
Acceleration Effects on the Cooling Performance
of a Partially Confined FC-72 Spray

Travis E. Michalak∗ and Kirk L. Yerkes†

U.S. Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433

Scott K. Thomas‡

Wright State University, Dayton, Ohio 45435

and

John B. McQuillen§

NASA John H. Glenn Research Center at Lewis Field, Cleveland, Ohio 44135

DOI: 10.2514/1.46547

This paper discusses the effects of a variable-gravity environment on the performance of a subcooled partially

confined spray. An experiment consisting of a test chamber, associated flow loops, and instrumentation was

fabricated and flown on the NASA Reduced-Gravity Testing Platform. This modified KC-135 aircraft followed a

parabolic flight path to provide various acceleration levels. The spray chamber contained a nozzle spraying onto an

upward-facing thick-film resistor heater, which was mounted on an insulating glass pedestal. Thermocouples under

the heater in the glass pedestal were used to determine the heater surface temperature. The glass pedestal was

surrounded by an annular sump system, which was used to collect and remove the cooling fluid from the test

chamber. The fluid used for this testing was FC-72, which is a nontoxic, nonflammable, and nonreactive refrigerant.

Because of its dielectric nature, FC-72 was sprayed directly onto the thick-film heater. The parametric ranges

of this experiment were as follows: heat flux to the spray was 21:1 � q00sp � 69:0 W=cm2, acceleration field was

0:15 � a � 1:80 g, coolant volumetric flow rate was 6:18 � V � 8:94 ml=s, and coolant subcooling was

23:1 � �Tsc � 31:7 K. The heat fluxes tested were below the critical heat flux q00CHF. The wall superheat �Tsat �

Ts � Tsat was found to increase with heat input and acceleration and to decrease with subcooling and volumetric

flow rate.

Nomenclature

A = heater area, m2

a = acceleration normal to surface, g
b = radius of glass heater post assembly, m
C = percent dissolved air content by volume,

�V 0air=�V 0f � V 0air�� � 100
D = diameter, m
E = voltage, V
f = heater conduction loss fraction, 1 � �q00sp=q00H�
H = layer thickness, m
h = convective heat transfer coefficient, W=�m2 � K�
k = thermal conductivity, W=�m � K�
m = mass flow rate, kg=s
Nu = Nusselt number, htopb=kf
P = pressure, N=m2

q = power, W
q00 = heat flux, W=cm2

R = electrical resistance, �
T = temperature, K

V = volumetric flow rate, ml=s
V 0 = volume, m3

v = droplet velocity, m=s
We = Weber number, �v2Dd=�
�T = temperature difference, K
�Tsat = wall superheat, Ts � Tsat, K
�Tsc = fluid subcooling temperature, Tsat � Tnoz, K
� = nondimensional temperature, �T � T1;wall�=

�Tsat � T1;wall�
� = density, kg=m3

� = surface tension, kg=s2

Subscripts

air = air
ch = chamber
CHF = critical heat flux
cov = glass cover layer
d = droplet
f = freestream fluid
H = heater
htr = heater layer
int = heater/pedestal interface
l = liquid
lf = lower film
MHF = minimum heat flux
noz = nozzle inlet
P = precision
R = resistor
s = surface
sat = saturation
sc = subcooling
sp = spray
sub = ceramic substrate layer
top = surface of heater
uf = upper film
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v = vapor
1,top = freestream fluid flowing over heater surface
1,wall = freestream fluid flowing over pedestal wall

Introduction

T HE thermal management of high-power, high-flux devices is
becoming increasingly difficult. Even with advances in

materials and efficiencies, these devices require the dissipation of
ever increasing amounts of thermal energy. Many of these devices
also have both low thermal mass and tight spatial and temporal
isothermality requirements, sometimes less than�2 K. For devices
being used for aerospace applications, the systems are additionally
required to operate under various acceleration levels. As a result,
robust thermal management approaches need to be developed. Spray
cooling is a thermalmanagement scheme that has the potential to be a
solution to many of these challenges [1,2], including the cooling of
electronic devices, which often require the removal of high heat
fluxes at low surface superheats [3,4]. However, it is not yet clear
what influence variable-gravity environments might have on the
behavior of spray-cooling systems. Kim [5] stated that gravity can
have an effect on the performance of multiphase thermal man-
agement systems, but did not discuss spray cooling. There have been
several specialized applications of spray cooling for aerospace
applications. For instance, the Space Shuttle Orbiter uses spray
evaporators with water and ammonia as the working fluids [6]. This
spray system operates in an open-loop configuration and uses brief
pulses of the working fluid, which is nearly completely evaporated
[7]. However, for spray cooling to be a viable thermal management
technique for widespread aerospace applications, a greater
understanding of the behavior of this scheme under variable-gravity
conditions needs to be developed, especially using a closed-loop,
recirculating system.

In spray cooling, a working fluid is forced through an orifice
and atomized into small drops. These drops then impinge on the
surface to be cooled and remove large amounts of heat through a
combination of single-phase convection and evaporation [2].
Sehmbey et al. [8] identified two types of spray cooling: Pressure
atomization and gas-assisted atomization. In pressure-atomized
nozzles, the working fluid is atomized through the pressure drop
across the nozzle, whereas with gas-assisted atomization, a high-
velocity gas (or vapor) is used to break the working fluid up into
droplets. Spray cooling can havemany advantages over standard heat
spreader/forced air cooling for electronics applications, including
improved performance and reduced size and noise [9]. Spray cooling
can have advantages over other forms of two-phase cooling as well.
Sehmbey et al. [8] suggested that spray-cooling heat transfer and
q00CHF, the maximum heat transfer obtainable through nucleate
boiling, can be 10 times higher than values obtained using pool
boiling.

Kim [2] discussed heat transfer mechanisms involved in spray
cooling, as well as some of the factors that influence the performance
of spray cooling, such as surface condition and size, spray pattern and
droplet characteristics, working-fluid properties, the presence of
noncondensable gases, spray inclination, and gravity. Silk et al. [7]
also gave an overview of spray-cooling research and details on
planned future work in variable-gravity spray cooling, especially for
microgravity applications.

Some of the early efforts into spray cooling found that the
characteristics of the spray can have a significant effect on heat
transfer performance. The droplets of the spray have to be large
enough and move fast enough to reach the surface through any
escaping vapor, yet be small enough and move slowly enough that
they do not simply bounce off the surface. The amount of excessfluid
used should be minimized to keep the liquid film on the surface as
thin as possible. This recommendation was due to the fact that the
two-phase heat transfer that takes place in spray cooling is optimal
when thin-film evaporation occurs, as opposed to the nucleate boiling
that takes place in pool boiling [10,11]. However, it should be noted
that Estes and Mudawar [12] found that for sprays with relatively
high volumetric fluxes, the boiling curve does not necessarily look

like the traditional boiling curve as there was very little change in
slope between the single-phase and nucleate boiling regimes. This
was attributed to a suppression of nucleate boiling and the presence
of excess fluid leading to low evaporation efficiency.

Pautsch and Shedd [13] reported that systems that did not use fluid
as effectively and relied more on single-phase cooling, tended to be
able to reach higher values ofq00CHF. In fact, based onmodels that were
developed from experimental data, it was reported by Shedd and
Pautsch [14] that the heat removal can be primarily attributed to
single-phasemechanisms. In contrast, Lin et al. [15] reported that the
spray-cooling performance could be attributed, in a large part, to
nucleate boiling. This conclusion was reached through single-nozzle
spray-cooling experiments performed with water, methanol, or a
combination of water and methanol.

Pais et al. [11] examined the impact of subcooling and flow rate on
the performance of spray cooling using air-atomizing nozzles and
water. The results showed that a fluid with a larger subcooling,�Tsc,
tends to remove more heat from the surface before the onset of
nucleate boiling, while a fluid with a smaller�Tsc may removemore
heat in the region near q00CHF, depending on the spray characteristics.
The results also indicated that higher liquid flow rates removed more
heat in the region before the onset of nucleate boiling and in the q00CHF
region.

Puterbaugh [16] and Puterbaugh et al. [17] used a test rig similar to
that described in Baysinger et al. [18] andYerkes et al. [19] to test the
effect of air dissolved into the working fluid on spray-cooling
performance. Dissolved air content was measured using a mercury
Aire-ometer and was varied between 5% 	 C 	 18%. It was
reported that there was little change in spray-cooling heat transfer
performance with varying air content for the range of chamber
pressures, flow rates, and subcooling levels tested.

Um et al. [20] investigated the effect of heater surface orientation
on q00CHF for spray cooling. The various surface orientations are
described in Fig. 1. Two different air-atomizing nozzles were used
to spray water at different liquid flow rates onto a heated surface
which could be oriented horizontally facing upward, vertically, or
horizontally facing downward. One nozzle had a uniform spray
pattern, while the other had a nonuniform spray pattern, with the
flow more heavily concentrated in the center of the pattern. The
orientation of the surface showed little effect onq00CHF for the uniform-
spray nozzle. There was also little difference noted between
the upward- and downward-facing horizontal orientations for the
nonuniform spray. However, q00CHF was found to be higher for the
vertically oriented surface than for the horizontally oriented surface
when using the nonuniform spray, and the percentage change in q00CHF
was less at higher liquid flow rates.

Lin and Ponnappan [21] reported on the spray-cooling
performance for an eight-nozzle array spraying on a surface with

a

a

a

a

(Present Research)

a) b)

c) d)
Fig. 1 Orientation schematics: a) upward-facing horizontal, as in the

present research; b) vertical; c) downward-facing horizontal; and

d) inclined spray.
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an area of 2:0 cm2, using FC-87, FC-72, methanol, and water as the
working fluids, at low levels of subcooling (FC-87: �Tsc < 0:6
C,
FC-72: �Tsc < 3:5
C, methanol: 2:7<�Tsc < 13:7
C, and water:
3:0<�Tsc < 14:1
C). It was found that �Tsat increased with
increasing heat flux. Both the heat flux that could be removed at a
given �Tsat and q

00
CHF increased as volumetric fluxes increased. For

thefluorocarbonfluids FC-72 andFC-87,q00CHFwas up to 90 W=cm2.
Methanol produced q00CHF of 490 W=cm2, and for water, q00CHF
exceeded the maximum achievable heat flux for this system, which
was 500 W=cm2. The heat transfer coefficient followed a similar
trend; water yielded the highest, followed by methanol, and then the
fluorocarbon fluids.

Lin et al. [22] reported on the effects of surface orientation on the
performance of spray cooling a large area (19:3 cm2) using a 48-
nozzle array. It was reported that both the cooling performance and
q00CHF were slightly enhanced for the case of a downward-facing
horizontal surface, when compared to a vertical surface. The
performance of this setup was also compared to that obtained using
the small (2:0 cm2) area heater from Lin and Ponnappan [21]. The
cooling performance of the small-area heater (in an upward-facing
horizontal orientation) was more than 30% better than for the
vertically oriented large-area heater.

Lin and Ponnappan [23] also reported on the behavior of large-
area spray cooling at different surface orientations. During this effort,
an ejector was used to improve the stability of the flow rate by
employing the motive flow produced by a gear pump to produce
suction at the exit of the condenser, which assisted in ensuring that
no vapor was allowed to enter the inlet of the gear pump. The
downward-facing horizontal heater had a 5% higher q00CHF than the
vertically oriented heater, and the vertically oriented heater had a 6%
higher q00CHF than the upward-facing horizontal heater.

Rybicki and Mudawar [24] reported on the effects of various
parameters including orientation on spray-cooling performance.
Several correlations were developed in previous works [12,25,26]
using upward-facing horizontal surfaces. In this effort, a downward-
facing horizontal surface was used with PF-5052 as the working
fluid. These new data were found to be described by the same
correlations for multiple regions of the boiling curve. Since the same
correlations could be applied to all of the data, it was concluded that
the nozzle/surface orientation had little effect on performance, as
long as large amounts of liquid were not allowed to build up on the
surface in an upward-facing horizontal surface orientation.

Kato et al. [27] examined the effects of both heater orientation
(under terrestrial conditions) and acceleration (provided by an
aircraft following a parabolic trajectory) on the cooling performance
of sprays. Two working fluids were used with the same pressure-
atomized nozzle. For water, the spray was found to be uniform, and
for CFC-113, the spray was found to be nonuniform. For these
experiments, a copper block with a nickel-plated surface was heated
to a high temperature and then cooled down over a period of time
consisting of 10 parabolas for the flight tests. The flow rate was
generated with a pressurized piston/cylinder as opposed to a
recirculating closed loop. During the terrestrial heater orientation
tests with water, q00CHF was found to be slightly higher for a vertical
surface than for an upward-facing horizontal surface. Also, in the
transition boiling region (above q00CHF), for a given heat flux, the wall
superheat �Tsat was higher for the vertical surface than for the
upward-facing horizontal surface. During parabolic flight testing
with CFC-113, q00CHF was found to decrease in reduced gravity, and
for a given heatflux,�Tsat was lower in reduced gravity, especially in
the transition region above q00CHF. With water, q00CHF was higher in
reduced gravity than in terrestrial or elevated gravity, but for a given
heat flux, �Tsat was again found to be lower in reduced gravity,
though this gravity dependence was more pronounced in the region
below q00CHF for water. Gravity dependence was not reported for a
higher spray volume flux of water.

Sone et al. [28] reported on a continuation of the work by Kato
et al. [27], again using a pressurized piston/cylinder to generate the
flow rate. Water and FC-72 were examined, using several different
nozzles. Using a transparent indium tin oxide (ITO) heater, the effect
of orientation under terrestrial gravity conditions was again studied.

For water, heaters oriented both vertically and downward-facing
horizontally showed decreased heat transfer when compared to an
upward-facing horizontally oriented heater, while FC-72 sprays did
not show an appreciable dependence on heater orientation. Also
using this ITO heater, the heat transfer performance of a water spray
was shown to be degraded slightly with a reduction in gravity in the
region below q00CHF. With this transparent heater, differences were
noted between water and FC-72 in the behavior of the impacting
droplets, the liquid film, and the heater surface. The water liquid
film was reported to be stagnant, and the thickness seemed to be
dependent on gravity or heater orientation. The FC-72 filmwasmore
prone to being swept away by impacting droplets, possibly due to
significant differences in thermophysical properties such as viscosity
and surface tension between water and FC-72.

The results for tests with a copper block heater with a Cr-plated
surfacewere also presented by Sone et al. [28]. The heaterwas heated
to a high temperature and then cooled during the parabolas. Forwater
at low spray volume fluxes, in the region below q00CHF and in the film
boiling region above the minimum heat flux point, q00MHF, the heat
transfer decreased with a decrease in gravity. For the smallest tested
spray volume flux conditions with water in the high �Tsat region,
heat transfer was degraded in reduced gravity. For water with high
spray volume fluxes, reducing gravity tended to result in a reduced
q00CHF. For FC-72, a spatial variation in gravity dependence was
reported. Near the center of the heater, decreasing gravity led to
increased q00CHF and enhanced heat transfer in the region below q

00
CHF,

while thermocouples near the edge of the heater showed an opposite
effect.

Further experiments were carried out by Yoshida et al. [29],
in which a copper block heater with a Cr-plated surface and a
transparent ITO heater were employed, along with three different
nozzles, with water and FC-72. The spray volume fluxes used were
small enough that the heater surface was not completely covered by
liquid, but remained in a dropwise evaporation regime and were
again generated using a pressurized piston/cylinder. The copper
block heater was used to perform transient cooling tests by heating it
up to a high temperature at the beginning of a flight and then cooling
it down over a period of 10 parabolas. The ITO heater was used to
provide steady-state heat transfer results by supplying a set heater
power and spraying the surface. Gravity was not observed to have a
strong effect on the spray-cooling performance in the nucleate
boiling regime for either fluid. For water in terrestrial conditions, a
downward-facing horizontal heater produced a higher heat flux than
an upward-facing horizontal heater. For low spray volume fluxes,
q00CHF was not affected by gravity or heater orientation, but q

00
CHF and

heat transfer in the transition boiling region (between q00CHF and the
film boiling region)was affected by gravity and heater orientation for
higher spray volume fluxes. The strongest effect of gravity and
orientation was observed in the q00MHF region and the film boiling
region for low Weber numbers. With a downward-facing heater in
both terrestrial and reduced gravity, the heat flux was reduced for
these low-Weber-number tests.

Golliher et al. [6] used a drop tower located at NASA John H.
Glenn Research Center at Lewis Field, capable of producing 2.2 s of
microgravity, to study the behavior of a spray striking a flat surface.
The experiment was performedwith an air-atomized nozzle spraying
water onto an aluminum surface, with and without heat input to the
surface and without the use of a recirculating closed loop. Upon
striking the surface, the spray was observed to form multiple
separated segments of coalesced liquid, arranged in a repeatable
pattern. This has significant implications in the management and
removal of any working fluid that is not evaporated during the
cooling process. This paper concentrated on the physical behavior of
the spray and did not include information on the cooling performance
of the spray system.

Roisman et al. [30] reported on the behavior and splashing of
droplets striking a convex surface in microgravity. Three different
splash scenarios were identified, and a stability analysis and a
nondimensional analysis were performed to attempt to predict the
behavior of these phenomena. Gambaryan-Roisman et al. [31]
reported on the behavior of thefilm produced by the impact of awater
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spray on a heated convex surface, and the cooling performance of this
spray-cooling scheme, in normal and reduced-gravity conditions.
The flow rates were generated using a pressurizedmembrane tank, as
opposed to a recirculating closed loop. It was found that the film
thickness and the shape of the liquid/gas interface were affected by
the parameters of the spray. The volumetric flow rate of thewater had
an impact on the film thickness and the spray-cooling performance.
The gravity level was found to have an effect on the spray-cooling
performance, especially for higher water flow rates, and a decrease in
spray-cooling performance was noted in microgravity.

Rowden et al. [32] described the development of a closed-loop
spray system that was designed to mimic an electronics package
and to act as a precursor to future flight test benches for possible
testing in microgravity environments. Also presented were the
results of modeling efforts examining single bubble growth in
a thin liquidfilm and the behavior of a single droplet of liquid striking
a thin film of liquid near a bubble. The model accounted for the
effects of gravity, and the variation in the averageNu� q00��=a��l �
�v��1=2=��Tsatkl� over time was found to be very similar between
models using terrestrial gravity and microgravity. From these
models, Rowden et al. [32] predicted that experimental data taken in
terrestrial gravity may be applicable to microgravity environments.
However, Selvam et al. [33] noted that computer modeling of spray
cooling is a very complex task and gave an overview of some of the
modeling efforts that have taken place, along with results of the
modeling of a vapor bubble growing on a surface. There have
been several other modeling efforts described in literature that
concentrated mainly on the behavior of individual droplets or vapor
bubbles [34–38]. Cole et al. [39] also presented results of spray-
cooling modeling and included both a microscale model to predict
behavior of an individual droplet and a macroscale model to predict
behavior of a large number of droplets in a spray.

Some of the first research using a closed-loop recirculating test
setup in a variable-gravity environment was accomplished by
Baysinger et al. [18], who presented the design and preliminary
testing of a variable-gravity spray-cooling experiment. The primary
purpose of this study was to investigate heat transfer and fluid
management issues for a continuous-flow, closed-loop spray-cooling
system subjected to a variable-gravity environment. Tests were
conducted using ITO heaters onboard the NASA KC-135 Reduced-
Gravity Research Aircraft, which provided the variable-gravity
environment by following a parabolic flight trajectory. This
preliminary testing provided much information on the fluid
management aspects of variable-gravity testing [40].

Building on the work by Baysinger et al. [18], Yerkes et al. [19]
performed experiments using the same apparatus on the NASA KC-
135 with ITO heaters, but with higher heat loads than the previous
experiments. For these tests, the parameters ranges reported were
Heat flux, 10:1 	 q00sp 	 39:4 W=cm2; volumetric flow rate,
5:26 	 V 	 10:5 ml=s; and acceleration, 0:01 	 a 	 1:8 g. During
this testing, the temperature difference between the surface and the
fluid was found to decrease with decreasing acceleration. However,
this testing was primarily in the single-phase region. It was deter-
mined that the ITO heaters were prone to failure at high heat loads,
even with adequate cooling, due to high current densities in the thin
resistive film.

Elston [41] and Elston et al. [42–44], reported the behavior of
a 16-nozzle spray array in variable-gravity conditions. The test rig
described in Baysinger et al. [18] and Yerkes et al. [19] was
modified to test a custom-fabricated 16-nozzle spray array, cooling
a thick-film resistor (TFR) heater with an area of 25:4 � 25:4 mm2,
for the following parametric ranges: Mass flow rate, 0:0131 	
m 	 0:0213 kg=s; subcooling, 1:6 	 �Tsc 	 18:4
C; heat flux,
2:9 	 q00sp 	 25 W=cm2; dissolved air content, 10:1 	 C 	 16:8%;
and acceleration, 0:02 	 a 	 2:02 g. It was found that micro-
gravity conditions provided enhanced spray-cooling performance,
indicated by a lower �Tsat for a given heat input, except at high
mass flow rates, where the microgravity performance was closer to
that of the terrestrial- or elevated-gravity conditions. Higher levels
of subcooling tended to provide enhanced performance, and the air

content did not significantly affect performance for the range of
parameters tested. The qualitative performance of an improved
liquid–vapor separator was also discussed.

Shedd [45] described a linear spray array designed to impact a
heated surface at an angle to avoid fluid management issues and loss
of heat transfer performance due to interactions between multiple
spray cones associated with cooling using arrays of spray nozzles.
Conrad et al. [46] reported on the use of this type of array in variable-
gravity testing. This research concluded that coolantflow rate had the
largest effect on spray-cooling performance. It was found that
reduced-gravity provided slightly increased heat transfer coefficients
when compared to elevated-gravity conditions. The linear spray
array used for this testing suffered a rupture in one of the seals, which
redirected some of the flow away from the heater surface, so the flow
rate offluid on the heater surfacemay have been somewhat lower that
what was reported.

Hunnel et al. [47] reported on initial experiments using a test rig to
examine the effect of body forces generated using electrical fields on
spray cooling.A single nozzle spraying on heated surfaces consisting
of both an ITO and a TFR heater mounted on glass pedestals was
used to measure the heat transfer performance of spray cooling in
several different orientations. The heater pedestal was surrounded by
an annular sump system, and several different containment cap
configurations were examined. The ITO heater was found to have
slightly higher heat transfer performance than the TFRheater, and for
the highest flow rate tested, the horizontal spray orientation had
slightly better performance than the vertically oriented spray. For
lower flow rates, there was not a significant difference reported
between the horizontal and vertical orientations. Because of this, the
authors determined that a horizontal spray may not be adequate for
predicting the behavior of sprays in a reduced-gravity environment.

Glaspell [48] continued the work by Hunnel et al. [47] by
examining the effect of an electricKelvin force on the performance of
spray cooling. The objective was to provide more control over the
fluid management and bubble behavior. Various electrodes, heaters,
and fluids were tested, and the temperature difference between the
surface and the fluid was reduced by a maximum of 1.91
C by
applying an electrode voltage of 23 kV. This corresponded to an
increase in the heat transfer coefficient of 5.2%. Kreitzer [49] and
Kreitzer et al. [50] also looked at electrical fields to try to enhance
spray-cooling performance. Instead of examining the electric Kelvin
force, this research concentrated on the effect of the Coulomb force
through inductively imparting an electrical charge on the droplets
before impingement. A heat transfer improvement of up to 17%
was reported, alongwith results for several heaters,fluids, electrodes,
and nozzle types. However, variations of 5 to 14% were reported in
the results obtained using different nozzles, though it was speculated
that this variation may have been due to differences in nozzle
alignment.

Coulomb force effects on spray-cooling performance were
reported by Kuhlman et al. [51]. From flow visualization studies, it
was determined that the characteristic time scales governing the
effects of various parameters were not as short as the average time
between droplet impacts. Further work to enhance spray heat transfer
performance, potentially for variable-gravity environments, was
discussed by Kreitzer et al. [52]. In this effort, a voltage was applied
to the spray nozzle itself to charge the droplets. It was reported that
the spray pattern changed, but the heat transfer performance
remained the same. Kreitzer and Kuhlman [53] also reported on the
behavior of sprays when a voltage was applied to the nozzle and
presented the results of visualization.

As can be seen in the previous discussion, there is a wide range of
results presented in the archival literature for various parameters that
affect spray-cooling performance. Oftentimes, therewere conflicting
results presented, sometimes by the same researchers in the same
publication. Tables 1–4 give a summary of the major findings of
some of the studies that have examined the effects of orientation and
variable-gravity environments on spray-cooling behavior. There
remains much about the physical phenomena involved in spray
cooling that is not well understood.
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Table 1 Summary of acceleration results from [20,27,28]

a, g Orientation Nozzle
configuration

Heater
size

Heater
type

Working
fluid

Flow rate/
volume
flux

Tsat,

C �Tsc, K q00,

W=cm2
Ts � Tsat, K q00CHF,

W=cm2
Orientation/
acceleration
trends

Comments

Kato et al. [27] (1995)
1.0 Figs.

1a and 1b

a 19 mm diam b Water 2:0 � 10�3

to 8:5 � 10�3

m3=m2-s

100 80–83 30–400 0–220 170–400 q00CHF " for Fig. 1b
than for Fig. 1a;

�Tsat " for Fig. 1b
than for Fig. 1a

More effect on
�Tsat in transition
boiling region

0.01, 1.0 Fig. 1a c 19 mm diam b CFC-113 2:93 � 10�3

m3=m2-s
48 35–37 20–80 0–80 70–80 q00CHF # for a #,

�Tsat# for a #
More effect on
�Tsat in transition
boiling region

0.01, 1.0,
1.5

Fig. 1a a 19 mm diam b Water 2:51 � 10�3

m3=m2-s
100 88–92 40–230 0–200 180–230 q00CHF " for a #,

�Tsat# for a #
More effect on
�Tsat in region
below q00CHF

0.01, 1.0,
1.5, 2.0

Fig. 1a a 19 mm diam b Water 5:35 � 10�3

m3=m2-s
100 84–87 60–300 0–220 280–300 Little change in

q00CHF or �Tsat with
change in a

——

Um et al. [20] (1996)
1.0 Figs.

1a and 1b
Single,

air-atomized,
unconfined,
uniform
liquid flux

8 � 8 mm2 d Water 0.02 to 0:04 l=min N/A N/A 0–525 20 	 Ts
	 160
C

200–525 No effect on q00CHF
due to orientation

——

1.0 Figs.
1a–1c

Single,
air-atomized,
unconfined,
nonuniform
liquid flux

8 � 8 mm2 d Water 0.01 to 0.03 l=min N/A N/A 0–1300 20 	 Ts
	 200
C

300–1300 q00CHF same for Fig.
1a and 1c; q00CHF
" for Fig. 1b

Higher liquid
mass flux at
center of
spray cone

Sone et al. [28] (1996)
1.0 Figs.

1a–1c

a 18 � 18 mm2 e Water 1:51 � 10�4

m3=m2-s
100 76 10–44 0–52 No �Tsat # for Fig. 1a

than Fig. 1b or Fig. 1c
——

1.0 N/A N/A 18 � 18 mm2 e FC-72 N/A 56 N/A N/A N/A No No effect of heater
orientation reported

——

0.01, 2.0 Fig. 1a f 50 mm diam g Water 1:57 � 10�3

m3=m2-s
100 58–75 30–135 0–300 125–135 q00CHF # for a #, �Tsat

# for a # in transition
and film boiling

Some
discrepancy
between

plots and text
0.01, 2.0 Fig. 1a a 50 mm diam g Water 1:51 � 10�4

m3=m2-s
100 62–80 3–31 0–300 31 No effect on q00CHF;

q00 # for a # in high
�Tsat film boiling region

——

0.01, 2.0 Fig. 1a a 18 � 18 mm2 e Water 1:51 � 10�4

m3=m2-s
100 18 14–34 4–48 No �Tsat " for a # ——

0.01, 2.0 Fig. 1a f 50 mm diam g FC-72 1:34 � 10�3

m3=m2-s
56 29 6–46 12–78 40–46 q00CHF " for a #,

�Tsat " for a #
in transition boiling, q00

" for a # in film boiling

Some
discrepancy
between

plots and text;
opposite trend
near heater edge

aSingle, unconfined, pressure-atomized, uniform. bNi-plated, Cu-block, cartridge heaters. cSingle, unconfined, pressure-atomized, hollow cone. dCu-block, lamps. ePyrex block, ITO heater. fSingle, unconfined, pressure-atomized, high mass flux at
center. gCr-plated, Cu-block, cartridge heaters.
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Table 2 Summary of acceleration results from [21,22,29]

a, g Orientation Nozzle
configuration

Heater
size

Heater
type

Working
fluid

Flow rate/
volume
flux

Tsat,

C �Tsc, K q00,

W=cm2
Ts � Tsat, K q00CHF,

W=cm2
Orientation/
acceleration
trends

Comments

Yoshida et al. [29] (2001)
1.0 Figs.

1a and 1c

a 18 � 18 mm2 b Water 1:35 � 10�4

to 4:3 � 10�4

m3=m2-s

100 68–79 5–55 0–80 No �Tsat# for Fig. 1c
than for Fig. 1a

c

1.0 Figs.
1a and 1c

a 50 mm diam d Water 1:97 � 10�4

m3=m2-s
100 74.9 1–47.5 0–290 47.5 No orientation effect on

q00CHF or transition boiling;
q00 # for Fig. 1c than for
Fig. 1a in film boiling

c

1.0 Figs.
1a and 1c

a 18 � 18 mm2 b FC-72 N/A 56 29–37 N/A N/A No �Tsat # for Fig. 1c than
for Fig. 1a

c

1.0 Figs.
1a and 1c

a 50 mm diam d FC-72 2:17 � 10�3

m3=m2-s
56 30.3 0–11.5 0–95 10–11.5 q00CHF and q

00
MHF # for

Fig. 1c than for Fig. 1a,
q00 # for Fig. 1c than for
Fig. 1a in transition
and film boiling

c

0.01, 1.0,2.0 Fig. 1a a 18 � 18 mm2 b Water 1:4 � 10�4

to 3:7 � 10�3

m3=m2-s

100 68–79 N/A N/A No No effect of change
in accel reported

c

0.01, 1.0,2.0 Fig. 1a a 50 mm diam d Water 1:42 � 10�4

m3=m2-s
100 79.1 0.5–24 20–260 24 q00 and q00MHF # for a

# film boiling;
no accel effect elsewhere

in boiling curve

c

0.01,1.0, 2.0 Fig. 1a a 50 mm diam d Water 3:7 � 10�3

m3=m2-s
100 79.1 30–260 10–210 250–260 q00CHF " for a #; �Tsat

" for a # in transition
boiling; no accel effect

in film boiling

c

0.01, 2.0 Fig. 1a a 18 � 18 mm2 b FC-72 2:25 � 10�4

m3=m2-s
56 31.5 4.3–6.6 8–38 No No effect of change

in accel reported

c

0.01, 2.0 Fig. 1a a 50 mm diam d FC-72 2:2 � 10�4

m3=m2-s
56 31–36.9 1–19.5 20–80 16–19.5 q00 # for a # in film boiling

for low Weber number;
no effect of accel
reported elsewhere

c

Lin and Ponnappan [21] (2003)
1.0 Fig. 1a e 1:0 � 2:0 cm2 f FC-87 0.0128

–0.0204
m3=m2 � s

42–42.5 <0.6 5–90 7–50 68–90 —— ——

1.0 Fig. 1a e 1:0 � 2:0 cm2 f FC-72 0.0122
–0.0222
m3=m2 � s

28.5–62.5 <3.5 5–90 5–40 48–90 —— FC-72 with
dissolved
air had

higher q00CHF
1.0 Fig. 1a e 1:0 � 2:0 cm2 f Water 0.0188

–0.0249 m3=m2 � s
67–72 3.0–14.1 5–500 2.5–58 No —— ——

1.0 Fig. 1a e 1:0 � 2:0 cm2 f Methanol 0.0246
–0.0363 m3=m2 � s

38.9–69 2.7–13.7 25–490 5–60 250–490 —— ——

Lin et al. [22] (2004)
1.0 Figs.

1b and 1c

g 2:54 � 7:6 cm2 f FC-72 0:505 � 10�3

–0:880 � 10�3

kg=s per nozzle

27–55 <6 10–60 8–38 30–60 h " for Fig. 1c than
for Fig. 1b; q00CHF
" for Fig. 1c than

for Fig. 1b

——

aSingle, unconfined, pressure-atomized, uniform across center. bPyrex block, ITO heater. cLow volume flux, no liquid flooding, just dropwise evaporation. dCr-plated, Cu-block, cartridge heaters. e2 � 4 array, pressure-atomized, confined. fCu-block,
cartridge heaters. g4 � 12 array, pressure-atomized, confined.
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Table 3 Summary of acceleration results from [6,18,23,24,47]

a, g Orientation Nozzle
configuration

Heater
size

Heater
type

Working
fluid

Flow rate/
volume
flux

Tsat,

C �Tsc, K q00,

W=cm2
Ts � Tsat, K q00CHF,

W=cm2
Orientation/
acceleration
trends

Comments

Baysinger et al. [18] (2004)
0.01, 1.0,
1.8

Figs.
1a and 1c

Single,
partially
confined,
pressure-
atomized

17 mm diam Polycarbonate
pedestal,
ITO heater

FC-72 5:3 ml=s N/A N/A 0–20 W N/A No No effect of
change
in accel
reported

Recirculating
closed-loop
system in
variable-

acceleration
environment

Lin and Ponnappan [23] (2005)
1.0 Figs.

1a–1c

a 2:54 � 7:6 cm2 b FC-72 N/A 27–55 <6 N/A N/A 32–60 q00CHF " for Fig. 1c
than for Fig.
1b; q00CHF # for
Fig. 1a than for

Fig. 1b

——

1.0 Fig. 1b a 2:54 � 7:6 cm2 Cu-block,
plasma
heater

Water 6:48 � 10�4

–9:0 � 10�4 kg=s
per nozzle

63.5–90 2–37 100–
500

12–43 350–
500

h " for b large
heater, q00CHF
# for Fig. 1b
large heater
than for a

Fig. 1a small
heater

——

Golliher et al. [6] (2005)
�-g 1.0 Fig. 1a Single,

unconfined,
air-atomized

3 in diam Machined Al Water 2.7–7:6 ml=s N/A N/A N/A N/A N/A Spray formed
multiple
separated

segments of
coalesced
liquid on
surface in

microgravity

2.2 s drop
tower,
results

not presented
for heat
transfer

performance

Rybicki and Mudawar [24] (2006)
1.0 Fig. 1c Single,

pressure-
atomized,
unconfined
(various
nozzles)

1:0 � 1:0 cm2 b PF-5052 3.08–20:93 ml=s 50 12–27 10–237 4 	 Ts � Tnoz
	 50 K

128–
237

No effect of
Fig. 1c or
Fig. 1a on

single-phase,
nucleate boiling,

or q00CHF
correlations

a from
previous data
with water,
FC-72,
FC-87

Hunnel et al. [47] (2006)
1.0 Figs.

1a and 1b
Single,
partially
confined,
pressure-
atomized

16 mm diam Glass
pedestal,
TFR and

ITO
heaters

FC-72 4.8–9:8 ml=s 46.5–
51.2

22.2–
27.2

5–35 N/A No Little effect of
orientation is
reported

Reported that
different

orientations
cannot
simulate

microgravity
1.0 Figs.

1a and 1b
Single,

unconfined,
pressure-
atomized

16 mm diam Glass
pedestal,

TFR and ITO
heaters

FC-72 4.8–9:8 ml=s 46.5–
51.2

22.2–
27.2

5–35 N/A No Ts slightly # for
Fig. 1b than for

Fig. 1a at
9:8 mL=s

——

a4 � 12 array, pressure-atomized, confined. bCu-block, cartridge heaters.

M
IC
H
A
L
A
K
E
T
A
L
.

4
6
9



Table 4 Summary of acceleration results from [19,31,44,46] and current research

a, g Orientation Nozzle
configuration

Heater
size

Heater
type

Working
fluid

Flow rate/
volume
flux

Tsat,

C

�Tsc, K q00,
W=cm2

Ts � Tsat,
K

q00CHF,
W=cm2

Orientation/
acceleration
trends

Comments

Yerkes et al. [19] (2006)
0.01, 0.16,

0.36, 1.0,
1.8

Fig. 1a Single,
partially
confined,
pressure-
atomized

16 mm
diam

Glass
pedestal,

ITO heater

FC-72 5.26–10:5 ml=s 56 32.6 10.1–39.4 N/A No Nu " for a #
(�s � �1;top
# as a #)

Recirculating
closed-loop
system in
variable-

acceleration
environment

Gambaryan-Roisman et al. [31] (2007)
0.05, 1.0,

1.8
Fig. 1a Single,

unconfined,
pressure-
atomized

20 mm
diam

Convex
surface,
cartridge
heaters

Water 0.25–0:5 l=min N/A N/A 37.5–
150 W

N/A N/A Temp. 5.1 mm
below surface
" as a # for
flow above
0:4 l=min

——

Elston [44] (2009)
0.01–2.02 Fig. 1a 4 � 4 nozzle

array,
confined,
pressure-
atomized

25:4�
25:4 mm2

Phenolic
base,
TFR
heater

FC-72 13.1–21:3 g=s 37.4–
47.2

1.6–18.4 2.9–25 �10–35 22–25 �Tsat # for a #;
q00CHF " for a #;
�Tsat changed

less
for high m,
low �Tsc;

trans. a trip q00CHF
prematurely

Recirculating
closed-loop

system in variable-
acceleration
environment

Conrad et al. [46] (2009)
0.01–1.8 Fig. 1d Linear

nozzle
array,

confined,
pressure-
atomized

25:4�
20:6 mm2

Ohmite
resistor

FC-72 0.775–3:86 l=min 56 N/A 24.9–26.6 N/A No h slightly
" for a #

Reported lack
of constant

accel data; damage
to array seal caused
uncertainty and
nonuniformity

of flow
Current research (2009)

0.15–1.80 Fig. 1a Single,
partially
confined,
pressure-
atomized

1:18�
1:18 cm2

Glass
pedestal,
TFR
heater

FC-72 6.18–8:94 ml=s 52.2–
59.9

23.1–
31.7

21.1–69.0 �15:4–
20.3

No �Tsat # for a #;
�Tsat# for �Tsc

";
�Tsat# for V "

Recirculating
closed-loop

system in variable-
acceleration
environment
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The objective of the present investigationwas to continue thework
presented byBaysinger et al. [18] andYerkes et al. [19] to investigate
the effects of variable gravity on the behavior of a partially confined,
single-nozzle FC-72 spray, providing cooling for an upward-facing,
horizontally oriented, heated surface. These previous reports
described some of the first efforts using spray cooling as part of a
recirculating closed-loop thermal management system in a variable-
gravity environment. The main difference between these previous
reports and the current research is the change from ITO to TFR
heaters, which were able to provide higher heat fluxes for the spray-
cooling research. FC-72was chosen as theworking fluid because it is
nontoxic, nonflammable, and noncorrosive, and as a dielectric, it
could be sprayed directly on the electrical component to be cooled (in
this case, a TFR heater). FC-72 boils at approximately 56
C at
atmospheric pressure [54], which allowed the fluid lines to be
maintained at reasonable temperatures to avoid burn hazards. Further
details on the properties of FC-72 are given by Geisler [55] and
Michalak [56]. The experiment was again carried out using the
NASA KC-135 to impose a variable-gravity environment. The
behavior of the wall superheat, �Tsat, was examined by varying
the following parameters: Heat flux to the spray, 21:1 	 q00sp 	
69:0 W=cm2; acceleration field, 0:15 	 a 	 1:80 g; coolant
volumetric flow rate, 6:18 	 V 	 8:94 ml=s; and coolant subcool-
ing, 23:1 	 �Tsc 	 31:7 K. The heat fluxes tested in this effort were
below q00CHF, and the working fluid was estimated to have contained
approximately 20–30% dissolved air as in [19], though the air
content was not directly measured.

Experimental Design

The apparatus used in the current research was very similar to that
described by Baysinger et al. [18], Baysinger [40], and Yerkes et al.
[19]. The main differences were the addition of the TFR heater,
which replaced the ITOheater, the addition of a drain loop to assist in
clearing fluid from the chamber, and slight modifications to the
working-fluid reservoir to improve flow rate stability during
variable-gravity operation.

The experimental setup was designed to be essentially self-
contained, so that it could be operated aboard the NASA Johnson
Space Center Reduced-Gravity Research Aircraft. A structural and
safety analysis was performed to ensure that the setup met the
requirements imposed on experiments performed on this aircraft,
and a test equipment data package was developed, following the
guidance set out in various NASA documents [57–59]. The rig was
constructed from T-slotted aluminum extrusions mounted onto an
aluminum base plate which provided the primary interface between
the test rig and the aircraft. Mounting holes around the perimeter of
the base plate were used to securely bolt the test rig to the mounting
points that were provided on the floor of the aircraft.

The experiment consisted of the fluid management and data
acquisition systems, a test chamber which housed two opposing
spray nozzles, and the heater pedestal assemblies. A photograph of
this entire test rig can be found inMichalak [56]. A high-speed video
setup was positioned to provide limited visualization of the spray
system in operation.

The spray chamber (Fig. 2) was fabricated from standard vacuum
components. The test spacewithin the chamber was cylindrical, with
a diameter of 14.6 cm and a length of 15.2 cm. The interior walls of
the chamber were lined with several layers of mesh screen and steel
wool to control the location of the fluid during variable-gravity
operation. The outside of the cylindrical wall of the chamber was
lined with copper tubing through which water could be pumped to
control the temperature, and thus the pressure, inside the chamber.
This chamber pressurePch wasmeasured using a pressure transducer
(Omega PX303-100A5V) and was used to calculate the saturation
temperature within the test chamber. A triaxial linear servo
accelerometer (Columbia Research Laboratories model SA-
307HPTX) was mounted on the test chamber to provide acceleration
data.

The test rig contained three flow loops: An FC-72 (nozzle) loop, a
chamber drain loop, and a water loop (Fig. 3). The nozzle loop was

Fig. 2 Photographs illustrating a) test chamber and b) test chamber

during operation.
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Fig. 3 Flow loop schematic.
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used to deliver the working fluid, FC-72, through the spray nozzles
and onto the heater surface. The bulk of the FC-72 inventory was
stored in the reservoir, which was a custom-made stainless steel
vessel with an internal stainless steel vane structure. A pad of copper
wool was placed under this vane structure, and the suction line for
drawing the working fluid out of the reservoir was placed in this
copper wool, near the inside bottom corner of the reservoir. This
arrangement was developed as an attempt to hold liquid near the
suction line during variable-gravity operation using capillary forces.
Aswill be discussed later, this reservoirmetwith limited success, and
fluid management during some of the variable-gravity operation,
especially the micogravity periods, was unsuccessful. Elston [41]
and Elston et al. [43] provided further information on the evolution of
the reservoir systems used on this test rig. The fluid was drawn out of
the reservoir through an electrically controlled shutoff valve using a
magnetically coupled gear pump and passed through a 40 �m filter
to prevent clogging of the nozzles.

After the filter, the fluid passed through a flow meter (Sponsler
MF90CBPHA4X-VLo-Flo Seriesflowmeterwith an SP711-3 three-
wire analog transmitter), followed by a pressure transducer (Omega
PX303-200A5V) and a pressure switch, which was set to shut down
the power to theflow loops and heaters in the event of an overpressure
situation. The fluid then passed to a series of electrically controlled
three-way valves. The first valve could be set to either send the fluid
to the nozzles in the chamber or, if necessary, bypass the chamber.
The next valvewas used to select whether the fluid would be sprayed
through the top or bottom nozzle. For this set of research, only the
nozzle spraying on the upward-facing horizontal heater surface
was used. After the three-way valves, the fluid passed through a
preheater, which consisted of a length of copper tubingwrappedwith
a heater tape and insulation, controlled by a proportional–integral–
derivative temperature controller (Fuji Electric PXV3-TBY2-5V).
This was used to control the temperature of the fluid entering the
nozzle. After the preheaters, the fluidwas sprayed through the nozzle
and onto the heater surface inside the chamber. The nozzle used in
this testing (FullJet 1 from Spraying Systems Company) was the
same as that described by Baysinger et al. [18] and Yerkes et al. [19].
This nozzle had a nominal orifice diameter of 0.79 mm and was
positioned approximately 1 cm from the heated surface, aligned
axially with the heater post. For this nozzle, as configured in the
experiment, a pressure drop of approximately 352 kPa corresponded
to a volumetric flow rate of approximately 9:0 ml=s, and a pressure
drop of approximately 207 kPa corresponded to a volumetric flow
rate of 6:7 ml=s. The fluid was collected in the sump structure and
removed from the chamber.

Once it left the chamber, the fluid passed through a shutoff valve
and into a series of three liquid/air heat exchangers. These heat
exchangers condensed and subcooled the working fluid so that there
was less chance of vapor being passed through the pumps or into the
reservoir. The working fluid then passed through a pressure
transducer (Omega PX303-100A5V), a magnetically coupled gear
pump, another pressure transducer (Omega PX303-200A5V), and
another 40 �m filter before being returned to the reservoir. The two
pumps were arranged in this configuration to provide a push/pull
effect on the chamber to attempt to provide better control of the fluid
spray and inventory. Type-E thermocouples (0.16 cm diameter) were
placed at strategic locations around the flow loop and in the test
chamber tomonitor temperatures. Throughout this experiment, type-
E thermocouples were used, due to their higher sensitivity in the
temperature range of interest.

A second loop was used for draining the chamber, if the sumps
were unable to remove sufficient fluid during the variable-gravity
operation. A fitting was installed near the bottom of the front
faceplate of the chamber. If the chamber began to fill with excess
workingfluid, the drain loopwould remove thefluid directly from the
chamber to attempt to keep the chamber fluid level below the heater
surface and to maintain adequate flow of liquid back to the reservoir.

The water loop was used to control the temperature and pressure
inside the chamber. The temperature of the water that was circulated
through the coil around the chamber was not actively controlled. The
water stayed near the ambient temperature and cooled thewalls of the

chamber, so that vapor that contacted thewalls would condense back
to liquid for removal from the chamber.

The heater used was similar to the heater/pedestal assembly
described by Yerkes et al. [19] with a TFR heater instead of an ITO
heater. Representative photographs of a pedestal and TFR heater
are given in Fig. 4. The light-colored regions on the sides of the
darker-colored heater in Fig. 4b are the regions of the conductive
epoxy that was used to connect the copper leads to the heater to
provide power to the heater. The heater had an area of A�
�1:18� 0:0127� � �1:18� 0:0127� cm2. The cylindrical pedestals
consisted of several layers. The first three layers comprised the TFR
heater and were investigated by Glaspell [48]. Table 5 summarizes
the sizes and thermal conductivities of the thin heater layers, which
included a glass cover plate, a resistive layer, and a ceramic substrate.
Michalak [56] presents a schematic to clarify the heater geometry.
This schematic includes the heat rates and a qualitative repre-
sentation of the temperature profile expected through the heater.

The heater layers, with the thin ceramic substrate at the bottom,
rested on two thin, stacked wafers of glass which were each 0.001 m
thick. These glass layers sat on top of a glass pedestal, which had a
thermal conductivity of approximately 1:04 W=m-K. This glass
pedestal supported and insulated the heater, in an attempt to
minimize heat loss through the heater support. A small type-E
thermocouple (0.0254 cm diameter) was embedded between the
heater substrate and the first glass layer to measure the interface
temperature, Tint. The surface temperature could not be measured
directly without interfering with the behavior of the spray, so Ts was
calculated from Tint using a one-dimensional conduction model. As
the layers that composed the heater geometry for the TFR were very
similar to those presented by Elston et al. [41,44], Puterbaugh et al.
[16,17], Glaspell [48], and Kreitzer [49], the Ts calculation is similar

Fig. 4 Photographs detailing a) entire pedestal and b) close-up of TFR

heater.
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to that presented by those researchers. The details of this calculation
are presented in Michalak [56] and the resulting expression for Ts is

Ts � Tint �
q

A

�
Hsub

ksub
f�Hhtr

khtr

�
f � 1

2

�
�Hcov

kcov
�f � 1�

�
(1)

Six 0.0254 cm diameter thermocouples were also embedded
between the glass layers, as shownbyYerkes et al. [19]. The results of
Baysinger et al. [18], based on a comparison of a transient analytical
calculation to experimental data, estimated a heat loss down a
polycarbonate pedestal to be approximately f� 1%. Baysinger [40]
compared several different numerical solutions to estimate f and
determined the range to be 1 	 f 	 2:5%. Yerkes el al. [19]
compared numerical solutions to an analytical solution and verified
this range for f. The results of Baysinger [40] and Yerkes et al. [19]
suggest a slightly higher loss down the pedestal than the original
estimate from Baysinger et al. [18]. Since the majority of the data
presented by Yerkes et al. [19] can be seen to be contained within
f� 1:5� 0:5%, this value is used as the percentage of heat lost
down the pedestal for the present configuration, which had a very
similar geometry to that examined previously. A temperature limit/
alarm switch module (Love Controls model 1290 dual alarm) was
used to limit the heater temperature to protect the heater from
overtemperature conditions (Tint 	 100
C).

The pedestal was surrounded by an annular sump structure fitted
with a containment cap, as shown schematically in Fig. 5a [19], with
the cap shown exploded from the rest of the sump for clarity. This
structure served both as fluid containment and as a means of
removing the fluid from the chamber. The nozzle was positioned just
outside the opening in the top of the cap. A photograph of the nozzle
placement over the cap is shown in Fig. 5b. During operation, some
of the liquid bounced off the surface of the heater. The capwas able to
direct the majority of this fluid back down into the annular region
formed by the walls of the sump and the sides of the heater pedestal,
so that it would not float around in the large volume of the test
chamber during variable-gravity operation. However, it can be seen
in Fig. 5b that the fluid tended to stick to any surface that it contacted,
and there was some surface tension flow around the nozzles. This
behavior is similar to that reported by Baysinger et al. [18]. The gap
formed between the cap and the nozzle would allow any vapor that
was generated on the heater surface to escape into the test chamber,
where it could condense on the chamber walls. The slots machined
into the top of the sump allowed liquid to enter the sump from the test
chamber. These slots also allowedfluid to enter the test chamber from
the sump, if the sump annulus became too full, so that the heater
surface would not become flooded. This configuration prevented the
entire region around and above the heater from being completely
filled with liquid, as would be the case in a fully confined spray
system. However, it could allow some of the fluid to bounce back
onto the heater surface from thewalls of the sump and cap, so it is not
a fully unconfined system. Therefore, this configuration is referred to
as partially confined.

Two type-E thermocouples (0.16 cm diameter) were positioned
inside the sump annulus to monitor the temperature of the fluid that
exited the heater. One thermocouple, measuring the upper film
temperature Tuf , was placed just off the surface of the heater, and a
second, measuring the lower film temperature Tlf , was about 1.2 cm
down from the upper film temperature, near the side of the glass
pedestal. The nozzle inlet temperature Tnoz was also measured using
the same type of thermocouple.

The thermocouples in and around the pedestal in the test chamber
were all referenced through a dry-well ice point (HART Scientific
9101) to improve the stability and accuracy of the temperature
readings. Additionally, these thermocoupleswere calibrated using an
oil-bath/RTD (resistance temperature detector) calibration setup
(Hart Scientific model 5628 RTD with a model 1502A readout).
Details of this calibration are presented by Michalak [56].

The heater power was measured using two different voltage
measurements. The first was across the heater film itself,EH, as close
to the heater as possible to minimize voltage error from the heater
leads. The second voltage measurement, ER, was measured across a
precision resistor, which had a nominal resistance of Rp � 0:1� at
25
C. The heater power is given by

q� EH 

ER
Rp

(2)

The data presented here consisted of three flights of about 40
parabolas each. Each parabola provided approximately 35 s of
elevated gravity, at approximately a� 1:8 g, followed by about 25 s
of reduced gravity. The level of the acceleration for the reduced-
gravity portion of the parabolawas set by the pilots flying the aircraft,
depending on the flight trajectory followed. The data being taken

Fig. 5 Illustrations clarifying a) schematic of pedestal in sump and cap

[19] and b) close-up photograph of nozzle/cap positioning, as well as

surface tension flow during operation.

Table 5 Heater-layer dimensions and thermal conductivities [48]

Layer Thickness, mm Thermal conductivity,
W=m-K

Ceramic
substrate

Hsub � 0:634� 0:010 ksub � 27:0

Heater Hhtr � 0:008� 0:002 khtr � 1:04
Glass cover Hcov � 0:040� 0:005 kcov � 1:04
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were observed to come to steady state within approximately 5 s, so
the 25 s reduced-gravity period was sufficient to collect steady-state
values.

Data were routed through a data acquisition system (Agilent
34970A data acquisition/switch unit with Agilent 34901A mul-
tiplexer modules) to a laptop computer. An analysis was carried out
to estimate the uncertainties associated with the computed values.
First, the uncertainties in the measured values were identified and
quantified. The uncertainty values presented in Table 6 are the fixed
uncertainties associated with the accuracy and calibration of the
measuring devices. To determine the uncertainty in the measured
values, the device uncertainty was then added to the confidence
interval for each averaged measurement, as described by
Montgomery and Runger [60]. The uncertainties in the calculated
values could then be determined by propagating these measurement
uncertainties through the method outlined by Fox and McDonald
[61]. Details of these uncertainty estimate calculations are given by
Michalak [56].

The fluid loop was filled before the first flight, and some air was
allowed to bleed back into the system, so that the air content of the
FC-72 was estimated to be 20–30% by volume, as discussed by
Yerkes et al. [19]. Running the experiment with air dissolved in the
FC-72 allowed for the system pressure to be close to ambient, which
increased the saturation temperature in the chamber and allowed for
modifications or repairs to the rig without fully pumping down the
system. For this research, the dissolved air content of the working
fluidwas being controlled bymaintaining a saturation pressure range
in the system. No fluid samples were collected or analyzed to
measure air content, due to the complexity of obtaining theworking-
fluid samples for analysis while at the NASA facilities.

Results and Discussion

The objective of this experiment was to determine the behavior of
the wall superheat in a thermal management system using spray
cooling with a single nozzle in a recirculating closed loop when
subjected to a variable-gravity environment. The dependence of
�Tsat on heat flux, acceleration, subcooling, and flow rate was
examined.

To determine the behavior of this system, the flow rate and level of
subcooling were set at the beginning of each flight and were
maintained for the duration of that flight. The heater power and the
acceleration were then varied. Each heat input level was maintained
for at least one full parabola, which consisted of an elevated-gravity
period followed by a reduced-gravity period. The acceleration
(gravity) reported here is the portion of the total acceleration vector
which is normal to the upward-facing, horizontally oriented heater
surface. After at least one full parabola, the heater input power was
adjusted to the next desired level: generally, in steps of 2 to 5 W. In
some cases, the same heater power was maintained for several
parabolas. Data were collected by the data acquisition system
approximately once every 2 s. To reduce the data, the transient
portions, such as those during major acceleration transients, heater
power adjustments, or adverse flow rate excursions, were discarded.
The remaining data were divided between 10 separate cases, each of
which consisted of a constantflow rate, subcooling, and acceleration.
The only parameter that was varied in each case was the heat input.

Table 7 shows the 10 various cases that were identified for these three
flights.

Two representative samples of transient data collected during the
flight tests are shown in Fig. 6, which demonstrate how quickly
the system was able to reach steady state after a change to one of the
parameters, even during the short duration of each parabola. A
sample of data collected duringflight 1, consisting of three parabolas,
is presented in Fig. 6a. Initially, the heat fluxwas q00sp � 26:8 W=cm2

and the acceleration was a� 1:8 g. At time A, the pilot initiated a
reduced-gravity event, which rapidly reduced the acceleration to
a� 0:15 g. Following this acceleration drop, the interface
temperature decreased by 2
C to Tint � 57:7
C. At time B, the
acceleration returned to a� 1:8 g and the interface temperature
returned to Tint � 59:7
C. During this acceleration event, both the
volumetric flow rate and the heater power remained relatively
constant. At time C, another reduced-gravity event was initiated, in
which the acceleration was reduced to a� 0:01 g. Once again,

Table 6 Instrument/calibration uncertainties

Measurement Calibration uncertainty

Pch 0.25 psia
a 0.03 g
V 0:413 ml=s
EH (0:000045 � EH � 0:0006) V
ER (0:000040 � ER � 0:000007) V
Rp 0:00002�
Tint 0.054
C
Tlf 0.065
C
Tuf 0.065
C
Tnoz 0.061
C

Table 7 Parameters for 10 cases tested during flights

Case a, g Tsat,

C �Tsc, K V, ml=s

Flight 1

1 0:15� 0:03 53:8� 1:2 25:4� 1:3 8:70� 0:45
2 1:04� 0:04 53:8� 1:1 25:1� 1:1 8:64� 0:43
3 1:78� 0:03 53:6� 1:2 24:8� 1:2 8:73� 0:43

Flight 2

4 0:37� 0:04 59:5� 1:0 30:7� 1:0 8:63� 0:43
5 1:06� 0:04 59:1� 1:0 30:0� 1:0 8:70� 0:42
6 1:78� 0:03 59:3� 1:0 30:3� 1:0 8:61� 0:42

Flight 3

7 0:16� 0:04 58:9� 1:1 30:0� 1:1 6:55� 0:45
8 0:36� 0:04 59:2� 1:0 30:3� 1:0 6:58� 0:44
9 1:06� 0:04 58:4� 1:0 29:1� 1:0 6:61� 0:42
10 1:76� 0:03 58:8� 1:0 29:3� 1:0 6:43� 0:42

Fig. 6 Representative transient data traces: a) flight 1 and b) flight 2.
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though the flow rate and heater power initially remained relatively
constant, the interface temperature dropped from Tint � 59:4 to
57.2
C. However, at time D, the volumetric flow rate dropped
dramatically from V � 8:6 to 1:5 ml=s, due to the pump drawing
vapor from the reservoir as the liquid floated away from the suction
tube, despite the vane structure and copper wool. This caused a
predictable spike in the interface temperature as the flow of cooling
fluid to the heater was interrupted. Between times D and E, the flow
rate was still fluctuating and the heat flux was increased to
q00sp � 28:4 W=cm2. After time E, the flow rate became relatively
stable at V � 8:8 ml=s and the interface temperature stabilized at
approximately Tint � 61
C, which was consistent with the higher
heat input. At the onset of the next reduced-gravity event, the
temperature dropped to Tint � 59
C before climbing rapidly
following another interruption in the coolant flow rate.

A similar sample of data, collected duringflight 2 and consisting of
three parabolas and a nominal 1-g turn, is presented in Fig. 6b. At the
beginning of this period, the heat flux was q00sp � 33:7 W=cm2, the
acceleration was a� 1:8 g, and the interface temperature was
Tint � 70
C. At time F, the acceleration dropped to a� 0:35 g.
Though the flow rate did not change, the interface temperature
dropped to Tint � 65
C. At time G, the acceleration returned to
a� 1:8 g and the interface temperature climbed to Tint � 70
C.
After this elevated-gravity period, the aircraft entered a turn period,
during which the acceleration was a� 1:0 g. Over the course of this
turn, V and q00sp remained stable while the acceleration experienced
several small variations. The variation in Tint was observed to closely
follow the changes in acceleration. At point H, the aircraft entered
another elevated-gravity period, with an acceleration change to a�
1:8 g and a corresponding step in interface temperature to
Tint � 70
C. From I to J, the acceleration dropped to a� 0:36 g,
with a temperature drop to Tint � 65
C. After this reduced-gravity
period, the temperature returned to Tint � 70
C. At time K, the
aircraft entered a reduced-gravity period, with a� 0:01 g. As in
Fig. 6a, the transition to microgravity was followed by a drastic
reduction in the flow rate. After the acceleration was reduced the
interface temperature was observed to drop to Tint � 65:6
C before
increasing rapidly following the flow rate interruption.

At acceleration levels in the microgravity range (a 	 0:01 g), the
flow rate was consistently interrupted due to vapor being pulled into
the pump from the reservoir. While this prevented the collection of
steady-state data at this acceleration, it became clear from the
behavior of Tint that a disruption of coolant flow, even for a short
period of time, can have potentially catastrophic consequences for a
thermal management system employing spray cooling. Care must be
taken when considering such systems to ensure that the design is
robust enough tomaintain the required coolant flow rates throughout
the entire anticipated operating range.

The wall superheat versus acceleration for the three different
flights is portrayed in Fig. 7. Within each flight, the flow rate and
subcooling remained constant, and each individual curve represents
a different heat flux. It should be noted that these curves are plotted as
linear fits to the data to aid in labeling and visualization. The intent is
not to imply that there is actually a linear relationship between
acceleration and wall superheat. All of the curves plotted in Fig. 7
were observed to have a slightly positive slope, which indicated that
for a given heat flux, decreasing acceleration corresponded to
decreasing wall superheat. One possible explanation for the decrease
in surface temperature in reduced gravity is that when the body forces
are reduced, the impacting droplets canmore easily splash the heated
liquid film up and away from the surface, so that cooler incoming
fluid can more easily approach the surface, providing increased
cooling. This trend is similar to that reported by Elston [44], Yerkes
et al. [19], Conrad et al. [46], and some of the results from Sone et al.
[28]. Other portions of Sone et al. [28], Yoshida et al. [29], and
Gambaryan-Roisman et al. [31] noted an increase in temperature
subsequent to a decrease in acceleration.

The effect of subcooling on the wall superheat is illustrated in
Fig. 8. In each of these plots, the acceleration and flow ratewere held
constant. All of the curves had a negative slope, which indicated that

for a given heat load the wall superheat was lower when there were
higher values of coolant subcooling. A similar trend was reported by
Elston [44], Pais et al. [11], and Chow et al. [3]. The slopes in Fig. 8a
(a� 1:05 g) were slightly steeper than those in Fig. 8b (a� 1:78 g).
In each plot, the slopes remained relatively constant throughout the
range of heat fluxes plotted, which was contrary to the results
observed by Elston [44]. For that multiple-nozzle experiment, the
subcooling dependence was noted throughout the reduced-gravity
testing. In the elevated-gravity testing, the wall superheat was found
to decrease with increasing subcooling for low heat fluxes, but at
higher heatfluxes, therewas no noted effect of subcooling on thewall
superheat. This change in behavior at different heat fluxes was not
observed in the current experiment, which used a single nozzle.

Fig. 7 Effect of acceleration on wall superheat: a) flight 1

(V � 8:68� 0:42 ml=s, �Tsc � 25:0� 1:1 K, and Tsat � 53:7�
1:1�C); b) flight 2 (V � 8:65� 0:43 ml=s, �Tsc � 30:2� 1:0 K, and

Tsat � 59:3� 1:0�C); and c) flight 3 (V � 6:47� 0:44 ml=s, �Tsc�
29:4� 1:0 K, and Tsat � 58:8� 1:0�C).
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The effect of volumetric flow rate on wall superheat for three
different acceleration levels can be seen in Fig. 9. In each plot, the
subcooling and acceleration levels were kept constant. For each heat
flux, the wall superheat was lower for higher values of volumetric
flow rate, which was true for all acceleration levels. This trend was
similar to that observed byYoshida et al. [29], Hunnel et al. [47], Kim
[2], Mudawar [1], and Estes and Mudawar [12]. Elston [44] noted
this trend, but also reported that at higher flow rates in reduced
gravity, there was a drastic increase in wall superheat, which was not
noted in the present research. This altered behavior was likely due to
the differences between single-nozzle and multiple-nozzle spray
systems. There are no spray-to-spray interactions in a single-nozzle
system, so fluidmay be less likely to build up on the surface at higher
flow rates.

The heat transfer characteristics for flight 1, consisting of cases 1,
2, and 3, are given in Fig. 10a. The left-hand side of the plot (with the
q00sp axis, �Tsat � Ts � Tsat � 0, as the separating line) is referred to
as the single-phase region, and the right-hand side of the plot is the
two-phase region. For visualization purposes, linear trend lines were
applied to the single-phase and two-phase regions separately. For all
three cases, �Tsat increased with increasing heat flux, as would be
expected. For case 1, with the lowest value of a,�Tsat for any given
heat flux was less than that for case 2 or case 3. From Table 7, the
difference between the average values of V for these three cases was
less than 3%, and the average �Tsc and Tsat values varied by only
approximately 2%. Therefore, the acceleration was the primary
difference between the parameters for cases 1, 2, and 3. There was a
�Tsat shift between cases 2 and 3, but it was not as pronounced as that
between cases 1 and 2. Thus, between a� 0:15 and 1.04 g, therewas
a large change in�Tsat for a given q

00
sp, but for between a� 1:04 and

1.78 g there was much less change. Another point to note is that for
Fig. 10a there was very little difference between the slopes of the
single-phase and two-phase regions. The data appeared to be nearly

linear throughout the entire range of �Tsat. Also, the curves were
relatively parallel. There may have been a small amount of
divergence as �Tsat increased, but the slopes of these cases were
approximately the same. This is similar to the results presented by
Estes andMudawar [12], in which no significant change in slopewas
reported through the nucleate boiling region. Therefore, it is difficult
to determine how much of the heat transfer for the present research
was due to single-phase convection and how much was due to
boiling.

The data for flight 2, consisting of cases 4, 5, and 6, are shown in
Fig. 10b. In this data set, there were small differences between the
slopes of the single-phase and two-phase regions. When viewing
the three different cases plotted in Fig. 10b, there was again a shift in
the �Tsat data. For case 4 (a� 0:37 g), the wall superheat was
smaller at a given heat flux when compared to case 5 (a� 1:06 g).

Fig. 8 Effect of subcooling on wall superheat (V � 8:66� 0:42 ml=s):
a) a� 1:05� 0:04 g and b) a� 1:78� 0:03 g.

Fig. 9 Effect of flow rate on wall superheat (�Tsc � 29:9� 1:5 K):

a) a� 0:36� 0:04 g and b) a� 1:06� 0:04 g; and c) a� 1:77�
0:04 g.
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However, there was also a larger shift toward increasing �Tsat
between case 5 and case 6 (a� 1:78 g) than was noted between
cases 2 and 3 in Fig. 10a.

The data from flight 3 (cases 7, 8, 9, and 10), are presented in
Fig. 10c. There was little difference between the two reduced-
acceleration cases (case 7, at a� 0:16 g, and case 8, at a� 0:36 g).
There was also little difference between case 9 (a� 1:06 g) and
case 10 (a� 1:76 g). There was still a downward shift in the �Tsat
values for the reduced-gravity cases (7 and 8) compared to the higher-
gravity cases (9 and 10). In Fig. 10c, however, there was some
divergence between cases 7 and 8 and cases 9 and 10 asq00sp increased,
which indicated that the change in thewall superheat with a change in
acceleration is greater at higher heat fluxes.

Comparing Fig. 10a (flight 1) to Fig. 10b (flight 2) can give insight
into the effect of subcooling on the acceleration dependency for the

system behavior. There is a negligible difference in the flow rates
between these two flights. In contrast, the subcooling temperature for
flight 1 was �Tsc � 25:0 K, while the subcooling temperature for
flight 2was�Tsc � 30:2 K. In Fig. 10b, the curves are spread further
apart than in Fig. 10a, as mentioned above. In other words, the
reduction in thewall superheat due to a reduction in acceleration was
more pronounced in the cases with the higher subcooling. This
suggested a coupled effect of acceleration and subcooling tem-
perature for this spray-cooling system configuration, with higher
subcooling levels actually enhancing the observed behavior
dependence on acceleration. A similar coupling of acceleration and
subcooling was reported by Elston [44], who noted that as the
subcooling temperature decreased, the q00sp versus �Tsat curves
for the reduced-gravity cases approach those of the elevated-gravity
cases.

Comparing Figs. 10b and 10c , the effect that varying the flow rate
has on the spray-cooling behavior can be examined. In both, there is a
good deal of separation between the low-acceleration curves and the
higher-acceleration curves. However, in Fig. 10b, the curves are all
relatively parallel, especially in the two-phase region. On Fig. 10c, it
appears that the lines are much less parallel, especially on the two-
phase half of the curve. This means that in flight 3 there was a higher
heat transfer coefficient in the lower accelerations, since the slope of
these curves is an indication of the convective/boiling heat transfer
coefficient. The higher flow rate may tend to mask some of the
dependence of the heat transfer coefficient on acceleration in the two-
phase region. In all three parts of Fig. 10, the slope in the single-phase
regionwas slightly higher for the lower accelerations, which explains
why there was such a temperature difference between the lower-
acceleration curves and the higher-acceleration curves. It was only in
Fig. 10c, with the lower flow rate, that this larger slope carried over
into the two-phase region.

In the open literature, researchers have presented data on plots
showing heat flux versusTs, heat flux versus Ts � Tnoz or Ts � Tf, or
in nondimensional terms. Several of these alternative presentations
were explored for this data set. However, it was determined that little
additional insight could be gained from these methods of showing
this particular data. Several of these alternate methods can be seen in
Michalak [56].

Conclusions

The effects of variable gravity on the cooling performance of a
partially confined FC-72 spray, in a closed-loop, recirculating
system, were investigated. A test rig, which had been previously
flown on NASA’s reduced-gravity testing aircraft, was modified to
test higher heatfluxes and provide amore stableflow rate.Alongwith
the effects of acceleration, the effects of varying the coolant
subcooling and the volumetric flow rate were also investigated. The
wall superheat was observed to increase as the heat input was
increased, as expected. For a given heat flux, the wall superheat
decreasedmore in the reduced-gravity cases compared to the normal-
or elevated-gravity cases. The normal-gravity cases tended to have a
slightly lower wall superheat than the elevated-gravity cases for a
given heat flux. The wall superheat tended to be lower for cases with
a higher subcooling. Higher values of coolant subcooling were also
observed to enhance the effect of acceleration, as the difference in
wall superheat in reduced gravity was more significant for the cases
with higher subcooling. The wall superheat decreased with higher
volumetric flow rates. It was found that care must be exercised when
designing thermal management systems for variable-gravity envi-
ronments, to ensure that the system design is robust enough to
maintain the necessary flow rates throughout the anticipated oper-
ating range, since even a momentary interruption in coolant flow can
lead to a dramatic and potentially catastrophic temperature increase
in the device being cooled.
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