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Single-phase Jet cooling e

Why single-phase jet impingement?
* Very thin boundary layers
* Much higher htc than conventional forced convection

VPP PPPPPVVPYVOYE (~6X104 W'm-Z'K-l fOI’ Single'phase Watel')
AR AN » Can be enhanced by surface modification
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(a) Finned copper foams (10 PPI) with the height of 60, 45, 30, 15 mm, respectively
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(b) Finned copper foams (20 PPI) with the height of 60, 45, 30, 15 mm, respectively

Single-phase impingement jet cooling
Adapted from Pappaterra, Imec
- Air, Natural Convection
I

Air, Forced Convection
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Air, Jet Impingement |:>
- Fluorinerts Natural Convection
- Water Natural Convection
_ Fluorinerts, Forced Convection
T Water, Forced Convection

Fluorinerts, Jet Impingement - (single phase)
e) VISION

Water, Jet Impingement . (single phas:
Fluorinerts, Jet Impingement Boiling
Water, Jet Impingement Boiling
Fluorinerts, flow Boiling -
Water, flow Boiling -
Fluorinerts, spray cooling -
Water, spray cooling -
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eat Transfer Coefficient m -
. S . Ndao et al., IJHMT, 2012 " '
A. Sridhar, PhD thesis, Curtin Univ. 1IEEE
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Copper Inverse Opals (CIOs)

Inverse opal structure:

* High surface area-to-volume ratio
= Strong convective heat transfer
 High fluid permeability

= Low pressure drop

SEM image of C1O

Unit Cell Schematic Copper:

structures : ; ..
Zhang et al., Adv. Funct, (Face-Centered Cubic)  « Hijgh thermal conductivity
Mater., 2018 = Good heat spreader
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Single-phase Jet Cooler withClOs ________

» 3D packages with single-phase jet cooler
Conventional single-phase jet cooler:

« Jet directly impinges on the die surface

Single-phase jet cooler with CIOs:
« ACIO layer fabricated on the die

» Jet impinges and flows into CIO structure.

Numerical investigation:
O Liquid water as working fluid.

U Flow and heat transfer in the
simulation domain are simulated.
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Simulation Domain

‘ Jet cooler t
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Die 1
— - -
Die 2
—
Die 3

Schematic of jet cooler design
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Simulation System

@ Inlet @ Outlet

~— Adiabatic

Me. shm,(,

Heat flux

Nozzle Array System Setup & Boundary Conditions Mesh

» Unit cell of jet cooler is investigated to reduce computational resource.
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Characterization of CIOs in CFD

d, =9.00 um
I d,=3.60 um
‘ a=11.67 um

Geometric Parameters of CI1Os

70x70%28 pm? CIO layer
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Benchmark
» Thermofluidic characteristics of jet coolers with and without C10s are benchmarked.
T,=300 K M Inlet Outle ‘ Inlet 0ut|ert
A A I y'y I

I (Nozzle-to-CIlO distance)
v H H (Cavity height)

CIOs

PP P O

Heat flux, =200 W/cm? Heat flux, g=200 W/cm?
(a) With CIOs (b) Without CIOs
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Jet Cooling on CIOs vs. Flat surfaces

Average temperature (Nusselt Number)

Q Temperaturecontourofchip‘int‘erface QO Nu; at 1/L=0.1765 and different inlet velocities Re, _ Plyiy
With | outlet Rr———————————————— ;
T. =300 K thout C1Os . 2
—m— Flat Surfaces - qd.
Temperature/K 10 - —a— With CIOs ] Nus = u
360 (TS —T )k
8t i
Ke Fluid thermal conductivity

_uf

Fluid density
. Viscosity

p
I
Uin Inlet velocity
outiet -/./././'/. di,  Inlet diameter
I | q Heat flux on chip
T
T

s Mean temperature of chip

0 N 1 N 1 N 1 N 1 . L N L . | -
in Inlet fluid temperature

0 20 40 60 80 100 120 140 I 160
Re,;
» Average surface frémperature iIs largely decreased by using CIOs.
» Nusselt number is significantly larger in systems with CIOs.
<> Strong convective heat transfer in CIOs
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Jet Cooling on CIOs vs. Flat surfaces "

Temperature/K
Temperature uniformity 360
Diagonal temperature distribution 250
370 Inlet . . ' . . Outlet
I |:5 "m ) ] 340
360 | - -u,=3m/s /A
R Vs 330
- Uu,=5m/s /2T
350 | - - u,=7m/s . L7 /’/ - 20
> L7 7 1
‘\(b'() . ’ 7 d
\/ 340 %&/ L7 7 310
\(I) L \'53' . ’ . -’ . 4
= 330F <<, ’ PR E 300
220 ' A ' O Temperature uniformity is evaluated at different inlet
P With CIOs | velocities
310 F I 1 > Jet coolers with CIOs show a much more uniform
a0 B2 === ] surface temperature.
0 20 40 60 80 100

+ Good heat spreading in CIO structure
Diagonal Distance from Inlet/um
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Jet Cooling on CIOs vs. Flat surfaces

Temperature at different nozzle-to-CIO distances(l)

370 Inlet. , . : i : . : O.utlet Temperatm;eﬁ/g(
U;,=5 m/s 350
360 1 —— llm s~ 340
—_—_1=5 nm /// -
350 “— - 1=9um ///’/’ 330
’, // 4 320
X 0p &fo&i”:’, ]
7] \ v -
I_ 330 \'%’/’/, - | 300
T Q\'b' ,
ave \»,,’
320 ,//’// .
2. With CIOs
310 o N4
e —
ool -~ . L
0 20 40 60 80 100

Diagonal Distance from Inlet/pm

1

/ |

O Effects of nozzle-to-CIlO distance (l) are studied:

] » Impact of I is almost negligible for flat surfaces.

» T, in system with CIOs decreases with increasing I.
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Jet Cooling on CIOs vs. Flat surfaces "

Pressure drop O Pressure drop at different inlet velocities
O Flow fields in systems with and without CI1Os 30 : . : . . . :
CTTTTRETITALT UL Jetwith CIOs , _T-O”“e‘ erkig ' —A— With CIOs
! * o5 | —o— Flat surfaces||
: Inlet 6.551
4.367 20 k = pln pout
2.184 [
X 15} Epuin i
0.000
[ms?-1]
"y tlet 10F ’
Jet without CIOs 34_ Velocly
i 5| |
4.13 0 1 1 1
0 40 80 120 160
| Redin
et » CIOs increase the system pressure drop.

» Part of inlet flow is redistributed among CIOs

. s 23 PURDUE &S e < 1EEE




Impact of nozzle-to-CIO distance (I)

O k at dlfferent I (Red,n-99 50) Q Nuf at dlfferent I (Red,n—99 50)
30 T 12
—A— Wlth ClOS 1 —l—FIat Surface
5| —e—Flat surfaces| | 10 b —o—With CIOs 1 l t
20} | 8} - I I
X 151 1/L=0.05 e} 6 I
] < H
10 | 4F
| -— it — ——u
| [ INU=9-6, /[T, T,0) k]
8.00 I 0.I02 I 0.I04 : 0.I06 I 0.08 I 0.10 I 0.12 8-00 O-IOZ 0-I04 0-66 0-I08 0-I10 0.12
"L I/L -
» Effects of CIOs on pressure drop reduced by increasing 1. | Why effects of CIOs on thermofluidic
> 1/L<0.05: k is obviously enlarged due to C10O structure. characteristics are suppressed at large 1?

> 1/L>0.05: k is almost the same for systems with flat surfaces and CIOs.
» Heat transfer coefficient is also close to that without CIOs at large 1.
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Definition of Bypass Ratio

u | h | Qins R
— Uy,  |[Flow in channel €in £,
H —— 0y R,
Flow in CIOs
QCIO?RCIO

Bypass ratio:

Flow resistance network

>

>

100

REPP 2022

Flow distribution due to resistance.

0., R, » Channel resistance affected by I.

Variation of flow rate leads to different
thermofluidic characteristics.

Bypass ratio at different |

Reference Plane A S wof ]
iﬂ Flow rate in channel: &
ad s 60 10 3
: Total flow rate 2 0
. ©
I u-dA g © < ‘
: of % 04l A A A 4 A 4 a
. Qo
LB = Aret 2 02 ]
. b 0.0
H u 0 40 80 120
T '.A.‘.f.‘...'t' ............... 0 . . . e,
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Effects of Bypass Ratio

O Comparison between thermoflmdlc characteristics of jet coolers with and without CIOs
beo— —

J. u- d'AYef 1 4r N
At I 1
T ﬂb - Ainuin | . q

4
§

8.00 . 0.I02 . 0.2)4 . 0.2)6 . 0.1)8 . 0.I10 . 0.12 8.00 . 0.I02 . 0.2)4 . 0.;)6 . 0.68 . 0.I10 . 0.12
I/L~Bypass ratio (4,) I/L~Bypass ratio (4,)
» As bypass ratio increases, flow rate in CIOs is decreased, reducing the effects of CIOs.
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Flow Model ) W
‘ \ A

 Parallel flow regime

 Inlet regime

) - >

* Qutlet regime

. Inlet = Parallel flow Outlet
w = 0.88 (Best fitting) Pressure Drop
Bypass Ratio 9P| =[P u,A +Uu.A =Q, T, |l % (dp
dn )., \dn bypass’ b c in Ap=§kpuin+2 j an dn
R cio
Flow bet llel plates: dp)  __3u . -
ow between parallel plates: an b “ (27 U, Ap near inlet and outlet  Ap,,, from parallel flow
ypass
d. ~0.73% 026 t | 015
Dietrich et al. 2009 (d_pj ~1104 u +1.45 2y k=[21.2f+14.5)Redin 8 (2.26I+o.89j{o.37(tj +0.55 |+0.8
dn Jeio wd, wed, q |
ub'Ab [0.05 <M <0.6;0.5<— <20;32 < Rey, 31024;i >0.1
) U &U, mm) f = L 0 L
u, A, +Uu A Wei et al., Int. J. Heat Mass Transf., 2022, 182, 12865

f\\IEEE
. »  d52 PURDUE €75 Baciiane < 1EEE



REPP 2022
Heat Transfer Model

Z h A Goundary Conditions \
X f * Z=lcio
a

Control Volume (1) z=0, g =40,

) \ CIO teio _ |mm— Oin = —Kee (—Ar +Br)

(0N PN R S A Tout

P 4444044417 @ 2-tsq-0,

ContTroI Volume az+02), T (z+d2) _ g, =—k,q (_Are—rtc.o 1 Bre'teo )
in [mmm e e e e e e e e e e e e e —————— , out
ﬁ.. gz ____________________________________
* q(2), Ty(2) (3)z= teio HS = Htop
» Solution for temperature distribution —rt rt
0,,, =—Ae " + Be"e

me Ll_ exp(— hC'{? Acio J] (4) Convectionat z =t
1 e )\ o Y
Ker 'A\ctuol T~

Heat transfer coeff. in CIOs Heat transfer coeff. on the top surface of C1Os
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R

Pressure drop k-factor vs. I/L

Pressure drop k-factor vs. Reg,

1000 — — 1 30 : .
[ A —— Theoretical model 25 R ng%’rem?tl model 1
A CFD results resutts
100 E
: 20 F i
X 10F - X 15f -
I 10 F -
1f 3
- Fixed: u;,=5 m/s ST Fixed: 1=5 pm )
" Variable: 1 pm<1<15 pm [ Variable: 1 m/s<u,,<7 m/s
0.1 " 1 " 1 " 1 " 1 " 1 0 " 1 " 1 " 1
000 002 004 006 008 010 012 0 40 80 120 160
I/L Regin

» Flow characteristics at different inlet velocities and nozzle-to-CIlO distances are well modeled.
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Results

Nusselt Number vs. I/L NUSSG"[ Number vs. Regin

12 ’ 1 ’ 1 v 1 v 1 v Ll v 12 1 Ll

ol A CFD results i 0k A CFD results A

8| . 8| -
= 115 L i
= = °

4t . 4tk -

21 Fixed: u;,=5 m/s T 2r Fixed: 1=5 pm 7

[ Variable: 1 pm<I1<15 pm ' ' Variable: 1 m/s<u;,<7 m/s |
O L 1 L 1 L 1 L 1 L 1 L 0 N L N 1 N L "
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0 40 80 120 160
I/L Regin

» Well capture Heat transfer characteristics at different inlet velocities and nozzle-to-Cl0O distances.
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Conclusions

We perform CFD simulations to explore the possibility of integrating
CIOs in single-phase impingement jet cooling solutions.

» Utilization of CIOs in single-phase jet coolers enables a lower and more
uniform temperature on the chip interface.

» However, large flow resistance in CIOs will increase the total pressure
drop of jet cooler.

> Increasing the nozzle-to-ClO distance results in a stronger bypass flow
and thus decreases the pressure drop and Nusselt number.

> A reduced-order model is proposed to describe the flow and heat transfer
characteristics of jet coolers with CIOs, showing a good accuracy.
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Thank you!
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