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TIM (thermal interface material) limits = Direct jet-impingement

Low Thermal conductivity (material)
Contact thermal resistance at interfaces

Thermal barrier ,
convection:

conduction:

Heat Flux

Object

Interface

resistance
Thermal contact }Thermal conductivity

resistance
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Object
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where

k is the matarials conductivity [W.m K]
Lis the plane thickness [m]

A is the plane area [m’]

N—

_- Air, Natural Convection

_ Air, Forced Convection VISION
Air, Jet Impingement =>
" Fluorinerts Natural Convection

- Water Natural Convection

Fluorinerts, Forced Convection
- Water, Forced Convection
Fluorinerts, Jet Impingement - (single phase)
Water, Jet Impingement - (single phase)
Fluorinerts, Jet Impingement Boiling
Water, Jet Impingement Boiling -
Fluorinerts, flow Boiling -
Water, flow Boiling -

Fluorinerts, spray cooling -
Waler, spray cooling -

100 1,000 10,000
Heat Transfer Coefficient, W/mz—l{

VISION
 m—

100,000 1,000,000

Jet-impingement higher htc than
traditional forced convection

(boundary layers are much thinner, and often the
spent flow after the impingement serves to turbulate
the surrounding fluid)

“umec




Direct Liquid Jet-Impingement Cooling Solution for AD HPVC

Glycol-
water
coolant
mixture

P=300W
(20x20 die)
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Liquid cooling

Direct Jet-Impingement (no TIM)
Lidless

Enhanced heat path

Hot Condition:

*  Tamb= 85degC

e Tfluid_inlet= 65degC
e VFR=5 |/min

Cold Condition:
Tamb= -40degC
Tfluid_inlet= -30degC
VFR= | & 0.8 |/min

Tmax < 105degC
(Ambitious target 90degC)

Pdrop< 250 mbar




Direct Liquid Jet-Impingement Cooling Solution for AD HPVC

Magnitude of Velocity [m/s]

"

0.00 0.73 1.45
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Glycol- )

water Post-processing
coolant CFD animations
mixture

E——

P=300W
(20x20 die)
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Concept study: why a vertical layout (inlet/outlet)?

Lateral
Inlet

Horizontal Cross Section

"

Introduced middle fin
(optional)
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Two minor
“Tumble”
Vortices

e o o o

Main “Tumble” Vortex

¥ Magnitude of Velocity [m/s]
L] ] -

Single die (20x20mm)-> Small on-plane surface

Difficult distribution fluid among nozzles (vortices) > Hot-Spots in the middle
Pressure drop (90deg deviation) > 250mbar

Volume/External encumbrance (with pipes/connectors) - Other elements on-plane



Final cooler design

Sealing

Extended cooler structure

Outflow Inflow  Inflow Outflow
nozzles chamber nozzles

lhi.l.l.

a-s?-;

-

Grid array (fins) structure
Impingement chamber

Main Features:
*  Dimensions 35¥35%26.5mm
*  N.34 inflow nozzles (“x” diameter)
. N.47 outflow nozzles

. N.36 with “x” diameter

*  N.I'l with “y” diameter (bigger)
*  5mm Inlet/Outlet ports inner diameter
e Grid array (fins) structure
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Overall CFD setting

Turbulence model: K-w SST (ref. paper)

Turbulence BC: preliminary analytical calculations

e Intensity
e Length scale

Liquid: Glycol-water (58%) = Temp. dependent properties

Power: 300W (bottom die)

VFR, Tfluid & Tamb: Based on “Hot Condition” (previous slide)

Conditionn.|:
*  Sealing region (void) &
ext walls adiabatic

Condition n.2:
¢ Heat transfer with Ext Environment
* | W/m-k set @ sealing region/void

“umec

Solid Material Properties Assigned
Coolant
Die (Si)
L1FC
Interposer

LZ2BGA
Motherboard
Elastomer
Casing

Turbulence model Computational Impingement jet Ability to predict
cost (time transfer coefficient secondary peak
required) prediction

k€ b 4.8 8 4 * *

Low cost Poor: Nu error of Poor
15-60%

kw Jdkk ok *h

Low-moderate Poor—fair: anticipate  Fair: may have
Nu errors of at least incorrect location or
10-30% magnitude

Realizable k-= Jedkok ok Jok

and other k-2 Low Poor—fair: expect Nu  Poor-fair: may have

variations errors of at least incorrect location or

15-30% magnitude
Algebraic stress drdokk ok *
model Low Poor-fair: anticipate  Poor
Nu errors of at least
10-30%
Reynolds stress *k * *h
model (full SMC)  Moderate-high Poor: anticipate Nu Fair: may have
errors of 25-100% incorrect location or
magnitude

Shear stress *hk *kk * %

transport (SST), Low-moderate Good: typical Nu Fair

hybrid method errors of 20-40%

v'f *hk Fokkok * ok k
Micdosad Faeellont: anti Excellent

Nu errors of 2-30%
DNS/LES * okok ok ko
time-variant Extremely high Good-Excellent Good-Excellent
models (DNS available
for low Re only)
D o] 1el ct
*ddd model cf

Y+ in line with K-w SST model



Final cooler design results

The normalized thermal resistance is equal to:
R* =0.076 K*cm? /W (condition n.I)

* = *em?2 iti
Top die (condition n.2) R* =0.088 K*cm? /W (condition n.2)

Max Temperature Die
\
‘ 100.00 92:40, o
C, 90.00 ]
9 80.00 7256
] 70.00 63.98 63.65
H gb 60.00 5744 BCondition 2
H & som
9] =
| = 40.00 WCondition 1
'Cl 30.00
20.00
sl M 10.00
Temperature [C] 0.00
7480 BT 888 ® ! 08
Volume Flow rate [I/min]
— HOT COLD
Y, - = - A \‘I
| Pressure drop
Y ’ ’ Condition (BC)| Surface Die Temperature considered HTC calculated 250.00
Tavg* Die 3.76E+04 212.13 214.48
N N )y Top surface (20x20) |Tavg* @TopSurfDie 5.25E+04 200.00 ]
. | Tmax** Die 3.16E+04
n. =
¢ Tavg* Die 1.79E+04 £ 15000 7S O Condition 2
’ \ All Tavg* @TopSurfDie 2.50E+04 = 104.47 0755
. Tmax** Die 1.50E+04 £ 10000 7786 B Condition 1
| Tavg* Die 3.45E+04 =
\ = JT ure [C] Top surface (20x20) |Tavg* @TopSurfDie 3.72E+04 <4 50.00
74.60 81. 711 88.8 Tmax** Die 2.74E+04
n2
R . Tavg* Die 1.64E+04 0.00
Top & bottom die (condition n.l) Al Tavg* @TopSurfDie | 77E+04 5 1 08
Tmax** Die | 30E+04 HOT Volume Flow rate [I/min] COLD
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Areas of improvements investigated with CFD

3 Gap
~ Investigation

Shell sealing &= > vestigation

External solid sealing
structure (epoxy)

“umec

2 vortexes (inflow chamber)

H.ét Spots

:-?I:T:Emm J L
o B8 o)

velocities and -
pressure drop

investigation

Die Temperature investigation

(max & range)

Investigation of nozzles locations (layout), nozzles
diameters and numbers




Areas of improvements investigated with CFD:zoom in “Nozzles”

Different nozzles configurations simulated showed
(contrasting needs and behaviors):

. Need to guide fluid on the external sides

—— 1y . Need to compensate higher vertical momentum in the
center vs external areas
. Need to have locally energetic fluid (high momentum, thus
high velocity and small diameters)
. Need to not trap locally the fluid (outflow vs inflow ratio)

. Need to have limited vena contracta at nozzles entrance
(relative orientation)
. Need to limit pressure drop ( better less nozzles with

bigger diameters) l

Local ratio between outlet and inlet nozzles cross section
area is a key factor

Application based:

Globally AR~I. 56

(outflow/inflow)

Turbulence Energy [m2/s2]
I \‘ ”‘\------

0. 00

30, 00

Originally higher heat extraction in the middle (momentum)

Enlarging nozzles on the external sides/corners guiding more fluid
peripherally generates secondary drawbacks

“umec



Table of content

1. Introduction (TIM, jet-impingement)

2. Conceptdesign (CFD)
3. Final design (CFD)
. Design overview
Simulation setting
Final results
Areas of improvements investigated

Case Study |: based on 20x20mm die

4. Prototyped metal 3D printed cooler

, Case Study 2: based on 9.8x9.8mm die
5. Experiments vs CFD model

6. Conclusions: future trends

7. Appendix

“umec



Prototyped Metal 3d printed cooler

Amicon C990 one component epoxy
l l Ad-hoc
simulation

!

—>  Testing

e e

|
|

|

Water
*  T_amb:22% |°C
*  T_inlet:20 °C

|
|}
f
[
i
I
4

* Scaled basic version
(no optimal features)
* Supports generated VFR: 31/min & 2.55
* Housing Nanotest chip Impingement I/min (80% max)
Die

Cooler Y
v
PCB z

Nanotest thermovehicle chip
(9-8%9.8 mm die)
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Prototyped Metal 3d printed cooler: performances

B

g t=-1]|

Filters  Flow meter

Tank Valve

Heat
Exchanger

Differential
Pressure

Nanotest chip
O

+ -
DC Power Supply

"

FHL (line fins)

Further details in appendix (1) (2)
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e 232W dissipated with prototyped cooler @2.551/min (sensor temperature
91.64°C)
¢ Surface Power density [W/cm2] of 241.62

* Normalized Thermal resistance [K*cm2/W] of 0.29
* Pressure drop of 128mbar

" - _&  Powervs Temperature
120 . s v * FHL
o FHE
100
» 4B cooling device [degC] @2.55 I/min
-
. 80 - - 4A cooling device [degC] @2.55 |/min
% e
[} - ® 4A cooling device [degC] @3 I/min
T, 60 -
-
=3 s Liji
g z7 Linear (FHL)
e = = =Linear (FHE)
20 «~=Linear (4B cooling device [degC] ¢——
@2.55 |/min)
Linear (4A cooling device [degC]
0 @2.55 |/min)
0 50 100 150 200 250 300== =Linear (4A cooling device [degC] @3
Power [W] |/min)

e 266W dissipated with prototyped cooler @3 I/min (sensor temperature 93.34°C)
» Surface Power density [W/cm?] of 276.97

* Normalized Thermal Resistance [K*cm%/W] of 0.26

e Pressure drop of 168mbar

300.00

250.00

200.00

150.00

100.00

Power dissipated [W] at 90degC

252.42 FHL
226.13
= FHE

m 4B cooling device
@2.55/min
4A cooling device

@2.551/min
55.40

2233 3007

® 4A cooling device @3l/min

Pressure drop [mbar]

168
128
m 48 cooling device
106 @2.55/min
aA cooling device
@2.55/min
W 4A cooling device @3Ifmin



CFD simulations results vs testing

PRESSURE DROP [MBAR] TEMPERATURE [°C]
& o
o S ] 120.00 0 B Test
- h = g
0 —
120 = Test 100.00 P
100 ~N . )
i 20.00 - CFD simulation_1mm
d CFD simulation_1mm Q. diameter Nozzles
80 diameter Nozzles
60.00
60 W CFD simulation_0.88mm m CFD simulation_0.88mm
diameter Nozzles (CTS) 40.00 diameter Nozzles (CTS) +
2 underfill & integration
20 20.00 improved
0 0.00

Impingement
Die

Cooler

PCB

Figure 1 Detail: previously no gap between
CTS Nozzles Diameters top die surface and cooler surface

Figure 1: Section view middle plane & zoom
on detail (underfill + gap)
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Future trend: boiling/phase change

cooling

: Phase diagram
v H
5 1 .
n i '
n . )
u solid phase | . . .
£ ' compressible v supercritical fluid
! liquid .
1
critical pressure | - e n
E i = d
u I tiquid critical point
H phase
H
H
Py triple point ] gaseous phase
>4
vapour
critical
temperature
T T
Temperature
heating ste:
100G |- wvaporizing water eaing steam \/
= == | o 100 callgm 4 phase change boiling point
0 0. o 0 = : o 4186kikg :
eat Transfer Coetficient, h (W / cm2.K) 5| toheatwater
i 0C to 100C
5
= melting ice
oc |-
heating ice * "+ .
576 Fsator Energy added at constant rate —»
334 kdikg  fusion

e © °
o ©®
e o
L |
. .
g — s =
o b L)
Solid Liquid
o ¢ L
L e e
Gas
Temperature
Molecular Motions
Molecular Interactions

\ 4
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Sample CFD pictures




Future trend: embedded cooling (LChannels )

j————

"} Awcooing

B

§

[

1

b="| Size/weight - L
reduction Embedded Cooling

Cooling System Technology

“umec

Flowin
Embetided
p-channels

Embedded
Microchannel

Cold Plate Substrate

A e ——

=
w
2

't 1 Fluid Flow

{ Cold Plate Substrate
o ___Enue B 1t ] \L,J i~ o S S

Inlet Micro-conduit Sidewall (Manifold)

* Embedded cooling pChannels

Fabricated in Device

e Reduction of Volume/external

encumbrance and weight
* Really suitable in power electronics
applications

Enabler:
Manufacturing technology and cost

Reference pictures



Lihhec

embracing a better life
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Appendix: AD vehicle computer thermal requirements

High Power vehicle computer:
Today: Desktop

Challenges:
Power dissipation
* 2GPUs
Air cooling e Ist full power 100 % =300 W
*  2nd (redundant at 80%) = 240 W
0 RAM =50 W
e CPUs=1I0W
e VRM=20W
AMD Vega 10 GPU features two HBM2 dies, featuring up to 8 GB * PCBwiring losses (25 %) = 125 W Liquid system cooling
VRAM and a massive interposer. > TR .
P Total system power = 750..800 W min (dissipating 300WV) with
enhanced heat path
A . Low thermal budget ~
utomotive Liq_uid B;Q Approx. x9 times TDP commercial
U S e preten) entry level CPU (Core i3-

—_—> T = 65 °C (very good)

T = 55 °C (best possible) 10305T: 35W)

Reliability
LIqUId cooling . Harsh environment, heat, gradients
Sensitive hardware: large die

. _ U Fixations, warpage, th-mech stresses
GPU today: Nvidia GP100, Pgpy = 300 W *  Functional safety requirements (100%

Drive: 2 GPU in Nvidia PX Pegasus (shown) availability, always)
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Appendix: overall CFD setting

Turbulence model: K-w SST (ref. paper)

Turbulence BC: preliminary analytical calculations

e Intensity
e Length scale

Liquid: Glycol-water (58%) = Temp. dependent properties

Power: 300W (bottom die)

VFR, Tfluid & Tamb: Based on “Hot Condition” (previous slide)

Conditionn.|:
*  Sealing region (void) &
ext walls adiabatic

Condition n.2:
¢ Heat transfer with Ext Environment
* | W/m-k set @ sealing region/void

“umec

Solid Material Properties Assigned

Coolant
Die (Si)
L1FC
Interposer
L2BGA
Motherboard
Elastomer
Casing

Turbulence model Computational Impingement jet Ability to predict
cost (time transfer coefficient secondary peak
required) prediction

k€ b 4.8 8 4 * *

Low cost Poor: Nu error of Poor
15-60%

kw Jdkk ok *h

Low-moderate Poor—fair: anticipate  Fair: may have
Nu errors of at least incorrect location or
10-30% magnitude

Realizable k-= Jedkok ok Jok

and other k-2 Low Poor—fair: expect Nu  Poor-fair: may have

variations errors of at least incorrect location or

15-30% magnitude
Algebraic stress drdokk ok *
model Low Poor-fair: anticipate  Poor
Nu errors of at least
10-30%
Reynolds stress *k * *h
model (full SMC)  Moderate-high Poor: anticipate Nu Fair: may have
errors of 25-100% incorrect location or
magnitude

Shear stress *hk *kk * %

transport (SST), Low-moderate Good: typical Nu Fair

hybrid method errors of 20-40%

v'f *hk Fokkok * ok k
Micdosad Faeellont: anti Excellent

Nu errors of 2-30%
DNS/LES * okok ok ko
time-variant Extremely high Good-Excellent Good-Excellent
models (DNS available
for low Re only)
D o] 1el ct
*ddd model cf

Y+ in line with K-w SST model



Areas of improvements investigated with CFD: zoom in “Grid array”

* Enhanced heat transfer surface
* Tidy guided flow (less stagnation & recirculation)
* Better temperature distribution (hot spots reduction)

* Grid array (below some outflow nozzles) T

—_—

No Grid (oo e ming

oo sXoNs |

H O | Sloar
Y o @[

HE@ &
HOD 0@ f
repe SY-Je

0000000

L - i

[c1

/T
7% 1)

| | Temperature 1]
I B o

Figure 1: Temperature distribution on the top
(above) and bottom (below) surfaces of the
die without grid array

Figure 1: Temperature distributions on top
(above) and bottom (below) die surfaces
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Appendix: Final cooler design CFD sensitivity analysis

Mesh Setting:
*  2.19 M elements (400K Octrees)

* 16 Prism Layers—> 2.8% error
Pdrop
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Values

—&— Pdrop_Yerror

Values & % errors (Richardson)

250.00 6.00
550 214.48 21364
L R N
5.00
200.00
400
150.00
2 88.75 3.00
10000 — 88.53 - 8948
2.00
86.45 86.80
50.00 Lie .
0.81 01
0.00 0.03 0.00
131 2.19 208
Colls imillins]
----- Pdrop [mbar] =====T_avg_bottomDie [degC] — — T_maxDie [degC]

—X—T_avg_bottomDie_Y%error = T_maxDie_%error

% errors

Mesh size sensitivity analysis (Richardson)

Cells [milions]

Milion of cells vs. CFD Tmax

©
8 8

y=7.3972¢180
R?=0.9182

0.00 050 1.00 150
Percentual errar [/]

250.00
e ———=
200.00 e
Pdrop
150.00
8
El
3 100.00 P ———
50.00
0.00
apl apl 1601 Extrapolated
—&— Pdrop [mbar] 189.87 206.03 214.48 22371
—x=—T_avg_bottombie [degC] 92.95 88.44 86.46 84.90
T_avgDie [degC] 0128 86.84 84.03 3346
= = =T_maxDie [degC] 96.81 90,67 8875 87.88
Number of Prism Layers
Prism Layers sensitivity analysis
(Richardson) v
Milion of cells vs. CFD Pdrop
40
35
§30
3 2.8% error Pdrop
L]
E® (16 pl)
<20
5
g 15 o
2
£ y = 39.426x 0551
z R? = 0.9982
5
o
0.00 200 4.00 6.00 8.00 10.00 12.00 14,00

Percentual error [/]

Mesh size sensitivity analysis (Temperature Max)

Prism Layers sensitivity analysis (Pressure

Drop)




free
convection: “
1 air
forced
convection: FKW

water

- water evaporated

FKW = fluorinated

hydrocarbons

1,0E+00 1,0E+01 1,0E+02 1,0E+03 1,0E+04 1,0E+05 1,0E+06
According to data extractable heat flux density [W/m#/K]
from IBEM and

Philips Research

“umec 27



