Effectiveness of Linear Spray Cooling in Microgravity
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Abstract. The continued development of computer processas®r ldiodes, and other high heat flux devices (>100
W/cn?) and their integration in space-bound and varigiobeity systems necessitates advanced, compatiyranity-
independent thermal management systems. Sprayngobhs shown great promise in addressing theseecas,
especially through the use of multi-spray arrayEhe dependence on gravity has been investigatedifigte spray
systems but not for spray arrays. A linear spragyawas tested in both microgravity (~0 g) andamded gravity (~1.8

g) environments aboard NASA's DC-9B reduced gralatyoratory. This study found the coolant flowerad be the
main determinant of the heat transfer coefficiehlevgravity was of little significance. The elingition of acceleration
allowed the development of a simple relation betweeolant flux and the heat transfer coefficienait the design of
future ground and space-based thermal managensetrsy.
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INTRODUCTION

The challenges to micro and variable-gravity higiff@rmance thermal management systems are numetuiles
there are few proven solutions. Single and twospl@oling methods (like forced convection and lpgats) work
well in low heat flux conditions, but as integrateidcuits, solid-state laser diodes, and many ottmemponents
increase in capability they are also decreasinghiysical size, requiring systems capable of rengvVieat fluxes
spanning 100-1000 W/dm(Baysinger, Yerkes, and Thomas, 2005; Shedd, 260K; Golligher, and Selvam,
2008). Flow boiling, jet impingement, and spraplatg methods have been considered. Flow boilintdy wiater is
limited to 100 W/crh and the effect of low gravity is unknown (PonnappBonovan, and Chow, 2002). Jet
impingement methods are considered abrasive antbtae used on delicate components (Baysinger,eéerknd
Thomas, 2005).

Spray cooling is a promising technigue that hasvshbigh performance in laboratory experiments. élthh the
precise heat transfer mechanisms are not completetierstood, spray cooling has been investigate@ in
microgravity environment. Yoshida, et al. (20049ked at a single spray cone directed perpenditalarheated
surface and found that microgravity has a significaffect on the critical heat flux and Sone et (4996)
determined a 14% variation in the critical heakfas acceleration ranged from 0 to 1.5-2 Gs. &aiiZivich, and
Yao (2005) found significant pooling on the heatadace due largely to surface tension when thagied a single
spray in the 2.2 second drop tower at NASA GlenselRech Center. The applicability of single sprapling
systems are limited by the difficulty in coveringaage area (>1 cfjpand ensuring even spray density over the
entire area (Shedd 2007).

Regner and Shedd investigated the effects of atiemt of spray cooling. Instead of a single pedieuar spray, a
linear array of sprays directed 45 degrees ontoh#sed surface was used (2007). It was foundwhie the
performance of each orientation — such as sprélyeidirection of gravity or opposite that of gravit varied at low
heat fluxes, it became essentially the same farthees greater than 50 W/ém



The authors chose a linear spray array based atiopseework at the University of Wisconsin (Regned&hedd,
2007; Shedd, 2007). In the design, multiple nazale spaced closely together in a regular paftenm from the
heated surface. Past multi-nozzle spray arrays wigected perpendicular to the heated surfacesaffdred from
significant fluid management issues, especially wkgstem orientation and acceleration vary, asiguré la
(Pautsch and Shedd, 2005; Glassman, 2005; Silkihégland Selvam, 2007). Sprays angled at faxg-flegrees
from the vertical (figure 1b) avoid this limitatidsy directing fluid flow towards a defined exit, sisown by Regner
and Shedd (2007).
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FIGURE 1. (a) Liquid flooding occurs in sprays directed pewtieular to the heated surface, impairing the fdiomaof sprays
(Glassman, 2005). (b) Spray configuration as Use8hedd on which the present experiment is bad2@@7j. A
hot surface (‘copper block’) is cooled by sprayglad at 45° to prevent the formation of a vapor daon the
surface and direct fluid towards the drain.

METHODOLOGY

Microgravity Environment

Building on the work of Regner and Shedd, a linganay impingement array was tested in micrograeitipoard
NASA’s DC-9B Reduced Gravity Laboratory. A ser@ghirty microgravity (nominally O g) parabolasstang 20-
25s each were flown. Between the microgravity ipog is an enhanced gravity period where up toglw8as
experienced. As seen in Figure 1, the experiermexkleration on the linear spray array and heates w
perpendicular to the surface of the heater. Thmement was operated continuously during eactwof ftights,
resulting in sixty total parabolas. The hour anbda#f flight demonstrated the capability of linespray cooling
systems on aircraft in a variable-gravity enviromme
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FIGURE 2. (a) Edge view of the copper plate, where spragiocurred on the top surface. (b) Top view of@enite TGHG
current sense resistor with thermocouple locatsbrsvn.
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3M Fluorinert FC-72 was chosen as the working flaide to its high thermal conductivity, low elec#lic
conductance, and common use in the literature ,(Sl&lliher, and Selvam, 2008; Regner and Shedd,/;200
Baysinger, Yerkes, and Thomas, 2005; Yoshida, et2@01). An Ohmite TGHG 1) precision current sense
resistor simulated a computer processor with a Brifdsurface area in the experiment. Four T-type teouples
were embedded 6.35mm from the spray array edge3ammd deep (Figure 2) which was driven by an LHP 80-2



DC power supply. A Micropump gear pump drove asetb loop which included a Lytron fin and tube heat
exchanger, filter, and pressure-maintaining bladdemne system was operated at atmospheric presfata were
gathered by two pressure transducers, a diffeleptessure sensor across the spray box, a flow rmister
additional thermocouples, and a three-axis Freesaatelerometer, as in Figure 2. A National Imagnts
LabVIEW program sampled each sensor once everyndeand the pump and heater power supply settings we
recorded. The two-phase flow exiting the heatati®® was recorded using a still camera and an kEdbe light.
These images provide an alternate indicator oksygierformance and can be seen in Figure 5.
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FIGURE 3. Closed loop schematic, flow directed clockwise.

ANALYSIS

Of primary interest is the relation of the heahsf@r coefficient and environment accelerationr &ar purposes,
the heat transfer coefficient, is defined as:

h=—L )

Ts—Tin
where q” is the heat flux in W/cfcalculated from the power input to the heaferjs the average surface
temperature of the heater from the four thermoceiplithin the heater, ang, is the fluid temperature taken at the
inlet of the spray box.

The initial ten parabolas were conducted at a flate of 0.775 L/min and a heat flux of 24.895 Wicrithey were
then increased to 25.76 W/gmand 2.475 L/min, respectively, for the next thpeeabolas. The remaining seventeen
parabolas had a heat flux of 26.61 Wicwhile the flow rate was raised to 3.860 L/min the last twelve
parabolas. As the focus of the experiment is ennticrogravity performance of the linear spray wrthe system
did not investigate behavior around critical héat f
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FIGURE 4. (a) Rupture in spray array seal created a secyrildav path that bypassed the spray array andedsed spray
formation on the left half of the spray array. HBater cross-section perpendicular to flow dimettsee Figure 2a
for dimensions. The uneven heat distribution tedabm decreased spray creation on the left sidieeoheater.

Post-flight inspection of the spray box showed thatspray array seal ruptured along the edge stethe drain, as
seen inFigure 4a. This created a secondary flow path radaihe spray array and directly into the drain. In



reference to Figure 4a, the rupture is locatecherdft side of the spray array and would have wishied sprays on
the left side. This side saw greater temperatiln@s the correctly-performing right side. Knowithg heat flux in
the heater, the temperature of each side (fromttieemocouples embedded in the heater), and thetdidid
temperature allowed the creation of a FEHT finieneent heat transfer model, shown in Figure 4be @&tfiect of
the greater coolant spray on the right is cleaeflight ground testing saw the greatest flow raed is likely when
the seal ruptured. Considering the data, the medsawverage flow rate was higher than what wasa#igtfiowing
through the array, forming sprays, and impactirgyhbater.

Bubbles created by the evaporation of coolant weeged flowing off of the heater in Figure 5. Agected, the
greater number of bubbles on the left side of dawmge results from the greater temperature on diukat of the
heater.

(b)

FIGURE 5. Visualization of the flow off of the heater fone (a) 0.775, (b) 2.475, and (c) 3.860 L/min flostes. The
underside of the heater is seen at the top of ittarp and the spray box drain is the large cimal¢he middle
lower half. Vapor generation is clearly shown bg bubbles flowing off the heater and swirling ungl anto the
drain.

RESULTS

The heat transfer coefficient varied little witlspect to environment acceleration, as seen in €i§ur-or each heat
flux, flow rate was the primary determinant of merhance. The average heat transfer coefficiem9at7, 0.60,
and 0.69 W/chK for the 0.775, 2.475, and 3.860 L/min flow ratesspectively.
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FIGURE 6. Microgravity heat transfer data; (bottom) The7 2/min average heat transfer coefficient was 0N§8n?-C,
(middle) the 2.475 L/min averaged 0.81 W#e@) and (top) 0.92 W/cfrC for the 3.860 L/min (center) flow rate.



Greater flow rates resulted in a general decraasie heat transfer coefficient variation, and petovariation for
the low, medium, and high flow rates is 27.8%, ¥8.2nd 10.3%, respectively. Looking more closdlythe
relation between the heat transfer and system exatrin, Figure 7, the heat transfer coefficiemdte slightly
upward during microgravity and slowly lower durieghanced gravity. The transition between enhaaoedow
gravity also affects the heat transfer coefficieat the relation is not definitive. For now a eémtvariation in the
heat transfer coefficient is to be expected forteays in variable acceleration, but this variatiofl e small
compared to the average magnitude set by the tibey as seen in Figure 6.
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FIGURE 7. Heat transfer coefficient and system acceleratiersus time. Low gravity causes a slow increasthénheat
transfer coefficient while enhanced gravity leanl®tdecrease. The transition between low and drighity has some influence
though the exact relationship is not clear.

Correlation with Regner-Shedd M odel

Measured heat transfer coefficients correlate wata from Regner and Shedd (2007) as shown in &igurThe
current data fit a variation on a model presente8hedd that predicts the heat transfer coefficlerdas a function
of spray droplet fluxQy.,, and constants: the fluid’s thermal conductivikykinematic viscosityy, Prandtl number,
Pr, and an arbitrary constat, for a linear spray array (2007). Spray dropliet fs defined as the volumetric flow
rate divided by the spray array area.

k
hmoder = C; Pranluxa (2)



h model for the combined Q from RS and ZG
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FIGURE 6. Microgravity dataZd and Regner and Shedd (2007) dasx éxhibit similar trends which can be explained by
equation 2. HereZ = 0.042,a = 0.165.

CONCLUSION

The performance of a linear spray array is pringariintrolled by the coolant flow rate but has satependence on
system acceleration. Due to non-constant systeteleration during the microgravity and enhancedvitya
portions, the precise effect of acceleration omealr spray array cannot be determined. Lineaysjpnpingement
cooling in constant-acceleration situations carpleglicted and variable gravity performance can Xpeeted to

vary within a small amount. While in need of fugthresearch, linear spray array impingement coamginues to

show promise for a wide variety of low and variapptavity applications.
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