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Abstract-The evaporation rate of a free liquid surface in a tangential, laminar air stream subjected to an ion 
wind is experimentally found to increase approximately as the square root of the current. The effect decreases 
with increasing flow rate and is greater for a positive ion wind than a negative. At a critical threshold current 
the laminar boundary layer is apparently destroyed. The evaporation rate then becomes governed by 
diffusion into a turbulent layer and is observed to increase more slowly with current. Except at the highest 
flow rates good agreement is obtained between experiment and numerical solutions ofexpressions obtained 

as approximations from the Navier-Stokes equations. 

NOMENCLATURE 

cross-sectional area of evaporation 
chamber ; 
parameter defined by equation (15); 
vapor concentration in boundary layer ; 
vapor concentration at interface; 
diffusion coefficient ; 
separation of needles from pan; 
evaporation rate of water in ion wind; 
control evaporation rate; 
electric field ; 
electrical force in x direction ; 
electrical force in y direction ; 
boundary layer profile function; 
ion wind current; 
threshold current for boundary layer 
disruption; 
ion wind current density; 
threshold current density; 
electrode geometry factor in equation (6); 
ionic mobility; 
pan length ; 
molecular mass; 
mass of water in pan; 
exponent introduced in equation (15); 
air pressure ; 
air flow rate; 
Reynolds number = U&X; 
absolute temperature; 
time; 
x component of air vefocity in boundary 
layer ; 
free stream air speed ; 
equivalent free stream air speed for low flow 
rates ; 
applied voltage; 
threshold voltage for corona discharge ; 
y component of air velocity in boundary 
layer ; 
pan width; 
coordinate along pan width; 

x, coordinate in direction of air flow; 

Y> coordinate normal to pan; 

Z, boundary layer compression ; 
I,, unit vector in y direction. 

Greek symbols 

6, boundary layer thickness under ion wind; 

60, boundary layer thickness with no ion wind; 

E, permittivity ; 
“7 kinematic viscosity; 

P1 mass density; 

PC? charge density; 

rl? dimensionless coordinate scaling boundary 
layer ; 

* r?, dimensionless coordinate scaling boundary 
layer under ion wind. 

1. INTRODUCTION 

REPORTS of the enhancement of evaporation rates by 
electrostatic fields have appeared in the literature for 
many years [1,2]. More recently, Sadek et al. [3] 
found that the drying rate of a horizontal surface in a 
tangential laminar air stream increased linearly with 
the voltage excess above corona onset; that is, as the 
square root of the ion wind current. Velkoff [4] and 
Kibler and Carter [S] showed theoretically and expe- 
rimentally that heat transfer from a horizontal plate 
subjected to an ion wind from below increased as the 
fourth root of the current. Bologa and Rudenko [6] 
found significant evaporation rate increases from a free 
water surface for applied voltages above the threshold 
of corona current. The large increase in evaporation 
observed by Asakawa [7] might also be an ion wind 
effect [8] and thus vary as ii4. 

The purposes of this paper are to derive from basic 
physical principles an expression for the evaporation 
rate of a liquid in a tangential laminar air flow 
subjected to an ion wind, to carefully determine 
experimentally the dependence of the evaporation 
increase on air flow rate, and to ascertain whether 
the applied field or current are responsible in part for 
the effect. Sadek et al. [3] used dimensional analysis to 
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FIG. 1. Laminar boundary layer over pan. u0 is the free stream 
air speed along the x axis. High voltage V applied to the 
needles set a distance d above the pan of length L produces an 
ion wind current j in the - y direction. The resulting 

boundary layer thickness is 6. 

obtain an expression for the drying rate as a function of 
applied voltage, whereas we begin with the 
Navier-Stokes equations and derive approximate 
expressions which are solved numerically to yield the 
velocity and concentration profiles in the boundary 
layer and the evaporation rate as functions of the ion 
wind current. 

2. THEORY 

Consider a pan of water in the X-. w piane subjected 
to an air flow in the x direction with free stream speed 
ua. As illustrated in Fig. 1, a high voltage Vapplied to 
an array of points set a distance d above the plane 
produces a current density j in the - y direction. If u0 is 
small a laminar boundary layer is formed over the pan. 
The warm air provides an energy input to drive the 
evaporation of water from the pan. At equilibrium the 
evaporation rate E of water from the pan is balanced 
by the rate of diffusion of the vapor through this layer 

E(x, w) = - dm/dt = MD&(x, y, w)/?y 1 yzo, (1) 

where - dm/dt is the time rate of change of the water’s 
mass, M its molecular weight, L) the diffusion coef- 
ficient of water vapor in air, and c the concentration of 
the vapor. Compression of the boundary layer by the 
appiied current should thus increase the rate of 
diffusion and hence the evaporation rate. 

Since variations in evaporation rate produced by 
the finite width of the pan are small [9], all w 
dependence may be neglected. The concentration 
gradient at the interface is found by solving the 
diffusion equation, which becomes under steady state 
conditions 

D(d2c/(?x2 + d2c/t?y2) = ur?c,%lx + a&,K?y. (2) 

u(x, y), u(x, y) are, respectively, the X, y components of 
the air velocity in the boundary layer and may be 
found from the steady state Navier-Stokes equations 
in the x, y directions and the equation of mass 
conservation. 

and 

&/?x + ?v/?y = 0, (5) 

where p, v, and p are respectively the pressure, 
kinematic viscosity and density of the air andf;,j;, are 
respectively the x and y components of any force 
applied per unit volume of air. For an approximately 
constant temperature field the equation of energy may 
be neglected. 

It should be noted that in the usual boundary layer 
approach the normal momentum equation is omitted. 
Since the ion wind current may introduce a significant 
normal component of momentum, the usual approach 
is here modified by retaining equation (4). The term 
‘boundary layer’ is thus used here in a relaxed sense to 
refer to the layer of air immediately above the pan 
which diffusion limits the evaporation rate, rather than 
in the technical sense to imply that the normal 
component of momentum is neglected. The following 
analysis is then an approximate solution of the 
Navier-Stokesequations rather than an application of 
standard boundary layer theory. 

When applied vottage Vexceeds a threshold value 
V, at atmospheric pressure, an ion wind current given 
at small air flow speeds by [lo] 

i = K’kV(l/- V,), (6) 

begins to flow and space charge with density pc is 
produced between the needle and pan. k is the ionic 
mobility and K’ is a constant determined by the 
electrode geometry. The net electrical force exerted on 
a unit volume of air in this region is then [l i] 

f = pcF + (87~)~’ V(F2p(&/Sp),) - (8x))’ F2 ‘7’r:, 

(7) 

where F is the electric field, c the permittivity and 7’ the 
absolute temperature. If the medium is a gas the 
second and third terms on the right may be combined 
to yield 

f = p,F + (E - 1)V(F2)/8n. 

For air E z 1 so that fair x pcF. With water, a good 
electrical conductor, in the pan F z 0. For a poorly 
conducting liquid or a very thin interfacial region 
whose physical properties vary sharply but con- 
tinuously from those of the gas to those of the liquid 
equation (7) would be required for a complete de- 
scription of the net ponderomotive force. Since the 
evaporation rate of water is determined by diffusion in 
the gas phase, the existence of such a layer may be 
neglected. 

Except near the edges of the array the horizontal 
components of the fields produced by the individual 
points cancel and f,,(y) = - p,( y)F( y)i, where 1, is a 
unit vector in they direction. Usingj = p&F, one finds 
that the ion wind compressive force 

fl = -j/k, (8) 

is independent of y. 
With no applied forces or pressure gradients in the 
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direction of flow& and dpJax = 0. Ion wind generated 
pressures are small in comparison to typical atmos- 
pheric pressures [ 12,4], and furthermore we will 
assume that the pressure gradient in the direction 
normal to the plate is negligible. Hence, ap,@y x 0. 
Since velocity profile variations are much greater 
normal to the pan than along it, a2uJdx2 << i?2u/ay2 

and &/ax2 << c?‘t#y2. Similarly, for concentration 
profiles aQja2 CC asgay 

~~U/~X + ~~~~~y = v~~u~~y2, (9) 

u&lax + &lay = - j/pk f va2v@y2, (10) 

Da2cpx2 = uac/ax + vacpy. (11) 
Forj = 0 the problem reduces to simple flow along a 

flat plate. Equations (5) and (9) are solved simul- 
taneously in the following way [13]. Note first that 
with j = 0 the normal momentum equation is omitted. 
The velocity profile in the boundary layer is expressed 
in terms of dimensionless coordinates. u = u&‘(q) 
where q = ~(u,,/v.x)~~~ and ’ indicates differentiation 
with respect to q. Substitution in equation (5) yields 
v = (~~v/~)*“(~~(~) - f(q))/2. Equation (9) then be- 
comes 2f” + S”f = 0 which may be solved numeri- 
cally for the profile functionf(q) and thus u(x, y) and 
v(x, y). The boundary conditions aref,f’ = 0 at 9 = 0 
andf’ -+ 1 as rl--+ CC. The boundary layer thickness &,, 
defined as the height above the plate at which 
u = 0.99u,, is found to occur at q = 4.84. 

The simplicity of the above approach is essentially 
due to the scaling of the boundary layer in terms of the 
Reynolds number Re = u&x. A solution of these 
equations when j = 0 should incorporate uO, v and x 
only in Re. Pohlhausen [14] solved the equation for 
heat transfer from a flat plate by expressing it in 
dimensionless form in terms of q and using the above 
numerical solutions for u and v. The similarity of the 
heat transfer and diffusion equations indicates that this 
approach is also applicable to simple mass transfer for 
j # 0. 

We modify this procedure for the situation where 
j = 0 by letting q* = y(u~/~~x)“~~b be a new dimension- 
less coordinate. b is a dimensionless parameter which 
incorporates the ion wind compression of the boun- 
dary layer. To preserve similarity b cannot depend 
explicitly on uO, v, x or y. The velocity profile in the 
boundary layer is expressed as 

M = Qf’(q*). (12) 

Substitution of (12) into (5) yields 

v = b(u~v/x)“‘(~*~‘(~*) - f&*)),‘2 (13) 

and equation (9) becomes 

2f”‘/b2 + f”f = 0, (141 

which may be solved numerically for f(q*). 
As the ion wind current density is increased, the 

boundary layer thickness decreases until it disappears 
atj,. The appearance of very low amplitude waves on 
the water surface is an indication that this value has 

R.M.T. 2313 H 

FIG. 2. Compression of the boundary layer by the ion wind. 6, 
is the original thickness, A current density j compresses the 
layer by an amount z, a density j + dj by z + dz. d is the height 

of the needles above the pan. 

been exceeded. At the other extreme, the results found 
for simple flow along a flat plate must be obtained as 
j -+ 0. These limiting case conditions may be met by 
letting 

b = 4.84( 1 - (j/jJ’) (15) 

and using as boundary conditions for (14) : u, u = 0 at 
q* = 0 and tl = 0.99u, at ?,z* = 1. The ion wind 
compressed boundary layer thickness becomes then 

6 = 4.84(1 - ( j/jo)“)(vx/u,)1i2 = 6,(1 - (j/j,)“). 

Up to this point the normal momentum equation 
has not been used and the approach thus parallels that 
of standard boundary layer theory. Equation (10) is 
now introduced to obtain a value for n and an 
expression for j,, Consider the force exerted by the ion 
wind current on a unit volume of air at the top of the 
boundary layer as illustrated in Fig. 2. z is a coordinate 
in the - y direction such that z = 0 at the top of the 
boundary layer for j = 0. Application of the current 
compresses the boundary layer by an amount z. If the 
viscous force exerted by the air in the free stream is 
neglected, a unit volume of air is accelerated from rest 
in the vicinity of the needles by a net force f, = -j/k. 
At the top of the boundary layer it has acquired a 
downward velocity given by v2 = 2d’@p where d’ = d 
- ijo + z is the distance from the needles to the top of 
the boundary layer. Hence 

v = (2j(d - 6, + z)/pk)l’*. (16) 

With the use of equations (12) and (13) equation (10) 
may be expressed at the top of the boundary layer 
where q* = 1 andf’ z 1 as 

bjvliz (u~/x)~” (fj(1) - 1 -fj(l)f;(l))/4 

= - j/pk + vd2vpz2 /=. (17) 

fj(l) and f;(l) are respectively the boundary layer 
profile function and its second derivative for an 
applied current j evaluated at the top of the boundary 
layer (@ = 1). If the current density is increased 
slightly to j + dj, the boundary layer is compressed to 
z + dz and equation (10) becomes 

bj+~jv1’2(~~/X)3’z(fi+dj(l) - 1 -~+~j(l)~~+~,~l~)/4 

= - (j + dj)/pk + vd2v/az2 Iz+,,*. (18) 
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Retention of the first order in a Taylor expansion of the 
kinematic viscosity term on the right hand side and 
subtraction of equation ( 17) from (18) leads to 

- (bj+dj.f;+dj(l)f;.+dj(l) - hj.f‘;(l)fj(l)))/4 

=- dj/pk + tG3u,iiz3 1; dz. (19) 

Equations (19) and (14) form a set of coupled, non- 
linear differential equations which describe in detail 
the m~ification ofthe boundary layer by the ion wind. 
but whose compIexity prevents a straightforward 
solution. An approximate solution may be found by 
assuming that a small change in current density does 
not produce a significant change in either the value off 
at the top of the layer (h(1) ~f;.+~~(l) and 
f;(l) ~f;+~~(l)) or ofbj (bj z bj+dj). Thelatter implies 
that the exponent in equation (15) is small. The errors 
introduced by this approximate solution will be dis- 
cussed later. The left side of equation (19) then 
vanishes, the differential equations are decoupled, and 
we have dj/pk = vd3c,!dz3 lz dz. Differentiation of 
equation (16) yields 

djij t 2 = 3~~(2~k)1~2dz~8(~ - 6,, + z)“:‘, 

which may be integrated to obtain 

j’j2 = (2pk)“‘v(l - (1 + z/(d - &,))-3:2)/8(d - c&)~“. 

This equation may be inverted to yield the boundary 
layer compression z as a function of the current density 

1 + z/‘(d - 6,) = (1 - j’?X(d - 60)3!2i~(2pk)1!2)~2,3. 

Keeping only first order terms in an expansion of the 
right side leads to 

z = 16(d - fio)s’2i’i2/3v(2pk)1’Z. (20) 

This simple expression is valid for,j’ ‘2 sufficiently small 
that the higher order terms dropped in the expansion 
of the preceding equation are negligible. In equation 
(15) we may set tz = l/2 with the expectation that 
serious deviations should appear for 

j z pk?/32(d - 6,)3. (21) 

According to equation (20) greater boundary layer 
compression and hence greater evaporation should 
occur for greater separation of the pins above the pan 
(d) and smaller ionic mobility (k). 

An expression for the threshold current for boun- 
dary layer disappearance may be found from equation 
(20) by noting that disappearance corresponds to a 
compression of z = 6, or 

j, = 9S$kr2/128(d - 6,)‘. (22) 

It should be noted, however, that the higher order 
terms dropped in the expansions leading to equations 
(19) and (20) may no longer be neglected for thin 
boundary layers. Hence the values for j, predicted 
using equation (22) are of questionable validity. 

Substitution of equations (12) and (13) into (11) 
yields an expression for c(q*) 

2Dc”/vb= + fc’ = 0, (23) 

which may be solved numerically under the boundary 
conditions c = c0 at q* = 0 and c = 0.01~~ at q* = 1. 

The evaporation rate from a strip of width W at a 
distance x from the leading edge of the pan is then 

E(x) = li’MD(u,jv.~)“~ &(0)/h. 

The rate of mass loss from the entire pan is found by 
integrating the above expression from 0 to t to obtain 

dm/dt = - 2D~~(L~~iv)’ 2 c’(O)/b. (24) 

If the variation of j, with v and ii, is formally 

FIG. 3. Block diagram of the aDuaratus. (1) Compressed air enters system, (2) drying chamber, (3) coarse 
particle filter, (4) iowmeter, (5) itkating tube, (6) temperature controll&, (7) temperAGe probe at entrance to 
evaporation chamber, (8) fine particle filter, (9) needles, (10) high voltage supply, (11) pan with water, (12) 

electrometer, (13) plexiglass spacer, (14) pan balance, (15) recorder. 
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suppressed and j, is regarded simply as a parameter of to assess the importance of evaporative cooling of the 
the system, the boundary layer remains scaled accord- surface. No attempt is made to directly control the 
ing to Re. In practice this is indeed the case since j, temperature of the water during the evaporation run 
must be determined experimentally. Each value of j since this would interfere with the monitoring of the 
then determines a new value of b and different ion wind current. Because the chamber cannot be 
solutions of equations (14) and (23). The ion wind completely isolated from its surroundings, its tempera- 
enhancement of evaporation rate in equation (24) is ture varies slightly with that of the room. For a given 
contained explicitly in b, which decreases as j”’ in air flow setting, however, the evaporation rate is quite 
equation (15) and implicitly in c’(O), which is obtained reproducible. The per cent standard deviation ranges 
by numerical solution of equations (14) and (23). from 6 % for the lowest flow rate to 2 % for the highest. 

3. EXPERIMENTAL 

Figure 3 is a block diagram of the apparatus used to 
measure the evaporation rate of water exposed to an 
ion wind current of known density for several boun- 
dary layer thicknesses. A stream of compressed air 
passes through a drying and coarse filtering system in 
to a Matheson Model 620 flowmeter where its rate 
may be adjusted to an accuracy of 3%. The air next 
enters a long tube where it is heated by passage over a 
nichrome coil. The current through the coil is adjusted 
by a Yellow Springs Model 72 proportional tempera- 
ture controller so that the temperature of the air at the 
entrance of the evaporation chamber is maintained to 
within 0.2”C of a pre-selected value (28.O”C). From the 
tube the air passes through a Gelman Type A glass 
fiber filter which removes at least 98 % of all particles 
larger than 0.05 pm. 

The threshold current for wave production is de- 
termined by visual observation of the water surface. 
These results may be checked by photographing the 
image of a brightly illuminated checkerboard pattern 
reflected from the water surface. Photographs taken 
for several different current densities of either polarity 
are inspected for the presence of waves. 

4. RESULTS 

The upper electrode is a rectangular array of 
Milwards No. 1 embroidery needles with a separation 
of approximately 3 cm. High voltage is supplied to it by 
a Spellman Model RHR60PN30 bipolar power sup- 
ply. The resulting ion wind current passes through the 
water to ground via a fine wire and a Keithley Model 
602 electrometer. The water is contained in a rect- 
angular pan (34.5 x 18.5 x 0.7cm) whose bottom is 
coated with wax to prevent the addition of impurities 
to the water from the metal. The pan rests on a 
plexiglass spacer which, in turn, is supported by a 
Mettler Model PE-1200 balance whose analytic out- 
put is sent to an Esterline Angus Model E1102E 
recorder. 

The evaporation rate from the pan with no applied 
current may be calculated using equation (24) with 
j = 0 and then compared to the observed control rate 
as a test of the model. In that equation u. is the free 
stream air speed above a fully developed laminar 
boundary layer. For the highest flow rates used in the 
experiment the temperature profiles indicate that the 
boundary layer thicknesses are small in comparison to 
the separation of the needles from the pan. The free 
stream air speed is approximately equal to the average 
air speed. Hence u0 = R/A where R is the air flow rate 
in cm3 s-l and A is the cross-sectional area of the 
chamber (250cm’). For low flow rates, however, the 
temperature profiles indicate a merging of the boun- 
dary layers beneath the pin supports and above the 
pan. An equivalent free stream air speed u, may be 
found by setting the average air speed R/A equal to the 
average speed in the laminar boundary layer above a 
flat plate (u). Since u = u,f’(q*) 

The boundary layer thickness, which may be varied 
by changing the flow rate, is found experimentally 
from the temperature profile, determined with a ther- 
mocouple, of the air stream above the pan. 

(u) = ’ udr/* 
1 i’s 

I 

dv* = Q(l) 
0 ! 0 

or u, = R/Af (1). Numerical solution of equation (14) 
indicates thatf (1) 2 0.65 for the lower flow rates used 
in the experiment. 

At the start of a run, deionized water (resistivity of 
the order of lo6 ohms cmm3) maintained at a tempera- 
ture of 17°C is added to fill the pan. Approximately 
20min are allowed for thermal equilibrium to be 
established and for a monolayer to form. The surface is 
then carefully skimmed with tissue to remove any such 
film. The water is now permitted to evaporate with no 
applied voltage. The recorded decrease in mass with 
time furnishes the control evaporation rate E,,. High 
voltage is then applied to the needles and adjusted to 
produce a pre-selected ion wind current. The recorded 
decrease in mass with time furnishes the current 
enhanced evaporation rate E. After the high voltage is 
removed, a final evaporation rate is obtained in order 

1 1 1 

I 2 3 4 

R. cm3/sec 

FIG. 4. Control evaporation rate E, for several air flow 
settings R. Values calculated from equation (24) are plotted as 
line I using u,, and as line II using II,. Experimental values are 

plotted with error bars. 
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FIG. 5. Ratio ofevaporation rate in ion wind to control rate vs FIG. 6. Ratio ofevaporation rate in ion wind to control rate vs 
ion wind current for lowest flow setting, R = 450cm3 s-‘. ion wind current for R = 910cm3s-‘. 
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FIG. 7. Ratio of evaporation rate in ion wind to control rate vs FIG. 8. Ratio ofevaporation rate in ion wind to control rate vs 
ion wind current for R = 1550cm3 s-r. ion wind current for R = 3000cm3s-‘. 

Table 1. Evaporation ratios at three positive and negative 
current levels for each tlow setting 

_.- 

100 10 I 01 I IO lo.9 

1, PA + 

R (cm3 s-l) i (PA) W&)+ 

450 1 1.98 
10 3.78 
100 4.24 

910 1 1.45 
10 3.35 
100 4.86 

1550 1 1.33 

UW,)- 
~-- 

2.15 
3.66 
4.26 
1.47 
3.04 
3.95 
1.23 

10 2.72 2.42 
100 3.94 3.50 

3000 1 1.06 1.00 
10 1.83 1.78 
100 3.37 2.96 

FIG. 9. Ratio of evaporation rate in ion wind to control rate vs 
ion wind current for highest flow setting, R = 4000cm3s-r. 

4ooo 1 1.10 1.04 
10 1.63 1.44 
100 2.79 2.45 
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For each flow rate the surface temperature of the 
water is measured by a thermocouple and the cor- 
responding vapor pressure found in a handbook [ 15]. 
Equation (24) is then solved numerically according to 
the procedure described above with D = 0.25 cm’s_ I, 
M=18x1.67x10-24gandv=0.15cm2s-‘.Figure 
4 compares the average, ex~rimentally determined 
control rate for each flow setting with the rate 
calculated from equation (24) using u0 = R/A (line I) 
and u, = R/Af( 1) (line II). The length of the error bars 
is twice the standard deviation of the experimentally 
determined rate. The experimental rates agree very 
well with the rates predicted using u,, for the higher 
Row settings and U, for the lower. 

The ratio of the evaporation rate with an applied 
current to the control rate during the same run, E/E,, is 
plotted against the applied current i for five flow 
settings in Figs. 5-9. The experimental values are 
indicated by dots. In each case the evaporation rate 
increases sharply at first with applied current and more 
gradually at higher currents. Table 1, which lists for 
each flow setting the experimentally determined evap- 
oration ratios at three positive and negative ion wind 
current levels, indicates that the enhancement of 
evaporation by the applied current is reduced as the 
air flow rate increases. Note also that with the possible 
exception of the lowest flow setting, for a given current 
evaporation is increased more by a positive ion wind 
than by a negative. 

The solid lines in Figs. 5-9 are the evaporation 
ratios calculated using equation (24). For reasons to be 
discussed later the threshold current for boundary 
layer disappearance used in that expression is taken to 
be lOpA (j, = 1.8~ 10c8Acm-2) for each flow set- 
ting. In each case the shape of the theoretical curve is 
quite similar to the course of the experimental points 
below 5 PA. Furthermore, good agreement is obtained 
between the calculated evaporation ratios and those 
determined experimentally for the three lower flow 
settings. Serious differences appear, however, between 

- f 

FIG. 10. Ratio of evaporation rate with corona discharge to 
control rate vs corona current. Solid circles correspond to 
discharge from guard ring wires with R = 450cm3 SC’, open 
circles with R = 1610cm3 s-l. The solid triangles represent 

the current to a screen placed above the boundary layer. 

the experimental and calculated ratios at the two 
highest flow settings. 

Several tests may be performed to investigate whe- 
ther the evaporation increases are produced at least in 
part by the electric field or current flow rather than the 
ion wind per se. A sheet of metal screening (0.68 cm 
mesh) is erected 1.35 cm above the water’s surface and 
grounded through a microammeter. At the highest 
flow setting the boundary layer above the water is 
almost entirely confined beneath the screen as con- 
firmed by the measured temperature profile. High 
voltage applied to the needles results in a large ion 
wind current to the screen but not to the water. In 
addition, the boundary layer is shielded from the field 
by the screening. 

Figure 10 illustrates the evaporation ratios obtained 
in two of the experiments performed to confirm the ion 
wind model. Large increases in evaporation are obser- 
ved with the presence of the screen. Moreover, waves 
are readily generated on the water surface even though 
it is not exposed to any current flow or electric field. 
The ion wind generated between the needles and 
screen passes through the screen and can disrupt the 
boundary Iayer. 

To test whether the strong inhomogeneous electric 
field in the vicinity of the needles affects the evap- 
oration rate, a large choking resistor is added in series 
between the needles and the high voltage supply. When 
the potential difference between the needles and pan 
reaches the level of corona onset, a large voltage drop 
is produced across the resistor and the discharge is 
quenched. At a sufficiently high voltage output from 
the power supply a corona can be sustained from 
the needles in addition to the large voltage drop across 
the choking resistor. For applied voltages less than this 
value no increase in evaporation is observed. Once this 
value is exceeded small increases in evaporation, 
consistent with the corresponding ion wind current 
effects previously obtained, are found. 

To investigate the reported [2] increase in evap- 
oration in a uniform field the needles are replaced by a 
very smooth, plane upper electrode separated 2.72 cm 
from the water surface. For voltages up to breakdown 
(23 kV) no increase in evaporation is observed. It 
should be added that initial experiments with this 
configuration had shown a significant increase. A 
metal sheet had been installed as a guard ring around 
the pan to ensure uniformity of the field over the water. 
Measurement of the current to ground through the 
guard ring indicated that a corona discharge was being 
generated from the edge of the guard ring at those 
voltages which were apparently producing an increase 
in evaporation. Application of corona dope to the 
edges eliminated the discharge and the evaporation 
increase. Three short, fine wires were then installed at 
the front edge of the guard ring. When the applied 
voltage was sufficiently high to produce corona from 
the wire tips the evaporation rate of the water 
increased markedly as indicated in Fig. 10. As before, 
the enhancement of evaporation is reduced by an 
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increase in flow rate. The boundary layer upstream 
from the pan is evidently disrupted by the discharge 
and undergoes a gradual transition from laminar to 

turbulent. A similar effect has been described by 
Velkoff and Ketcham [ 161. The increased evaporation 

in a uniform field observed by Miura [2] may be 
attributed to corona from the edges of his electrodes. 

5. DISCUSSION 

As noted previously, qualitative agreement between 
the shape of the predicted curve and the course of the 
experimental points is achieved for all flow settings 
and good absolute agreement is obtained except for 

the two highest flow settings. Better results can be 
attained at these settings if j, in equation (15) is 

increased with flow rate rather than taken to be a 

constant in the calculations. The threshold current 
should not be obtained in practice from equation (22) 
since, as noted previously, the validity of that equation 

is questionable. Moreover, in that equation j, depends 
very critically on the original boundary layer thickness 
at the place where the layer disappears. The low level 
corona discharge from the needles is not uniform and 

often appears to be concentrated at a few sources 
which vary in position as the needle tips are con- 

ditioned by the discharge. Hence the point at which the 
boundary layer first disappears varies with time. 

The threshold current densities obtained visually 

and photographically are used for j, in equation (15). 

Visual values range between 7 and 12 PA while at least 
10 PA are required to produce a noticeable distortion 

in the photographically obtained pattern. Any observ- 
able dependence of j0 on flow rate was masked by 

fluctuations in the point of discharge and thus the 
original boundary layer thickness. For this reason the 

threshold current is taken to be lOpA 

(,jO = 1.8x 10-8Acm-2) for all flow rates in the 

calculation. 
Although the value for j, obtained from equation 

(22) could not be actually used in the calculations, its 
magnitude may be compared with the observed 

threshold current as a rough test of the model. For 
the medium flow rate, positive ions (k = 1.8 cm’ V-’ 

s-l), and p = 1.2 x 10-3gcm-3, j, = 1.1 x lOma 

Acm-’ which is in reasonable agreement with the 

observed value. 
Some error is introduced by the evaporative cooling 

of the water’s surface. The enhanced evaporation 
produced by the ion wind cools the water and lowers 
the saturation vapor pressure. The observed evap- 
oration rate is then reduced below that which would be 
obtained if the surface were maintained at constant 
temperature. Measurement of a control evaporation 
rate immediately after the high voltage is switched 
off indicates that the decrease in evaporation rate 
amounts to only a few per cent. Similarly the error 
introduced by the absence of a well defined free stream 
air speed at low flow rates is also small. 

The major sources of error are the inability to 
accurately predict the threshold current for all flow 

rates and the simplifying assumptions made in obtain- 
ing equations (19) and (20). The first leads to the 
necessity of using the same experimentally determined 
value for j, for all flow rates whereas j, apparently 
increases with air speed. The second restricts con- 

sideration to smail currents and changes in boundary 
layer thickness. Deviations from the predicted values 

are thus expected as j + j,. 
At high current levels the increase in evaporation 

rate becomes more gradual. Local disruptions in the 
laminar boundary layer propagate downstream caus- 

ing the eventual destruction ofthe entire laminar layer. 
Generation of waves by the ion wind causes mass loss 

due to spraying and further disturbances in the 

boundary layer [17]. The observed evaporation rates 
are still small in comparison with those predicted by 

kinetic theory for evaporation from a free surface and 
thus must be limited by diffusion into a turbulent layer 

above the wavy surface. The more gradual rise in the 
evaporation rate at high current levels evidently 
corresponds to the gradual transition from a laminar 
to a fully turbulent boundary layer over the surface. 

The greater increase in evaporation caused by 
positive ions noted in Table 1 is expected from 
equation (20). Typical positive ion mobilities in humid 

air are about 20-40 ‘A lower than negative mobilities 
[18]. Hence positive ions, being less mobile, should 
produce a greater compression of the boundary layer 

than negative ions for the same current density. 
The dependence of evaporation rate on ion wind 

current is quite complicated in tangential laminar flow 
and cannot be fully characterized by a simple func- 
tional relationship. An approximate relationship can 

be obtained from equation (1) by assuming a linear 

concentration profile so that 

c’c/?L’IY_o % co/6 = c&,(1 - (iii,)“2). 

Thus 

E/E0 z (1 - (i/io)‘!‘)- ’ z 1 + (i/io)“2/2. 

It is instructive to compare the results in the present 
study to those reported elsewhere regarding the ion 

wind enhancement of heat and mass transfer. The 
present study finds an approximate i1’2 dependence for 
evaporation into a laminar air stream which is similar 

to the results reported by Sadek et al. [3] and shows 
that the effect decreases with increasing flow rate. 

Bologa and Rudenko [6] do not explicitly graph 
evaporation rate vs ion wind current, but a log-log 
plot of the data contained in their Fig. 2 indicates an 
increase as P (approximately as P4) for evap- 
oration originally governed by free convection. It 
should be noted, however, that the presence of waves 
on their free water surface indicates turbulence in the 
air above the surface, Kibler and Carter [5] and 
Velkoff [4] have shown that the heat transfer from a 
plate is increased as i”4 by an ion wind directed from 
below. Similarity implies that mass transfer under the 
same conditions should vary in the same way. It is clear 
that the ion wind enhancement of heat and mass 
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transfer cannot be summarized in a simple current 6. M. K. Bologa and V. M. Rudenko, Acceleration of liquid 
dependence, but rather depends critically on the evaporation by applying an electric field, Elektron. 

particular flow pattern of the system. Further studies 
should be carried out to investigate the interaction of 

7 
’ 

an ion wind with turbulent boundary layers and with 8, 
slowly moving air streams where the effects of both free 
and forced convection are important. 9. 
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ACCROISSEMENT PAR VENT D’IONS DE L’EVAPORATION DANS 
UN ECOULEMENT LAMINAIRE D’AIR 

R&me- L’evaporation d’une surface liquide libre, dam un Ocoulement d'air tangentiel, laminaire, soumis A 

un vent d’ions, est trouvte expirimentalement accrue approximativement comme la racine carrte du courant. 
L’effet dkroit avec la vitesse croissante de l’kcoulement et ii est plus grand pour un vent d’ions positifs que 
negatifs. Pour un courant critique, la couche limite laminaire est apparamment detruite. Le flux 
d’haporation est alors gouverni par la diffusion dans une couche turbulente et il croit plus lentement avec le 
courant. Sauf pour les vitesses les plus grandes on obtient un bon accord entre l’experience et la solution 

numerique obtenues a partir de l’equation de Navier-Stokes. 

DURCH IONENWIND UNTERSTUTZTE VERDUNSTUNG IN EINEM 
LAMINAREN LUFTSTROM 

Zusammenfassung-Die Verdunstungsrate einer freien Fliissigkeitsoberflache in einem tangentialen 
laminaren Luftstrom unter dem Einflujl eines Ioenewindes nimmt - wie Versuche gezeigt haben - 
annlhernd mit der Quadratwurzel des Stromes zu. Die Wirkung nimmt bei stlrkerer Striimung ab und ist bei 
positivem Ionenwind groper als bei negativem. Anscheinend wird bei einer kritischen Stromschwelle die 
laminare Grenzschicht zerstiirt. Die Verdunstungsrate wird dann von der Diffusion in eine turbulente 
Schicht beherrscht, und man beobachtet nur eine leichte Zunahme mit steigendem Strom. AujJer bei den 
hBchsten Str~mun~geschwindigkeiten I@ sich eine gute ~~reinstimm~g zwischen Experiment und 
numeris~hen LCsungen von Ansitzen erhatten, die n~herungsweise von den Navier-Stokes-~leichungen 

hergeleitet wurden. 

MHTEHCW@RKAHMfl MCflAPEHM~ B IIAMHHAPHLIH HOTOK BO3AYXA 3A CrIET 
MOHHOI-0 BETPA 

Anttoraum- 3KCnepHMeHTaJlbHO HaiiaeHO, 'I'rO IlpA HaJlWiSiU HOHHOrO BeTpa HHTeHCHaHOCTb ItCnap+ 

HEiS CO CBO6OnHOii nOBepxHoCTl4 XWKOCTH B TaHreHuHanbHbIfi J,aMHHapHblti nOTOK BO3nyxa yae,,,,- 

YABaeTCII nO9m npOnOpuHOHa,IbHO KBanpaTHOMy KOpHW W3 TOKa. BnaaHse WOHHOrO BeTpa yMeHb- 

I.LiaeTCa C yBeJIK%HtreM CKOpOCTiS TeWHSia; nOJIOiiCRTe~bHbIe NOHbI OKaSblBaWr 6o,nbmee a.WRNHe, w.M 
OTpHLtaTeJlbHbIe.BepORTXo,~TO npUKpa=a~~KO~ uOpOrOEOM TOKe ~aM~a~~~ nOrpaHHqHMii CJIO& 

pa3pymaeTCX. npU PTOM UHTeHCnaH~Tb ilCnapeH&iR On~~eJMeTiXl nn~~y3~e~ B Typ6yneHTH~~ CJlOii 
w c yEe~HqeH~eM ToKa eo3pacme-r 6onee Me~ne~Ho. 3a ~cK~~~ea~e~ cnyrar oneffb ijonbwex 
cxopoereil re4euna iia&nonaerca xopomee coo-raercrane hfexny ~~~nepa~ea~~bab~~~ w sacnett- 

HbIMN pemeHHXM%, ypaBHeH%iii, nOJIyqeHHbEX B RpSS6JHiXeHaH ypaBHeH3ifi Hasbe-CTOKCa. 


