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Abstract

Power electronics packages in electric and hybrid vehicles require dedicated and
dynamic cooling to perform reliably. Generally, such packages are designed to spread heat to a
large surface area, and employing the radiator flow loop and fluid to proweeaaggressive,
liquid-cooling approach to supplement heat spreaders is an appealing idea when considering
cost, design, and fabrication. An array of liquid jets is the best gniglee cooling technique for
cooling large surfaces. The highest regionsadfling in an array of jets are located at the
stagnation points and, to a lesser degree, the fountain regions. One of the more significant issues
facing arrays of jets is the degradation of downstream jets caused by the interference of fluid
spent by upseam jets. The idea of an angled confining wall to divert the spent flow, and
therefore prevent the entrainment of flows, was complemented by investigations into the
viability of waterethylene glycol as a working fluid and staggered arrays. A measurement
technique was used to determine the local thecmadacteristicfor cases of varying jet
Reynolds number, plate angle -ietjet pitch, and jeto-plate height above the surfat®ater
ethylene glycol and staggered arrays were compatideshowed impved heat transfer when

combinedwith the angled wall spent fluid management scheme.
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Chapter 1

Introduction and Theory

1.1 Electronics Thermal Management Considerations

Modern electronics continue to increase in power output and decrease in size, causing a need
for cooling strategies more efficient at heat removal and implemented in more proportionate
sizes. Traditional aicooling techniques are not capable of meeting the need, and more
aggressive and innovative cooling techniques are being explored, many focusing on liquid
cooling. In addition to the key factors of effectiveness and size, considerations must be made

with regect to cost, practicality, and reliability.

As thermal management systems tend to serve in auxiliary capacities to enable the reliable
use of electronics packages, the general cost and production volume expected for the core product
must be consideredror the purposes of a special case or limited market design, the cost associated
with the implementation of a given thermal management system is a more negotiable subject;
however, these solutions are also needed to address consumer products thatropdrebader
market, most notably in the automotive and consumer electronics industries. If a thermal
management scheme adds a significant enough portion to the total product cost, then it is not an
economic option for high volume productidthen applyinga revision to a portion of an existing
product, the ability for the new strategy to interface with the existing system must be taken under
consideration. Relative size, weight, and complexity not appropriately corresponding to the
existing structure can gerely inhibit the ability of a system to perform the intended function.

1



Although advanced liquid cooling techniques exist that can provide sufficient cooling on the
desired size scale at the surface, the associated equipment for these schemes i$ adteor jus
more, unwieldy as the original design. An example of integrgéed bipolar transistors mounted

on a liquidcooled cold mte is shown in Figure 1.1.

Figure 1.1: AnGBT modulemounted on a liquitooled cold plate, using

thermal grease as a thermal interface material.

When considering a thermal management scheme, the likelihood and magnitude of
potential failures must be considered. The failure of a cooling scheme will almost certainly lead to
a temperature rise in the target device, whiah cause temporary inoperability or permanent
damage as can be seen in Figure 1.2 In liquid coolingmetsome modes of failure can go as far

as damaging components of entirely unrelated systems.



Figure 1.2: IGBT module before (left) and afteght) overheating during operatialue to

issues with containing the grease interface.

1.2 Applicability of Power Electronics Cooling Techniques in Automotives

Preferred forms of electronics cooling techniques include the employment -pihtree
systemsmicrochannels, and jet impingement. Each of these is characterized by a solid surface
rejecting heat into a fluid, and the fluid being removed after receiving excess hegbh@ise
cooling can achieve the highest values of heat transfer coefficient canparthe other
techniques, but will typically requires operation in settings with a high degree of environmental
control or high capacity cooling in the fluid loop. Microchannels are highly effective on small
scales, but require high amounts of pumpingvg@oand are costly to manufacture, although
additive manufacturing methods are poised to alleviate production costs. Jet impingement can be
effective on larger scales than microchannels, but include an inhereniniionmity to the

cooling flow. This willbe discussed more in the Chapter 2 literature review.

The electronics being used on board modern electric, hgleatric, and military vehicles
are no exception to the need for enhanced cooling strategies. Due to the large amounts of heat

produced undenood and the outdoor nature of the application, any system employed needs to be



operable on wide ranges of temperature and relative humidity, makinghas® cooling an
unreliable choice [b]. Some success has been found in laboratory settings by Aedfizh but

using R134a as the working fluid drives up the cost and is prohibited in certain countries,
including the United States. The high cost of manufacturing microchannels would drive the
product price well above the range that would be accepiatpmtential buyers. Jet impingement

is operable in a wide range of conditions, and relatively inexpensive to manufacture.

Furthermore, it would be preferable to make use of the resources already on hand within a
vehicle, and both twgphase cooling and isrochannels would require a significant amount of
retrofitting to provide the infrastructure, i.e. condensers, pumps, etc., necessary to operate a flow
loop incorporating either cooling plan. The working fluid already conveniently flowing through
the exiging flow loop is watetethylene glycol (WEG), and is favored for its primary use for its
unlikeliness to change phase. High viscosity fluids like WEG require greater pumping power to
achieve the same flow characteristics as more typical electronics tsp@ad place a higher
emphasis on the weak point of microchannels. Jet impingement provides a cooling option that is
compatible with the equipment and fluid on hand, is not as hindered by the viscous working fluid,

and with an effective fluid managemenheme the nomniform cooling can be mitigated.

1.3 Jet Theory

Jets are streams of directed fluid, often forced through an aperture and directed at a solid
surface either orthogonally (normal jets) or at an angle (oblique). If the aperture is through a thin,
flat wall it is called an orifice and the jet exits with a relatively flat velocity profile and poor heat
transfer characteristics. If the aperture is through a thicker wall, and turbulent flow is not induced,

the exit velocity profile takes on the paréibshape of pipe flow with good heat transfer properties

4



and without flow contraction. Depending on the media between the aperture and impinging surface
and the manner of removing spent fluid, jets can be classified, either as submerged or free. The
different types of jets, based on plate geometry, are demonstrated in Figure 1.3. Fluid flowing
through submerged jets exit the orifice into a fluid of the same phase. Free jets exit into fluids of
another phase, or potentially of the same phase but with stngralensities to the point that
mixing does not occur. Submerged jets are more suited to compact flow loops than free jets.
Several welregarded reviews have investigated the use of impinging jets in both heat and mass
transfer applicationg]. An addtional type of jet, not included in Figure 1.3, is a slot jet, which a

jet in which the aperture through which flow is directed is significantly elongated along the plate.

T

Normal Oblique

Free ESubmerged
Orifice Nozzle

Figure 1.3: Comparison of different geometries for different jet definitic

1.3.1 Jet Regions

Exiting with low pressure and high velocity compared to the nozzle entrance, a submerged
jet develops several characteristic flow regions, as shown below in Figure 1.4. Shear forces cause
a boundary layer to form between the impingingdfland the surrounding fluid. A widening effect

increases the amount of surface area dynamically cooled at the heated surface, but the integrity of



Spent Fluid

A
g

- ‘-‘H\-\" & - . q . -
Fountain Wall Jet Fountain Stagnation Region

Shear Laver

Figure 1.4: Flow and flow regions of neighboring normal, nozzle jets.

the jet diminishes as well. Thensiltaneous widening and weakening is marked by a conical
region called the potential core in which axial velocity remains moderately unaffected by shear
forces. I f the nozzle outlets argOythapotential f i ci e
core may not form thereby reducing the amount of heat transfer dramatically. In the region directly

in line with the nozzle outlet a stagnation point, or impingement zone, forms in which flow is
forced to spread out along the walls, forming new boundary t&gons called wall jets. If an

array of jets is used, locations in between the impinging jets experience upward flow called
fountains, which break the boundary layers and convey heat from the surface into the spent fluid
flow. If spent fluid from all tle jets have the same location for outlet flow, care must be taken to
ensure that the transitioning flow from the
neighboring jets [9, 10]. This is a multifaceted issue and much of the focus-i8]Mas on

finding a correlation and optimizing it for heigfitabove the wall, pitcld between the jets, and

angler of the expanding area available for outflow in normal impinging jets with a single outlet.

The highest regions of heat transfer in jet impingemnaemtiocated at the stagnation points, with

secondary maxima located in the fountain regions, whete-jet interactions occur [14, 15].



Chapter 2

Literature Review

As discussed in Chapter 1, the BOdnnual report of the Nation&enewable Energy
Laboratoryo6s [1Gsuppbres ithe idelsl that ehe growth widerhood sensor and
computer technologies considered standard in the automotive industry, in both commercial and
military applications, h&igenerated a need for a rugged system for cooling electronics modules
that produce high amounts of hedir-cooling is unlikely to be able to provide an adequate amount
of cooling, therefore liquittooling options are typically considered and often emplater as the

working fluid. General information about the works reviewed is tabulated at the end of the chapter.

Jet impingement cooling is more suitable to automotive applications thaphase
cooling and microchannels due to its low pressure dndphegh volumetric flow rate, as well as
the wide range of ambient operating conditions that could be expec®d The primary
drawback with jet impingement arrays is the degradation of downstream jets by the exiting flow
of the upstream jets [9, 10] dtow from fountain regions are drawn toward an outlet.
Consequently, when using an array of jets, strategies for spent fluid management are often
consideredThis thesis directly expands on one of these in the work of MaddegJ3JLivhich
involves the exprimental and numerical investigation of an angled outlet manifold.

There are research groups exploring jet impingement that are not looking explicitly at spent
fluid management [4, 5, 8, 126], because the application or interest of their study callg for
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asingle jet[4, 5, 14, 16, 18, 20, 21,24], a simple line of jets [17, 19], or otherwise had a reason not
to employ one, such as inlet flow management through variable sized orifices or induced
turbulence [22, 23] or a unique focus on observimgractions wh thermochromatic liquid
crystalg[14], shown in Figure 2.1Select examples of studies employing single jets without a focus
on spent fluid management scheme include Whaf@hRobinsoif4] who tested varying nozzle
inlet and outlet geomeaés and Kashand Haustein [20] whéocused on effects of nozzle length.
Turbulence effects and higher velocities, if they can be achieved so they occur at the surface
without degrading the potential core of incoming jets, are preferable for the heiglmtesied
transfer they induce. The prevailing issue in studies on turbulent jets is the high difficulty of
conducting accurate analysis and modelling of flow and, in turn, heat transfer effects. As a result,
the studies into these schemes almost always eequniempirical aspect.

Studies that do investigate spent fluid management can be broken into two categories;

strategies that add features to the impinged surfac2Rdr changing the geometry of the outlet

A5 4 3 0 2 4 6
x/D
Figure 2.1: Rholfs, et. al. [14] images demonstrating the experimental use of and dig

rendering of heat transfer in thermochromatic liquid crystals.



manifold [6, 9, 10, 280]. The former of these tend to typically take form of microchannels

that in addition to guiding outlet flow provided extra surface area for heat transfer, and the latter
strategies tend to provide multiple exits for outflow. Despite microchannels being a fairly common
structure to find added tosurface, they are often only employed, as microfins, as a means of
increasing the area available for heat transfer rather than for spent fluid management. One favored
form of outlet geometry design is to stagger inlet nozzles and outlet ducts to veegnegsl[6,

9, 10]; while effective, this tends to lead complex and often unwieldy geometries, such as with the

study conducted by Brunschwilet. al.[9] in Figure 22.

a) b) ¥

Figure 22 : Brunschwiler et. al. [9] graphic to demonstrate a complex, nested faovehes for

delivering to and removing from fluid to their heated.
A study conducted by Michna, et. al. [31] is particularly worthy of note in the context of
this thesis, as it comparesline and staggered arrays for miarooling applications using the
ratio of nozzle area to heated surface. Thinim array with the largest area ratio had the best heat

transfer results of all geometries, and théne array with the smallest value had the worst values

9



of all geometries. Of the three staggered arrthes median value of area ratio performettdye

than the other two. Michna groupted this was probably due to negative crossflow effects as
there is no spent fluid management concept applied. It should also be considered th&t-jae jet
spacing onlie staggered array is so low that there is not enough space for fountain effects to
properly form. Average Nusselt numbers for water were between 5 and 80 for Reynolds numbers

between 50 and 3500.

The influence of reviewed literature on the wagdrylene glycol testing section of this
study is limited; however the work by Narumanehi al[5] provides a few reference points for
validating certain parameters such as selected flow rates &aoeljeface heights. Several of the
papers reviewed can be considered influential or supporting in some of the design choices made
for the staggered portion of testilyrens et. al. used varying nozzle diameter at array edges, as

shown in Figure 3. and corrobrated the benefits of using an angled manifold,

(a) (b)

Figure 2.3: Arens et. al. [22] test arrays with (a) constant diameter and (b) decreasing diameter
toward the center of the array.
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Table 2.1 on the next few pages lists some key details of many of thespapiewed,

many employing interesting geometries, some with interesting working fluids, and a few with a

valuable qualitative result. Quantities reported were as presented as results in the paper, or were

pulled as ranges and maximum values from ch&tsne unit conversions were made for

consistency. Varying geometries and scales, as well as the form results are presented make it

difficult to unify qualitative results into one type of value (e.g. heat transfer coefficient).

Table 21: Summary of relevant criteria from studies reviewed liquid working fluid, single

Characteristic

o Application/ Heat Transfer
Principal Author Type of Jet(s . . : Extra Notes
P yp (s) Working Fluid Quantity
Reported
Free and_ General Thermal Combined with surface
Moreno submerged; single study/Water resistance features
jet <0.2 KW
Submerged; single Inlet/outlet geometr
Whelan .g 9 General study/ wate. 257 kW/nt .g y
jet studies
Free and . Combined with
Moreno o Automotive power a . .
. submerged; single . Nu a -2500' microstructures; direct
(Narumanchi) . electronics/ water .
jets cooling of IGBTs
Narumanchi Submerged; single Automot!ve POWEr e L WIPK Combined with microfins
jet electronics/ WEG on surface
Submerged; single  Semiconductors/ Direct cooling of
. -12 KW/t
Jorg jet water 6 ! MOSFETs
. . . Thermal Direct cooling of
sui Embed.defd' single E';‘:Vt;'ft‘r’;:f/'e;afgf resistance  MOSFETs/combined with
] P < 0.1 KW microchannel
Submeraed: sinale Numerical comparison to
Kashi .g »SIng General study/ wate Nu & 1 ot her sd ex|

jet

studies; nozzle length

lGeneras t udy

i s

applied to

any

11

study that doesndt specify



Table 2.2 Summary of relevant criteria from studies reviewed liquid working fluid, array

Characteristic

Principal Application/ Heat Transfer
Type of Jet(s . : . Extra Notes
Author P (s) Working Fluid Quantity
Reported
Submerged; single, Comparison/ CO;EI;rrgrglr;goernz)Zr:ttelffor
Lee inline and staggerec P 5000 kW/n? P .
arravs water square areas of side leng
y 0.07 m or greater
Jet impingement require ¢
Robinson Submerged; inline Comparison/ 120 KW/IK onver pressure d_rop and
arrays water higher volumetric flow
rate
Submeraed: arrav o Spent flow management,
Rattner 9 N y General study/water 82.3 kW/ntK simulation only,
round jets . .
microchannel comparisor
. . Primarily simulation with
Aranzabal Two-phase, Electric vehicles/ 10-12 kW/n? limited experimental
submergedrray R-134a
results
Spent fluid management;
Submeraed: inline inline outlets staggered
Brunschwiler <5 General study/ wate. 87 kW/ntK with inlets, somewhat
array .
complicatedoutlet channel
tessellation
Submerged,; . Combined with
Microcoolers/ : ,
Han array of round water 260 W/cnt  microchannels; spen
jets flow management
High power Microfluidic cooling,
Submerged ari Iﬁ‘iers/ combined with ’
Ditri (embedded P 50 KW/n?K .
, propyleneglycol microstructures;
cooling); array : :
water simulation only
Submerged
: microjets; inline  General study/ : .
Michna ) _y 11 kW/ ntK Microscale cooling
and staggered  water and air
array
Submerged,; Thermoelectric
. Spent flow
Karwa array of round refrigerators/ 0.025 K/W
: management
jetS water
Study had best result
Sumerged; array General study/ with increasing orifice
Arens of variable size Y 309 kwintk : g
water diameter towards edg

jets

of circular jet plate

12



Table 2.3 Summary of relevant criteria from studies reviewed gaseous working fluid

Characteristic

o Application/ Heat Transfer
Principal Author Type of Jet(s) WcE)rpking Fluid Quantity Extra Notes
Reported

Onstad

Rohlfs

Selvaraj

Leena

laniro

Obot/
Trabold

Yeranee

Submerged;
staggered array

Submerged; three
round jet array

Submerged; slot,
line of round jets

Submerged; line of
jets

Submerged; single
and multichannel
jets

Submerged; array o
jets

Inline array of jets

Cooling of gas
turbine blades/ air

General study/
unspecified gas

Cooling of irradiated
materials/air

General study/ air

General study/ air

General study/ air

General study/ air

Spent fluidmanagement; €
Nu &l10® C outlet ports adjacent to
each inlet jet
Employed
thermochromatic liquid
crystals
Helium is intended as the
2.5 kW/ntK working fluid in future
works
Numerical and
Nu & 6 experimental; varying
heights
Multichannel outlets
Nu 280 designed to have a
tangential flow
Two-part study of
controlled crossflow
Nu @0 5 through available outflow
directions with varying
surface roughness
Numerical and
Nu & experimental; induced
turbulence through
entrainment in nozzles

General
expressions
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Chapter 3

Experimental Setup and Procedures

3.1 Jet Plates

In order tobest observe jdb-jet interactions, test plates were designed with a central jet
and a basic array of neighboring jets; therefore, testing was conducted using 3 x 3 inline arrays
and two orientations of-Wozzled staggered arrays, shown in Figure 3. geometric layouts
were described in a Cartesian coordinate system with the origin located on the impinged surface,
directly below the central jet with thedirection along the surface in the downstream direction

and the zdirection perpendicular to theurface.

The characteristic length was defined as the diameter of the nozzI® exiither
significant geometric parameters of the jet plates, shown in Figure 3.2 were nondimensionalized
by dividing by the characteristic dimensian: = P/O ,0 0 YO ,andO "OfO.

For testing with wateethylene glycol (WEG) the confining walls were constructed from

acrylic, 5.715 mm (0.2250) thick. Pl ates were

outside diameter 6.i3abmemne r( 13/.4107)5 mam d( 1i/mBsoi)d e tdh

available at the time of fabrication.

14
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Figure 3.1 (b) Streamwise Staggerd
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Figure 3.2: Side crossection ofiet plate
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Pl ates measure approximately 7.62 c¢cm (30) by
epoxied to each edge to prevent flow between the jet plate and the adjusting walls. For testing
with water, plates were fabricated using polymer depos&I0 printing on Cubicon Single

printers, modelled in AutoCad. The material used in producing the plates was ABS plastic, and

the dimensions were kept the same. Figure 3.3 shows a pair of the printed plates for reference.

After printing, plates were treat¢op-down with acetone vapor for a smoother surface finish.

Figure 3.3: Underside (left) and topside (right) of printed jet plates.

3.2 Flow Chamber and Heat Generation

The flow chamber, shown in Figure 3.4, is compatible with inline arrays with pitc
Yand a jet height 6D . At larger pitches, jeto-jet interactions have minimal effects [8].
With spent fluid management, the optimized height is expected to be less than two jet diameters

above the surface. The manifold outlet is capable of accommodating anglés uprtw. J
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The flow chamber consists of an exterior and interior chamber, the latter of which is
movable to allow jet plates to be translated along the surface along the flow, iditbetion, as
well as transversely to the flow, in thedyrection. Rubber gasketgere used to keep the working
fluid from flowing over or around the inner chamber, and inner plenum walls direct the fluid
through the jet plate. Set screws were used to position the inner chamber walls to translate them

to the desired positions, and tgust the height of the jet plate above the surface.

The base of the chamber was manufactured out of thermally resilient garolite, mounted
with a pair of copper blocks, shown in Figure 3.5. The upper block was used as the impingement
surface as well as féhermal measurements. The lower block, measurih@i6 cm x 10.16 cm x
7.63 cm ( 4vas implarded with eid®.)27 c¢cm T 10.16 cm (1/ 2¢
cartridge heaters, which were wired in parallel and powered by a direct current (DCrpppgr
The power supplied during testing was 500 W, and the blocks were connected by a layer of Sil

Pad 800 and surrounded by foam insulation to reduce heat losses.

wl 6T

y-direction
translation

translation

x-direction
translation

guide
expanding
manifold
impingement
surface
garolite
cartridge base

heaters

/ copper
e =) block

Figure 3.4: Crossection of jet impingement chamber.
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3.3 Flow Loop
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Figure 3.5: Crossection of coppeblocks

The flow loop shown in Figure 3.6 illustrates the path of a sipgkese working fluid,

either deionized water or a volumetrically balanced mixture of 50% water and 50% ethylene

glycol. Flow was driven by an Iwaki magnetic pump watthreephase induction motor, which

was modulated by a Lenze SMVector variable frequency drive (VFD). The set point of the VFD

was directed by a software proportioiatiegratderivative (PID) controller. An Omega

FTB4700 turbine flow meter monitored thielumetric flow rate, and an Arduino Uno read in the

flowmeter data and delivered it to the PID program. The temperature of inlet and outlet flows of

the impingement chamber, as well as an ambient temperature were measuregysng k

thermocouples. A NELAB RTE-220 chiller was used
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Figure 3.6: Flow loop diagram

to supply chilled water to a heat exchanger, keeping the inlet fluid temperature at approximately
303 . A jet Reynolds number, representing the equivalent Reynolds number in angaae,

using the total volumetric flow rate was used to categorize the tests.

vYQ — (3.1)

Where"Y is the mean inlet nozzle velocity,is the kinematic viscosity, ar@ is the hydraulic

diameter of a single nozzle. The nozzle velocities are expected to fumifam, with
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downstream nozzles exhibiting higher flow r

dynamics (CFD) study [13A photograph of the experimeis provided below in Figure 3.7.

Motor Controller

Reservoir

Test chamber

Pump

Thermocouple
Measurements

Flowmeter

Insulation
Heat Exchanger

Chiller

Figure 3.7: Photograph of experimental setup

3.4 Local and Average Surface Measurements

Twelve ktype thermocouples were embedded in the measurement block, in four groups
of three at locations of 3 mm, 8 mm, 13 mm from the surface, as shown in Figure 3.2 and visible
in Figure 3.5. The thermocouple wires were adhered within 1 mm wells dnilteée

measurement blocks by a thermally conductive silver paste. The surface température,

of the measurement block was extrapolated by applying a linear fit to the twelve embedded

21
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thermocouple groups., and combined with the inlet flerdgerature}Y o T 3to calculate

the temperature rise at the surface,
g Y Y 8 (3.2)

The measurement block was used as a heat flux meter by using the gradient measured by
the thermocouples and the known therm@hductivity of copper to determine the local surface

heat fluxes directly above the thermocouple groups,

] *r%—"Y 8 3.3
n & (3.3)

By combining equations (3.2) and (3.3), the local heat transfer coefficient above each
thermocouple group was then estimated,

0 —8 (3.4)
g

These values were in turn used, along with the nozzle diameter and known thermal

properties of water and WEG at a mean fluid temperature, to calculate the local Nusselt number,
66 — (3.6)

The focus area on the impinged surface for this study is the region around a singular central
jet. In order to fully characterize this region one thermocouple group was located directly
underneath the jet, one group was located three nozzle diameteesuwrpsine group was located
three nozzle diameters downstream, and only one group located three nozzle diameters in a
transverse direction as reasonable symmetry is assumeddabomBBY translating the jet plate
one diameter at a time across the surfadeoih the inlinews, and transversey, a regular grid

of data points can be formed in relation to the jet positions. A diagram of the data points clustered
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around the thermocouple groups that monitor them is provided in Figure 3.7. It is impontatet to
that the measurement locations are inversely related to the direction the plate translation, i.e. when
the jet plate has been translated one diameter downstream, the measurements are taken one

diameter uptream of the nozzles.
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Figure 3.8: Surface measurement locations

Finally, mean values of the heat transfer coefficient and Nusselt number were found by
integrating over the area of interest shown in Figure 3.7, half the area of the central jet in an inline

array with a pitch ob ¢,
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66 — T . (3.7)

A set of sample calculations for the preceding equations are provided in Appefidi& B.
experimental uncertainties for the local and average surface measurements were determined
through the method of segntial perturbations to be:p& Pbfor O x& Pforr , & PforQ

¢® Pbfor Qwhend T,and ¢ bfor Qwhend @. The details of the uncertainty
calculations are available in Appendixiardware is initiated by a custom user interface
generatedor the project, and temperature data read in by a National Instruments data acquisition
card is processed along with recorded flow rate data to determine steady state values. The
temperature data is also processed and plotted using custom Python @Hegiin

environment.

When acquiring data, each test plate was translated to 9 locations giving the 4 data
collection locations a total of 36 points along the surface with the groupings shown above in
Figure 3.7. Suppose the first test location is acquategh that the center thermocouple cluster is
located directly under the center nozzle; the red ovals represent the locations of the embedded
thermocouple groups. After data is collected the test section would be trans@téuthe
direction tothe next test location, the thermocouples indicated by blue ovals now represent the
locations of the thermocouple groups relative to the central jet outlet. After data collection,
suppose the plate is movedl in the ' direction, the thermocoupleseanow located at the
ovals green ovals. The testing would then carry on in this fashion until a 3 x 3 cluster of locations

have been completed.
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Chapter 4

Results

4.1 Overview of Parameters Tested

Previous studies with this experimental seflp-13] focused on proving that using an
expanding manifold had an alleviating effect on entrainment of downstream jets into spent flow
and developing a general correlation for inline arrays with water as the working fluid. The current
experimental studfocuses on two major subsequent considerations to be made, and the series of

tests can largely be grouped into two categories.
4.1.1 WaterEthylene Glycol Tests

Due to the primary target application being the cooling of power electronics in electriesehicl
by employing the existing radiator flow loop, the validity of the expanding area manifold must be
justified with the working fluid of said flow loop, antifreeze or 1:1 volumetric mixture of water
ethylene glycol, which generally has Prandtl numbeSstithes those of water [32]. Tests were
conducted with varying flow rate, manifold angle, and notasurface height. Previously
acquired tests with water were used as a reference point. Table 4.1 outlines the geometry

characteristics of the plates usedviaiterethylene glycol tests.
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Table 4.1 Geometric parameters of plates for weatleylene glycol tests

Angle,  Pitch, Height above surface,

Pattern : g G Reynolds Numbers
Inline 0 6 1 5100

Inline 5 6 1 2050, 3000, 4050, 5100
Inline 5 6 2 5100

Inline 10 6 1 5100

4.1.2 Staggered Array Tests

Staggered jet arrays are popular and effective-imjptngement applications as they allow
for a greater number of j¢b-jet interactions per jet ammtovide a more even covering of fountain
regions on the surface. Figure 4.1 shows an inline array and two orientations of staggered arrays
that were tested, one with a jet located directly upstream of the center jet and measurement area,

the other without.

Figure 4.1: Varyig patterns for staggered array

In order to introduce a smaller step size between angle vValues® &ndx® Jvere used

instead ofmt Jand p 1t ¥arying pitches and flow rates were also examined in the context of
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