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Abstract

Power electronics aresed for awide variety of purposesincluding in electric
vehicles and &/TOL aircraft. Nonethelesshermal oscillation of the junction temperature
due to transient load conditionemains a significant problemin this study an
intermittent jet impingemenivas applied dong with transient heat flux boundary
conditiors of 100W, 200W and 300W, to a thermal test chip at a frequency of 0.5 Hz
(70% duty) to examine whether such an approach can successfitiiynize junction
temperature fluctuati@ and thusincreae the durability of the Si chips. THendings of
the experiments combiningtermittent pulsation witlvarying heat fluxes show reduced
hot spottemperature oscillatianof 10%, 12.5%and16.7% at 100W, 200\Wand 300W,
respectively, aa Reynolds number of 885@ence, the use gbulsating jes provides
better controlover temperature fluctuatiomompared tosteady jet. An enhancement
factoris employedto characterize the mesiof using pulsating jetsCompared to steady
jets, the temperature oscillation coefficiemows that the use @lulsating jetsenablesa
higher reduction intemperature oscillation at the same timneragedRe number.A

correlationis proposed to calculate tlemhancement factdor pulsating jets.

Then, atransientnumericalmodel is developed to estimate the frequency etiettie
intermittent jet impingement to minimize temperature fluctuations due to transient heat
flux boundary conditions. To this end, pulsatipgvelocity and heaflux frequencies
ranging between 1 Hz and 25 Hz are examined. Compared to the steady jet, the use of the
intermittent jet provides excellent control of the maximum temperature limit across the
studied frequenciesn addition, the vorticity rings introduced during & | et 6 s of f

enable lower minimum temperature limit values compared to the steady jet approach,
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reaching as low as 5 Hz. However, below 5 Hz, the minimum temperature becomes higher
than that obtained in the steady jet approach. Furthermore, 19.2 Hz is the threshold
frequency below which the intermittent jet effect can be exploited to reduce temperature
oscillation. No noticeable reduction in temperature fluctuation occurs above 19.2 Hz due

to the higher time constant of the studied chip than the periodic times of the studied

frequencies above 19.2 H&.temperature oscillation coefficiefit E ) I's then intr

demonstrate t he intermittent j et approach

oscillation in isolation from the maximum temperature limitation effect. The results
further reveal 8.2 Hz as the critical frequency below which the reduction in temperature
oscillation is much more pronounced for the intermittent jet approach compared to the
steady jet approach. A transient hgansfer coefficient (HTC) study is also conducted to
understand the role played by the vorticity rings in enhancing the HTC during the off
period of the jets in the intermittent pulsation approach. To this end, a reduced model is
generated to calculate the transient HTC during the decay of temperature during the off

period of the pulsation.

Direct jet impingement on silicebased chipsresults in variations in spatial
temperature between the center of the jet and the jet outlet locatiorstddysntroduces
a jet outlet design that facilitates a more uniform spatial temperature distribution. To this
end,the steady stataumerical model isised to study the outlet configuration effect on
spatial temperature reductiofihe resultant data show that reduding outlet size by 30%
results in 831% decreasé the spatial temperatuk@riancebetween the stagnation point

and hot spot locations.

Five outlet configurations are also investigateight circular top outlets eight

circular sideoutlets four square toputlets eightsquare toputlets andeightsquare side

viii



outlets.Analysis of the temperature profiles of these designs revealthéhabnfiguration
featuring eight top circular outlets produces the highest spatial temperature difference,
while the configuration featurinfipur top circular outlets (1.4 mm diametgmoduce the
smallest difference Specifically, the four top circular outlet design enables a 42%
reduction inthe spatial temperaturdifference with a 3.8%6 decrease in the pressure drop
between the main inlet and outl@dditionally, the findings show that this configuration
producesa higher increasm the hot spot hedtansfer coefficientompared tdhe eight

top circular outletonfigurationgfrom 18500W/m? °C to 22300W/m? °C, an increase of

20.5%, thusflattenng the spatial heatansfer coefficientadially.



Acknowledgements

Thanks a lot for mysupervisorsPr Cotton,and Dr Emadi for their continuous and endless
support during my P hhBtthgauuney comgs.to its endtadayd ltwilb e | i e

really miss those days aitdwill be alwaysengravedn my mind with its ups and downs.

Thanks alot to my committee members, Dr. Lightstonedddr. Hamed for their guidance
and questions during mgommitteemeetings. | really nde a good use of their comments

and directions, and much appreciated advice during my thesis.

Thanks to my family for their continuous emotional and mental support till reachsg th

great moment.



List of Tables

Table2.1: Singlephase jet impingement studies by Garimella.................coooveemrennnnnnn. 21
Table2.2: Summary of jet impingement literature.............cooevviiiicceiiie e 29
Table4.1: Thermophysical properties of-Bater and SilicoNn...............cooevviiiiiiieenneennnns 65

Table5.1: Maximum temperature, spatial temperature difference, and pressure.drdd.6

Xi



List of Figures

Figurel.l: The different components of the electronic chip, adapted from.[1]............. 2
Figurel.2: Mechanical failure of electronic chip, adapted from.[2]..............ccccoeiirieennnn. 2
Figure 1.3: Ranges of cooling rates and heat transfer coefficients for different cooling modes,
= To F= Vo] C=To I 100 o I 4 PSPPSR 4
Figurel.4 : lllustration of the different jet regions, adapted from [22]...............cccoeeeee. 6
Figurel.5: Variation of MOSFET junction temperature through UDDS, adapted from.724]
Figure2.1: lllustration of inverter structure, adapted from [25]............cccceiiiiiiicccennnnnns 12
Figure2.2: Variation of heat loss of MOSFET with junction temperature variation.....12
Figure2.3: lllustration of the inverter layers and Cauer thermal network, adapted frob#[27]
Figure2.4: Variation of a) motor torque and speed b) junction temperature of IGBT & diode,
AdaPted frOM [28]. ..o e e e e e e ———————————aa———— 15
Figure2.5: Transient Junction temperature variation for a) liquid cooling Viguayl jet
IMPINGEMENt @ L5KHZ.........ccoiiiii e e eenees 17

Figure2.6: Transient Junction temperature variation for a) liquid cooling Vs b) liquid jet

IMPINGEMENT @ 2 HZ....oeiieiiie ettt eeee e e e e e e e e e et e eeennnees 18
Figure2.7: lllustration of the thermal test chip, adapted from.[45]............ccccvvvimeeen.. 23
Figure3.1: Line diagram of the experimental teSt rig.........cccoovviiiiiiiiieeciiiiii e 33
Figure3.2 :Jet impingement housing deSIigN..........ccooviiiiiiiiiiieeee e 35

Figure3.3 : a) Thermal test vehicle board. b) The TTV and its assembly with the jet housing
and the backing acrylic plate. Detailed schematic of the TTV construction: 5 x 5 array of
unit cells of heaters and temperature sensing diodes...............cccevvccreeeeeeeiviiiieieeenn. 36
Figure3.4: Specific locations for monitoring the junction temperatures across the. T.137.

Figure3.5: Flow rate and heat dissipation pulses at 0.5 Hz with a 70% duty.cycle....38

Xii



Figure3.6: Temperature pulses at 0.5 Hz with a 70% duty cycle............ccooevvvieeeen.. 40
Figure3.7: a) Maximum temperature and b) temperature fluctuations for the steady jet at
Re=2250 and 8850...........ccoiiiiiiiiiiiiimmmr et eeem e AL
Figure3.8: a) Maximum temperature and b) temperature fluctuation for the pulsating jet at
Re=2250 and 8850...........ccoiiiiiiiiiiiiimmr et enen e 4D
Figure3.9: a) Timeaveraged temperature and b) temperature fluctuation for steady and
pulsating jets versus Reynolds number at transient heat flux boundary conditions of 100W,
200W, and 300W fOr diode D8..........couviiiiiiiiiiiiieee e 49
Figure3.10: a) Timeaveraged temperature and b) temperature fluctuation for steady and
pulsating jets versus Reynolds number at transient heat flux boundary conditions of 100W,
200W, and 300W at diode DB...........ccooiiiiiiiiiireee e n 50
Figure3.11: a) Timeaveraged temperature and b) temperature fluctuation for steady and
pulsating jets versus Reynolds number at transient heat flux boundary conditions of 100W,
200W, and 300W at diode D10........ccouiiiiiiieiiiiieeeeee e 51
Figure3.12: a) Timeaveraged temperature and b) temperature fluctuation for pulsating jet
versus Strouhal number at transient heat flux boundary conditions of 200w, 200W, and
S00W At diOUE D.........iiiiiiiiiiiiiiie e ieeeii ettt e e e e e e e eeee e et e e e e e e e e e e e e e e e s s imnne e e e e e e e naaas 52
Figure3.13: Enhancement factfor steady and pulsating jet cases at transient heat flux
boundary conditions of 200W, 200W, and 300W...............uuuurrmmmmmreeeeeenennnnnieeeeeeeeas 54
Figure3.14: a) Temperature fluctuation andemhancement factdor pulsating jets at a
transient heat flux boundary condition of 300W for all diodes locations..................... 55
Figure4.1: lllustrations of the a) geometry, b) structured mesh, and c) assigned boundary
(olo] Lo [11o] 0 1= J PP PO PP PP PPPPPPI 61

Figure4.2: Simulation results for velocity distribution across the heater surface.......! 62

Xiii



Figure4.3: Validation results for the-Kand the K¥ SST turbulence models versus Li and
GaANMEIIA'S JALAL .....eeeieeiiiteie e e e e eeemr e e e e e eas 63
Figure4.4: lllustration of a) jet housing, b) fluid domain, and c) top view for the jet cavity
with the four top outlets relative to the chip position..............ccccoeiiiiieeeni i, 65
Figure4.5: lllustration of a) structured mesh and b) boundary conditions................... 66
Figure4.6: Temperature distribution across the bottom of the chip and velocity at the
SYMMELTY PlANE.....ee et e e et emmr et e e e e e ee s e e e e e s aenneeeestaaeeeeeenes 67

Figure4.7: Distribution of the a) temperature, b) HTC, and c) Nusselt number radially across

L1 1S3 o1 ] PSSP 69
Figure4.8: Local radial distribution of HTC at different grid sizes.........c..cccooeevvvvieeennns 70
Figure4.9: Lumped capacitance system configuration.............ccoocovvvvimemreiiiiineeeeeennnnnn. 71

Figure4.10: Local variations in the Biot number based on radial position across the. €Bip.
Figure4.11: Maximumtemperature variation with time for numerical and analytical

570 0] (0] o TR 75
Figure4.12: lllustration of the jet velocity and hdaix pulses at 50% duty.................... 76
Figure4.13: Temperature profile oscillation results for intermittent jet at constant heat flux
(CHF), steady jet at transient heat flux (THF), and combination of intermittent jet and
transient heat flux (THF) at the same phase and 25.Hz................ccoveeeeeiii 78
Figure4.14: Temperature profile oscillation results for intermittent jet at constant heat flux
(CHF), steady jet at transient heat flilbHF), and a combination of intermittent jet and
transient heat flux (THF) at the same phase and 20.Hz................ccooeeeeeiii 79
Figure4.15: Temperature profile oscillation results for intermittent jet at constant heat flux
(CHF), steady jet at transient heat flux (THF), and a combination of intermittent jet and

transient heat flux (THF) at the same phase and 10.Hz.............ccccoeeee i, 380

Xiv



Figure4.16: Temperature profile oscillation results for intermittent jet at constant heat flux
(CHF), steady jet at transient heat flux (THF), and combination of intermittent jet and
transient heat flux (THF) at the same phase and.5.Hz..............coovceciiiiii i, 82
Figure4.17: Temperature profile oscillation results for intermittent jet at constant heat flux
(CHF), steady jet at transient heat flux (THF), and combination of intermittent jet and
transient heat flu{THF) at the same phase and LHz..............ccooviiceciiiiii e, 84
Figure4.18: Maximum temperature limit at various frequencies for the pulsating and steady
jet cases with a transient hdltx boundary coNdition...............uveiiieiiiiiieccriiiiice e 85
Figure4.19: Temperature oscillation versus frequency used in the pulsating and steady jet
cases with a transient hdltx boundary condition................cccoceiiiiiieeen i, 86
Figure4.20: Temperature oscillation coefficieatE) ver sus the various f
pulsating and steady jet cases with transientth@aboundary conditions...................... 87
Figure4.21: Minimum temperature limitersus various frequencies tested in the pulsating
and steady jet cases with a transientffleatboundary condition................cccceeeiiiieeenns 388
Figure4.22: vorticity ring formation during the off period of the flow at 5 Hz for a) the start
and b) the end of the off Period.............cooiiiii s 89
Figure4.23: Minimum HTC versus time for pulsating and steady jets at the hot.spat90
Figure4.24: HTC decay versus time for numerical and reduced models at.5.Hz.......92
Figure4.25: Lumped Capacitance system configuration during the off period of the .&gle.

Figure5.1: Distribution of the temperature across the bottom of the chip and the velocity at

the SYMMELrY PlAN@........oeeee e e e 99
Figure5.2: Temperature distribution radially across the chip........cccccooooiiiiieeciiieennnn. 100
Figure5.3: Line diagram of the proposed experimental testrig.........cccceeeeeeivicecrnnnnns 101

XV



Figure5.4: a) Local temperature versus radial position for the experimental and numerical
models. b) Deviation of the numerical temperature estimate versus the experimental
temperature at different radial POSItIONS.........ccovviiiiiiiiiee e, 103

Figure5.5: Plan view for the four circular tegutlets a) with and b) without the fluid cavity.

Figure5.6: Temperature contours for the four circulartalets a) with and b) without the
11 (010 I o= 1Y | 2SSOSR 105

Figure5.7: Plan view for the four circular tegutlets with a) 2 mm and b) 1.4 mm diameters.

Figure5.8: Temperature contours for the four circulartaplets with a) 2 mm and b) 1.4
MM AIBMEIETS. ...ttt ettt eerre e et e et e e e e e e e e e e e e e s ammme e e e e e e e e e e e nenanns 107
Figure5.9: Plan view for configurations featuring a) 4 circularooplets, b) 4 square tep
outlets, c) 8 circular teputlets, d) 8 square tequtlets, e) 8 circulaside-outlets, and f) 8
SQUANE SIULIETS. ... ... e 110
Figure5.10: Temperature contours for the configurations using a) 4 circulauttgis and
D) 4 sqUAre tOULIELS...........cooe e 111
Figure5.11: Temperature contours for the configurations featuring a) four circutauttats
and b) eight circular tOPULIELS.............ooeeiei e 112
Figure5.12: Temperature contours for the configurations featuring a) four circutauttgts
and b) eight square taUIetS. ............coiiiiii i 113
Figure5.13: Temperature contours for the configurations containing a) 4 circuautteps
and b) 8 circular SIAOULIELS............uueiiiii e eeer e, 114
Figure5.14: Temperature contours for the designs containing a) four circulantigts and

b) eight square SIHEULIETS.............cccoeei i 115

XVi



Figure5.15: Local radial hedtansfer coefficient distribution for all tiroposed outlet

[od0 ] a1 {Te [0 T = 1o o 1S P PPPPRRP 116
Figure5.16: Local radial temperature distribution for all the proposed outlet design4l18
Figure5.17: Local radial distribution of theeattransfer coefficient for all proposed outlet

[0S o TSP RUPPP 119

XVii



List of Nomenclature and dobreviations

CHF Constant heat flugW/cnv)

THF Transient heat flugw/cm?)

TSD, D Temperature sensing diodes

UDDS Urban Dynamometer Driving Schedule

HTC., h Heattransfer coefficient (W/mC)

Enhancement factor of pulsating jet

E Temperature oscillation coefficient

D,d Jet inlet diamet@m)

r Radial distance (m)

F Frequency (Hz)

U Time averaged jet inlet velocity (m/sec)
Q Time averaged flow rate’{gec)

T Periodic time ofacycle (sec)

T Jetinlet temperaturg®C)

T max Maximum temperatur@C)

T avg Time averagd temperaturg®C)

T min Minimum temperatur¢’C)

Ts SteadystatetemperaturéC)

pT (°C) Temperature fluctuati on

XViii



Bi

Nu

Re

Sr

a, b

Heat flux (W/cfh
Time (sec)
Biot number
Nusselt number
Reynolds number
Strouhal number
Thermal conductivity (W/m C)
Specific heat capacity (J/kg C)
Density(Kg/m®)
Dynamic viscosity (Pa.sec)
Kinematic viscosity (rfisec)
Constants

Chip thickness (mm)

XiX



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

Chapter 1: Introduction

Power Electronic equipmetike invertersareused in our life indifferent fields and
are becoming increasingly powerfutoncerning power consumptioifhese devices are
composed of many electronic components like resistors, capacitors, inductors,
transformers, and transistod! these components consume electric power to operate and
to deliver different functions. The increasing power demands of these devices lead to an
increase in losses due to the resistance of different components, the winding and eddy
current losses in inductors, and/or the switching between theff ostates of the

transistors.

Chips or dies are in the order of several millimeter squares in size and can house
millions of tiny transistors that consume power and dissipate heat. This small footprint
area leads to high heat fluxes whicbcessitate effective cooling methods to prevent an
unfavorable increase in the component temperature. The high heat dissipation rates, and
the associated higllevel temperatures, can have adverse effects on the system efficiency

and service life, if not properly managed and contrdligd.

1.1) Background and M otivation

1.1.1) General Background

Electronic packaging of chips on printed circuit boa(B<B9 is composed of
different materials other than silic@@miconductors including aluminum wiresglders,

and silicon carbide substrates, Figlre.
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Metal .
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Substrate Substrate
AVAVIVAVIVAVIVIVAY) VAVAVIVAVIVAVIVAVAY)

/"

Solder balls —

Figurel.1: The different components of the electronic chip, adapted [ftpm

There are various modes @mperaturedependent failures of electronic chips. These
temperaturaependent failure modes can be classified into mechaamalelectricatype

failures.

The chip experiences mechanical fracture at the joints due to the difference in thermal
expansion coefficients of the constituent materials. This typically leads to thermal fatigue
arising from successive exposure to different tensile and compressive shear stresses during

operation as shown irfrigure 1.2.

Hard heat dissipation sheet

4mm Stress

Damage

/ Heat Source \
PCBM

Warpage
Figurel.2: Mechanical failure of electronic chip, adapted fri@h
As the temperature of the power transistor increasegrtséate resistance increase

(which is theresistanc®f the transistor when current passes througtuitingits on staté,

leadingt o hi gher power di sherimgrabhaway @ndh atvemawye



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

componentlamage. Moreover, the resistance of silicon decreagbs &snperature rises,
leadingto higher current passage, and hence, higher heasloshis may result in the

melting of the component$ the temperature isot properly controlled

With the increased demand for improved functionality, efficieacyl compact sizes,
for electronic devices, higher power consumption is needed, which is associated with
higher heat flux densities. This has become a major challenge for the advancement of
high-performance, lowveight power electronic systems. Properly designed thermal
management techniques are needed to improve the reliability and performance of

electronic devicefl].

Many cooling techniques have been used for the thermal management of power
electronics. The most common technique is the featedonvection cooling using a fan,
however, there are several disadvantages including increased weight, noise level, cost, and
limited reliability due to potential fan failure. Another cooling technique uses an
auminum heat sink block or fins, attached to the power module to facilitate heat
dissipation by increasing theeat transfer surface area and system thermal capacitance.
However, such a technique often leads to increased weight and cost of the electronic

device[1].

In the past two decades, significant research effort has been dedicated to novel

thermal management methods for power electronics cooling.

Few studies explore passifahase Change MateriglBCM) andNancPCM on the
finned heat sink to control the temperature of electronic devices, which proved to be a

viable technique in intermittent heat flux conditions. However, it acts to introduce an
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additional thermal insulation layer to the heat spre@derAnother way introduced a
carbonfoam heat sink to improve the thermal contact with air for enhanced cooling of the
chips[4]. However, it showed an increase in the pressure drop on the airside and hence,
required largelinstalled fan power. Heat pipes were extensively used to enhance heat
dissipation from chip$5], however, it doegh adapt the transient operation of different

power electroni@applications

Moreover, thermal interface materia{¥IM) were used to decrease the contact
resistance between the chip and the substrate, thus enhancing heat dissipation to the heat
sink. A modified microstructure of the substrate material had also been proposed, to
enhance heat dissipation from the cf6p Most of the cooling techniques studied so far

can be considered as passive techniques with limited cooling capabilities.

1000 E=a

Water-Spray Cooling

g aaaal

Flounncrts-Spray Cooling

— ~
o~ Flounnerts-Jet Impingement
B . g
- N TJ)
s
3 Water-Boiling Convection P
- =
= \ o
= 11 e e S o
= 1 E &
"6 E Water-Forced Convection :a ~ |
5] y 3 A
= E Florochemical Liquids-Forced Convection o
= . 3
=0
.= e Air-Forced Convection S

4 > Single phase

Air-Free Convection

Free Convection

1E-3 0.01 0.1 1 10 100

Heat transfer coefficient (\\’/cm:K)
Figurel.3: Ranges of cooling rates and heat transfer coefficients for different cooling modes, adapt@ll from [

As power electronics capabilities advance, more active techniques are essential for

efficient and reliable cooling of power electronics. Figur8 shows the different

4



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

capabilities of different cooling methods commonly used for thermal management of

power electronics.

1.12) Jet Impingement as aPotential Cooling Technique

One of the promising techniques uses direct liquid jet impingement for electronic chip
cooling. Jet impingement is vastly investigated throughout the second half of the past
century to assess its technical feasibility in practical engineering applicatidgs. [B is
characterized by enhanced convective coefficients [19,20] for heating and cooling in many
industrial applications like ur bomachi nesd bl ades <cooling,

metallic sheets, and drying processes in textile industries.

Jets are turbulergtructured flows that exit from a circular or a gamozzle with
uniform averagevelocity (if impinged from long pipes to account fortgndeveloping
length) as shown irFigure 1.4. Due to the momentum exchange between the still fluid and
the moving jet, the area of the free jet increases, and the uniform velocity is contracted and
conserved only in a potential core that extends from 6 to 8 timeesozzle diameter based
on the exit velocity from theozzle Beyond this region is the
the velocity profile is no longer uniform and follows a kstlbped distribution, with a
maximum velocity at the centerline, but lower than the origena@l velocity from the
nozzle. Then, the effect of the target surface acts to decelerate the axial velocity of the
flow till reaching the stagnation point, while accelerating the radial or transverse
component of t he f | owvimpingenent jewwrbgaoll Thénsthisc al | e d
accelerating component of the jet diminishes due to further entrainment from the
surrounding stagnant fluid, thus attaining

regiono where decel er at i o htheospenttfludesxits feomh i a | f
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the outletof the fluid domain The stagnation point possesses the highest heat transfer
coefficient (HTC), and hence, the highest Nu number. Beyond the stagnation point, the

local HTC decreases in the radial directjad).

Potential core

Free jet region

Boundary layer

H Boundary layer

| Impingementisurface a

a— Fp—
il i}

Wall jet region ' Stagnatic!)n region Wall jet region

Figurel.4: lllustration of the different jet regionadapted fronfi22].

1.1.3) Motivation

For traction powemodulesthat are used irhybrid andelectrified vehicles, the
required torquespeedand currenffrom the electric motor vary depending on the road
conditions Based on such variable operation of the electric motorpdieer modules
operationvaries to adapt to the variable transmitted powers and currents. Such variable
operation leads to transient fluctuation of the junction temperaturenetal oxide
semiconductor fielgffect transista (MOSFETS during the drive cycle. Figure 1.5
showsthe MOSFET junction temperature of a power modafea vehicle based on an

urban dynamometer driving schedule (UDDS) for electrified vehicles.
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Figurel.5: Variation of MOSFET junction temperature through UQR8apted fronfi24]

From Figure 1.5, it can be observeithat the transienfluctuationof the MOSFE T 0 s
junction temperature of the power module duringWiDS variesbetweeri78 °C and 40
°C. This temperaturelifferencecan lead to high thermal stresses and reduction of the

reliability of the power module over a short period of operation.

Power modulesxperience thermal cyclic stress due to temperature oscil[&8n
which can give rise to thermal fatigue with time. This temperature fluctuation is mainly
caused by the transient heat flux across the power module, associated widnythg

torque and speed demands of the vehicle

1.2) ThesisContributions

Currentinvestigationsocus onlyon a constant heat flux boundary condition applied to the
silicon chis of the power electronic components based on a constant operation behavior
corresponding to the peak condition, without consideration for the dynamic operation profiles

for such components. Such boundary condition fails to predict the true behasibcart

based power modulg¢29-30].
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Moreover, little to no consideration was given for the natural dynamic heat flux behavior and
the associated dynamic temperature of the operation of chips that may accelerate the fatigue

or cause damage to the different components of the chip.

Steady jet impingement failed to eliminate the oscillating temperature behavior of power
electronics as indicated ir24]. It helps only in reducinghe temperatur@uctuation due to
the cooling configuration changieom the conventional pin finned heat sink attached to the

power module, to the jet impingement on the base plate of the power module.

Intermittent pulsation of jeas a controlling method can show better performance towards
minimizing the temperature oscillation due to the dynamic jet behavior which can interfere

with the transient heat flux boundary condition of power electronics.

Spatial temperature difference over the impingement surface is one of the drawbacks of using
jet impingement due to formation of hot spotghe silicon chipaway from the stagnation

point in the wall jet regionwhich is affected by the u t lloeatiobssshapeand size.

Hence, the objectives of the current researeiset up to address these gaps

1.3) ThesisOutline

This thesis composed of six chapters. Starting with chapter 1 which gives a brief background

and motivation behind the researclpgand contribution discussed through this thesis.

Then chapter 2 gives more insightbout the thermal cycling behaviour problem
accompanied with the dynamic operation of silicon chips for power electronic inverters.

Moreover, it covers the recent literature reviews done in the field of cooling using confined



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

jet impingement to adapt the high heat dissipatiaosompanied with power electronics

application.

Chapter 3 introduces the experimental test setup that is used to assess the feasibility of
combining the pulsating jet impingementphase with the transient heat flux boundary
conditions. It shows the comparison between the steady and pulsating jets for the transient
heat flux boundary condition at different tirageraged Reynolds numbers, to highlight the
effect of reducing the temperature fluctuation of the silicon chips, using a mimic thermal test
chip, which will help in reducing the thermal stresses consequently and intifeases of

silicon-based power modules

Chapter 4 presents a numerical model that has \wetated with a steady jet impingement
validation case. This numerical model is usegredict the transient response of the silicon
chip for various frequencies of intermittent pulsation of jetphase with transient heat flux
boundary condition to show the effect of frequency over the temperature oscillation, which is

domi nated by the chipbdbs time constant.

Chapter 5 illustrates numerically through a numerical hodbich wasvalidated against
experiment al case, the effect of outletds
minimizing the spatial temperature difference across silicon chips subjected to direct steady
jet impingementDifferent outlet configurations were proposed to get the best configuration
for reducing the spatial temperature difference, taking into consideration the accompanied

pressure drop as well.
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Chapter 6 summarizes the conclusions from chapters 3, 4 and 5 and the outcomes from the
numerical and experimental work done, in addition to proposal for further future

investigations.

10
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Chapter 2: Transient Temperature in

Power Electronic Applications

2.1)I n v e rTheony 6f ®peration

Inverters are power electronic devices that convert the DC ploerarbatteriesnto
AC power to drive motors, that are commonly used in efesstrvehiclesand helicopters.
An invertermainly consists of three hatiridges(power modulekircuits, each haHoridge
circuit controk oneof the three phases of the AC mowwat wo MOSFETs fiMet al
Semiconductor FiekdEf f ect T MOSBFET st aosilicon or silicon carbide
semiconductothat is composedhainly of a gate, a source, and a drain. When voltage is
applied between the gate and the source, an electric current is allowed to pass between the
drain and the source. Thgate driver governs the operation of the MOSFET, by
controlingtheoof f cycl e or the WAswitching frequer
the gate and the source, based on a reference signal that is programmed in the controller of
the gate driver. This switching between theofihmodes of the MOSFET, typically
happening at high frequency, results in the conversion of the DC into an AC to drive the

motor[25]. Figure2.1shows an illustration of the inverter operation.
2.2) Thermal Behavior of Inverters

The operation of inverter is accompanied by heat generationm@duly to two
thermal loss mechanisms: conduction losses and switching losses. Conduction loss is due
to the resistance to the current passing between the drain and the source. Switching losses

are mainly due to the switching behavior between thefbstates of the MOSFET and

11
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the highfrequency oscillation of current and voltage values during operation. Both types

of losses increase as the temperature of the MOSFET rises and this leads to higher heat
dissipation, which poses serious challenges to the further advancement of inverter
capacities. Figure.2 shows the variation of the conduction heat loss with junction

temperature, due to the accompanied internal resistance variation of the M@BEET

high voltage battery
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Figure2.1: lllustration of inverter structure, adapted frokb|[
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Figure2.2: Variation of heat loss of MOSFET with junctitemperature variation
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2.3) Conventional Thermal ManagementT echnique

The power module (halfridge circuit) of an inverter is composed mainly of different
stacked layers, each made of different materials for better functioning of the inverter duty.
Those layers are starting from the Silicon or Sili€arbide chip at the top layer, solder,
upper copper, ceramic, lower copper, solder, and then ending with the baseplate at the
bottom layer. Most conventional cooling techniques employ a finned heégimér air or

liquid-cooled attached to the base plate of the power module.

Thermal paste or greag€hermall nt er f ac e Mastofeen applied, at tiieT | M
interface between the base plate and the heat sink to eliminate the air voids that may arise
and to adhere the heatsink to the basepfdtehese layers introduce thermal resistances,
besides thermal capacitances, to the heat flow from the chip through the assembly into the
cooling fluid. Larger overall thermal resistance will leachtoigher junction temperature

that may have an adverse effect on the {tmanm operatiorand reliabilityof the inverter.

Usually,a Cauerthermal network is used to analyze the heat transfer through complex
configurations tanalyzethe transient behavior of the various layers of the pomstule
Moreover, the junction temperature can be estimated analytically from this Cauer network
analysis, provided precise values of the thermal resistances and capacitances of the
different component§27]. Figure2.3 shows the layer stack of a power module and its

corresponding Cauer network.

Active thermal management techniques are more effective in handlingr lngat
dissipation rates, thus providing better control on the junction operating temperature. As

such, direct liquid jet impingement can offer a promising solution for the healthy operation

13
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of power electronics, allowing for further advancement of the technology. In addition, it
eliminates the need for a finned heatsink and the TIM, thus reduces the overall thermal

resistance and capacitance as well as the weight and cost of the entire module.

Silicon [IGBT/Diode)

solder |
Copper |

Isolation |

Copper |
solder |

Baseplate

Thermal grease

I

Rth! Rih? Rih3 Rthd Rths Rthé Rth7 Rth§ Rth9
Cth? (th3 Cthd (ths (thé Cth7 (th8 (Cth9

TTTTTTTTT =7

b Chip DBC .
Chip solder ~ copperl  ceramic copperZ solder Busplate T Heatunk - Comvetion

Figure2.3: lllustration of the inverter layers and Cauer thermal network, adapted 2idm [

2.4) Thermal Cycling of Inverters

For traction power inverters that are used in electrified vehiclesethered torque
current andspeed from the electric motor vary depending on the road drive cycle. Based
on such variable operation of the electric motor, the inverter load varies to adapt to the
varying transmitted powers and currents. Such variable operation of inverters leads to
transient fluctuation of the junction temperature of MOSFETSs during the drive 2§jcle
Figure2.4 shows the varying torque and speed of the electric motor of a vehicle based on
an urban dynamometer driving schedule (UDDS) for electrified vehicles and the varying

diode andGBT junction temperatuse

14
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inverters experience thermal cyclic stress due to

temperature oscillation, which can gitse to thermal fatigue with time. This temperature

fluctuation is mainly caused by the transient heat flux across the power module, associated

with the switching action between On and Off states of the MOSFETSs.
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2.5) Effect of Switching Frequency on theThermal Cycling of the I nverter

Based on theiscussion in the previouwo sections, the effect of inverter switching
frequency on the transient junction temperatuilebe covered in this sectioiMoreover,
a comparison is developed betwettie conventional finliquid cooling andthe direct

liquid jet impingement on the surface of the chip.

A commercial power module is used to develop the Cauer thermal network based on
the composition of the stacked layeoy calculating the thermal capacitaraoed thermal
resistancdor each layerA high switching frequency of 15 kHz is introduced through the
power module, and a comparison between forced liquid cooling across the finned heatsink
versus the direct jet impingement on the surfaces of the chip is carried out using a liquid
flow rate of 11 LPM. Figur.5shows that théirectjet impingement is more effective in
reducing the junction temperature from 1%7 to 93.5°C, besides reducing the time
constant from 10 secs to less than 1 3éas is primarilydue to the higheaveragedeat

transfer coefficients associated with the jet impingement process.

Transient variation of junction temperature @ 15 KHz & 11 LPM
T T T T T T T T

Junction Temperature (C)
5
o
T
|

L
o 10 20 30 40 50 (=2u] 7O 80 20
Time (sec)
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b Transient variation of junction temperature @ 15 kHz & 11 LPM
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Figure2.5: Transient Junction temperature variation for a) liquid cooling Vs b) liquid jet impingement i@ 15k

Moreover, a low switching frequency of 2 Hz is introduced through the power
module, and the same comparison is performed again, at a liquid flow rate of 11 LPM.
Large temperature fluctuations are observed at such low switching frequencies2Fgure
shows that the jet impingement reduces the junction temperature oscillation range from 51
°C to 43°C. It is also seen that the maximum value of junction temperature drops from

178°C to 127°C.

Thet ransition from forced convection cool
eliminate the junction temperatufictuation R4]. As such, further research is still
required on effective cooling techniques to alleviate the thermal cycling issue. The current

research proposes intermittent pulsation of jets as a potential solution to address such an

issue.

17
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Transient variation of junction temperature @ 2 Hz & 11 LPM
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Figure2.6: Transient Junction temperature variation for a) liquid cooling Vs b) liquid jet impingement @ 2 Hz

Innovative methods for chip resemblingsing jet impingement were used for
electronic chip cooling, which present a real imitation of actual power electronic devices

design and operatior29-31], besides estimating the reahe temperature fluctuation of

18
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electronic chipsMusallam and Johnsd32] developed a compact numerical model, that
was experimentally validated for a transistor operating at different frequencies up to 10
Hz. Their numerical model capturemtcurately the oscillations in transistor junction
temperature. Such a model was proposed to include themswianical models to enable

the prediction of the lifetime of electronic components.

Moreover, in recent research was done by Mandrusiak E33}J.it was shown that
for silicon carbide MOSFETS, the effect of the switching frequency on the temperature
oscillations was negligible beyond 10 Hz. This was attributed to the larger time constant of
the chip material compared to the periodic time of the opening and closing of the

MOSFETgate.

2.6) JetImpingementCharacteristics andPerformance

Liquid jet impingement cooling offers a potential solution for the thermal

management of power electronics due to its high heat trasisdesicteristics

Jet impingement systems are classified into confined and unconfined. Although
confined jets are more likely to suit the operation of most of the power electronics, it was
found that there is no difference in thermal performance and Nusselt number for both the
confined and the unconfined jet impingement for constant pumping power opfg&4ition
While a 20to 30 % deterioration in performance was noted for the confined jets compared
to the unconfined jets for constant flow rate operation, which is undesirable, for the

optimum cooling of the power electronics.

Choo et al.[35] investigated only the effect of the confinement spacing to nozzle
di ameter ratio fAz/ do, in the range of 0.

19



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

stagnation point for air and water jet impingement. They classified this range into 3
regions, the first one was z/d < 0.6, in which both the stagnation pressure and Nusselt
number increased as the spacing decreased. The second one was 0.6 < z/d < 7, in which
there was no effect for the spacing on both parameters, due to the fixed potential core
velocity. The last region was z/d >7, in which severe reduction of the pressure and Nusselt

number occurred as the spacing increased, due to the drop in jet velocity.

Suresh VGarimella is one of thpioneeringresearchies working on jet impingement
applicdions in power electronics cooling over the pa&stdecadesMost of his research
studeswere summarized hereto understand the potential of jet impingement techniques
for the thermal management of inverters in electric vehidlest of his studies focused
on turbulent single axisymmetric submerged and confined dielectric liquid jet
iImpingement on a small area with a target surface héhtem x 1 cn), to simulate the
cooling performance of power electronic chips of small sizes under constant heat flux

boundary conditions.

Table2.1 shows a summary of the key findings from his research studies, including
the experimental and numerical work done on shpilase jet impingementwhich
corresponds to the sarheundaryconditions used in theucrentresearch

The Nusselt and Reynolds nuemb arecalculatedbased on the diametéd) of the

inlet nozzle as thkengthscalefor Garimellas research
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Author
Garimella &

Nenaydykh 36]

Garimella&
Rice[37]

Luis &
Garimella[38]

Li &
Garimella[39]

Fitzgerald &
Garimella[40]

Morris &
Garimella[4]]

Morris &
Garimella[42]

Morris &
Garimella[43]

Study

Experimental

Experimental

Experimental

Experimental

Experimental

Numerical

Numerical

Numerical

Fluid

FC-77

FC77

Air

FC 77
Water
Air

FC 77

FC 77

FC 77

FC 77

Table2.1: Singlephase jet impingement studies by Garimella

B.C Key Parameters Results
Constan Effecton heat transf ertoc Higher HTC was observed at:
. ) oA -l/d <1
heat flux -Aspectratio ofnozzlefi/do
of -Spacing between nozzle and targkttefi z / ¢ . -2/d <5
o5 R Id b -Higher Rgrnoldsnumber
W/cn? D_' €yno ? number f -Higher Nu number for higher nozz
-Di ameter o noz diameters
-Secondary peaks at radial locatior
Constan r=2d

Location ofSecondary peaks of local HTC due
of -Spacing between nozz radially at higher Re number and
- Reynolds number . .
25 -Diameter of nozzle higher spaci
Wi/cn? -Magnitude of secondary peak
decreases at hi
-No higher average HTCagobserve!
for the chamfered over the square

heat flux -Secondary peaks shift outward

Constan -Chamfer effect ahozzleinlet on the HTC and th edged nozzle.
heat flux pressure drop fanozzles of - Lower pressure drops are
of 1- Squareedge experienced for the chamfered noz:
25 2- Wide-angle chamfer -The narrowangle chamfered nozz|
Wi/cn? 3-Narrowangle chamfer showed better HTC to pressure dr

ratio enhancement that reaches t
30.8% over the squardged nozzle
-HigherHTCsand Nuselt numbers

Constan were found for the distilled water o
heat ﬂux—Prandtl number effect of different types of work the_dlel_ectnc FC 77 as the dielectr]
of . fluids in general have low thermal
fluids .
25 conductivities
W/cm? -Generalized correlations for Nu

number estimation for all fluids
- Increas of nozzle diametemwhile

Gl -Flow visualization technique using LD G Ealg DR PETEMETES Gy

inlet ! - leads tahigher turbulence intensitie
measure the flow field velocities and turbulence ; S :
Reynolds the impingement and confinement zones which results in higher stagnatior
number HTC, howeverthe velocity reduesat
higher Reynolds number
-fiK-Epsi | ono t urwhswsed forc
predicting the experimental date of local HTC
Constan - Nearwall functionswere proposedo get
heat flux enhanced numerical re_sul_ts fqr dtagnantand 16 % deviation for the stagnatior
of local HTC distribution. HTC and 20 % for the average HT
25 - Four turbulent Prandtl number correlatiomere
W/cn?  usedto account for the eddy diffusivity of heat i
t heepgikil ond model , int¢
predefined in the

- Separation and reattachment
locations in nozzle were predictec

Constan -Using the Rnormalization groutheoryit R N @fc Recirculatory structures that occur

inlet t hE-Episi | ono turbul enc -
. . . downstreanof the impingement
Reynolds flow field patterns in the nozzle and confineme : :
: regionwere predicted
number regions

- Secondary recirculation patterns
werendt predic
- Predicing the locations of the
recirculatory zones and patterns fot
down-stream the&onfinementegion
with 40% error

Constan -Reynol ds Stress Model

inlet  with different wall functionsvas usedo predict th¢
Reynolds flow field and fluid motion and comparing it wit|
number the experimental flow visualization and the LD
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Garimella and Nenaydykl86] showed that as the diameter of the nozzle increased, a
higher Nusselt number was achieved, due to the increase in turbulence intensity with
diameter at constant Reynolds number. However, for a constant Reynolds number and
larger diameter, the jet velocity ammbnsequentlythe turbulence intensity decrease,
resulting in lower heat transfer coefficients (HTC) and Nusselt number, but the contrary

was shown in their research.

Moreover, Garimella and Ric87] claimed that the main reason for the observed
secondary peaks in the local heat transfer coefficient distribution, were due to the
recirculation region formed due to the confinement effect of the nozzle plate, or due to the

transition to turbulent flow in the wall jet zone.

Il n all Garemillabs studies, a constant
not representative of the rdde operation of inverter MOSFETSs. Besides, their focus was
solely onjet impinging on flat surfaces, which fails to simulate the true nature of power
electronics cooling. Electronic chips can be treated as protrusions that stick out of the
electric boards, which affect the fluid flow field, and consequently the heat transfer
coefficient and pressure drop across the confinement gap between the nozzle and the target

surfaces.

2.6.7) Jet ImpingementOver Mimic Thermal Test Chips

In the pastfour years, few research groups started to use jet impingement for
electronic chip cooling using innovative methods for chip resembling, which present a real

imitation of actual power electronic devices design and operation. However, all the
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conducted studies applied a constant heat

the true dynamics of MOSFETG6s operation.

Wu et al.[44] investigatel the thermal performance of the jet impingement body
cooling for the entire surfaces of the chip to make use of the potential heat transfer side
surface areas of the chip to decrease the maximum temperature of the chip, instead of
coolingonly the uppersurface of the chip. The mimic chip was made of copper (10 x 50 x
4 mm) andvasheated by heateegtached to the bottom surfaokthe copper blockith a
maximum rate o800 W,flow rates up to 1.8 LPMandusing micro jet nozzles of 0.3 mm
diameter. Avalidated numerical model was developagsing COMSOL software to
estimate the maximum chip temperature. The maximabtained rise in the chip
temperature was 32 C at 1.5 LPM and 500iWthe case o& water jet inlet temperature
of 40 C However the material of the mimic chip.€., copper) is not representative of the
true composition of the actual electronic chip, which is mainly composed of silicon
semiconductors. The thermal behavior is expected to differ from one material to another,
due to the difference in the specific heat and thermal conductivity.

(a)

Cu pillars PTCQ(Thermal test chip) Underfill

e i s

pkg. substrate

Air Temp=25 °C (c) Bare die packages

Substrate

Figure2.7: lllustration of the thermal test chip, adapted frigit]
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Programmabldghermaltest chips were usday Wei et al.[45-46] which offer a better
representation of real MOSFETEsmpared to commonly usedirface heaters or copper
blocks. Theused programmable test chipsere simply composed of 832 addressable
heater cells ora footprint area of 8x8 mfy and 32x32 temperature diode sensors, to
provide a high-resolution spatial and tempor@mperature distributioover the chip,as
shown inFigure 2.7. Such configuratiortan be used to apply nearly constant heat flux
distributionoverthe entire chisurface ompply locally distributed hot spots for the chip.
Wei et al. investigated two configurationsoled bywater jet impingement, the first one
used asingle jet and the second ormployed aix4 jet array. They alsdeveloped £FD
model to comparaumerical results againekperimerns and obtained correlations for the
local Nusselt number for the case of single jet and jet arféngget arraywas found to be
preferabledue to the distributed returns udsetween the inlet nozzleshich reducedhe

crossflowproblems over the target surface

2.6.2 Intermittent Pulsation of Jets and itsAssociatedT ransient Behaviour

A scarcity was noticed in the literature on transient heat transfer behavior for the jet

impingement cooling technique, especially for power electronics.

Intermittent pulsation of jets has been widely investigated in many studies, with
controversial observations about its effectiverids$. Some studies showed slight to no
effect on performance, whereas other studies showed sphacements under specific
conditions. The main idea behind intermittent pulsation of jets is the interruption and
renewal of the thermal and hydraulic boundary layers formed on the impinged surface
[48]. Besides, it enhances the mixing between fluid layers due to the induced turbulence,

which leads to an enhanced heat trand¥rst experiments on the intermittent pulsation
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of the jet were conducted for airfloyshile fewstudies were performed for liquid flows,

due to the high inertia of liquid flows.

Abishek and Narayanaswani9] performed an experimental study to evaluate the
effect ofa submergedconfined jet of deionized water, impinged by 4 mm x 25 mm slot
jet, directly on copper block surface of 40 mm x 10 mm csess$ion. Reynolds number
of the introduced pulsed jet varied between 570 and 2800, while the frequency of the
pulsating jet was studied at 0.25 and 0.5 Hz, with a combination of amplitudes of 1 and
0.5. OnROff velocity profile was studied with an average velocity of 0.15 m/sec. Results
showed that no enhancement was achieved for heat transfer for the pulsation frequencies
studied. However, the pulsed jet led to the fluctuation of the surface temperature.
Moreover, the fluctuation of the surface temperature showed an inverse relationship with

the Strahal numbel(Sr), which can be formulated as:

Where, f is the frequency, d is the inlet nozzle diameter, and u is the time averaged
velocity of the jet.Temperature measurement at a 3 mm distance below the heater block
surface was used as qualitative analysis for the transient temperature fluctuation due to the
jet pulsation effect, as it was not easy to obtain the surface temperature from the simple

steady statéD analysis.

Narumanchi et al[50] conducted a 2D analytical study to examine the effect of
submerged, confined jet of (HFEO1HT) dielectric fluid, impinged by 2 mm nozzle,
directly ona siliconchip surface of 10 mm width and 0.25 mm thickness, which dissipated
constant heat flux of 0.6 W/@nThe Reynolds number of the jet was 26.8, while the

frequency of jet pulsation varied from 0.03 to 4 Hz. Two waveforms of velocity profiles
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were studied, the step and sinusoidal waves with an average velocity of 0.005 m/sec.
Results showed that no enhancement was achieved for heat transfer in the studied ranges
of pulsating frequencies and at such low Reynolds number. However, the fluctuation of
the chip surface temperature was observed when the periodic time of the pulsation cycle is
higher than the chip shermal time constant. Moreover, the frequency of temperature
oscillation of the chip surface was nearly the same as that of the pulsating jet. However, as
the frequency of jet pulsation becomes higher (i.e., highieouhal number), the
temperature fluctuation becomes minimal. Lumped capacitance analysis was used for the

chip temperature in this study since the Biot number was 0.0004.

Xu et al.[5]] carried out a 2D numerical study using ANSYS Fluent software to
assess the feasibilintermfittéaet fpat pul sat.i
numbers, the spacing between the nozzle and the target surfaces, the temperature
difference between jet and target, and the pulsation frequency. The jet Reynolds number
(Re)was in the range between 1820 and 8Z&ifpuhalnumber(Sr) between 0.008 and
0.025 and pulsation frequencies from 33 to 66 Hz and temperature difference from 50 to
200K and spacirgfrom 3 to 8times the inlet diameteAn enhancement in local Nusselt
number was achieved by increasitite Reynolds number and the frequency of jet
pulsation due to higher turbulence intensity and vortices formed, besides, the reduced

thermal and hydraulic boundary layer thicknesses at the impingement surface.

An experimental investigation was conducted by Hofmann et[%] using
intermittent pulsation of ailet impingement, in which the effects of changing pulsation
frequency, nozzko-target spacing on local and stagnation Nusselt number were studied.
For pulsation frequencies over 140 Hz, the intermittent pulsation failed to show a

significant effect compared to steady jets. Intermittent pulsation enhances the air
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entrainment with the increase of nozibesurface spacing, resulting in a reduction of the

jet velocity and the potential core length, and hanréo a 50 % drop in Nusselt numbers.
However, a critical frequency was found, above which an enhancement in Nu number was
obtained. This frequency correspard a Strouhal numbé€fSr) of 0.2. Below this value,

the introduced turbulent vortices were not able to cause sufficient disturbance for the

thermal and hydraulic boundary layers at the target surface, to affect the Nusselt number.

It is noticed from the literature in hand that the use of intermittent jet pulsation as a
controlling method for thermal management of transient thermal behavipowér

electronic chip$as not yet been fully explored.

2.6.3 Effect of NozzleDesignon Jet ImpingementPerformance

Wu et al.[53] studied experimentally and numerically the effect of distributed outlets
or returns orenhancinghefluid flow andreducing thenterference between adjacent jets.
An average temperature of ¥C was obtainedor the chip surfaces, atsurfacenheat flux
of 110 W/cnt anda flow rate ofl LPM, whereas for the case witls0 W/cnt and2 LPM
the average temperature was found to r&hi°C. A maximum HTC of 41,377 W/AK
was achieved. However, treuthorsdid not explore different nozzle arrangemeist to

optimizethe design.

Nozzle chamfer effeabn pressure drop and heat transfer was experimentally studied
by Royne and Dey54], for four configurations of nozzle arrays, short and long square
edged nozzles, as well as sharp and countersunk noZhesshort nozzles showed a
hi gher average and stagnation heat transf e

effect, but the longer nozzle showadowerpressure drop, which is favorable for lower
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pumping power.Moreover, the countersunk nozzle exhibited the highest average and

stagnation heat transfer coefficient (HTC) and the lowest pressure drop.

Interference between adjacent jets in an array is an important topic for study. In a
numerical study performed by Sabato et 4b5 using Open Foamsoftware, an
investigation of the different parameters of nozzles was conducted including the nozzle
diameter, the number of nozzles in the array, arrangement either inline or staggered, as
well as the aspect ratio of the nozzle. They found that for the same opening area of the
nozzles, a maximum number of nozzles can be optimized for HTC and pumping power.
Exceeding that optimum number yielded a deviation in the jet impingement orthogonality,
due to interference between adjacent jets, which led to less enhancement in HTC. For the
averagesize diameter nozzles, the optimum number of jets was found to be 36 jets for the
inline configuration of the jet array. However, the authors did not provide any

experimental validation for the numerical models.

2.6.9 Literature Gaps

Based on the presented literature review oningtingementas indicated in table 2, it is

found that most researchers focused on the performance of jet impingement cooling on a
constant heat flux boundary condition applied to the chip. Such boundary condition fails to
predict the true behaviaf power electronicsMoreover, little to no consideration was given

for the natural dynamic heat flux behavior and the associated dynamic temperature of the
operation ofsilicon chips that may accelerate the fatigue or cause damage to the different

components of the chip.
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Table2.2: Summary of jet impingement literature

Researcher Study Coolant B.C Int. jets Parameters
Constant -Effect ofaspect ratio of nozzles
Garimella et al Experimental Water | heat flux i -Effect of Nozzle diameter
2001 P FC-77 of 25 -Effect of Nozzleto-plate Spacing
wW/cm?2 -Effect of Reynolds number
Constant
Wu etal. |Experimenta Water heat flux ug ) -Entire body cooling for copper chip a
2019 & Numerical to 160 comparing withtop surface cooling
W/cm?2
Constant
Wei etal. |Experimenta Water heat flux ) -Cooling performance for programmat
2019 & Numerical of 78 thermal test chips
W/cm?2
Xu et al. . . Constant -Effect offrequency of pulsation on N
Numerical | Any fluid [Temperatur] On-Off
2010 . number enhancement
difference
-Effect of frequency and intensity of
Hofmann et al Experimental  Air Constant Sinusoidal pulsation on Nu number
2007 P heat flux - Critical frequency for Nu number
enhancement
Narumanchi ef D|(_ale(_:tr|c .
: liquid Constant | On-Off | -Effect of pulsation frequency on surfg
al. Numerical ) ) ;
2003 (HFE- heat flux | Sinusoidal temperature fluctuation
8401HT)
Abishek et al. Experimental Water Constant OnOff -Effect of frequency of pulsation on N
2020 heat flux number enhancement
Experimenta Deionized Transient Controlled -Temperature dependevelocities for
Samy et al. . jet
& Numerical| water heat flux velocities thermal management of thermal test G

Moreover, it is found that most researchers focusedheninlet orifice geometry
characteristics, the spacing between inlet and impingement s8] and the best
outlet configurations for the spent fluid for multi jet arr&®8[ others tried to create
vortex generators in the wall jet regid®], without consideration for the outlet shape and
location effects on controlling the spatial temperature distribution between the stagnation
point and hot spot locations and the effects of flattening the local heat transfer coefficient

distribution across the impingement surface.
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Hence a set of research hypotlessvere set up to address thespgyavhich are:

1- In-phase mtermittent pulsation of jets can reduce the temperature oscillation
accompanied by transient heat flux boundary conditions in power electronics.

(Experimentdly in chapter 3

2- Frequencyof in-phase intermittent jet coupled with fluctuating heat flux boundary
condition can impactthe temperaturefluctuation of Si chips of power electronics.

(Numericaly in chapter %

3- Outletconfigurationcan reduce thepatialtemperature differendeetween the hot
spot and center of the jet locationsing direct impinging jebn Si chipsin power

electronics. (Experimentg & numericallyin chapter %
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Chapter 3: Moderation of Transient
Temperatures Using On-Chip Pulsating Jet

| mpingement

Power electronics aresed for awide variety of purposesincluding in electric
vehicles and-&/TOL aircraft. Nonethelesghermal oscillation of the junction temperature
due to transient load condition@mains a significant problemin this chapter, an
intermittent jet impingementvas appliedexperimentdy, adong with transient heat flux
boundary conditiosof 100W, 200W and 300W, to a thermal test chip at a frequency of
0.5 Hz (70% duty) to examine whether such an approach can successhitiynize

junction temperature fluctuatispand thusincrea® the durability of the Si chips.
3.1) Experimental Methodology and Procedure

Wei et al. i5] used programmable thermal test chips, which better represent real Si
chips than the more commonly usadface heaters or copper blocks. such, a thermal
test chip (TTC) is also used in the present work. In additiotesarig facility was
designed to measure temperatures through tleeolantloop, which also helped to

achieve the research objectives. A line diagram for the test setup is shown ir3Rigure

A chiller was used to maintain a constant fluid inlet temperature @22C in the
test section, and deionized water was pumped through the test facility using a micro gear
pump driven by a magnetic DC motor drive (Model: MG209XP017, Parker Inc, U.S.A.)

with a maximum flow rate of 3.5 LPM and a maximum pressure of 5 bars. An electronic
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speed control system enabled the fluid flow rate to be accurately controlled to the desired
value throughout the cycle. The total flow could follow two paths: a path directing the

flow to the main test section, and a path that serves as a bypass to the chiller.

Two electrically actuated solenoid valves (valves 1&2, Model: LLC 997, Adafruit
Industries) were mounted on the two paths to provide the intermittent flow of fluid
through the test section at different frequencies, which were controlled using a relay
module and Arduino board to maintain accurateofintimes for the needles of both
valves. The relay module enables synchronized intermittent operation; that is, when
solenoid valve one is open, solenoid valve two is closed, and vice versa. Such an operation

helps to achieve a pulsating flow between zero and any flow rate value for the test section.

Two calibrated turbine flow sensors (Model: FAB1, Omega) witha listed
accuracy of +3%pf the full scalewere used to measure the volumetric flow rate through
the entire cycle and themain test section path. The cold fluid entered ap8ibted jet
housing and impinged directly on the center of the TTC through a 3 mm inlet tube to cool
down the chipds surface. The hot fluid move
intermediate chamber through the foumgh corner outlet holes on the top of the chamber

and then into the two-8im outlet tubes.
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Figure3.1: Line diagram of the experimental test rig.

The jet housing was fastened to the thermal test vehicle (TTV) by four bolts located at
the periphery. A 1anm thick acrylic backing plate was installed beneath the TTV to
prevent any deflections due to the impact of the jet on the chip during the intermittent
impingement, as well as to provide thermal insulation from the backside of the chip to
minimize the heat loss. An oil seal was also used to prevent leakage between the housing
and the TTV board. The TTC mounted at the center of the TTV measured 12.8mm x 12.8
mm and was composed of a 5 x 5 array of unit cells, each measuring 2.54 mm x 2.54 mm.
Each unit cell contained an electric heating layer that dissipated 12 Watts, with four

temperaturesensing diodes being located above the heaters.
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The diodes measured the chip's junction temperature, which is the highest temperature
across the chip configuration. A680m si | i con | ayer was pl acect
diode | ayers to iIimitate the operation of
heating load of 300 W was comparable to the thermal loss from power electronic
components experienced in real industrial applications. The voltage and current required
by the TTV were supplied by a programmable DC power supply; this power supply also
allowed varying heating current frequencies to be set to provide transient heat flux
boundary conditions across the TTC based ociofobmode. In the test rig, the hot fluid
was circulated back to the chiller to be cooled down to the initial inlet temperature, with
the inlet cold fluid and outlet hot fluid temperatures being measured using thermocouples.
The chip's junction temperature was measured using theirbudimperaturesensing
diodes. All the signals from the sensors and gauges were collected using a data acquisition
system and then recorded on a PC. Detailed photos of the jet housing, the TTV, and the

test rig in the lab are shown in Figu®2 and3.3.

The yellow circled temperature sensing diodes (humbered from 1 to 10 on the TTV) were
monitored during the experiments. Ten parallel branches of electric resistance heaters gave
the heat dissipation for the Si chip (enclosed in red), and six temperature sensing diodes
(T.S.D.) were selected to measure the junction temperatures at specific locations: (D5, D7
-side locations), (D8, D#@ot spot locations), (D6enter location) and (D1forner

location), as shown in FiguB4.

34



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

Inlet

4 top circular
outlets

Outlet

Outlet

Intermediate
chamber

3D printed
Jet housing

35



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

4 Top circular outlets )
Unit cell 2 Electric heaters

C) \ ?=2 mm ‘ per cell, 6 W each

vy Fluid cavity

Si chip =

- Temperature Sensing
Diodes, from 1 to 10

, L]
Main circular inlet
=3 mm

Figure3.3: a) Thermal test vehicle board. b) The TTV and its assembly with the jet housing and the backing
acrylic plate. c) Detailed schematic of the TTV construction: 5 x 5 array of unit cells of heaters and temperature
sensing diodes.
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Figure3.4: Specific locations for monitoring the junction temperatures across the TTC.

The DC power supply was adjusted to provide continuous pulses of heating currents and
voltages that were dissipated as heating power to the Si chip. Three heating power sets
were used during the experiments: 100W, 200W, and 300W. The pulse duration for each
power was 2 secs, which was divided as follow8:®sec, the heating current increased
from zero to the constant current value corresponding to 300 W (RBdired.51.0 sec,

the heating current was kept constant-1L4 sec, served as decay time while the current
was returned to zero; and 1240 sec, the current was set to zero, corresponding to no heat
dissipation from the chip. Accordingly, the heating pulses did not follow perfect square
pulses and assumed a trapezoidal shape due to the rise and decay times of the heating
current. Thus, the continuous heat dissipation pulses were 0.5 Hz, with a duty cycle of
70%. These continuous heating pulses produced the fluctuating temperature profile for the

Si chip, which imitated the actuation of power electronics in real applications.
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The main function of a thermal management system is to minimize the oscillating
temperature profile as much as possible in order to reduce therma siieish can
eventually lead to ther mal fatigue, even

reached thus increasing the lifetime and durability of power electronics.
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Figure3.5: Flow rate and &atdissipationpulses at 0.5 Hz with a70% dutycycle.

After setting the continuous heating pulses from the DC power supply, the flow rate
of the deionized water was adjusted to the desired value without using the intermittent
action of the solenoid valve to provide a steady flow jet. Next, the steady flow jet was
allowed to impinge on the chip surface from the 3 mm inlet tube. The transient fluctuation
of the junction temperature curves for the six diode positions was then recorded by the

data acquisition system under steady flow jet conditions.

Next, the experiments were repeated using pulsating flow jets. In these tests, a relay

was used to control the actuation of the solenoid valves to follow the same trace of the

38



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

heat dissipation pulse with the same frequency (0.5 Hz) and duty cycle (70%) @&gjure

for a flow rate of 0.45 LPM. During the dime of the heat dissipation pulse from the
power supply to the TTC, the relay opened solenoid valve 1 to keep the flow in the main
test section path. In contrast, during the zZseat dissipation stage, the relay opened
solenoid valve 2 of the bypass branch to allow the deionized water to flow back to the
chiller, while keeping the pump running continuously. Hence, the intermittent pulsation
of the flow rate was introduced while monitoring changes in the junction temperature
with time for the six diode positions. Thirty jet pulgess minute were combined with-in
phase pulses of heat dissipation, resulting in oscillating temperature profiles composed of
30 pulses per minute for each of the six temperatansing diodesAs shown in Figure

3.6, the temperature pulsescillated between 36C and 110°C at a heat dissipation
pulse of 300 Weombined witha jet pulse flow rate of 0.45 LPMIhe same steps were
repeated for different flow rates between 0.1 and 2 LPM and heat dissipations of 100 W

and 200 W.

Uncertainty analysis was done based on Kline and McClinteé€k [and the

measured and cal cul ated varBhblesd uncerta

Table3.1: Uncertanities for measured and calculated variables during experiments.

Parameter Uncertainty £)
Reynolds Number 3%
Inlet fluid temperature 0.1°C
Temperature sending Diodes (TSD) 1°C
Heating power (W) 0.2%
Heattransfer coefficient (W/fK) 5%
Thermal resistance (K/W) 0.3%
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Figure3.6: Temperaturgulses at0.5 Hz with a70% dutycycle.

3.2) Oscillating Thermal Experiments Results

The transient experiments sought to investigatetehgperature profile fluctuations
caused by the transient heat flux boundary condition, and whether they can be controlled
using intermittent jet pulsation. Specifically, the experiments were designed to investigate:
1) how the transient heat flux (THF) boundary conditions affect the heaters below the Si
chip while using steady jet impingement directly on the chip; and 2) how intermittent jet
pulsation and the transient heat flux boundary condition collectively influence the cycling

temperature profile of silicon chips.
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3.2.1) Fluctuating Heat Flux with Steady Jet
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Figure3.7: a) Maximum temperature and b) temperature fluctuafionthe steady jet at Re=2250 and 8850

Figure3.7 (a and b) shows the maximum temperature and temperature fluctuations
for transient heat flux boundary conditions of 100 W, 200 W, and 300 W, combined with a

steady jet flowof 0.3 LPM and Reynolds number of 225 the 100 W case, the
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temperatures of diodes D8 and D9 fluctuated betwe@ a0d 68C due to their symmetric
positions on the TTC. In comparison, diode D10 fluctuated betwe@d a20d 54C on
average due to the edgeoling effects from the sides of the Si chip at the corners. Diodes
D5 and D7 showed moderate temperature fluctuation betweh &t 66C due to the
symmetry in their locations, while diode D6 fluctuated betwed@ 2Md 58C. In the 200 W
case, the temperatures of diodes D8 and D9 fluctuated betwééna2@ 96°C on average.

In comparison, diode D10 fluctuated between®20and 84°C, while diodes D5 and D7
showed moderate temperature fluctuation betweé@ 20d 90°C, and diode D6 fluctuated
between 20C and 89°C. Finally, in the 300W case, the temperatures of diodes D8 and D9
fluctuated between 28C and 120°C on average, while diode D10 fluctuated betweefQ0
and 95°C. Diodes D5 and D7 showed moderate temperature fluctuation betwé@€na2al

105°C, and diode D6 fluctuatecetween 20C and 110C on average.

Figure3.7 (a and b) also shows the oscillating temperature profiles for a steady flow
jet at 1.25 LPMand a timeaveraged Reynolds number of 8850 at 100W, 200W, and 300W
In the 100W case, the temperatures of diodes D8 and D9 fluctuated betwi&arD4(C,
while diode D10 fluctuated between 20 and 34°C due to the edgeooling effects. In
comparison, diodes D5 and D7 showed moderate temperature fluctuation betW€ean20
37°C, and diode D6 fluctuated between®Dand 38°C on average. In the 200W case, the
temperatures of diodes D8 and D9 fluctuated betweefC2@nd 60°C, while diode D10
fluctuated between 28C and 48°C. Diodes D5 and D7 showed moderate temperature
fluctuation between 26C and 53°C, and diode D6 fluctuated between ZDand 58°C on
average. In the 300W case, the temperatures of diodes D8 and D9 fluctuated betd@en 20
and 79°C, while diode D10 fluctuated between %D and 6(°C. In comparison, diodes D5
and D7 showed moderate temperature fluctuation betwed@ 20id 69°C, and diode D6

fluctuated between AT and 76°C on average.
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As can be shown from figure 3.7, that the maximum tempeyatachedl20 °C and
the temperature oscillatioreached100 °C at 300 W transient heat dissipation. This high
temperature variation of the chip will lead to the variation ofcttipés specific heat property
during experiments, which wiltause asourceof nonlinearity in the transientenergy
equation of the Schip, so non dimentionalizing the temperature results over the heat
dissipationvaluesis not accurate approach during our analyessthe temperature oscillation

wond be linear with the value of the heat flux introduced tocthip.

3.2.2) Fluctuating Heat Flux with Pulsating Jet

Figure 38 (a and b) shows the maximutemperature,and the temperature
fluctuation results for heater transient heat flux boundary conditions of 100 W, 200 W, and
300 W, along with an intermittent jet flow pulsation of 1.8 LRMd a timeaveraged
Reynolds number of 8850n the 100 W case, the temperatures of diodes D8 and D9
fluctuated between 26C and 38°C due to their symmetrical positioning on the TTC. In
contrast, diode D10 fluctuated between°@0and 32C due to the edgeooling effects from
the sides of the Si chip at the corners. Diodes D5 and D7 showed moderate temperature
fluctuation between 28C and 35°C due to the symmetry in their locations, while diode D6
fluctuated between 26C and 37°C on average. In the 200 W case, diodes D8 and D9
fluctuated between 28C and 55°C, while diode D10 fluctuated between %D and 43°C.
Diodes D5 and D7 showed moderate temperature fluctuation betwééhat@l 48°C, and
diode D6 fluctuated between 2G and 53°C on average. In the 300W case, diodes D8 and
D9 fluctuated between AT and 72C. In contrast, diode D10 fluctuated betweerf@@nd
55°C, while diodes D5 and D7 showed moderate temperature fluctuation betw8&rago

61°C. Finally, diode D6 fluctuated between 2D and 69°C on average.
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The main finding of the experiments combining intermittent pulsation and varying heat
fluxes was that, at the same thaeeraged Reynolds number of 8850, the oscillation at the
peak temperatures of diodes D8 and D9 were reduced by 10%, 12.5%, and 16.7% at 100W,
200W, and 300W, respectively, while maintaining the minimum temperature limi@t 20
The absence of a jet flow during the pulsationpdfiod can be accompanied by strong
vortices formed at the end of the jet pulse, which create a cooling effect that lowers the
junction temperature from the peak value to the inlet temperature of the coolant. Specifically,
the formation of vortexings during the jepulsation offperiod (as investigated in [26])
creates turbulence structures, which generate intensive fluid mixing that helps to cool the chip

from its maximum temperature to the inlet jet temperature, without real fluid flow behavior.

Moreover, Figure 3.8 (a and b) show the oscillating temperature profiles for heater
transient heat flux boundary conditions of 100 W, 200 W, and 300 W, combined with
intermittent jet flow pulsation of 0.45 LPM and a tkaeeraged Reynolds number of 2250
In the 100W case, the temperatures of diodes D8 and D9 fluctuated betw&earb6(°C,
while diode D10 fluctuated between %5 and 53°C. Diodes D5 and D7 showed moderate
temperature fluctuation between %5 and 57C, and diode D6 fluctuated betwe2h°C and
58 9C on average. In the 200W case, diodes D8 and D9 fluctuated betwé&e&rapd 85°C,
while diode D10 fluctuated between 2Z and 70°C. In comparison, diodes D5 and D7
showed moderate temperature fluctuation betweei€C2ahd 77°C, and diode D6 fluctuated
between 272C and 79°C on average. In the 300W case, the temperatures of diodes D8 and
D9 fluctuated between 24 and 110°C, while diode D10 fluctuated between®Z9and
9(PC. In contrast, diodes D5 and D7 showed moderate temperatuxeafion between 2€

and 106C, and diode D6 fluctuated between®9and 10%C on average.
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Figure3.8: a) Maximum temperature and b) temperature fluctuatiothfpulsating jet at Re=2250 and 8850

Hence, at a timaveraged Reynolds number of 2250, the oscillation in the hot spot

temperature was reduced by 20%, 19.2%, and 19% at diodes D8 and D9 for the 100 W, 200
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W, and 300 W cases, respectively, while the minimum temperature was maintaine2Bat 25
9C. Once again, the absence of jet flow during the pulsatiepesféd was accompanied by
vortices that formed at the end of the jet pulse, which caused the cooling effect during the off
period. However, it was observed that the vortex was not sufficiently strong to cause the

minimum temperature to reach the inlet coolant temperature .20

3.3) Analysis of Oscillating Thermal Profiles

The fluctuation between the maXxixmMuwin and n
was the main focus of the transient study results aimed at verifyinmmptterful use of the
jet pulsation. The next set of experiments built on these results and sought to explore the
use of jet pulsation to minimize this tempe
plays a significant role in reducing the average temperatuegg)(Df the chip as well.
Therefore, these two competing effects were analyzed simultaneously to evaluate the
feasibility of using intermittent jet pulsation to minimize temperature oscillation and
reduce the average temperature. In Fig@8ga and b)3.10(a and b)and3.11(a and
b), the averagetemperature and the temperattitectuation at diodes D8, D6, and D10
respectively,are plotted against timaveraged Reynolds numbers between 2000 and
17000 for steadyand pulsating jets at transient heat flux values of 100w, 200W, and

300W.

The time averaged Reynold number (Re) is calculated based on the time average
velocity of the jet (u), which is obtained from the time averaged flow rate (Q) through the

experiment time, as indicated in the next correlations.
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Where
00 Eq B.1)
YQ —
+
And
5 0 Eq B2
11 ’Q
T

Where d is the inlet diameter aridis the kinematic viscosity at the average

temperature between the chipbés temperature

As shownin Figure 3.9.a, the pulsating jet enabled lower average temperatures
compared to the steady jet for the three heat dissipation cases. Furthermore, at higher
Reynolds numbers (approaching 17000), the average temperature achieved with the
pulsating jet was lower than that for the steady jet48y’6 at 200 W and 300 W at diode
D8. For the 100W case, the decrease in average temperature wa$ fidtd2ie to the
introduction of less heat dissipatiagBimilarly, Figure 3.9.b shows that the pulsating jet
enabled better control of the temperature fluctuation at the three heat dissipation cases
(100 W, 200 W, and 300 W). At 300 W, the temperature fluctuation was reduced by 15 °C
to 9 °C for Reynolds numbers between 2000 and 17000; at 20€h&Vtemperature
fluctuation was reduced by almost 12 °C t&C7for the entire range of Reynolds numbers.
Finally, at 100Wthe temperature fluctuation was reduced by nearly 8 °C°® f8r the
entire range of Reynolds numbers. The reduction in temperature fluctuation was more
pronounced at lower Reynolds numbers (closer to 2000) and decayed as the values
increased (approaching 17000). The estimated error in measuring thaveénaged

temperature and the fluctuation in both graphs was 3% of the indicated values.
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The maximum temperature "hot spots" across the chip occurred at the D8 and D9
locations, as they were located beneath the top circular outlets of the jet housing, directly
at the locations where the wall jet flow separated from the chip surface. The jet's heat
transfer coefficient was also reduced in
to a reduction in the radial flow velocity at the impinged surface, which resulted in higher
temperatures radially from the center. Moreover, a lower temperature was observed at D6
compared to D8 and D9, asnas inthe center of the jet stream. At the same time, D5 and
D7 showed much lower temperatures than D6, D8, and D9, as these two diodes were
located near the sides of the TTC, where cooling effects are intense. Finally, D10 showed
the lowest temperature, which was due to the combination of its location at the corner of
the chip and edge flow circulation, which allowed it to be cooled from both sides of the

chip.

As indicated in Figures 3.9 (a and b), 3.10 (a and b), and 3.11 (a and b), the use of the
pulsating jet provided lower average chip temperatures across all locations compared to
the steady jet, and the maximum temperature consequently. This result was predictable, as
the pulsating jet approach always requires higher flow rates compared to steady jets to
achieve the same time averaged Reynolds numbers. Therefore, the average or maximum
chip temperatures are not accurate measures for establishing pulsairg @tbetter

option than steady jets.
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Figure3.9: a) Time-averaged temperature and b) temperature fluctuation for steagylsating jetsersus
Reynolds numbeat transient heat flux boundary conditions of 100W, 200W, and 300W for diode D8.
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Figure3.10: a) Time-averaged temperature and b) temperature fluctuation for steaghylsating jets
versus Reynolds number at transient heat flux boundary conditions of 100W, 200W, and 300W at diode D6.
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Figure3.11: a) Time-averaged temperature and b) temperature fluctuation for steagyliasating jetsersus
Reynolds numbeat transient heat flux boundary conditions of 100W, 200W, and 300W at diode D10.

Moreover, in Figure 3.12 (a and b), the average temperature and the temperature

fluctuation at diode D8hot spot location)is plotted againstime averagedStrouhal

numbers betwee.0005and 0.0025 for pulsating jet at transient heat flux values of

100W, 200W, and 300W
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Figure3.12: a) Time-averaged temperature and b) temperature fluctuation for pulsatireygets Strouhal
number at transient heat flux boundary conditions of 100W, 200W, and 300W at diode D8.

As indicated in Figure 3.12 (a & b), bothe average temperature and temperature

fluctuation at the hot spot location increase with increasing the Strouhal number, due to
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t he | ower ti me averaged vel o%2 findings,the) . By
pulsating jet has better thermal performance at all the studied range of Strouhal numbers,
without reaching the critical value of 0.2, compared to the steady jet. The same
observation was found i n Xubs [ 51] numer i
Strouhal number was below O0his canalso beinterpreted due to the vorticity rings and

its more pronounced impact at the transient heat flux boundary conditions specifically

studied in this research

Ther mal management systems aim to | imit
safe operational constraints. However, the present research aims to reduce the fluctuation
between the maximum and minimum temperattwaainimize thermal stress and fatigue
over the chips' lifetime. Thus, such effects should be analyzed separately. Asrsuch,
enhancement factof ) was introduced to judge the performance of intermittent jet
pulsation in minimizing such temperature oscillations. €nbdancement factazan be
formulated as,

‘M A@Ya4 Q&
Yo 0w "YQE

P

where Tmax and Tmin are the maximum and minimum temperatures of the fluctuating
temperature profile, respectively, arid in is the inlet temperature of the jethe
enhancement factor then introduces the oscillation between the maximum and minimum
temperatures divided by the rise of the maximum temperature from the jet inlet
temperaturge then subtracted from onegp evaluate the respective performances of the
pulsating jet and steady jet approaches. Fi@ut8 plots theenhancement factarersus

the Re numbers for the pulsating and steady jet cases with fluctuating heat flux boundary

conditions of 200W, 200W, and 30QWér the hot spot locatio(D8).
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As the results show, trenhancement facteanged between 8nd0.2 for the pulsating
jet approach and 0 t0.08 for the steady jet approach. In addition, the data show that,
compared to the steady jet approach, the pulsating jet method was most effective at

reducing temperature oscillation rather than the maximum temperature at the same Re
number. This enhancement was valid at Re numbers between 2000 and 14000. Beyond a
Re number of 14000, trenhancement factirecomesthe same for both the pulsating and
steady jet approaches, which indicates that the vortex rings formed during the off period
were intensive enough to cause the minimum temperature of all the chip locations to reach

the inlet temperature of the jet.
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Figure3.13: Enhancement factdor steady and pulsating jet cases at transient heat flux boundary conditions
of 100W, 200W, and 300W.

The temperature fluctuation and teehancement factorersus the Re number are
plotted for the pulsating jets at all diode locations and 300W in Figjlide(a and b). As
can be seen, thenhancement factawas kept the same for all the locations through the
entire range of Re numbers. However, due to the cooling effect at the edges and corners,

the use of pulsating jets did not reduce the spatial temperature fluctuation between the hot
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spots at diodes D8 and D9 and the minimum temperature at D10 (i.e., at the corner of the
TTC). Furthermore, the temperature fluctuation at the D8 location varied between 90 °C
and 50°C, while between 70 °C and 8C at the D10 location for the entire range of the

Re numbers (2000 to 17000). Hence, there was almost’& 2iifference between the

temperatures at the hot spots and the corners.
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Figure3.14: a) Temperature fluctuation anddn)hancement factdor pulsating jets at a transient heat flux
boundarycondition of 300W for all diodes locations.
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Given these results, it can be concluded that, of all the locations on the Si chip, the hot
spot locations experience the highest temperature oscillation, and the corner locations

experience the lowest.

Moreover, the results indicated that #hancement factdrend remained the same
for all the pulsating jet experiments. Thus, @mhancement fact@man be mathematically

predicted using the following beft regression:
{ 8 _— 1w 20003

This equation can then be used to predictehkancement factdor pulsating jets
actuating at 0.5 Hz and 70% duty cycle for the entire range of Re numbers (2000 to
17000).1t shows that the enhancement fadtar pulsating jetdecay exponentiallywith
the Re mmber, due to thentensive circulation eddiesormation which decrease the
minimum temperature limit of the temperature ostibn curve ad have the same

behavioras the steady jeit highRe number approaching 17000

Finally, dl the analysis performed during this chapterbased on using a time
averaged velocitin Reynoldsnumbercalculations. However, if the Reoldsnumber was
based on the peak velocifwhich is 1.6 times fothe average vak) of the pulsating jet,
the resultsvould be different. Hencan figure 3.15a andb, the averagéemperature and

temperatur@scillationwere plottedor diode D8to judgesuchimpact.

As indicated from figure 3.1%@ and b, the averagetemperatre and temperature

fluctuaion of the hot spot location d¥8 didnd vary between the pulsatingdsteadyjets,
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which indicates that the pulsating jet didperform anyenhancemendver the steady jet

when using the peak velocity in the Reynolds number definition.
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Figure3.15: a) Time-averaged temperature and b) temperature fluctuation for steagylsating jetsersus
peakReynolds numbeat transient heat flux boundary conditions of 200W, 200W, and 300W for diode D8.
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3.4) Chapter summary

Power electronics aresed for awide variety of purposesincluding in electric
vehicles and &/TOL aircraft. Nonethelesshermal oscillation of the junction temperature
due to transient load conditiomemains a significant problemnin this experimental
chapter an intermittent jet impingementvas applied dong with transient heat flux
boundary conditiosof 100W, 200W and 300W, to a thermal test chip at a frequency of
0.5 Hz (70% duty) to examine whether such an approach can successhitiynize
junction temperature fluctuatisnand thusincreag the durability of the Si chips. The
temperature oscillations were recorded to assess the intermittent pudshigoiagesver
usinga steady jet. Thdindings of the experiments combinimgtermittent pulsation with
varying heat fluxes show reduced hot spéémperature oscillatianof 10%, 12.5%.and
16.7% at 100W, 200Wand 300W, respectively, atReynolds number of 885&ience,
the use opulsating je$ providesbetter controbvertemperature fluctuationompared to
steady jes. The reduction in temperature fluctuation is more pronounced at Reynolds
numbers closer to 2000 and decays asRbgnolds numbeincreasesto 17000. An
enhancement factois employedto characterize the mesitof using pulsating jets.
Compared to steady jets, themperature oscillation coefficieshows that the use of
pulsating jetsenablesa higher reduction in temperature oscillation at the sdime
averagedRe number. Thiseductionis valid betweerRe numbes of 2000 and 14000.

Finally, acorrelationis proposed to calculate temhancement factdor pulsating jets.
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Chapter 4: FrequencyResponse of SChips

Due toOn-Chip Pulsating Jet Impingement

One major problenarising from the use ofarying power ratesn power electronics
is theoccurrence obscillations in the junction temperatuwéSi chipsdue to the variable
load conditions In particular, the severe thermal stress variations and eventual fatigue
resulting from these oscill ati oThischaptert i mat e
presents a numerical studyvestigaing the frequency effect ofintermittent jet
impingementon minimizing the temperature fluctuatieandue to transient hediux

boundary conditionsf power electroniggherebyincreasng the durability of the Si chips.
4.1) Experimental Validation Case

The commercial ANSYS Fluent package was used to valeatenerical CFD model
against Li andGarimella®d s 9] [ex@erimental results for confined, submerged jet
impingement. Irtheir work, Li and Garimella appliedsingle axisymmetri¢ submerged
andconfineddielectricliquid (FC 77) jet impingement to a small surface heater (1 cm x 1
cm x 0.0075 cm) to imitate the cooling performance of power electronic chips under
constant heaflux boundary conditionsNotably, onlya quarter of the fluid domain was
modeled in our 3D simulations due to the geometrical symmetry in their study. Regarding
their experimental apparatus, the FC 77 entered a plenum (diameter: 12.7 cm), then
througha nozzle (diameter: 3.18 mm) that had been drilled into a nozzle plate (thickness:
6.35 mm, diameter:12.7 cm). The height of the studied section of the plenum was set at
15.9 mm above the nozzle inlet. The jet impinged on the 1 cm x 1 cm square heater, which

was situated 3.18 mm from the nozzle plate. Once impinged, the jet flowed radially across
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the confined region between the impingement surface and the nozzle plate until it reached
the confined region's outlet. The boundary conditions were set to achieve a constant heat
flux boundary condition of 2%V/cn? from the bottom of thesurface heater. The radial

outlet plane, located 6.35 cm from the jet's center, was set to a constant pressure of 0 Pa,
and the constant inlet pressure for the plenum was varied until a Reynolds number of
23,000 (the equal to a velocity of 5.28 m/s) was achieved at the nozzle exit. The FC 77
fluid impinged on the heater at 2C. The studied geometry, the assigned boundary

conditions, and the structured mesh are shown in Fglir@, b and c)
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Figure4.1: lllustrations of the a) geometry, b) structured mesh, and c) assigned boundary conditions.

Morris and Garimella [33] performed a numerical simulation for the same
experimental geometry usingthed t ur bul ence model , wh-ich re
wall functions to enhance the local HTC prediction at the heater surface to solve the
shortage in such turbulence model. Hence, the 8ST and th&k-U t ur bul ence m

were tested to determine which one is more accurate. Since a structured mesh discretizes

the studied fluid domain, this mesh type was used in the mesh sensitivity analysis.

Furthermore, a neawall mesh with y+ <1 was used to adapt the selected turbulence
models. In the simulations, the energy balance was satisfied for the studied geometry, the
outlet fluid temperature was 20°G, and the residuals approached 3 xdhd 5 x 10%°
for thecontinuity and energy equations, respectively. The velocity distribigigimown in
Figure4.2 While Figure4.3 shows a comparison of ttBST Ky an &-Ut herr bul enc
model s6 ability to predict the | ocal HTC or

HTC distribution on the heater surface (Figwt®), the KU t ur bul ecanc e mo d
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accurately predict the stagnatipoint heattransfer coefficient; however, it failed to

predict the secondary maximum héainsfer coefficients at low spachignozzle

diameter ratios. In contrast, theX #SST tur bul ence model I's abl
and secondary peaks, as d¥mesults. fTheaetroe darsby Ha
around the experimental points show a 10 % error in estimating the HTC via numerical
modeling with the ANSYS Fluent software, whichlilee the experimental error range of

Liéds study. The sameKrxreS6Mt s uobubened wme itk

evaluated by Sabato et al. in their research [35].

Veloci
Streamline 1

. 8.7

r6.5

- 4.3

Figure4.2: Simulation results for velocity distribution across the heater surface.
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Figure4.3: Validation results for the KJandthe K-¥ SST turbulence modelsersus Li and Garimella's data.

4.2) SteadyState Numerical Simulation

The K-y SST turbulence model and the mesh metrics from the experimental
validation case were input into the ANSYFRient softwardo develop a CFD modéor
deionizedwater jet impingementoolng asinglesilicon chip usinga single j& in a3D
configuration A steadystate simulation was then conducted to evaluate the maximum
junction temperature across the silicon chifhe proposed jet impingemendesign
consisted of a single inlet (diameter: 3 mm) dodr circular outlets(diameter:2 mm
each symmetricallydistributed at90° on the top of the impinging chambeén the first
step of the study, the fluid domain was extracted from the cavity enclosed between the
chip and the jet impingement housing and imported into the fluent. Due to the symmetry
in the studied geometry, only a quarter of the fluid domain was considered. For the 3D
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simulations, a singtehip geometrydimensions12.8x 12.8x 0.6 mm) was modeled. The
boundary conditions were set to a constant heat flux of A8&i?, which corresponds

to 300 W of heat dissipation fronthe bottom of thechip. The deionized water
(temperature20°C) enteed through a single nozz{diameter: 3 mmpt a constant inlet
velocity of 2.35m/sto achieve d LPM volumetric flow rateat theinlet, thus resulting in

Re = 7000. The outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 Pa. The
jet housing, the extracted fluid domain, and a plan view for the 4 top outlets relative to the

silicon chip are shown in Figuref4(a, b and ¢)

Hoffman's findings[48] demonstrate that the- SST tur bul ence mod
higher accuracy in predicting the fluid flow field for impinging jets compared to other
turbulence models. As such, it was used as the main turbulence model for the proposed
geometry. In addition, aecondorder upwind scheme waslso selectedto adapt a
converging and stabkolution while the SIMPLE algorithmwasemployedto couplethe
pressurevelocity fields during the iterative solving he thermophysical properties of DI

water and silicon are shown in Taldld.
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4 Top circular outlets

0=2 mm
PO CPa T, \
c)
Si chip — e Fluid cavity

\

Main circular inlet
0=3 mm

Figured.4: lllustration of a) jet housing, b) fluid domain, and c) top view for the jet cavity with the four top
outlets relative to the chip position.

Table4.1: Thermophysical properties of Blater and Silicon

L Specific : Dynamic Prandtl Reynolds
Fluid Thern(q\?vl /;:ngng)uctlvny heat (?(Z?r?g)y viscosity number number
(J/Kg C) (Pa.s) ¢ ¢
DI- 0.62 4182 9982  0.00103 7.1 7000
water
Silicon 140 700 2329 - - -

A structured meshing was used in the proposed design, and mesh sensitivity analysis
was conducted to ensure grid independefidee structured mesh and the boundary

conditions used in this work are shown in Figdté (a and b)In the simulations, the
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energy balance was satisfied for the proposed design, the outlet fluid temperature was
24.3 C, andthe residuals approached 2 x“#énd 3 x 10 for the continuity and energy

equations, respectively.

b) Constant Velocity Inlet B.C

W

Constant Pressure Outlet B.C

AATTA

Si chip

o

AbAA A

Constant Heat flux B.C

Figure4.5: lllustration of a) structured mesh and b) boundary conditions.

Figure 4.6 shows the temperature and velocity distributions across the fluid domain
and on the bottom of the chip surface. As can be seen, the maximum junction temperature
at the bottom of the silicon chip is 11P®, and the pressure drop between the inlet and

outlet is 5.18 kPa. Furthermore, analysis of the chip's corners' temperature contours
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reveals lower temperature after the-epbt locations. These lower temperatures are likely
caused by the edgmoling effect from both sides of the chip, which protrude from the

base by 0.6 mm.

Figure4.6: Temperature distributioacross the bottom of the chip and velocity at the symmetry.plane

Figure4.7.a shows the spatial temperature distribution across theodeipted based
on the radial position across the diagonal. As can be seen, the lowest temperature (86° C)
occurs at the chipbs center due to the et
momentum of the impinging jet. The temperature increases gradually until reaching a
maximum temperature of 111.6° C at a radial position of 2.2, roughly at the outlet
location. After this hot spot location, the temperature profile degrades due to the edge

cooling effect from both sides of the chip.

The HTC (h) and the Nusselt number (Nu) spatial distributions are plotted in Figures

4.7.b and4.7.c based on the following correlations, which wadapted from [36].

YZ4E Eq. @.1)
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VO —
E Eq. ¢2)
where h is the HTC in (W/&C), q" is the heat flux in (W/A), T is the temperature at any

radial location, and iTis the inlet temperature of the jet. In Equation 2, Nu is the Nusselt

numberd is the inlet diameter, andvks the thermal conductivity of the deionized water.

The HTC and Nu number profiles were identical, indicating that the maximum values
occur at the chip center. After this point, the profile starts to decay until it reaches a
minimum value corresponding to the hot spot location, and then gradually increases again

until reaching the corner, which is duetotheedgeo |l i ng ef fect for the
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Figure4.7: Distribution of thea) temperaturgb) HTC, and c) Nusselt number radiadlgross the chip

4.3) Mesh Sensitivity Analysis

A mesh size sensitivity analysis was performed to estimate how the grid size affects

the variation and stability of the estimated HTC values. The number of elements used in
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the numerical simulations varied from 245,000 up to 2,000,000. The percentage change in
the HTC did not vary by more than 1.5% in response to reductions in the element size.
Therefore, 990,00@lements were selected without further reducing the element size,
resulting in a 0.5% variation in the estimated HTC value. Figl8shows the local radial

distribution of the HTC at different mesh sizes.

— 244K

28000 — - -675K

m? C)
N
()]
o
o
(@]
1

24000

22000

20000 H

18000 H

Heat transfer Coefficient (W/

16000

0.0 0.5 1.0 1.5 2.0 25 3.0
Radial position (r/D)

Figure4.8: Local radial distribution of HTC at different grid sizes

4.4) Lumped CapacitanceSystemAnalysis

Little data is available in the literature regarding the transient behavior of power
electronic chips cooled via jet impingement. Therefore, the validated stestdymodel
was tested in transient mode to estimate its accuracy for predicting the transient behavior
of silicon chips. For simplicity, a lumped capacitance system analysis was utilized to
analyze variations in chip temperature over time. This analysis assumes little variation in

temperature across the same direction of heat flow through theadhgh, in our study, is
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the thickness direction. This assumption is justified only when the Biot number is less than
0.1. Figure4.9 shows a simplified configuration for the proposed lumped capacitance

system.

d

e R

h,T,
mif
q”

Figure4.9: Lumped capacitance system configuration.

v

As shown in Figuret.9, a Si chip with a thickness) (of 0.6 mm is subjected to a
constant heat flux (g") at83.1W/cn? from the bottom side and cooled by an impinging
jet of deionized water from the top surface at a temperaturef(Z0° C. This impinging
jet introduces an HTC (h), which is responsible for cooling the chip. It is assumed that the
jet velocity introduces a constant HTC value across the asttipesurface howeverit is
variant from the center of the jet to the hot spot locations andathal temperature
difference is almost 24C between these two locatiorss indicated in the previous
sections When in a steady state, the energy equation for the lumped system will be as

follows (adapted fromZ1]):

A Q7% 4 Eq. @.3)

Then,—  "Y%- 4 Eq.@4)

where Eis the steadystate temperature of the chip.
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While in the transient state, the rising temperature of the chip varies with time, and

the energy equation takes a different foraakapted from31]),

~ QYO
W A

N a5 QY0 4 Eq. @5)

where and c are the density and specific heat capacity properties, fandiis the chip

thickness.

Then, afterintegratingfrom time t=0 to any specific time (thhe solution will be as

follows.

n_
po)

Eq. @.6)

YO 4 2 p Q-

Then,using thesteadystate correlation, the upper equation can be written as follows:

YO o 4
, E 0 g Eq. @.7)
b7 4&
W "o a
0 Eq. @.8)

Hence the introduced equation cantracka r i at i o n stransient ténperatuceh i p 6 s
over time. Moreover,Equation 8 also enables the estimation of tihee-constant( )
value,which is the point whethe chip temperature reaches 63.2%ofinal temperature
differencein a steadystate This analysis is quite accurate if tHgC value is constant
across the surfag@oweverthe localHTC variesradially from the center of the jet to the
hot spot locationgvhen usingsteadyimpinging jets which means that theenter of the jet

will possesghe highest HTC andthe lowesttime constant, while the hot spot wilbssess
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thelowestHTC and onsequently the highest time constag such the above equations
canonly beapplied locally fora constantHTC value ata specific radial positionthus
yielding a radialspatial temperature distributicior the chip Therefore, selecting the
specific HTC becomes the major task in fulfilling the lumped system analysis; however,
the Biot number must first be investigated before proceeding with the analysis.&igure
shows the local variations in the Biot number across the chip in response to local

variations in the HTC. The Biot number can be calculated using,

O" 'Q : q 4
ir E . 9

where Bi is the Biot numbekjs the chip thickness, andik the thermal conductivity of

silicon.
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Figure4.10: Local variations in the Biot number based on radial position across the chip.

The results in Figurd.10 show that the 0.1 limit for the Biot number is justified only

between radial positions of 1.65 and 2.8. At other locations, the thermal diffusivity across
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the chip should be considered when attempting to detect temperature variations across the
chipds thi ckne s-soted rivige, tve consitiehee theahwmtospot at radial
position 2.2, as this location corresponds to the lowest HTC and the maximum temperature
across the chip that can be used to calculate transient temperature variations and estimate
the time constant. The HTC is approximately 19,950 ¥\@vat this radial position. A
time-constant value of 0.05 sec was obtained based on the employed analytical approach.
To investigate the accuracy of the lumped capacitance system, the maximum temperature
variation of the hot spot was tracked with time until it reached a steady state and was then
verified using the analytical solution to show the deviation arising from the use of such an
approach. A comparison of the numerical and analytical solutions is shown in &ijlure

As can be seen, the maximum error in estimating the transient temperature ishvathin
rangeof 5% when using lumped capacitance approximation. In addition, the time constant
for the numerical solution was 0.046 sec compared to 0.05 sec for the analytical solution.
Hence, the lumped capacitance analysis is an acceptable approach for this jet impingement
problem. Moreover, the results confirmed that the developed model was suitable for use in

the simulations run to predict the transient behavior of silicon chips in the next section.
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Figure4.11: Maximum temperature variation with time for numerical and analytical solutions.

4.5) Transient Numerical Smulations

The validated CFDnodel was then applied to perform transient simulations aimed at
assessing the feasibility of using intermittent jet pulsation in conjunction with the transient

heatflux boundary condition for thermal management in power electronics applications.

The objective of the transient simulations was to investigate temperature profile
fluctuations caused by the transient kst boundary condition and how to control them
using intermittent pulsating jets. The transient simulations were developed to achieve three
goals: first, to evaluate how intermittent jet pulsation at various frequencies impacts the
constant heaflux (CHF) surface boundary condition; second, to estimate the effect of the
transient heaflux (THF) surface boundary condition, at different frequencies, while
applying steady jet impingement directly onto the chip; and third, to determine how
intermittent jet pulsation and the transient Haat work together to influence the cycling

temperature profile of silicon chips.

Five sets of frequencia® 1, 5, 10, 20, and 25 lz were studied for the transient
simulations for both the intermittent pulsation and Hkat fluctuations. In the
intermittent pulsation simulations, continuous jet pulses with a velocity of 4.7 m/s
(corresponding to a flow rate of 2 LPM) were introduced for the first half of the cycle and
zero velocity was introduced for the second half (50% duty). This approach was selected
to maintain a constant tireveraged flow rate of 1 LPM and a Reynolds number of 7000
(steadystate case). The same concept was used for the transietilukesimulations;
specifically, a heat flux of 183Xv/cn? was used for the first half of the cycle duration,

while a heat flux of zero was used in the second(BaBb6 duty); Figuret.12.
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A time-stepindependencéestwas performedieading to a timestep of 0.001 s used
in thetransientsimulatiors. In the simulations, 40 iterations were performed per time step,
and the residuals approach to 8 x1@nd 7 x 107 for continuity and energy equations,

respectively.

150 4

100 4

Jet velocity (m/sec)
Heat Flux (W/cm?)

50 4

Figure4.12: lllustration of the jet velocity and heflix pulses at 50% duty.

The purpose of a thermalanagement system is to limit the maximum temperature of
the system. However, this research also aimed to reduce the fluctuation between the
maximum and minimum temperatures of the hot spot, an effect which should be
distinguished separately. Consequentlyteanperature oscillation coefficiert E ) was
introduced to assess the efficiency of intermittent jet pulsation in minimizing temperature

oscillation. Thissemperature oscillation coefficieodn be formulated as,

M A@"Ya Qe
Y& O "YQ

Eq. @.10)

where Tax and Tmin are the maximum and minimums of the temperature fluctuations in

the hot spot, respectively, aiidis the inlet temperature of the jet (20° C).
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45.1) Intermittent Jets at 25 Hz

Figure 4.13 shows the thermal profile fluctuations that occurred during the use of
intermittent jets at 25 Hz on a constant Héat surface. As can be seen, the maximum
temperature across the heating surface of the chip oscillated between 97° C and 102° C,
which was lower than the steadiate temperature of 111.6° C in the steady jet
impingement on a constant hdlatx surface condition. Moreover, these results show the
effect of the transient heflix boundary condition on the temperature cycling of the chip
while maintaining steady jet cooling. Here, the results show a trend wherein the maximum
temperature of the hot spot fluctuates between 68° C and 85° C.

The results also show the combined effects of the jet velocity andlirealcles at
the same frequency and phase, revealing a trend characterized by reduced fluctuation in
the maximum temperature across the heating surface of the chip (between 58° C and 78°
C). However, the temperature difference between the maximum and minimum bounds
remained almost the same and the average temperature decreased, resulting in a higher
temperature oscillation coefficient

Furthermore, the results show that temperature oscillation coefficietE) i ncr ea s ¢

from 0.26 to 0.35 between the transient and combinedflugatases.

77



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

22— Int. Jetat CH.F
- .= Steady Jet at TH.F
Int. Jetat T.H.F
100
3) s ' §EDy fap e (BN 10 . 104 EXY
9/ 80 : “]l"":!.i':;!’1"yz"|"'1.1:‘"‘::‘z'"7“"1"""'1i‘|1'i,'""1‘1:‘!"“]4"‘r'"!1'i‘l:"[!n’1"~|:)‘
S T saame bk eA R sk sk sk ks k Lk kkp
= 28 it R L bl B0 B R B bR TR DD il
1o T YW T M T T T T
O L
60
£ 60
—
40 -
20 T T T
0.0 0.5 1.5 2.0

1.0
Time (Sec)

Figure4.13: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at
transient heat flux (THF), and combination of intermittent jet and transient heat flux (THF) at the same phase
and 25 Hz.

45.2) Intermittent Jets at 20 Hz

Figure 4.14 shows the thermal profile fluctuations observed during the use of
intermittent jets at 20 Hz on a constant Haat surface. As can be seen, the maximum
temperature across the heating surface of the chip oscillated between 98° C and 103° C,
which is lower than the steadyate temperature of 111.6° C in the steady jet impingement
on constant heat flux surface condition. Figure 14 also shows the effects of using a
transient heatlux boundary condition on the temperature cycling of the chip ewnhil
maintaining steady jet cooling. The results show a trend wherein the maximum
temperature of the hot spot fluctuated between 64° C and 83° C. In addition, the results
obtained when combining the jet velocity and H&at cycles at the same frequency and
phase can also be observddere, a reduction in the fluctuations in the maximum
temperature across the heating surface of the chip can clearly be seen (between 55° C and
76° C). However, the temperature difference between maximum and minimum bounds

remaired almost the same and the average temperature decreased, leading to a higher
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temperature oscillation coefficientrinally, the results show that theemperature

oscillation coefficenf E) i ncreased from 0.3 to O0.38

heatflux cases.
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Figure4.14: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at
transient heat flux (THF), and a combination of intermittent jet and transient heat flux (THF) at the same phase

and 20 Hz.

45.3) Intermittent Jets at 10 Hz

Figure 4.15 shows the thermal profile fluctuations occurring during the use of

intermittent jets at 10 Hz on a constant Haat surface. The results show that the

maximum temperature across the heating surface of the chip oscillated between 90° C and

110° C, which is lower than the steashate temperature of 111.6° C in the steady jet

impingement on constant hefitx surface condition. Furthermore, Figure 15 also shows

how the use of a transient hdltx boundary condition and steady jet cooling impéabtie

temperature cycling of the chip. As can be seen, the maximum temperature of the hot spot

fluctuates between 50° C and 90° C when using this approach. Finally, Figure 15 shows

that, when the jet velocity and hdhix cycles were applied at the same frequency and

phase, the temperature fluctuations for the maximum temperature across the heating
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surface of the chip were reduced to a range of 43° C to 7@dWever, unlike the 25 and

20 Hz cases, a reduction in the temperature difference between the maximum and

minimum bounds was observed in the 10 Hz case. Additionally, tehgerature

oscillation coefficienf E ) increased from 0.57 to 0.6 be

heatflux cases.

With regards to the temperature decay between the maximum and minimum bounds
in the transient hedlux case, it was observed that the use of intermittent jet resulted in a
higher temperature decay rate compared to the use of steady jets. However, at the end of
the off period in the cycle, the temperature decay rate started to decrease gradually until
reaching the minimum bound of the temperature oscillation. At any time point during the
off period, the pulsating jet resulted in a lower temperature than the steady jet, although

there was no cooling effect. Moreover, the pulsating jet case featured a lower minimum

temperature bound compared to the steady jet case.
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Figure4.15: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at
transient heat flux (THF), and a combination of intermittent jet and transient heat flux (THF) at the same phase
and 10 Hz
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45.4) Intermittent Jets at 5 Hz

Figure 4.16 shows the thermal profile fluctuations observed when using intermittent
jets at 5 Hz on a constant hdlaix surface. The results show that the maximum
temperatureacross the heating surface of the chip oscillated between 82° C and 145° C,
which is higher than the steadtate temperature of 111.6° C observed in the steady jet
impingement on constant hdix surface condition. In addition, Figure 16 also shows
how the use of a transient hdltx boundary condition and steady jet cooling affects the
temperature cycling of the chip. Here, the results reveal a fluctuating trend wherein the
maximum temperature across the heating surface of the chip oscillates between 35° C and
102° C. Furthermore, the effects of combining the jet velocity andfluatycles at the
same frequency and phase are also observable. As can be seen, this approach resulted in a
reduction in the temperature fluctuation for the maximum temperature across the heating
surface of the chip (between 32° C and 80°Hwever, at 5 Hz, the difference between
the maximum and the minimutemperature bounds was significantly smaller compared
to the previous cases, thus resulting in a lowerperature oscillation coefficienhdeed,
thetemperature oscillation coefficiecgtE) decreased from 0.82 to

and combined hedlux cases.

Similar to the 10 Hz case, the rate of temperature decay showed the same behavior for
the transient hedtux boundary condition combined with intermittent pulsation case;
however, the decay rate started to decline earlier during the off period of the cycle in the 5
Hz case. Furthermore, unlike the 10 Hz case, the intermittent jet almost reached the same
minimum temperature bound as the steady jet at the end of the cycle in the 5 Hz case,

despite there being no flow cooling effect during the off period.
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Figure4.16: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at
transient heat flux (THF), and combination of intermittent jet and transient heat flux (THF) at the same phase
and 5 Hz

45.5) Intermittent Jets at 1 Hz

Figure 4.17 shows the thermal profile fluctuations that occurred when using
intermittent jets at 1 Hz on a constant héaxt surface. As can be seen, the maximum
temperature across the heating surface of the chip oscillated between 80° C and 403° C,
which is higher than the steadjate temperature of 111.6° C observed when applying
steady jet impingement to a constant Haat surface. Figureé.17 further shows how the
use of a transient hefitx boundary condition and steady jet cooling influence the
temperature cycling of the chip. Here, the results show a fluctuating trend for the
maximum temperature across the heating surface of the chip (between 20° C and 110° C).
Finally, Figure4.17 also shows the results for the use of both jet velocity anedflbrat
cycles at the same frequency and phase. As the figure shows, there is a clear reduction in

the fluctuation of the maximum temperature actbesheating surface of the chip at this
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frequency (between 28° C and 78° C). Significantly, the difference between the maximum
and the minimuntemperature bounds shows a further reduction at 1 Hz than in all the
previous cases, thus leading to a lowamperature oscillation coefficienindeed, the
temperature oscillation coefficieqtE) decreased from 1 to 0. 86
combined heaflux cases. Furthermore, at 1 Hz (for the transient-featboundary
condition combined with intermittent pulsation case), the cycle time is 1 sec, which means
that 0.5 sec of the periodic time is on for both heat flux and jet velocity and off for the
remaining 0.5 sec. This time range is longer than the time constant of the studied silicon
chip, which allows the maximum temperature through the chip to reach a steady state
more quickly due to its fast time response during the on and off durations. Based on an
analytical analysis, the chip's time constant was estimated to be 0.05 sec, assuming that the

silicon chip is approximated as a lumpepacitance system.

As observed in the 5 and 10 Hz cases, the rate of temperature decay showed the same
behavior at 1 Hz for the transient hélatx boundary condition combined with intermittent
pulsation case. However, the decay rate starts to decline much earlier during the off period
of the cycle; thus, there is a specific turning time at which the steady jet provides better

performance in lowering the minimum temperature bound.
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Figure4.17: Temperature profile oscillation results for intermittent jet at constant heat flux (CHF), steady jet at
transient heat flux (THF), and combination of intermittent jet and transient heat flux (THF) at the same phase
and 1 Hz

4.6) Analysis of theDynamic Smulation Results

4.6.1) FrequencyAnalysis of theFluctuating Thermal Profile

The difference between the maximum and minimum temperaturs-(Tmin) is the
major concern in the dynamic simulations showingpierful use of jet pulsation. Hence, a
subsequent study was conducted to investigate methods of reducing this temperature
difference. However, since the jet effect also significantly reduces the maximum temperature
(Tmax) of the chip, the two competing effects should be analyzed simultaneously to evaluate
the feasibility of using intermittent jet pulsation to minimize the temperature oscillation,

against minimizing the maximum temperature.
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In Figure4.18, the difference between the maximum and inlet temperatupstted
against the frequencies used in the steady and pulsating jet cases with a transient heat

boundary condition.
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Figure4.18: Maximum temperature limit at various frequencies for the pulsating and steady jet cases with a
transient heaflux boundary condition

As indicated in Figurd.18, the use of the pulsating jet provided better control of
the maximum temperature, limiting it to a maximum of 60° C above the inlet temperature
across all tested frequencies. In contrast, the maximum temperature increased as the
frequency decreased in the steady jet case. This result was likely due to the fact that, in the
pulsating jet case, the velocity of the jet activated during the on cycle is approximately
twice that of the jet in the steady case, which in turn enables a greater reduction in the

maximum temperature.
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In Figure 4.19, the cyclic fluctuation between the maximum and minimum
temperature limits is plotted against varidtequencies used in the steady and pulsating

jet cases with a transient heat flux boundary condition
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Figure4.19: Temperature oscillation versus frequency used in the pulsating and steady jefitteaes
transient heaflux boundary condition.

As shown in Figuret.19, the use of pulsating jets resulted in reduced temperature
oscillation at frequencies below 19.2 Hz. In contrast, the use of pulsating jets did not
provide a significant reduction in temperature fluctuations compared to the steady jet at
frequencies above 19.2 Hz. This threshold frequency is related to the time response of the
Si chip; specifically, at frequencies hi ghg

longer than the shorter periodic times associated with higher frequencies.
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In Figure 4.20, the temperature oscillation coefficienis plotted against the
frequencies used in the steady jet and pulsating jet cases with transient heat flux boundary

conditions

—— Steady jet
—®- - Pulsating jet

0.2 -

0.1 ; L . . .
0 5 8.2 4o 15 20 25
Frequency (Hz)

Figure4.20: Temperature oscillation coefficie@tE) ver sus the various frequenci
steady jet cases with transient hifax boundary conditions.

As the results in Figur&t.20 show, the use of pulsating jets provided superior
enhancement compared to the steady jet. das¢ghermore, 8.2 Hz was identified as the
critical threshold at which a switch in the performance of the intermittent pulsation effects
occurs. Prior to reaching 8.2 Hz, the reduction of temperature oscillation is more dominant
than the reduction of the chipds maxi mum
maximum temperature reduction is more pronounced compared to the reduction in
temperature fluctuation. I n either case, t
same timeaveraged Reynolds number of 7000, which confirms the advantage of using

intermittent jet pulsation.
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In Figure 4.21, the difference between the minimum and inlet temperatures is plotted
against the various frequencies tested in the steady and pulsating jet cases with a transient

heat flux boundary condition
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Figure4.21: Minimum temperature limit versus various frequencies tested in the pulsating and steady jet cases
with a transient hedtux boundary condition.

As the results in Figurd.21 show, the use of the pulsating jet is more effective at
reducing the minimum temperature limit compared to the steady jet. However, there is
zero velocity fluid at the inlet during the eff/cle period in the pulsating jet case, whereas
there is always nemero velocity flow for the steady jet case. This phenomenon can be
caused by the formation of vortex rings during thecyffle period, as investigated by
Zhang et al.47]. This trend prevails down to 5 Hz, after which the pulsating jet produces
higher minimum temperature values compared to the steady jet. This phenomenon can be

attributed to the lower strength or decay of the vorticity rings below 5 Hz. In the current
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study, these vorticity rings were also observed during the off period of the jet, as shown in

Figure4.22.
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Figure4.22: vorticity ring formation during the off period of the flow at 5 Hz for a) the start and b) the end of
the off period.

4.6.2) Transient HTC Analysis

Further tests were conducted to gain additional insights regarding the variation of the
HTC with time in order to better understand the behavior of the pulsating jets and to

formulate a reduced model that can predict this performance.

In Figure4.23, the variation of the minimum HTC at the hot spot point between the
maximum and minimum bounds is plotted for the five studied frequencies over time,
along with the steadgtate HTC with steady jélow rates of 1 and 2 LPM. The transient
heattransfer coefficients were calculated using the intermittent jet impingement over

constant heaflux cases for the studied frequencies.

A comparison of the hedtansfer coefficients of the five studied frequencies and the
2 LPM steady jet case reveals that the latter provided better performance. However,
considering the timaveraged Reynolds number, this is not an accurate comparison. The
time-averaged Reynolds number for the steady jet at 2 LPM is 1&,8G0e the value of

the intermittent jet. Hence, the comparison should be based on the steady jet at 1 LPM, as
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its Reynolds number (7000) is similar to that of the intermittent jet cases, thus ensuring a

more accurate evaluation.
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Figure4.23: Minimum HTC versus time for pulsating and steady jets at the hot spot.

For the steady jet at 1 LPM, frequencies above 10 Hz resulted in higher fluctuation

among the hedtansfer coefficients, indicating lower maximum temperatures for such

frequencies; below 10 Hz, the heginsfer coefficients oscillated around the HTC value at

1 LPM, indicating that the maximum temperature oscillates around the stsdewalue.

As indicated in Figurd.23, the decay rates of the he@insfer coefficientsluring the

off periods for the studied frequencies are identical and follow the same thermal profile

trace with time. The temperature decay rate was investigated in a previous section. Briefly,

there is a high rate of temperature decay until a certain time point, after which the decay

rate starts to decline. This trend is more pronounced at lower frequencies due to the
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corresponding longer periodic times. Moreover, it was shown that thetraester
coefficient decay during the off period led to lower temperatures than observed when
using the steady jets. However, as previously noted, there ety flow during the

off periods of the cycle. This phenomenon is likely related to the formation and decay of
vorticity rings with time, as these processes cause changes in the temperature decay rate
during the off period. Hence, a mathematical reduced model can be formulated to detect
such HTC decay during the off period due to vorticity rings, which will be investigated in

the next section.

4.6.3) ReducedM odel for Predicting the Temperature During the Jet Off Period.

By investigating HTC decay during the off period at 1 Hz, the variations in HTC with
time can be correlated using a curve fitting technique. The transient HTC decay

correlation can be formulated as,

w, Eq. 4.11)
= 0
1)

QO A& p
where a and b are constants, ant the initial HTC atthe chiphot spotat t=0(at the end
of the onperiod of the cycle), after which HTC decay begins. Based on curve fitting, those
constants areol¥ 33040.17 W/riC (for the 1 Hz case), a = 0.085382, and b = 0.92375.
To investigate the reduced model 6s accurac
the HTC decay at 5 Hz obtained from the numerical solution was compared against the

HTC predicted using the transient equation 11. The results of this comparison are plotted

in Figure4.24.
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As shown in Figure 4.24, the maximum error between the numerical and reduced
models was roughly 1.5 %. Hence, the reduced model can be used to predict the decaying

HTC during the off period at any jet intermittent frequency.
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Figure4.24: HTC decay versus time foumerical and reduced models at 5 Hz.

In addition, as shown in Figuré.25, the transient HTC can be used to predict
temperature decay with time based on lumped capacitance system analysis. During the off
period of the cycle, the chip cools down with time due to convedtimen heat transfer

caused by the vorticity rings, which decay with time.

h, T

L ™ ]

Figure4.25: Lumped Capacitance system configuration during the off period of the cycle.
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In a transient state, the chip temperature decay varies with time; hence, the energy
equation will have a different formulation, which can be expressed as follows:

~ QYO
W a

‘ QO YO 4, L@
00 P Eq. @.12)

Where and c are the density and specific heat capacity propertiesilfoon,
respectively,andl is the chip thicknesgAfter integratingfrom time t=0 to any specific

time (t), the solutions written as,

Vo 4r !Q_ = - Eq. @.13)
Y, Z4F

whereTo and Iy are the initial temperature aktl C of the chiphot spotat t=Q respectively.

The resultant reduceequation carthen be used ttrack the transient temperagu
decay during the off period, in any case coupling trandme@itflux and the use of

intermittent jets.

4.6.4) Validation of theTransient Numerical M odel Experimentally.

The current in hand numerical model can be further validated against experimental
results which have gotten from chapter 3. Hereogerimental results at intermittent
pulsation of jet at 0.5 Hz (70% duty cycle) amdximumflow rate of 1 Ipm, for 300 W
heat dissipation across the chip will be used for purpose of validating the transient
numerical model. Therefore, by applying the same experimental boundary conditions to
the transient numerical model, hot spot temperature will be recorded and plotted at D8

location for both experimental and numerical results as shown in Figure 4.26.
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Figure4.26: Temperature oscillation of hot spot locatatrD8 for experimental and numerical model

As shown in figure 4.26, there #sgreatfit between the transient model results and
the experimental data withoughly 2% error, which gives a betteeliability to the
correlations and analysis investigated through this chapter, andthenwemerical model

can be further used to get results without the need to penfamaexperimental runs.

Moreover, thenumerical prediction of th@ressurevariation at the inlet of the jet
impingementhousing was plotted verses time for tin@nsientvalidaion casein figure

4.27to calcubte the time averaged pressdrepof the pulsating jet.

Asindicatedin figure 4.2, the pressure value is feoscillating with time, which will
result ina timeaveraged pressudzop of 2.9kPa. However, the steadgt pressuralropat
the same time averagedlume flow rate of 0.6 LPMvill be 2.2kPa. Hence, an increase
in the pressurdropvalueof 32% could be resulted from using the pulsating jet to control

the tempeaiture oscillation of power electronic chip operat
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Figure4.27: Pressur@scillationat the inlet of the jet impingement housingm the numerical model

4.7) ChapterSummary:

Power electronics are widely usémt various applications our daily lves including the
electrification of transportatiofe.g.,electric vehicles and-¢TOL crafty. Suchapplications
requirehigher power ratings than usualenabldransmssionacrosssilicon-based electronic
chips. One major problerarising from the use asignificantly higher power ratess the
occurrence ofscillations in the junction temperature due to the variable load conditions
associated with such advanced applicatiomgparticular, the severe thermal stress variations
andevenial fatigue resulting from these ascill a
This chaptempresents a numerical stutdywestigaing theuse ofintermittent jet impingement

to minimize temperature fluctuatisrdue to transient hediux boundary conditions at the
same frequency as the jet pulsatithrerebyincreasng the durability of the Si chipsLo this

end, pulsatingjet-velocity and heatlux frequencies ranging between 1 Hz &l Hz are
examined Compared to the steady jehetuse of theintermittent jetprovides excellent
control of the maximum temperature limit across the studied frequeneittsiemperatures
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neverexceethg 6(°C above thg e tni@tstemperaturgbased on the same tirageraged
Reynolds number of 7000In addition,the vorticity rings introduced during thje e tofb s
periodenable loweminimum temperature limit valueompared tdhe steady jeapproach
reaching as low aS Hz. However, lelow 5 Hz the minimum temperatureecomes higher
thanthatobtained inthe steady jeapproachFurthermore19.2 Hzis thethreshold frequency
below whichthe intermittent jet effect can be exploitedr¢olue temperature oscillatiorNo
noticeable reductiom temperature fluctuationccurs above 19.2 Haue to the higher time
constant of the studied chip than the periodic times of the studied frequencies above 19.2 Hz
thus, faster disturbances in heat flux or jet intermittexoynot result in moreeductionin
temperature fluctuation. Aemperature oscillation coefficier(t E ) then mtroduced to
demonstrat¢he intermittentjea p pr oac h 6 s  erédicing temperaturesoscalatidn o r
in isolationfrom the maximum temperature limitation effe€he results further reve&l.2

Hz as the critical frequencybelow whichthe reduction in temperature oscillation is much
more pronounced fothe intermittent jetapproach compared tihe steady jetapproach
Similarly, ebove 8.2 Hzthelimitation ofthe maximum temperature bouafithe oscillating
temperature curve is more pronoundedhe pulsating jepproach than ithe steady jet
approachA transient heatransfer coefficient (FIC) study isalso conductedo understand

the role played by theorticity rings in enhancing the FC during the off perioaf the jetsin

the intermittent pulsatioapproachTo this enda reduced model is generated to calculate the

transient H'C during the decay of temperature during the off period of the pulsation.
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Chapter 5: Spatial Temperature Control
Using Direct Jet Cooling with Various

Outlet Configurations.

Overheating is a major problem associated with power electronic chips. Direct jet
impingement on silicobased chips has emerged as a promising technique for power
electronics coolingHowever,jet impingement is characterized by its spatial heat transfer
coefficient distribution which will impact the local temperature distribution across the
impinged surface by reaching hot spots locations radially away from the stagnation point,
due to the fluid flow separation of the chip surfaghich may lead to thermal runaway if
applied to chips of power electronics. Outlet configuration design could help in reducing
such an effect. Hencehis chapterinvestigatesvarious jet outlet configurationsthat

facilitate a more uniform spatial temperature distribution.

5.1) Numerical CFD M odeling andExperimental Validation

As indicated before in Chaptet, a numerical model was developed using the
commercial softwardNSYS Fluentpackage, to study the frequency response ofSihe
chip in the transient behavior. However, in this chapter more concern will be given for the
steady state junction temperature due to the outlet geometry configuration using the in

hand numerical modelyhich will be subsequently validated against experimental data.
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5.1.1) Steady-State Numerical Simulation

A steadystate simulation was performeding "ANSYS-Fluent' softwareto evaluate
the maximum junction temperature at the bottom surface of the siliconothipe
numerical model The proposed jet impingemendesign consisted of a single inlet
(diameter: 3 mm) anfbur circular outletgdiameter2 mm eachlocatedon the top of the
impinging chambeandsymmetrically distributed at 80It is worth noting that, due to the

symmetry in the studied geometry, only a quarter of the fluid domain was considered.

For the 3D simulations, a singbhip geometry(12.8x 12.8 x 0.6 mm) was modeled,
and the boundary conditions were set to a constant heat flux boundary condition of 152.6
W/cn?, which corresponds to 250 \&f heat dissipation frorthe bottom of thehip. The
deionized wate20°C) enteed through the main inlet with a constant inlet velocity of
2.35 m/s, corresponding to 1 LPM volumetric flow rate at the inlet, resulting in a Re
number of 7000. The outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 Pa.
The jet housing, the extracted fluid domain, and a plan view of the four top outlets relative

to the silicon chip are showpreviouslyin Figure4.4.

Ky SST turbulence model provides higher
for impinging jets; therefore, this model served as the main turbulence model for the
proposed geometnA second upwind discretization scheme veasployed to assedke
solution convergencstability, and the SIMPLE algorithmvas employed for pressure

velocity coupling.

A nearwall mesh with a y+ <1 was used to adapt the selected turbulence fioelel.

structured mesh and the boundary conditions are shmfore in Figure 4.5. In the
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simulations, the energy balance was satisfied for the proposed deadmingan outlet
fluid temperature of 22.89 C and residuals approaching 2 x 1Gnd 3 x 107 for the

continuity and energy equations, respectively.

Figure 5.1 shows the temperature and velocity distributions across the fluid domain
and the bottom chip surface. As can be seen, the maximum junction temperature at the
bottom of the silicon chip "hot spot” is 82°€ due to the flow separation from the chip
surface at the outlet locations, and the pressure drop between the inlet and the outlet is
6.26 kPa. Furthermore, analysis of the temperature contours of the chip's edge corners
reveals a small reduction in temperature after the hot spot location. These lower corner
temperatures can be attributed to the edwgding effect from both sides of the chip

protruding from the base by its thickness of 0.6 mm.
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Figure5.1: Distribution of the temperature across biwétom of the chip and the velocity at the symmetry plane

Figure 5.2 shows the spatial temperature distribution across the chip for the radial
position across the diagonal. The results show that the lowest temperature (74.8°C) occurs

at the chipbs center due to the jet's core

impinging jet. From this point, the temperature starts to increase gradually until reaching a

99



Ph.D. Thesis Mohamed Samy Hefny  McMaster University-Mechanical Engineering

maximum temperature of 82.9°C at a radial position of 2.2, which roughly corresponds to
the outlet location. Beyond the hot spot location, the temperature profile degrades due to

the corneicooling effect from both sides of the chip until it reaches 71.5 C.
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Figure5.2: Temperature distributioradially across the chip

5.1.2) Experimental Validation of the Numerical M odel

A line diagram for the test rig constructed to validate the numerical model is shown in
Figure5.3. Briefly, a chiller was used to maintain a constant fluid inlet temperature of 20
OC in the test section, and the fluid was pumped through the test facility by a micro gear
pump driven by a magnetic DC motor drive with a maximum flow rate of 3.5 LPM and a
pressure of 5 bars. During the cycle, an electronic speetlol system was used to

accurately adjust the fluid flow rate to the desired value.
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Figure5.3: Line diagram of the proposed experimental test rig.

A calibrated turbine flow sensor was used to measure the volumetric flow rate
through the entire cycle. The cold fluid entered thep8idted jet housing through a 3 mm
inlet tube and impinged directly on the TTC at the center, thus cooling it. After cooling,
the heated fluid flowed from the confined space above the chip to an intermediate chamber
through four 2mm top outlet holes and then back to the twmr@ outlet tubes. A thermal
test vehicle (TTV) with a silicorchip in the middle of the board wassed.The TTC
mounted at the center of the TTV measured 12.8 mm x 12.8 mm and was composed of a 5
x 5 array of unit cells. Each unit cell measured 2.54 mm x 2.54 mm and comprised a layer
of silicon (thickness: 0.6 mm) and a layer of heaters beneath it. This heating layer
consisted of two heaters capable of dissipating 12 W and four tempesansiag diodes
beneath themDetailedimagesfor the TTV, and the assembly with the jet houserg

shownbeforein Figure 3.3
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The diodes in the TTC measured the chip's junction temperature, which is the highest
temperature across the chip configuration.
heaters and diodes to simulate or imitate the operation of real power electronics. The TTC
was able to supply a maximum heating load of 300 W, which is comparable to real
industrial applications with respect to thermal loss through power electronic components.
A programmable DC power supply was used to supply the TTV with the required heating
voltage and current. The hot fluid was circulated back to the chiller to be cooled to the
initial inlet temperature, with the inlet cold fluid and outlet hot fluid temperatures being
measured using thermocouples. As noted above, the chip's junction temperature was
measured using the buiti diode sensor; however, only ten active diode sensors were
used to measure the temperature at the locations circled in yaficsthown before in
Figure 3.3 A data acquisition system was used to collect the signals from the sensors and

record them on a computer.

During the experimental runs, the flow rate of the micropump was set to 1 LPM using
the electronic speed controller, and the deionized watéiqQRiinpinged on the surface of
the silicon chip through the inlet (diameter: 3 mm). The heating current and voltage were
set for the power supply and adjusted to specific values to achieve heat dissipation of 250
W from the builtin heaters across the chip. The flow rate sensor reading, the inlet and
outlet thermocouple readings, and the ten active temperatuiageisle readings were
all recorded using the data acquisition card. As shown in Figute@ and B, the
numerical model prediction for the spatial temperature distribution across the radial

position can be accepted up to a tolerance of 10%.
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5.2) Outlet Configuration Effect on Spatial Temperature Distribution

Any modifications in the downstream fluid flow area will cause an impact on the
pressure field distribution across the fluid domain, which will consequently affect the
velocity and temperature domains distribution across the chip. Mordoaszdon the
validation results, the numerical model was applied to predict the performance of different
jet impingement configurations, without reprinting the different housings and repeating the

experimental testing, with an acceptable level of accuracy.

5.2.1) Effect of Fluid Cavity Elimination on Spatial Temperature Distribution

The fluid cavity was removed to determine its impact on minimizing the radial
temperature distribution between the stagnation point and hot spot locations. The main
purpose of removing the fluid cavity around the side surface areas of the chip is to
decrease the fluid volume expansion in the wall jet region. This creates a higher velocity
field over the chipbs entire top surface,
without the need to cool the chip sides. Therefore, the same proposed jet housing design
was used, and the fluid cavity around the chip sides was removed to see whether its

absence produced a cooling effect for the top surface of the chip.

The boundary conditions were set to a constant heat flux of M&@?, which
corresponds to a maximum of 300 Wheat dissipation frorthe bottom of thehip. The
deionized wateenteed through the main inleit 20 °C anda constant inlet velocity of
2.35m/s this corresponded to a volumetric flow rateldfPM at theinlet, which resulted

in a Re = 7000. The main outlet (diameter: 3 mm) was set to a constant pressure outlet of 0
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Pa. Figures.5shows the plan view for the four top outlets relative to the silicon chip in the

two cases.
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Figure5.5: Plan view for the four circular teputlets a) with and b) without the fluid cavity.

The temperature contours for both geometries are shown in FEidgure
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Figure5.6: Temperature contours for the four circular-tmglets a) with and b) without the fluid cavity.

As shownin Figure 5.6, removing the fluid cavity around the sides of the adapsed

thehot spot temperatutte increasdérom 110.2C t0117.2T, keeping the stagnation point
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temperature at 9C, while the pressure drop incredskom 4.63 kPa to4.9 kPa.
Eliminating the edgeand sidecooling effect increased the spatial temperature distribution
by 34.6 % andthe pressure drop 5.8 %. Hence, it can be concluded that eliminating the
fluid cavity around the sides did not help reduce the chip's hot spot and spatial
temperatures. Indeed, the edgmwling effect can reduce the spatial temperature by up to

34.6 % for the proposed jet configuration.

5.2.2) Effect of Outlet Size onSpatial Temperature Distribution

Next, the outlet size was reduced to determine whether doingusd minimize the
radial temperature distribution between the stagnation point and hot spot locations. For
these tests, the four circular toptlets were reduced in diameter from 2 mm to 1.4 mm
(30% reduction in outlet area), and the proposed jet housing design wasThsed.
boundary conditions were set to a constant heat flux of M2ci?, which corresponded
to a maximum of 300 Wf heat dissipation fronthe bottom of thechip. The deionized
waterenteed through the main inlett 20 °C anda constaninlet velocity of2.35m/s; this
corresponded to a volumetric flow rate bLPM at the inlet, which resulted in a Re =
7000. The main outlet (diameter: 3 mm) was set to a constant pressure outlet of 0 Pa. The

plan view for the four toutlets relative to the silicon chip is shown in Figbré
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Figure5.7: Plan view for the four circular teputlets with a) 2 mm and b) 1.4 mm diameters.

The temperature contours for both geometries are shown in FEidgure
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Figure5.8: Temperature contours for the four circular-tmglets with a) 2 mm and b) 1.4 mm diameters.

As shownin Figure 5.8, reducing the outlet diameter fronmiin to 1.4 mmhelped to
lower the hot spot temperature from 110@ to 104.9 C while keeping the stagnation
point temperature at 9. At the same timehe pressure drop increadeom 4.63 kPa to

9.43 kPa.Thus, reducing the outlet size by 30%inimized the spatial temperature
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distributionby 31% while increasing the pressure drop by 200B& main reason for that

is due to a highepressure accumulation in the impingement chamber near the outlets, for

the same pressure outlet boundary conditions at the main outlets of 0 Pa, which ensures
more adhering of the radial vel ocity compol
less separation effects to occur near the top outlets locations, hence lower junction

temperature and lower spatial temperature difference.

5.2.3) Effect of Outlet Shape andL ocation onSpatial Temperature Distribution

Other than the reference one, five designs were investigated using the same boundary
conditions to assess whether the outlet shape and location contribute to a reduction in the
spatial temperature between the hot spot and the center of the jet loc&trares the
outlets connecting the main impingement cavity with the intermediate chamber can help
enhance jet cooling performance for power electronics, the same outlet flow area should
be maintained to ensure the same average outlet fluid velocity froomghirgement
cavity for a sound basis of comparison. Such outlets can be located either on the top
surface or on the sides of the impingement chamber. The configuration fedtuing
circular top outletydiameter: 1.4mm each was selected as the comparison reference
model The second desigmossessed eigleircular outlets(diameter: Imm eacl) situated
at thetop of the impinging chambeandsymmetrically distributed at5°. Thethird design
containedeight circular outlets(diameter: 1mm each located o the sides of the
impinging chambeand symmetrically distributed a45°. The fourth designfeaturedfour
squareoutlets(side length: 1.2%1m) placedon top of the impinging chambewhich were
alsosymmetrically distributed at 90Thefifth designpossessedightsquareoutlets(side
length: 0.88mm) ontop of the impinging chambemwhich weresymmetrically distributed

at4%°. Finally, hesixth desigrhadeightsquareoutlets(side length: 0.88nm) situated on
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each side of the impinging chamber symmetricditributed at 4% Figure5.9 shows the
differences between the five alternative geometries and the footprint area of the outlets

relative to the chip position.

The boundary conditions were set to a constant heat flux of AM&a?, which
corresponded to a maximum of 300aiMheat dissipation frorthe bottom of thehip. The
deionized wateenteed through the main inlett 20 °C anda constant inlet velocity of
2.35m/s this corresponded to a volumetric flow rateldfPM attheinlet, which resulted
in a Re = 7000. The main outlet (diameter: 3 mm) was set to a constant pressure outlet of 0
Pa. The studied fluid domain was discretized using a structured,na@sha neawall

mesh with y+ <1 was used to adapttheK SST t ur bul ence model
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Figure5.9: Plan view for configurationfeaturing a) 4 circular teputlets, b) 4 square tequtlets, c) 8 circular
top-outlets, d) 8 square tequtlets, e) 8 circular sideutlets, and f) 8 square sidetlets.
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5.2.3.1)Performance of4 Square Top-Outlets Configuration

The temperature contours for the configurations featuring four circular and square

top-outlets are shown in FigutelQ

Figure5.10: Temperature contours for the configurations using a) 4 circulasutipts and b) 4 square top
outlets.

As shownin Figure 5.10Q the four square teputlet design resulted in tHet spot
temperatureincreasingfrom 104.9CT to 108.6TC, while keeping the stagnation point
temperature at 9C, andthe pressure drop increag from 9.43kPa to 959 kPa.Hence,
the four square teputlet designncreasedhe spatial temperatugradientby 33% andthe

pressure drop bi%o.

5.2.3.2) Performance of 8Circular Top-Outlets Configuration

The temperature contours for the configurations featuring four and eight circular top

outlets are shown in Figugell
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