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This paper discusses the testing of a single-phase spray cooling system that was flown on
the NASA KC-135 Reduced-Gravity Research Aircraft. An experimental package,
consisting of a spray chamber coupled to a fluid delivery loop system, was fabricated for
variable gravity flight tests. The spray chamber contains two opposing nozzles spraying on
Indium Tin Oxide (ITO) heaters. These heaters are mounted on glass posts, which are part
of a sump system to remove unconstrained liquid from the test chamber. Thermocouples
mounted in and around the posts were used to determine both the heat loss through the
underside of the ITO heater and the heat extracted by the spray. During flight tests, for
Weber numbers of We = 771 + 19 and 757 £ 15, the non-dimensional heat input was varied
from GA = 30 to 110 for the non-dimensional grouping (Fr?Ga)"? = 20 to 66. Flight test
data and terrestrial data were compared to analytical and numerical solutions in order to
evaluate the heat transfer in the heater and support structure. In general, the Nusselt
number at the heater surface was found to decrease with increasing (Fr*?Ga)"2.

Nomenclature

a = acceleration level, g

b = radius of the glass heater post assembly, m
Bi = Biot number, hyan b/Kgost

Dy = droplet diameter, m

f = heater conduction loss fraction

Fr = Froude number, v¥/aD,

g = volumetric heat generation, W/m®, Q/nb?3

G = gb% (oo want Kntr)

GA = non-dimensional heat input, Q/(mt b Kntr Toowan)
Ga = Galileo number, aD,’p?/p?

htop = spray heat transfer coefficient at the top of the heater, W/(m?K)
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heat transfer coefficient along the side of the post, W/(m*-K)
glass layer height, m

height of the glass post assembly and heater, m

Bessel functions

thermal conductivity, W/(m-K)

Keiuia/Knir

height of the glass post assembly, m

Nusselt number, higp b/Kiig

heat flux, W/m?

heat flux lost due to conduction into the glass post assembly, W/m?, fQ/zb?,
heater input power, W

radial coordinate, m

non-dimensional radial coordinate, r/b

time, s

temperature, °C

interface temperature, TC1, °C (located at z = Hy + Hy + Hs)
heater surface temperature, °C

saturation temperature, °C

local freestream temperature of liquid flowing over heater surface, °C
local freestream temperature of liquid flowing along post wall, °C
droplet velocity, m/s

volumetric flow rate, m%/s
volumetric flux, m/(m?s)
Weber number, pv°D,/c

axial coordinate, m
non-dimensional axial coordinate, z/b

Greek symbols
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Subscripts
fluid

htr

If
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post
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eigenvalue

thickness of ITO heater, m
d/b

H,/b

b A2/ (Too want Kntr)

b q1/ (Too,wall kpost)
non-dimensional temperature, (T - To,wan)/ Toowall
(Tim - Too,wall)/ Tw,wall

(Ts - Too,wall)/ Tm,wall

(Tao,top - Too,wall)/ Too,wall
absolute viscosity, kg/m-s
L/b

density, kg/m®

surface tension, kg/s?

working fluid

region 1, ITO heater

lower film

index integers

region 2, glass post assembly

upper film

layers 2-5 of the glass post assembly
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. Introduction

HE dissipation of thermal energy from current and future electronics for proposed high power space and air

vehicle applications has resulted in the development of thermal management approaches tailored for high heat
flux acquisition and high thermal energy transport. Compounding the already difficult thermal problem is the fact
that these heat generating sources generally have low thermal masses. This requires special attention be given to the
development of robust thermal management approaches that must operate reliably in space and aircraft applications
while being subjected to variable body forces resulting from a variable-gravity environment. Recently, the emphasis
has been on the development of two-phase cooling concepts to minimize system penalties as compared to the
simpler single-phase cooling approaches. Several two-phase thermal management approaches have been or are
being considered for space and air vehicle environments. These include two-phase flow and heat transfer'?, pool
boiling®*®, and spray cooling®’.

Many variable gravity studies have focused on the physics involved in two-phase flow with heat transfer, and
experiments have been performed in drop towers, reduced-gravity aircraft flights, and on-orbit. Two-phase, one-
component flow with heat transfer in microgravity is seen in many thermal management systems such as flow
boiling systems, heat pipes, loop heat pipes, and capillary pumped loops. Work has been done to try to use
similarity considerations to scale terrestrial models to predict the behavior of, and to design, prototypes for
microgravity™?.

Variable gravity research on pool boiling with and without subcooling, concentrating on microgravity
conditions, has been performed by many researchers®*. It has generally been found that microgravity conditions do
not significantly change the heat transfer coefficient for nucleate boiling. However, the Critical Heat Flux (CHF) is
generally reduced in microgravity. This reduction in the CHF is, in part, a result of the variation in bubble dynamics
in microgravity due to the lack of buoyancy forces.” Observations by Kim et al.* showed that small bubbles will
coalesce into a large bubble on the surface of the heater in reduced gravity. During subcooled boiling,
thermocapillary flows can develop around bubbles forcing the bubble to the heater surface while drawing warm
liquid away from the heater and supplying cool liquid to the heater.’

Many researchers have investigated two-phase sprays for the thermal management of devices generating high
heat fluxes; however, there has been little research addressing the physics and ultimate performance of two-phase
spray cooling in variable gravity environments. The development of concepts such as spray cooling in these
environments must be supported with a sound understanding of the micro- and macro-scale two-phase spray
thermophysics.

Several variable-gravity spray cooling experiments were performed by Yoshida et al.® and Kato et al.” onboard a
reduced-gravity aircraft. The experiments principally looked at transient and steady-state spray cooling in the
microgravity portion of the reduced gravity aircraft flights. A copper block heater was used for transient heat
transfer experiments, and a clear thin film ITO heater on a clear base was used for steady-state experiments with

flow visualization. The volumetric spray fluxes used were between V" =1.36x10™ to 3.70x10™* m¥m?s. These
fluxes were low enough that a continuous film of coolant was not allowed to develop on the heater surface. The
Weber numbers for their experiments ranged from We = 28 to 622, with all but two of the experimental cases having
Weber numbers below We = 60.° Fluid management issues that would be encountered for a continuous-flow,
closed-loop microgravity spray cooling system were not addressed. No attempt was made during the experiments to
retrieve and reuse the working fluid in a closed-loop system.

Baysinger et al.® presented the design and preliminary testing of a variable-gravity spray cooling experiment.
To build on the work of the previously mentioned researchers, the primary purpose of the study by Baysinger et al.
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 onboard the NASA KC-135 Reduced-
Gravity Research Aircraft, which provided the variable-gravity environment by following a parabolic flight
trajectory. Emphasis was placed on developing an initial transient analytical model to predict temperatures and the
spray heat transfer coefficient within the heated region of the experiment for low heat loads. The flow rate was
sufficient to keep the heater surface completely immersed in the working fluid.

The objective of the present investigation is to continue the work presented by Baysinger et al.®, and to
investigate the effects of variable-gravity on single-phase spray cooling by varying the non-dimensional heat input
(GA = 30 to 110) for the non-dimensional grouping (FrY?Ga)”? = 20 to 66. Fluid management and heat transfer
thermophysics were investigated for Weber numbers We = 771 and We = 757.
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Il. Experimental Design

The experimental apparatus consists of two primary components similar to that described by Baysinger et al.?
The first component was a spray test chamber containing two glass heater posts, two spray nozzles, a primary
condenser surface, and two sump configurations to collect the liquid and condensate. The second component
consisted of a flow loop to manage the working fluid (FC-72) and a water loop used to control the temperature of the
spray test chamber. A photograph of the overall experimental apparatus is shown in Fig. 1(a). Figure 1(b) shows the
spray test chamber, which was a cylinder having interior dimensions 20.2 cm (7.97 in) in diameter and 15.2 cm (6
in) in length. It was made of standard vacuum components to provide a leak-tight environment for the spray-cooling
experiment.

Each glass heater post assembly was cylindrical with a diameter of 0.016 m, and consisted of five layers, as
shown in Fig. 2. The first layer was a thin-film, transparent, indium-tin oxide (ITO) heater, which was sputter-
deposited onto the second layer, a 0.5-mm-thick fused silica substrate. This combination was chosen due to its low
thermal mass and to match the coefficient of thermal expansion as closely as possible between the ITO layer and the
glass layer to prevent delamination. The low thermal mass of the ITO heater resulted in a rapid response time such
that the system could reach steady-state conditions during the parabolic flight profile, which typically lasted from 20
to 25 s. The heater/substrate was mounted onto a 1-mm-thick wafer of borosilicate glass using optical cement. This
subassembly was then adhered to an identical 1-mm-thick wafer of borosilicate glass, which was finally cemented to
the main glass post, which was also made of borosilicate glass. The purpose of the two intermediate layers was to
allow for channels to position thermocouples, as shown in Fig. 2(b). The heater post assembly also allowed for an
optical path for visual observation of the heater surface. A preliminary analysis was used to predict temperatures
throughout the post in order to determine the best placement for the thermocouples. The glass heater post assembly
was integrated into a sump configuration, located adjacent to each nozzle, and served to remove excess fluid from
the chamber and spray surface through an annulus between the heater post and sump wall, as shown in Fig. 3.

2004 03 1

b)

b)
b) .
Figure 1. Experimental flight Figure 2. Magnified view of the ~ Figure 3. Assembled glass heater
package showing the: (a) heater region showing the; (a)  POSt showing; (a) thermocouples
complete package as flown and  side view with the glass layers ~ installed and (b) a Solidworks

(b) test chamber. and (b) top view with dr_awing of the assembled sump

thermocouples. with the glass heater post.
Table 1. Nozzle performance characteristics.
Volumetric Flow Rate, vV Nozzle Pressure Droplet Diameter, Dy, Droplet Velocity, v
(m*/s)/(gph) (kPa)/(psig) (nm) (m/s)
7.36x10°/7.0 248/36 48 9.0
1.01x10°/9.6 324/47 48 12.0
1.21x10°/11.5 469/68 47 15.0
4
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The spray nozzle characteristics were
evaluated using a two-axis phase Doppler
anemometer to determine spray uniformity and
droplet size distribution as described by
Baysinger et al.®> Typical droplet velocities,
mean droplet diameters, and nozzle pressures
are shown in Table 1. The distance from the
nozzle to the heater surface was set to —
approximately 1 cm. This distance was based
on a spray cone angle of 60° such that the Q_<>_D_ """""""
spray contacted only the heater surface with ~— \/ = — oy
minimal overspray. The design and placement
of the nozzle in relation to the heater cap,
heater, and annular sump entrance, shown in
Fig. 3(b), allowed for vapor generated at the
heater surface to be transported past the nozzle
into the test chamber interior or entrained with
the liquid through the sump annulus. In
addition, excess liquid, either due to droplet
bounce or flooding, could be transported past
the nozzle into the test chamber interior.

Excess vapor and liquid in the chamber

Water loop

were controlled by an annular wick structure, [l ~irniquid nx () Pressure switch
both to aid in condensation and to contain the (JReservoir [T Filter
condensate, as shown in Fig. 1(b). The wick <>H

o . ow meter i i3-wayvalve
structure was formed by lining the internal Y,
chamber wall with one layer each of 100 and i i Reheater % Throttling valve
150 stainless steel mesh, with the 150 mesh DPressure transducer o Ball valve
being nearest the wall. An additional Opump ® Drainfill valve

cylindrical screen was placed in the chamber
interior to provide for an annular space Figure 4. Flow loop schematic for the experimental flight
between the screen and the chamber wall. This  package.
annular space between the chamber wall and
inner screen was filled with stainless steel wool to help confine the unconstrained liquid in the microgravity
environment. In addition, a pressure transducer was installed to measure the vapor pressure within the chamber but
external to the annular wick structure. Transient variation in acceleration throughout the flight profile was
monitored using a tri-axis accelerometer, with an uncertainty of +0.03-g, mounted onto the test chamber. For this
investigation, the lower nozzle was operated in a vertical orientation spraying downward onto the heater substrate.
Figure 4 shows a schematic diagram of the fluid loops. Temperatures throughout the fluid loops were
monitored using Type E thermocouples which were 0.16 cm (0.0625 in) in diameter. Key thermocouple locations
include the entrances and exits of the test chamber, reservoirs, and heat exchanger assemblies. A positive
displacement scavenging pump was used to pump the FC-72 working fluid from the sumps through a series of three
air/liquid heat exchangers to a reservoir. Pressure transducers were placed on either side of the pump, and the fluid
passed through a 40 um filter before reaching the reservoir. The reservoir served as a volume for the scavenging
pump to dump subcooled FC-72 working fluid and a pickup reservoir for

the nozzle pumps. Following the reservoir, the fluid branched off into two | Sy _ Conductve
identical flow paths, one for each spray nozzle. Each branch consisted of a ,,fl_,
positive displacement pump followed by a 15 um filter, a flow meter, a /i A

pressure transducer, and a pressure switch. Electrically-actuated ball valves

were placed at the entrance and exit of each branch, to permit isolation of 5,

the test chamber. All testing was done with subcooled fluid at ambient T2

temperature. /
The experiment was operated and monitored with a control panel and . gonduetive 7 :

data acquisition system. The data acquisition system consisted of a laptop Tc3

computer mounted to the top of the experimental package, coupled with a Figure 5. Thermocouple placement
data acquisition/switch unit. Temperature measurements were obtained within the glass heater post.

5
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throughout the chamber, heater post, and within the sump Table 2. Dimensionless thermocouple
annulus using sheathed thermocouples. Thermocouples (Type locations within the glass heater post.

E, 0.16 cm diameter, time constant < 4.0 s) were placed in the Thermocouple R 5
chamber to measure chamber wall and vapor temperatures. Two Number post
thermocouples were placed at the edge of the heater, to measure TC1 05875 0.0625
the liquid temperature exiting off of the heater surface, and in TC?2 05875  0.1875
the sump annulus, approximately 1.27 cm below the heater TC3 0.875  0.1875

surface. Smaller thermocouples (Type E, 0.0254 cm diameter,
time constant < 0.5 s), were mounted within the glass heater post :
assembly. Figure 5 shows the geometrical placement of the fz LA lg

thermocouples TC1, TC2, and TC3 within the glass heater post.
The dimensionless radial and axial locations of the
thermocouples are given in Table 2.

For additional stability and accuracy in temperature
measurement, the thermocouples within the chamber and glass
heater post assembly were referenced to a zero point reference
junction with a stability of £0.005°C. Thermocouples mounted — A,
within the chamber and glass heater posts were calibrated using :
an RTD temperature probe and a constant temperature bath in "z

-

the temperature range from 35 to 120°C. Resulting
thermocouple calibrations yielded an uncertainty of +0.02°C.
Heater power was monitored using voltage measurements with
an uncertainty of +£0.05% across the heater and a precision
resistor with a resistance of 0.10 Q + 0.02%, resulting in a heater Zhir
power measurement error of £0.07%. The flow rate of FC-72 P
. . gion

through the nozzle was set at a fixed nominal flow rate and Jﬁ

monitored throughout the experiment. The flow meters were é
calibrated, using FC-72, to an average uncertainty of £3.0% with r T
a maximum uncertainty of +5.8%.

Region 2
& zpnst

I1l. Mathematical Formulation ! L

With this particular experimental approach, the convective R
heat transfer coefficients around the heater post assembly and
conduction losses needed to be determined. In order to quantify
the top and wall convective heat transfer coefficients and heat
lost due to conduction, numerical and analytical approaches to
analyzing the heat transfer in the heater post assembly were
employed. Figure 6 shows the solution domain and coordinate
systems for the numerical and analytical analyses. For the most
general case, the heat transfer coefficient and heat flux on the top
surface of the ITO heater may vary along the radial and
azimuthal directions. This is due to the spray and heater surface interaction and vapor generation as well as the non-
uniformity of the internal heat generation within the ITO heater. Also, the side wall heat transfer coefficient could
vary along the vertical and azimuthal directions. Both top and side wall heat transfer coefficients will vary with
liquid flow rate.

For the present analysis, the following assumptions were made:

1. The system is under steady state conditions and is axi-symmetric.

2. The thermal conductivity of the fused silica glass layer, the borosilicate glass layers, and the ITO heater
were assumed to be identical, since the thermal conductivities of both glass types are approximately equal
at 100°C (khtr = kpost = k2 = k3 = k4 = k5)

3. The heat transfer coefficient on the top surface of the ITO heater is constant across the radius where hy (r,
z= H,, t) = constant.

4. The heat transfer coefficient along the outer radius of the glass heater post assembly is constant where hy,;
(r =b, z, t) = constant.

b)

Figure 6. Glass heater post geometry and
coordinate system used for the; (a) humerical
model and (b) analytical model (Not to scale).
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5. The contact conductances at the interfaces of the glass layers are infinite, which means that both the
temperatures and heat fluxes at these interfaces are continuous.

6. The temperatures used to define the heat transfer coefficients and evaluate fluid properties are obtained
from the experimental data. The freestream temperature to evaluate the spray heat transfer coefficient and
fluid properties is defined as the average of the fluid temperature entering the nozzle and the upper film
temperature where T, . = Ty, +Tur )/2-

7. The freestream temperature used to evaluate the heat transfer coefficient on the side of the heater post
assembly is the average of the upper and lower film temperatures whereT,, . = Ty +Tie )/2.

A. Numerical Formulation _
A steady state, axi-symmetric numerical model of the cylindrical glass Table 3. Geometric parameters
heater post assembly was analyzed using the finite-element package Of the post.

ANSYS. The model consisted of several layers, reflecting the structure of Parameter Value

the heater, substrate, and post, as well as thermocouple locations within the ) 1.0 ym
assembly, as shown in Fig. 6(a). Geometric data for the post parameters H, 0.05 +0.002 cm
shown in Fig. 6 are given in Table 3. The thermal conductivity for the entire Hs 0.1£0.008 cm
model was assumed to be k = 1.04 W/m-K. To reflect the symmetry of the H, 0.1£0.008 cm
model, a zero heat flux boundary condition was imposed at the centerline of Hs 9.8+£0.05¢cm
the structure. The spray convection was modeled as a convective heat L 10.05 +0.07 cm
transfer coefficient, hyp, on the top surface, and the convection from flow b 0.79 +£0.03 cm

down the side walls of the post assembly was represented by a separate
convective heat transfer coefficient along the vertical surface, hy,. The bottom of the post was assumed to be
adiabatic. The heater was modeled with a volumetric heat generation applied to the top-most layer (ITO) of the
model.
For the ITO heater layer, assuming that the thermal properties are constant, the conservation of energy equation
is
62Thtr +£8Thtr + azThtr +i
o> r or 022 Ky

=0,0<r<b L<z<H,, (1a)

where g is the internal heat generation per unit volume due to ohmic heating. The associated boundary conditions
are

oT h h
htr wall Thtr — wall Too,walll r= b, (lb)
or I(htr khtr
Ty N h
M T =T s 2= Hop, (1c)
oz khtr I(htr
oT oT
ke — =k —= Ty =Tz, 2= L. (1d)
For the first glass layer, the conservation of energy becomes
2 2
aT2+EE+Q=O,Osrsb,H3+H4+HsszsL, (2)
ar? ror g?
with boundary conditions
8T2 hWaII hWaII
+ T = T , r = b’ 2b
or kz 2 kz oo, wall ( )
oT oT
Kptr a;ﬂ =k, 6_221Thtr =Ty z=L, (2¢)
oT oT
ky —2=kg—,T,=T4,z=Hz+H, +H;. 2d
275, 375 278 3 4 5 (2d)
7
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For the second glass layer, the conservation of energy becomes

o°T, L10Tg 82T3

=0,0<r<b,H;+H:<z<H,;+H,+H¢, 3a
a2 T oor 622 4 5 3 4 5 (3a)
with boundary conditions
0T, h h
wall T wall Tao wall1 — b, (3b)
6r Ky ks
aT oT
aT aT

For the third glass layer, the conservation of energy becomes

oM, 10T, Ty

= T ot =0,0<r<h,Hy<z<H,+H;, (4a)

with boundary conditions
8;4 . hlzvju T, = hl\(,\,ju Ty a2 T =b, (4b)
k3a;3—k4%,T3=T4,z=H4+H5, (4c)
k4%:k5%,T4 ST z=H,. (4d)

For the fourth glass layer, or glass base, the conservation of energy becomes

o5 10Ts  O°Ts

=0,0<r<bh,0<z<Hg, 5a
or> ror o2 ° 2)
with boundary conditions
8T.."—> + hwall T — hwall Tm Wa”’ — b, (Sb)
or kg Ks
oT oT
kg —%+=ks —,T, =Ts, 2= Hs, 5¢
4 575, 475 z 5 (5¢)
s =0,z=0. (5d)
oz

A grid independence study was performed to ensure adequate meshing of the model. The coarse mesh was
determined by the fixed thermocouple locations. For the coarse mesh, the maximum element width in the r-direction
was Ar = 0.00235 m. In the z-direction, the heater, substrate, and the two thin layers were each one element thick,
and the remaining portion of the base was divided into 10 elements, with a spacing ratio of 30, so that the element
size increased downward. This produced 56 total elements in the coarse model. The mesh was refined by doubling
the number of elements in both directions, with the exception of the heater, where its thickness remained at one
element. The result was a fine mesh consisting of 216 elements. For the grid independence study, typical convective
heat transfer coefficient values of hy,, = 10,000 W/(m-K) and hy. = 400 W/(m-K) were chosen, along with a heater

8
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power of Q = 20 W. Temperatures were recorded at all nodes and compared. The maximum percent difference
between the coarse and fine meshes was 0.058%.
B. Analytical Formulation

The analytical formulation was divided into two regions as shown in Fig. 6(b). Region 1 is defined as the ITO
heater with region 2 being the glass post. Region 1 was formulated as a steady-state one-dimensional heat
conduction problem with internal heat generation per unit volume due to resistance heating. The top surface of the
heater was treated as a convective boundary condition of the third kind while the lower surface was treated as a heat
flux boundary condition of the second kind. Since the lower surface is also the interface between region 1 (ITO
heater) and region 2 (glass post) the interface condition must also be satisfied for temperature and heat flux. The
dimensional form of the conservation of energy for region 1 is

2
945l+—9-:00szm <5 (62)
2 H r 1
Oz Knr
with boundary conditions
oT htop htop
il htr = Too,top' Zhy = o (Gb)
6thr I(htr I(htr
aThtr d;
—_— =, T = T y z = O. 6C
oz v khtr htr post * <htr ( )
Defining non-dimensional parameters as
T-T, z
0= ,wall , thr _ htr ,
Too,wall b

the non-dimensional form of Egns. (6a), (6b), and (6c) become

0%
M +G=0,0<Zp, <A, (7a)
azhtr

with boundary conditions

D, Ny K6, =Nu K@

o, top ? Zyy =A (7b)
htr
06
oz :z = s Opy = epost Ly =0. (7¢)
The non-dimensional solution of Eqns. (7a), (7b), and (7c) is given by
1 .2 (GA-7y ) A
Onyr (Z):—EGZ + 1y Z +TKr+E(GA_2’7htr)+Hoo,top 8

Region 2 was formulated as a steady state two-dimensional conduction problem using both a semi-infinite rod
and a finite rod. The top surface is the interface between region 1 (ITO heater) and region 2 (the glass post)
satisfying the interface conditions of temperature and heat flux. For the case of the finite rod, the lower surface was
treated as an insulated boundary. The side wall of the heater post was treated as a convective boundary condition of
the third kind.
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1. Semi-Infinite Rod

For the case when region 2 is modeled as a semi-infinite rod, the dimensional form of the conservation of

energy is

aZTpost + E anost n 0 Tpost

o r oo dzhg ~008 b 0% Ty =
with boundary conditions
oT h h
post 1l 1
2 + kwa Toost = kwa T wans I =D,
r post post
aT
post ol
——=—T =T z =0.
1 1 post htr » “post
azpost kpost

Formulating Egns. (9a), (9b), and (9c) in the non-dimensional form of the conservation of energy results in

2
ek e S 00srar0sz

post

post =

with boundary conditions

06
R +Bifey =0,R=1,
06
post
R = M post » epost =0y, L post — 0,

where R = r/b. The non-dimensional solution for the semi-infinite rod becomes

. = e,
‘gpost(R’Z)ZZB'”postZJ (70 ) (BI (iny }V
n n

where the y,’s are positive roots of

Bido(7n)=7nd1(7n)

2. Finite Rod

(92)

(9b)

(9c)

(10a)

(10b)

(10c)

(11)

When region 2 is modeled as a finite rod of length L, the dimensional form of the conservation of energy is

0%Tpost 10T O°T
+— +

Pt _0,0<r<h,0<z
o> r or oz2

post

post <L,

with boundary conditions

an()St I hwall T _ hWall T

post )
or k post k post

oo,wall

or
post q
52— = kpolst 'Tpost = Thtr v Zpost = 0,

post
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anost
0z post

=0, Zpeg = L. (12d)

The non-dimensional form of Eqgns. (12a), (12b), and (12¢) becomes

82el)Ost +iaapost 629

oR? R OR azéi:t =0,0<sR<1L0=<Zp <<, (13a)
with boundary conditions
00post +Bifeq =0,R=1 s
ZZH—ZI = ost st = e Zyost =0 (130)
Zzgist =0, Zpost = ¢ (13d)

post

The solution to Eqns. (13a), (13b), and (13c) for region 2 as a finite rod becomes

H S J (7nR)COSh(7/n(§_Z))
0ot (R, Z) = 2Bi 77, 0 ,
os(R.2) = 281 tnz=1: 3o(ry )sinh(7,£)BI2 +72 b, (49

where the y,’s are the positive roots of

Bido (7 )= 7nd1 (s )

Analytical solution errors can result from interface matching boundary conditions (i.e., temperature matching),
the number of eigenvalues, and whether the semi-infinite or finite formulation is used. For this problem, the region 1
(ITO heater) and region 2 (glass post) were coupled through the interface conditions of heat flux and temperature.
The temperature at the top surface of region 2 was averaged over 100 evenly spaced locations and compared to the
temperature at the base of region 1. Temperature matching was performed by varying the fraction of heat flux lost
through the base of the heater, g;. The criterion for matching the interface temperature was set to less than 0.01°C.
Solutions were calculated using 30 eigenvalues. These solutions were verified to be independent of the number of
eigenvalues by increasing the number of eigenvalues to 50. This resulted in a maximum change in temperatures of
less than 0.01°C. In addition, solutions using the semi-infinite and finite rod formulations, Egns. (11) and (14), were
also compared and found to have differences of less than 0.01°C.

IV. Results and Discussion

A. Baseline Tests

Terrestrial (1-g) baseline tests were run to evaluate and quantify the conduction losses through the heater post
assembly” *°. The bottom nozzle with the upward facing heater was operated using air-saturated FC-72 (20-30% by
volume) as the working fluid. Knowing the conduction losses, the heat extracted by the spray could then be
calculated using a simple energy balance. Both the numerical and analytical formulations were used to calculate the
temperature distribution within the heater post at three locations coinciding with the thermocouple locations shown
in Fig. 5 and Table 2. Numerical and analytical solutions for varying Nusselt and Biot numbers were calculated for

a nominal fixed flow rate (V = 5.26x10°, 8.41x10°, and 1.05x10° m%s (5.0, 8.0, and 10.0 gph)) and heat input (Q
=20, 30, and 50 W) and then compared with experimental results.

Figures 7 and 8 show examples of the numerical and analytical solutions compared to the non-dimensional
experimental temperatures 61, 62, and 83, corresponding to TC1, TC2, and TC3, respectively. As would be
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Figure 7. Numerical results for Q = 50.5 W at V = Figure 8. Analytical results for Q = 50.5 W at V=
8.41 x 10° m®s (8.0 gph) for temperature locations 8.41 x 10° m®s (8.0 gph), for temperature locations
corresponding to; (@) TC1, (b) TC2, and (c) TC3. corresponding to; (a) TC1, (b) TC2, and (c) TC3.

expected, the temperature is least affected by a variation of Biot number at a location toward the center of the post
and closest to the heater, as shown in Figs. 7(a) and 8(a), which corresponds to TC1. At locations farther from the
heater, i.e., TC2 (Figs. 7(b) and 8(b)), the Biot number begins to influence the temperature. The greatest variation in
temperature is at the location corresponding to TC3 (Figs. 7(c) and 8(c)). The temperatures predicted by the
analytical solutions were consistently lower than those of the numerical solutions. This is most evident by
comparing Figs. 7(c) and 8(c), where this difference is the greatest with increasing Biot number. This is most
probably due to how the interface condition was treated in the analytical formulation.
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Both the numerical and analytical solutions were then used to find the fraction of heat lost due to conduction
through the heater post assembly. For the numerical solution, the energy balance at the top surface of the heater,

GA = NUK(6; ~ 6,109 ), (15)

was used to determine the heat extracted by the spray. The estimated Nusselt number was determined from Fig. 7 at
the intersection of the experimental temperatures, 61, 62, and 43, and the numerical results for varying Nusselt and

Biot numbers. The local freestream temperature, 0., p,
was the experimentally measured film temperature
across the top of the heater. The surface temperature,
0s(r) was determined from the numerical solutions and
was either treated as a single point temperature
corresponding to a location directly above TC1 or as an
average across the heater surface. The fraction of heat
flux lost was determined as the ratio of heat flux
extracted by the spray to the input heat flux of the ITO
heater.

In a similar manner, the analytical solutions were
used to determine the heat lost through the heater post
assembly. The estimated Nusselt number was
determined from Fig. 8 at the intersection of the
experimental temperatures, 01, 62, and 63, and the
analytical results for varying Nusselt and Biot numbers.
Since the fraction of heat flux lost, f, was an input
variable in the analytical formulation, the conduction
losses could be determined. Once a range of Nusselt
numbers was determined, the fraction of heat flux lost
could be estimated as shown in Fig. 9.

45

~ Bi=0.00
401 _

= Bi=0.77
357 ~Bi=1.54
3.0 1 - Bi=2.31

=25 1 ~ Bi=3.08
£\

151

1.0 - E\\%

0 500 1000 1500 2000 2500 3000
Nu
Figure 9. Graphical determination of conduction
losses for a range of Nusselt numbers for Q = 50.5 W
Figure 10 shows the conduction losses for the three
approaches.  All three approaches showed good
agreement ranging from f = 1.0 to 2.5%. This result is
consistent with estimates of 1.0% by Baysinger et al.®
Based on these results, the subsequent analyses used a
fraction of heat loss due to conduction to be f = 1.5%.

B. Flight Tests

Flight tests were conducted aboard NASA’s KC-
135 Reduced-Gravity Research Aircraft using air-
saturated FC-72 (20-30% by volume) as the working
fluid. The bottom nozzle with the upward facing heater
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Figure 10. Heat lost due to conduction through the glass
heater post assembly based on the; (a) numerical
solution based on average surface temperature, (b)
numerical solution based on surface temperature
directly above TC1, and (c) analytical solution (direct
determination of f).
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was operated at nominally fixed Weber numbers of We = 771 + 19 and 757 + 15 with an inlet temperature of Ty =
23.4 £ 0.4°C. Throughout the flight profile, the heater power was varied while maintaining the test chamber at a
saturation temperature of Ty, = 56 + 2°C. Accelerations generated by a parabolic aircraft flight profile resulted in
the variation of the non-dimensional grouping (Fr?Ga) = 20 to 66.

Experimental data were used to calculate the surface heat flux and Nusselt number using the conduction loss
through the heater post of f = 1.5% as determined from the baseline tests. The Nusselt number was calculated using
the one-dimensional energy balance

(1-f)eA
K(ﬂpostAz + (eint = 0.10p »

that accounted for the heat loss due to conduction within the post.
Figure 11 shows the non-dimensional heat input from the heater surface versus the non-dimensional
temperature drop from the heater surface to the freestream film. The non-dimensional temperature drop increases

linearly with the non-dimensional heat .,

input through (1-f)JGA = 70. In this + (Fr2Gaye
portion, there was little effect due to 854258
varying (Fr*?Ga)*?. Increasing the %% :

heater input from the heater surface to Sl
(1-)GA =~ 110 resulted in a significant 89 B
increase in  the non-dimensional < O @riagay
temperature difference between the <60 =433+ 1.53
heater ~ surface  temperature and =

freestream film temperature over and 40 - X (Fr2Gay?
above that predicted by a linear et
extrapolation. This is most probably 54 . o
due to the initiation of vapor generation e o)
at the heater surface and the fact that the o . . _

freestream film temperature is used as a 0.0 0.5 1.0 15 20

reference instead of the saturation 00,0

temperature. The interface temperature, Figure 11. (1-f)GA versus non-dimensional temperature drop from
at TC1, for this case was close to the the heater surface to the freestream fluid for varying (Fr'?Ga)".
saturation temperature of Ty = 56 %

2°C. The effect of (Fr?Ga)*? is shown

by an increase in the non-dimensional 1900 1 + (FrGap

temperature drop between the heater e g g =19.54 £ 586

surface temperature and freestream film % *

temperature  with an increase in 4740 g & £ Sl

(Fr'?Ga)? for the cases (Fr'’Ga)? = :

19.54, 44.33, and 65.97. 1600 - lo @recap
The effect of (Fr'’Ga)’? on the 2 N =4433 1 1.83

Nusselt number is most noticeable as 1500 -

shown in Fig. 12. The Nusselt numbers L) o

corresponding to (Fr?Ga)’? = 19.54 1400 | © e

and 44.33 were consistently higher than A PP

the Nusselt numbers corresponding to 1300 A {—a'ls.u:'fu.so

(Fr?Ga)'” = 65.97 for (1-iGA=30t0 .- . . . . I

110. - For the non-dimensional heat 00 200 400 600  80.0 1000  120.0

input from the heater surface of (1-f)GA (1-HG A

= 110, the Nusselt number, for all of the Figure 12. Nusselt number versus (1-f)GA for varying (Fr'?Ga)"?.
values for (Fr’2Ga), decreased most

probably due to the initiation of vapor generation. However, the Nusselt numbers for (Fr?Ga)*? = 19.54 and 44.33
continued to remain higher than the Nusselt number for the (Fr'?Ga)"? = 65.97 case.
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Figure 13 shows Nusselt number versus the non-dimensional quantity (Fr”Ga)"2 for Weber numbers We = 771
* 19, for (1-f)GA < 80, and 757 % 15, for (1-f)GA = 107 £ 2. For the experimental data shown in Fig. 13, the Nusselt

number tended to decrease with increasing (Fr°Ga)*?.

1900
V. Conclusions % e
1800 < o
The effects of variable-gravity on @ © )
single-phase spray cooling with a partially 1700
confined geometry have been
investigated. In general, the Nusselt 1600
number tended to decrease with increasing Z A
(Fr'?Ga)"? for a nominally fixed Weber 1500
number. At this time, the physics driving
the observed phenomena are not clearly Ll ¢
understood. Some possible reasons may . : .
be variation in flow rate, recirculation of e R e o .
the spray film back onto the heater et Lo it
surface, influence of the confined e : E
0 10 20 30 40 S0 6l 70 80

geometry, effects of absorbed air in the Gy

;2%%;‘@5‘:3 fLur:ghgrrnZ?QeoLgéﬁjﬁ?;g |e;jt Figure 13. Nusselt number versus (Fr'?Ga)"? for (1-f)GA < 80 and
the heater surface. Regardless of the (1-NGA =107 £ 2.

mechanism, the observed phenomena appear to be amplified at the onset of vapor generation.

Based on these very preliminary results, there appears to be the potential for performance improvement for the
application of spray cooling depending upon the magnitude of (Fr*?Ga)”2. However, this investigation only
addressed the performance of a single nozzle at a relatively fixed Weber number. It is not known if the
implementation of a spray nozzle array will provide a similar performance enhancement. Investigations with single-
phase spray cooling for a varying Weber number and the effect of variable-gravity on two-phase spray cooling still
need to be addressed.
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