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Abstract

The effect of synthetic (zero-net-mass-flux) jets on a water spray and on its cooling performance in the non-boiling regime was exper-
imentally investigated. Particle Image Velocimetry and Shadowgraphy were used to evaluate the global and detailed spray characteristics,
respectively, under several modes of flow control. Temperature measurements were performed to assess the effects of spray control on the
heat transfer. Heat transfer improvements were achieved with flow control, compared to the baseline case, where the mode of control,
together with spray properties and the distance between the spray and the hot surface play an important role in cooling enhancement.
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1. Introduction

Spray cooling is a well known, frequently used method
of heat removal in many processes. It allows for phase
change in high temperature, high heat flux applications,
while using less cooling fluid and covering a larger area
than impinging liquid jet (having the same orifice size).
Spray cooling has the advantage of additional heat
removal that is thought to be due to the impacting droplets
and surface renewal effects, which is useful, both in boiling
and non-boiling regimes. There has been a significant
amount of experimental, analytical, and numerical research
on sprays and spray cooling over the last several decades in
order to understand the basic mechanisms of sprays and
spray cooling behavior (e.g., Ghodbane and Holman,
1991; Estes and Mudawar, 1995a,b; Sirignano, 1999; Nav-
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edo, 2000; Cossali, 2001; Hardalupas and Horender, 2001;
Chen et al., 2002, 2004).

Spray parameters are highly dependent on the specific
spray nozzle used (Lefebvre, 1989; Pimentel et al., 2006),
which makes it difficult to alter them without a complete
overhaul of the system. However, it is the spray parameters
(i.e., droplet size, concentration, and distribution) that are
crucial for the spray cooling performance, as indicated by
many authors. The addition of an effective active flow con-
trol approach that could enable manipulation of spray
behavior and parameters, as necessary, would enhance
the versatility and efficiency of sprays in spray cooling
applications.

The effect of spray parameters on the spray’s heat
removal ability has been the topic of investigation for many
researchers. Estes and Mudawar (1995a) experimentally
compared free jets and sprays (with an FC-72 as the work-
ing fluid) in cooling a chip to investigate the effects of key
parameters on cooling performance. They found that spray
cooling produced much higher CHF values than jets for
lower subcooling due to the better ability of spray droplets
to stay in contact with the surface, resulting in delayed
CHF. In their follow-up work (Estes and Mudawar,
1995b), the nucleate boiling heat transfer and CHF for full
cone sprays were investigated, taking into consideration
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Nomenclature

Ay area of the heater

4 area of the synthetic jet orifice
Ay area of the spray nozzle orifice

}’lAjU

C, momentum coefficient, C,, = YIS

D diameter of the heater ‘

d jet orifice diameter

dy droplet diameter

dy spray nozzle orifice diameter

dt time step

f driving (formation) frequency of synthetic jet

g acceleration due to gravity

H distance between the orifice and heated surface

k thermal conductivity

L, synthetic jet stroke length, L, = g/ 2 u(f)dt

L, elevation of water intake level above nozzle ori-
fice

Ny number of droplets for baseline case

Nyjior  total number of droplets for baseline case

N¢ number of droplets with flow control

q" heat flux

0. air flow rate supplied to the spray nozzle

Ow water flow rate produced by the spray nozzle

R radius of the heater

r radial direction

Rey, Reynolds number based on average orifice
velocity, Rey, = UT"d

Rey, ReynoldUs ., number based on peak velocity,
Rey, =2

S spray

SJ synthetic jet

St Strouhal number, St = U;f

T temperature

t time

T ambient temperature

Ty temperature of baseline case

T¢ temperature with flow control

Ty temperature of the heated surface

AT temperature difference between the surface of
the heater and water

U streamwise velocity

U,  average velocity of the continuous jet at the ori-
fice plane

Ucr  centerline velocity of the spray

Uq centerline velocity at the jet exit plane

U, average air exit velocity at the spray orifice,
Ue=%

Umax, maximum centerline velocity of the spray

Umax|Lym, Maximum centerline velocity of spray at maxi
mum L,

U, average orifice velocity; U, = 1‘7

Up peak orifice velocity

u(t) periodic centerline velocity at the jet exit plane

V cross-stream velocity

X streamwise coordinate

y cross-stream coordinate

z span-wise coordinate

A change in

0 spray width

0 vectoring angle

Tp period of flapping actuation

=)

cycle period ins; t = 1/f

the effects of spray nozzle, volumetric flux, subcooling, and
working fluid. They showed that dense sprays reduced
evaporation efficiency, as compared to less dense sprays
and found a correlation for accurate data prediction for
FC-72, FC-87, and water. This correlation indicated a
strong dependence of CHF on the Sauter mean diameter
and volumetric flux, where CHF increases with greater sub-
cooling and smaller drop size. The Sauter mean diameter
for full cone sprays was found to depend on the orifice
diameter, Weber number, and Reynolds number.

The effect of the nozzle-to-surface distance for full cone
sprays was investigated by Mudawar and Estes (1996),
where they showed that the optimal configuration was
when the impact area of the spray just inscribed the heated
area. By collecting data over a range of flow rates and sub-
cooling regimes, the authors also developed a correlation
for spray cooling of small surfaces.

An extensive parametric study on the effects of spray
characteristics on spray cooling heat transfer was con-
ducted by Navedo (2000), where each parameter was varied
independently of the others for several nozzles. He found

that droplet velocity had the greatest effect on CHF but
did not significantly affect the heat transfer coefficient,
whereas increasing the number of droplets increased both
the CHF and the heat transfer coefficient. Furthermore, a
decrease in the Sauter mean diameter increased the heat
transfer coefficient but decreased the CHF. Following this
study, Chen et al. (2002) concluded that a dilute spray with
large droplet velocities was more effective in increasing
CHF than a denser spray with lower velocities, for the
same mean droplet flux. In a later paper, Chen et al.
(2004) investigated spray cooling efficiency and concluded
that the efficiency was affected by the mean droplet flux,
Sauter mean diameter, and droplet velocity, when two of
the three were kept constant. In addition, they found that
CHF varied with mean droplet flux and droplet velocity,
and was independent of the Sauter mean diameter, con-
cluding that in order to achieve maximum CHF with min-
imum water use, one needs to select nozzles producing
small diameter droplets and large droplet velocities.
Ghodbane and Holman (1991) carried out experiments
using full cone circular and square nozzles with three differ-
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ent nozzle diameters and sub-cooled Freon-113. They var-
ied the flow rates, spray droplet velocity, droplet diameter,
and the distance between nozzle and the heat source for
cooling heat fluxes. The results of their experiments indi-
cated that heat transfer characteristics were independent
of the heat source surface area, as long as the spray was
uniform, heat transfer increased with the coolant’s mass
flux, and that the Weber number played a significant role
in the heat transfer.

Oliphant et al. (1998) compared liquid jet array cooling
to spray impingement cooling in the non-boiling regime.
They found that spray cooling could provide the same heat
transfer coefficient as jets at a significantly lower mass flux
of the working fluid, attributing the effectiveness of the
spray cooling to the unsteady boundary layer created by
the drops landing on the surface and the evaporative cool-
ing provided by the drops.

Shiina et al. (2000) experimentally investigated an
impinging jet, comparing it to a double nozzle spray and
to an array of spray nozzles in order to compare the perfor-
mance of all three in cooling a cylindrical roller. They con-
cluded that for the single spray nozzle, the average heat
transfer showed dependence on the flow rate of the water
used to create the spray but not on the distance between
the nozzle and the heated surface for the distances they
considered. For two or more nozzles, they noted that the
flow rate was still the dominant factor in cooling perfor-
mance, with the geometric arrangement of the nozzles hav-
ing some effect. Fabbri et al. (2003) also conducted a
comparative study of spray and multiple-jet cooling, gear-
ing it toward high heat flux applications. The jets employed
were micro-jets with jet diameters of 50-150 um. They
found that small diameter micro-jets had better heat
removal capacities than large micro-jets, with liquid mass
flow rates similar to those of sprays. Spray cooling outper-
formed the micro-jets in heat removal, except for a few
cases at higher flow rates, where the micro-jets performed
equally well.

Although a lot of work has been carried out on sprays
and spray cooling, there have been a very limited number
of investigations that implemented active control of sprays
to improve their cooling efficiency, where active flow con-
trol is defined as affect the behavior of a flow such that it
is different from its natural state (Gad-el-Hak, 2000). Bac-
halo et al. (1993) noted that there are interactions between
droplets of a spray and coherent flow structures. Wang
et al. (1999) used a piezo-electric actuator upstream of
the nozzle to modulate the spray and affect spray character-
istics, concluding that it was a viable method to alter spray
cone angle, droplet size, and velocity, as well as spray struc-
ture. Miller et al. (2000) used a system of four Coanda jet
actuators in the outer swirl cup of a fuel injector and found
that these actuators could be used to significantly increase
the spreading rate of the spray. Sujith et al. (1997) investi-
gated the behavior of droplets in axial acoustic fields, find-
ing that the size and mean terminal velocity of the droplets
were reduced in the acoustic fields. In later works Sujith

(2003, 2005) showed that imposing axial acoustic fields
on air atomized ethanol sprays shortened the spray,
increased the spray cone angle, and reduced the droplet
velocity, which the author attributed to the presence of
smaller droplets.

Active flow control has also been used in combustion
applications (e.g., Dubey et al., 1997; Zhu et al., 2002;
Ramanaryanan et al., 2003; Benajes et al., 2005) and in
agriculture in the presence of a cross-flow (e.g., Giles
et al., 1995; Ghosh and Hunt, 1998; Farooq et al., 2001).
The studies in combustion showed that active flow control
is a viable method to affect the development of the spray as
well as the droplets themselves (e.g., their size), while the
studies of the interaction of sprays with cross-flow are use-
ful for active flow control design implementation. The
effect of cross-stream on the spray development resembles
the case in the present work, when a single synthetic jet is
activated, as discussed below.

There is only one published work, known to the authors,
which addressed the possibility of using active flow control
on sprays in order to enhance heat transfer. Namely, the
study by Panao and Moreira (2005) who investigated spray
impingement of pulsed sprays on heated surfaces for condi-
tions that are representative of IC engines. They found that
manipulating the nature of droplet impingement on the
heated surface, accomplished by pulsating the sprays, can
enhance heat transfer. Therefore, the motivation of the
present work is to explore the feasibility of using syn-
thetic-jet-based active flow control to affect the spray char-
acteristics, which can then be implemented in spray cooling
of a heated surface in the non-boiling regime.

2. Experimental setup and procedure

Active control of sprays was investigated using synthetic
jets and was applied in spray cooling of a hot surface in the
non-boiling regime. Therefore, a special facility was
designed (Fig. 1), consisting of an enclosure that allowed
non-intrusive optical measurement techniques and accom-
modated a spray nozzle, equipped with a flow control mod-
ule, as well as an insulated heater for spray cooling
measurements. The enclosure featured a 485 mm x
425 mm x 435 mm volume with an open top and a drain
in the bottom. The spray nozzle, instrumented with a flow
control module, was mounted above the enclosure,
attached to a micrometer slide with the resolution of
0.06 mm for position control of the spray orifice location
in the vertical direction. The position of the spray nozzle
above the enclosure allowed for optical measurements of
the spray parameters while minimizing ricocheting of drop-
lets off the walls and bottom, which could obscure the mea-
surements. For the heat transfer experiments, the heater
module was stationed beneath the spray at the bottom of
the enclosure.

In the present experiments, water was used as the work-
ing liquid, and the spray was created using an air-assisted
atomizing nozzle from Delavan (model 30609-2), featuring
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Fig. 1. Experimental setup of the spray cooling.

an orifice diameter of 1.7 mm. A constant water level reser-
voir was used to accommodate the spray nozzle. It was
comprised of a small open top container, positioned within
a larger open top container with a return drain. The smaller
container received a continuous supply of water that was
allowed to overflow into the larger container, thereby cre-
ating a reservoir that was always filled to the same level
(point of overflow) from which water was siphoned. The
larger container was mounted on a motorized, computer
controlled traverse, allowing the water intake to be at a
range of L,, of 0-490 mm above the level of the spray noz-
zle orifice. Thus, a precise control of the amount of water
siphoned, for a given air flow rate, was enabled. Note that
the water flow rate through the spray nozzle depended on
two parameters: the water intake level elevation L, and
the air flow rate (the relationship between the water flow
rate and the air flow rate was presented in our previous
papers, Pavlova et al., 2007, 2008). Water was pumped
from a 37.91 container, equipped with a water level meter
and a type-T thermocouple, by a diaphragm pump through
a closed 7.6 1 pressure vessel, which was used to damp out
the unsteadiness associated with the pump.

Air flow to the nozzle was provided with a pressurized
air line that passed through a dryer to remove the moisture
and a filter to eliminate any particles larger than 5 pm,
followed by a regulating valve and an in-line flow meter
(Sierra 826). The air flow rate was monitored by a

LabVIEW program, which averaged 1000 flow rate mea-
surements per second and allowed volumetric flow mea-
surements to within 3%, such that the flow rate of the air
supplied to the nozzle could be set and regulated by adjust-
ing the valve throughout experiments. In the present exper-
iments, the air flow rate was varied from 5.5 I/min to 16.5 1/
min. Water mass flow rates were measured for the three
values of water intake elevation with respect to the nozzle
face, L, used in the present experiments (0, 245, and
490 mm, respectively) at five air flow rates, Q,. Volumetric
flow rates for the water, Q,,, were then calculated based
on the mass flow rates. The maximum uncertainty associ-
ated with these measurements was estimated to be less than
5%.

The flow control module fitted onto the spray nozzle,
such that the spray nozzle was in the center, and four syn-
thetic jet actuators, located around the circumference of
the spray nozzle, are at 90°; to each other (Fig. 2). Each
synthetic jet was driven with a 31.2 mm diameter and
1.3 mm thickness piezo-electric disk (operating in mode I
oscillations) that through a S mm in length and 0.5 mm
in width slit orifice at 7.3 mm from the spray orifice center.
The synthetic jets were inclined 30° with respect to the
plane of the nozzle orifice to allow vectoring of the spray
(when a single jet was used) or focusing of the spray (when
all four jets were activated simultaneously). The inclination
angle of the synthetic jet was selected such that the jet
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Fig. 2. Flow control module instrumented with synthetic jets.

impacted on the spray downstream of the developing
region of the spray.

A synthetic jet is a jet that is formed at the edge of an
orifice due to the periodic motion of a diaphragm, mounted
on one of the walls of a sealed cavity. The synthetic jet is
zero-net-mass flux in nature but it allows momentum trans-
fer to the flow. With a proper design, the system is driven
near resonance; thus, small electrical power is needed. Fur-
thermore, no mechanical complexities or plumbing are
needed, which makes them attractive for flow control
applications. For more details about synthetic jets see the
review by Glezer and Amitay (2002).

The strength of the synthetic jets was quantified using
the momentum coefficient, which is the ratio of the syn-
thetic jet momentum to the spray momentum, defined as

_ n4U;

C,= ;
foAU?

(1)

where n is the number of synthetic jets used, 4; is the area
of the synthetic jet orifice, A, is the area of the spray orifice,
U. is the average air exit velocity at the spray orifice (based

on the measured air flow rate), and U, is the synthetic jet
average orifice velocity (based on the work by Smith and
Glezer, 1998), defined as

Uy =-2, (2)

where L, is the synthetic jet stroke length, defined as

Lo = /Or/zu(t) dr, 3)

where = 1/f is the cycle period, f is the driving (forma-
tion) frequency of the jet, and u(z) is the periodic centerline
velocity at the jet exit plane. In the present experiments, the
synthetic jets were driven with a sinusoidal waveform at a
frequency of 1100 Hz. This frequency was selected such
that it corresponds to the optimal driving frequency (i.e.,
strongest jet with a minimum input power) for the system
of the piezo disk and the cavity used. Note that the syn-
thetic jets in the module were calibrated using hotwire ane-
mometry prior to spray experiments (similar to the work by
Smith and Glezer, 1998). As was shown by multiple
researchers (e.g., Pothos, 2002; Pothos and Longmire,
2002), particle/droplets-laden flows are affected by either
a direct mechanism (direct momentum transfer to the par-
ticles/droplets) or indirectly (due to the amplification of
coherent structures in the carrier fluid that indirectly affect
the particles/droplets). Since the Strouhal number (based
on the spray diameter, the average carrier air velocity at
the orifice and the driving frequency) varies from 0.016
to 0.047 for the range of air flow rates used, it is an order
of magnitude lower than the unsteady modes of the flow.
Therefore, the frequency here is used only to form the jet
and not to excite the coherent structures in the carrier air
flow of the spray. Hence, the flow control here is a direct
mechanism only.

Global spray measurements were carried out with Parti-
cle Image Velocimetry (PIV), which provided velocity fields
for the spray droplets for an interrogation window of 65.5
mm by 49.5 mm (with a spatial resolution of 0.38 mm). The
PIV data were acquired for five air flow rates, three water
intake level to nozzle level distances, L., and for three
momentum coefficient values, C,, at each setting. The
PIV system is based on the commercially available LaVi-
sion hardware and software and utilizes two 120 mJ
Nd:YAG lasers and a 1376 x 1040 pixel resolution
thermo-electrically cooled 12-bit CCD camera. The laser
sheet was aligned with the center of the spray, and the
CCD camera was mounted perpendicular to the laser light
sheet. For each case, a set of 2000 double images was
recorded, and averaged velocity fields were computed. In
these measurements, no flow tracers were added to the
air flow; therefore, the velocities that were measured in this
two-phase flow were the velocities of the water droplets
themselves, but not of the air present in the spray, as the
water droplets are too large and heavy to faithfully follow
the air motion (the average Stokes number of the droplets
along the centerline is in the order of 20). All velocity
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vectors were calculated using a cross-correlation technique
with adaptive multi-pass, deformable interrogation win-
dows (single pass at 32 x 32 and two passes at 16 x 16 pix-
els) with 50% overlap. The camera was mounted at a
perpendicular distance of ~0.35 m to the laser light sheet
such that the distance between pixels was 47.6 um. Maxi-
mum velocity (~23 m/s) in these experiments corresponded
to an average displacement of approximately 5.3 pixels
with an error of approximately +0.1 pixel (corresponding
to velocity error of 0.4 m/s).

A heater module was designed and fabricated for spray
cooling experiments and stationed below the spray nozzle
for spray cooling experiments. The module consisted of a
400 W maximum output cartridge heater by Omega,
embedded in an oxygen-free piece of copper, the top sur-
face of which was a flat circle with a diameter of 19 mm
that was exposed to the spray. The copper piece had
15T-type thermocouples from Omega, 0.2 mm in diameter
each, embedded in the cylindrical top region with thermally
conductive epoxy (with a thermal conductivity of 1.04 W/
m K compared to 400 W/m K of the copper) used for
attachment. The locations of thermocouples within the
heater top are illustrated in Fig. 3. Before the thermocou-
ples were placed inside the copper, they were calibrated
with respect to each other, as well as to the thermocouples
that measured the room temperature and the water temper-

Thermocouples

/
Oxygen free
copper —

Cartridge
heater

b
v [
\
Themocouples

Fig. 3. Copper heater with thermocouple locations.

ature. The top array of thermocouples was 2 mm below the
surface; an identical array was placed 2 mm below it, and
there was also a central thermocouple 2 mm below the sec-
ond row in the center, so that heat flux through the top of
the heater could be calculated. Attaching thermocouples
directly onto the surface was impractical in this applica-
tion, and could lead to serious measurement errors (Tszeng
and Saraf, 2003); therefore, temperature values at the sur-
face were obtained from extrapolation. The thermocouples
were located in two rows, along the y-axis and the z-axis
and are 3.2 mm from each other. This arrangement of ther-
mocouples allowed for a spatially resolved set of tempera-
ture measurements in the heated surface as well as heat flux
calculations.

In order to minimize heat losses from the copper piece, it
was placed inside an insulation sleeve, which was com-
prised of a solid nylon cylinder on the outside and ceramic
fiber insulation by DuraBlanket (thermal conductivity,
k=0.01 W/mK) immediately surrounding the copper.
The outer diameter of the insulation sleeve was 105 mm.
The neck region of the heater, leading up to the exposed
surface, was also surrounded by the ceramic fiber insula-
tion, and a slanted nylon cap was placed on top, to allow
the liquid to drain off the sides.

Based on the temperature calibrations and error associ-
ated with extrapolation of temperatures up to the surface,
the maximum uncertainty of AT was calculated to be about
2%. The uncertainty of heat flux out of the exposed heater
surface was associated with the error in the measured AT
and the location of the thermocouples in the vertical direc-
tion, and was estimated to be less than 6.5%, based on tol-
erances specified in making the copper portion of the
heater. Assuming that errors are independent, it was rea-
sonable to estimate the overall uncertainty heat flux
through the top of the heater calculations, based on the
method of Kline and McClintock (1953), which resulted
in calculated heat flux uncertainty of less than 8.5% for
all heat transfer experiments presented in this paper. The
uncertainties in the air to water flow rate ratio, Q,/Ou,
based on the error associated with the flow meter and the
error estimated for the water flow rate measurements was
at most 10%. The uncertainty of velocity, based on the
specifications of the PIV system used and as described
above, are within 3%.

Detailed spray characteristics (droplet size, concentra-
tion, and distribution of individual droplets) were obtained
using the Shadowgraphy technique. This technique is based
on high resolution imaging and backlight illumination,
where solids, opaque or transparent droplets, and bubbles
having a diameter from 2 um to 2000 um can be measured.
A laser beam passes through a diffuser, such that the drop-
lets are illuminated from one side, and a high resolution
CCD camera (instrumented with a long-range microscope)
acquires images of the shadows from the opposite side. The
same dual-pulse laser was used as for the PIV experiments,
along with a special diffuser attachment for scattering the
laser light. The CCD camera with a long-range microscope
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attached, and the light source were mounted on an optical
table. Shadowgraphy measurements were acquired at 45
locations in the spray, such that the effect of active flow
control could be determined for the entire three-dimen-
sional spray. In the present paper, only data along the cen-
terline of the spray are presented for brevity [for more
details about the Shadowgraphy technique, including a
complete description of droplet sizing and velocity mea-
surements, as well as for the full 3D field, see previous work
by Pavlova et al. (2007, 2008)]. In these measurements, the
resulting uncertainty in the velocity is 40.1 m/s and
40.5 um in the droplet diameter.

3. Results
3.1. Flow control of sprays

The effect of a single synthetic jet on the global charac-
teristics of the spray was explored when the synthetic jet
was driven with a range of momentum coefficients from
0.005 to 0.425 (with a corresponding velocity ratio, U,/
U., range of 0.5-1.5). The spray parameters include a range
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of air to water volume flow rate ratios, Q,/Q,,, from 166 to
746, for which L./d, was varied between 0 and 288. For
brevity, data for spray with Q.,/Q, =166 (and L,/
ds = 288) are presented here; however, similar results were
obtained for other flow rate ratios.

Fig. 4a—d presents the velocity vector field of the spray,
where Fig. 4a presents the baseline (no flow control) case,
and Fig. 4b—d shows the cases with flow control, having
C,=0.04, 0.20, and 0.425, respectively (the orientation
of the measurement plane is shown in the inset). Without
flow control the spray is symmetric with a spreading angle
of ~27°, where the edge of the spray is defined as the loca-
tion where the streamwise velocity is 20% of the maximum
velocity of the spray. The 20% cutoff was used due to the
fact that some droplets hit the bottom of the enclosure
and bounce back and thus contaminate the velocity field.
This is more pronounced near the edges of the spray, where
the droplets’ velocity is smaller. For velocities larger that
20% of the maximum velocity the droplets can be consid-
ered a part of the spray with confidence. This is consistent
with the spray angle value of 30°, provided by the
manufacturer.
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Fig. 4. Velocity vectors fields of the baseline (a) and forced spray with C, = 0.04 (b), 0.20 (c), and 0.425 (d). Q./Qy = 166, and L,,/ds = 288.
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When the synthetic jet is activated with the smallest C,
(Fig. 4b) the effect is miniscule. As C, increases, the spray
is vectored away from synthetic jet with a vectoring angle
of 0 =9° and 18° for C, = 0.20 and 0.425, respectively.
The vectoring angle is defined as the angle between the
x-direction and the line that follows the maximum spray
velocity. Another measure of the spray modification by
the synthetic jet is the effect on the downstream evolution
of the centerline velocity, and the spreading rate of the
spray. Without flow control, the normalized centerline
velocity increases very rapidly for approximately x/d; < 6,
where the maximum occurs. Farther downstream, the cen-
terline velocity decays with downstream distance as (x/
dy)~*>, which is consistent with the findings of Faeth
et al. (1995) and Cossali (2001). When the synthetic jet is
activated, there is a small effect near the orifice, while the
spreading of the spray is significantly enhanced farther
downstream. For detailed information on the behavior of
the spray when a single synthetic jet is used for flow con-
trol, as described above, refer to (Pavlova et al., 2008).

Another important spray parameter that can have a sig-
nificant contribution to the spray’s ability to remove heat is
its velocity RMS level. Therefore, the effect of the synthetic
jet on the normalized streamwise and cross-stream RMS
velocity components were measured, and are presented in
Figs. 5a-b and c—d, respectively, for Q,/0,, = 166 and
C, = 0.425. As expected, without control, the RMS fields

10

15+

of each velocity components is symmetric with respect to
the centerline, and it exhibits a double peak distribution
(one peak on each side of centerline) for 2 < x/d, <7. Far-
ther downstream, the cross-stream distributions of both
RMS components have a single peak, where the maximum
levels are around the centerline. Note that the RMS mag-
nitudes, throughout the flow field, of the cross-stream
velocity are larger than the values of the streamwise com-
ponent. When the synthetic jet is activated the RMS levels
increase throughout the flow field and the distribution is
not symmetric.

Previous work (Camci and Herr, 2002) showed that
imposing a flapping motion on an impinging jet cooling
resulted in an increased heat transfer from the surface.
Therefore, the effect of flapping on spray cooling was inves-
tigated (presented in Section 3.2). In order to achieve this
type of motion, two opposing synthetic jets were used,
and were driven with a ramped function in order to achieve
gradual sweeping of the spray from one side to another (see
the schematic in the bottom of Fig. 6).

Fig. 6 presents the velocity vector field of the spray for
the flapping experiments, where the full sweeping cycle,
Tp, takes course over 1 s (the effect of the duration of the
cycle on the heat transfer, for cycle times from 0.5 to 2,
was similar and thus not presented). The flapping time
was selected to be about an order of magnitude larger than
the droplet’s residence time (e.g., corresponding to the time

Fig. 5. The streamwise and cross-stream components of the velocity RMS fields for the baseline (a, c¢) and actuated with C, =0.425 (b, d) sprays.

0.0y = 166 and L.,/d, = 288.
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Fig. 6. Velocity vector fields at different times during the flapping motion. Q./Qy, = 166 and L,/d = 288.

it takes the droplets to reach the surface and to travel along
the hot surface) to ensure complete removal of the drop-
lets/liquid from the hot surface. In each vector field, the rel-
ative strength of the synthetic jets on the left (SJ;) and right
(SJ,) of the spray is represented by the length of the arrows.

At t/t, =0 (Fig. 6a) both synthetic jets have the same
strength; thus, resulting in a symmetric (about the x-axis)
spray with no vectoring to either side. At #/t,=0.05
(Fig. 6b), the right synthetic jet (SJ,) is stronger than the
left jet (SJy), as the amplitude of the right synthetic jet is
ramped up while the amplitude of the left synthetic jet is
ramped down, and the spray is vectored to the left with
an angle of ~4°. As time progresses to t/t,=0.1
(Fig. 6¢), the left synthetic jet is off, and the right synthetic
jet is at its maximum strength, resulting in further vectoring
of the spray to the left with an angle of ~10°. At mid-cycle,
the spray is returned to its original position, as the left syn-
thetic jet is ramped up while the right synthetic jet is
ramped down, resulting in control jets of equal strength

(Fig. 6d), and thus a symmetric spray. At t/t,=0.55
(Fig. 6e), the left synthetic jet is stronger than the right,
resulting in a spray that is vectored to the right with an
angle of ~7° Finally, as the left jet is at its maximum
strength and the right jet is off, the spray is further vectored
to the right with the angle of ~12° (Fig. 6f). The slight dif-
ference in the spray angle that occurs in this sweeping
motion is due to the fact that the synthetic jets might not
have been perfectly matched in strength.

In addition to the gradual flapping motion, on—off flap-
ping was also implemented when the two opposing jets
were driven with a step function, such that when SJ; is
on, SJ, is off, and vice versa. The resulting spray velocity
vector fields are similar to those presented in Fig. 6¢ and
f. Both flapping methods were used to improve the effi-
ciency of the spray cooling, and are presented in Section
3.2 below.

As was discussed in the introduction, the size of the
droplets, their concentration, and distribution have
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significant effect of the cooling efficiency. Therefore, the
effect of the synthetic jet on these parameters was also
investigated. Data were acquired in three x—y planes, where
15 data points were measured at each plane, as shown sche-
matically in Fig. 7. For brevity, data are presented only for

=235
Prd=5

Fig. 7. Locations for the detailed measurements.
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the centerline plane (detailed results are presented in recent
work by Pavlova et al. (2007, 2008).

Fig. 8a—c presents the droplet size distribution histo-
grams for the baseline spray, Ny, /N, ] o While Fig. 8d-f
shows the percentage change (with respect to the baseline
case) in the droplet diameter, % (Ng_y " )/Na,, for the con-
trolled cases at three x/d; locations. Here, N, /Ndb| total is
the number of droplets at a given size range, normalized
by the total number of droplets throughout the interroga-
tion window, and N,, and N, are the number of droplets
(for a given group size) in the interrogation window for
the baseline and forced case, respectively. For each droplet
size group, five cross-stream locations are presented, indi-
cated by the different styles of bars.

The histograms of the baseline spray exhibit a high con-
centration of droplets having a diameter between 8 um and
12 pm, where ~85% of the droplets have a size between
4um and 20 um at all three downstream locations
(Fig. 8a—). At y/d, = 42.35, for all three downstream loca-
tions, the most prevalent droplet size is still between 8 um
and 12 pm; however, there are more droplets of larger
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diameters than at the centerline. Farther off the centerline
(at y/d; = =+5), there is a high concentration of droplets
with a diameter between 20 pm and 24 pm. Note the sym-
metric distribution of droplets about the spray centerline.
When the synthetic jet is activated (Fig. 8d—f) there is a
decrease in the number of small droplets on the left side of

995

the spray (i.e., the side closer to the synthetic jet) and an
increase of those same small droplets on the right side of
the spray, indicating that small droplets (4 pm < dy <
16 um) are pushed to the right side of the spray (i.e., away
from the synthetic jet) due to the impulse of the synthetic
jet on the droplets. Also, there are more droplets of large
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Fig. 9. Heat flux through the top of the heater vs. AT at H/d, = 23.5 (a), H/d,= 35.3 (b), and H/d, = 47 (c). Baseline spray.
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diameters to the left of the spray centerline and fewer to the
right side, compared to spray without flow control. A plau-
sible explanation for this is that as the small droplets are
pushed towards the spray centerline, some of them coalesce
with other droplets on the left side of the spray, creating
larger droplets.

3.2. Active control of spray cooling

Next, the effect of the synthetic jets on the spray cooling
efficiency was explored. First, baseline cases of spray cool-
ing (i.e., without flow control) were acquired for three dis-
tances between the heater and the spray nozzle, H/d,, and
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Fig. 10. Heat flux through the top of the heater vs. AT at H/d, = 23.5 (a), H/ds = 35.3 (b), and H/d, = 47 (c). Controlled spray.
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different Q,/Q,,. Temperature data were recorded at several
heat flux settings for each case, and the heat flux values
were calculated.

Fig. 9 presents the heat flux removed from the surface
vs. AT (temperature difference between the heater surface
and the water, with water being at room temperature) at
H/d,=23.5, 35.3 and 47 (Fig. 9a, b and c, respectively).
Note that each plot shows a schematic illustrating the rel-
ative coverage area of the spray at the specific H/d, with
respect to the area of the heater. For all cases the relation-
ship between the heat flux and AT is linear (R” is 0.99 or
better), as also noted by other researchers (Jia and Qiu,
2003; Kim et al, 2004; Hsieh and Yao, 2006).

At H/d, = 23.5 (the shortest distance between the heated
surface and the spray nozzle used in the present experi-
ments, Fig. 9a) spray cooling results in the highest heat
removal at a given AT (compared to larger surface to spray
distances, Fig. 9b and c). Moreover, for the same heat flux
(based on the average of seven thermocouples), AT is
decreased by as much as 45%, for the higher flow rate ratio
case, compared to the lower flow rate ratio case.

At H/d, = 35.3 (Fig. 9b), data at nine flow rate ratios
were collected, a set of three air flow rates (5.5 1/min,
111/min, and 16.51/min) at three normalized distances
between the water intake level and the face of the spray
nozzle, Ly/d,= 0, 144, and 288. Note that for a given air
flow rate, as L,/d; increases Q,/Q,, decreases, as the volu-
metric flow rate of water increases when the nozzle siphons
from a higher location (see Pavlova et al., 2007, 2008).

Fig. 9b shows that for each set of L,,/d;, the relationship
between the heat flux and AT is linear, where the data were
acquired at the same air flow rate and at the three L./d
locations. At this nozzle-to-heater distance, there is a big
difference between the cooling performance of high, inter-
mediate, and low air flow rates (up to 45% at high heat
fluxes), as expected. The cases with the same air flow rate

but an increased Q,/Q,, (due to decreased L./d;) show a
slightly reduced cooling performance due to the smaller
volume of water contained in the spray and lower droplets
velocity.

At H/d, = 47 (Fig. 9¢) the effectiveness of spray cooling
decreases (compared to the other two cases where the spray
was closer to the hot surface). Also, as for the other two
cases, the higher the flow rate ratio, the better the surface
cooling. It is clear that as H/d, increases, the heat removal
from the surface decreases, which is not surprising, consid-
ering that the streamwise velocity of sprays decreases
downstream of the nozzle for all Q,/Q,, resulting in drop-
lets that impinge on the surface of the heater with much
smaller momentum. Furthermore, as the distance between
the heater and the spray nozzle increases for the same Q,/
Q.. the cross-sectional area of the spray becomes much
greater than the area of the heater, and the amount of
water wasted becomes progressively larger. For example,
at H/d,=23.5 the spray covers the area of the heater
almost perfectly for Q./Q,, = 166, while at H/d, =47, the
area of the spray covers an area that is twice the heater
area.

The effect of the spray control on the heat transfer was
explored by using three modes of active flow control: (1)
four synthetic jets activated simultaneously, (2) ramped
sweeping, and (3) on—off flapping (as discussed in conjunc-
tion with Fig. 6). It is important to note that the power
required to operate the synthetic jets is very low, at most
0.4 W in the case of four jets operating simultaneously.
Data were acquired for H/d,=23.5, 35.3, and 47, Q./
0O,, = 166, and L,,/d, = 288. All three modes of flow con-
trol had some effect on heat transfer from the surface for
the three H/d tested, as illustrated in Fig. 10a—c. The error
bars here and in Fig. 11 represent the highest estimated
error, which is 8.5% of the lowest heat flux in all experi-
ment and is the worst case scenario. At H/d,=23.5
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Fig. 11. Heat flux through the top of the heater vs. AT at H/d; = 35.3, O, = 5.5 1/min, and L/d;= 0 and 288.
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(Fig. 10a) flow control with four jets operating together has
the greatest enhancement of heat removal (for example, for
heat flux of 30 W/cm? out of the top AT is 14% lower than
the baseline). This is probably due to the focusing of the
spray, and a higher droplets velocity (Pavlova et al., 2007).

As the distance between the spray and the hot surface
was increased to H/d, =35.3 (Fig. 10b), all three modes
of flow control resulted in a reduction of the surface tem-
perature (for example, using the on—off flapping yielded a
reduction in AT by up to 36%, compared to the baseline,
at a heat flux of 18 W/cm? out of the top, while at 42 W/
cm?, the reduction in AT is 18%). The other two forms of
flow control also show a cooling improvement, but to a les-
ser degree. At H/d, = 47 (Fig. 10c), flow control resulted in
a slight cooling enhancement, with all three modes of flow
control producing about the same effect.

To further explore the effect of water intake elevation,
L, on the performance of flow controlled heat removal,
the three modes of flow control were compared for different
L., at the same flow rate. Fig. 11 illustrates the heat transfer
enhancement by on—off flapping for sprays at the same air
flow rate and at two different L,,/d,. Both the baseline and
controlled sprays at higher water intake elevation (L./
ds; = 288) result in higher heat transfer from the surface,
compared to the lower water intake elevation. However,
the effect of the flow control is larger for L,/d, = 0. Note
that for L,/d, =0 the amount of water is smaller that at
L,/d, =288, and thus it is easier for the synthetic jet to
effect the spray.

To gain a better understanding of the effect of the flow
control on the heat transfer, spatial distributions of the sur-
face temperature were measured. Surface temperature data
were acquired along the two centerlines (perpendicular to
one another, along the y- and z-axes). Note that the line
of action of the synthetic jets in the flapping mode is along
the y-axis.

Fig. 12a—c shows the radial distributions of the change
of the surface temperature (with respect to the baseline
case) along the y-axis for the three modes of control, and
at 0./0,, = 166 and at H/d, = 35.3. When four synthetic
jets are used (Fig. 12a), the temperature is reduced fairly
evenly (13% for the low heat flux and 11% for the higher
heat flux, on average). When ramped flapping is used
(Fig. 12b), the sides of the heater exhibit larger temperature
reduction than the center (up to 11% for the higher heat
flux and 25% for the lower heat flux at /R = —0.67),
resulting in average temperature reduction of 8% and
20%, respectively, across the central two-thirds of the hea-
ter. In the case of on—off flapping mode (Fig. 12c¢), the cool-
ing of the sides is increased even farther, up to 20.5% for
the higher heat flux and 35% for the lower heat flux, with
an average temperature reduction of 26% and 16%, respec-
tively. Note that the reduction of the temperature along the
z-axis (not shown for brevity) is uniform for all three
modes of control.

It appears that at H/d, = 23.5, the flapping motion (i.e.,
the vectoring of the spray from side-to-side) causes the area
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Fig. 12. Radial distributions of the change in temperature compared to
the baseline profiles along the y-axis at H/d; = 35.3 and Q./Q,, = 166 for
two heat fluxes. Flow control with four jets (a), ramped flapping (b), and
on-off flapping (c).

of high streamwise velocity to move to the very edge of the
heater with the fastest droplets impinging on the center of
the heater. Moreover, during the flapping process, roughly
40% of the heater is not covered by the spray at all, and is
exposed to ambient air, as the spray is vectored away from
that area. There is some heat transfer enhancement occur-
ring due to the surface renewal effects, as the horizontal
components of velocity due to flapping sweeps the water
off the heater to the sides. Note also, that, as was shown
in the Shadowgraphy measurements, small droplets move
from side-to-side during the flapping motion, which also
contributes to the heat transfer enhancement. When all
four jets are activated together, the streamwise velocity is
reduced as the spray impinges (at x/d; = 23.5), whereas
the cross-stream velocity is enhanced (Pavlova et al.,
2007, 2008), contributing to a radially outward motion of
droplets on the heater after impingement, causing surface
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renewal. In addition, droplet size distribution (at this loca-
tion) remains largely unchanged from the baseline case
while velocity RMS is increased.

At H/d, = 35.3, however, the situation is different. Here,
the vectoring due to flapping still provides the surface
renewal effects, which contribute to better cooling. The vec-
toring itself moves the portion of high velocity to the edge
of the heater, resulting in drastic cooling of the edges, com-
pared to the rest of the heater surface, whereas the spray
widens due to vectoring. The widening of the spray keeps
the side of the heater (from which the spray is vectored)
covered by the spray, such that a very small portion of
the heater edge is exposed to the ambient. Ramped flapping
reduces the amount of time the spray is at either side and
does not provide the horizontal sudden side-to-side
motion. When four jets are activated, a horizontal velocity
component is imparted to the impinging droplets, aiding in
surface renewal, but the effect is not nearly as large as that
of ramped and on—off flapping.

In the case of H/d, = 47, the flapping of the spray results
moving the high velocity portion of the spray completely
off the heater, with the heater still being fully covered by
spray droplets. However, the horizontal velocity, imparted
to the droplets, removes heated fluid off the surface for bet-
ter cooling.

When Q, is the same, but the water intake elevation is
decreased, as in Fig. 11, the spray has a very similar veloc-
ity profile to that of Q,/Q,, = 166 for the baseline spray
(not shown). However, under the influence of a synthetic
jet of the same strength, the spray vectors farther away
from the synthetic jet (with a slightly lower centerline
velocity). The flapping motion causes a portion of the hea-
ter (on the opposite side of the vectored spray) to be
exposed to the ambient air. Thus, the extra cooling of the
heater sides alternates with no spray coverage at all.

4. Conclusions

The effect of active flow control, using synthetic jet actu-
ators, on a water spray and its cooling performance
enhancement in the non-boiling regime was investigated
experimentally. When a single synthetic jet was activated,
it resulted in vectoring of the spray away from the jet,
where the vectoring angle was larger for higher momentum
coefficients. In addition, the spreading of the spray, in the
plane along the synthetic jet, was significantly enhanced,
whereas the effect was small in the perpendicular plane.
Activation of the synthetic jet also increases the velocity
RMS levels throughout the spray flow field. Using two
opposing synthetic jets, driven with a ramped function or
an on—off mode, resulted in a sweeping of the spray from
one side to the other. On—off flapping from side-to-side
using two opposing jets was also used by using a step func-
tion. Detailed measurements, using Shadowgraphy,
showed that the activation of the synthetic jet cause re-dis-
tribution of the spray droplets due to the direct impact of
the jet onto the spray.

Temperature measurements were performed to assess
the effects of active flow control of the spray on the heat
transfer from the surface. Three modes of flow control were
used, including the activation of four jets, gradual sweeping
motion, and activation of two opposing jets in an alternat-
ing fashion. Some heat transfer improvements were
achieved with flow control, where the mode of flow control,
together with spray properties and the distance between the
spray and the hot surface play an important role in cooling
enhancement. While the heat transfer enhancement is mod-
est and is at lower heat fluxes in the non-boiling regime, it
does demonstrate the potential of using active flow control
of the spray with synthetic jets and invites further explora-
tion of the technique.
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