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q Cryostat Thermal Model (1)

LHC DIPOLE : STANDARD CROSS-SECTION

CERN AC/DI/MM - HE107 - 30 04 1999
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/ ALIGNMENT TARGET

MAIN QUADRIPOLE BUS-BARS
__——HEAT EXCHANGER PIPE

—— SUPERINSULATION
SUPERCONDUCTING COILS
BEAM PIPE
VACUUM VESSEL

,,,,,,,,,, BEAM SCREEN

AUXILIARY BUS-BARS
SHRINKING CYLINDER / HE I-VESSEL
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS
IRON YOKE (COLD MASS, 1.9K)
DIPOLE BUS-BARS

SUPPORT POST

Vacuum Vessel
MLI s1
Thermal Shield
MLI s2

Cold Mass



\/ Cryostat Thermal Model (1)

Natural Warm-up

C i < :’ Convec tion

Vacuum Vessel ‘1’ Radiation
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olid Conduction
MLI 30 l, l, ‘L N
‘1, Conduction in residual gas

Thermal Shield
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Y Mathematical Model (I)

i Qw,vv (T;v) = Qrad + . conv O-lvEl (ijall - T:\t) + hCZvv (Twall - T:/v)
i Q:vv,sl (TVV’TS‘l) = de = GIZA“]EZ (T;i - T;Alf)

Qsl,ts (]-;‘19]-;‘S) = vi,s] (]-:;\M]Tgl) = QML]3O
NVITE R A A 0, 2(T,sT2) = 0,,, = ALE(T} = T})

Qs2,cm (TszaTcm) = Qts,sZ (Tts’Tsz) = QMLIIO
Thermal Shield

o: Stefan-Boltzmann constant  w: tunnel wall

T: temperature [K] VV: vacuum vessel
MLI 10 ‘1, l, \1, Q: heat flux [W/m] s1: MLI 30
hc: natural conv factor ts: thermal shield

Cold Mass E: emissivity factor s2: MLI 10

cm: cold mass



Mathematical Model (1)

W,V (

L 2 vy

ts Pt

cm pm(

vi,sl Qsl,ts
Qts,sZ = Qs 2,cm

M: mass [kg/m]

Cp: specific heat [J/(kg K)]
T: temperature [K]

Q: heat flux [W/m]

T;v) visl( vy Sl)

Qts S2( ts9];2)

w: tunnel wall

vV: vacuum vessel
s1: MLI 30

ts: thermal shield
s2: MLI 10

cm: cold mass



Heat Flux through MLI. Simple Model

. (04 TC + TW /J’ 4 4 N: number of reflective layers
q = > (T,,-T,)+ —S(Tw -T,") a: average thermal conductivity
N S 2 N S B: average emissivity
Q Model based on empirical data
é\/\ ~
19 P2 LHC prototype cryostats at 10+ Pa:
Q1M - 300-80K, MLI 30, g=1.2 W/m?
‘\ - 80-4.5K, MLI 10, g=0.06 W/m?2
Reflective Insulating 4 5o
film spacer ag =1401- 107 [W /m’K?]

B, =3.741- 107 |W /m°K*]
S



Calculated Heat Flux through MLI from 300K to Tc at 10°* Pa
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MLI structure and heat transfer scheme

MLI N Layers
||| « | «
Cold Hot
Boundary | €= | €= | €| <= Boundary

< €& || <« < Al coating (2x 400 A~ Mylarfilm (6 um)
(
N

TC T1 T2 TN1

<= Radiation

<€ Solid spacer conduction
<€ Residual gas conduction

Spacers: polyester ne
(0.025 mm)



MLI layer to layer model

¢
0
0
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Qrad

Qres

TN+1

Set of N+1 equations

N: number of MLI layers

(O = Orad,_, + Qcond, _, + QOres,_,
O = Orad,_, + Qcond,_, + Ores,_,
Q =Qrad,_, + Qcond,_, + Qres,_,

Q=0Q0rad,_,,_ +Qcond,_,_ +0Ores,_,_

Q =Qrad,,, .y +0res,, .y



Y MLI layer to layer (I): Radiation

N/

4.0 =0 E@A) (T, -T") [W/m’]

o: Stefan-Boltzmann constant
E(g,A): Emissivity factor

T,: Hot boundary temperature [K]
T,: Cold boundary temperature [K]

Emissivity of MLI layer Al coating

0,05

0,04

0,03
=M. Chorowski

Emissivity

=l—M.A. Green
0,02 7Y T. Nast 2
/ —=T. Nast 1
0,01 J 3
0 - T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200

TIK]
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y MLI layer to layer (l1):
7 Conduction in residual gas

0.5
Y +1 | 2
d,., =) P(T,-T.) [W/m
res )/ 1 8.77; (MTV)O.S c [ ]
Q
0=0.028 (Helium gas) T,: Hot boundary temperature [K]
a: Accommodation Coefficient T,: Cold boundary temperature [K]

P: Residual gas pressure [Pa]

Accommodation Coefficient He-Al

Coeffi
w (<)) ~ 00 o i—;
i
bt

Accommod
LT
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y MLI layer to layer (III):
7 Solid conduction through spacers

=@<Th -T) (W /m?*]

[

kq: Effective spacer thermal conductivity [W/m K]
t: Spacer thickness [m]

T,: Hot boundary temperature [K]

T,: Cold boundary temperature [K]

qcond

Fiberglass Spacer Effective Thermal Conductivity

2,50E-05

2,00E-05

1,50E-05

[W/m K]

1,00E-05

0.5
k. = 4.5(1) 10°
10

5,00E-06 -

0,00E+00
0 50 100 150 200 250 300

Temperature [K]
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MLI layer to layer model

¢
0
0

¢

Qrad

Qres

TN+1

Set of N+1 equations

N: number of MLI layers

(O = Orad,_, + Qcond, _, + QOres,_,
O = Orad,_, + Qcond,_, + Ores,_,
Q =Qrad,_, + Qcond,_, + Qres,_,

Q=0Q0rad,_,,_ +Qcond,_,_ +0Ores,_,_

Q =Qrad,,, .y +0res,, .y
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Mathematical Model

o,
Vo Py MWV é)t = w,vv(]-;v) visl( vy S])
ts pt Qts S2( tsﬂT;2)
cm pm(

vi,sl Qsl,ts
Qts,sZ = Qs 2,cm

M: mass [kg/m] w: tunnel wall

Cp: specific heat [J/(kg K)] vv: vacuum vessel

T: temperature [K] s1: MLI 30

Q: heat flux [W/m] ts: thermal shield
s2: MLI 10

cm: cold mass
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Matlab Application. MLIGUI (I)

[10 20 30 40 50 60 70 80 9C
4.5*((T/10)0.5)*1e-6 |4+

0.00015

6E-05'Th + 0.0118

6E-05*Tc + 0.0118
0.0035'T"0.5

Hot Boundary T=290.0 K
MLIN=10
== Cold Boundary T=50.0 K

10.1 0.01 0.001 0.0001 1e-0;

Calculate
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Matlab Application. MLIGUI (I1)

File Edit View

Insert Tools

Desktop Window Help

» DEde M RKLO9EE- 2 0E oD@

—&—P=01Pa
—a—P=0.01Pa

i) —e—pP=0001Pa

—<— P =0.0001 Pa
—S—P=1e-05Pa

———QMLI{1e-4 Pa) |

—e—P=01Pa

| —e—P=001Pa
5 —e—P=0001Pa
i —e—P=00001Pa

—S—P=1e-05Pa
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TIK]
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Temperature of MLI layers [290K - 50K]
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Matlab Application. CryoModel

Edit View Insert Tools Desktop Window Help

0.0003

0.0035*T0.5

Yacuum Yessel &L LRVESSY  Thermal Shield | Vacuum Vessel
Thermal Shield
————tALl 52 304 Etmn ess Eteel |163 Ea m|
C

Helium [4 kg/m
Cold Mass OFCH 9/ E82_52 kg/m]
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q Matlab Application. CryoModel (lI)

File Edit View Insert Tools Desktop Window Help
» Dagds hIRAOPEH- @ 0B =m O

Ty
Ts1
— Ttz

Ts2
Tem

View Data

Export to CSV

: . Qtot Y-y
SO SO SOURUORI SRS VRTINSOt SRR - — A
Qtot $1-TS
Qtot TS-52
seeeebeeneiid e D D ' .......... g ....... QtOtSZ-CM

View Data

Export to CSV
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LHC AVG COLD MASS TEMPs WINTER SHUT-DOWN (2010)
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Temperature [K]

70

Cold Mass Temperature: Estimated vs LHC data
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Demo
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