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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 of expressions obtained
as approximations from the Navier—Stokes equations.

NOMENCLATURE

cross-sectional
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
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 = uy/vx;

absolute temperature;

time;

x component of air velocity 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;

area of evaporation

for boundary layer

X, coordinate in direction of air flow;
A coordinate normal to pan;

z, boundary layer compression;

i,,  unit vector in y direction.

Greek symbols

4, boundary layer thickness under ion wind;

d9,  boundary layer thickness with no ion wind;

&, permittivity ;

v, kinematic viscosity;

P, mass density;

P charge density;

, dimensionless coordinate scaling boundary
layer;

n*,  dimensionless coordinate scaling boundary

layer under ion wind.
1. INTRODUCTION

REePORTS 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 [5] 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 i'*.

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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F1G. 1. Laminar boundary layer over pan. u, 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 3.

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 plane subjected
to an air flow in the x direction with free stream speed
uo. 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 jin the — y direction. If ug 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 = MDéc(x, y,w)/dy|,—o. (1)

where — dm/dt is the time rate of change of the water’s
mass, M its molecular weight, D the diffusion coef-
ficient of water vapor in air, and ¢ the concentration of
the vapor. Compression of the boundary layer by the
applied 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(8%¢c/8x?* + 3%c/ay?) = udc/éx + vdc/dy.  (2)

u(x, y), v(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.

ufu/0x + voufdy = f./p — p~ t ép/ix

+ v(QPu/Ox? + ujdy?), (3)
udn/dx + vév/ly = f,jp — p~'dp/dy

+ v(@%2/8x? + P2u/dy?)  (4)
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and
dufdx + dv/dy = 0, (5)

where p, v, and p are respectively the pressure,
kinematic viscosity and density of the air and £,, /, 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—Stokes equations rather than an application of
standard boundary layer theory.

When applied voltage V exceeds a threshold value
¥, at atmospheric pressure, an ion wind current given
at small air flow speeds by {10]

i=KkV(V—1,), (6)

begins to flow and space charge with density p, 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 [11]

f=pF + (87) ' V(F2p(Pe/dp)y) — (8n) ! F2 Ve,
)]

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

f=pF + (¢ — 1)V(F?)8x.

For air &£ = 1 so that f,;, = p,F. With water, a good
electrical conductor, in the pan F ~ 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 the y direction. Usingj = p kF, one finds
that the ion wind compressive force

fy=—llk (8)

is independent of y.
With no applied forces or pressure gradients in the
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direction of flow, f, and dp/éx = 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, dp/dy ~ 0.
Since velocity profile variations are much greater
normal to the pan than along it, 0*u/0x? « &%u/dy*
and &% p/0x® « 0%v/éy®. Similarly, for concentration
profiles §%c/éx? « &*c/dy?

udu/dx + vdufdy = vd*u/éy?, 9)

(10)
(11)

Forj = 0 the problem reduces to simple flowalonga
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,f'(n)
where 1 = y(ug/vx)!* and ' indicates differentiation
with respect to . Substitution in equation (5) yields
v = (uev/x)'(nf"(n) — f(m))/2. Equation (9) then be-
comes 21" + f”f = 0 which may be solved numeri-
cally for the profile function f (r) and thus u(x, y) and
v(x, y). The boundary conditions are f,f' =0 atn =0
andf' — 1asn — oc. The boundary layer thickness §,,
defined as the height above the plate at which
u = 0.99u,, is found to occur at 5 = 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 = ug/vx. A solution of these
equations when j = 0 should incorporate u,, 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 # 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 = 0byletting n* = y{up/vx)!/*/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 ug, v, x or y. The velocity profile in the
boundary layer is expressed as

udv/éx + vévféy = — j/pk + vd*v/dy?,
D&*c/dx? = ude/dx + vdc/dy.

= o f'(n*). (12)
Substitution of (12} into (5) yields
v = bluov/x) *(* f'(n*) ~ for*))/2  (13)
and equation (9) becomes
276+ ["f =0, (14)

which may be solved numerically for f(n*).

As the ion wind current density is increased, the
boundary layer thickness decreases until it disappears
at jo. The appearance of very low amplitude waves on
the water surface is an indication that this value has
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Fi1G. 2. Compression of the boundary layer by the ion wind. 8

is the original thickness. A current density j compresses the

layer by anamount z,a density j + djby z + dz. dis 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/jo)) (15)

and using as boundary conditions for (14): 4, v =0 at
n*=0 and u=09%, at #* =1 The ion wind
compressed boundary layer thickness becomes then

& = 4.84(1 — (j/jo))vx/uo)'? = do(1 — (jljo)")-

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 asillustrated 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 v* = 24 f,/p whered' = d
— dp + z is the distance from the needles to the top of
the boundary layer. Hence

v = (2j(d — 8o + z)/pk)*'. (16)

With the use of equations (12) and (13) equation (10)
may be expressed at the top of the boundary layer
where * =l and f' >~ | as

B2 (ug /P2 (f(1) — 1 = [F(1)A

= —jlpk + vo*v/oz2|,. (1T)
Sf{1) and fj(1) 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

bjmj"’uz(“o/x):”lz(fj+dj(1) -1 “‘f}+dj(1)f}+d_y{1))/4
= — (j + dj)/ok + v0*0/02* | 44, (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

Vl’lz(uo/x)s'rz(bjmjf}mj(l) - bj./}(l) - (bj+dj - b_j)
= bjrgiffrajD) fivaf{1} = b f7(1) f(1)))/4
= —dj/pk + vé®v/iz | . dz. (19)

Equations (19} and (14) form a set of coupled, non-
linear differential equations which describe in detail
the modification of the boundary layer by the ion wind,
but whose complexity 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 of f
at the top of the layer (f{l)=f.qf(1) and

1) & ffeq{1)) orofb;(b; ~ b 4;). The latter 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 = vd®v/dz*|,dz. Differentiation of
equation (16) yields

d}'{}IE = 3\;(2pk)1:2dz/8(d _ 50 + 2)5‘42’
which may be integrated to obtain

J% = QoK) (L~ (1 + 2/(d = 30))>2)/8(d = 80)*2.

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

L+ z/(d — 85) = (1 — j228(d — 8,)3 2 fv(2pk)1 2y~ 25.
Keeping only first order terms in an expansion of the

right side leads to

z = 16(d — 80)°%j7*/3v(2pk) 2. (20)
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This simple expression is valid for j* 2 sufficiently smali
that the higher order terms dropped in the expansion
of the preceding equation are negligible. In equation
(15) we may set n = 1/2 with the expectation that
serious deviations should appear for

J = pkv3/32(d — d4)°. 20

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 =, or

Jo = 92pkv/128(d — 8,)°. (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(y*)
2Dc"jvb* + fe' =0, (23)

which may be solved numerically under the boundary

conditions ¢ = ¢, at y* = 0 and ¢ = 0.01¢y at #* = 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) = WMD(uy/vx)! 2 ¢'(0)/b.

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

dmjdt = — 2DMW(Luy/v)' 2 c'(0)/b. (24)

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

6
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F1G. 3. Block diagram of the apparatus. (1) Compressed air enters system, (2) drying chamber, (3} coarse

particie filter, (4) flowmeter, (5) heating tube, (6) temperature controller, (7) temperature probe at entrance to

evaporation chamber, (8) fine particle filter, (%) 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
the system, the boundary layer remains scaled accord-
ing to Re. In practice this is indeed the case since j,
must be determined experimentally. Each value of j
then determines a new value of b and different
solutions of equations (14) and (23). The ion wind
enhancement of evaporation rate in equation (24) is
contained explicitly in b, which decreases as j'/ in
equation (15), and implicitly in ¢'(0), which is obtained
by numerical solution of equations (14) and (23).

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 (28.0°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 um.

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 (34.5x18.5x0.7cm) 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 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.

At the start of a run, deionized water (resistivity of
the order of 10° chms cm ™ %) 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
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to assess the importance of evaporative cooling of the
surface. No attempt is made to directly control the
temperature of the water during the evaporation run
since this would interfere with the monitoring of the
ion wind current. Because the chamber cannot be
completely isolated from its surroundings, its tempera-
ture varies slightly with that of the room. For a given
air flow setting, however, the evaporation rate is quite
reproducible. The per cent standard deviation ranges
from 6 %, for the lowest flow rate to 2 % for the highest.

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 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 4, & R/A where R is the air flow rate
in cm®s™! and A is the cross-sectional area of the
chamber (250 cm?). 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"(n*)

uy = J udn* / J dn* = u f(1)
0 ! 0

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

20+

gm/hr

Eo'

(o}
-
o

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 IT using u,. Experimental values are
plotted with error bars.
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F16. 5. Ratio of evaporation rate in ion wind to control rate vs
ion wind current for lowest flow setting, R = 450cm®s ™ 1.

~
» L
. - »
» 4 L
. .
~ £, s
o Eo .
3t *
.
. .
2+ .
.
.
. .
i i ] e ! I
100 1o i [o}) t i8] 100
- i, pA +

F1G. 7. Ratio of evaporation rate in ion wind to control rate vs
ion wind current for R = 1550cm®s 1.
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FiG. 9. Ratio of evaporation rate in ion wind to control rate vs
ion wind current for highest flow setting, R = 4000cm3s ™1,
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F1G. 6. Ratio of evaporation rate in ion wind to control rate vs

ion wind current for R = 910cm®s ™ 1.

F1G. 8. Ratio of evaporation rate in ion wind to control rate vs

mA

ion wind current for R = 3000cm?®s ™!,

Table 1. Evaporation ratios at three positive and negative

current levels for each flow setting

Rem’s™')  i(uA) (E/Eq)+ (E/E,)-
450 1 198 215
10 378 3.66
100 4.24 4.26
910 1 145 1.47
10 335 3.04
100 4.86 395
1550 1 1.33 1.23
10 272 242
100 394 3.50
3000 1 1.06 1.00
10 1.83 1.78
100 337 296
4000 1 1.10 1.04
10 1.63 1.44
100 279 245
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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 = 0.25cm?s ™ 1,
M = 18x1.67x10"2*gand v = 0.15cm?®s~ !. Figure
4 compares the average, experimentally determined
control rate for each flow setting with the rate
calculated from equation (24) using 4, = R/A (line I)
and u, = R/Af(1) (line IT). 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
flow 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 10pA (j, = 1.8x 107 ¥ Acm™?) 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

4
44
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F16. 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 = 450cm>s ™!, open
circles with R = 1610¢cm®s ™!, The solid triangles represent
the current to a screen placed above the boundary layer.
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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 (0.68cm
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 10illustrates 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 layer.

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 ficld the needles are replaced by a
very smooth, plane upper electrode separated 2.72cm
from the water surface. For voltages up to breakdown
{23kV) 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 [16]. 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 uA while at least
10 uA are required to produce a noticeable distortion
in the photographically obtained pattern. Any observ-
able dependence of j, 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 10uA
(jo=18x10"8Acm~?) 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 = 1.8cm? V!
s, and p=12x10"3gem™? j,=11x10"8
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
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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 small 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 of the 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 %, 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

8c/Cy |0 = o/ = co/Soll — (ifig)'?).
Thus
E/Eq ~ (1 — (ifig)"?)7 ! = 1 + (i/iy)} /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 i’ ? dependence for
evaporation into a laminar air stream which is similar
to the results reported by Sadek ez 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 V32 (approximately as i) 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'/* 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
dependence, but rather depends critically on the
particular flow pattern of the system. Further studies
should be carried out to investigate the interaction of
an ion wind with turbulent boundary layers and with
slowly moving air streams where the effects of both free
and forced convection are important.
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ACCROISSEMENT PAR VENT D'TONS DE L’EVAPORATION DANS
UN ECOULEMENT LAMINAIRE D’AIR

Résumé — L’évaporation d’une surface liquide libre, dans un écoulement d’air tangentiel, laminaire, soumis a

un vent d’ions, est trouvée expérimentalement accrue approximativement comme la racine carrée du courant.

L’effet décroit avec la vitesse croissante de 'écoulement et il est plus grand pour un vent d'ions positifs que

négatifs. Pour un courant critique, la couche limite laminaire est apparamment détruite. Le flux

d’évaporation est alors gouverné 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 I'expérience et la solution
numérique obtenues 4 partir de I'équation de Navier—Stokes.

DURCH IONENWIND UNTERSTUTZTE VERDUNSTUNG IN EINEM
LAMINAREN LUFTSTROM

Zusammenfassung—Die Verdunstungsrate einer freien Fliissigkeitsoberfliche in einem tangentialen
laminaren Luftstrom unter dem Einfluf eines Ioenewindes nimmt - wie Versuche gezeigt haben —
anndhernd mit der Quadratwurzel des Stromes zu. Die Wirkung nimmt bei stirkerer Strdmung ab und ist bei
positivem Ionenwind grofer als bei negativem. Anscheinend wird bei einer kritischen Stromschwelle die
laminare Grenzschicht zerstort, Die Verdunstungsrate wird dann von der Diffusion in eine turbulente
Schicht beherrscht, und man beobachtet nur eine leichte Zunahme mit steigendem Strom. Aufer bei den
hochsten Stromungsgeschwindigkeiten Lift sich eine gute Ubereinstimmung zwischen Experiment und
numerischen LOsungen von Ansétzen erhalten, die ndherungsweise von den Navier—Stokes-Gleichungen
hergeleitet wurden.

HHTEHCU®HUKALIUSA UCTIAPEHUS B TAMUHAPHBIF TTOTOK BO3AYXA 3A CYET
HOHHOI'O BETPA

Annotanns — DKCMEPHMEHTANILHO HAMAEHO, YTO NPH HAJIMYHKH HOHHOTO BETPA MHTEHCHBHOCTH MCHApe-
HHA CO cBOBOAHON MOBEPXHOCTH XHAKOCTH B TAHTCHUMANLHLIA NAMHHADHBII MOTOK BO3IYXA YBETH-
YMBAETCA MMOYTH NPONOPUHOHATLHO KBAAPATHOMY KODHIO M3 TOKa. BiusHHMe HOHHOTO BeTpa yMeHb-
HIAETCS C YBEJIMYCHHEM CKOPOCTH TCHCHHA ; HOIOKHTENBHBIC HOHBL OKa3bIBaIOT GOMIbIICE BIAKSHME, YEM
oTpHuaTenbHbie. BepodTHO, 4TO NPH XPHTHYECKOM NOPOrOBOM TOKE aMHMHADHLIN NOrPaHHYHBIH Crioft
paspywaetcs. [Ipd 3TOM MHTEHCHBHOCTL MCRapeHus onpeaensertcs anddysueil 8 TypOyneHTHbI Cllol
H C yBEJMYEHHEM TOKa BoO3pacTaeT Oojee Me/UIeHHO. 3a HCK/IIOYEHHEM Clydas OYeHb GONbLIMX
ckopocTeli TeucHHs HabAIONACTCA XOPOLIES COOTBETCTBHE MEXIY IKCHCPHMEHTANbHBIMH M 4HCIICH-
HbIMH DPEIICHHAMH YPaBHEHHH, NONyyeHHbiX B npubmkennn ypasuennii Hasne-Croxca.



