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BOUNDARY CONDITIONS
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How CoLb SHouLD THE COOLING PLATES/C-FRAMES BE?

y
‘ , 708 * Given the expected radiation dose on the innermost BM@N
- silicon sensors, it is foreseen to operate them at +15°C

* So, the FEE located only 15 to 30 cm away should be at
similar temp. (~15°C) to avoid any unwanted heat transfer to
the silicon sensors
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Coolant Temp. = 10°C
Cooing Plate Temp. ~ 10°C
ASIC Temp. = 31.4°C

By assuming the FEB temp. varies linearly with the temp. of
300 ~ 2000m | 2000m 2000 the coolant and cooling plate,
Cooling plate must be ~ -5°C to obtain ~ +15°C ASIC temp.
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MANUFACTURING OF COOLING PLATES/C-FRAMES

Friction Stir Welding f C-Frame 02R ‘
Technology proposed for CBM-STS cooling plates by CoolTec 0| j._'_'_'_.._'_'_'_. %
Electronic GmbH, and a potential solution for BM@N-STS X ‘F’ i )

https://www.cooltec.de/produkte/cold-plates.php

Al N

- I .
P
b = |
J.U\ . ‘ MakeAGIF.com
Please note that the C-Frame dimensions are ~ 1m?
Are C-Frames of these dimensions even manufacturable with this i T T ]
technology? Can they stand up to 2-3 bar of fluid pressure? L I K ; HIREE
Collaboration with an industrial partner is a must before proceeding 1 [ ‘ 1
any further with any design freeze! I Il Il ]
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POTENTIAL LEARNINGS FROM THE EXPERIENCES OF CBM-STS

Typ: Z Verschiebung
Einhelt mm .
WE0ac0e LIRS At 5 bars of fluid pressure

003134 Max
002507

00188

boundary conditions which must be followed. And

I 0,01254 ey 2 The milled-channels have certain manufacturing
I has to be complemented with our requirements —
=

0,00627 B " 2 Power dissipation
74 Coolant temperature
Coolant flow rate
Pressure drop
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POTENTIAL COOLANTS
1] 3M Novec 649
|2 WATER-GLYCOL MIXTURE




[1] INTRODUCTION TO 3M NOVEC 649

Properties Description

Radiation hard (resistant to gamma radiation > 10 kGy).
So minimal production of radiation byproducts’ which Dodecafluoro-2-methylpentan-3-one 99.0 mole %, minimum

otherwise could block cooling lines or cause corrosion!

Chemical Formula CF3CF,C(0)CF(CF3),

Typical Physical Properties

Boiling Point(°C) 49
Pour Point (°C) -108
Molecular Weight (g/mol) 316
Critical Temperature (°C) 169
Usable down to -108°C Critical Pressure (MPa) 188
Vapor Pressure (kPa) 40
Heat of Vaporization (kJ/kg) 88
Liquid Density (kg/m?) 1600
Coefficient of Expansion (K7) 0.0018
Lower heat capacity w.r.t. water. Kinematic Viscosity (cSt) 0.40
. . Absolute Viscosity (cP) 0.64
So higher flow would be required. Specific Heat (J/kg-K) 103
Thermal Conductivity (W/m-K) 0.059
Surface Tension (mN/m) 10.8
Solubility of Water in Fluid (ppm by wt) 20
Dielectric Strength, 0.1" gap (kV) >40
Dielectric Constant @ 1kHz 1.8
Green, which ensures long-term availability Volume Resistivity (Ohm-cm) 107
Global Warming Potential (GWP) 1
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[1] FLUID PROPERTIES — 3M NOVEC 649

Potentially useful reference for any calculations or simulations

ﬂ REFPROP (Mowvec 849, 1230) - NIST Reference Fluid Properties (DLL version 10.0) - [3: Movec 649, 1230 V/L sat. T=-40, to 20, °C]
File Edit Options 5Substance Calculate Plot Window Help Cautions

Liqui_d ‘v’apu:_ur Ligquid | “apor | Liguid | “apor Liguid Yapor _ Liquid _ _ ‘v’E_LpDr _ lepie) | vz
Temperature | Density | Density o i Cp Cp Therm. Cond. [ Therm. Cond. | Kin. Yiscosity | Kin. Viscosity Brandt | Prandt
('C) (kafm®) | (kafm®) | (kdfg-K) | kdfeak) | (edfleo-tg | kdfkeo-K) | (mWim-K) | (mivvim-K) (cmé/s) (Erms)

1 -40.000 1785,7 | 015493 | 0,67562 | 0,79741 | 1.04940 | 052401 bY, 747 /7554 00104947 049421 30,643 | 081348
2 -35.000 17721 | 022258 | 0,87448 | 0,79938 | 1.0922 | 082608 hB.82h 8.0449 0.0099244 0.352498 27.908 | 0.80675
3 -30.000 17586 | 0,31366 | 0,87371 | 0,80152 | 1.0908 | 0,82836 k7,904 8,3360 0.0090365 0.25708 2h 527 | 080128
4 -25.000 17449 | 043418 | 0,87326 | 0.60386 | 1.0898 | 0,83036 kB, 980 86293 0.0052565 019066 23441 | 0.79705
Rl -20.000 17312 | 059112 | 0,87319 | 0.680634 | 108493 | 0,83360 kb, 05k 8,49248 0.0075652 014382 21,606 | 079404
Bl -15.000 17174 | 079249 | 0,87343 | 0.60913 | 1.08492 | 0,83k658 k5,131 4222k 0.0069551 017021 19,983 | 079224
| -10.000 17035 | 1.0473 | 087400 | 0,81207 | 1.0895 | 0,834952 k4,208 95225 0.0064151 0.085706 18,542 | 0.79165
g -5.0000 16894 | 1,3659 | 087486 | 0,681523 | 1.0902 | 0,84333 3,285 9.8248 0.0059295 0067575 17.258 | 0.79225
9 0.00000 16753 | 1.7593 | 0.87603 | 0,87859 | 1.0912 | 0.84711 he, 363 10,1249 0.00549439 0.0539649 16,108 | 0.79404
10 50000 1661.0 | 22402 | 0,67749 | 062218 | 1.0427 | 0,85117 k1,443 10,437 0.00510356 0.043623 15,076 | 079702
11 10,000 16db.b | 25222 | 067922 | 0.626598 | 1.0945 | 0.85553 k.54 10,74k 0.0047505 0.035654 14,146 | 0.80118
12 15,000 16320 | 35202 | 088123 | 0,62999 | 1.0967 | 086018 54,603 11.054 0.0044309 0.029456 13,305 | 0.80652
13 20,000 16172 | 4.3502 | 0,88350 | 0,63422 | 1.04993 | 086514 hE.700 11.375 0.00471409 0024572 12,542 | 0.61304
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[1] CoMMERCIAL AVAILABILITY OF 3M NOVEC 649

Dear Kshitij,

thanks for your request. Here you find the quote (free to be changed) for Novec 3M™ MNovec™ 649 according to your demand of

aprox, 300 kg:

Produki Gebinde | Preis (€/lbs) | Preis (€/kg) | Preis/VPEin€ | Katalog-Nr.

Movec 649 | 38 lbs 26,72 58,33 1.015,36 7100025284
Mowvec 649 | 353 |bs 24,08 52,56 8.500,24 7100027553
Movec 649 | 661,5 lbs | 23,72 51,79 15.690.78 7100027554

* Higher quantities could be purchased
directly from 3M (€ 50-60/kg)

Next year 15 of Feb it will increase 2%

With these figures you can calculate, about size, amount and who will be the purchaser we will talk when it becomes a real
demand.

* Lower quantities are readily available in
Germany from lonic Liquid Technologies -
loLiTec (Heilbronn DE)

Mit freundlichen GriiRen, best regards

Thomas Rannersberger

w Science.
Applied to Life.”
Thomas Rannersbherger | Dipl.-Phys. (FH) | Vertriebsingeniel
Chemicals and Semiconductor Materials, 3M EMSD
entral Europe Region
aM Deutschland GmbH, Carl-Schurz-5tr. 1, D-41453 Meuss

tRannersberger@3M.com  www.novec.de
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[1] WHERE IN USE SO FAR?

LHCb SciFi Tracker

Filters
Filter bypass
valve
3-way valve \M. -
Elowmeltar N Expansion tank
\ Level sensor
Pumps
Pneumatic
valves on Heater

pump outlets

Pipes to chiller
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[1] (NEAR) FUTURE: CBM-STS BABY COOLING PLANT m

* Baby Cooling Plant delivered at GSI on 18.12.2020

e 7.5 kW cooling capacity at -40°C +Eompact -r\

KALTETECHNIK Klima-Kalte-Reinraumtechnik cmbs

Commissioning to be done within 2 months
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Hopefully doesn’t need
any introduction ;-)

[2] FLUID PROPERTIES — WATER-GLYCOL MIXTURE

Table 8-3-1 - Properties of mixture Water/Glycol

https://detector-cooling.web.cern.ch/data/Table%208-3-1.htm

Extract from VDI-Warmeatlas Dd 17- VDI-Verlag GmbH. Dusseldorf 1991

Substance and % by volume in mixture Minimal working temperature Temperature Dens[t_’_\' Specific heat [J/ke K] Thermiil rc.aud,ucti'cir_.-' Dj.-'nm.iic \:isco:;it_'; Ci.n.emaic 'rir:cosit_-;
[°C] [°C] [kz'm”] [Wim K] X107 [Ns/m”] X108 [m%/s]
Monoethylenglveol -10 1038 385 0.498 5.19 5
CZH4(OH)? 0 1036 387 0.50 311 3
20 1030 390 0512 1.6 16
20 -10 140 1022 3.93 0.521 1.02 1.0
60 1014 396 0.531 0.71 0.7
50 1006 399 0.540 0523 0.52
100 997 402 0.550 0.408 041
20 1069 351 0462 11.76 11
0 1063 3.56 0.466 159 16
20 1053 3.62 0.470 232 232
34 20 140 1044 368 0.473 1.57 15
60 1033 3.73 0475 101 098
50 1022 378 0.478 0.695 0.68
100 1010 384 0.480 0515 0.51
500 L\ \
300
100 \
https://doi.org/10.1002/bbpc.19840880813 50 _ \\
. . . . N\ By lycol —
Thermal Conductivity, Density, Viscosity, and Prandtl-Numbers [ 30 | et —
of Ethylene Glycol-Water Mixtures Pr 0%
y y For Prandtl Number g
I
D. Bohne, S, Fischer, and E, Obermeier —% |
Institut fir Fluid- und Thermodynamik, Universitdt — GH Siegen, Paul-Bonatz-StraBe 9 — 11, D-5900 Siegen, Federal Republic of Germany 5 | = 0%
. 20%
Density / Prandti-Number / Thermal Conductivity / Transport Properties / Viscosity 3 \
Thermal conductivity, density, and viscosity of ethylene glycol — water mixtures have been measured. The measurements have been performed in water
the temperature range from —20°C to 180°C for thermal conductivity, from —10°C to 150°C for density, and from —10°C to 100°C for \ ’ \
viscosity. Prandil-Numbers calculated with the own experimental data and literature values of specific heat capacity are presented in dependence 1
of temperature and concentration. 25 0 50 100 °C 150

e

Fig. 4
Prandtl-Number of ethylene glycol-water mixtures
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(APPROXIMATE) THEORETICAL MODELLING
| 1| PRESSURE DROP
| 2| SURFACE TEMP.




[1] THEORETICAL MODELLING — PRESSURE DROP

Motivation — Can we theoretically model and predict the pressure drop for the BM@N cooling plates for the given
boundary conditions (in terms of fluid type, flow numbers and geometry)?

To calculate the pressure-drop per unit length in a tube, we can use Darcy-Weisbach Equation:

AP p v where, f, = Darcy Friction Factor (online tool)
T = fp 'S D p = Fluid Density [kg/m?]
v = Fluid Velocity [m/s]
D = Hydraulic Diameter [m] = 4 x Area / Perimeter
Piniet o :- ® Coutlet
Vs R5(L3, D3)

In the theoretical circuit analogy, individual finned channel
represents a flow resistance which the fluid experiences. And
since there are three channels running in parallel, they are
analogous to three flow resistances connected in parallel.
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https://www.lmnoeng.com/moody.php

[1] THEORETICAL MODELLING — PRESSURE DROP

To calculate the pressure-drop per unit length in a tube, we can use Darcy-Weisbach Equation:

v2 where, f, =Darcy Friction Factor (online tool)

p = Fluid Density [kg/m?3]

v = Fluid Velocity [m/s]

D = Hydraulic Diameter [m] = 4 x Area / Perimeter

Step #1: Fluid Velocity Calculation

Assuming that there is a laminar flow (because of simplicity in calculation):

64 64 where, Re =Reynolds Number AP B P Viin * V
fp = Re (V : D) Vv, = Kinematic Viscosity [m?s] = ET 32 D2
Vkin
R, (L, Dy) Since for a given fluid type and flow, the pressure-drop per unit
v, 1Vl length will be same in all three finned channels,
% \Y \% v
— > | — —_ —_ —_ —_
v R,(L,,D,) = DZ = Constant (D2)1 (Dz)z (D2)3
Pintet o :- ® Poutlet So, knowing the geometry of the individual channels (i.e., in terms
Rs(L3, D3) of the hydraulic diameter) gives the information of the flow
L-_ distribution amongst them.
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[1] THEORETICAL MODELLING — PRESSURE DROP

2
Piniet o - .

outlet

For a given inlet volumetric flow rate into the cooling plate (V),

V=—=V;+V, + V3 =(vy- A1) + (v2-Az) + (v3-Aj3)

p
m m
_ p _ p
$V2_<ﬂ A)_I_A _I_(E,A - D12 D32
VZ 1 2 VZ 3 F‘Al +A2+ F‘Ag
2 2

And similarly, v; and v; is calculated.
Pressure-drop will obviously remain the same in every channel.

Step #2: Darcy Friction Factor Calculation

(64

Re’ Laminar Flow (Re < 2100)

1.352
1 ( e 574)2’
{35 D T Re0?

where, e = Surface Roughness [m]

b=t
-’
Il
A

Turbulent Flow

Step #3: Pressure Drop Calculation
2

Put the flow velocity and the Friction AP v”
D

Factor back in the Darcy-Weisbach Eqn: L

Words of Caution — Real numbers WILL be higher.

* Calculation of the velocity distribution is done by assuming
laminar flow for the sake of simplicity.

* Pressure drop is calculated for straight tubes and having
multiple turns will increase the pressure drop.
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[2] THEORETICAL MODELLING — THERMAL ASPECTS

Motivation — How much flow at what temp. is required to cool away the electronics power dissipation and obtain the
required temp. on the surface of the cooling plates (and consequently on the electronics)?

The cooling capacity (Q) i.e., the power which we want to remove for a given flow and in a certain geometry is given by
the following formulation, where the surface temp. on the cooling channels is our eventual observable:

where, h = Heat Transfer Coefficient [W/m2.K] r e ntrance Fully developed L
il

th'As'(Ts_Tm)

A, = Surface Area of the channel [m?] region region
Q T, = Channel’s Surface Temp. [K]
> T. =T, + - Y
s m T h.A, T, = Fluid’s Mean Temp. [K] T

Step #1: Fluid’s Mean Temp. Calculation

The fluid’s mean temp. can be calculated by: /;
_ T+ Te where, T, =Inlet Temp. [K]
. 2 T, = Exit Temp. [K] ) e
VA ¢

q, = constant
Exit Temp. can be calculated by the fact that how much heat is absorbed the fluid: *

. R
Q=m-C,- (T, —T;) where, m = Mass Flow [kg/s] @
1

AEEEEREEEER

a3

Q C, = Specific Heat Capacity [J/kg.K] i

y
|
i
|

:>Te:T'+mC
p

IR EEEEEEE
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THEORETICAL MODELLING — THERMAL ASPECTS

.« o o Nusselt Numb
Step #2: Heat Transfer Co-efficient Calculation e Geometry ot | 4 = conet
Circle — 3.66 4.36
Heat Transfer Coefficient is calculated by:
Nu - k where, Nu = Nusselt Number
h = D k = Thermal Conductivity [W/m.K] Rectangle alb o »
D = Hydraulic Diameter [m] 2 3.39 4.12
G 3 3.96 4.79
b 4 4.44 5.33
. 6 5.14 6.05
For a fully developed flow, the Nusselt Number is: f—=— 8 | 50 649

4.36, Laminar Flow (Circular Tube)(Re < 4000) Where, Re =Reynold Number
0.023 - Re%8 . pr04 Turbulent Flow Pr = Prandtl Number

Step #3: Average Surface Temp. Calculation

So, for the required cooling capacity (Q), mass flow and cooling channel geometry, simply insert the values of the mean
fluid temp. and the heat transfer co-efficient to obtain the average temp. on the top of the C-Frame:

Q Words of Caution — Only the average temp. on the surface

=>Tsg =Ty +

h-Ag * A constant power distribution is assumed over the tube. So, no hot-spots can be identified.
e The Nusselt number is assumed for circular channels.
* The Nusselt number is assumed for a fully developed flow (i.e., no entrance region calculated)
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SOME PREDICTIONS (WITH O1L GEOMETRY)

Channel Geometry (based on the CAD file given) :
e Ch#1:3 x 6 mm? Ch#2: 2 x 6 mm? Ch#3: 3 x 6 mm? 3
* Length: 2.9 m (straight channels; w/o any turns or bends) \ Cw

Assuming the pressure drop limit of < 1 bar, Novec would At lower power dissipation, both coolants are comparable.
allow for much higher mass flow due to its low viscosity But Novec outperforms for higher power dissipation.
15} Water-Glycol Mixtufe | e ! Water-Glycol Mixture
[ ———3M Novec 649 o [ ———3M Novec 649 ]
— 2 10y
§ | g - Water-Glycol @ 0.05g/s
o 1} g— - Novec @ 0.15g/s
o . o St
5 e
m e
§ 0.5 | '-"-E 't
o ™7 S
o o 5|
. © Z
0 . . 1 . . . . 1 . . . . < _10 " . . . 1 . . . . 1 . . . .
0 0.05 0.1 0.15 0 500 1000 1500
Total Mass Flow [kg/s] Power Dissipation [W]
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SOLIDWORKS COMPUTATIONAL FLUID
DynaMiIcS (CFD) SIMULATIONS




SIMULATION INPUTS — C-FRAME O1L

Total Power Dissipation (no ROBs???): i
16 modules (32 FEBs) - 320W from FEBs (ASICs + LDOs; 10W/FEB) e |
9 96W from FEASTS (3W/FEAST-paIr/FEB) : 2 modules :“: 2 modules :
o

: 4 . O

3 . Mesh Quality Plots -

” s ®

Refinementlevel[]  Refinement level []
Pararmeter Value
Status Solver is finished.
Total cells 6,827,571
Fluid cells \ 1,160,212
Solid cells e\’\.‘ 5,667,359
Fluid cells contacting sclids é\“ 439,022
[terations ‘e‘\ 1,115
Last iteration finished \“ 0%:47:24
_ — \)
CPU time per last iteration . o 00:00:45
Travels \,\o 3.07087
| X

lterations per 1 travel Q\) 364
Cpu time (10(0 13:7:30
Calculation time left 0:0:0
Run at DESKTOPR-TIEECSY
Mumber of cores 4
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RESULTS: TEMPERATURE DISTRIBUTION

-5 61 -4 59

-5.92 -5.00

- -6 .24 - -5

- -655 - 581

- -687 - 622

Lo -718 - 663

- -7.50 - 703

- -7 .81 - -7 44

- -8.13 - -7 .84

-8 44 -325

l 876 l -3 66

-9.07 -9.06
Temperature (Solid) [7C] Temperature (Solid) [7C]

Water-Glycol Mixture (66:34) 3M Novec 649
-10°C @ 50 g/s -10°C @ 150 g/s
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RESULTS: PRESSURE DISTRIBUTION Nothing much separate the two fluids for 01L

FPressure [bar]

Water-Glycol Mixture (66:34) ° 3M Novec 649
-10°C @ 150 g/s

-10°C @ 50 g/s
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PossSIBLE NEXT STEPS
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POSSIBLE NEXT STEPS

My conclusion — 3M Novec 649 at -10°C should be the baseline
option for BM@N-STS FEE cooling

* Studying the worse-case scenario can tell something conclusive,
which is useful for constraining the boundary conditions for the
cooling plant

* Close collaboration with C-Frame/Cooling Plate manufacturer
must be established before any design freeze

* CoolTec Electronic GmbH is a potential partner
* Positive experience of CBM-STS

* In-house capability to perform CFD and pressure-rating
simulations
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THANKS A LoT ©
QUESTION/COMMENTS/SUGGESTIONS?




