-drag pump due to a stationary one-dimensional potential gradient:

f ((Pvyno EHD — (PUYEHDIDY + J (vistxyUx)EHD ~ (MyisUxyUx)No EHDIX
Mee = (23
f J [(o + qu)E; + qEw,Jdxdy

Two-dimensional ion-drag pump due to a traveling potential wave, and two-dimensional attraction- and repulsion-type EHD induction
pumps:

J [(pvyIno eHD ~ (PUXEHDIY + f (Mvisvx,yvx)EHD - (Mvisvx,yvx)No enpdX + j {Mvws[zvx,xvx + (Ux,y + Uy,x)Uy]}EHDdy+ f [- poy + #vis(zvy,yuy + Uy,xe)]EHDdX

Mee =

J f [(0+qu)(E2 + E2) + q(Ew+ Eyvy) Jdxdy

(24)

Overall, the efficiency of the flow generation due to several actuating mechanisms which may include both electrical and mechanical
forces would be given by the ratio of total fluid power output to total power input. This efficiency can be written as

J (= pdij + pyis(vi j + Uj,i))f *V)enpdS
Po,erp

PieetPim -
E - (0E+qv+quE)dVol+ | (Pappdi)] - VEnpdS

Thot = (25)

In two-dimensional Cartesian coordinates, this may be written as

f {-pog+ /Lvis[zvx,xvx + (vx,y + Uy,x)vy]}EHDdy+ f (- puvy + /-Lvis(zvy,yvy + (Uy,x + Ux,y)vx))EHDdX
Thot = (26)
f f [(o+ CI,M)(Ei + Ei) +(Ewx+ Eyvy)]dXdy+ J papd}x,EHDdy"' f papd—’y,EHDdX

Equation(26) can be applied to each of the pump designs consid- YA

ered to obtain simplified expressions fgy,. It is noted thaty,, is — 1o ——

the efficiency of the complete fluidic system, which may include ¢
both electrical and mechanical actuating forces. On the other \ 02
hand,7g, is the efficiency of solely the electrical forces in causing > \ '
fluid motion. However, 7z, is not independent of mechanical x \wa“

forces as the change in bulk fluid velocity due to mechanical ®

forces affectsyg,.

Numerical Modeling. The commercially available computa-
tional fluid dynamics software packag@ar was used for nu-
merical modelind18]. Flow was assumed to be laminar for all the

cases considered. A built-in EHD modulermap was used along
with user-defined subroutines developed for calculating the input
electrical power and output fluidic power. Validation of the ion- ®)

drag and induction EHD models is reported in deta], where

the ion-drag EHD model was validated by comparison against thg. 1 (a) Domain under consideration in two-dimensional

results of{ 15], while the induction EHD model was validated bypumps; (b) potential wave application in pumps with traveling
comparison to[19]. The geometry was modeled using secondpotential wave

order elements. Picard iteration method was used to solve the

discretized equations. Mesh-independence tests were performed

for potential, charge density, and flow velocity. On doubling the All computations were performed with the following set of pa-
number of elements in each direction, the values of these parammeters. A fluid withe =o=pu=pu,s=1 was considered. The two-
eters varied less than 1% for steady-state simulations and less tHamensional domain under consideration in pumps 2p&mp

2% for transient simulations. Time stepping was done dynamiumbers identified in Table)is shown in Fig. 1. The length of
cally using the trapezoidal rule, which is a second-order implicihe domain was. =1 for all pumps, and the width wag=0.2 for
time-integration scheme with maximum relative local time trurthe two-dimensional pumps. These parameter choices help sim-
cation error of 0.1%. plify the nondimensional parameters governing the problem to

488 / Vol. 127, MAY 2005 Transactions of the ASME



Table 2 Comparison of # values for a 1D EHD pump obtained 1.0E+07 1.00
from the present model to values from the literature [15]. ' 0.90
n (Efficiency) 1.0E+08 - = A
Reg Es Esl Present work Resu[l:g]from - 0.80
200 |1 0 058 098 108e08 070
200 1 0.1 0.89 0.89 0.60
200 1 1 0.49 0.49 . J1OE04 1 .
200 1 10 0.09 0.09 ! P, R F050 o
100 | 0.1 0 0.90 0.90 6T 1OEH03 F - e w e X 0.0
100 0.1 0.1 0.83 0.83
100 0.1 1 047 047 1.0E+02 - r 0.30
100 0.1 10 0.09 0.09 L 0.20
1.0E+01 -
L 0.10
ks
1.0E+00 #= ' . . . . 0.00
10E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06

Rez,=v, Esl=Ve/v, andEs=qe/V,. Also, the units for all the pa- K

rameter values listed here_‘ need. only follow a consistent framlt_a- . 2 Effect of variation of nondimensional bulk fluid velocity
work, such a_s those mentlor_]ed in the NOm_encIatu_re. The res"‘f#gnondimensional input power, output power, and efficiency
would be valid for any consistent set of units. While the resulig; e steady one-dimensional ion-drag pump

depend on the choice of these parameter values, the focus here is

on the trends of variation obtained.

For the pumps under steady operatigumps 1 and R d(x X
=0,y)=q(x=0,y)=100 and®(x=1,y)=0. For the pumps in tran- the absence of an external pressure gradi®qt), i.e., Pi tot
sient operatioripumps 3-5, the initial potential and charge den-=P; o/ Py g, P;E€=PLE@/PO,E, P;tot= Potot/ Pog and P;,E€
sity were zero throughout the domain, i.eR(x,y,t=0)=0 =Pgg¢/P,E.
=q(x,y,t=0). The potential wave at the electrode wall for all
transient pumps was characterized #y100, w=k=2, i.e.,
d(x,y=0)=100 co$2nt—-2mx). The other wall was grounded,

i.e., d(x,y=0.2=0. For pump 3g=100 atx=0 for 10% of the

One-Dimensional Steady-State lon-Drag PumpThe varia-
tion of nondimensional input and output povx(éri* and P;) and
efficiency () with nondimensional bulk fluid veIocith;,) for a
1000<t<0.121 1D pump is shown in Fig. 2. All input parameters exceptzfﬁ)r

potential wave duration, ."e'Q(X:O’y):{9v0-1/2ﬂ§1<1./2ﬁ : are held constant. The horizontal axis;) and left vertical axis
constant conductivity gradient for charge induction in pump 4 can.- and P’) have a logarithmic variation. The right vertical axis
o .

be characterized bAo=0(x,y=0)-0c(x,y=0.2=0.1, while for i / e .
pump 5Ac=o(x,y=0) - o(x,y=0.2=—0.1. (7) has a linear variation. It may be noted that in a 1D system, the

Efficiency values calculated from the present model are co yelocity needs to be artificially pinned. TherefoR, Po, anduy
pared in Table 2 for several different cases to values read fr%'e nondimensionalized with respect to the corresponding values

graphs in[15]; the efficiency of a one-dimensional EHD pump the lowesby considered, . . . .

with an applied voltage difference across the domain and a corl-':'g“_re 2 shows tha_Pi .+ Py and Increase with an increase in

stant charge density upstream of the domain was reportgibjn  Usi- This can be explained as follows. A increases, the current.

The two sets of results, presented in terms qf/REsandEs|, are due to c*harge convection increases and hence the input electrical

seen to be identical. power P; increases. Moreover, since current due to charge con-
duction and mobility does not vary much Witﬁ,, the ratio of
convection current to total current increases according td E.

) . The conversion of electrical power to fluidic power is most effi-
Results and Discussion cient for convection current because there is no charge decay as is

For each of the five pumps considered in this wak in Table the case for charge conduction and mobility. This causes an in-
1), results are presented in terms of the efficiency obtained witiease in the efficiency of EHD action. Increases in ijytiand »
EHD action alone, as well as with the combined action of EH[rad to the increase iR, seen in Fig. 2. Since all the electrical
and an external pressure gradient. Efficiency values are presertsd mechanical parameters except for bulk fluid velocity are
as a function of the nondimensional average bulk fluid velociffixed, this increase in efficiency is solely due to the increasg in
along the length of pump, defined g@:vﬂ/vﬂf, wherevy, is the It may be noted that no distinction is made betw&ey, Po ot
fluid velocity due to combined action of EHD and pressure gradigo, and P; g¢, Py e, 7g¢ because 1D flow does not offer any
ent andvg g is the fluid velocity due only to the EHD action pressure gradient or wall friction. Hence subscripts “tot” and “EI”
without any external pressure gradient. This is a more suitadlave been dropped from parametBsP,, and » here.
parameter for examining the effect of bulk velocity on pump ef- The 1D case considered above is clearly an idealized situation.
ficiency since both Reynolds numb@Re=pvsh/u,;s) and Elec- It can be thought to represent the ideal operation of an ion-drag
tric Reynolds numbeftRe-,=sv/oL) involve parameters which EHD pump. Since there is no pressure gradient to be overcome,
could independently change the results without a change in @Y Pressure head generated by EHD will increase the fluid ve-
bulk fluid velocity. In addition to the efficiency results, variationdOCity infinitely unless it is limited by some external means. In the
with bulk fluid velocity of the nondimensional total input powerPrésent simulations, these velocities were limited using the inlet
(pi*m which includes both the electrical input power and mevelocity boundary con_dltlon. Amore p_ractlcal situation would in-
chanical input power used to create the pressure gradietal volve flow created using EHD in a pipe or over a plate. In that

output power due to combined action of EHD and external pre! ase, EHD would need to overcome frictional forces at the sur-
sure gradient(P;’tm), electrical input power(P;Ef), and fluidic 'ace. which would naturally limit the fluid velocity. Such more

" realistic pumps, with fully developed flow between parallel plates
output power solely due to EHIP, ,, power transferred to the to differi It h iti ; in th
fluid due to EHD are also presentcéd. Both the total and the eledue o differing voltage and charge densities, are considered in the

S . following.
trical input power as well as the total and the electrical outpu? 9
power are nondimensionalized by the electrical output power in Two-Dimensional Steady-State lon-Drag Pump.The varia-
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Fig. 3 Variation of nondimensional total input power, total out-
put power, and total with nondimensional bulk fluid velocity
due to combined action of EHD in the steady two-dimensional
ion-drag pump and varying external pressure gradient

Fig. 4 Variation of nondimensional electrical input power, out-

put power due to EHD, and efficiency due to EHD with nondi-
mensional bulk fluid velocity due to combined action of EHD in

the steady two-dimensional ion-drag pump and varying exter-
nal pressure gradient

tion of nondimensional total input powé’ri*ymt, total output power
P...o: @and total efficiencyn,,; with nondimensional average bulk

fluid velocity vf*, for this pump is shown in Fig. 3. Again the neir action independent of each other.

horizontal axis(vg) and left vertical axis(P; o and Po i) have  The quantityP; ., is the ratio of output fluid power solely due
logarithmic variations, while the right vertical axisgo) has @ to EHD to the input electrical power; output fluid power is calcu-
linear variation. The velocity;;I is varied by applying an external lated by subtracting the mechanical fluid power due to the pres-
pressure gradient in addition to the EHD action. Both negatigire gradient from that due to the combined action of EHD and
and positive pressure gradients are considered. Results for ghessure gradient, i_eR; £¢=(Potor—Pom)/ Po.erp- At larger val-
negative pressure gradient are reported only for cases for whighs ofvy, both Py o; and’Pom can be several orders of magnitude
there is §tl|| a net*flow in tbe direction of EHD pumping. larger thanpo,EHS, while (po'mt_ Porm) is of the same order of
For this pumpp; . andP,  are seen to follow the same trendmagnityde as, yyp. Hence even small numerical inaccuracies in

of variation as for the one-dimensional pump. The monotonic N¥ther Py o1 OF Py, can result in large discrepancies in the values
in total efficiency 7 with vy can be attributed to two reasons. Ay p* £¢ and 7g,. The increase in rate of variation af, for vy

positive pressure gradient causes additional flow in the forwaglo% in Fig. 4 is believed to be due to these numerical
direction, which increases charge convection and hence the Ou%létccuracies '

fluid power due to EHD, as was explained above. More impor- Results forP
tantly for the present pump, a pressure gradient creates flow w
perfect efficiency and hence as the ratio of power input due to t
pressure gradient to power input from EHD increases, the over, m rve for th -dimensional ) ion-dr mo i
rectification efficiency increases. While the general trend of vari A p curve for the two-dimensional steady-state ion-drag pump is

tion of efficiency for the bresent bump is similar to that of the own in Fig. 5. The inset is a magnified view for small values of
. y tor. P pump vs. The nondimensional pressure head generated by the pump,
previous pump considere®, ., varies roughly as the square of i

* o .~ oo Pe,, has been obtained using the following expression
vq. This is expected since the output power from the externaF‘ g g exp

pressure gradient varies as square of the pressure graéfignt

« p?) while the fluid velocity varies linearly with pressure gradient

(vg o p); thus, output power from the external pressure gradient is 4
proportional to the square of fluid velocitP,,v3).

The electrical contributions to the input and output power, ¢ 4324
well as the efficiencyP, g, P, g, and g, are plotted as a function
of vq in Fig. 4. Again,vy, P, g, and P, ¢, are plotted on a loga- 1
rithmic scale andyg, is on a linear scale. The results are plotte:
only for cases when the net flow is in the positive direction. In thi 0. ;
figure, ng, represents the actual efficiency of the EHD actior. B
While it remains rather small relative tg; (shown in Fig. 3, Sos
7ee increases from less than 0.02% efficieny for no external
pressure gradient to more than 0(19% efficien} for v, =147; at 0.4
this velocity, 7t is 0.92. This increase img, is due to the com-
bined effect of an increase Iﬁ*ﬂ and a sharper increasemﬁyE(,
both due to increased charge convection, as was explained in
case of the one-dimensional pump. o 5 100 150 200 250 200 as0

Figure 4 also shows that the output fluid power solely due 1 Vi
EHD action,P;’Ee, increases in the presence of the positive exter-
nal pressure gradient. This implies that the net fluid powefg 5 Nondimensional pump curve for the steady two-
achieved from the combined action of EHD and external pressufinensional ion-drag pump.  (Inset: Magnified view of pump
gradient is greater than the sum of the fluid powers achieved framrve for small values of nondimensional bulk fluid velocity. )

) o,e¢ such as those presented above may be em-
f?)yed to generate a pump curve for the system, as is done in the
lowing for each of the two-dimensional pumps considered. The

P4 [

[ 2]

0.2 4
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than under conditions where the EHD pump operates without an
f:u'visvx,yvxdx_ f (p+ Pappvsdy Jfvy external pressure gradient. This reinforces the conclusion that an
Pe¢

Pee = = (27) increase in the bulk fluid velocity causes an increase in output

Pexp q avls power of the pump.
PisUxyx8X = [ Poxdy J1vx o It is important to emphasize the difference between the quanti-
ties Py g, Py o @andug X pe,. The first of theseP, ¢, is a mea-

H H H o,to
Here,p is the pressure head generated by EHD pigis applied sure of the increase in output fluid power due to operation of the

external pressure gradient. Wheg,,=0, the EHD pump operates ELD p* h her hand. i £ th |
atvy =1, pg,=1, which is marked as point A in Fig. 5. It is clear PUMP; Py, op ON the other hand, Is a measure of the tota
that this is not the best operating point for the EHD pump. THE!tPU fluid power due to*th.e EHD pump and external pressure
maximum output of the pumpvf*, X p*E€) among the points con- gr_adlent. In contrasty; X pg, is a measure of the net output flu-
sidered is atvy=147.23,pg,=0.76. This point is identified as idic power of the EHD pump. It represents how the pump would
point B in Fig. 5. The output of the EHD pump is more than 119pera*te ungler dlﬁerept h):drodynamlc conditions. The equations
times higher at this point than @} =1, pz,=1, and it decreases onfor Py g, Py, andvg X pg, are presented explicitly below to
moving away from this point in either direction. This optimalclarify their definitions; it may be noted that all three have the
operation at point B is also achieved at lowgy, and higherv;  same denominator.

(f /-Lvisvx,yvxdx_f pvxdy> - (f #visvx,yvde_J pvxdy>
« EHD No EHD
Po,E«f =
(f /'Lvisvx,yvxdx_f pvxdy>
E

Fig. 6(b). The small increase iR, ¢, whenuy is close to but just
<J :uvisvx,yvxdx_J pvxdy> greater than 1 is due to an increaser, and 7g,, which results
P o= EHD from an increase i*n current due to charge convection. The subse-
' quent decrease iR, ¢, follows the decrease in efficiency of EHD
(f Mvisvx,yvxdx‘f pvxdy)E action: a majority of the current at high is due to charge con-

duction, which has very low efficiency. The slight upturnHE}Ee
at largervy, is due to the numerical inaccuracies discussed earlier.

) _ The pump curve for this pump is shown in Fidcp As in Fig. 5,
., (f PuistyUdx f (p+ papp)vxdy> the point of operation of the pump without any external pressure
v X Pge = gradient is marked A, while that at which the fluid power output is
(Jﬂvisvxyvxdx‘f pvxdy> a maximum (40% higher than at A, wherey=1, pg,=1) is
' E marked B. The power output increases significantly with only a

) _ . ) ) modest increase iny due to the higher charge convection, and
Two-Dimensional Transient lon-Drag Pump. Simulations for  then decreases for larger valuesugfbecause of the absence of

all the transient pumps were run until each pump reached a quaséulomb forces for a portion of the duration of pump operation.
steady-state operation, where the results start repeating over the

time period of the potential wave. The results shown for these Repulsion-Type Induction EHD Pump. Similar quantities as
pumps are time averaged over one period of the potential wat@nsidered for the pumps above are plotted for a repulsion-type
after the pumps have reached this quasi-steady state. EHD pump in Fig. 7. The flow due to repulsion-type EHD is in a
Variation of pi*m p’; wop @Nd 7o¢ [Fig. 6@)], p}*Ee’ p; £ and d!rect!on opposite to thgt of the t(a}veh’ng potentlallwavg. The
7ee [Fig. 6(b)] andpg, with vy, [Fig. 6(c)] for the two-dimensional direction of flow is considered positive in the following discus-

transient ion-drag pump are shown in Fig. 6. The trends of vari§ion- Results for negative pressure gradients are presented only for
tion of P*._ P and 7, With v;, are the same as for the two-C2S€S I which the resultant flow is in the same direction as that
[ o fl

i,tot* * o,tot’ iati
dimensional steady ion-drag pump considered above. On the otHH .to EHD. alqne. The trend of variation for .aII three parametgrs
Y g pump ﬂ’l ig. 7(a) is similar to the other cases considered thus far, with

hand,P; ¢, P, g, and 7, show very different dependence o _. _ L AR,
The input electrical powePi*'Ef shows a rather small variation Po;lt_ort] shovylntg a q;JPe}dratll:)g vanatl(j)n Wmh_"th " is sh in Fi
with v, and that too only at lowy. This difference in behavior € vanaton ol% g, o g, aNnd mg¢ W vq 1S SNOWN 1N FIQ.
can be explained as follows. Charge is introduced upstream of tf{f)- It is seen that the increase i, with increasingy is very
pump for a small portior(10%) of the period of the potential _S|ght in this case Wh_en compared to the_ steady-stat_e pumps. This
wave. For the particular pump considered here, the bulk velocly Pecause charge induction results in the creation of equal
of the fluid is much higher than the speed of the potential wav8MOunts of negative and positive charges so that the net charge
hence, Charge is swept out of the pump very qu|Ck|y and for mdé%le to |!’]duct|0n IS Zer(;): An increase Ulﬂ causes an Increase In
of the portion of the period of the potential wave, there is liti€onvection of both positive and negative charges and hence there
charge in the domain. The currents due to charge mobility afgjno change in the convection current. Pesplte little variation in
charge convection are thus limited. Current due to electrical coRg., however, the increase iR, ¢, with vy is significant:P, ¢,
ductivity, however, does not depend on external charge and daesreases rapidly at sma}lFl, while the rate of increase drops off
not vary. Hence the electrical power iani’iE€ is limited. at Iargerv:,. The efficiencyzng, follows the same trend of variation

An interesting trend of variation d?, ¢, with vy is also seen in asP, ¢, since there is little variation ] g,.
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Fig. 6 Variation of (a) nondimensional total input power, total
output power, and total efficiency; (b) nondimensional electri-
cal input power, output power due to EHD, and efficiency due
to EHD; and (c) pump curve, i.e., nondimensional pressure
head generated by the pump with nondimensional bulk fluid
velocity due to combined action of EHD in the transient two-
dimensional ion-drag pump and varying external pressure
gradient

Fig. 7 Variation of (a) nondimensional total input power, total
output power, and total efficiency; (b) nondimensional electri-
cal input power, output power due to EHD, and efficiency due
to EHD; and (c) pump curve, i.e., nondimensional pressure
head generated by the pump with nondimensional bulk fluid
velocity due to combined action of the repulsion-type induction
EHD pump and varying external pressure gradient

The total fluid power output by the combined action of EHQShZCVi E:JE:S ‘%lé)w?_(t\::rﬁt;%l g]; Ft)ﬁfe \F’)Vlhtrr:]sfé)uf\% itgissingilljer\rr]rt)oi?hat
Sg\(/jvgrreosjtl:o rligrf? g:ﬁntEE)E')z}]és Srlgrs]:lz:Qagr]r;r(;?eil:Tvr?;;h?);f)l:;cajtfog the steady two-dimensional ion-drag pump. The fluid output
P e . . . wer at its maximurnpoint B) is approximately 24 times that
!ndl\gdual_ly. Moreove_r, th_ls dl_ffe_rence increases with an mcrea%lfghen there is no external pressure gradigaint A).

in vg. This observation is similar to that made for the steady

two-dimensional ion-drag pump above. Attraction-Type Induction EHD Pump. Results for the last of
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Fig. 8 Variation of nondimensional total input power, total out-

put power, and total efficiency;

(b) nondimensional electrical

input power, output power due to EHD, and efficiency due to
EHD; and (c) pump curve, i.e., nondimensional pressure head
generated by the pump with nondimensional bulk fluid velocity
due to combined action of the attraction-type induction EHD
pump and varying external pressure gradient

largest value being very close tLH 1, decreasing at both larger
and smaller values Qfﬂ At very large and very small values of
vy, little variation in PI g¢ I noticed.

The drop |nPI ge @Svy increases can be explained as follows.
The attraction-type induction EHD pump is a synchronous pump
[13]. EHD action tries to move the fluid at the same velocity as
the potential wave. When the fluid velocity is smaller than the
velocity of the potential wave, the pump operates in a “pumping”
mode, where it tries to increase the velocity of the fluid, which is
limited by the electrical power available and the viscous forces. If
the fluid velocity is higher than the wave velocity, the pump goes
into a “braking” mode, where it tries to slow down the fluid ve-
locity to the synchronous speed. Here, the pump is limited only by
the electrical power available. Hence the largest fluid velocity
achievable in an attraction-type induction EHD pump, in the ab-
sence of external pressure gradients, is the wave velocity itself.
For the present case, the synchronous speed is approxmﬁtely
=3.3. The output power from EHIDP0 g¢) becomes negative at
around this value, as can be seen more clearly from the inset.
Similarly, if the fluid velocity decreases below the synchronous
speed P0 g¢ increases rapidly. The negligible variation ﬁ’nE( at
large absolute values oﬁl is due to the |ns|gn|f|cant effect of
variation in charge convection as the net charge in the fluid is
zero.

The pump curve for the present pump is shown in Fig).8he
pump generates a net positive pressure gradient along with flow in
the positive direction only fov; < 3.3. The maximum fluid output
power in this casépoint B) is approximately 20% greater than the
power in the absence of an external pressure graeimt A). It
is interesting to note that the pump ceases to generate a net posi-
tive pressure gradient aﬂ close to 3.3, as it goes into the braking
mode beyond this point.

Conclusions

The efficiency of EHD pumping depends strongly on the bulk
fluid velocity. For flow due to a constant, stationary potential gra-
dient, as well as for flow due to repulsion-type induction EHD, the
efficiency of EHD pumping increases monotonically with an in-
crease in the bulk fluid velocity. Moreover, the total fluid power
output from the combined action of EHD and an externally im-
posed pressure gradient is larger than the sum of fluid power
outputs from their action independent of each other.

The variation of efficiency of an ion-drag EHD pump driven by
a traveling potential wave and a transient source of charge density
with the bulk fluid velocity depends on the ratio of bulk fluid
velocity to the wave velocity. The efficiency of the pump in-
creases with increasing bulk fluid velocity for small values of this
ratio and it decreases for large values of this ratio. For attraction-
type induction EHD pumps, with flow in the forward direction,
the efficiency of EHD action is highest when the fluid velocity is
equal to the wave velocity. For fluid velocities in the forward
direction larger than the wave velocity, the pump acts to retard the
flow.

Results for the input electrical power, output fluid power, and
efficiency of EHD action are provided as a function of bulk fluid
velocity for the five different EHD pumps considered; graphical
pump curves for all the pumps are also developed.
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the pumps considered, an attraction-type EHD pump, are plotted

in Fig. 8. Figure 8a) shows thaP; , P

o,tot’

Journal of Fluids Engineering

and 70, vary with vy
in a manner similar to the behawor of the prewously discussed A
pumps. The variation o‘f’I E0r OE(, and g, with vy is shown in
Fig. 8b); the inset is a magnified view of the behavior at low
velocities. The variation oP; ¢, with vy is interesting, with its

Nomenclature

cross-sectional are@n?)

D = charge diffusion coefficientm?/s)

E = electric field(V/m)

Es = electric source numbgdimensionless
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Esl = electric slip numbefdimensionless n = efficiency(dimensionless
f = body force per unit masen/s’) wu = electrical mobility of the fluid(m?/V s)
F = force (N) 1is = Viscosity of the fluid(Ns/m?)
h = height(m) p = density of the fluid(kg/m®)
| = current(A) _ , o = electrical conductivity of the fluidQ m)=*
J = current density |n1 the fluidA/m*) T = charge relaxation timés)
k = wave numbefm™) 7 = shear stres&\N/m?)
. ij
L = length of the domairim) ® = potential(V)
— 2 . -
p= pressu(re )droij/m ) o = frequency of the potential wavs™)
P = power(W
g = charge density in the fluidC/m°)
Re = Reynolds numbefdimensionless
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