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Chaptlenrt rlooducti on

1.1El ectronics Ther mal Management

Modern developments in electronic devices
decreasing drasmi ¢alchyr ijncreasing the [rMded fc
Increased compauntdantail 6 ea lcppdtwages ul ti naor @aa e d hih g
generraatieMe anwhi | e, haadtvearnccgeenmreenauss iinnt egr ati on
reduce the available area for cooling, nece
straf 38dlimshet erogeneous integratirens deei assetf
in close proximity to operate in conjunction.
of al | the devices reduces the area avail abl
composed of multipkal dgyicedupaonfgagbd wsarface
management relative to Theseoetmectod meads sgief

aggressive cooling mechanisms to maintain a f

As al | heat genenatedlebycenmuwdtecéeventuall
at mosehercde,r oni bi svastiec dalelay been managed thr ot
increase the surface ar ea Afnore xhmemtl ed iod s ispuacthi oa
showhi ghlfeor comfoldenwi ces aoahhasemohdatr boiamkis ar e
cost and complexity, amMoweeeui rmamaiyrni sl i cnogmp
including the ther mal properties of materials
l'imitedndpgeemetric design refqud wEmelniensi ttion ge n
factors prevent t hweimt I rtohme beevi earg iamp@r e cxaibn g he

modern devices.






Whi |l e micr ochanneclasn aanadh ihsepgréaeyr choeoalti nfgl ux o
t emper at urteh aum ijfeotr miniphi enyg ednoe nst oo satt amudc hic & pgl heexr i
| mpl ementingreqoeroesSapumpisng a working fluid,
engineered channels embedded in the substrate
fluili gmdpumpi ng power to move [t/hhleDdpeandi ndron
applicatpihars,e tmwvar ochannel s, i n whi ch t he W i

mi crochannel s, may behesedditosigpaaatoy; i ncireas

cost of increased instabilityhase dé[ddDjwpmodtp C
cooling requires pumping a |iquid thsmagh no
dropl ets across the surface, typically |l eadi ncg¢
this requires a new flow |l oop for a new fluid,

system to hphasélep dtlhe mul ti

While jet impingement has seen frequent wus
bl ades, its use in electronics thaeyPsli hmanage
wa teetrhy | e nf(eWEgE)yaxcw || o o pmnapeye mma&t cii al vehicles, p
may be cooled through jet i mpingement on the
el ectcoompiod &rmMAs t he fl ow will remain in the |1

and fl ow rates needed are of the same order of

j et i mpi ngement can be applied with mi ni mal
compl eXheyprimary downside to jet i mpingement
being inherently tied to the motion of the fI
wi || be |l ess uniform than gprosy aadliienvge.d T hwan
taken in the design of the system to ensure t
1.3Jet | mpingement Characteristics

As the name suggest s, j et I mpi ngement cool
fluid against, usually nor mal t o, a heated su

mitigating the devel opment of atshe tbH ernmkeaelt kI ou
I n doing so, jet himpheagt menmnf acd i ppevsessi bhenwif £h
the introduction of,aiphaseachibghbky Fuexhbl eon

3



in scalemenoyz|l woglkiong fl ui ds, i mpi ngement su
di ssipation performance of j et i mpi ngement [
i mpinging jet(s), analyzing t he perfor mance
under st andé ngwolhehdwei or s.

1. 3J¢ét Classifications

The working fluid of an i mpinging jet may
is air, whil e a wide .va&reirdtay nofcllaisguifd £ amayy nk

detdnbased on which fluids are prd&sagif eilnf t he

the I mpingement region is f 1| ooadse da wsiutbhmetrhgee dw o
definition applies to any |iquid jet submerge
naturally be surrounded by atmospheric air.

surroundingi shea) eedia &ree jet. The viscous

fluid are significantly different in these ¢t
practical cases, space | imitations rebfoisechc
scenarios, the jet may be referred fTboiaswal to

prevents the free flow of spent fluid from the

perfor mance.

Nozzle

Working Air
I 1 Fluid 11
[ | 1\
~""'----"_ \\_--"' .""’---JI_ - °
Working Fluid Working Fluid
Heated Surface Heated Surface
Submerged Jet Free Jet
Confining
Wall \
1 1 Working I 1 Air
’l l\ Fluid ll |‘
Y Nm=m’ e Nmm=’
Working Fluid Working Flud
Heated Surface Heated Surface
Confined Submerged Jet Confined Free Jet
Figlk2e Classifications of impinging jets
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1.3SRPngle Jet Characteristics

Fi glt3beel ow depiiccatls ftlhoew tbyephavi or s seen for

Xxits the nozzle with some velocity profile wt
|l uid propert itehsr.oulAgsh tthhee jseutr rnoouvnedsi ng ftlhuisd, v
elocity profirleé ercreelationgswhate ishear | ayer.

as yet to be i mpacted by the shear | ayer s

et ween the nozzler andyéhewislulr fpfod keelnyt.i &ks miloheaet
et approaches the surface, it decelerates as
urface where the jet velocity approaahesa, zer

he downward fluid motion constantly dihsepl ace
her mal boundary | ayer and promoting heat di s
he surface, the flui duuwdlaacei, t y elsaud dmensy p ar aal |
et. As the fluid motion is no |l onger nor mal

r ow. As such, the heat transfer coefficient (

Potential
otentia I I Shear
Core
Layer

Stagnation

Region Wall Jet
] ->K

Thermal boundary layer

FigW3 e Characteristic flow behaviors of a single
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1.3J8t Array Characteristics

Il n hotspot cool ing, a single jet may be s
mperatur e. Howewietryatiinoma,nya plrarcde caur f ace
ed cooling. Since the performance of a singl
t will Ilikely be impractical. To pronvibdee c o«
ed across the surface. I n an amoagpwantdhgr ac
fect performagitlehaswalhlownet arde @gicemdg fream tw
t ween the jets, defl ecting spkehkef mot doaway
unt ai mexicmg dateearmpi ngement slua f ga,c ersd gainedseurl otf i
creased heat transfer. While this region is
surface temperat drmermail f @gremif toy .magfkrcoemaoam b e

ese fountain interactions.

Fountain = Oblique Impingement

Figltde Characteristic flow behaviors of an i mpinc¢
I f a confining wall is used to contain the
amstream jets must pass by all downstream |
e jets downstream, causing them to i mpinge
obl i que Diurmpitmgetnmheentangl e o&l i mpundemegnt aye
ntrolled as effectively as when the et flc
rformance. To i mprove downst rthe amampaegdaodr imans
nner, such as fluidgeméntctriegnohromfthdédein
fficiently | arge and no spent fluid manag e
entually cause the downstream ther mal per f

annel



This researdhretctedtftt awar d snptrloeeretmmaint s of a

submerged jets for application in cooling of
be i mplemented to promote interacti ontsi |biezt ewk e
to aid in spent fluid management. The behavi ol

regarding their prdrmcetiiromrfdrecgwsp pme ¢ hiearmadn g e



ChaptlLert e2:ature Review

Owing to the numer orufsi geulraastsiiofnisc adfi ojnest ainmp

manayp pr olaednesn and continue to be the subject

previously discussed, wi de variations in ori./f
nozktsarface distance, i mpingement ngdurmfaamge ogihz
vari ables are possible, depending on the appl

heat dissipation from automotive power el ectr

wall to mitigate cr oslsfflicwmte fofnsctto amprowref dd
traniShiesr .effort wild/ utilize submerged water
reviewed | iterature wild/l typically fal/l i nto
wor ki nsg, fdruiifdi ce shape, and orifice scal e, de
within the group wild.l be reviewed, as past fi

during the completion of this research effort

221 Jet I mpingemens TheEmalct Md@nagement
Recent research efforts have examined the
ool ing alpmpl2He2att,eonal . experi ment avatselmmnd jredm

c
array for direct IriogejstiXlgTohoel ihnegato fs ian Ksledievsirg np
extraction ports, ref eror emth ntaog ea ss pdernati nf |suliodt sa ni
effiecttlsese are engineered sphcepentn ftlhei doizg |l d
than pulling the fluid out Cambéentedawiyhteint
rray was capable of cooling the swirtfhdde 1t50 |

a
under a heati.ngeppopmmentef ahd80Wi mul ati ons agree
a

ccuracy dfn tphrd emodvealt k@bdnumeri cal model to a
jet i mpingement to st ack elkhiogiid elt8rhoen idcess i pganc kf aogr
study also i mplemented fIlApipd i @ati @awaaimomellutwi d

shstrate, on the top surf ®&cedofcttalbe yst aolo,| i aamgd
alone resulted in tkeoohiiglge otn theommesatderse yi wh i
temper atTlhreegdesi gn was uwal, i daitgegde swii tnlg g @ e ri inmpe

feasi ble cooling method for stacked devi ces.

8



Figikdkte Jet i mpingement application on both sidgdad3dgf a st ack

Wal sh et al . experimentally and numerical |l
witmirelestubshlt.4fTehe array was designed such t
i nduwssttandard silicon microfabrication methods.
t her mal resi stances were significantly -reduce
Raman thermography to measyr ehtilbdee dg iseéfradeart @m
the results calcihhatadr &y whe soadwh t o perfor

device temperature.

| n 2Weli9 ,et al . experimental Imy gaead innmupmenrgi echae
cool er for hingltk powdidl.spefeothsefficiency was |
fabrication of ameé mrcargmacshbppogygohet o more e
such asorceSianbased!| falwvascahbwmmrs tclhapta btl ee odr raayh |
t her mal orfe sOi.s&tbakrhc®éut r equiring exceptionally h
it was found that cooleifnfgetcWiatvheutsh ea gj @t sa mrgd e
accompl i sh tFloe &dadme staanek .fl ow r at e, the jet |
resi stances on the periphery of the, -crhedpu ca nndg
the range of trempernateursaurfiaces faom 15AC undert
foby our jet array with the same pressure drop

Ed nger et al . comppemedati ommeirilkat hgrjdt
tsurface distance f[adr@]hae waette rd inaintertoejre twaasr rvaayr
40 to 6000m whil e, -tienuwrefpaemd editdtygn d daewsmsozw d rei e
40 to 6000m, kyeeghtngr ad eAfgtbadr gwdmoedterlii regsi.t h
corresponding experi ment al setup, eight wvaria

64 unique cases. Ofort hnecsree dsetxa iwWead aredleycsiesd.



a

p
a

p

nd ntoxurdfeace di st anuwlet wans isrecerne atsce dr ehse a't tre
ressure | osses. The optimized geometry provi
nd 60% reduction in the span of temperatur e:
ower .

Jor g settuddledd t he wapjeéi campi nggmemnt an hots
nsubgatedbi pomaduwise agsiesper i meat amda’riddpumetf i |
eat sink was coimppairnegdi ntgo waant earr rjaeyt so,f whose ni¢
bove the hotspots and had varying diameter. I
ot spdtRer mography was used to examine potenti

mpnge ment was highly effectiwecrrmasmaenani ndg el

iameter was effective at reducing the surfac
oefficient, but itrhd rse acsaergle paltwmetithiei sc oaspg p loifc at i
etermined that the pin fin heat sink perforn
tresses.

Jonlkasckson et al. studied the potenti al Uus e
onventg@Ahe jet nozzle was varied as a circu
ozzl e, and a squarA nmuonzezrliec awi tnmo de | ¢ hwaarsf egre n

mpinging jet of water; dlhley mopadeél|lyiwalsded! i e@audl

the experiment al case. While Ilittle reduction
changing jet geometry, pumping power could be
geomelthrey .c hasmfwrearead , nozzl e r esuiln emglumpni nag 2p306wee ri
compared to the square nozzle with no chamfe
fabrication of the nozzle geometry i s essent.i

Agbim et al . numericall g ehidpe&xpeemmenatnt
mi gredr r ay of i mpi ngli hnPledei mpi ngd mewat ewas appl
backsi de -béobndheopgpeecsur face, as opposed to a
which the heat must also flow through | ayers ¢
and a cbDua tpod attlee addi ti onal |l ayers between tl
stack saw diminishing returns in ther mal resi

ncreased. However, by apploydngap@@mrciemp itrhg esmd 1

10



was famphesbseasulting in further reducttihbpens t o
conduction resistances, I mpr ovemeenftfseairird vitedhe c

effi oifenpey | mpmanrge mempgact f ul

| n 2l0eleBn,anememail cal ly and eyppéricameniomdglbdg rsdaw
irregularly spackedr i mpphigcagi ¢etishd®Pprailartnigo red
in jet Reynolds numbseswu,y fjacte p &d iamdls YaBred eruezzl
was used in the whbhmehi gdlel deddireessul ts withi
experi medtoal thet wmrdj abt e svaastx &waurnida ttihons i n t h
number r esluartgebda higne st hhen t he Nussel't number, w
observed that, for the geometry examined, the
j et at ysdfofwi cjieethntdpaci ngs. Only once the jets

effects observabl e.

|l ncorporaphaseoheatwotransfer with |et I mp
maxi mi zing heat dissipation anyd acshiienwiensg isguart

Oliviera apn@lBAarvwaompar Jodompr-t34aoasciybéewwri khn

used i n a syatdewintiemiicrki mmer ati on. The compr e
nozzI|l eerdi wmenee¢ each wvaried. The surface heat
changing heat | oad than with the nozzle di ame

transfer mechaBéescsause the smwmal leenr inghzezrl ep rda sasnu

di fferential through the nozzles, two issues &
to achieve the greater differential. Second,
temperature of thegliquiad hiighree a sseud ,f arces uletmp «

i nherent compl exity of combining aggressive

i mpi ngement and boiling.

One contributing factor to relceatr dmitey etsh
management i s devel opment s in additive manuf
accurate generation of highly compl ex geome
manufacture throughn m®eli,&gBagr preteatesnumer i
a hybrid heat sink cool esdawiett h hmighr qjoemes fdoern
packp32kmtricate et Fmgmitidifend eswe she® winnliet and

11



to manage spefmftedtliuved mann naemnr . Designs with 1¢
examined for the same heatedli asmetfarce ;f demeh.dl 7
were model | ed.mpArerxaywsy oMoussudc bbecad nf easi bl e wer
in additiveAlmanddsaicdmug iaaghi eved much | ower t he
base case, bpumppindg power al ¢akia sriegme nprso v iTdheed t

temperature rises and best surface temperatur

Inlet Manifold Outlet Manifold

;/

TTITTITT

=3 Inlet Flow
a) b) -3 Outlet Flow c)
FigRg2Zedet array with interwovenPani ®&geand ettlaé¢t mpmaeskcoltes a
Vi ew, (b) side [Vi2gw and (c) top Vview
Kaood et al. numerically modell ed a water |

of automof{RB¢Thevarcresy was designed such that

(@]

omponent wusing met al additive manufacturing

—

oot primy. ¢ m.2. Bour designs were awiatlhy zreadz z |lae

extending below the confining wall for downst
barrier in front of the furthest downstream r
through the confiningr wiaéd . pThei dledi ghe wi o We s
temperature and | owest thermal resistance, but
temperature uniformity and | owest pressure | o

Kempers et al. experimentadl pi a@an dntinca mogeelitc a

system created by met al addi tive manufladvat er i n

was forcedby®dmosilght 208t nozzl es, whi chwanearly
exhawashtred gh mitchracdc Hemmdeltso t he outl et in paths
Whil e the array was accurately fabricated, re

nozzles while soillndleett nmanihfeehdr ageneot hbet ween

12



and experiments regarding the pressure | osses
di ssipate a h%mdat af fuwofr atlkeWodmO. 5L/ min, resu
34AC.

Kwoe't al . utilized additive manufacturing
c o mpd yexb € mi mpaiijrggtilmn d hei r[| 2918 ® jsetudywere uvused to
generati Tphedevifees wofr avar wndg dehvi ce power o
temperaturebweheeapaltymedt.dlhleyjand mnemer iapall
side of the devices, on the other side of the
devi cet taonmd sbhiode of the PCB, and on twbnsekbk o
casesjvating the jet array resul béduipnt,a 6apil
di spl agfi migpcfadtghi s technique. HFuathay moomrf i gnamyg
analyzed, showing the repeatability of such a

| n 2Faplpat emao cdeleltedcalan array of -piempfionrgmanngc ej
processor and enabl e ,| euvseiln gb WdhEt cam@rmMmi@iars @ dfr li w
numeri cal mod el was gener ated tTcheexfamiane dweas
i mpl emented fin structures andThherdyewhsactie
t hr anegdedidi t i ve naanndu faancatluyrziendg i n a testing syst

Benchmar ki ng confpiamheddtnssinmakde dmowed signific

di ssipation with slight increases in pumping

We | et al . directly compared micromachini i
similar array design t hr oaumlhe & toctobonl ip cnegc esscseensa rai r
water as theg 2wqd Wkithhg pbriboucieds ses yi el ded usabl
manufactured array was | ess accurate, primaril
Despite this, both arrays resulteddiure very hei n

oo additive manufacturing to produce efficient
by 24% when compared to the micromachined ar

reduced form factor.

Ther mal ma n a gpeemef notr mafn ceivelt est neneessi dat es
aggressive cooling mechanisms as the p.ower d
Advances such as heterogeneous integration an

13



cooling whil e «conpoagcettihnegr . mabhuye dteov iictess f | exi bi |
di ssi pate heat from a surface, j et i mpi ngemer
appl i cTath2tldered .ow sutmmarr ewisewed research effort
was wutilized in cooling electronic devices.
Tab2lleSu mmar y exsfeapagploincati on of jet i mpingement in el ect]
. Anal ys
Princ Jet Applic method Key findi
aut hcspeci fi
( model
Data c Exnpuen:e'ra'i“E:Maintained de
Han (2 Water | serve ri ses | ess t
rocec(mOdegtmt heatin owe
P S likely) | g P
. | mpi ngement o
. St ack Exper|_me the stack ma
Han (2 Water | numeric
el ectr Lami)na temperatures
condition
. Embeddi ng mi ¢
Wa t mir g re GeneralEXper'.me substrate re
Wal s h numeri c :
array power resi seawees b
(k-y mo d e | .
and wor ki ng
o Experime For the same
Wa t reir g re« . .
We {201 singleGeneral humer i c array achi e
power ¢ (TransSiStTi t emper ature
array )
model ) the single
. An optimizat:i
Experi me . .
A : j et di amettea
. Watmirgre Gener al nNumer i .
El sin . surface spaci
array power ¢ (Transit ~. .
i ncrease in t
model ) L
coefficie
GeneralExperime Pl acing a el
J°r g Watjeegt ower d numericeffectively ¢
P (Lami)na reduced ther
Changes in
‘]O”eSWater . El ectori Numeric geometry had
Jacks J conver (kxSST no the pumping
t her mal per
. Applying i mpi
. Experime "% exrnd cegpe
. Watmirgre Gener al numeri c )
Agbin i conducti on
array power ¢ (SpadAaid ime .
resistances,
mo dye | .
greater i mp|
Experi me Jet orifices
) . : Gener al P : toget her may
Leeneg Air | el numer i ¢ . . . . :
power (k-Omo dye | jet; individu
nontot abl e unl e
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A small nozz
Tw@has increased pr
de Ol i si ngl 3>4 Gener al Experimresulting in
, power
j et temperature
perfor manc
Many, small |
Pania¢(¢Watmirgre Gener al Numeric temperature u
Guerr array power ¢ (Lami)na cost of inecr
power
Compiexer nal
Aut omo Numeric¢c including fl ¢
Kaood Wat er | (Transit fluid extract
el ectr
model ) thermal perf
pressure |
An additively
Watmirgre Gener al Experi me hybnnu«:iroc—_rhlacnz_m<
Kempe numeri ¢ system di ss4 j
array power .o :
(Lamine with a meas
temperature
Experi me Transient t
KWo n Two ai Gener al numericredu.Ct'OnS of
power (k-Umo dye | achiwwvend t he
activated
eHrIfgohr Experime Additive mant
Pappat WEG | et P . numeri ¢ enabl e accur a
vend g (k¥ SST mMmo highly compl «
comput
Additive mant
accurately c
Wei (2ZWater | Gener al Experim |_nternal geon
power ¢ in reduced pi
versus a micr
of the same
2. 2 Spent Fluid Management and Crossflow Mitig
I n confined arrays of i mpinging jets, cro
suppresses nor mal I mpi ngement and fountain in

mitigatingctseossf hhewesthey
been dedi
t hel

cated to studying

| n r

i mpi ngirmagireday by all owing

was found

ObP8 7 axntde xilprear bi onhedrat! aylzleyd
t he

to acharovkr dodfefsar pe
pvo tt éhntai avlarmetlyoadd
t he oevf foenc tasn

fol d t

0]

ui to exi t

f

arfqay]lt
t he

t hat,

downstreamtNuwms celrtt an umbmars s
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o O n o 9 Cc

—+

p

rrays with a high density of jets than for a
inding that a higherr heat dternasn stfye rr ecsoud ftfsi ciine n

ignificance of effective spent mhhwyetds . managem

Corvera and Mahjoob numerically modell ed
xperiencing otosofollowgfnappa@Eeap aogs| ar | et s
i mensions experiencing <crossflow were wused
ompoAfneér verifying the modelemnwtithhg|latreeat am
n the streamwise direction was efiwdctlieveraten
he jet in the transver se Hbiwegvcetrhensmagnef | ed
he best sur f arcmei ttye mptercauguhr ei tunwaso .ol ¢ oavii negc t
hCervera and Mahjoob continued their invest.:
f crossfl ¢B.0hre amodiirmgj] eetf beet saonfi mpiosgi hg wj
he jet in crossflow were examined. One exami
he i mpinging jet with the crossflow and pl ac
et onto t heethotvsddhoytl emotrhee best t her mal perf ol

et al one, the angled jet case yielded sligh
educed required pumpi ng power, suggesting t
ccomoodate anticipated crossflow can provide be

He et al . investigated the use of various
sing a num8rnijTlaéeésenodievVert eressaoMerjeetplsawceh tbhheat
[ upstream jets were deflected towards the
ownstrasa msFiogws. Ryn edritvi ng crossfl ow peripheral
hielded, allowing,thetuecohigong efilyent o no@dsieg d n
aseHowewemreased frictional |l osses resulted i
ownsnoeames had notably higher fluid velocit)]
heir entrlamice iampr cevwedto wpnesrtfroeramma nacte t he cost
erformance upstream and I mcRem@asred| essusp,pla Ipea

erf or mancde spiagmaente ttead combi ne heat transfer be

by over 10% for al/l cases, sugg.daei pargimat et h
was created by9 Famd eits ad h®dwm w2nd cEhg uiag i wsned t o
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Nussel't number and friction factors for an ent
0] 3.2]

I D D
0 16 2 48 (2] £0 9% 112 128
3
Baselineg. @ 0 0 9 Q « «
{ 10 20 30 40 )
X/D
c . 80 0cadcAcQcQcqQeq
B 10 20 40 50
X/D
E I NI e (e ({e ({e @
3 10 20 30 40 50 60
X/D
< .<Q<°<O<Q<Q<O<O<O<O

20 30 40 50 60
XD
< '
30 50
XD

Figi&3e Surface Nusselt number contours [fI] various cros

06r jU Of
"G Q]
I n a similar fashionshbiMpddagsédhoat daher e xam
air jet arrays in tuf B.Bhlet bwas ealcom | fimwn ca ptpH a t

downstream jets, allowing them to i mpinge nor

i 21)

by -3106%, dependiupg!| oed t pempi ng power. However

resulted i nuwrmeuwere fnlozw |l tetsr, o reducing perfor ma

Arens et al examined five et arrangement
numeri cdl3.4mdkdese arrangements i mwall dded gvar i ant
d ameter and nozzle spacing, with the | atter
nozzl e. The center temperature of t he sur f a
measurements made at known di strmarceassifmgmt héd el
di amet eddarosnvintsyt r eam rinmgple ofverbnya 2% and 27 % res

when compared to an equivalent array with a cc
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provided inconBlestamglbedswadlcls awaswi th a const e
density but proved ineffective with an increa

further analysis of the angled wall was neces

| n 2R2rlshdr Weuisgeadn de x per i menthbdbdandonmméel ca
air jets impingi h@5dAcrogastherbumfeabdbeé ademal |
spentt ofdtun dr educe the ther mal boundary | ayer &
upstream from the jets was supplied at wvaryin
|l ndependently, the nozzle heigheswlatsedlism daca
| ocal and average Nussel't number s, I ndi cati ng
across the surface. I n contrast, decreasing t
number s. Even thoughnthelocosgyf!| dwmwei ntedaasesad
defl ecti oRl ofdtéetija&c¢tsion was used in all cas
which to compare. 't would Iikely be highly e
di ffocapply to electronics cooling, as I mplem
be viefrfyi dult and could I ikely only be wused in

Fl ui d etxhrmrawgh otnhe i mpi ngement surf,acaes i s
thbject being cooled | ikely c.anwhoitl ea cecxotmnaocdtaito
the nozzle plate requires complex design cons
iven appbtionaei bhe surfaceteoesal nonbcOeguadgeete

g

applied fluid extraction through t[h36]rFdoal e
visualization was achimagdetfioc mewanamceg evelao
a

it pepray was used to exbBmowevheaaltrzahsbdbar mpae

taken at two Reynolds numbers, which yielded
flow rates. I n one directi oonut laets maaohtrho utgrha nt shi
regi on, and out the extraction port was obse

irection, crossflow effects were observed to

d
vortex structerfecr mandce edTkii9sgwaps attri buted t
creating uneven flow through the nozzles 1in
o

ompl eted with varying Reynolds number and co

18



Nusselt number increased with increasing Reyn

with | iterature.

Hobby a¢swaimi ned the use ,ofbdtl auismtiadred r & @tmii m
j etyoafwvat§gedrmhe array was 3D printed using a phec
operatingl cowaist ifousn.d t hat t he majsduirlftfienrge nN1es
bet ween the numerical ewnwe@merpadij menmaiht se svel &
numeri cal results dwd otse rmrggieemEnhotwamod ®lulnalc
pressure drop between the comput datni QRal7t, perdi
numerically lamoidead edi dmdp0d nge ment casestowith
generate correlatifoh&prioat iaonsariirettyhef] ectasResy

number, j et sqaaswirMfo,ceardd sn @dn.xle® hwee rreu neexrai ntcianle n
validated by comparing a simple |jet without

correlation. Fluid extraction was then added
met hodol ogy. Two corursdlngt iadns tweep eceagsseosenedaotneed sf

another for the averapgeessuciaclkeyidalsded tr easiunbtes
25% of the model 6s output for 94.8% of the ca:
96. 6% cases.

Mitigation of detrimental crossflow effect:
undergoing research. Simple approaches includi
of crossflow diverters mawhe |l leeen hehomwemeas oeipf
fluid extraction are becoming increasimTablyg f e:

22bel ow summarizes the findings of the examine

Tab2lzeSummary of pmisti gaseancbfoorossflow effects

Princ Jet Crossfl Analys .

N I . met hod Key find
auth specifiMitigatio
( model

I ncreased
Ob ot At jetAddltlona Experim degr ades
pat hs downstrear

number
Orienting
Corve SingfjeinSIlot jets Numer i c the strece
(202 crossf crossfl (k-Umo d)e | direction

i mpact of
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Corve Single Jet angl e
(202 crossf adj ust me
He Air jet Crossflow
Madha' Air jet Crossfl ow
Confining
Arent Water | j et diam
spacing
Forst Air jet Fluid ex:
Water |
onste O o vryig ex:
air jet
heat tr
Hobby Wat er | FIl ui d ex:
Mi cetoja
of -spac .
Rattn [Iuid FI wixd r ac
(P VI pmn
23 I mpingement Surface

Research i nto
underdevel oped.
fl

behawswiuemhs as

ow mechani cs t o

20

A maj or

ma X i

Angling ¢ttt
crossfl ow
required
power wit
t her mal p e
Di verters
downstream
cost of i
pressure |
uneven | €
Di verters

Numer i c
(k-Umo d)e |

Numer i c
(k¥ SSmo d)e

Experi mether mal p el
numeri ¢ 180% acro
(kUmo del surface, b

pressur e

Experi me l ncreasin
numeri ¢ density ol

Unspe&S&iSfdownstream
model ) crossfl ow

Fluid ext
througtr ft d
reduces tl
boundary

Experi me
numer i ¢
(k¥ SST mo

crossfl o
FIl uid ext
are abl e
Experim nor mal i mp
and extrac
creay cir
. Addi ti ve m
Experi me

numericwas capabl
(Laminea Comp'ex
fluid ext
Accur ate ¢
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(Laminefor imping
fluid extr
formul at
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his app
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while also i ncreasingl pu2PkDkhagd paormdea K e miqrua @ i etniee
use mesoscaheave surface di mpl es under and b
charact enr ipsetti a3 9paey @di mpl es were 1.27cm in dia
of 0.3175 and 0.15875cm; each size was al so e
j et or betweew d(ietlavaisndmwmhie dowthfalt surface di mp

average Nusselt numbers whEemi scome@sauletd was wa ttt

Abursting phenomenao. Fluid moving through t
surr gungdumface, negatively 1impacting the sta
crossflow reduced the i mpact ofl itkhee cjoentdsi ta md
di mples i mproved performance once jethat| cowe sl
di mple structures were not advisable when i mpi

for healbLi kewWinsdg)] andai j-Baeiansvesti gated similar
more parametimi ¢ hweatrud@0iOntshi s cvaesree axnampihreesd

di ameterslofT4ddmmwiatnd depths of 0.6, 1, and 0. ¢
both directly ukadaeperameebettivednt heabsedi mpfFestw
with crossfl ow, where channelA &iiloaw ecfofneccltuss i dc
foundTwakbaol d comd | Qlucetd |t d.kdBrarreeesnrci@brstdop Itiheed t ar g
surface perpendiacfullcih.e s ® WwWhre ekbamdtt o sl ight
number mypswshee@ crossfl ow was minimal and i mpi |
performance was i mproved downsitmpaanfduwhlea en elr

fl ow domi nat es.

EIShei kh and Garimella investi gastiendqgltehg eus e
mul ti pife([d4i&ltls pins had a diameter of 1.6mm an
25. 4mmdefinition of the heat transfer coeffici
that of the base, not the total area of the m
coefficients, incoegl eddh imsttc d&fiiffrfietriecn idadees t he
surface area fr omThad theeaatd tfrl aonws fmeerc hcame fefsi.ci en't
short fins and the tall fhors,adgispemn eRéehmrolsdis
mul tiptaey |eghiiedpded heat transfer coefficients,

hi gher heat transfer coefficients for a given
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Hansen and Webb applied fin and ring struct
jet inftherr [149PHe sswrdfyace modi fications i nves:
three heights, pyrami dal Thessquarde tfwionsanalull :
1.59mm with varied dhei.grétmem. o fT he. HY,r adni D&, dn 1
3.18mm and heights of 1.59mm. On e -sreicrtg ode s iwg n
side | engths of 1.59mm, each | ocated at diff e

single anggl afde acteiosrs, wi th a width of 3. 18mm a

away fromm tadd, jceaesat transfer was increased, t
increase imheurfagedasegns weré¢ hombeért.onraddu
The pyramidal and pin fins were found to incr
providing the highest i mprovement, foll owed b
pattern indicateselam mumnmbemasas i hhe hmodNiufsi cati

provide | ess impactl topratshbbataghat pontregi ohf.
exposed to nor mal i mpi ngement , obl ique i mpi ng¢

reason for the differing results.

King and Chameératial l gkexamined the use of
undesi nggl e i mpinging jet of aifd4dhltwocal shue dta cfel
shown toup mponed®%t he jet before Neamythg bhee
the cone, small recobscadwvwed pingdediTomisa wad iSO Me
mitigated by applying a fillet to the base, r
affeotd$!l ow mechaniAcss swerhe dhts ehravsedbeen shown

under a single impinging jet can have positiyv

Filleted No fillet
Fi g4 e Vel oci ty omagniftriodne Ki mmgt and Chandratill eke displaying
[ 44]
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Il n 2@a2V3i,n kdr ajlu numerically modell ed five
j et [adrbr]d@8he structures analyzed were cones und

by square pin fins, remtaeaaguljaet fisguandi@ilnhyl

pin fins. The model was verified using an ex
modi fication increased the heat transfer by i
transf ert ocecdfufcieddi ednue t o negative I mpacts on
were used in a topology optimization study, v
performance, despite only i ncreasing the su
i mprovements in jet i mpingement when desired

Gao et al. numerically modell ed & 4%adThety
study did not examine a ,cddarhter dli ncsa shea dwintehaa u ty
t he nAoeszuzrifeace di stance. As a resul t, these m
stagnati on regi on whi ch primaril|l yUsdmigvetshelse

temper atur e uniCf owamsi tayc hwietvteidn f%.r5 A s2ulptp liised
possi btlhee tnhoadti fi cati onsr maygf haweaamdgot heedut |

cannot be definitively determined without an

Cui et al . nuwmer ijceal liympnmondgeelmeent s ycsotreem f o
integrated ciricuitbeiwi {B0hMasypogdgagr ameters wert
including jet diameter, number opfi nj eftisn,s pei xna nfi
wer e mi-ddalme,t ewi th one case havindeumwmgtheomngi n
the €seosisonal area of the fins and increasing
heat transfer coefficient for this study was

increasing val ues whamp|tiheld of u gnhn endu cshu rof fa ctehsi swei

caused by increasiTegupehat 8 ue fngpaefvesdmatsyi miga $ h e
finned surfaces. It was also concluded that
hotspobut not the surrounding area, greatly i
optimized design, which made use ofumn ffarnmmietdy
by 58 %.

| n 2@ellli,k experi mentall ymaesalayzedi impeé essas uo
an i mpinging air -ajxdatalwigtehh 8delthoexuetsalr jaentd icso a c C
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created from two air streams deapxairatli nmgo zfzrl oem
partiycefFéaective, as the two independent air st
performance that results from the devel opment
surface. The di mples createdyear , diismpurpotviionng ipne I
away from the j-@xialComéi namdy dihmplces resulted
Nusselt number when compared to a cylindrical
created a 6% i recr evese. elitd ues i dviethyl pl aced away
suggestmemnsg atlheator mesoscale surface modi ficati

certain regions, rather than across the entir

Madhavan et-paltosusgdmeingh hffoampi ngement su
the effective surface ar ep4.9hldh e raolmonien um xfi onagn
thick with a high porosity and pore déasety.
foam across the entire surface, striped foam

et s. The intent of the striped cases was to

—_— C—

mpl ementing the foam s urgfea cseas.f alcrec rheeaase ¢ riam sl

pressure drop corresponded to the amount of t
coverage resulted in increases in both heat |
t hermal | mproveemased pnedssure drops, it was de
coverage Vyieledadt sheof bagpt to a 100% i mprovem

performance thdm tttha sbasdaldiyne tdase wapsmpdenfgi ned
powert he met al foam across the whole surface

than the baseline surface.

Toavot Wle deteafifmemttsal oaeq udmawd tye d by mesosSca

modi fications, mi crofi webeem duwnrfessda gatoard .he B
modi fications are on a much smaller scale th
all owing for i ncr easgeadt i hveed ty ti rmgprasftda rn gwiptrred wetr
Radmard et al. numerically i nwec<cpiogat edst her u

| evel and host spion tcheiin[n0]2Ap pdatysd yif 0D wauv armry ij re
nozzsarfaceamdd sdiaanmest er s i mpi nglehde ufpiom hehieg It n
equal totsbhefaoetdestanceg the height or dia
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pumping power at the epxeprefnosrdneenfcredbecreasesd ahnhb:
0. 015K/ W welrte waesp otrhteend .s hown t hat additive man

create the finned surface.

Waye et al. wutilized a microfinned i mpinger
an automotive traction dr WE@ e[t glrmpeirn dggmaeamt ao
mi crofinned surface, I mpingement on a fl at su
each analyzed expeiicméhtyalwlit harwdarnenoh fl ow r a
i mpi ngement required additional pumping power
from the surface, particdlnamplay tficamatrhe | mitcin on
mi cr odf isnunref ace I mproved the ther mal perf or man
weight by 3kg, i ncreasing the specific power
Thaer mal wmweasedtaedeby 5% when jet iwmps nfgyemtemer

u

reduced to 13% with application of the microf

Il n 2MdBeno aehi av¥ed ther maslimigmpostvementses
i mpi ngemehor swafacei mpi ngement i n bloiAhéree
mi crostructures examined were a microfinned
pyrolysis coating. These wersucbwmpasedoughanle:
bl asting and sansipalperpi andndi t hdmat efi ns. I n
fin

surfaces wer ehimph ef lddnw eradrtiteisc.udtar, the micropo

structures performed best at | ow Reynol ds

Nussel t number enhancement of 130% over t he b

early transition from | aminar to turbul ent f
cogftiration, this transition did not occur and
numbers examined. The miNuodambhed byriad® ¢ om
the baseline, while the rough®eawmecfdradatmi cropo

Whil e al most any i mpingement surface modi f
di ssipated, reduce ther mal resistances, and/
typically due to i ncrMeassoesncgadtdh & | wettti e@dch ss wcrafna m

desirable fl ow mechanics such as stagnation ar

near the surface which dampens heat transfer,
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coef fici

increased pressure |

emto.f i Wmielde smird aces

0sSsses anHbal2BEeil ro ws csabmmnalrii mi

avoid causi

the findings of the i mpingement surface
Tab23e Summary of past research on et
. . . : Anal ys
Parultnhcol‘ Jedte s i {Vl;:'e;'z met hod Key finc
( model
Ekkad Air | e Experim from di mpl
1.an7 dep near by |
0.-D6@N2
_Dlmplles Di mpl es p
Kanokjatr Air je di amet ef Experim better i
4cmepth crossfl
0.48m
Ri bs no1
out fl ow Reducti on
Trabol Air je T ExperimNusselt nu
height ri bs
0. 813 miI
Pifniins Changing s
: Air jet di amet e . tall fin:
EtShei k andjarl.Gmm, h Experim mi ni mal t
122%. 4m i mprovem
Pin, pyr
and anniu Nusselt n
Hansen Single v_arled ! Expemrent lhcrease
wi dt hs- ¢ pyrami dal
3.18mm, square f
of B.B8BSr
Cone wund Local he.
. . o : Numericincreaseol
King Single di mensi the cone,
g (3¥model -
speci fie comase in
rati o perfor ma
Var i onmsf
and/ or Experi me o?tjir];n?;gt}[
. : undeifi | numer i ¢
Govinda Water | variedj (Lami kar a 9p8owf or
desi gns, model ) |mp0ro_veme|
4 -2 7mm 1. 7% i ncr e
Tr apezoi Making the
hei ghtemp : equal t-te
Gao Water M \idthemtf Il\(l_;Jmmedrllc surface di
array bet ween ( cde |l i effect

parall e
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height o, Numeric Redueling
Cui Wat er | Wi dgths-((Rmormalithe hotspo
0. 5mm or olme el & perfor ma
. Di mpl es di
Dlmp_lgs thermal b
Celi k Single ffo’“‘“h Experim | ayer i N
di amet e ’
depth of Nusselt nu
from the
ngpmr"os Il ncr éasace
GG di ssi pati o
Madhave Air je thicknes Experim P
) . expense of
9@l el ressure
23 de >
Addi tiv
Pinifi./ : manufactu
Radmar Water rrheighEImno Numerlcshown to b
array . (k-emo d el .
width of creating
structu
I mpi ngeme|
Rib ifiol finned s
. hei ght - i mproved
Way e WEG aretrt : : Experim perfor manc
speci fie 2t a redu
10 e
when compa
baselin
The aver at
. Ri b, fitm number i n¢
Mor eno 'Sler':gl‘? porous fc Experim 130% for
Jsub’mer hei ghtempo P under a f
wi dt hemo 1 100% for
under a su
24 Past Efforts in Group
The present researtcihonefdfornedeartchhe itnmtio dj &
group. First, Maddox et al experimentally
water jets for use Iin copb8pgeanblVehdeuhat edo
variety of, j@tsyetoenmtvwas sfcaolurl idc datakde 36
temperature measur emeing swasrascsscommlei shued alty
the jet arr ay sauocrfasse tthbe nhenaet d ocati ons, where
for eacls|l acatepanit ment al vi sualozatheni mpi sge
surface was enabl ed; and ex&mpglk® eset of these
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.‘lll' ace lLemperature
Surface Temperat

<1

=

&

- h =11.8kW/(m? - K)
Figgs e Example set of experimental contours generated by
Using this system, many parameters, includi

and flow ratdnwerld exasmisnedddi asi t&de wateki nga
results indicated that a confining wall angle
angling the wall wupward in the direction of oLl
downstream jedtsi nwg tthhoeuitr ipmpr f or mance. Using tF
spaci ngj eotf dfivcaanse tfeawsnd t o perform best i n mos

performed better under a flat confining wall

Henry et al. andf iRedidnged and dmalky zzehd steh e
desiaggdE Gas t he fwanbl@isnMdhese staggered array des
Fi g26 e
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o o
o o o 0 ©° X o 1
© 0 O o o o
Inline -Strea'mwise | Transverse
Staggered Staggered
>

Flow Direction

FigpBe Array designs investigated by research pr

Comparing equivalent cases with each patte]

provi di nhgi gohoetsht téhred most consi stent heat trans
array magnified the detrimental crossflow eff
nozzle downstream, as opposed to oqdryednar maye:
this resulted in the transverse staggered ar
ot her s. While the streamwise staggered array
comparabl e heat transfay, cobeéfheaentsahnhsf éhew
poorly spread. From this, it was concluded t h;
t hrFeuer t her i nvesti gV&EtGhioxnt umda owitthre tulsee wDdme i nl
staggerags wa3hcemwhseted.i nvestigate the effec
as in the case of radiator fl ow IThepsdidudreran
proper tWEGn xft utrreeresul ted i nnteswehahefiortdaings]
and it was concluded that | ower jet spacings

The present effort uses these past findin
mesoscale surface modifi ceanaothnisonso gmrd muod rea ge
These wil/l be used in conjunction with the ar
wor k for a fl at surface. By engineering the
i mprovements i n ctahnerbneala cpheirefvoerdnannictehout t he de
hi storical research.
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ChaptMert h3oodol ogy

3.1Present Effort
Based on the results of the research prede
held constant i n t hihsbegeht eleitna Addr a&ayasefs didgiidni
with a jetd.diB@mmeazezl essf are spaced four et d
bet ween the nozzle outlet and i mpingement sur |
a suriftalhc ed iwnerreshbigor.s2 mms i s the case for past
parameters &ngddhiespl ayed in
Jet nozzle
0.125in {ﬁam. Top view
1 L |
\ o o Side view
3in O O @) : >3
O = Nozzle—to?surface disth {;t;'lozz'le
Jet spacing i ) A25m diam.
et diam (05in) | 2 jet diam (0.25in)
v\ /
‘ 3in ”
Fi g8 e Constant jet array parameters for the presece
The present research effort i nvestigates t
sur face modi fications wi t h pri maryi cisnt elro urt
modi fications were kFing@&xkelgaie td, madi shoanhi o ms
triangular ribs or cones, valkli edi hleh ot sanmndf oo
jet di ameter. First, cone pin fins were place
defl ection of the working fluid in al/l direct
(b) incréase Bheasun the stagnation region,
Henceforth, these cones under the jets wildl b
independently applied between eachl swtdiorf eg teit
respectively referred to as streamwise and t
defl ection of spent fluid from the I mpingemen
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under the nozzl es. Fina,llyt wWaseddeacmnm ded e vioo

modi fications between jets in the outfl ow, or
downstream jets from crossflow effects, parti
Jet cones s Streamwise
\/ ribs e

o
o
&

Impinging &@Q Impinging
jet locations <\ jet locations Q\qu
Transverse e Offset cones

ribs

Impinging
jet locations

Impinging
jet locations

FigB82el mpingement surface modifications under i1

Each of these modifications have been exam
angled confining Walgl3 @fT h7e. Safk,glaesd ssad wn iisn des

fluid to bypass downstream jets without I mpact
met hod is relatively si mpol ei, mprleegueinrti,ngass | apmha
extraction, which would complicate the system

extraction.
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Flat confining Wal} - Angled conﬁni{ wall
[ / | o
A i A 1 X
Nozzle-to-surface distance ' Nozzle-to-surface distance
2 jet diam (0.25in) 2 jet diam (0.25in)

Flow direction

Figs&3e Fl at (left) and angled (right) confining wa

All geometries have been examined both exp
(PI'V) flow visualization anhkdr owgnerboctahl snetuk o a
fied dtiswo areas of interest will be visvualized,
effects to be examined. To examine the effect

the flow mechanics, vel oci tgyatwecoteadr wiitehl desa cihn
showmigB4.e The first |l ocation slices through

referred to as tlhaen e estl ipcleasn eb.e tTwheee no trhoews pof | e

;. e

: o
Fountain plane

——_—— -8 == —-— ==
Jet plane

O O O

/

Jet nozzles

>
Flow direction
Fi g84 e Regions of interest for flow mechanics investigat
Finally, all/l numeraitc gle tc aRseeysn ow edrse neuxnmabnei rnse do

and 1l 0defEQnaetdil.on 3.
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"0 0

YQ — (3.
Prel i mi namrwmetrd sctailngmodel | i ng, and | iteratu
varied | itt] 86 whihhafgliomdurdteht € f | ui d, vteheo clid o/a tci

and size of flowThebkavirems v a&rided pll iatytelde .f or |
flow fieldsSincAppéaediPOYEgxpperaimmaeds fl ui d mot
were only gathered atMa oodmuenegondi g otwo ratjee t
5600.

3.2Particle I mageFIVeWwo¥ii sned Iriyz g tPil o/

32. 1PI'V Background

PI'v flow visualization is an experiment al
mot iFd mg.8t5beel ow di spl ays an examplTeheo ff hauunadh i @ ns
is seedsngplalrt Acll @ser sheet shines through the

of f thel parthe cd ®@me i nstant, a synchronized carl
a snapshot, eddpptcureidnd amrelry |Iri ght . Using two |
captured in Capmppdtisangees smagrs all ows for | oca

cal cul at ed.
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Dual Laser Head
yd Laser 1 /

Laser 2
+ -
Double
Camera
Frame — —p— <
Expositions .. o TN RO

Fi g8 e Example PIV system

The | aser used for thes-28elxperdiamentTEdwvad @&
fl uidei onjwaesd swatdeerdg Iwai stsh sspnraerles wi tdm. a Foe an
presented PpPhAWtrcoheomosement wibappnokxkbmaeaselgat
O .-b5%0 . S5nam ex amj na dc ot her wor ds, vectors i n t
approxi matel.yea®. Svnentct @p aows $ @ ackosrurleataet i on, w h
interrogation windows are stationary and do n
al |l easembl e wagtriell iaz etdhret od tficheeddg n s.ol Thii o nwas
acomplished by taking thirty pairs of snapsho
vector fields. Finally, the time gap bet ween
for the fountain puafmaes.t eThhaen jtente fsluowso uwmedrieng f
small er time gap, whereas the velocities in t
better capture the trends.

32. 2PI Ml ow Loop

A flow | oop sché&mgib e Fil 0 wd iwas!|ngdewdarkian end ghnye
pungpontrollendz ebySMiVect or varTlhdlwolfunmgtureincc yf lda
measur edOmesgaagFaBm4 700 turbine flow meter, the
Arduino Uno and diAipdi aebdbloens aweroenpaftteten entr
departing from t heaceudnpb e tswe ean vtelses edumpasampd i r
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prevent these bubbl es afnrdo anfheesrdceehryn g gtriedf dfelcl id dn kgn
l aser lightThetosephratamewd@d arsmawidt aestbgl ir et
at ttohpe and the outlet at the bottom; the bubb
water f Il ow t hirhaug hwattheer omotulledt .t hen enter the
would be forced through the peesnozhbhéersbei thpr
out [Aetf.l uid reservoir was placed after the ch

pressure. The fluid temperature was not contr

Turbine
Flow Meter

Reservoir .
Centrifugal Pump

Separator

€ I Impingement
I Chamber

Figs&6e PIV flow | oop

Fi g86beel ow di spl ays the i mpingem&atechambet
ent ers htthnowpghaintd passes throughpaihitew i inpwsn
designed to spread the inlet flow throughout
the nozzles 1 f the inlet fdliowcwaes umiropgded. m
array designed to enable creation of any comb
investigation. A removable wall allows the arr
t hrough t heacokustildeet oofn tthhee cbohamber . Optical win
assembled on the front and side of the box fo
the back to allow the fluid to be removed bef
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Modular

Outlet
nozzle
array N
D* . o= FIOW
rainy <1 | Diffuser
[ | Removable
Wall
Optical )
Witidow Optical
Window
Fig8te Empty i mpingement chamber (left) and assembled i mpin

Due to the many geometry combinations to «L
Dovetail gr oocvoensb ivwneer ediufsfeedr etnad ¢ w@r fumd e rarmad rfa
as shbwgd3& a

Modular frame ~

|

&J i | )
\H T 1 ]
| |

"—‘W P

Impingement surtace N\
PIV visual window

Nozzle array with
flat (0°) contining

wall shown \

-

Figd88e Modul ar nozzle array design

The frame and nozzle array WbheenB8bzpesnwed

to an i nne3r. 1Btnmmet emootft hed using acetone. The

smoot hed uslTihreg i ampdatnagreenent sur f ace $t rwemrsep a3rbDe npt
resi n, baed osm g @&h e
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RO
S0 .3\ 2|2 W

Figsa®odi fied i mpiersg d@mean tussu mfi g cm tlhee$ hPol Wwio nsgyisgheém j et cones, s
tmavebse and offset cones

The i mpingesmemsemoourmfealcausi ng a combinati on
The pictured assembly displays a flat confinin
able to analyze. This visual region was the
il luminate above the ISowestyigdvient mpn nigheenemd z z|

and without the modul ar nozRilgdldxr ray inserted

1O
O |
0

o of Rl 94 o o

| H

1 LT 1

HigSipe | i
O{ I —— ) o 0O o ‘o{

Figgr® Side views of the i mpingement chamber without (Il eft)

3.2PBV Process

Datactobhe began by assembling the modul ar
combination of confinirerguwal t hang@gimonunandedsumpia
chamber, the assembly was inserted ared oafifziexde (
water. The box was then seal ed aMidr tbhueb brleesst torf
in the tubing and chamber were maneuvered ol
minimizing the air in txhewasy sttheem ppliaoaed oomsta
designed to hold it at the height necessary t
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As air trapped in the pump and various ot h:
prior or dudebgbbtsembpyocass would be compl e

system. The top of the air separator was conn

valve was placed in the reservoir | d(heatpadnpaf t
was then activated, starting flow through the
with air bubbl es. This mixture would reach t#h
travel up,t ubler mainglh btahd oval vevhi d et h®e oneéedhemrv wc
through the i mpingement chamber. Buoyancy dro
and into the reservoir, where they were relea

while only waéeerrtiwoboaudhbehdri mpingement c¢chamb:

would no |l onger depart from the pump. The bal
the pump through the i mpingement chamber.
Once bubble fl ow was el i mpnagetentt hehdmlse

surrounded by a shroud of felt and the, PIV s
comp,athn@gower supply and cool ant Ohothbkbecbapeat eh
software I nsight 4&seas spredhit oAsc ntaht e olda d ehre a hine

i mpi ngement cHammaerni nwer el fi ysmement was necessar

il luminate parall el to the outflow direction,
manuf awittulm epdol ycarbonate sheet s, its walls we
designed to reduce the | aserbés intensity to

directly at the polycarbonate sputacaeabofethbe
head and the shroud was | ifted just enough th
could be seen on the paper. I f the | aser was

woulbbel defl ect etdhda ol @ heer shheleed .ofThe | aser was ¢t}
was rotated depending on the | ocation of the

would then be reactivated and this prtoocetshse it
head. At this point, the |l aser and repl agemea
surface of the i mpingement <c¢hambsaf emey egltasesne &

changed to anot hecronspelte tdeetseiggeniepdn .f or near
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At this point, the fluid needed to be seede

a the reservoir | ocated after the I mpingeme
ening the ball val ve andofaltlhoewianigr fsl eopyva rfartoon
milar to the debubbling process. To deter mirt

be tdaken cfarmema whil e il l uminated from t he
ntinuousl g wapteréehemhgeer was activated, s
is time, the camera was focused on the | ight

s adjusywdr ancliéartlhye visi bl e. Seedditnd g dretyi
iformly filled the space in the i mpingement

s overly di mmed downstream.

While the | aser and chamdet hewef éur dt,avbisos &

was unl i ksealsy itlHautmitnhaet ilnagd & eh ef irreggti orne gifo n ntt

uld be the jet plane, as the impinging jet |
needed, the time gap betweenAsegincthirweri izmalg
ias whebhwherde the | aser Rédadwimigtiaalfll vowr &3 ted
the processing portion of the,sbttwarsingh
uld not readily reveal in which direction ol
re mi.salsigmgedtrans!|l ation knobs on the | aser
w region i n oft hiemadesitbeen capsteur ed and proces
sed on the changes in the resulting flow fi
termined in which direction the | aser head

sed lhoecaati on would then be adjusted by trial
ich the jets were clearest and widest. Adju

ne as needed if the | aser hégdfamdoiumpiolmgeain

Upon compl eti on oft hteh ep uanhpi gwanse natd j pursot ceeds st, 0
2GPaM saentd of thirty pairs of 1 mages were cap

thin the softwarequiTrheed pfriovcee sisn pnugt ss:t asgpea tri a

sk, paopee&sor, a pprocessar. alhhde as patsital cal i
asur eimiemitn drmei magede, cal di stance il luminate
ckliing the top and bottom of the illuminated
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in pixel s. This pixel value was then 4$pecifi e
surface distance of two jet wvalaumed ,ertsha sedf tf w
automatically convert di stance measurements t
processing mask specifies the region in each

the camera would campteturne@hlelrgnlofsgpacds ionagehe

manually placed to specify the region of weach
prprocessor, p Fpa wecsessero,r awed ep psrtef abri cated wi
adjusted berywsesets of captured data. The purpo
each pair of i mages, find spots of bright I i

direction and magnitude of movemeatgesf i hha pa
exclude any bad measdrevmeratrd itch &ts mes migt od efsre
for an i mage pair, and output the final avera
a clear flow fieéehe wieshl|l visagbiféowr énes d was e

analysis within Matl ab. I f there were issues
rate, seeding particles, | aser, or camera wer

Once data in the jet region was gathered,
region between sets of jets. A full rotation

l1mm, so the knob was rotatedhé. 8bmei map bDet we
pairs was set to 120ms and the data coll ecti
l ocati on. Upon coll ection of data at both | oc
was deactivated, etntbhd edly staennd waesddngaspsarti cl e

i mpi ngement chamber and nozzle array.

3. 3Numerical Model |l i ng

Il n parall el wi t hu merpiead Imermad dedalodafgicgacisoensp, | ent e
using ANSYX®B2FIRENL
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3.3Géometry

Thmodgdomedr gpl &ygdrlenWat er enters through
blue regi on, i mpi nges on the coppenrersaurefdacen,
rectangul ar region embedded i°wW/ #nh el hd esp pceorr rielsqg
to 83.33 W for the numerical geometry and 500
paskperi ment al sitompi ebi ca&thiien i af atulse de x me rtihme
studirespl acing the eight cylindrical <cartridg:e
embedded approxi mandkey the sammendesmeanceuuf ac
iS observed at t hdeued ntpa ntgheemeditf fseurrifmagc eheat gen.
mod el and the cylindrical car tTrh ed gneds chealae tesr gt
boundary conditions on teo tdroewa bsfi dtehr eree djuecti sn.g

the full experimental geometry would have pr o
drastically increased the number of el ements,
resources beyond those avail abl e.

Inlet

Outlet

Fluid region -
water

Solid region
- copper

Fountain Heat generation
symmetry plane — region - copper
back side
Fig8XY%® Numerical mo d e | geometry
The bodies in the numeri cal geometry were
designpasédexperi ment al work in thaplgayasg iamd
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Figaila The transparentt hgeoely!|l aomp @ exnatPshéar eu s «

experi mémé ssolid bl ue r emgumelr iiccalt hnreoddlu.i d bod:
Model slices ]
through & L] L
Computational between rows of N
Domain nozzles
Symmetry
Symmetry L] L. boundary
boundary = e' | through jets
between jets S| | © O | /| (jet plane)
os (fountain plane) 880 o | H
(o) o}
oS o - <
P 66*;@‘
«®
Fig8gt2 Comparison of the numerical model geometry (blue) &

3. 3M8shGngd | nd,epemdebtirceeer t ai nty Anal ysi s

Meshing was completedovudedgi nh&AN®SY¥EKTFI aawn
me s hiMeg)h.i ng was compl et ed, uassi nsghiogwet ihfElde mé n te |
sizes were i mposfelduiody rtteliges ohrdf l@licse oi fn ttehref ace of
sur famae,t he bodies of the solid regions. Bound

region to resolve the boundary | ayers.

Figsgr® Sample mesh using polyhedral el ement s
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Grid i ndependence was exami ned using an
modi fications. Al l el ement sizes on the walls
t he wvalues isnttuednyd e dCofnoprart sen of these cases
suggegsrtiidng ndependence was achieved. A sample
i Fi gB3Yr4MAveraghegtt ttmard $di @emoesnst tyh ee | sduerdf avcad ues o
11. 48, an dKk 1fla r5 Otkl\We mheanmhg egdrlied , el ement gr i d, an

grid, respectively.
35 18
@)
— LI
T 0
2l 2 .
£ :__,; g Element size
B B
5= = — 100%
g 2 %‘ — 66.7% (smaller)
£4 - — 150% (larger)
w8 &
| z
A
3 11
0.0125 ) 0.065 00125 ) 0.065
Downstream distance (m) Downstream distance (m)
Fig8gtr2 Grid independence results for the numerical

Uncertaintyalasamhpylsessemdga®@Rogrche convergence
etails of whiiaoh App®e.GiHe sf Appwaoxa ap@pllioed [t cand
verage valfueemctheubamed case asdyAtphpd ygmigd tihn
pproach to | ocaldedé¢utesi otfyipd eas | ¥y hgne 30 %,

ncer toacicnutrimeisnlgo c at isoenpsa raoaft ihfelnoswer 6Gau t at i ng t he

o < 9 9 9o

onvergenceaveardege four ftahcee h ednda tvrad rnusef eff h d0a e3f4f

ndi c atthees ntuhnaet i craels snofdsel aa leind dtye d .

3.3T@8rbulence Modelling
Al cases examined in this effort medel i n
needed to be selected. Due to the scale of t |

transient models which @riawicde ntuhme rb esatl rsa smwll
| arge eddy simulation (LES) ,ngwereeg yi rsanmap |l i ced kel
43



computational time and nesoageds dadbef RANSE, m
was to be selected. -ahesageddebsuptrovidkeat bhe
experiments, wmpoechatirendlalry | exse aib®lsh edrow i me
di splays a comparison of common turbulence m
examined by Zodi Ef or

Tab3lle A comparison of turbulencel 5Mbl]del s used for je

| mpi ngemen

Turbul Comput at:i Ability to
; , number pr
Mo d el (tirneequi r secondary
accurac
E .
o EEEE E
k-U PooNrverr or
Low cos! 60 % Poor
EE EE
k-¥ EEEE . Podrmir: &n Fair: mayohla
Losmoder a .
errors oB0E8 |l ocation or
Real ikl EEEE E'E EE
and iUl Low Podrair :Nex Podrmair: may h
vari at errors oBO0&8& |l ocation or
Al gebr EEETE E.E ] E
stress Low Podmir: bl o Poor
errors oBO0E§
E EE
Reynol EE . .

. Poor : aNut | Fair: may ha
stress Modedaigh error-$06 %% |l ocation or
SST, h EEE GoodE_EEmmpiH EE
met ho: Lownoder a o f -4200% Fair

EEEE
Wil MEoEdEerat(EXCEIIentN:u EEESIIent
err or3s0 % f
Ii)l:lSa/nLSIiE E EEEE EEEE
model Extremely Gooeedxcel | Gooeedxcel |l en

Many of these wer er alsieawedy rtehsee aaructhh oe fsf oorft
model ©f particukl@arnkdkmoeekest asethbse are freq!
bl ocks for other, moiUmodmdnrpflarcnast evds Imo eliznin st. fa &F dfy

from walsl, d&fufteear mtor odvineens vi scous effeckys are
mo d e | performs wel/l neadowa inladsoeecash dat wghoeanr vji cshc on
fr-eeream behaviors. I'n jet-st mpamgenmemtanmodelal

4 4



effects are significant piont emdritadi nc orreeg iaonnds ,s ti
respectively. As a result, neither of these m

behavior s.

To alleviate this, shear stress trakisport
noky modalre i deal. These SST model s kUsaera bl en
model s depending on the proximity to &ywall;
mod el to dominat kUmovdteil | & oi td oarlidrtcavigsh.&i]liieh € h mo § r
common SST modl¥modeale arhde tShSeT Tr ans ktmodaelSST
is a simple khnghmobdgl ®fashpreviously descri.l
model , however,erapbt esmanwhincersnpeci fies the
el ement behaves as adadtsi ncaoompolre xtiutryb utl oe ntth e Trha dse

model s transitionalayéow Andt hhe modelbupr cswuibde

fr-eeream fl ow, viscous effects, and transitioc
model for this resear ¢ |meddlarhti.c hAlilsob3tdfcowmo ti en
model jet 1 mpingement better than SST model s
was removed from ANSYS Fluent slightly prior 1
and was not available as a result.

Th®&ransi tmodelSSblegi ns with the mass, mo me n

equations, r e E£maattl3Rddtdsyl swh.own i n

L nore oy ( 3.
o
TT—b”c’D no” @b ny nof "R D (3.3)
I "o noe"0f o0y ap t M Y (34)

T 0

The Transitien aS3odmdd el S kwremosdiedbB] 6leEntbade i1
begins with the transport equatBEopuwadboan the tu
0

. ) . ) .
o ” ’ e, o 3 5
o 0 = o = 3 = O & Y (35)

—a
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The remai ni ngkvyengouweaetli oans ftohre tshpeeci fi c di ssip
transport eqBiauad@ngn shown i n

—a

]

- O O O Y (36)
w

T_”"| T_"'|(’) T_3
T‘

0 Tw T o

—a

I n theseKieguahe onsr bul ewhi Ehnetcatesnargpn t
velocity fluctuationsi srela¢eedpdgygi tiucbubremeclee n
turbulence dissipation rate definessttrhesfareae
into heat. I n equdtainadnsi 3.ed daerd d n2.sbatchite hwaarltied td
inoom out of each el ement by transi ertandaf fsa ates
of the equationsnswacichy thaseoparamgsers are
certaiphb@fépceéesents the effective diffusivity
whiGreepresents generation caVisse dt thegy dnesasi pvaetlio

parameter due Sios t adrelfsiéneendc es,o uwhcielseedr mn whi s he

|l f only these previous equa$$mbBmnso dneel r ew ouusl edd
be calculated. The transition SST model adds
accuracy of ftihrestr eesqwlates .0 nTahdesipmtine&rsmift ttdhieey t er
intermittency defines both the f koand emo dnief i0é c
kUnodel s. The intermittency scales from zero (
fl ow vyi sl aimilnlar very <c¢l osesltiop tchoendwalilosn, rvelsairl &
dominating the flow, a | owymoadelr mioteéomynatéu
i nteryspprecnacc hes o k6mo diehle wnoldi fbiee tnyu cwhe i ngohrtee dh. e
is completed through the foll owinfggqgua3deomi tt e
o

! I
- n ” L4 o (33 3 [} _ 7
ol g Y Y Y Y — = (37)

The fourth and finahettaaspdDttomrq&6&Ti onodeée
equation for the moment iv@) t Wii skH eyaeddBRemnol ds
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—a
|

—."YQ — "'Y'Qo Y -, — (38)
T o Tw Tw T®
3.4Summary
Il n efhficrt, Pl flow visualization and nume|

effects of modi fied surface structures and an

t her mal characteristic i f an I mpi wgl hg ewabeéeE
experi ment al i nvestigation into flow mechanic
simultaneously provide fl ow and thermal inforr

in this group, the Trhasiuseni 8STheodemewhesact
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ChaptReers ud:t s

4. 1 Baseline
Prior to application of the modified surf a.
surface are analyzed. These wil/ bemadiefdi ead t

surfacks clastels .t he PIV experiments and numeric
would be repetitive if these methods were di
di scussed with both the Pild&nanhAs numert tal males
an i mpinging jet array i scharheafeerdihyt Hesemu mer
model will be di scamslefla ead It eai ddtoev thhaes rbaereyn g e
examiTmddldel ow summari zes the variables that

resul ts.

Tabdle | ndepearbdent ewxarmi ned i n this effort
. Di mensi onal No«li mensi onal
Vari abl e . .
exami ned exami ned
Jet di ame 3.18mm -
Noz2lsaur f ace 6. 35mm 2 jet diame
Jet spaci 12. 7mm 4 j et di ame
2GPM 5600
FIl ow rate 3GPM 8400
Reynol ds ni 4 GPM 11200
5GPM 14000
Modi ficati , .
di mensi on 3.18mm 1 jet di ame
L . 1.9%m I jet di ame
Heel i eatlq 3.18mm 1 jet di ame
Cones under jets (et
. : Ri bs aligned with outflo
et eatl Ri bs normal to outfl ow |
Cones between jets in the o
. FIl at (0A)
Confining w Angled (7.5A)

4. 1BaseilFilnoew Mechanics

Fi g#44dd spl ays flow fields from both the PIV
for a baseline surface under a flat confining

contoumidTin | egibility, both contours share
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the figure. The arrow |l engths arleemgtrmal azredw
| ocawi bhsl ow velocity became ibleleeng imatdm, aamd ftoh
only the background contour color indicates t
contours disfglhaeymad islhj ¢dctgiuvesmet hod to align
ot her or the numerioahtcontobtrs$hei caemetr Aswas
such, PlWNacvensiomplky been aligned as tcthatseh y a:

ot her ctontbarsame figure

>

e

Ay

. Fountain Fountain shifted

Stagn.atlon downstream by .

region | crossHow Jet slanting
Wall i due to

atljet crossflow

=

=

o

=

=

p.4

| A

0 0.5 1 1.5 2 2.5
Velocity magnitude (1m/s)

Figéréet vpélhoeicttyor fi elfdsr aaand wrmoma diufrised s ur faaec ej eutn dRery nao Ifd sa
number of 5600

Il n the jet plane, b o tdhi stpghixep ¥Pd tVe da nfdl BEoawe e e d It &

oo the three jets flow through their respecti:

through the surrounding water, but this is m
approach the 1 mpingement seugifoanc,e , whenrded ctalh e ng
di ssipation wi |l be expected from the surface.
t he wall j et r e giinotne. r @dAedfj laeccetnitn gwafllluijdetwer ti ca
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defl ecti oy ithelicmnfedi ng wall just above the
upstream jets must pass by the downstream | et
created by the right two | ets.g Foufr tthheer ndoorven s tir
i's visiblegcrosdftawi e§febasts may occur in et

| Ri g4, ecr ossf leownoea fef elett g i anre nrteaslu |iltisi 8 h € S n
|l i kely caused by differences between the nur
geomdhe yphysi cal exper-byndimteeormlry ayseod a et lsr ave
eitheri sidlesi gm wat heemd sd i thag mixmieaeidmerme sgerairsceht u
within ,t hehigolhbupwas made to accommodate | arger
Il n contrast, the numeri cal model used symmetr
is modelling an infinite array olf pred &i tog mtah
fountains are heavily i mpacted by crossflow,
j eMeanwhil e, crossflow in the PIlIV expgarnidment ¢

fountain slightly dqgwristareamiandnadffects on t

Vi suampgrecng t ke galyteiPed Wr $ eisml t s di splay | o

t hhneumeri calt hesuivt 51 hol dThirsuei § omo satl || if d eolwy fc
fitting of components allowing some fluid fl o
as imperfect Wpiatuwcahf f oat i weationto minimizing
array aememtmpchagmber wal l s, some | eakage was
2GPM for all PI'V experi ments, the true flow r
that . Howewmgr ,indti al research stages,and:t w a
numerically that the flow rate has Ilittle eff

—

he scale. As such, the PIY regadéestimagntdse bot

not be consiRkegraed |liemsfsadolifs Kt Ihtechsee eex per i ment al ar
|l argely in agreement regarding these wider t
approaches is readily explainable by errors
simplified,icdeabeaemdt nymer

As each methodol ogi cal approach was seen t

—+

he fountain plané&i wi2ltke lnoowa yWdsiespadmwdloyzdd.el ds

contours for the fountain region under a fl| at
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— Flow direction—

Fountain Secondary fountain shifted
| Fountain interaction downstream by crossflow
“-{fj (secondary fountain) \

__m‘l"/ > 1

f :

N

N
Numerical

0 0.5 1.5
Velocity magnitude (m/ s)

Fi g&2ZEBountain plane velocity vector i el

f deoamahdncongtwaltbk &bDr
Reynolds number of 5600

I n the fountain plane, wall jets are inter

now appear das epjgeqntt dahtedvseli hf scent er actsicarn ecr e :

mi Xi ng mefaarc et hvei ssiubl e i n the numeri cal model

by the PTWesy®suemains meet and interact, Cre:
fountain. As these secondary founnaianssar eéherwy
hi ghly suscenptietslpeectiamaldryodasnfltdive numeri cal mod
a given jet, only a fraction of it interacts v
fluom tthhe surface, | eaviongremtev an semalnlderr ya i

crossflow is particul arlWhidled rtitmeyntmbhy tloe t\weas
fount ai nd aodgasutra nacte af r ojme tt sh;e ti hmps ,ngii mmr ovi ng S
uni formity necessitatesepentmbehomagdit iheisdce ti mik rem;
perf ormance carf dbets seaxhpad chteefd ett s . Ao tfhoewnet aisn sa
clear trendd ocatviosrualfi zdetskte f ountains and se
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Fi g#43beel ow provides a perspective fromhhdbove t

sur face.

— Flow direction—

O O O
Fountain plane

-_--_* l.*- -*--_--

T IC Yy Sy PR

Jet plane
* *

*
/%) O O

Fountains

Secondary fountains

Fi g&3 e Locations of fountains and secondary fountains i

Avi sa@rmhpar i somn todkirtghk@iseh ows t hfadlretslseragrie® me
bet ween the PIV and numeri cal approaches in
previously discussedelilssassasymmeiter yj eitn ptl haen eg
t hrbetehr eei sayrmmneegtnr t he | Bt gédd wmmee b btuhe fountain
there is only one remptoyf gmpdce tlne yamed ls& hdeema,an
pr evi oFuisgl3faenkli g43 e Meanwhil e, the numerical gec
in the transverse directwoindonsbasutcéhes ss algr ee me

bet ween the PIV experiments and numeri cal mo d

Vel ocity vector fields foanghedame Phade iu
Fig#44d e Whil e there i s space for fluid above th
that region, as the | aser sheet was blocked b
winddwei same as the flat wall. While data 1is
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it has been cropped to display the same regio

No noteworthy effects were Betnabltiest ddi stush

— Flow direction—

,,- ,“”~‘\., ~.,.:": j‘,,.,
\\—‘ / "‘-~\", ! R PR (e ‘r\ v ,,“,<,,,
'_J KL LAl ——

Fountain barely shifted
Fountain
Stagnation region downstream by crossflow
Wall jet Normal impingement of
downstream jet
!' 5
- g
| s ee— — - i eee— Z
0 0.5 L 1.5 2 2.5
Velocity magnitude (m/s)

Figd4s et plane velocity vector fi el dsn ammygdaeddi thd inrgs wfad rl  ant u
Reynolds number of 5600

Each of t hef eatsumrteens 6t howr t he fl at wall , i nc
wal | j et and afroeu ngtaii Inh eirpet,cemuamcd & to.nt ICe& oas gl @ av
vi sueelslsy i mpéaent ftuhe angl ed wall . Asett,hesrpeents fsl
is able to flow towards the outlet with | ess

i nteracti onspraorneo lamuctehd ;onotrkkkef | ecti on of the do

occur s. Furthermore, 8Bhekeftuothepindewnst maamt
numeri cal model , indicating effective spent f

Finally, velocity vector fields and cont oul
wal |l ar &iglk&ven i n
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— Flow direction—

Fountain interaction Poor secondary fountain

Fountain (secondary fountain) ~ development predicted by model

—
<
Q
.-
3)
:
Z
0 0.5 | 1.5
Velocity magnitude (m/s)
Fi g&5 e Foupnltaanien vel ocity vector s and contours for an un

o < O S

field

Reynol @s wmdmBb600

Fountain and secondary fountains are al so \
rneeaker than they were under the flat wall . D
ngled confiningl evatltdd fmoaom tftHelisdurfsade,f reduc

O generate a secondarhye fnauumetraicra.l Ao de |l r g eld!

econdary Howelye pmrse saeindt c elnotcraaeldyhe PI V result
|l so Ii kely due to asymmetry in the experi meni
n increased crossflow effects.

Regarding pressure | osses, the PIV experim
ume mMmodalppl ying thedacplded bwalel%l 6 sosmby hs 1 a-
asiTdhi s is to be expected. There is a |l arger ¢
elocity as the spent fluid mbovesttyogwamdsenhs
nd, hence, reduces pressure |l osses. This tre
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4. 1B2as eilTihreer ma | Characteristics

Contours of the | ocal sur face heat transf e
model for each geometry. ThisAWas\Vveabmgpb est eedj ulad

we ree tehxeprod it redlatdHiyuetéf i ned as a constant.

. n
Q —— (4.1)
Y 'Y
As previously discussed, flow tr.enSlismivliaariley
surface contour trends from the numeri cal mo d
such, surface contours f or tahree |sohwsewsm c g etth iRse

yields the moBt gd-6eaisbloewnt rbeen dosw., di spl ays t h

coefficient contours from the numerical nmodel

t hessug tcaoéours, the predevipdasnley pcuettsirtehr ough ea
i s tdhhre top and bott om, as indicated i.Ketyhe to
features on the surface are | abell ed and corr e

sdrace trends are displayed.

— Flow direction—

Fountain plane &
. § =
Jet plane &8s
p = L,a g
5
Fountain plane
Deflected stagnation
Secondary region caused by
Stagnation  fountain , x.‘ Suppressed  crossflow
region / 4 M Fountains secondary l 1
' ' l \ i fountain ‘
(N Al

Angled
confining
wall

[ . B ]
0 5 10 15 20 25 30 35 40 45
Surface heat transfer coefficient (kW/m?K)

Figd46e Surface heat tr anrsofmert hceo enfufnoecrii ecratl u oomondted @6 r 8d sur face wun
angled(bottom) confining wall for a jet Reynold
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I n each contour, three | arge regions of hicg
corresponds to a strarganya.t i Tome sree gri @i o s tahree |weht
di ssipated from the surface. As the fluid is
surface heat transfer coefficient decreases W
walelt sj meet , mi Xi ng near the surface <creates
coefficients, i ndi catUmde rt hteh ep rfelsaetn cwea lolf, af o w
pl ane are notably stronger ftlhoawm dihroescet iinng tnmoer ¢
the second and third jets downstream than ups
weakened, while thoseadifecttieael.f Austaondplragnéoar
the flat waby ,a-aBbuemtdwcat edWhile this may se
repr aapevratralrs wrfder of magnitude increase in th;
compared to the surrounding, dark blue region
j ewass s€egd&2teo be suppressed, and the effect
region of inefficient heat tmathdktet tHBevidseswhsk
] 8t st agnarnlitosme melgidfotwn s tdrueeam o obl i que | mpinge
crossflow of sgpeeonme t fr lyy i woktolseed m stisdu ie seedssiicl t h @ mma |

permanckekaotul idt kpeocodmee mant il arger arrays with mor

Under the angled wall, the stagnation and f
that , in this case, fountains generated in th
the founAsinhepl amgl ed wal l reduces crossfl ow.
defl ected radially by the i mpingement surface

more pronounced since more fluid froem ebfwactr
of weakening the fountains between rows of | e

sent transvebsetllwatd Itthe sdawmsotream stagnati on

sl antiogossihicew i s Inedsesr ptohwee rffludt twiaalnl .u |t ca
angled confining wall i's an effective spent f
does come at the cost of some | ocal perfor manc

consilegsed on the size &hdsascabeemnVattihensg edr e
Fi g#fbee | ow.
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5 0 T T T T T T T T T T
i Stronger _

fountains

40+ ]

Stagnation region under an

Jet plane

s T'lat wall

Surface heat transfer coefficient (kW/m?K)

Angled wall
i Fountains Stronger i
40 + fountains _
| under a ]2
flat wall <
30 i
i 1.8
8
20+ Secondary =
fountain )
o
10
0 1 1 1 1 1 1 L 1 1 1
0 2 4 6 8 10 12 14 16
Dimensionless streamwise location
Fig&rn®urface heat transfer versus streamwise | ocation plots
both confining wal/l angl es
I n the jet plane, wide peaks are observed

create thirmetwbaenptpeamks Fountains wunder t he
approxi mat &loyn & 5s%moirdey c e h et atkleeatejllens t hose und
flat wall (bl ue) . I n the fount aohs etsatared rygfeorun
under the fldat ywadloluntAi ®ecen observed between
fl atampmrd dxil mandgo u hlei | ocabnstefr acwte httlady eanrte s u g
in all other | ocations. Thi sswhes el tsse ciom dvaeryy f|

are | acking.

Fi nd&lilggdei spl ays the surface temperature r.i

and et Reyfhlbédsumiuamber t emper atur e reirseencies d
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bet ween the | ocal or average surface temperat
effort, these surface temperature rise contou

may not be shown for all geometries.

— Flow direction—

Flat
confining
wall

N\

Temperature uniformity Slight hotspot created by
promoted by secondary suppressed secondary
- Higher surface temperatures fountain

under the angled wall

Angled
confining
wall

' b ]

I @

11 12 13 14 15 16 17
Surface temperature rise (°C)

Fi g488ur fteeanper a¢ am eforuadars et he nufnoerr i |l umoaodeilf i ed surface und

angled(bottom) confining wall for a jet Reynold

It is seen fram thessucbateutempéarature i s
regions. Thin regions of reduced temperature
flat wall, the secondary fountain has prevent

dowstream and under the angled confining wal/l
While these hot QPACt hhiagrheronliny ta@bnpwetr at ure than
is primarily due to the sur fgahc & hreatnearli aclo nbdeuicnt
similar jet array were applied on a silicon s
could cause thegeaemdamegpensi abl pecemal ting in
damage. Thuseseg@reosemobndgr t hf ountains or ot her

di ssipation in these regions can be essenti al
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When surface moditfhiec aavieornasg ea rseu rafpapcle ehde at

tempeeatruse values for these baseline cases
These values arkalaaeul ated bel ow, in
Tabd2e Average ther mal performance parameters for e
Average surfac Avage surf
Wall —a Re coeffici?Bpnt temperature
5600 12. 1 14. 2
Fl at ( 8400 16. 2 10. 7
11201 19. 8 8. 7
1400 23. 4 7. 4
5600 11.5 15. 0
A e d 8400 15. 1 11. 4
g 1120 18. 4 9.3
1400 21. 7 8.0
As previously discussed, varying the fl ow

fields and surf acki gcdbne Surght adefshewennd e amic
fluid velocity, but trends including the sta
Addi tional comparisons of flow fields and <co

di splayed in Appendi x E.

- 47 s
S ¥
Re; = 5600 (O H : §
- B
" 53
78 g .8
S 2
Re; = 14000 ERs
IS
0

Fig&9e Surface heat transfer coefficient contour comparison f
numbers for an unmodified surface under a f|
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4, 2 Jet Cones

Having nexdammhe results using a baseline sur
The most obvious |l ocation for an extended sur
transfer i s most efficient. To achommplzizdle .t Aih
cones all have base di afBetld8anmid eqamri ed eéhatlifght £
and one jet diameter. The primary aim of this
the stagnation rmgile. downsnoream!|juetd dam move

fountain interaction to be centralized bet wee

Il n the PIV experiments, the I mpingement s
mat ersieanhi tirsanspar baeptl aBerashestul i s sUufficientdl
surface mowldemiclaei phane of iIinterest intersect:
intensi PyYy&ohnoeamachgraphi csdihaate bteleen loveat iao
modi fications. Due to the small distance betw
modi fications obstruct the gathered I mages. I
l'ittl e visuwmHi aleftead emlcaec ewittthe modi fi cati ons wi

i mmedi ately surrounding the modifications are

reflected or refracted into the cambeatpshvaen
behind the modifications, particles passing bg
As such, results i mmediately surrounding the
il luminated by the | aser sheet

For adfl mscedisfi cations, two heights were exa

heights was that tfse miedlalecmesdiafsi d ehtei csrhso rd r areotc
exaggerated and noteworthy. As seudc ha,ndf |da ws cfuisesl
this chapter wil/ primarily be those of the |
short modiAnyashomt caseé&i.fi cation flow field ol

founMdppendi x E
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4 . 2 J&Cto nielrsl ow Mechani cs

The velocity vectorthee| ds phdneowhenr sall
di spl a&aygd-t@®nn the PlVgcegtouwuiangtke indicate
caused by the cone modifications. Since two r
cones are col or ed Bleicphutseer tthhea m etalree sfta rr ocwo mes .j

theyeap more spread out than the central set

— Flow direction—

Je S -

Crossflow continues

Circulation q
Upstream fountain J Y\\\\ at cone base Suppressed  '° cg:tsze g;lgit;eam
unaffected by the cones '\ | ’ downstream J
S fountain
j ®
Q
5
\ g
: ~ =
VAN | Cl VBN P\
] ]
0 0.5 | 1.5 2 2.5
Velocity magnitude (m/s)
Figér@®et plane velocity wedtlorueftd exlodee sSfalnalt coon foiurisnd owal | at
5600
The modefications resulted in Iittle effec
nor mal | vy, now onto cone structures. I n the n
downstream et due to crossfl ow, ynaciroastsifn @ w
mitigation. Since the first two jets impinge
still well pronounced. However, the downstrea
unmodi fied case. Si nlc eb etihneg ddoew nl setcrteeadm bjye tc rioss s

sestdhe bul k of the fluid downstream. As a resu
jet and fountain interaction. This is expecte

downstfmeaas most of this area is covered by t
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perform worse fAr BWwaybédsemot hehegetones, the |
region of fluid circulKatnigo nanrda tCilalaelk esRhowirher th ¢
224and i ndi cRaitgedet @4i.4 ]hTihn s 1 s expected to inhibi

region, as the fluid is not I mmediately swept

The f oumedmeEentnour s for the tall cofiegétrlnder a
For the numeri cal contour, triangle graphics
cones, though they are not present in the fou

— Flow direction—

,,,,,

PIV

Secondary fountain development
is promoted by the jet cones

©

Q

=

(0]

=

=

Z.

0 0.5 o 1.5
Velocity magnitude (m/s)
Fi g4r® Foupnitaanien vel ocity vector fields and contours for tall
number of 5600

Little effect Iis observpbane aseafoestht no
j et s. However, the secondary fountains are m
downstream set of jets. As a result, some the
downstream sewasdhrghfygustppnessed in the unm

Having ex#tmaaleld ftlhew behavi or s, the jet re

under an angl eBi w&k2 are shown in
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— Flow direction—

R AR | ' NN \
’
1 RO ’ | | N\
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P

Slight weakening of the
Well-developed ~ downstream fountain

upstream fountains , ;
Circulation

at cone base

1Q | ;
J v, N\ N
I B ]

0 0.5 1 1.5 2 2.5
Velocity magnitude (m/s)

Numerical

Normal impingement
of the downstream jet

Fig&xr2 pkeane velocity vector fiel dcds angd recddomi ogr svat 6r atahl jj

nor
und

| n

power f ul under the angled wall

t he
by

and
con
def
i nd

sur

4-1 3

number of 5600

As the angled wall ©provides

mally onto the cones. This has

space for spen

resul ted in

er the flat wall . Some weakaam ifrogu ndaan nb,e boubts

the numerical model, this weakening is mosH

downsd rfemaumt &itn.anFor the PIYV

t is still p

contour , it i

mi salignment of the nozzle amhreeear Sanwce

an angled confining wall Hosweamppl aleidgnme mts

es with the nozzles is challenging and everl

l ection of Cfilruwiud aftn @om tilse ojnete. again obser

icating that tohfi ss pternetn df liusi di nndaenpaegnedneennt t or

prising.

The f odmtm@entnours for the tall
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— Flow direction—

PIV

Secohdary fountain devélopment
is promoted by the jet cones

Numerical

1.5

0.5 |
Velocity magnitude (m/s)

Fi g% Foupnltaanien vel ocity vector fields a contours for tal

nd

Reynolds number of 5600

Like under the fl at wabupthintimecébhecs ids
the coneHswerueturebhe numeri cal resusesn sthom wb ¢
develbegdder with cones t, hamngtgheesyt iwegr & hwaitt h chuets e

i mprove thecmabwpgrfoomabhhe stagnation region

Regarding pressuhadl asnaeagtl,i gdhebsl peieteef tasdndeisn g
in the stagnation region. Al cases yielded

unmodi fied. surface case

4 .. 2J@t COmesmal Characteristics

Regarding the thermaFi ge&#¥betowolli sphkeagsjeh
heat transfer «coeef fniucmeernitc aclo nmooduerls ufsrionng tthhe t
and angled confining wall. Due to the | ocal i

greater than the values on the surrounding su
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i Iglieol e trends. As such, the same scale as tha
al | modi fied surface contours. Thi s means t he

coefficient values greateagd thwumnf adhe.se obtaine

— Flow direction—

Increased
dissipation : E ;
from the tip_ T A

confining
wall

Suppressed
= ‘ fountain due

Decreased ¢ Secondary to crossflow
dissipation @ fountains are

from the base promoted by

V the cones Downstream ]
. 7 9 fountain still m
Increased al ‘ well-developed

dissipation
around the base

confining
wall

Angled

0 5 10 15 20 25 30 35 40 45
Surface heat transfer coefficient (kW/m?K)

Fig&r#Surface heat transfem theffiufrkreint a juemcdallmss | at (top) a
(bottom) confining wal/l for a jet Reynolds nunm

On dansurrounding the cones, three regions
transfer coefficients are achieved at the cor
i mpinging jet, being exposedheoflhedcaoclidcul at
from the velocity vector fields results in ve
he surface, creating a region of poor ther ma
introducimg @aomhel badset oas al so sufg4.£kltheds bwo uKi
n
u

enabl e a smoother transition from the flow acrt
surface. Surroundi ng gthhenhebaas edicsosne aitss oan.r iTrhg s
circulation and the beginni mdtefr dkeliinguea eif mpei
cone structure. Whil e oblique i mpingement is
t he cotnuer estapupcear s to have disrupted the therr
heat transfer on the fl at surface -Odmmetopedl yi
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the upstream jet for under walel f|lHdawewad ', amrdo s
the flat wall inhibits this ring on the upstre
the fountain between the downsetvred ampejdetdaieun ade
defl ecting moreaml st hd&Endaawstyr eam. i s notewort hy
devel opment of secondary fountains wunder bot h
under the flat wall
Local surface tempeaendt ahe medafdisnd aitgiro ntsh evse
meanibgyonhd the discussion enabled by, thet sur
average effects acr os slath#t3b esl worwf add es pd raey smarhee rae
parameters that result from applying jet cone
Tabdt3e Average ther mal perfoomanwmedipfairaamtet ems f or th
Perce Aver a Percel Perce Percen’
change /redudtn ther me
change¢ surf a f ‘Avercthe sulimprouve
Wal | Con the su heat >SUYrhaciqoyuri ; P
. transi t e mrpi s not
ang hei ¢ area f trans| . . 5] temp o0y attrib
thceasbea(cg\?wflKImI from t"'S€ basel| to inc
basel ir case surfac:
560 12. ¢ 3.8 13. 4. 6 783
840 16. ¢ 2.6 10. 3.5 1. 7
Shovrgqyo 10 54, 2.9 8.4 3.8 73. 7
Fla} 140 24 .1 3.0 7.1 3.9 740
(0A 560 12. 7 4. 6 13. 7. 2 594
Tal 840 3 0 16. ¢ 4.0 9.9 6. 6 5.9
1121 ) 20. 7 4. 6 8.1 7. 2 5914
140 24 . ¢ 5.0 6. 8 7.5 612
560 11. ¢ 0.28 14. 1. 3 20 . 6
Sh0\840 1.0 15. 7 0.65 11. 1.6 382
1121 ’ 18. ¢ 0. 15 9. 2 1. 2 140
Angl 140 21. ¢ 0.71 7.9 0. 3 <0
(7. 560 11. ¢ 1. 2 14. 1. 8 <0
Tal 840 3.0 149 1.0 11. 1.9 <0
1121 ) 183 -0. 96 92 2.0 <0
140 21. ¢ 1.0 7. 8 1.9 <0
Under thentrhretaswallin the average sbur0f%ce h
are achieved. However, applying the cones und
the short cones and sl ight dreearsharets €&mdelsthe t
ia 1.0% and 3.0% increaasel iabl th éwhrenh adaotnspiar riaeads
t he baselDespistuer ftalcies , average surfdadceé % eameer
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achieved under t haet ftlhaetr nwaal |i,mpirnodviecnaetnitnsg utnhd e r
attributable to ihTbesasehfilethe askieddlesenageaph

30
28
—_
& 26 Legend
§ g 24 _ Symbol
- & ' x — Flat confining wall
8 22
.}:.'J E + — Angled confining wall
o =
e = 20 Color
& =
5.2 g — Unmodified surface
@ 2
= — Short jet cones
°h 2 16
53 8 — Tall jet cones
[ 14
<
12

10
5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
Jet Reynolds number

Fig&t® Surface heat transfer coefficient versus et Reynol ds
cases

Using the process detail ed i A7 8\popfentdhiex tCh,e ri
i mprovements created by the jet cones wunder a
area, but rather to improvements in the flow
extended ns urhfiascecasegon tther prhimaryalreasi s | i kel
focused in the stagnation regi BMaanwhhielree, hsuart
temperatureunidse t bdamd gdiadi lwad lor | ess than t
i ndi ¢ dtaitnd her mal i mprovements are similar or
Only up to 38% of the surface temperature ris
increased surface area, whil Asi hheostl cabasti b
poputlheg dra ga kt wrirma bd3ar e i napplicable when the m

worse than expectadebasmuWdmeraisceale walrdes ear e n.

this Obcsregoor performance i s most l' i kely du
performance in the et pl ane. Whil e seconda
i mprovement edghd nobhé¢ oegati ve i mpact on the f¢
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under the angled wall were | ess pronounced,

negative for these cases.

Based on these results, it yanelbecttionel ywdlkee
I n the absence of crossflow, they provide i mp
the cone, with a resolvable circulation 1 SsSuUE¢€
mi xed. Wi thout s pcernots sfflluoiwd dneafnlaegcetnse njte,t s downs

fluid motion downstream than upstr@Waen sapgmati

fluid management i s appldiradnattilcealdames | &fsfse ¢ tm
Furher mor e, PI'V analysis shows that highly ac
essenti al to maintaining desired flow mechani
accomplish. Thus, these coness corul ldotbep dte naedp
where et array interactions are insignificea
di ssipated using an array of jets, they are |

4 3 Streamwi se Ri bs

As the et cones indicated that exsturrefnaecley m
sensitive to manufactuyra saandi epogi bifi osiumdg atel e
bet ween the jets wildl be examisnedri e Whisch
tri angusleacrt icoornoswi t h bases of one -haetf daadctebace
di ameter. They are referred to as fAstreamwi s
outflow. The inteaftl @odt tdhpesntdefsli gind ifsrdm t he
t he fountains would, while also providing addi

from the stagnation regions.

4. 3Stlr eamwiBleowRi Mschani cs

Applicati ommwifs et hradashes dStnr eeahe Pl V system se\
central jet region of interest. While the dir
modi fications, the | ight reflected oaf fr etshuel ts e
only the upper region can be analyzed in the
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information regarding flow mechanics that are
stagnation region, wdlelmpjtett, o ard ofl went aiirs. Pl
using the nearest set of jets, as this set cou
in theFirgguéghesws the | et pl ane contours for

confining wall angles, where the PIV contours

— Flow direction—

=
2
o
é The PIV contours are of the nearest set of jets, not the central set
3o
5 =
(&) (&) . 0
= ' ' ‘ 5 The streamwise
m £ | ribs negligibly
- "
T — — affect flow
mechanics in the
jet plane

Angled confining wall

Numerical

0 0.5 1 1.5 2 2.5
Velocity magnitude (m/s)

Fige¢r@®let peéhoeity vector fbseldamainddbeotinmé umesnigdwmwathd| bt
Reynolds number of 5600

The streamwise ribs are not | ocAtkedcomt © i

were shownntegkebhbwcmsecm atrhee njeeatr lpyl aameaf f ect ed

ribs. The fl ow mechanics in the jet plane are
interactions. None of the stagnationerwgulbds
be meaningfully affected by surface modificat
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concluded that ther mal performances in this p

surface cases in the jet plane.

The velocds yfdd owwhdifebuntain pl andgiwiutrle st
41 bel ow.

— Flow direction—

—W

The ribs are located below each contour

Fluid 1s deflected
up and away

from the surface
by the rib

>
—
¥
=
Q
=
- Q
=
=
Z
>
—
=™

Numerical

Angled confining wall Flat confining wall

0.5, _ 1
Velocity magnitude (m/s)

Fi g&x?2 Foupnitaanien vel ocity vector fields and contours for tall
Reynolds number of 5600

The stredmwi usmdmidinpat al | epl aoet hAsfaunteauh
field is thinmeeut Ranettiesthawmicedabkeanktefl ahwntp
object or objectively |l ocated fluid motion, s
of the PIV contours very subj ecitaifve citre dt hiys t ce
the only key finding to be seen is that fluid
Il nteractions such as the fountains and second
physi catli oonbswhreurce t hey woWlsd ao trieesruwibsd rhetl oo
view of the flow field close to the surface b

mechanics to heat transfer characteristics.
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Under the f | setatwal la, sttheg hntillys icicr eased we't

flow area, which resulted i nR3.s6l%.g hTth e snec raeraes ensi
are easily outweighed by the observed ther mal
angWwetdl, these effects were negligible, with
|l ess than 1% when the ribs were applied.

4. 3SPreamwiBleerRmadls Characteristics

While the fl ow mechanics when the streamwi
were not especially revealing, their thermal ¢
Fi g&XY®el ow di splays the surface heat transfer

ri bs.

— Flow direction—

o0
=]
~ g B

o

15
The unmodified surface Increased heat Stagnation regions, fountains, and
case has n significantly transfer coefficients crossflow effects in the jet plane
lower heat transfer and

T — on the rib faces are unaffected by the ribs

coefficient in this region

Angled
confining
wall

0 5 10 15202530354045
Surface heat transfer coefficient (kW/m?K)

Fig&x®@urface heat tr anfif &m ucnoeerfifcifcbiresnbtd echomati osdee sr iabsf | at (t op
angl ed ( ottom) confining wall for a jet Reynol (

The streamwise ribs -ane® efdeed ®ae@aem heothav
i n the dueth amwli asgeloi tetflf ect on tAse af Iroews unhetc, h acnrio
still an issue in the f1l at wal | case and foun
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wal | than the f1l at wal | . I n the founséaen pl
coefficients are achieved on the rib faces. A
while the rest of the face eawhperr iceoomrpeass emo d eor a
regiom the badel irmetease¢e a previonmsiicammsesnthege
transfersupoéebdbf aci ed@yent et hdieehbgkno elumrs.t Mf t he r e
now covered by the ribs was previThwesley gd aerak |
increased values are |ikely the result of t h
i mpingemenpasturhgcéheimib faces, Neoftf eccrtliy eil sy
heat transfer coefficient hi gher, but these

indicates greatly improved cooling effectiven

To analeyzteh etrhneasl i mprovemebdtdebel owmdreplday =

average ther mal parameters for the streamwi se

TabddeAver age t her mal perfetmaammoparfiimat eéonsfor the

Perce Percen
Percer

Perce AveraChan e reduc t her me
. change¢ surf a rf%ceAverE in tlimprove
Wa | Ri b the su heat stu nef Surf sur f a not
ang hei ¢ ¢ area f trans coreaffsi temp tempi s attrib
1 the ba coef fi frorntrise from to inc
case | (kWKMm b . basel surfac:t
aselin case
560 12. ¢ 5. 4 12. 14 . ( 33.0
840 16. ¢ 4.5 9. 2 13. ¢ 29. 3
Shoig95, 10. 4754 v 2.7 7.5 13.°tf 30.3
Fla: 140 24 . ¢ 4.5 6. 4 13. ¢ 29. 5
(0A 560 12 . ¢ 3.1 10. 25 . ¢ 8. 8
840 16. ¢ 2.0 8.0 25. 1 6.0
Tal 1121 30.9 20. ¢ 2.0 6. 5 25. 1 6. 0
140 24 . ( 2. 6 5.5 25. ¢ 7. 6
560 11. ¢ 2.9 13. 11. ¢ 21. 0
840 15. 7 3. 8 10. 12. 7 26. 0
Shoigyo, 104 149 ¢ 4. g 8.1 13.t 30.6
Anagl 140 22. 7 5.0 6. 9 13. 7 31. 4
(7.'" 560 11. ¢ -1 . 8 11. 22 . 2 <0
840 15. ( 0. 77 8. 8 23.( <0
Tal 1121 30.39 19. 1 3. 4 6. 9 26 . 2 <0
140 21. ¢ -0. 4 6.1 23. % <0
These ribs create significant surface area
the baseline surface. As a rneescuel st® a syl Ytnii ff i camy
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t hemoai fi cations. For the short ribs, -5t.hde% surf
under the fi5atdo%walnldeand h2. amgloerdiihmypt by e et <
These dec-Bed %edatdd 42 Ovhen t hel iteadl,| sruigbgse satrien gap
ri bs ar e nHoendelveesrs, | yt htealslur f ace temperature ris
when using the tal-l14r0%sar Realuktite wvend wift L1t Be
ri bs can aocnhsi e &b 2r28d2u Htoiwever , most of these i

to simply increasing the -33%fatetheeaéaheFmal t
i mprovements are not attributabBe8totandt baeda
under the flat wall, and the tal/l ribs under
i ncrease i n Molsd ouUr fteheee tarea anal benefit from t
wal | j et s ibmpacteisngdg dthiees gig & £tsul hat a greater
experience this interactionhemwdédfiiltesonly the b

Whil e most of the ther mal benefits create
increasumigatdearea, the surface temperature r

and suggest that these are wor-wbrfdrslget emsese
ribs were seen to create no dener,i memitl e os itghnei
increasing the surface heat transfer coefficie
l'ittle heat dissipation. Rel atively weak foun
with fluid i ntteemdcdad osumfiadde,anwhax h results

temperatures.

4. 4 Transverse Ribs

As thieangul ar rib structures have been sho\
have also been examined for urs et hweh etnr aomr 9 weenrt =«
Li ke the streamwise ribs, their i ntent i's to

whil e also providing additional area for heat
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4. 4TdhansveirFsleo wRiMesc hani

Fi ga#4r®®el ow di spl ays t

wal |

Reduced flow area causes
fluid to impact the
downstream jet

Wall jet effectively
impinges on the rib faces

CcCS

he f1

— Flow direction—

k. I i
o
\ ’ \

PIV

Greater, slanted
flow through the
downstream nozzle

S

Figa&r@® et ape

1 1.5 2
Velocity magnitude (m/s)

velocity

2.5

ow

Numerical

vect ot r &nerliesss ainhdhctad mno migs wiad

fields for the

The apparent flow

disappearance is caused

by insufficient laser
light illumination

tal la | e

number of 5600

Bet ween the two upstream jets, the wall ] €

i mpinge on the ribdés base. Thi | ends credenc
that the cause of increasedduhee atto dtihses iwaaltli ojne t
with the rib. As such, i ncreased heat transfe
to this flow behavior. While this is a good i
ribs undenfitmiendg | aal Ic. c81t nt esectcht e soensatl a lalr erai bosf
in half, flow separation occurs from the top
crossflow effects. I n the numerstbafghtcloyntebant
downstream jetgreabbgbtednbputbi s8sseparation.
is seen to be greatly deflected downstream by
i mpi ngement Founr tthheer nsourref,a cuen.e ven f &gorwe w esk osceietny f

ma g rdiet wubser ved

Appl i cati on

for.

of these tall
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over 9% forThils$ s$sUob@spmiessure at Itdwerdotwmarn r:

either of t hsulutpisntg eiamm g edgrseatreer fl ow rate thr

These findingsedreéensiimel aolunt 8abg#dpl ane, as

— Flow direction—

PIV

Reduced flow area
. slightly inhibits spent
Fountains effectively impinge on the rib fluid motion from surface
face, eliminating the secondary fountain

LA o “' d il z
0 1.5

0.5 |
Velocity magnitude (m/s)

Fi g&2@® Foupnltaanien vel ocity veatdralfli @élrdasnsavred seonmtidwsr unfder a f
Reynolds number of 5600

The fountains now effectively 1impinge on t
interaction replaces the very we akd sbeyc ocnrdoasrsyf |
with an unmodified surface. While this is benc
fl ow behavior downstream. The flow separatio

fountain not being dékekéecvedyfr dmi sthlehtmairetiiaale
a probl em aosb stehrev eébde hianvitohre j et pl ane.

These findings suggest that these transver
with some form of spent flleidndeamaagefmeatt ,c dmufti
crosmialyoswegni fi cant .FiTgp&2dboenlfow nditshpilsays t he | e

for the tall anaasgbkbedeconbsnundewal |
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Wall jet euffectively
impinges on the rib faces

— Flow direction—
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perfor mance.
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PIV
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Additional area allows the ribs Equali:‘no rmal flow through

to deflect spent fluid away
from the surface

Y
T |
Ol

the downstream nozzle

Numerical
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Velocity magnitude (m/s)
plane velocity vector fiel ds amgdrefdont ogrwaflfbrataal]
number of 5600
wall jet regions stild]l i mpinge on the

separatio

from

exami

Fi g422 Foupnltaanien vel ocity vector fields a

al

ni

|
ng

Fountains effectively impinge on the rib
face, eliminating the secondary fountain

However, since space is availabl

n from the rib tips fi sanf aerqulaels sf |pooww er

j et s,
t he

indicating that the angl ed wal

fountai Ri p##42a2n e cont our s, as sho

— Flow direction—

PIV

Additional space allows
the downstream fountain
to develop as normal

Numerical

0.5, ’ 1
Velocity magnitude (m/s)

d contours for tall
6

n
Reynolds number of 5600
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As before, decsomder efffewcntiaaely replaced wi

suggesting ther mal i mprovements wil/l foll ow.
all ows spend fluid to be deflected away from
dewels nor mall y.

As previously stated, pressuretbhbbseenwsrw
applied under a flat confining wall. Under th
|l osses, but to-2&. | &él® svehmee eaxntga setdt ocfo nif.i6ni ng wal |
of redusedticowmal area for fl ow, t heO 3. 4B ver s
when applied under an angled confining wall

4. 4TRPRansveirTsheerRimabls Characteristics

Figd2ael ow di splays the surface heat tran

transverse ribs und®r both confining wall ang

— Flow direction—

|
¥ 1

Flat
confining
wall

Intense slanting effect on

Increased heat Secondary fountains the downstream jet’s
transfer coefficients replaced with fountain stagnation region
impact on the rib faces

on the rib faces

w6

Angled
confining
wall

0 5 10 15 20 25 30 35 40 45
Surface heat transfer coefficient (kW/m?K)

Fi g&2%urface heat transfem tlhefhufcoéretintéaalcbovmebreisedn sder a f 1 at (1
angled (bottom) confining wall for a jet Reynol ¢
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The short and tall rib modifications <crea
respectively. While the rib structures under
i ncreas3es8%Wfanld 9% emperat ukr2. thhseerreradscltti ndo o
the previous findings. These structures, part.i
strategy to provide the best performance. Un
provided si milfa2l 4 %pirro vtehme nstwr foace h-Eht 4 %riamsf
the surface temperature. These are also the f
a surface faorramdiledaswaséeé highlightingdtiweitrh be

effective spenWhifllaiidmpraomwegreaenretnd ar e achieved

ribs are more pFomg#d4&ng, as shown in
30
= 28
< Legend
g Q 26 Symbol
o Nﬁ 24 x — Flat confining wall
m =
O .
= E 22 + — Angled confining wall
8T Col
S 2 20 olor
‘5‘ .g — Unmodified surface
7
) L'r..:‘. 18 — Short streamwise ribs
en o
g g 16 —> Tall streamwise ribs
)
<;E 14 — Short transverse ribs
12 @ — Tall transverse ribs

10
5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
Jet Reynolds number

Fig&2#2 Surface heat transfer coefficient versus jet Reynol ds
and tsansves

Regardl ess of the wall paonglide the ghent ettt
coefficient i ncreases. While the tall stream
primarily due to them increasing the total S L
transverse ribmppopovemdatmargi ahl cases, with
under the flat wall. As such, whil e the trans:s
wall, the streamwise ribs are more flexible a
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Th
away
i ncr e
secti
perfo
Howeyv
wi t ho
j et i

Cross

45 Of

As
manag
wi t h
was r
cone
doi n,g
effec

eseverrsaensri bs were observed to be effecti
from the |impinging jets. The wal l j ets
ased surface heat transfer cowreddd ecros s
onal area when applied wunder the angl e
rmance. Pressure | osses were increased b
er , applying the ribsi mmrdeved hteh earnngad le dp €
ut negatively impacting the flow mechani
mpi ngement arrays with some for hwhoefn cr os

flow effects are significant.

f set Cones

the transverse ribs were observed to be
ement, their applications are | imited. H
the rib faces werper oporl cenm ssienegn. uTnhdee rs otuhrec e

e d usceecdt icaomasls area for fl ow. Rat heacttiham, a

structures, similar to the jet cones, co
Vgad | j et interactions could be centrald@i
ts. These structures wil/ be referred to

the outflow direction.

4 .

Fi

under

50Lf seti FComwe Mechani cs

g42®el ow di splays the flow fields in the

a fl at wal |
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— Flow direction—

Wil ieteftoctiveli o The cone shields the Crossflow still causes
alljet eliectively Impinges downstream wall jet deflection of the
on the cone structure :

from crossflow downstream jet

g
RV \NEm S waa e S
| B ]
0 0.5 2.5

1 1.5 2
Velocity magnitude (m/s)

Fig&2® et plane velocity veot frsoenfeise luchsd eand ddmtto wros ffi ori ntga lw
number of 5600

At the base of the cones, the wall jet reg
This will insmdreeade omedthitsrarea, though to a |
the cone is seen to shield the wall jets from
downstream jet to move upstream iamgd, iinncerreaacste d

di ssipation can be expected not only from t he
downstream Sfiomee atnlde jednes do nots eecxttieonnd, atchreor
sufficient area foonétbuidvmbti og aheuhbowhsep:
the trandgverise nroitbeswmort hy that, despite the f
crossflow effects are stildl evident in the do
modicfati ons are not ef fectiSuec ccersossfsufll oom onsistfil gc
i nvestbiygdtedkt al. and Madhavabhsetrface[ Ipabhneac
33Crossfl ow diverter designs examinegunfnadees
di stance, providing f uHvli dceonvtehrgasgee saufr fdaacven ssttrreu
cover a portion of this desdasnfcleoaref hect asoef

j ets.
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Fig&2@hows t hledsf lionw tfhiee f ountain plane for
walTlhhough t he choinse splaaree ,nottheainr tl ocati ons ar e |

with triangl es.

— Flow direction—

PIV

Numerical

0.5 1
Velocity magnitude (m/s)

Fig&2® Foupnitaanien vel ocity vector fields and contouegnbdbbdstall
number of 5600

I n this plane, the fountains are devel opi
interacti-oemselaopedweddt ween both sets of j et s.
crossflow for the unmodifibdessupnféascsetfcla®mwesi a

benefits across the surface.

FI ow behaviors for the offset cones under t

are di shilgdyeed i n
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— Flow direction—

Cones centralize The angled wall continued to

wall jet interactions mitigate crossflow effects
between jets

Flat confining wall

Numerical

1 1.5 2
Velocity magnitude (m/s)

|

The offset cones promote secondary fountain development

e
rff?\'g'?Ttm
!/ \

' W

! gresmce !

Angled confining wall

Numerical

P

[
o

0.5 ' 1
Velocity magnitude (m/s)

Fi g&2%2 eatnd f qodmatnaei nwel ocity vector fi el dsn aanndgdceddi tho inrgs wfad 1 tae
j et Reynolds number of 5600

I n the jet plane, wall jet interactions ar
under the f | aansawadrls ea nrdi b s ruQtdoesrs ftl hoew ai nsg | aegda i wna
the angled wal . These results were expected
secondary fount-demel oapreed ailnsot hweel f ount ai n p |
i mprewémis not exclusive to the flat confinin

regardless of the confining wall angle or spe
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As might be expected of these structures,
fdt confining wal/l, pressure gaincawseae @lésd.l
|l oss variations of I ess than 0.2% under the a
angled wall reduceld 9p4, e & sheorusggthl kehs s nbpna Ll . 1

4. 50Pf setiTGemeaensa | Characteristics

The offset cones show promising results in
transfer coefficient contouWwrigat&r the tall of

— Flow direction—

)
= -
S &3
. - =g s
‘ME S
y, d oy | Greatly improved
Increased heat ~4 - performance due to
dissipation from Secondary wall jet shielding

surface case

the cone structure fountains are § ‘
m \ well-developed * g '| Unmodified

Angled
confining
wall

0 5 10 15 20 25 30 35 40 45
Surface heat transfer coefficient (kW/m?K)

Fig&2&urface heat transfem tlefhuufroeredntdcéabdceomboddeeriress f | at (t op)

angled (bottom) confining wall for a jet Reynol

Similar to the transverse ribs, increased
of the cones due to the wall jcene@sshedt draasc ttihe
wall jet regionsThHhiromreetlst dowmsgreamly incre
just downstream of the cones, in particular t
walAlddi scasdeddspmrevi ously, thermal performance
i mpinging jet. Under the flat confining wall

8 4



the wall jtelie regntomalf rjoemt , whi ch i s muehm urt!t
wall jet, performance is greatly i mproved. Fi
the fountain regions, providing slight i mpr o\
these offset cones, thr eien idmnpfrfoevreemetn tlso chaatvieo rhs
which previously saw relatively poor perfor ma
Finally, to examine the perf olranhdéecies plfa yshe
the average thermal surface parameters for th
TabdeeAver age ther mal per f of ma entoedci pfaiecaanteitoenrss f or t he

Perce Aver a Percer Perc.e Percen

change Jredudtn therm

. change¢ surf a f Aver‘the i m o

Wal Ri b thefaa heat °U"TT23C€ oy suilmprov

. Re f transf t empi s nt no

ang hei ¢ area trans  coeffi “®™P fyom rattrib

the bacoefH | fromt ' 'S¢ basel to inc

case (kWKnp basel in case surfac

560 12. ¢ 1.2 14 . C 1.9 64. 0

840 16. ¢ 1 7 10. 2.3 71. 2

Shoigq2( 967 50.7 1.3 ] 85 1.9 65.6

Fle} 140 24 . ( 1.0 7. 2 1.7 60. 5

(0A 560 12. ¢ 2. 4 13 . £ 4 . 3 54 . 3

Tal 840 > 0 16. ¢ 1.6 10. 3.5 43.9

112 ) 20 . ¢ 3.0 8. 3 4 . 8 59. 0

140 24 . ( 2.7 7.0 4. 6 56. 9

560 11. ¢ 1.0 14. 1.6 58. 5

840 15. 1.5 11 . 2 2.1 68. 1

Sholv451 9-67 18.7 1.6 9. 2.3 70.4

Anagl 140 2.0 1.5 78 2.1 68. 1

(7. 560 15. -0. 39 14 . 7 1.6 <0

Tal 840 > 0 14 . 9 -0. 93 11. S 1.0 <0

112 ) 18. -1.45 9. 3 0.53 <0

140 2. 2.1 8.0 0. 12 <0
These offset cones result in the small est
this effort; the short cones yield an increas:
Despite the smal/l i ncr easreasnsifnerarceoae f ftiheei eanvte ri
1. 7% for the s3h%rftorcotnhees taanldl lcdbnes uwmedey t he
smaslulr f ace temper atdduiBé/d@Botctt wbhehofslndt attr

surface aregetUrloinkks ,t h hi s adadietgii @mmalt harne & Xipsg
efficient heat transfer, i ndicating that thes:
fl ow mechanics observed for thesel sgg ucit@gmiefsi.
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under the angled wall , wiThk isrhprrdv emeretss weefr el
at i mpr ovi ng wietrhf oowvrearnclreal f t heir ther mal ben
increased area, thd twallll ocerds rumede rf atrh evoa rsgel.
transfer coefficient decreased when compared t
temperature stildl decreased, but at the highe

sbrt cones provided some benefit under the an

and the additional area was wasted in that | oc¢
wal | regardless afndi kbat owge imipaiogkeimenttd achie
networwhheyn additi onal height i s added.

Finally, the two cone structures examined

compatrFe d 4+ %

30
= 28
£ Legend
g o) 26 Symbol
E = .
= _g 24 X — Flat confining wall
;.2 E 22 + — Angled confining wall
]
2 = Color
& = 20 i
5.2 — Unmodified surface
ZIRS
= 18 — Shotrt jet cones
Qh ©
% 8 16 — Tall jet cones
j:E 14 — Short offset cones
12 @ — Tall offset cones

10
5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000
Jet Reynolds number

Fig&2® Surface heat transfer coefficient versus et Reynol ds
cones
Under the f1l at wal |, the tall j et cones

i mprovements, whidebohk bBbBoghtpedbfcbhesoahset
i mprovement swadHsaewevead , t he j et cones showed hi
effects and misalignment. As such, the benefi"
more reliable than those generatetdoby ODhéspet

are the only structures observed to provide i
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the tall cones performed war saebod/ee tthe twhad | e X
effectively increasing heat dissipation. From
|l i kely to provide benefits to a variety of sy
i mprovement alundaeargl|l st wiwhout any negative ef

These offset cones have been shown to be €
wal | . While their total t her mal I mprovement s

modi fiedssurfhea benefits achieved by the offse

fl ow mechanics. Wa | | j et i nteractions with t
Shielding of the wal/l j et regi omccreaatsd tihye
transfer coefficient i mmediately downstream o
fountain devel opment i ncreases heat di ssipati

previously experiencedt alolorc opreersf oweamaen ceex ¢ eMhg il
c

onfining wall, the short cones were al so effe

n a variety of systems.

4. 6 Streamwi se Ribs and Offset Cones

Based on the resulte mopdmfitbetiodi vesdunanhgs
t hat a combination of the streamwise ribs and

anal ysis. While ndhtedlhleeda malonesnefriotvs dieyd i ncrea

the staginan, obhhaeier alignment under the jets
unequally deflect fluid radially in slight cr
cressesstional area for outfl ow, r e seua steidn gp riens snue
| osses. However, the streamwise ribs provided
wall jet interactions with the rib face with

cones shielded dowmstedamewahbHajgt §oantdapnes,

downstream and tr arCower snalty ofnrsom fe a dhle sceo men.d i f
with the same base and height di mensions exam
with thendghohe tiab$ aones werne senxaa ncihneedd mwoidti hf i

height cases were not examined.
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PI'V analysis was not completed using this

streamwi se ribs would bl dok vih®ualeinz atailons erte a

visualization of the nearest set of jets to b
gat hered data. It was also anticipated that a
on theedhHamnm crs i n the jet plane, regardl ess.

flow mechanics in the jet plane, and this wa:¢
streamwise ribs, the results i,n atshef [foow netfafienc ty
above the ribs would be far | ess i mpactful on

combination case was only completed using the

| t was observed that fl ow belavinadrese durf deairn

change negligibly. FI ow mechanics in the jet
case, whil e mechanics in the fountain plane
however, was not thendearset feorandleed oanbi thiant 8 rom
4-3 0

— Flow direction—

172]
<5 : [}
=
Bt ' ' ' 5,
VRN B fa"
S I [
. . DI e e — B
Slanted Early wall jet separation
central jet from the surface
2 0
.: g
' ' q ' o O
A
[ 7Y
(S ; 5' < O
. 23
S L ee—"8 N <

0 0.5 1 1.5 2 2:5
Velocity magnitude (m/s)

Figd&3® Comparinsmer iodaltlhpetapbcahat Eedow behaviors

for the tall
the tall of fset cones and tall/l streamwi se ribs

under an

Comparing the combi ct@amniesen ondye rtevetnhese oD
slanting of the central jet and early separat

jet. These behaviors can be expected to have I
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case, bsuotn tfhoer rtehaei r appearance could not be

observed to affect the jet plane in any meanir
cones under an aWhillea fclooWwi me magviwmdd | wer pl aheé
fountain plane t rneenadnsi migimduémot vary in any

Pressure | osses changed I|ittle when the ¢
pressure | osses3.we¥,e liinlkceleyascdue btyoBetdectciombi n
the flow area in two | ocations. Under the ang
than 1.3% resulted in each case.

The surface heat transfer coefficikingurceont
4-3 1

— Flow direction—

ohn
5873
~ = =
o
(5}
K Greatly improved
Increased heat transfer pir:uorftaxsl &Z?;;;o
coefficients on the rib J 2
faces
W1§iened ] Performance reduced by
stagnation region

wall jet separation

0 5 10 15 20 25 30 35 40 45
Surface heat transfer coefficient (kW/m?K)

Fi g43ESurface heat transfem theffifreereimd & laddho o édfnsde tt acloln e
streamwindeerriabsfl at (top) and angled (bottom) confining
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As seen prior, ther mal i mprovement samd e ac!l
downstream of the cones under the fl at wal |
region has widened and performance downstream
seefRi g&#3 ® Once again, the reason for these di s
As such, it is concluded that this combinatio
but createsfdrgnesdiuntdeelrl ¢ he angl ed wal l Aver
surface when these combi nfaabdtéens are applied a

Tabdt7eAver age t her mal perfoomhhnnedpaféametecesnteranbestrea

Perce Percen
Percel Avera Percen reduc’ t her me
change I .

. changée SurfasurfaceAver‘ in tlimprove

Wa | Ri b R the su heat sur f sur f a not
. e transf . .

ang hei ¢ area f trans coeffi temp tempis attrib
] the ba cddic fromtrise from to inc
case | (kWKMm b Lin basel surfaci

ase case

560 123. 6.9 12 . C 15. 7 36. 9
Sh0\840 11 17 . 1 6.0 9.0 15. ( 34.0
1121 21. 0 6. 2 7. 4 15. ¢ 34.5

Fla} 140 2 8. 6.0 6. 3 15. ( 33. 7
(0A 560 17. 5.1 10. 28. ¢ 12. 8
Tal 840 33 1®. 4 . 3 7.7 27 . ¢ 11. 1
1121 2 3B. 4 . 9 6. 2 28. ¢ 12. 3

140 2 6. 5.3 5.3 28. ¢ 13. 2

560 1D0. 3.2 13. 12. ¢ 22 .1
Sh0\840 11 1%. 3.7 9.9 13.1 24 . 3
1121 19 . 2 4.1 8.1 13. ¢ 26 . 2

Angl 140 21 . 1 2. 6 7. 4 7.5 <0
(7. 560 1DP. 2.7 11. 22 . <0
Tal 840 33 15. 0 -0. 36 8.6 24 . ¢ <0
1121 1. 1. 2 6.9 25 . ¢ 3.4

140 22 . 0 1.6 5.9 25. ¢ 4.5

Combining the offset cones and streamwi se
and 33 %, depending on the modification hei ght
transfer coeffi-&.i®%,t whiclre atstees rdawteurdaedder issuer fraecd
128. 5 %. These represent the best ther mal I mpr
surface temperature reductions afforded by th
the offset cones amhewalalp.p $\Wheidli duincdamt aamdunt «
i mproveamentsbutable to increased surface area
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from the streamwise ribs cases. Performance ur
reesting in decreased heat transfer coefficienrn
undesired effects observed in the flow mechart
transvemayepeirb®rm better thahi ¢dheise odiMmisien atio
streamwi se ribs.

4. 7Summary

Crossflow effects under the flat confining
an angled confining wall, buModihfeir anatl i doresn ewe 1
successful undwal kt hel if kealty ddeuwdési teaf ritgghcetm ohna vtihneg f
when applied under t hiemparnogi eedd pnearl fl o r nfahnec ¢ eun dc
j et sg,esduqqg promising applications in hotspot
i mproved performance through interaction of
reducing surface temperature risenssThewtrdhs
under the flat wall, while the offset cones wi
downstrAddci | ebeal results not previously disp
fl ow fields and ssuhrofratc emocdoinftiocuartsi ofnsr atnhde a s u

numeri cal calcul ati ons.
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ChaptCorncH:usi ons

Devel opments in active automotive systems,

to create a rise in power draw fbhbetembgeamneouw

i nte
gene
requ
auto
i mpi

pres

gration and stacked electronics | imit t h
ration continues to increase. As a result
ired to handl e anntgiecmepnatt ecdo ohleiantg Iliosa dpsar tJid
motive applications due t-antriefardeje zaep pflli cva t
ngement is applicable with mini mal added
sure tbseseamewi bhder of magnitude already

Ther mal performance of jet | mplioga&lmanwt ocso

rea

f

c
—

c
as |
S
f

—
c

t

—+

er

r

— >
> S o T O
Q

i s

t e

ted by the flow. A column of fluid is dire
t approaches the surface, forming the stai
ace mitigates tche attheargmal zowen ddr yhilgay gr ,e
d is deflected peripherally, referred to
he surface. Heat dissipation in thilkewal/
ma | boundary | ayer. I n arrays of impingin
the surface and defl ecting heated, spent
mi xXi ng behavior atisahtfsrom t mics eiastealr etait

rvaxsd  s@ewsitoni ficantly | ess area than the

bet ween | estusr frarceemotteemperSatmaudar ugijf ohmistey.f ount

creating a asienc ownhdiacrhy cfaonumati d i n achieving i mpr
Finally, spent fluid from each jet must be r e
systems, this spent fluid must pass efyl gcettisom
and oblique i mpingement of downstream jets, r_
managed to achieve best performance in arrays

This effort investigated the use of mesosc

pr omoting desiteditigatbehbacrossf|l ow effects,

heat
wal |

for

di ssi pati on. Each modification was exami |
angled at 7.5A from wheli mpsngementedutd
spent fluid to move towards the exit with
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crossfl ow edyf Bcese. arAayhoéei mpinging deioni zec

Four modi fginsatwieaore dcaosssetsrtuicgtautreedss under each no

pl aced between the nozzles oriented parallel
structures placed between the nozzl gseti ncotnhees ,
streamwise ribs, transverse ribs, and offset
ribs and offset cones, were also combined.
Each geometry was analyzed experimentally
vi sual idzantunoenr iacmal | y wusing the Hruemgi.t iPolnV SaThTa
all owed experimental flow fields to be genere
through the central row of jets i muntthaeg nfijpdta npe
The numeri cal mod el was used to generate f1l ov
analyze ther mal perf ormance across the surfac
Whil e the angled wall was observed to eff
crossfloweadtexngl ed wall case performed wor se
t hermal perspective. This may be the result of
by hrage ay, where crossflow ef feeattrsi et afbaslelr s/ a

l'ine with past f{BbO)NMlys @ glied tdaenfgirnoiunpg wal |
surface heat transfer coefficient fobsuafacezl
diasntce of one jet diameter, ameoeadi mp dotwlewle wh i

increasing the jet spacing to six jet diamete

whil e incredsiung atclee dnsZzzalnecer amassed cedlutiedi @&
wal | angled was applied. Whil e the asnngallelderwa l
nozzsearface distance, this would have severel:"
modi fications mumwh trheer d askest rstheeteitvye as such, e
t hi s Falfrftchretr. modief i edesurfaces provided | ess be
is |Ilikely due to them not i mpacting &l bw Daeh:
to the additional space between the surface ali

t o sur f ace modi fications on t he scalscalfetho

structures or surface rfoeuwcghevrei mmg wamplrd vliinkge Ity
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The jet cones were successful in increasing
in mixed results in otherveaeagivemy. simlft htehiesxap
comeist h theegdetiseven defl ection of fluid by th
Crossflow effects in the numerical model <caus
However, these cones were successfsu,l iinmp rporvoimo
performance in certain regions away from the
was increased by up to 5% and the average sur
Under the f1l at wal | | memeéntofwadhi sotpeatf or mawnt
surface area, but rather that the additional

ransfer was most efficient. Under the angl ed

f—"jf—F
> o

at tr acnisefnetr acnode fnioist of the surface temperat
e surface area. This was | ikely the result

—

ow behaviors when applied underthbseaoghed

applied in hotspot applications, where jet in

The streamwise ribs successfully increased
complished throudh eaxc tcsaomblihreatwiadn dgfett woegda on
e i mpingement surface, would i mpact the rib

very efficient heat transfer from the rib

-

sdulitre significantly i mproved heat dissipati
rformance. They were particularly effective
hi e
rfa
din
hi e

r omi

o o ®© S T O

ing reductions of up tong@6ba %eunhneoad i cf o nep
e case. However, mo st of the benefits |

ed under wioth wadlli ginlgl edclanmges to pres

T 99 99 O 9 O
O o <

Y
c
g additional surface area for heat trans
Y
S

i-nigné ojret narrays.

The transverse ribs benefited from the sam
efficient heat transfer frmotm y hreedudadetsba Hown
area of the i nnphienng eanpepnlti ecdh aunnndeelr Tah ifsl arte scud nt feid
prob.l efnsr st, fl ow separation from the cones in

crossflow effernes .| dexsondwermpag eisncreased by oV
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even flow through the nozzl es. Under the an
ditional space was availabl e betsvecectnirermael ra |
duction was |l ess impactful, and the ribs we
e surface. As such, it iI's concluded that t

thod of spent fluid management is applied.

As t her ¢ arnislyss were only selectively succes
t ween the jets in the streamwise direction,
shielding the wall jet regi olnlsowifngdomorse rfel.
ve upstream. This resulted in greatly incre
ch cone. Further mor e, secondary fountain i
oviding i mprovementas etrragires wsairr § ealcye. tlesmpae rrad su
to 4.8% were achieved, despite only increa
s primarily attri bBiummrbd \we mentts eerfdmlwe dnelxyh atnl
mpl y itnhcer esawsrifnagc e ar ea.beWhielre utnldey @ diref of rl naet
ovided some i mprovements under the potgértdi avl

nefit to jet arrays.

Finally, the streamwerse @ dmi mendd tod destelterc
del , as they were the mosltheprodnrissitng onmrede rp
yi suall yfbbwer mpbbeements while the streamw

nellndesr. t he fl at wal | , this combination res

effort, with the average surface heat transfe

s u
s u
an
mo
an
ch

s u

rface temperature ri se r edhuec ecdo rbrye suppo ntdoi m2g8 . LE
rface cases. However, an unexpected change
gled wall, whi c.h Trhei dsu cseudp ppoerrtfso rtnhaen cceonc | usi
re impactful on ttheer e lias Iwead d spmasce Ba thnwese n
d the confining walnmoriehphaecstef anboudlitfiincgatii o n®o i

anges in the flow behaviors and more signitf

As automotive computational reqguirements i
ectronics wil/l i ncrease significantly. Appl

bstrate has the potenti al todemwabése wntheams
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added compdrmemed. unmesuch an array, the strearm
in this effort have the potential to provide :

pressure | osses.

51 SuggesorofRsture Work

This exddamtrhmed application of four surface n
wal | angl es. The greatest weakness of this e

t her malAtr etshud tisncept i oni notfe ntdhreids teof fuosret ,a ni te xwe

created and wused in prior stages of this gro
Appendi x F, this was not possible. As such, i
rigorously emamiaedtrnatspehere ther mal perfo

While the flat confining wall enabl ed disc
created in this effort was relatively small
transvse,y swerrd breadily seen to perform poorly

streamwise rib and offset cone designs <coul d
to examine their perforTrainsc ei § np dr&mdoeufl ogrrelttyh ap a
cones, as their primary benefit was shielding¢

effects.

Al the modifications examined in this eff
necessarily the besgt rfuwcetnurfeasct oTrh ef osrt rtehaemswi s e
performance i f a fillet was added to the base
Further mor e, the offset cones might be i mprov

whi cht milgihel d the downstream jets from crossf]|
to provide noteworthy benefits across the su

modi fications can be expected to provide furt

The jets tekxiasni emfefdoritn aBl 18 mbua d¢dieda matrerayasf
el ectronics ther mal management|[ s&k54 6198 8,4a)r e o f

Il n thegetmiaamr ay s, surface modifications can
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t her mal performance. As such, the streamwi se |
mi crojet arrays, as they may be more effectiwv

Finally, research has shown that surface m
and microfins, are effective at 1imp®eBN5Nn]g t het
Howevdédere is a |l ack of studies on a combinat.i
I mpi ngement . Further analysis of -sttchad e satrif lac
modi fication could yield an optismi z€desmesase
structures can be used to enable desired flo
streamwise ribs or shielding mirocorvamitoskd! feb y at h @ n
on the rest of the sprfaoe damtmmanhieoni zehdaéeat
surface that does not benefit from mesoscal e
could propose a challenge, such a surface wol
i mpinging jet array.
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AppendMexc hAa:ni c al Dr awi ngs

The following figures are mechanical dr awi
i mpi ngement chamber used in the PIV experi men
some features without di mensi onsddeldn atnhde sdee sg &
purely based on fitting the modul ar assembly
their di mensions are not wuniversal and may r e

machine used to manufacture t hem.
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