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One of the main challenges of spray cooling technology is the prediction of local and
average heaftiux on the heater surface. It has been suggested that spray cooling heat
transfer depends oihé local spray mass flux. However, in thisrw it is hypothesized
anddemonstratethat local singlgphase and boiling heat transtam be predictedithin

+25% of the measured valugsm the local normal pressiproduced by the spray. In

the singlephase study, hollow cone, full cone, and flat fan sprays operated at three
standoff distances, five spray pressures, and two nozzle orientations were used to identify
the relation between impingement pressure and heat transfer coefficis@6@HAQ

2, ard PSF3 were used as test fluids, resulting in Prandtl number variation between 12
76. A 7x7 mnf micro-heater array consisting of 96 platinum resistance heaters operated
at constant temperature was used to measure the local heat flux. A separate &st rig w
used to make impingement pressure measurements for the same geometry and spray

pressure. The heat flux data were then compared with the corresponding impingement



pressure data to develop a presswased correlation fa@inglephasespray cooling heat
transfer.

Hollow cone and full cone R5060 sprays at three subcooling levels were used for
the twophase heat transfer studiyhe conventional wisdom is that the temperature at
which critical heat flux (CHF)s observedchanges with the droplet impact oeity,
droplet number density, and droplet sizéowever, thepresentmeasurements indicate
that although the magnitude of CHF is strongly dependent on the spray characteristics,
the temperature at which CHF occurs lies within a very narrow band (abdDj fies°
smooth flat surfaced his was also observed from local measurements at various radial
distances using hollow cone and full cone spray nozzles where the local mass flux varies
dramatically. This observation along withuig properties and subcoogjiwere used to
develop a correlation to predict local CHF for-B#60 sprays. The singfghaseandCHF
correlatiors were combined to predict local spray cooling curve within £25% of the

measured valued over the sprays impingement zones.
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CHAPTER ONE: INTRODUCTION

1-1- Motivation

The high heat dissipatiorate of future electronics necessitates efficient removal of the
generated waste heddatural and forced convecti®ystemsusing airare the basis of

most current cooling systems in the electronic industry. However, the limited capacity of
these systemisave led to implementation of liquid cooling systems in some of the more
advanced systems. Submerged cooling of electronic devices using dielectric liquids has
been tried irsome systems and has been praedpe far more capable than the foreed
systens. BarCohen, et al. (2006) presented a reviewtlué technical aspects and
performance of different direct liquid cooling systems for high heat flux electronic
components. Among these techniques, spray cooling technology is a particularly
promising toolto provide a long term solution to the problem of overheating electronic
componentsAs liquid is forced through a small orifice, inertia forces overcome the
surface tension and intemolecular forces and disperse the liquid into a large number of
fine drgplets that vary in size and velocity depending on the ejection pressure and liquid
properties. Upon impact, the droplets spread on the surface and remove heat through
singlephase and two-phase mechanisms. In thesinglephase regime the forced
convection de to the flowing thin liquid film is enhanced through agitation by the
impacting droplets and quick replacement of heated liquid with cooler incoming liquid.
Boiling heat transfer in the twphase regime&an remove evetarger amounts of heat

from a targt surface. The heaemoved by evaporation @ften far greater than single

phase (due to the evaporation latent heat). So it is often more desirable and cost efficient



to operate in the twphase regimdn thetwo-phaseregime, heat removal is largelye

to thin film evaporation, secondary nucleation, and contact line evaporation. A review of
spray coolings given in Kim (2007) and geview of high heat flux cooling technologies
including spray cooling can be found in Maikgind Jog (2009)

An important goal in spray cooling research is to develop simple and reliable methods
to predict local and average heat transfer from the heater. The highly complex fluid
dynamics and heat transfer phenomena in spray cooling makes it especially ddficult t
make such predictionAlthough there are several models available to predict spray
cooling heat transfer, they almost always rely on droplet velocity, sizé¢ number
concentration data. These measuremanés expensive and tedious to acquire. Also,
almost all of the correlations in the literature are valid only for one fluid (or occasionally
a few fluids). In the twegphase regimethere are very few models available for the heat
flux at the CHF point and even fewer for the entire spray cooling cuiveosA all the
models for either heat transfer regimes aeaaveragedandhave not been validateat

local levels.

1-2- Hypothesis

It is the thesis of the curremtork that the spray heat transfer depends primarily on the
kinetic energyof the incomingdroplets rather than just the flow rate of liquid through the
nozzle (which is often the assumption in othestudieson spray cooling. The droplets
transfer this energy to the liquid film in the form of thinning of the boundary layer and
increased agitain, the amount of which is related to the dynamic pressure exerted by the

droplets onto the surface. This connection is also suggested by studies of droplets striking



free liquid surfaces. For example, Oguz and Prosperetti (1990) and Prosperetti and Oguz
(1993) showed that the depth to which a liquid mass penetrated a deep pool of liquid
depended on its initial kinetic energy at impact. They used the Froude number and Weber
number (both representing the droplet kinetic energy) to predict the radius of a
hemispherical cavity in the liquid layer created by droplet impingement. Zhu, Oguz, and
Prosperetti (2000) and Fedorchenko and Wang (2005) also used the droplet kinetic
energy described in terms of the Weber and Froude number to estimate the droplet
penetraibn length. A similar approach has been implemented in numerical studies such
as those of Weiss and Yarin (1999) and Jossenard and Zaleski (2003), where different
combinations of Froude, Weber, and Reynolds numbers were used to study droplet
impact on filns. These studies indicate that the kinetic energy of the droplets (manifested
in form of the impingement pressure), and not the mass flux, is widely regarded as
important in describing the droplet impact phenomena. It is expected to be just as
important inheat transfer.

The local impingement pressure is hypothesized to be the controlling parameter for
spray cooling heat transfer in the singlease region. If such a connection can be
established, the local and average heat transfer coefficients candieteprdrom the
easily measured local impingement pressure and liquid properties. A major advantage of
this method is that it can account for nozzle and spray characteristics;tGpesgter
distance, nozzle inclination, spray pressure, number of speaysAccording to this

hypothesis,

h, = f(P.o.ucC,k) &)



Nondimensionalizing yields

h_
H=—"2t_—CPr )
(pP)*°c,
or
h,= CP* C = C',of’*"cpPra ©))

The nondimensional grouyh can be viewed as a pressiased Stanton number.
It is hypothesized that local impingement pressure remains the driving parameter
throughout the process until the CHF condition is reachdd.assumed that CHF is a

function of fluid properties, locampingement pressure, and subcooling:

q"CHF - f(P’p’Mk’Cp’hfg’a’ATCHF) (4)

It is hypothesized that pressure drives the heat tran¥desccounts for the effect of

subcooling, and a proper combination of fluid properties in form of a con€tant

summarizes the effects of fluid properties. Therefore,

Cf'CHF = CPClJa;QHF (5)



Experimentation under different mditions is needed to verify tee hypothese and
calculate the constangsmd coefficients. A schematod spray impingement on liquid film

is given inFigurel.

Figurel. Schematic of droplet impingement on liquid film

1-3- Research Objectivesand Approach

Developing accurate, inexpensive, and gasyse models that are valid for a reasonable
range of fluids is an important requiremémthermal management using spray cooling.

A review of the literature reveals some major areas in the field that deserve more
attention. One of these areas is predicting local heat flux from spray cooling. Large
localized heat dissipation in maejectroniccomponentsequirespredicting botharea
averagedindlocal heat removalAnother major area that requires further investigation is

two-phase heat transferegime. Boiling heat transfemechanisms have not been



accurately identified and the effects of diént parameters have not been adequately
characterized. This work was targeted to fill these gaps:

1. Investigate the hypothesis that local impingement pressure is the driving
parameter in spray cooling heat transfer. In other words, all the hydrodynamic
factors, geometrical specifications, and spray characteristics will translate into
local impingement pressure.

2. Propose a unified model to predict thatire local spray cooling curves. The
model has to be independent of spray pattern, geometry, and shaadilder a
wide range of fluids. Such model will also vaid for areaaveraged predictions.

3. ldentify theheat transfer mechanisns single and twephase regimes. Review
the suggested heat transfer mechanisms and use the experimental data to narrow
down the possible dominating mechanisms.

Three experimental setupsere designed to investigate the link between local
impingement pressure and heat transfeme setup was used to acquire impingement
pressure data for many spray conditions and fluids. Xaetesame conditions were used
to produce the same spraysanothersetup, where the heat fluxes were measured. The
data from the two systems allowed for examination of the basic hypothesis of this work.
To further study the hydrodynamic effects of theagp a third experimental setup was
designed anthe range ofiropletsizesandnumber densityvere measured.

Developing the correlationsomprisedthe largest part of thithesis The work was
divided into two parts for the two heat transfer regimes. passge test matrix was
designed for each regime where the impingement pressure and heat flux data for many

test cases were acquired and used to develop a correlation for thepbiasgeregime and



for the CHF conditions. The two correlations weten combined using a non
dimensional weighting function to predittie localspray cooling cun® from single

phase through CHF.

1-4- Chapter Summary

Excessive thermal dissipation is a major limiting factor in the advancement aberiect
systems. Spray cooling has gaimadchattentionasa techniqueo provide a long term
solution to the problem. Complexity of the spray systems has made it difficult to predict
thelocal heat removal rate of the cooling sysseifthe current cortationsthat are used

to predict heat flux g on expensive and tedious measurements, are limited to very few
fluids, and do not capture the underlying mechanisms that dontimatesat transfer.

This dissertations developedo providephysicsbasedsimple andaccurate predictions

of heat transfer in the singland twephase regimes with a wide validity range.



CHAPTER TWO: THE STATE OF THE ART

There is a largéody of literature availableon spray cooling heat transfefhis
chapter is provides a&eview of some of the major studies and discuss different
approaches to the probleue to fundamentally differeraspects and processes, the
discussion is divided into two parts, corresponding to the two heat transfer regimes.
Another section provides reviewof two-phase heat transfer mechanisms in pool boiling

as well as spray cooling.

2-1- Single-phase Heat Transfer Correlations

It has been suggested that local volumetric flux isdbatrolling parameter in single
phasespray cooling heat transfeékshwood and Shedd (2007) and Shedd (2007) assumed
that the spray produced a liquid film on the surface that could be described through a
two-layer model where a turbulent liquid layer flowed over a thin viscous sublayer of

thicknesdl,. The heat transfeoefficient could be expressed as

heX _ K ppm ()
(5T (5V

wherelr is the thermal boundary layer thickness.the sublayer, the nedimensional
velocity profile u"=y" can be manipulated to yield, :,Bv/ 7/p. The heat transfer

coefficient could then be written



h=i\ﬁpr” )
pv\p

whereb is a dimensionless sublayer thickness. Since the shear@ivassot known, he
assumed that it could be related to the volumetric flow r@te[m%m?-s], of droplets

striking the surface. The final form of his correlation was
h=C_pc,Q"*°Pr? (8)

The value ofCsys depended on the spray system geometry. They used various spray
configurations with FE72, FG74, FG40, HFE7000, HFE7100, and their mixtures to
estimateCsys For single nozzle conical spraySs,=0.149 n>s*° while their four
nozzle arrays were abt 14% less efficient, resulting ®,=0.129 ni°s °°. The droplet
size and velocity were not assumed to have significant influence on the heat transfer.
Estes and Mudawar (1995), Rybicki and Mudawar (2006), and Visaria and Mudawar
(2008) conducted arious studies and proposed a number of modelSéuter Mean
Diameter singleandtwo-phaseheat transfer, and CHF. They suggested dgator FC-

87, FG72, and water could be calculated from

32 p\(/).SAPd;.5 |
—32_ 3.01— ©



and the droplets ean velocity was given by

0.5
v {v;be+ﬁ _ 12"} (10
P Pd32

Also, they suggested that the singleaseNu for PR5052 spray could be predicted with

an absolute error of 13.1% from

Nu, , = 4.70R€}%'Pr % (11

32

where Nug, = [/ Tauace— Tiqua ] [052/K] = hds,/k and Rey, = pQ"ds,/u. This correlation
also assumed that the heat transfer coefficient depended on the volumetric flow rate of
droplets onto the surface.

Both of the above correlations assume the spray cooling heat transfer depends
primarily on the local volumetric flux. Fosimplicity, consider a spray containing
droplets of uniform diameted). The volumetric flux is given by
-, l

Q=5 ANV (12)

Sheddds correlation suggests thatQthe he:

remains constanirrespective of large variations @ V, andN. Similarly, the Rybicki
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and Mudawar (2006) correlation yields constant heat transfer coefficient if the quantity
Q"°%"/d3® e N**'d3;V** remains constant.

Singlephase heat transfer coefficient depends on the fluid properies

hydrodynamics of the spray, in other words

h=1f(V,d;,N,p,c,, 1K (13)
and through dimensional analysis:

Nu, ocRef Pre(d3,N)’ (14)

Pursuing this approach requires knowledge of all the above parameters which are very
difficult to obtain and even then at least four different fluids are needed to calculate the
correlation constants. On the other hand, the effects of vel&atyter MearDiameter

and droplet density can be summarized in the dynamic pressure in the following form,

1 1| #d3
F:‘ZEIOeffective\/2 =E|:T32pN:|V2 (15)

Bratuta and Ivanowsky (1982) recommended the following correlation to estimate the

heat flux in water spray cooling.

§f =4616°AT*'D* (16)
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Karwa, et al. (2007) suggested the following correlation for avexaga thesingle
phase heat transfer regime based on data collected from full cone water spray
impingement on a constant heat flux heater abuarpressures. The correlation claimed

to predictNu within £7.3%.

Nu= 20.344Re"®* (17)

R-134a sprays were used by Hsieh and Tien (2007) to develop the following

correlation for averagiu for nonboiling regimes with an accuracy of +10%:

Nu = 933Ve**(d,, / dy) **°(AT /T,)°% (18)

In a study of the cooling effects of fuel injection on the internal combustion engine
intake valves, Panao and Moreira (2005), Morestaal.(2007), and Panao drMoreira
(2009) carried out a series of studies on siragld two-phaseheat transfer in gasoline

spray heat transfer analytically, numerically, and experimentally. They argued that

h: f (d321V1101 klﬂ1cp'0’h ATsat) (19)

fg?

which after nondimensionalizinreduces to

Nu=aR€"Pr"We’Ja"Ec" (20)
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By ignoring We and Ec, they proposed the following correlation for gascliike fluids

for temperatures between-860°C with an uncertainty of £26%.

Nu= 3.4x10°Re>Ja *%* (21)
In order to account for the intermittency of the injections in an internal combustion

engine they refined their hypothesis and proposed an alternate correlatidtu for

designed for gasolinkke liquids with an absolute error of 30%.

Nu = 0.0521°%9 q°521C 32932 (22)
They also presented other correlations for diffestages of fuel injection

Acroumanis and Chang (1993) developed a correlation for diesel sprays impinging on

surfaces between 16P05°C in the singlephaseregime.

Nu= 0.34Pr ***Re **4ve** (23

Some et al. (2007) studied singlbase heat transfer for P60 with one and two

overlapping hollow cone nozzles and proposed that

P
h =101 2.598+ 0.908 ( 0.2JJ
{ " 2289 " (24)
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with RMSEof 12.6%.

Landero and Watkins (2008) combihesome empirical spray and heat transfer
models and through detailed mathematical and numerical analysis developed a code to
model steadystate heat transfer of water sprays. Their code incorporated a spray
impingement heat transfer model that was claiteetdandle both single artdvo-phase
regimes over a heater temperature range ok3833 K. Their simulations were accurate
to within 10% of the experimental data for some of their test cases and several times
higher in others. They attributed the largscdépancies to assumptions they made in the
spray impingement model.

An analytical solution to the spray cooling governing equations was presented by Jia,
et al. (2008). Using a velocity and pressure model as well as liquid film model (on the
heater), thg proposed an analytical relation for the heat transfer coefficient. They
reported that the results from their analytical and numerical models were consistent to
within 16%. Transient spray cooling for highly heated surfaces using water sprays was
numericdly modeled by Mzad and Tebbal (2009). They used a combination of
correlations and numerical methods to discretize the heat conduction equation and
studied the effects of different parameters on the heat transfer coefficient and surface heat

flux.

2-2- Two-phase Heat Transfer Correlations
Considerably more heat transfer can occur in thephase regime due to the latent heat
of vaporization. As the wall temperature increases,-fgivase heat transferan be

charactezed by an increase in slope of thpray cooling curveThis curve reaches a

14



local maximum (CHF) at a certain temperatufe4f) and then drops as the temperature

is increased further. Although spray cooling CHF has been the subject of several studies,
there are only a few correlations dabie to predict its value and they often have limited
range and are difficult to use.

Estes and Mudawar (1995) and Rybicki and Mudawar (2006), Visaria and Mudawar
(2007, 2008, 2008), and Mudawar et al. (2009) conducted a series of studies on CHF in
spray cooling and developed correlations to predict the CHF value. They argued that
volumetric flux andSauter Mean Diametdds,) were the controlling parameters in spray
cooling heat transfer. They suggested that local volumetric flux for a given nozzle could
be determined using purely geometrical considerations and a correlation to gggdict
The following correlation was proposed for CHF value for upward, downward, and

inclined full cone sprays.

0.3 -0.35,
P prlzdszj PC AT,
' =23ph Q|| | ———2 1+ g =0
C]‘CHF Iog fg (ng ( o +ﬂ pghfg (25)

whereb is 0.00B for PF5052, FG72, FG87, and watewith a mean absolute error
(MAE) of 12.6% In a laterstudy, Visaria and Mudawar (20Q09ncludedthe effects of
spray inclination angroposed thab is 0.0050with a MAE of 16.34. ds, for FC-87, FG
72 and water coulfe calculated from Equation Bhe local volumetric flux Q") could

be determined based on average volumetric flux over the entire sprayed s@face (
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Q'=0.5Q" [1+ cog0/2)|cog6/2) (26)

Moreira and Pana¢2006), Moreira et al. (2006), and Panao and Moreira (2009)
studied single and twoephase heat transfer for intermittent gasclike sprays in
internal combustion engines and presented a few correlations for-ghegeNu and
two-phase heatransfer ate They assumed that the liquid mass flux striking the heater
surface was the driving parameter for heat transfer and suggested the following
correlation for total timeaveraged heat flux in the nucleate boiling regimeTfpbetween

125175°C and injedbn frequency between 180 Hz.

&:% 0.17(At,, fmj)% -0.284(At,, f,, J+ 0.046{1—0.112%j% —0.077} 27
Puterbaugh et al. (2007) studied the effect of dissolved air in spray cooling@t FC

and developed a correlation for typbase heat flux for surface temperatures betwegn

and Tcyr. They assumed a parabolic profile for the heat flux in the boiling regime and

developed the correlation for chamber saturation pressure-82.8%Pa, subcooling of

2-12°C, flow rate of 6.3110.5 ml/s, and volumetric air content 0f20%. Using this

correlation requires the knowledge of heat flux at the saturation conditions and critical as

well as CHF temperature.
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One of the earlier correlations for CHF in-agsisted water spraywith mass flux
between 1.1%5.75 kg/nfs was proposed by Chow et al. (1996). The correlation was also
used to reproduce data from other studies wHhlR and LN with +30% accuracy. The
same group also studied the effects of different parameters on CHF and concluded that
higher sprayflow rate and subcoolings had considerable effects on increasing the CHF
value, Yang et al. (1993). They hypothesized that CHF depended on droplets velocity,
spray pressureds,, and fluid properties. Altbugh they obtained the data for50°C

subcoolingthe CH- correlation was developed only faturated liquid.

1/3 0.5 P 0.25
o o
' =038(p.Vh )——| | —| |= 2
Tae =035, “’ipfvzd&] (pg] (Poj 9

Cabrera and Gonzalez (2003) conducted a study on boiling heat transfer and CHF for
full cone water sprays with uniform droplet sizes and velocitienéazle mass flow
rates between 440*7.0x<10* kg/s, ATsup between 2278°C, test chamber pressures in
the range of 1 to 1.8 bar, asdrface roughness between-3@4um. They proposed the

following correlation for twephase spray cooling heat flux with accuracy9%.
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Theypresentea simplified relationfor CHF value witht-15% error.

c 0.0465
q'CHF:1.62:{aJ We?oss (31)

Water spray impingement on high temperature surfaces was studied by Wendelstrof
et al. (2008). They used full cone nozzles with orifice diameters betwee#0800m to
spray water at 291 K on a wall heated t0-4833 K. Local mass flux was measured to
be3-30 kg/nfs and average droplet velocity was betweerd3.8n/s. They postulated that
two-phase heat flux was a function of local mass flux and surface temperature and
proposed a correlation on that basis. The

confidence intervals for the curve fit to the data.

h,, =190+ 25+tanl{%j

v ( ) T _Tf
140+ 4nf'| 1 +3.26+0. 16(T ~T. )1-tanh ——_
~ 72000+ 3000 128+1.6

(32

Silk, et al. (2006)developed an energy conservatimasedform for the twephase

spray coolingNusselt number. They suggested that,
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Theydeterminé n; to ng for several sets of data from different studies amp@sed the
following correlation for CHF value for R6060, FG72, FG87, methanol, and water

within £30% of the originaéxperimentatata with an average mean error 48%o.

. 1 0.09 k h
= 53REPrs 20D %Ndi} (d_j(_J (34)
(pf /pg) h Cp’f

2-3- Two-phase Heat Transfer Mechanisms

To discuss twgphase spray cooling mechanisms, it is advantageous to review a few
major works on pool boiling mechanisntda and No (1997) postulated that when the
number of bubbles reaches a critical limita pool of liquid,they prevent the supply of
fresh liquid to certain regions on the heater. Nucleation in the trapped liquid results in
formation of dry spotsthat leads to CHF occurrence. Arik and B&ohn (2003)
experimented with FG2 and attributed formation of the local dryouts to spontaneous
local hot spots on the heater surface. Tdgsumptiorwas examined by Demiray and
Kim (2004) usinga constant temperaturaicro-heater arrayThe heater aay prevented

any temperature gradient on the heater surface and thus formation of the hoftsgots.
obtained time and spaceesolved data from FZ2 single bubbles and proved that

parameters other thdocal hot spots dse pool boiling heat transfaand cause CHF
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Bang et al. (2005) visualized pool boiling CHF and burnout processes in alumina/water
nanofluid. They suggested a sevstage process from ONB to CHhitiation of
nucleation, growth of bubbles @mentrapmenof liquid under those bubblesoalescence

of the bubbles, nucleation in the interleaved liquid layer underneath the vapor cloud,
spontaneous brealp of the liquid film due to the formatiaf new bubbles, extension of

the dry spots because of continualy apor ati on at the rim of
complete dryout on the heatand burnout. In a more recent study, Delgoshaei and Kim
(2010) usedh constant temperatumaicro-heaterarray to study pool boiling of pentane
and sugested that bubble growttime was thedominant factor in determining heat
transfer mechanisms in pool boiling. Singlease mechanisms (transient conduction and
micro convection) were identified as dominant mechanisms for lesibbith shorter
growth time (8 ms) and twgphase mdtanisms (micrdayer andthree phaseontact

line evaporation) were domingfor slower growing bubbles 8 ms).

Horacek, et al. (2003, 2004, 2005) used total internal reflection (TIR) technique to
visualize FCG72 spray cooling process in order to studathtransfer mechanisms and
evaluatethe effects of subcooling and dissolved gas concentration on heat transfer rate
and CHF.Heat flux at the CHF poinincreased with increasing subcooling duethe
additional sensible heat required to boil fiid. They also found a direct relation
between the threphase contact line length and heat flux and argued thaplhase heat
transfer rate is directly related to the contact line length rather thaextbet of the
wetted area. They presented a number dfrfgpcurves for FE72 where it appeared that
for a given liquid and surface type (specificabymooth flatsurfaces) theéemperature at

which CHF occurreavas independent of spray characteristics (spray type, pattern, angle,
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inclination, pressure, liquittmperature, etc). Those spray cooling curves were developed
using single and overlapping hollow cone sprays with flow rates up to 50 ml/min and
standoff distances between 7 and 17 mm. In all of the test cases, CHF occurred at around
31°C superheat (walletnperature of 86°C)Moreno et al. (2007yeported similar
observations with respect to critical heat flux temperatreviously, Nishio et al.

(1998) had visualized pool boiling of RL13 and reached the same conclusion on the
relation between the contaline density and twghase heat fluxin a liquid film, te
threephase contact line length directly related to the liquid film break up which could

be caused by external means (incoming droplets) or by local dryouts.

Heat flux at the CHF point in wer sprays were by¥hen et al. (2002)They
investigatedhe effects of droplet velocity], ds,, anddropletnumber flux N) on two-
phaseheat transfer and CHF difie sprays Data mining techique was usedvestigate
the effect of surface nuclei and gtet flux to assess bubble formation and
characteristicsFor the water spray$y was betweer?.3x13-29.0x16 /cn?, V between
4.6424.1 m/s, andauter Mean Diametevas in the range @2.2191.4 um. They found
that droplet velocity had the largest effect on heat transfer followed by droplet number
flux and ds,. They also suggested that in #pbase spray cooling, droplet number flux
did not affect bubbles numbeensity or mean bubble diareethowever, increasell
decreased mean bubble peak diameter and mean bubble diameter. At high droplet fluxes,
the number of surface nuclei did not influence droplet number density because secondary
nucleation overwhelmed surface nucleation.

Every major vark spray cooling in boiling regimeelates two-phase heatransfer

mechanisms to the bragk of the liquid film on the heatefhis brings a lot ohttention
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to film brealup mechanisms and related phenomérte rupture of liquid films on
smooth surfacebas been the subject of numerous studies, albeit at temperature much
lower thanTss: Sharma and Ruckenstein (1989) developed a notable enasgy
criterion for rupture of stationary liquid films and dewetting of solids which was used by
Dhiman and Chand (2008) to propose the criteria for rupture of radially spreading
liquid films upon being punctured by an external mean (such as incoming liquid droplet).
The growth of dry regions during nucleation of asetting liquids on smooth surfaces

was studied y Kheshgi and Scriven (1991) where they identified external disturbances as
the most likely cause of liquid film rupture. There are other hydrodynamic effects that
can result inthe breakup of liquid films, for instance, hydrodynamic instabilities. These
effects have also been extensively studied, however, they are very minor compared to the
turbulencesinduced by incoming droplet§for more details refer to Lin and Jiang
(2003)) Once the filmrupturesat different locations, liquid rivulets start to ralyidiorm,

move, and evaporate and tpbase heat transfer is suspected to be driven by this
phenomena. The fundamental mechanisms are likely to be transient conduction and
microlayer and contact line evaporation. Determining the exact mechanisms and

contribution of each to the total heat flux require further investigation.

2-4- Critical Heat Flux T emperature

In the works ofHoracek et al. (2003, 2004, 2008)at was discussed in the previous
section they also studiethe effects of dissolved gas and liquid subcooling on CHF in
FC-72 sprays. They observed an increasécif: for gassy sprays which wasnsidered

to bea direct consequence of increadeg in those cases. They presented a number of
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spray cooling curve$or subcoolings between 235.6°C where the wall superheat at
which CHF occurred stayed within abatit.5°C. The required wall superheat for CHF
occurrenceslightly decreased with increased subcooling whigs attributed to the
change in dissolved gasvid. The present study confirms that local CHF tends to occur
around the same temperature irrespective of the spray characteristics, however, it
contradicts the works of Rybicki and Mudawar (2006) and Visaria and Mudawar (2010)
where it is suggested thatur significantly drops with increased liquid subcooling. It
also contradicts the study by Cabrera and Gonzalez (2003) wWheae which CHF
occurs appearet increase with subcooling. 8enk and Parker (2004) also reported a
considerable increase in pdmwiling CHF temperature at higher subcoolings for smooth
as well as enhanced surfaces.

Effect of heater surface enhancement on spray cooling CHF was studied by Coursery
et al. (2005, 2007). They investigated the heat transfer from-piteied straighfinned
heaters with 36(um channel width, 50@m fin width, and fin heights of 0:5 mm on
30°C to PF5060 sprays and reported lowksns and Tepr than those of flat heaters. A
connection between the fins height and ONB and CHF temperatures could not be
established, however, they suggested that highest cooling efficiency was achievable using
1-3 mm fin heights. Similar results were reported by Bostanci et al. (2008) for aenmon
sprays on micratructured sdaces. They recorded substantially higher heateft at
lower heater temperatures as the surface structure became more complex. Increased range
of cavity sizes and nucleation sites, @etary nucleation, and increassdrface area

were considered responsible for higher heat flux. These observationgvegreement
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with pool boiling study of HFEZ100 by ElGenk and Parker (2004) whefeng was
shown to decrease and resulted in earlier occurrence of CHF.

Coursey and Kim (2007, 2008) studied the effecatafefluids and surface oxides on
spray cooling ant pool boiling heat transfer. They experimented with alumina/water
nanofluid on copper and copper oxide heaters and reported that the heat transfer
enhancement that could be achieved usiagcfluids in pool boiling strongly depended
on fluid/surface weing characteristics. Substantial CHF enhancement was reached for
nonwetting fluid/surface combinations by addimgncparticles (as much as 37%)
Whereasfor already wetting fluid/surface combinations introduanagoparticles to the
system did not have significaffect on the CHF.They concluded that the main
mechanisms responsible for CHF enhancement were those directly related to the
wettability of the fluid/surfacepair. Even though addingancparticles did not have
corsiderable effect on the CHF value, it shifféghr to as much as 20°C below that of
pure fluid. Same observations were made by Duursma et al. (2009) for @idRafiuid
spray cooling. They showed that, similar ttee pool boiling, addingnancparticles
reduced the spreading time but dmbt have notable effects oecritical heat flux

temperature or value.

2-5- Chapter Summary

Some of thecorrelationsusedto predict single and twephaseheat transfer in spray
coolingwere reviewed in this chapteFhe dminant heat transfer mechanismsspray
cooling in the twephase regimare largely unknown. A review of some studies on pool

boiling and twephase spray cooling wasesentedo provide insightinto the problem
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There is general agreement thiae formation of local dryoutson the heater surface
precedes CHF occurrence and that heat transfer mechanisms at the CHF point can be
explairedon that basisThe effects of subcooling, surface enhancemeanigfluids, and

nozzle orientation irthe peak heat fluxwerealsodiscussedSome of theworks on CHF
temperature wereitedand explainedThe data onTcyr arecontradictory While some of

the studies show that CHF occurs around the same tempefatusarious spray

characteristicsothers show large variationsTanr.
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CHAPTER THREE: EXPERIMENTAL METHODOLOGY

This chapteintroduces the working fluidand experimental setups. Feach test rig
the components and operation methods as welthasdata acquisition system are

explained. Data reduction techniques and uncertainty analysis are also discussed.

3-1- Fluids and Nozzles
The experiments were carried out usihgee fluids chosen based on their applicability to
the electronic cooling industry, diversity of therpbysial properties, and availability:

1. PF5060 (3M Performance Fluid 5060CsF14): This fluid has the same chemical
formula and properties as FQ but it contains different isomers of the same
molecule.lIt is a widelyusedin boiling studiesand has aelatively low boiling
temperature. Very high dielectric factor mak#s especially attractive for
electronc cooling systems. RB060 isinert butvery volatileand its vapor is a
greenhouse gastven thoughat regular temperatures is not hazardous fo
human health, iheatedto over 250°C the&langerousacidic componentHF, can
be synthesized.

2. PSF3 (Clearo Products Co. Pure lisone Fluid 3cSt): Silicone oils come in
variety of grades and purity levels, ranging from very heavy lubsdantood
grade silicone oils. This particulail is one of the lightest industrial level grades,
it highly dielectric, and exhibits desirable thermal properties for sipigéese heat
transfer studies. The boiling temperature for this fluid is over 200”E€hais

beyond the capacity of the heater in this study.
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3. PAO-2 (ExxonMobil Spectrasyn/Polyalphaolefin 2): Alpludefins are a type of
olefins (alsoknown as alkenes) which have an alpha bond, meaning that the
molecule starts with a C=C double bond. Pgijiablefins are synthetic polymers
made forspecific purposes, e.g., flexible foamisibricants, coolants, etc. They
can be made with very different properties, howgetlee one used in this study is
a very light one which is common in heat transfer studdso, along with the
other two liquids, it provides a wide range of fluid propertiest adds to the
validity range of the correlations that will be developed.

A summary ofthe fluid properties atatmospheric conditions given inTable1. The
sprays were produced using four nozzles:

1. Spraying Systems LLN/4 1.5 hollow coneozzle: This nozzle was used for-PF
5060 and PSB. The orifice diameter waabout0.5 mm andthe coneangle was
between 65/0° at different pressures.

2. Spraying Systems LLN/4 3hollow cone nozzle: This nozzle had a bigger orifice
(2 mm)which was more suitable for the thicker liquid, PROThe cone angle
wasvaried between 630° at different spray presres.

3. ISR prototype full cone nozzle: P60 and PSB were sprayed through this
nozzle. Since it was a prototypezzle the geometry had not been documented,
but the orifice diameter washotographed ansheasured to be 140m.

4. Spraying Systems H1/4V¥at fan nozzleA rather large rectangular orifice made
this nozzle a god candidate for the thicker operating fluURAO-2. PF5060was

also tested with this nozzle.
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Sample photographs of the hollow cone, full cone, and flat faB(8B sprays are shown

in Figure2.

Tablel. Fluid properties

Fluid PF-5060 PSF3 PAO-2

) (kg/m?®) 1680 898 791.7

H (Pas) 0.64x10° |2.69x10° | 4.61x10°
Co (I/kg-K) 1050 1970 2301.2

k (W/m-K) 0.057 0.113 0.140

& (N/m) 12.1x10° [ 19.2x10° | 28.0x10°
Boiling temperature (°C) | 56 > 200 > 200

Pr 118 469 758

hig (kJ/kg) 88 - -
Refraction coefficient 1.25 - -

Hollow cone Full cone Flat fan

Figure2. Photographs of spray produced by threezietypes operating at 344 kRhe

photographs are courtesy of Mr. Michael Siemann)
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3-2- Spray MeasurementApparatus

A Malvern laseranalyzer systemwvas used to studgpray characteristicdor different
geometries(Figure 3). The system consistedf a laser generator thamitted a red
collimatedlaser beam witha diameter of 10 mm. The collector sanade ofseveral
concentricfringes The diameter of each fringe was desigteedolled light from certain
range of refraction angles based on the droplet size and refractsficient. This way
the fraction of droplets that we within a certain range in diameter coldd determined.
There results could be obtained in termsl@f dso, anddg that reflected the diameters of
which 10%, 50%, and 90% of the droplets were nadbauter Mean Diametevas also
calculated by the equipmenfransnission percentage, attenuati@nd droplet number
concentration were other outputs of the system.

For each testhe nozzle wa placed in an airtighlexiglas chamber and the liquid
was circulatedvia aCole Parmer gear pump (model numb@521110). There were two
pressure gauges on thatside of thechamber. Ongauge was mountezh the feed line
to the nozzle anthe other was used toeasure the chamber pressuiee imperfections
on the Plexiglas chamber resulted in exsesscattering even without an operational
spray. Therefore, two cutouts were needed at the exact locations tivadgieerbeam
crossed the chamber walls. The windows wareeredwith extra smooth microscope
glass slideswith thickness of 2 mnmand sealed withsilicone sealantThe glass slides
substantially reduced the scattering and allowed for more accurate measurgEoreths.
recirculation line to be able to suck the liquid out of the chanab=rtain lewel of liquid
had to accumulate at the bottom of the chamlpgpact of the spray on theccumulated

liquid resultedn droplet rebound anfibrmation a strong mish the chamberAn opaque
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diaphragm with a large circular hole in the middle was placed bigslewmozzleto allow
droplets to travel to the bottom of the chamber while preventing the mist from bouncing
to the upper sectioandinterferingwith the measurements

The system ha@n external data acquisition system which was used to power the
laser, ead the signals, and transtbe data to a data acquisition board mounted in a
desktop computer. RTSizer Spraytec was the standard software package that paired with
the system and interpeztthe dataThe ouput could be saved either in standard format
of the software package or in fortwo text files.The text files contained detailethta
from the sprays and could be analyzed with any softwetk statistical analysis

capability (for example, Microsoft Excel or Matlab)

Pressure gauge (spray)

l 17 Feed line
gkt —~—Recirculation Laser

N\ line generator

l

Data acquisition system

l Pressure
gauge

(chamber)

Laser Spray Laser
detector beam Pump

Figure3. Malvern lasermanalyzersetup for spray measurements
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3-3- Pressure Measurement Apparatus
A schemat of the pressure measuremsatup is shown ifigure5. Localimpingement
pressure was measured using two differential pressure transducers (All sensors 20 INCH
D-4V for lower spraypressures and All sensors 5 B4V for higherspraypresures)
One portof the pressure transducer wagposed to the test chamber and the other port
was connected to a 3.2 mmhanneldrilled half way through oneross sectiorof a
Plexiglas ate through a liquid trap. This small chanmeds connected to a 0.1 mm
pressure tap carefully drillesh the bottom ofthe plate Figure 4). Since the plate was
sprayed from the bottom, the length of the tap created d bead ad that needed to be
minimized, so the length of the pressure tap was only 5 mm.

The Plexiglas plate was connected to a set of two orthogonal stages (A=EBNI,
13 mm strokes and 0.1 pm accuracy) uwaauminumtraverse. The stages enabled th
plate (thus the pressurap) to survey the entire spray impingement area in forna of
32x32 matrix with350 pum stepsA set ofthreedimensional orthogonal stagesth an
accuracy of 25um wasused tocoordinate of the nozzle with respect to the Plexiglas
plate. The relatively small movement span of the Zaber system necessitated such high
accuracy for the thredimensional stages so that pressure readings were possible for the
entire extent of the spray Standoff distance was an important factor in local
impingement pressutbatfurther amplified the importance akingprecise instruments.

Liquid was pumped into the system usm@oleParmergear pumgmodel number
75211210). Particulatecontamination could clog the nozzle s&wagelok SSIFW-2 2
um filter was plaed after the pump and before the nozzle to clear the liquid of the

particles. After being sprayed on the bottom of the Plexiglas f@adéege potion of the

31



fluid wascollectedat the bottom of the chamband drained back to the fluréservoir
via a drain line. A small portion ofthe liquid that entered the pressure tapveled
through the channel and wasllected in the liquid trap. The liquid trap was used to
transfer thepressure information to the pressure transducer while keeping it from coming
in actual contact with the liquid. It wasaedat the top withonly two portsgoing out
One port wasconnected to th@lexiglas plate and was the liquid entrance and the other
one was connected to a port on the pressure transducer outside of the chamber. At
different steps, where the pressure tap on the Plexiglas plate was plaamedrea with
higher impingement pressyrliquid started to move into the plate and liquid trap until
the pressure in air/vapor gap at the top of the trap was balanced with the impingement
pressure, at which point the flow stoppéd. the plate proceeddd a stepwith lower
impingement presserthe liquid in the platélowed in the reverse directiaimtil a new
equilibrium was reached.

The delay time required at each step for the presswsthilizewas determined by
increasing the delay time until no further change in pressure was ohséheedelay
time varied between-50 s depending on the spray presskoe some test cases with the
flat fan spray this delay time was as high as 20edayptime was greatly influenced by
the volume ofair/vapor gap at the top of the liquid trap, the kendahe gap the shorter
the delay time. Experiment duration for each test case was between approximately 85
170 minutes so even a slight decrease in the delay time could translate into several hours
in saved experiment timélence, the air/vapor gap voléwasmaintained at a minimum
at all times. This was made possibleusing a solenoid valve placed inside the chamber

with the entrance port connected to the bottom of the liquid traphamit port exposed
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to the chamber. As the accumulated liquidhe trap reached a certain level the solenoid
valve was manually opened to allow for the liquid to exit and provide space for the
incoming liquid from the spray. This opening time had to be very short and precise to
avoid any interference with pressure sw@@nent. Upon completion of one columhe
Zaber stagemoved to the next column, providirrgfew seconds to drain the liquid trap
and achieve desirable liquid level. Thiprocessproved to have minimal efté on the
pressure measuremenkr high spay pressures and low standoff distances this process
was needed to be performed several times dugsxghmeasurement while for lower
spray pressueeand larger standoff distances it wag necessary to drain the trap until

the measurement was complete.

130 mm 45 mm
7 mm | || P
>mm
4mm

—{}<0.1 mm
45 mm &

=<2 mm

=4 mm

Figure4. Schematic of the pressure plate and pressure tap geometry
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Figure 5. Pressure measurement apparatus (top: 4ireensional model of the setup,

bottom: schematic of the setup)
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3-4- Heat Transfer Measurement Apparatus
An array of 96 microheaters was used to measure the spatial heat transfer distribution on
the surface. Each heater elemefiggre6) was nomi nal ly 700 I 700
consisted of a 200 nm thick by 7 em wide
titanium adhesion | ayer Ssputtered onto a
leads were deposited up to the edge of the doansure minimal lead resistancel(<
q). The entire arr ay ,passigsation ayereo peodidew untform a 1
surface energy. The individual heater elements were maintained at a uniform specified
temperature using 96 Wheatstone bridgedback circuits. The temperature of each
el ement was selected through the use of a
steps. When combined with the other resistor elements in the circuit, the array
temperature could be set from -305°C with a ominal resolution of 0.2°C. The
frequency response of the combined heater/bridge circuit was approximately 15 kHz.
Each heater was capable of dissipating 2.0 W, or a maximum surface heat flux of about
4.1 MW/nf. Additional details regarding the working mpeiples of themicro-heaterarray
are available by Rule and Kim (1999) and Bae et al. (1999).

The feedback control circuit for one heater is showrFigure 7. The operation
principals of this circuit are similar todse of hot wire anemometry. Cdmjuid striking
a heaterdecreasedthe resistance of that heater resulting in an imbaldancéhe
Wheatstone bridge. The &xmp sensed the imbalance and sesignal to the transistor
to allow for larger current to flow in the circuit from the 28 V source. The digital
potentiometer resistance i changedto shift the circuit back to a new state of

equilibrium. This process repeatéat each heater at a fregncy of 15 kHz.
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The heater temperature was increased @ibcrements from 4 to 115°C and the
local heat transfer from each afdividual heaterwas measuredor 2 s at each
temperatureln the case of the hollow cone spray with 360 for standoff distances of
5 and 7 mm, the spray impact region was larger than the heater size. To acquire data for
the entire region the spray was positioned over the four corners of the middle 8x8 heater
and the heat transfer data for a quarter of the spray was collected. The data sets were
subsequently merged to create the full heat transfer distribution pattern in form of a
16x16 matrix.

A schematic of the heat transfer measurement apparatus is sindwgure 8. The
working fluid was pumped from the fluid reservoir through a positive displacement pump
(Cole Parmer Gear pummodel number7521110), a flow meterfOmega flow meter,
model number: FLR1000BRa heat exchangéAP| Heat Transfer, model number: SB1
20), a filter (Swagelok, model number: S&W-2, 2 um), and then through the nozzle.
The atomized liquid impacted the heater array locatedeabottom of the test chamber.
Excess liquid drained from the spray chamber back to the fluid reservoir by gravity. The
standoff distance between the heater and the spray was adjusted using a set of three
orthogonal traver ses WA blatk aadhwhite C€Dcamaray o f
mounted on a tripod head and fixture below the charabeérprojected do a TV screen
allowed the spray axis to be adjusted over the center of the heater with an accuracy of
approximately 0.2 mm. A thermocouple placed befbee nozzleorifice monitored the
liquid temperature to assure constant temperature throughout the data acquistess

The data acquisition systems consisted of two data acquisitions boards mounted

inside a desktop computer (each for 48 heater) avidusml Basic code that connected to
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the heater array and controlled the heat temperatures and measurement durations. The
output of the system was a set of data files consisting of Wheatstone bridge voltages for
each heater at each set temperature. Thesefites were imported in a Matlab code
where they were translated into heat flux and combined to give a complete map of heat

flux distribution on the heater afirioustemperaturg

Figure6. Photograph of thenicro-heaterarray used toneasure heat flux distribution

R
Rs @ -

L

Figure7. Feedback circuit schematic
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3-5- Data Reduction and Uncertainty Analysis

The uncertainties in the readings from each experimental setup are discussed in details.

3-5-1 Spray measurement apparatus The most important source of errar the
Malvern laser setup was the calibration and alignmenf laser generator and detector
The laser generator FFigure3 was quite heavy and the Malvern design was suchhbat t
large mass ceded a momenhat caused alignment difficulties. The back had to be held
upright and the system was so delictitat the slightest misalignment could cause
erroneous readings. Considerable effort was put into calibration and alignment to achieve
a noise ével in compliance with the systems specifications. Another source of
uncertainty was ambient ligithatwas minimized by dimming all the surround lights
The mist created by spray impingement on the liquid at the bottom of the chamber was a
source of acertainty that was compensated for by abruptly shutting off the spray at
different pressures and measuring the mist characteristics and subtracting them from the
readings. Multiple scattering, which was a result of droplgerferencewith the laser
bean at multiple locations, would cause excessive scattering of the laser and would result
in unrealistically small droplet sizes. This issue prevented performing droplet size
measurements with the full cone nozzle. But the data for the hollow cone anutdig s
were modified using an empirical correlation (for details refer to Chapter 4)
Quantification of the error associated with these measurements was not possible due to
complexity of the system andhe shortcomingsof the operating software. The
uncertanties areexpectedto be minimal since all the major sources were carefully

eliminated.
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3-5-2- Pressure measurement apparatushe Zaber orthogonal stages were capable
of sampling data over a £33 mnf areaand the heater array was77mnf. To obtain
matching datahe impingement pressure data were sampled in form of 32x32 matrices in
350 pum increments (11.2x11.2 MmEach increment wagesignedo correspond to one
guarter of an individual heater in the heater ar@gveral of the rows and columirs
each set of pressure data weren cropped tobtaina 20x20 matrixwith the same area
as the heater arragropping of the matricewas also designettd make the locations of
pressure and heat flux coincid€o achieve that, the center of each dath wsas
determined by counting the numberpitelsin the horizontal and vertical directions and
finding the coordinates of the centdihe number of cropped rows and columns were
changed until the centers of the pressure/heat flux distributions wereyetkecdame.
The data werehen radially averaged tdouble check theccurrence of the peaks of
pressure and heat transtdrthe same radiThe next step was coarsening the dater
2x2 cells to obtain 1010 matrices with the same resolution as thedresier dataAs
discussed earlierpf hollow cone sprayst® and 7 mm standoff distances the spray was
larger than the heater array and the data were in form>df6léatrices with each cell
700x700 pm?. Efficient processing of the data required taene size for all of the data
matrices Therefore, for cases with the regularx10 size 3 rows and 3 columns were
added to the top, bottom, right, and left of the data matrices, thus increasing the size of
each data set to ¥66. The value of added elemsio the data werzero so they had no
influence on posprocessing.

Figure 9 illustrated the above procedure for hollow cone3®B0 spray at 3 mm

standoff distance and 689 kPa spray pressum.0 i sgindl pressure distributioim
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32x32format. 7, 3, 5, and ®ws and columns were cropped from top, bottom, right, and

left respectively and replaced with zeros to maintain the size ohaltex, AB. 0 The d

isaveraged over2 pi xel s i n résGdtiontofpressuee tarwd iransfen @ata.
ADO i s spomding leat rflux edistribution at 90 wall temperatureThe black
square in AiB0O shows a subset of the data t

10 20 30

C

5 10 15 5 10 15

Figure9. Data reduction fopressure distributioof hollow cone PF5060 sprg at 3 mm
standoff distance and 689 kBpray pressureA: original pressuralistribution (Pa) in
32x32format, B:Cropped pressure distribution (P&) Coarsened pressure distributions

(Pa) and D Heat flux distribution at 9GC wall temperature (W/cf

Two differential pressure transducers witbminal ranges of-8 kPa andt34.4 kPa

were used to collect the data for different cases. Each of the transducers had a nominal

41



linearity and hysteresis error of +0.5% of their full scalMhich corresponded to
uncertainties of £25 Pa and 172 Pa for the smaller and larger transducer, respectively.
The other major sources of uncertainty in the pressure measurement apparatus was due
the pressure tap length which created a reverse head and caused up to 49 Ra pressu
reduction in the measurements. The uncertainty in standoff distance was approximately

one mark on the orthogonal traverse set (25 pum).

3-5-3- Heat Transfer measurement apparatus The heater array was calibrated
using a constant temperature oven. fibater was placed in the oven at a set temperature
and when the temperature stabilized the digital potentiometersviélae kalanced the
Wheatstone bridge @ve recorded. Ideally, resistance values had to increase linearly as
heater temperature increasethe heater was calibratedom 40°C to 100°C. The
recorded resistance values were used to determine the digital potentiometeandsets
the heater arragt the desired temperatures. The heater could potentially drift from the
calibrated values, so rootemperature calibrations were performed periodically to ensure
heater stabilityand consistencyRoom temperature calibration was similar to the regular
calibration, except that the heater did not need to be placed in the over. Rather, it was
exposed tadhe ambient temperature and tihigital potentiometer valuesease recorded
for that specific temperature and the linearity of the resistance values were compared to
the calibrated values. If the values had drifted by several units, recalibraien
necesary. Figure 10 is sample of calibration curves for heaters7®1 The room
temperature was about 23°C and the calibration was done for temperatures between 40

and 100°C a described above. The results weoenpletely linear and the intermediate
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resistances for temperatuother than those calibrated for could be determined by a
simple interpolation. Heater 65 was a fregulating heater and the resistance values
were fixed at 5122. This was the maximum resistance that could be attained by the
digital potentiometer anché limiting factorfor the operation temperatucé the heater

array. Above 115°C several of heaters needed resistances aboveQ5t? regulate
properly which was beyond the possible range and therefasethelimiting factor.

Heater 64had slightly drifed over time from its original calibration, so the slope of the
calibration curve had changed between the room temperature and 40°C. The rest of the
heaters showed remarkable consistency and very fidlwcalibrations were needed

throughout the course oésearch.
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Figurel0. Calibration curves for a subset of heaters
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As mentioned before, for hollow cone sprays at 5 and 7 mm standoff distances, the
spray area was larger than the heater. So the nozzle was placed at four cotimers of
heater and data was taken for heat quarter separately. Then the four sets were merged to
provide the complete map in form of X5 matrices. A CCD camera was placed
underneath the heater and providetenlarged imaged of the heater on a TV set. This
setup was used to position the nozzle at the desired locdtignse 11 shows the above
procedure for a hollow RB060 spray at 5 mm standoff distance, 689 ptay pressure,
90°C heater temperature, and°@5liquid temperatureData from thefour quarters were
taken separately and are shown in their respective locations. The solid lines indicate the
contribution of each quarter to the compldistribution map The continuity of the heat
flux profile is another indication of excellent accuracy in positioning the nozzle with
respect to the heater.

A detailed uncertainty analysis for the heat transfer measurement apparatus was
presented by Horacekt al. (2005). Uncertainties in voltage and heater resistance
measurement in the feedback circuitry along with substrate conduction could result in up
3% error in the acquired heat flux data. Other sources of uncertainty incipdayl
pressure (£3.%kPa- 0.4 to 1.5%- between two marks on the dial pressure gauge),
standoff distance (x25 pm0.3to 0.8%- one mark on théhreedimensional staggsand
heater temperature (0@ - 0.4 to 1% - the difference between two posit® on the
digital potentiometg. These factors could potentially resultaiimaximum uncertainty of

6.3% in the heat transfer coefficient data).
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Figurell Sample plot for merging the four quarter of heat flux data for hollow cone PF
5060 spray at 5 mm stdoff distance, 689 kPa spray pressuréX@0eater temperature,

and 23C liquid temperature; the color bars show the heat flux values in ¥V/cm

3-6- Chapter Summary

Three experimental setups were used in this stu@pray measurement apparatus,
pressire measurement apparatus, ancheat transfer apparatus. The measurement
concepts, design characteristics, components, and operation methods for each system
were discussed. Several figures from the setups and individual components were
presentedDetails ofdata reduction for trivialas well asmore complicated procedures

were discussed and illustratethe major uncertainties associated with readings from

each system were also reviehend quantified.
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CHAPTER FOUR: SPRAY ANALYSIS

Studyingthe sprayproperties and characteristipsovidesimportantinsighss into the
rangeof parameters under discussion. Tluey be used to identify thgarameterghat
aremorelikely to havesignificantimpact onthe heat transfer performance. Tlusapter
explainsthetest conditions andpray analysisesults analsopresents discussions on the

importance oflifferentheat transfer variables.

4-1- Test Matrix

Flow rates through the nozzlesvere measurd for all three fluids and droplet size
analyss was preformedsing the Malvern laser system for hollow cone and flat fan PF
5060 sprays. Multiple scattering problems associatedthetfull conesnozzleprevented
lasermeasurement®r those sprayd?~5060 could provide the required information for
the purpose of this study and eliminated the need to repeat the experintienie other
liquids. Table 2 summarzes the test conditions for spray measurements. In total, 52
experiments were performed to obtain the required information from the spexystest

was carried out a minimum of two times to ensure repeatability of the experiments.
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Table2. Test matrix

Fluid Experiment type | Nozzles Ps (kPa) s(mm)
PF5060 | Flow rate Hollow cone, full 206, 344482,689 -
cone, flat fan

Spray droplet Hollow cone, flat 206, 344482,689, 896| 8, 10
measurement fan

PSF3 Flow rate Hollow cone, full 206, 344482,689, 896 -
measurement cone

PAO-2 | Flow rate Hollow cone, flat 206, 344482,689, 896 -
measurement fan

4-2- Flow Rate Results

An Omegaflow meter(model number: FLR1000BRyas used to measure the mass flow
ratethrough the nozzles at different pressuiieasble3). The output of the flow nmter was

a voltage valueSince alibration curve werenot availabé for the liquids irthis study,
Therefore, preliminary tests were conducted to obtain the calibration curves and convert
the voltage into flow rateln theory the flow rate through the nozzlehanges with the

square root ofpraypressure

W= A/20P, (35)

Power law models were calculated for each nozzle to investigate the proximity of the
theory and experimental resulfhe modelsare presented ifable4. With the exception

of flat fan PF5060 sprays, the experiments where within 16% of expected values.
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The hollow cone nozzle that was used for P2A@ad the largest orifice and therefore had
the largest flowrate;followed byflat fan nozzle hollow cone nozzle that was used for
PF5060 ad PSF3, and full cone nozzldzigure12is a comparison between flow rates
of different fluids throughthe nozzles atvarious pressures. The symbols represent the

measured values while the lines correspond to the modé&bhir4.

Table3. Summary of nozzl#ow rates flow rate in ml/s

Fluid PF-5060 PSF3 PAO-2
PressurékPa) | Hollow | Full | Flat fan| Hollow | Full | Hollow | Flat fan
206 1.04 |0.28| 2.17 1.77 [0.61| 3.24 2.93
344 1.28 | 0.36| 2.63 212 |0.80| 4.15 3.73
482 156 | 0.43| 2.94 244 |1.01, 4.90 4.48
689 1.72 | 0.54| 3.33 283 |1.17, 5.93 5.52
896 - - - 343 |1.39| 6.38 6.02

Table4. Flow ratefits for each nozzle and fluj@gpray pressure in kPa

Fluid Nozzle Flow rate (ml/s)

PF5060| Hollow cone| 0.110P°%*

Full cone 0.014pP°%

Flat 0.335P°%*

PSF3 Hollow cone| 0.129p%*

Full cone 0.026pP°58

PAO-2 | Hollow cone| 0.233p0%

Flat 0.169P°%*
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Figurel2 Flow rate of different liquids through the nozzles at various pressures

4-3- Spray Droplet M easurementResults

Calibration and alignment of the Malvern laseuipgent was an involved process. It
included careful adjustment of the laser generator and detector, eliminating the ambient
light, and building small windows on the test chamber to minimize the scattering off the
chamber walls as the beam was going thnol@r each specified condition the data were
collected for 10 s intervalat a frequency of 100 Hz and was averaged over the number
of measurement€ach test was carried out twice to ensure repeatability and in case of
anysignificant mismatch, third anfdurth iterations were made &quirerepeatable and
reliable data.Splash of the sprays on the accumulated liquid at the bottom of the
experimental chamber created a mist in the enclosline. sameset of testswas
performedto analyze the mist effeat ithe chamber. In each case the spray was abruptly

shut off and measurements were made in a similar manner to the regular tests. Since mist
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formation was a transient phenomenon and died deVetively quickly, only 1 s of the
datawasused for mist analysis.
The output of the system was a list of drogliegeranges with the percentage of the

droplets that fell within certaimliameters Sauter Mean @meter(SMD or d3;) was

defined as
2d; >nd’
d32 = st or d32 = Zn.d.z (36)

where d, and ds are equivalent droplet diameters based on volume and surface area
respectively andn is the fraction of dropéts within certain droplet size rangégfebvre
(1989) Multiple scattering of laser beam passing through thBowocone nozzle
necessitatednodifying ds, from its basic definition to obtain more accurate results.
Gulder (1990) presented and empirical correlation to compensate for multiple scattering

in dense sprays via a correlation factor. According to the model,

d;, = d,,(1.35¢" ™) (37)

where

2
F = —0.1181( A j +131222 — 574742
100 d,, d,,

F,=2.238%° - 2.6077y° (39)
y=1-Tr
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Details of droplet size analysis and related topics can be found in Lefebvre (1989).

Droplet number concentration was calculated uiieddeerLambert law.

I -1
= e wherea= T In(Tr) (39

0

It basically states that the laser beam intensity logarithmically attenuates as it passes
through the spray fielda is the particles absorbance which is a function of transmission

and travel lengthSome manipulation yields,

~ —2000In(Tr)
- nv,
3' _nhon
2

C

v

(40

whereC, is in ppm, and represents droplets with different diameter ran@gsanbe
divided by 10000Qo indicatethe volume concentration of particles per unitlume of the
spray.Details discussion on thisgic can be found in Leon@000), Cabra et al. (2002),
and Malvern Spraytec RTSizer software manual.

Table5 presents the droplet measurement results. For the full cone sprays, d32 was
calculated fromEquation 9and for all of the caseg was calculated fronkEquation 10
Sauter Mean Diametefecreasedvith increase of pressurés spray pressure increased,
therewas higher momentum flux through the nozzle and a larger force to disperse the
liquid and shter the jet into droplets. THarger force resulteth smaller droplet sizes
with increasing sprapressure. This trend continuadtil the wimulative surfaceension

forces of the dropletscanceledthe increasing force anddahchange in droplets sizes
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evenedout. Smaller droplet sizes requdéncreasingdroplet number concentratidg,)
to maintain continuityFigure 13 and Figure 14 show the changes ids, and C, with
spray pressurelhe variations are very modest in the figutaggely because éhsprays
were fully developedThe maximum drop irSMD between higher and lower spray
pressuresvas only 6.4 ¢ mwhile droplet number concentration initially changed but
flatted out at higher spray pressures.

It should be noted frortable5 thatthe droples velocities for all three nozzleme
the same Equation 10 which was used to determine droplet velocity, depends on liquid
velocity in the tube (mass flow rate), spray presstyg,and fluid propertiesSince the
fluid properties wee the same ahflow rates and droplet sizes ngerelatively close, the
most dominanparameter irdroplet velocity wa the spray pressur&his should be kept
in mind since it implies very similar heat transfer from all sprays if the driving parameter
in heat transfer was the droplet velocily the future chapters it will b&hownthat heat
transfer from different sprays were hugely differdmghlighting the inconsistency of

previous works assumptions with the experimental results.
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Table5. Spray measurements, d;, was calculatedsing Equation 9V was calculated

using Equation @

Nozzle | Pressure| Flow rate | s d1o d5o dgo d32 C, V
(kPa) (ml/s) (mm) | (em) | (em) | (em) | ( € m (ppm) | (M/S)
Hollow | 206 1.04 8 6.3 18.4 | 105.9|29.2 | 178.7 | 15.7
Cone | 344 1.28 8 70 |21.6 |116.4|30.0 |225.0 |20.2
482 1.56 8 4.6 15.6 | 114.4| 275 | 235.8 | 23.9
689 1.72 8 3.9 15.9 | 125.0|27.4 | 241.1 | 28.6
896 2.00 8 3.4 19.1 | 141.2|26.3 | 283.1 | 32.6
206 1.04 10 5.2 15.0 | 79.8 |25.3 | 1416 | 15.6
344 1.28 10 4.3 14.1 | 89.5 |249 |143.9 |20.2
482 1.56 10 3.7 11.9 | 86.0 |24.7 |195.1 |23.9
689 1.72 10 3.1 11.0 | 119.5|23.6 | 188.5 | 28.6
896 2.00 10 2.4 10.4 | 136.7|23.6 |214.0 | 32.6
Flat 206 2.17 8 14.0 | 82.3 |129.1|39.3 |559.3 |15.7
Fan 344 2.63 8 12,7 | 77.0 | 122.1]39.0 |621.2 |20.2
482 2.94 8 10.0 | 69.5 | 116.7 |37.8 |617.2 |23.9
689 3.33 8 85 |[59.6 |111.6|37.2 |623.3 |28.6
896 3.85 8 6.4 |588 |113.4|36.0 |595.3 |32.6
206 2.17 10 142 | 77.4 |121.9|39.5 |528.3 |15.7
344 2.63 10 11.1 | 69.1 |120.1|38.5 |502.0 |20.2
482 2.94 10 8.6 |[60.3 |114.4|38.4 |4259 |23.9
689 3.33 10 7.0 |54.0 37.0 |454.2 | 28.6
896 3.85 10 5.7 50.0 | 111.0 | 35.7 | 455.9 | 32.6
110.0
Full 206 2.79 - - - - 58* | - 15.7
Cone | 344 3.57 51* 20.2
482 4.30 47* 23.9
689 5.43 43* 28.6
896 6.25 40* 32.6
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4-4 Chapter Summary

Flow rate through the nozzles for all operating fluids and pressures were measured and
the experimental and theoretical trends were in goodeagent Curve fit techniques

were used to present simple equations for flow rate in each rexadfer each fluid. A
Malvern laser analyzer was used to measure droplet sizes, volumetric concentration,
transmission, and attenuation in-BG60 hollow conerad flat fan sprays. It was seen that

the Sauter Mean Diamet@nd droplet number concentration did not change significantly
near the fully developed conditions (higher pressure). It was also seen that droplet
velocities were very similar for all sprays similar pressure As was discussed in
Chapter 2all of theavailable correlations fa@pray coolingare based on droplet velocity
andds,. Therefore, heat fluxvould be relativelysimilar from all sprays, which was not

the case. These findys emphasizéhe importance othe basic premise of the present
work in challenging the common wisdom and presenting a new appro#od study of

spray cooling studied.
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CHAPTER FIVE: SINGLE -PHASE HEAT TRANSFER

Heat transfer results are presented in two chapters, one for each regime. This chapter
presentsthe singlephase results. Details of the experimental procedureyiges and
results are discussed. A correlation to predict sipbkese heat transfer in spreooling

is developed and evaluated.

5-1- Test Matrix

Table 6 summarizes the test matrix for the singlease study. As was shown in the
hypothesis, there were twanknown parameterthe general equation for singihase

heat transfer coefficiergnd two fluids were required to determine those. The third fluid

in the table is added to provide additional confidence in the data and correldtere

are 96 test casdisted in the table. RB060 was studied for heater temperatures between
40°C and 55°C and the other two fluids were studied for temperatures between 40°C and

90°C, all with 5°C increments.

Table6. Test matrix

Fluid PF-5060 PSF3 PAO-2
Spray | Hollow cone, full cone, flaj Hollow cone, full cone| Hollow cone, flat
type fan fan
s(mm) 3,57 3,5 3,5
Ps (kPa) 206, 344, 482, 689 206, 344, 482, 689,896 206, 344, 482
U(deg) 45, 90 45, 90 45, 90
Tw (°C) 40to 55 40 to 90 40to 60
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5-2- Single-phase Heat TransferResults
Pressure and heat transfer datae collected for a total of 96 test cases (48 with PF
5060, 30 with PSR, and 18with PAO-2). Three samples of the data for each fluid and
nozzle are presented Figure 15, Figure 16, andFigure 17. The left column in each
figure is the pressure and the right column is the heat transfer coefficient distribution for
the same conditions. Thewere a numberfo A-n e g u | lEeatérsnthiipdare indicated
by their dark blue color in the heat transfer coefficient platsion-regulating heater
requiredits neighboring heaters to dissipate more lseahenonregulating heaters along
with their surrounding heatewere excluded from the postprocessing.

The flat fan sprayRigure15) produced the largest locahpingement pressui@p to
20 kPa). The result wagery high heat fluxes that were occasionally beyond the capacity
of the heater array and wetherefore discarded As expectd, the spray diameter
increasedwith increasing pressure and standoff distance when using theohdl and
hollow-cone nozzlesHigure 16 and Figure 17). The locations of # peak impigement
pressure and heat flux veesimlar, which wa consistent with the hypothssin this
work. However, there wsma region of low pressure and relatively high heat transfer on
the outskirt of the sprays due to the horizontal flow over datdr array. Hollow and full
cone sprays had wider distribution and more modest maxima of about 10 kPa in
impingement pressure.

In absence of direct impingememprizontal flow controls the heat transfer. This
effect can be seen on the top right corrfeineat transfer distribution plots Figure 15.
While there was no impingement on that area, the inclined spray resulted in horizontal

flow to the upper right corngesulting in significant convective heat transfer denoted in
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green color. Same observation waade for the full cone and hollow cone sadfter
impingement, the liquid flowed outward resulting in relatively high heat transfer. In the
case of hollow cone spraysyme of the liquid got trapped in the inzene and exhibited
considerablylower heat transfer compared to the impingement zoneven the outer
zone.The imperfections in the full cone ISR prototype nozzle resulted in an unexpected
spray patter,Figure 16. However, the almost identical corpesidence between the
pressure and heat transfer distributions was a reassurance for the valithéy bzfsic
assumption of the wkr

Developing a model to evaluate the contribution of horizontal flow in overall heat
transfer or using one of the standartbdel requires the knowledge of liquid film
thickness and velocity which are very difficult to measure in spray problems. These
contributions were proved to be several times smaller than that of direct impingement.

The pressurdased model can be develogedthe impingement zones only.
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Sampleof radially averaged pressure and heat transfer coefficient plots are presented
in Figure18 andFigure 19. The circles and triangles represent pressure and heat transfer
coefficient on the left and right ordinates respectivielyeach case the center of the spray
was determined and the readings were radially averaged. In lopttedi the peak
locations for pressure and heat transfer coefficient were identical. The extent of the heat
transfer distribution was larger than pressure due to the horizontal flow effects described
above.Figure 18 is for the data with 3 mm standoff distance and therefore the peaks
occurred at smaller radii compared to the 5 mm datkigare 19. As expected, the

pressure and heat transfer valued increased significantly with increasing spray pressure.
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Figure 19. Radially averaged pressure and heat transfer coefficient for-2AGllow

conespray at 5 mm standoff distance

5-3- Single-phaseCorrelation Development

In order to reducéhe scatter, pressure drheat transfer data for full and hollow cone

sprays were radially averaged and the flat fan spray data were avetagiéeérent

diagonallocations The location of the center of the spray for a given pattern was chosen

as the closest of the corners anter of a heater to the geometrical center of a

corresponding circle. A radius scalinigctor for each test case was introduced to

compensate for the small mismatch between the radii of the hollow sprays 3r &'6F

PAO-2 to ensure the peaks in pressarel heat flux occurred at the same radilss

scaling factor was betweenl%%. Figure 18 and Figure 19 show the radial distribution

of pressure and heat transfer coefficient for the cases to which the scaling correction was

applied.
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The local heat transfer data for edichd were plottedagainst theorresponding local
impingement pressure and were binned over 100 Pa increments. The binning process
consisted of averaging the heat transfer coefficient and the impingement pressure of the
data points that fell within the same increment. Bagneliminated the possibility of
weighting the correlation toward the regions with disproportionately more data points and
provided evenly distributed sets of data. Another benefit of binning was that the outlying
data points were averaged. To develop @etation between pressure and heat transfer
coefficient, an appropriate form of the relation between the two parameters needed to be
determined. The form suggested by the dimensional analysis (Equation 17) was chosen.
Two constantsC and a need to be detmined from the datalaking the logarithm of

both sides yields
log(H) =log(C) +alog(Pr) (41

By averaging alH values from the binned data for each fluid and plotting them against
the Pandtlnumbers in logog coordinates, a plot with tbe points was obtained through
which a line was fit whose slope agdntercept representeal and log(C) respectively
(Figure20). The final correlatin for fluids with Prandtl numbers between 12 @6dnd

impingement pressures of below 20 kPa the heat transfer coefficient is given by

h
He—  —0042Pr° (42)
(oP)c,

or
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h = 0.042p0.5cppr70.33P0.5 (43)

whereSI unit system is used for all the parametkrszigure20 the averagéd values for
each liquid is shown with solid symbols. The mean absolute error for the linear fit on

these points is 4.3%.
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Figure 20. Linear fit on the averagél values againsPr to determine the universal

constantsa andC, in the correlation

5-4- Single-phaseCorrelation Verification

For PF5060, the above correlation reducel t9791.2P% W/m?K which is within 4.6%
of the correlation the authors developed for32B0 sprays in Abbaset al, (2009),
h =830.0P°. For PSF3 the model yield$ = 6882P° W/m?K (a fit on only the PSR

data yieldsh = 797.6P°® W/m?K). Likewise for PAQ2, the model predicth = 644.2P°°
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W/m?K (a fit on only the PA@ data yieldsh = 577.3P*° W/m?K). A comparison of the
binned data for each fluid with the prediction of Equation 38 is showRigure 21,
Figure22, andFigure23. With the exception of a few outliers, all the average data points
fall within £25% of the predicted values.

Predicting radial variation of heat transfer coefficient in the hollow cone spsays
particularly important because they can be used to test the robustness of the correlation
by capturing the variation in heat flux across the spray impingement réggume 24,
Figure 25, andFigure 26 show the measured and predicted values for radially averaged
heat transfer coefficienih hollow cone sprays for the three liquids. The peak locations
and magnitudes as well as the extent of the impingement zorescaratelycapturedoy

the correlation. There waoften somewhat higher heat transfer at radii smaller than the
droplet impactzone and also the outskirt of the sprays where the meschalriving the

heat transfer wasnot impingement pressure but the horizontal fldviquid over the
heater. This wa expectedsince the correlation was developed from data within the
droplet impat zone only.

Radially averaged pressure and heat trarttafor each fluid was compared against
the corresponding modeln Figure 27. The correlation was also used along with the
measured pressure distribution data to obtainatie@averagedheat transfer from the
surface and compared with the measured daigue 28). It is observed that the
agreement is quite good, with almost all the data witti6% of the correlation. The
outliers are likely due to inaccurate prediction of the data outside of th@etdro

impingement zone.
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5-5- Comparison with Existing Correlations

Average heat transfer coefficients over the impingement area-5060Ffull cone sprays
were compared against the predictoobtained from correlations available in the
literature Figure 29). Even though Karwa et al. (2007) developed their correlation for
water, it agreed with the preseraitd better than other correlatiorite Rybicki and
Mudawar (2006) correlation was developed forF052 whose Prandtl numbervsry
close toPF5060 (11.5 vs. 11.8). It is noteworthy that in this correlaharepends on
Pr’#2which is in contrast with the findings of this study which indicate hidgpends on
Pr%3 Although the comparisonwitSh eddds corr el wasmadeusiigEqu at i
their recommended values for systgpecific constants, thagreemenis quite poo.
Some et al. (2007) used a different variation of presisased correlation that was based
on a curve fit rather than a physicased form for the correlatiorDespite that
deficiency, it performed well for highdr values.The predictions from thededcated
correlating forPF5060 data (mentioned in the previous secti@ang also shown in the
figure. This comparison highlights the advantages of using the prelsaseel technique.
While other correlationsely on systemspecific constants and/or inputrpeetersthat
aredifficult to measure, the present work has no fudge factoreles solelya single
and easyto-measure input parametérhe result is impressive agreement with the data

for a variety of fluids.
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5-6- Error Analysis

Error analysis is very importaor a versatile correlation like ¢hone presented in this
chapter. Theerrorsin the predictionsare results of various uncertainties, human error,
and therandomness that is inherent to f®blem.MAE and RSME are often used in
this type of problems to represent the errors.

Table 7 summarizes the error analysis for different liquids and sprays. The errors
were calculated using predictions based on binned pressure data. This method prevented
weighting of the error toward regions withore daa points and providediniform
distribution and more reliable analysis. Heansfer coefficients values below 1 kWin
were ignored for the purpose of this analysis because those points were almost always

away fromthe impingement zone and less significarhey would have affected just a
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few elements in the binned pressure vectors and would not have had much overall
influence. However, discarding them allowed for more precise demonstration of the
correlation performance.

PF5060 hadthe best overall MAE 1011.8%, followed by PA& with 17.2% and
PSF3 with 22.0%. The largest and least errors were in hollow cone3R8¥ flat fan
PF5060 sprays with approximated valué2@.9% and 10.5% respectively. For all three
operating liquids, the overall MAE was after than those of individual sprays. This
emphasizes othe importance othe binning process, where various undand over

predictions at the same pressure intervadse eliminated.

Table7. Error analysis for the singlgha® correlation; MAE in % and RMSE in W

Fluid Spray pattern Error type Error value
PF5060 Total MAE 11.8
RMSE 7.6<10°
Hollow cone MAE 17.5
RMSE 6.5¢10°
Full cone MAE 16.9
RMSE 6.8<10°
Flat fan MAE 10.5
RMSE 7.6x10°
PSF3 Total MAE 22.0
RMSE 6.910°
Hollow cone MAE 27.9
RMSE 7.5¢10°
Full cone MAE 22.6
RMSE 5.2x10°
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PAO-2 Total MAE 17.2
RMSE 9.5¢10°
Hollow cone MAE 20.5
RMSE 4.9<10°
Flat fan MAE 21.6
RMSE 10.5¢10°

5-7- Chapter Summary

A Malvern laser setup was used to measure droplet size and velocity-5@6BKprays.
The data gave an insight into the ranggpafameters in the study and highlighted the
need to incorporate the physical aspects of the process in proposing corref#ions
different test cases were examineddiscoverthe relation between local impingement
pressure and heat transfdrwas seentha the spray impingement zone htém highest
heat flux. The areas with high horizontal flow exhibited higher heat tratiefarareas
with stagnant liquid.Dimensional analysis was used to find the proper form for the
correlation. There were two unknowns in the correlation and three fluids were used to
determine the constants. The outcome was a correlation to pieelgihge-phase heat
transfer coefficient for liquids with Prandtl number 12 &8dand impingement pressure

below 20 kPa withir-25% of the data.
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CHAPTER FIVE : TWO-PHASE HEAT TRANSFER AND

CRITICAL HEAT FLUX

Two-phase heat transfer and critical heat fluxditbans are discussed in thibapter.
The test matrix and the data are discussed and a préssae correlation for heat flux
at the CHF point and for the entire local spray cooling curve is presented. The correlation

is verified against the data anettborrelations available in the literature.

6-1- Test Matrix

The test matrix for thipart of the researcis given inTable8 and consists 072 test
cases PF5060 was chosen as the working fluid based on its applicability in the
electronic ooling industry and availabilitand sincePSF3 and PAG2 had very high
boiling temperatures that were beyond the capacity of the heHter.sprays were
produced using two nozzles: Spraying Systems {1/4N1.5 hollow cone nozzle and an
ISR prototype full cone nozzleThe extremely high local pressure and heat transfer
producedby the flat fan nozzle exceeded the capacity of the h&atereasure the heat
flux and was therefore excluded from this part of the work.

Subcooling hasignificanteffecton the twephase heat transfer and critical heat flux.
The available literaturerothe dfect of subcooling on spray cooling heat transfere
discussed in Bapter2. In the twephase experimentthe water bath temperature was set
to 33°C, 45°C, and 69C to maintain the operating fluid &5°C, 35°C, and 4%°C

respectively.lt is important to mention that these are average temperatures and do not
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reflect the exact values. In realityquid temperature increased as it flowed tlytouhe
system and for one staoffl distance the temperature increase from the lowest spray
pressure tadhe highest spray pressure could be as much’@s Therefore the actual
liquid temperature varied from 23 to 49C. With the nominal saturation temperature

being 56C, therange ofsubcoolingwas 12C-31°C.

Table8. Test matrix

Fluid PF5060

Spray type | Hollow cone, full cone

S (mm) 3,57

Ps (kPa) 207, 345, 483, 689

T« (°C) | 40t0 100

T: (°C) 25, 35, 45

6-2- General Observations

Impingement pressure was measured with the liquid nozzle inlet temperature at room
temperature (around 25°C). The measured pressure digiribwis assumed to be the
same as thether liquid inlet temperatures since fluid properties vary only slightly
(usually :3%) & the liquid temperature changefiamples of the heat flux distributio

for the hollow and full cone sprays are showrFigure 30 and Figure 31. Each pixel
represents a heater in thacro-heaterarray. There were seven noggulaing heaters
(distinguishable by their black colorBimilar to the singlgohase studythe non

regulating heaters as well as their neighbors were excluded from the postprocessing. Full
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cone sprays had larger impingement areas than the hollow cone spithysdriéasing
standoff distance and spray pressure, the spray covered a larger area of the heater
resulting in higher overall heat flux compared to test cases with smaller standoff distance
and lower spray pressures.

Heat flux values were averaged forakexs which were located within £0.5 mm of
specified radii and were plotted against heater temperature to obtain radially averaged
spray cooling curved~gure32 andFigure33). As expected, the curves were linear up to
the saturation temperature (56°C). For temperatures above about 60°C, an increase in
slope was observed. HealuxX also increased with increasing sprayessureand
decreasing standoff distance (both resulting in higher impingement pressures).

Figure32 andFigure33 showthelocal spray cooling curves for hollow and full cone
PF5060 sprays for various configurations and subcoolingge fadial spray cooling
curves for PF5060 hollow conesprays at 3 mm standoff distance are giveRigure32.

The heat fluxes in the inner zone of the spra (mm,r=1.5 mm) are low, but the heat

flux sharply increass with radial distance and peaks=2.5 mm where the impingement
pressure is highesfhe heat fluxthen decrease asincreases beyond 2.5 mm. CHF
occurs at around the same temperature regardless of the spray impingement pressure.
This includes the ingr zone of the spray (almost no droplet impingement where a pool
boiling-type heat transfer procesgcurs), the impingement zone (where the driving
mechanism for heat transfer is the local impingement pressure), and the outskirt of the
spray (where radibl outward flow drives the heat transfer). In spite of completely
different heat transfer mechanisms, heat flux peaks at the same temperature. Similar

patterns are observed for the full cone spr&ygufe 33). The heat flux is largest at the
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center of the spray£0) where the local impingement pressure is at its maximum, then
decreases with increasingAs was seen for the case of hollow cone sprays, even where
the dominant heat transfer mechanism is horizontal flow, CHF occurs at the same heater
temperature of 87°&-92.5°C.

In this study the nozzle inlet liquid temperature varied between approximatéy 23
to 49°C(subcooling between°T to 33°C). No specific pattern to suggest a connection
between the subcooling ai@yr could be identified. These plots clearly indicate that
spray characteristics and the local heat transfer mechanisms have hidisfluence on
the CHF temperature. The poirgs which CHF occurs (.. VS. Tcue) for the spray
cooling curves in the impingement zone are plotteligure 34 for hollow cone and full
cone sprays at the three stafidlistances and nozzle flow rates tested (a total of 371 data
points). The data range from CHF values as loG®//cn? to the maximum reported
CHF value of about 350 W/cmAveragingTcue over all of the data vields that for PF
5060 sprays CHF occurs @an average temperature of 89.2°C.

At temperatures beyontlsy, two competing parameters of incoming droplets and
instabilities induced by vaporization determine the structure of the liquid film on the
heater surface. The similar values Tfyr for various spray conditions hints that as
surface temperatures increases, vaporization (which is controlled by surface temperature)
becomes more predominant than the incoming liquid droplets. This observation is in
agreement with the study by Bernardina¢ (1997) who studied water droplets with
20<We<220 striking a smooth heater at temperatures betwe@d®C and frequencies
between 40 and 150 drops per minute. They visualized spreading of the droplets upon

impact and reported that CHF occurredAdt, between 100C-110°C for all test cases
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despite the significantly different spreading characteristics. They concluded that at high
heater temperature®/e had an important effect on the spreading of the droplets,
however, CHF and Leidenfrosemperature were insensitive to Weber number and
impact frequency. It is important to note that although Gidkieis dependent on the
droplet impact characteristics as reported in Bernardin et al. (1997erntiperatureat

which CHF occurs does not change much. Eibgd995) provided a thermodynamic
justification for the increased contact angle of droplets impinging on surfaces whose
temperature was higher thag, for otherwise wetting liquids. A more extensive research
on the underlying reasons for vaporization dwamnce on liquid film structure at high

heater temperatures is needed.
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Figure30. Heat flux distribution for the hollow cone spray at 90°C wall temperature and

3 mm standoff distance
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Figure31. Heat flux distribution for the full cone spray at 90°C wall temperature and 5

mm standoff distance

78



Liquid temperature: 25°C
P=482KPaandd =7 mm P =689 kPaandd =7 mm
300- 300

Py
4
%

Liquid temperature; 35°C

P=482KkPaandd =5 mm P =689 kPaandd =5 mm
300 300
< 200/ . vYvY
£ 200 STVVTTggy 200 o vuv
z v v
=100 o V U, atttaas,  100) N S
[=2 A AN
M 00O O & 8 8 o []
40 60 80 100
Liquid temperature: 45°C
P=482kPaandd =3 mm P =689 kPaandd =3 mm
300¢ 300¢
Nﬁ
§ 200 00#0000 2007 £000#000
= o o0 <
= 100! IVYITy I o AR AS A
- 100 5 O ¢ o vvv 100 o o o7V
Y 5 3 5 gRggegooD

0 60 T 8 o0 WY ETIH TV 300
Tw (°C) Tw (°C)
Or=15mm ¢r=25mm vr=35mm &2r=45mm < r=55mm

Figure32. Radially averaged boiling curves for hollow cone sprélys CHF location is

designated using a solid symbol
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Figure 33. Radially averaged boiling curves for full cone spratyg CHF location is

designated using a solid symbol
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Figure34. CHF value and occurrence temperatures at different wall temperatures

6-3- CHF Correlation D evelopment

The singlephase study showed the strong connection between the local impingement
pressure and heat transfer. That connection is investigated for the CHF conditions in
Figure35. For each dataet, the impingement pressureswanned over 100 Pa intervals

to evenly distribute the weight of thatd points so the correlationrist weighted toward

the intervals with more points. It is observed that Glé€reasesvith increasing liquid
temperature and increases with increasing impingement pressure such that for different
subcoolings the slope of the CHF increase WHtlis almostidentical. The soll and
dashed lines irFigure 35 represent separate fits to different test ca$bs. individual

models for heat flux at the CHF point and pressusegiven inTable9. It is clear from
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the figure and also the models that, similar to the sipglese regime, there &strong
connection between heat flux and dbempingement pressure at the CHF polihtis
assumed that CHF ia function of fluid propertiesiocal impingement pressure, and

subcooling:

q"CHF =f (P,p,,u, k’Cp’ hfg,O', ATCHF) (44)

whereA T, =T, — T, . In theboiling studies it is very common tocorporatethe effects

of subcoolingusingJa, several eamples are cited by Carey (2008ased on the those

studies and the current singlbase work in can be hypothesized that:

unHF = ('*:1F)C2‘]ag4FF>rC4 (45)

where ¢; is a combination of fluid properties with proper dimensions and
Ja: =C (Toe —Tf)/hfg. Since only one fluid was used to obtain the data, the efféut of

could not bestudied.A more physically sensible form for the correlation can be proposed
based on the rernmang parameters, namely, a combination of fluid properties, local
impingement pressure, add. The effecs of Pr and fluid properties have been absorbed
into theconstantc;. The followingform was used to generate the following correlation

for all of the test cases.

q'CHF = ClPCZJ%C:LF (46)
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Using this form ¢ obtainthe best fit on the data resulted in:

' =145 x 10°P** 0807 (47)

Some manipulation yieldshe final correlation for critical heat flux value for B60

sprays:

q'oe =9.15x% 10 P0'40(1—|— 242] a)o.sz o

where all quantities are in Sl unit system (heat flux im/pressure in Pa, and the
constant in m/s)This correlation ath the radiallyaveraged pressure data wérenused

to predict the CHF valutor differenttest casedrigure36 is a threedimensional plobf

the measure and predicted CHF valwgainst radially averaged impingement pressure
and incoming liquid temperatureBhe variation in the incoming liquid temperature from

about 23C to 49°C and the drop in CHF value are also seen in this plot.

350r
O Hollow cone 25°C
300~ o Hollow cone 35°C
A Hollow cone 45°C
__ 250" —Hollow cone 25°C fit
Ng 200 ---Hollow cone 35°C fit
§ ---Hollow cone 45°C fit
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—Full cone 25°C fit
---Full cone 35°C fit
--Full cone 43°C fit

0 500 1000 1500 2000 2500 3000 3500
Pressure (Pa)

Figure35. CHF vs.impingement pressure for differesprays and subcoolings
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Table9. CHF vs. pressure model for different subcoolings and sijRaysPa)

Spray pattern | Liquid temperature (°C) | gdchr (W/m?)
Hollow cone | 25 1.24 x 10° P4
35 1.19 x 10° P%*°
45 1.06x 10°P°*°
Full cone 25 1.74 x 10° P
35 1.44 % 10°P°*
45 1.78x 10°P°*
x 10° R — -
10~ ; © Measured
| & Predicted
8 @
0% A&
& ad
=3
w 4
T
O
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50
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Figure 36. Measure and predicted CHF values against radially averaged impingement

pressure and incoming liquid temperature for all the test cases

84



6-4- Two-phase correlation development

The observation of constaigne along with the correlation for singfghase regime and
CHF allow for prediction of the spray cooling curwdrom the singlephase region
through the twephase region up to CHe&sing the following techniqueConsider the
sanple spray cooling curve showm Figure37. The singlephaseportion is represented
by the red line, while the locatiasf CHF obtained from Equatio4andTcyr=89°Cis
indicated byasolid circle.

We can define a nedimensional temperatufe as

—]

-T

T* — w NB (49)

o

—
—

cHF ~— 'onB

whereTong IS the temperature at whidhe two-phase effects start to become important
(onset of nucleate boilingY" varies from 0 to 1 a3, varies fromTong to Tere andit
incorporates the heater temperature range wher@hase effects significant.In order

to determine this temperatui@ the current studylTong was varied fronTga to Teye and
using aRMSE minimzation routine it was found owt value of Tong=59°C resulted in
minimum error between the data and predictidiie heat flux in the twphase regime
betweenTong and Tepe can now bedetermined by combininghe singlephase heat

transfer contribution anthe CHF valuavith the weighting functiof .

ql2—¢ = (1_ T h"H) +T*qICHF (50)
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whered',,=h_,(T, - T,,) and h,, is determined frorh, , =0.0420°°c_Pr°*P°*, When
Tw=Tons, T is zero andq',,=d',,. If Tu=Tcwr, T is unity and d',,=q",.. The
following summarizes the three models for the sipilase, twephase, and CHF into

one correlation that can be used for any wall temperature (heat transfer regime) for PF

5060 sprays.

o = [L-maxQ T )|0.042c, Pro=P e XT, - T, }+

for Ty OTche (51
max0,T")[0.15x 10*P***(1+2.42)a)" |
200 . . |
CHF point
Single-phase Two-phase
150+ regime regime

50+

% 50 50 70 80 90 100
Tw (°C)

Figure37. Samplespray cooling curve
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6-5- Correlation V erification
Figure 38 and Figure 39 show the measured and predicted local spray cooling curves as
well as singlephase and CHF contributions to the heat flux for the ploEgare32 and
Figure33. The CHF contribution wsazero for heater temperatures be®°C and then
it staredto increase andingle-phase contribution dropped as wall temperature increased
until the CHF point, wheréhe single-phase contribution reduced zero. Fortthe hollow
cone spragat 25°C and 35°C liquid tempeuags the local CHF temperaturesgv.5°C
but the modeis bagd on CHF occurring at 8G. Despitethat difference, the model did
quite well in capturing the spray cooling curves. CHF and spray cooling curve prediction
for 45°C liquid were in very good agreement with the d&tgure 38). Full cone spray
cooling curves are shown irigure 39. At incoming liquid temperature &5°C CHF
occus at 92.5°C and the model missib@t point and slightlyunderpredicts the data,
however, the prediction wasxcellent in the singlphase regime and quite good in the
two-phase regime. The predictions for cases with ligerdperatures of 35°C and 45
were alsoin good agreement with the data.

The predicted versus measureatlially averaged heat flux at the impingement zone
for all the test cases are presenteBigure40 The top pation of the figuredifferentiates
the data by the spray system configurations (spray pressure and standoff distance), spray
pattern, and subcooling/hile the bottom pdion shows the radial location and heat
transfer regime. Combimng the information from the two plots allows for exact
identification of each data point and better evaluation of the predictions. Fulk66Ge
spray at 689 kPat the inpingement zone and CHF point hdte highest heat flux,

followed by 35°C and 45°CSinglephaseheat transfer was considerably lowerrthibe
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two-phase and CHF and therefore theadabints from that regime occupiéte bottom
of the plot.With a few exceptions, all the data points fall witiki25% of the measured
values. Br higher heatiux values this margin of error waignificantly lower.

Figure41 compares thareaaveragedCHF for measured and predicted dater the
impingement zone of thg@rys The predictions were made using the model presented in
this work and that of Visaria and Mudawar (200&m Equation26. For smaller heat
flux values the predictions from the two correlations had relatively similar accuracy,
however, at higher heflixes the present correlations outperformed the massoéiged
correlation. The other relations discussed earlier were either inapplicable to the current
data or there were insufficient input information to use them for the purpose of this
comparison.Impingement frequency, droplet number concentration, syspauific
constants, etc were required to use the other correlations which were not available for the
present experiment$his fact further points ouhe unique advantage of the present work
in beng system independen§everal other comparisons are for radial spray cooling

curves are presented in Appendix 2.
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Figure38. Measured and predicted hollow cone spray cooling curves at the impingement

zone for different subcdiags, standoff distances, spray pressures, and radii
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Figure 39. Measured and predictedll cone spray cooling curves at the impingement

zone for different subcoolings, standoff distances, spray pressures, and radii
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Figure40. Measured versus predicted heat flux for all the data at the impingement zone
for different sprays, subcoolings, and standoff distances (top) and different radii and heat

transfer regimes (bottom)

91



2007 ’

® Present model / o
O Visaria and Mudawar (2008) ,~ o
/
—Comparison line Vi (TN
£25% ’
~ 150 6 4 ~. %
5 / @ Ded
[ &] /
~ Er D
= ? é 5 o
L i
& 100 =
g o X o
kS i
g /// ///.
o 50/ ey
// //
/ ,/
///’/
/://
O d I I I |
0 50 100 150 200

Measured CHF (W/cm®)
Figure41l. Comparison of areaveraged CHF predictions of the present model and that
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6-6- Error Analysis
The errors in heat flux predictions in spray cooling are usually presented in the form of a
mean absolute error (MAE) and/a root mean square error (RMSE) and often with
insufficient details about where most of the error comes from. A more detailed discussion
of the errors inspires more confidence in the accuracy of the correlations by pointing out
thecases with larger ers and cases with higher accuracy.

Table 10 and Table 11 present MAE and RMSE for the singland twephase
correlations. InTable 10, the singlephase corretéon (for T,, between 40 and 38)
errois for the two spray patterns @rhe combination of the both apeesented. Hollow

cone sprays hacbnsiderably larger errors than the full cone sprays (33.2% absolute error
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in compared to 9.1% for the full cone). Tt@mbination of théoth hadan absolute eor

of 21.9%. The errors we mainly because the singdase correlation was not developed
exclusively for PF5060, rather, it was developed for a range of liquids as explained in
the previous chapter. The exakeness of theCHF correlation to P/5060 couldbe
responsible for lower errors in the CHF correlationséveralof the cases involving
hollow cone sprays, CHF occurred at about 82 \which was lower than 8%C (average
Tcurp) and on the other hand, thevere a number cases witlayr at about 92.%5C in the

full cone sprays. These twaifferencesinfluenced the accuracy of the CHF correlation.
But 21.7% absolute error for the hollow cone data, 11.8% for the full cone, and 16.7% for
the combination of the dth are considered quiteeasonablefor the boiling regime
predictions.

Table 11 summarizes the errors for the complete local spray cooling curves as
predicted from Equation 47. Perhaps the error values most reflective of the accuracy of
this work are 20.0% MAE and 17.8/¢v’* RMSE for the both sprays for the entire spray
cooling curvest different radii. The errors we also calculated for heat fluxes above 50,
100, and 150 W/cf The camtinues decease in MAE indicatesignificantly better
predictions for high heat fluxases, to the point that for heat flux value greater than 150
W/cn?, MAE is only 6.7% which s considered to be a very impressive accuiacy
boiling studiesThe full cone sprays contribution to the error in this range of heat flux is
only 4.7% and the hlbw cone contribution is 13%. This indicates that there e
many more full cone dataopt in this region than there weehollow cone data points.
Thereason, as explained earlier,sathat the hollow cone nozzle produced considerable

larger impingemenpressures over a narrow batitht often resulted in CHF values
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beyond the capacity of the heater. Therefthe datafrom those radial locations were
discarded. That limitation in addition to smaller impingement area led to fewer points
from the hollow one sprays at higher heat flux&snce the ultimate goa to designand

build high heat flux spray cooling systems, such low srfanovevery encouragig for

efficient designs.

Table 10. Singlephase and CHF correlation preta errors;MAE in % and RMSE in

W/cm?
Heat transfer regime | Spray pattern Error type Error value
Singlephase Total MAE 21.9
RMSE 11.3
Hollow cone MAE 33.2
RMSE 13.7
Full cone MAE 13.5
RMSE 9.1
Two-phase Total MAE 19.5
RMSE 194
Hollow cone MAE 22.0
RMSE 21.7
Full cone MAE 17.4
RMSE 16.8
Critical heats flux Total MAE 16.7
RMSE 23.3
Hollow cone MAE 21.7
RMSE 24.6
Full cone MAE 11.8
RMSE 22.0
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Table11. Error analysis for the heat flux predictions; MAE%nand RMSE in W/crh

Spray Error | Overall | Heat flux above | Heat flux above | Heat flux above
pattern 50 W/cnf 100 W/cnf 150 W/cn?
Hollow and | MAE | 20.0 14.9 9.1 6.7
fullcone | RSME|[17.8 |19.3 19.9 19.0
Hollow MAE [25.0 [17.8 16.6 17.3
cone RSME | 20.4 23.1 29.7 325
Full cone | MAE |15.8 13.3 6.3 4.7
RSME | 15.3 16.7 14.5 15.3

The percentage of the total data points within various error intervals are shown in
Figure 42. It is observedthat nearly 25% ofall data points are withit5% of the
measuredvalues, about 50% within £10%, andalmost 85% within £25% of the
experimental valueshis plot includes all the data from the singlease and twphase

heat transfer regimes for both nozzeslall radial locationsn the impingement zone.
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Figure42. Percentage of data points witldiiferenterrorranges
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6-7- Chapter Summary

Two-phase heat transfer in spray cooling of3%60 was studied idetail Boiling data

were collected for many different conditions. It was observed that for a greanof
liquid/surface, local CHF occureat almost the santemperatee. The CHRemperature

was found to be 8€ for PR5060 on smooth flat surfaces. A correlation was developed
for the maximum heat flux based on fluid properties, local impingement pressure, and
Jakob number. It was assumed that-phase heat transfer & combination of single
phase heat transfer and nucleation effects, peaking at the CHF point. Therefore, a
dimensionlessemperaturaveighted combination of the singphase correlation and the
CHF correlation were used to predict the local spray coolurges. The correlation
yielded predictions with impressive accuracy, especially for highfheavalues which

are the likely focus of real world applicat
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CHAPTER SEVEN: CONCLUSIONS AND CONTRIBUTIONS

This chapter is provided teview the presenwvork and summarize the findings of
this researchThe contributions that were made to the state of the art and advancements
made possibl®y this work are discussed. Alsecommendationor future diretion of

spray cooling researcre made.

7-1- Conclusions
Experiments were performed to stuthe spray cooling heat transfer mechanisms and
develop correlations to predict the heat flualues It was hypothesized that spray
cooling heat transfer is primarily driven by local impingemeressure of the individual
droplets on the heater surface. This assumption is supported by several droplet
impingement studies and greatly accommodates the development of simple tools to
predict spray cooling local heat transfer.

All of theavailable studies in this area assume thatocal heat transfelepends on
a combination hydrodynamic properties suchi@sal mass flux, droplet velocity, droplet
size, and number density. However, the penetration depth of the incoming droplet in the
liquid film on the heater isnore dependerdn the momentum flux of the droplets. This
momentum flux translates into local impingement pressure and captures all the
hydrodynamic effects of the spray. The clear trend of heat transfer increase with the
increase of local impingement pressumdicatedthe validity of the hypothesis both in the
singlephase and twphase regime Therefore, it was established through this work that

local heat transfer is primarily driven by local impingement pressure.
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A test natrix was defined for the singjghase heat transfer regime study. Various
spray patterns, standoff distances, orientatispray pressures, and liquids were tested.
The data were combined aproper format and a correlation was proposed for the single
phase heat transfer coefficient. The correlatias based ofiuid properties and local
impingement pressure as input amekdiced the radial distribution of heat fluxThe
predictionswere in great agement with the experiment§he correlationis valid for
liquids with Pr between 1276 and impingement pressure below 20 kPa with accuracy of
+25%.

Two-phase heat transfer regime and the critical heat flux were studied f60G0F

sprays. It was seen that, similar to the sifilase regime, locampingement pressure
drives the heat transfer in the tybase regime. This observation was used to develop a
pressurebased correlation for heat flux at the CHF point. The effectslméaoling were
accounted foby insertingJa into the correlation. Thetherfinding with respect to the
CHF point was its occurrence at the same temperature irrespective of spray
configurations. This discovery allowed fdhe development of a nedimensional
temperature as weighting function that was used to combine tHe-pmase and CHF
correlations in order to predict local spray cooling curves feb®60 with MAE of 20%.
For the wall temperatures beloling the singlephase correlation and atnr the CHF
correlation determined the heat flux. For temperatusetween Tong and Tepe @
combination of the two was used so that Tas approachedTchr the singlephase
contributions diminished and CHF contribution became more predominant.

Forced convection resulted from very high velocity incoming dregssisted by

increasedgitation and better mixing is consideréal bethe reason for high heat fluxes
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in the singlephase regimeThe underlying heat transfer mechansnm the boiling

regime is an area of ongoing deba&everal mechanisms regarding heat transfer have
been pstulatedincluding, micrelayer evaporation, contact line evaporation, transient
conduction, etc. Although this work was not defined determine the dominant
mechanism, the discoveries made here can shed light into the matter. At high wall
temperatures eombination of incoming droplets and evaporation resultiseformation

of liquid rivulets that continuously forngvaporateand movearoundon the heater. This
process is believed to be responsible for the tremendous heat removal capacity for spray
cooling systems. However, determinatiohthe exact mechanisms remains beyond the

scope of this work.

7-2- Intellectual Contributions
Spray cooling offers one of the highest heat removal capacities among the modern
cooling technologies. However, predictitige local heat flux continues to be difficult and
challenging. The literature review presented in Chapter 2 summarized the advancements
that have been made as well as areas that require further investigation. This work was
designed to fill some of thoseags. The contributions made to the state of the art via this
work can be listed as follows:
1. Local impingement pressure waoved to behe diving parameter in the single

phaseand twephase heat transfer regimes. Prior vgoakguedthat lacal mass

flux and a combinatioof spray properties were the dominant driving factors. But

an indepth review of the literature and many expemtspresented in this work

indicatedthat all of the hydrodynamieffects of the spragan be reflecteth form

99



of the local impingement pressur@nd this quantity can be used to predict the
local heat transfer

. A simple, accurate, fast, and inexpensive setup was introduced to measure the
local impingement pressure. The pressureaggdps introduced in Chapter 3sa
developd for the purpose of this research and can be used to measure local
impact pressure of the droplets for variety of purposes, most notably, local heat
transfer.

. The singlephase heat transfer correlation developed in this wak validated

for wide rangeof fluid properties. This is in contrast with the earlier correlations

in the literature that are valid for only a few liquids.

. Local and areaveraged critical heat flux was shown to occusrauindthe same
temperature for a given liquid/surface paigaedless of spray characteristics. This

is a remarkablediscoverythat greatly facilitates the prediction of boiling heat
transfer in spray cooling.

. Local critical heat flux values for PB060 were measured and a pressased
correlation was eveloped tgredict those values. This correlation was the first to
use the two majofindings of heat transfer drivingarameteand Tcyr to predict

the critical heat flux.

. A correlation was proposed to predict the entire local spray gpolinveusing a
combinatian of singlephase and CHF correlationBhe idea to combine the two
regimes using a nedimensional temperature weighting function was a new idea

in this areaandwas made possibliue tothe observatiorof a constaniTcyr.
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7-3- Recommendations for FutureResearch Areas

As it is common in science, answering a question opens the field to a variety of other
problemsWhile this workcan sethe stage for the future spray cooling studies, thexe ar

a number of areas that needtlfier attention and investigation. Some of the research
ideas require more moderate efforts while others will need extesrsideavor

1. Extending the validity range of cofa¢éions proposed in this work can laa
important area of future work. The input pewneededor spray cooling reduced
for liquids with lower viscosity and surface tension. So it is desirable to
investigate applicability of the current correlations for lighter fluids<(2). In
some applicationssuch asinternal combustion engines cow, the liquids are
highly viscausand it is necessary to extend the correlation to that extreme as well.
The experimental methodology will be similar to the present work and all that
needs to be changed are the liquids and the nozzles.

2. Although measuringhe local impingement pressure is not a megsue it is very
desirable to develop relations ttte impingement pressure using edsymeasure
parameters, such as, standoff distaflog rate through the nozzle, nozzle orifice
diameter, nozzle cone aleg etc While this research idea might sound relatively
trivial, it should noted that basing the correlations on droplet velocity, size, and
number concentratiohasto be avoided because it further complicates problem.
This limitation introduces major alilenges to make the correlations independent
of the mentioned parameters.

3. This work established thafcyr is independent of spray characteristics and

recorded the CHF teperature for P/5060. However, it is necessarydevelopa
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database offcye for vanous liquid/surbce pairs. The future researchn be
targetedfor the specific needs of the industry. Operating fluids such as FC
HFEs waterand surfaces with different rougksss, straightfinned surfacesan

be good candidates to conduct the expents.For the smooth flat surfac@syr

is anticipated to be independent of spray orientation, this is not necessarily true
for extended surfaces. The possible effect of nozzle inclinatioTpp for
extended surfaces is another importguntstion

. Discovering the underlying heat transfer mechanisms irpftase spray cooling

is tremendously important for the future studies. There are number of viable
theories, however, no work has been presented to unify tdeasand bring
consensus among the easchersOne suggested method for doithgit is similar

to that of Delgshaei and Kim (2010) for pool boiling. A very high speed
photography system (100,000+ fps) with a syooired data acquisition system

are needed to take local heat transfer data amdiltaneouslyvisualize the
process. The peaks and drops in the heat flux along with the visual clues from the
high speed camera can be very effective to make breakthroughs in identifying the

basic heat transfer mechanisms.
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APPENDIX 1: PRESSURE AND HEAT TRANSFER DATA
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Figure43. Pressure and heat transfer coefficient distribution for norm#&dB hollow

cone spray
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Figure 46. Presure and heat transfer coefficient distribution fof #&lined PF5060

hollow cone spray
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Figure 50. Pressure and heat transfer coefficient distribution for normal-2A®llow

cone spray at 5 mm standoff distance
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Figure 52. Pressure and heat transfer coefficient distribution for idblined PAG2
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Figure 54. Pressure and heat transfer coefficient distribution for normal3Bé&llow

cone spray at 3 m standoff distance
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APPENDIX 2: SPRAY COOLING CURVES
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Figure58. Measured and predicted local spray cooling curves over the impingement area
of hollow cone sprays at 26
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Figure60. Measured and predicted local spray cooling curves over the impingement area
of hollow cone sprays at 46
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Figure61. Measured and predicted local spray cooling curves over the impingement area

of full cone spays at 3°C
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Figure62. Measured and predicted local spray cooling curves over the impinganea

of full cone sprays ats3C
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Figure63. Measured and predicted local spray cooling curves over the impingement area
of full cone sprays at 48
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