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Applied Superconductivity

v The basic idea is “binding” independent executables.

SuperMagnet : CryoSoft ‘
: -y | I A\ -

The conductor models are
basically critical, in particular,
to describe the quench behavior.

i

SUPERMAGNET

The 4C code .
(risc platform) - PoliTo

TACTICS
(THEA-Cast3M-SimCryogenics) model : CEA

Cryogenic circuit (winding + casing
cooling channels) 0D/1D model:

Pumps, valves, HX, cryolines, LHe
bath, ... ' :

Inltlallsatlon
I
I
| Cast3M —°—®—>Cast3M > Cast3M-------- > ... »*" Multi-conductor thermal- s, [L- Savoldi Richard,
[ E ( A : hydraulic model of the winding : F. Casella, B. Fiori Quasi-3D FE model of
; . ) [ . ] > compressible 1D SHe flowin =| @nd R. Zanino, the structures :
E ) TM halll l TEtl'] | halz) T“i:‘ 5 : dual cEanneI CICC, thermally ™| Cryegenics 50 casing, radial plates,
i L i t " Simulation time . coupled to neighbors v (2010) 167-176]
i ) 1 1 2 Q4 EEEEEEEEEEEEER 1 ®
: e EEINVEE L IS IS S S S SN E NN NN IS NSNS S S S SN SEE SN EEEEEEEEEE » - L
. THEA—~—@—> THEA > THEA . Mithrandir code
N N A NEEEFesssssssssss-s--EEEEEEEEEEEEEEEEEEEEEEEEEEEEE o’ . .
THEA code or its variants
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Applied Superconductivity

Issue #1 : loss of implicit coupling SessionVll-2 .~

Applied Superconductivity

Flower THEA

problem is

,, rather
1%
|2 t ||
essential!l
* To recover the implicit coupling, ...

P STEP1

1) Send the p" p.T" At THEA

present BC v " —> n

. 1 T \%
?On_?_:?:me step ’ 2) Step ahead
A with the present BC The idea is derived
Flower ! + Compute the coefficier .
5> STEP? » of interface Jacobian relying on the concept
p" Vas Oy . .
- = of interface Jacobian!

4) Step ahead by Vi r py, T, v, =V +Av(p",T" ,At)

the implicit stepping 9 )

based on A Af 0,(Ar)= 5 Av(p",T" ,At) D. K. Oh, “[5LOrA6-08]

the interface coupling p 3 . Coupled Simulation Model

) Send the interface of CICC Components
quantities for implicit
v1n+l er_l’ Tn+1 Stepping Of F|Ower Integrated IntO the COOlIng
» STEP3 —+—+—— — W T Circuit” presented in
n+l _ . n n+l n+l
5) Send the updated BC 2=t Av(pTL T A 6‘222019 Nov. 2 Seattle
to THEA 6) Step ahead
with the updated BC
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Motivations (3/3)

v' Now, we are aiming at a new target

l.e. the thermal interface of FEM meshes

to a 1-d conductor model !

i Initialisation !

Cast3M—i—®—>Cast3M > Cast3M-------- >,
‘I’(‘c T(ty) | | Dty) T( D(ty) T(tz)

i 1 = : >

i t‘"? ‘/:/@f 4 ? / t, Simulation time

| THEA ———O—> THEA > THEA

Hydraulic
channels cssssssssssy esssss——

Cable eesssssssEES Sy SEEE———

Jacket emmsssEESS———8 SESE———

THEA components

<-->

Thermal components
Hydraulic components
Electric transfer

Heat & mass transfer
Heat transfer

Code coupling
(Heat transfer)

Sc. strands
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Cast3M components

Spiral
channel

N

\ 4

Copper

. h, T
HeInDT{_ _ >
bundle <

N Qext

Insulation

N

Vv

SS jacket

Ti,'?

\'/T QJoule

SS jacket
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Let’'s make it general
on the plainest consideration..
T,
pouncary : The THEA model gives the boundary
CaI-IStEtM THEA temperature of the solid structure
F HESEEr ) - g (Cast3M or Heater) model, and takes
b= 9T the heat flux of the boundary.
on boundary
10°C
rl rl ¢=(l(T— Text) %_V (kVT) =g at O
b,
10°C rét 100°C T=Tg or ¢p= —k% at 0Q
rl: Tl Tpc T2 rl ) o
k=02 P k=20 N
Tl _ O
ﬁ'aT J le)+J kVT'™ - Vrtdo
¢ =rk— o Af Q
BC aTn+1
+<Jg k TdS = J gt dv
o 0N Q
o p=al-Te) g boundary constraints

e (I'= Tpc)



In the backward-Euler scheme.. "%~/ ..., é

. It looks trivial, if we take t

—[M] + [A,]

[Cail

[Cia]

2 Ml + [A,]

|

Tl/e = T2/€

Applied Supercon ductivity

hem In total!

-4 b
AT,| ~ |92|  |[Cyl [A,1] (T2

IIIIIII

t=5(Ar=0.1)
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Once separated, they bring a trouble.. e ——
3
to #2
0
- ||| BC
M +A] 0 | [An] _ H i [[Aﬂ [cu]] [T‘;]
0 é[Mz] + [A,] AT, 4 [Ca1]l [As] ] |T3 i 4

07 200
27 Te+(S

ittt

§“"’J‘1’”§
@@@ggﬁﬁy

o

t=5(Ar=0.1)




How to recover the lost terms %" /. .- é
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In sequence _1

trial solution

*

-1,  ssmusasmsssmamn, )
ATz — (é[Mz] + [Az] - -';[C21] ) [C12]} ) <Q2 - [Az] ’ lel - [CZI] ( 111+ ATT))

L/

llllllllllllllll

llllllllllllll

interface Jacobian

-1
AT, = <A%[M1] + [A1]> ' (‘ll = [Ag] - T = [Cy,] ( 2+ ATZ)E

IsoValue

lllllllllllllllll

2776405

g']l 00 Q-
DO D

&

o
-
3
B
.4
ne.
4
W1.13435%
ul.
..
.l
.
=3

=

B
BIREERNRR

3

t=35(
Without |IJ With IJ

The interface Jacobian makes implicit steps true! g \
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A Lesson Learned PN 2 ol anes é
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. Conceptually, the interface Jacobian means changing rate of the
boundary value with respect to the upcoming solution!

= However, the changing rate is just one, naturally implicated by the fixed
BC for #1 §

v

..............

[Cy4] [(_312] AT,

l I—> Along the boundary,

it just maps the nodal indices of #2
to the indices of #1

The FEM matrix of boundary heat flux
as the integration over shape functions along the boundary

o7+ ow;
| -k rdS — ) —k—v; dS ¢ Ty;Ty;
o0Q on ij 0Q on

= S0, the point is transferring the coefficients of heat flux to the THEA
model to build a new component of the system matrix.
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For our actual target, i.e., of THEA-Cast3M,
or THEA-Heater coupling..

ol
dTHEA = — k— dS

as—2Heater an

= So, the coupling matrix [C,;] can be derived

from the integral over 0€2;;, ... and Lyyz4

. ow,(S, x)

1.e. —k dsS vi(x) dx .
LTHEA a'Q‘Heater an

= Actually, the interface Jacobian terms are represented simply as the rate

AQ/AT, i.e., how much the heat load will vary, if the boundary temperature
Is changed.

So, we revise the THEA code to consider such an idea..
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Let’s revise the THEA code.. @ o é

{52+ (IA1+[G1-[S]) } - AU = Q- ([A] +[G] - [S]) - U

----------------------------
* *

Q=0Q"+[C] - AT, — [C]= WT<A—TJ

L4 ‘0
llllllllllllllllllllllllll

IIIIII

{[A—] (IA] + [G] — [S] - [C])} AU =Q" - ([A] +[G] - [S]) - U

That’s it!

: The THEA code is now revised in consistent with our idea
to include the IJ terms.
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: We are looking for high level commands to evaluate the coupling

matrix (or the integral of shape functions).

CHAP. 2.1: STATIONARY LINEAR THERMAL ANALYSIS

CONVECTION AND VOLUME HEAT SOURCE

B Mathematical formulation

* CONVECTION MODEL

MOC = MODE LHAUT 'THERMIQUE' '"CONVECTION' 5

MAC = MATE MOC 'H' 1@0. ;

B Conductivity matrix (but for convection !)

* FIRST MEMBER FOR CONVECTION

CONH = COND MOC MAC ; (K] = f h[N]T[N]dS
ove

B Equivalent nodal heat flux vector (convection)

* SECOND MEMBER FOR CONVECTION

CHTC = MANU 'CHPO' LHAUT 'T' To ;
FLH = CONV MOC MAC CHTC ; (F} = f w7 ( ny ) ds

PAGE 56

[dxi[ —k—L gs
Lo O
N AQI
T AT
per BC

http://www-cast3m.cea.fr/html/formations/Starting with Cast3M.pdf
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Regarding the Heater code,.. PV 2 Clats v é
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. The Heater code, like all the CryoSoft codes, solves the equations with
constraints (fixed boundaries), computing their residuals on the r.h.s..

to be solved  fixed fixed
T n+l _ mp 1 Q T n: 1-
".::l::::::::::::l::' — —_ . - COrC

[F] ETz”“ : TZ”J Qz] (A1 +[G] - [S]) [TZJ >+ boundary
constraint  residual o
(fixed) (to be solved) Where [F] =——=+ ([A]+[G] - [S])

= \We are better to change the solution scheme for correct
evaluation of the |J terms.

to be solved  flxed fixed
‘T n+1 T n EQ ’ T n
[F] [1 ............ 1.] = 'u$] ([A] + [G] — [S]) ;
0 ’QZ 2
residual constraint
(to be solved) (fixed)
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. Then, the |J terms are obtained as the variation along with the
boundary temperatures.

AT

0

/ 0
] N e ([A] +1G1 - [S]) [1 . boundary

K] [

()] . core

= That means we need to solve the matrix again to obtain the IJ terms

of% , which looks costful; any cheaper approximation?

= The Heater code is updated to evaluate the additional terms of |J
which will be transferred to the THEA code to compose the [C]-matrix

14



Verification (1/4 Day 2-1

Cé& 7224 g

Applied Superconductivity

. Let’s consider a co-current SUS304 heat exchanger, initially at 10K,
with two helium channels (1m) of rectangular flow area (1cm x 1cm)..

* hydraulic flows e outlet temperature
s —— inlet
T X —=— center
40
~ 30 .
2 time = 0.3 sec.
o1))
~ 20+
S 101
; 4 N
0.500 Feooeoeooe00000000000000000000000000000000¢
©
Ay
2 0.499
@F
0.498 1 teoeooeoooo oo oo oo oo ooo oo o000 oo ‘ ‘

0.0 05 1.0 15 20 25 3.0 3.5 4.0 time = 2.5 sec.
15 time (sec.)

(@)} o O

w o 9

(@)} w o
temperature (K)

=
o)
©

e &
) v
o >

H

o

(@))
temperature (K)

4.52



p (MPa)

Verification (2/4) Day 2 e s é

: Then, let’'s change the inlet temperature
of the channel 1 up to 25K and more around 2.5 sec.

* hydraulic flows

Fo ]
%0 —e— inlet e Inlet 24.72
ch.1 —=— center [4.8 ' . —
Q 20 ~ oulet %
e ‘ 4.7 17.98 @
— I
104 4.0 E
¥ ) _ (D)
) o VIV v 5. S =z 11.24 &,
. e 4.5 E
8
@40- L 4.50
o0
= e outlet
. 201 — 17.55
Y
0 13.21 ¢
0.500 fo—e—e—e—s—s—oo oo oo s s oo oo o os o s oo oo o s o sooosesooe Ei
©
)
0.499 8.88 %
[4b]
]
0.498 seooeooooccoocooooooooooooooooooooooooos 4.55
00 05 10 15 20 25 30 35 40 time = 2.5 sec.

time (sec.)



Verification (3/4
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: What about the stability? = CPU time can be an indicator.

Tpeak Original Modified (CPU time in sec.)
(K) (CPUtimeinsec)  without I With 1J

13.6 (H1) 10.2 (H1) 10.5 (H1)

50 0.59 (T1) 0.57 (T1) 0.57 (T1)
0.61 (T2) 0.59 (T2) 0.62 (T2)

16.7 (H1) 10.5 (H1) 10.5 (H1)

75 0.61 (T1) 0.56 (T1) 0.56 (T1)
0.60 (T2) 0.59 (T2) 0.61 (T2)

17.9 (H1) 10.3 (H1) 10.4 (H1)

100 1.17 (T1) 0.63 (T1) 0.57 (T1)
0.60 (T2) 0.57 (T2) 0.60 (T2)

. 11.8 (H1) 10.5 (H1)

125 b{;“fgg;ﬂ‘;;‘;" 1.40 (T1) 0.65 (T1)

o 0.60 (T2) 0.59 (T2)
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. Let’s look into the case of inlet temperature 125 K.

—e— with IJ
1001 ch.1 —— without IJ
Q —e— original
—~ 501
Improved, but..
= The hydraulic
o 40 terminals seem
oY)
= to be the source
S of instability!
0
0.500 1
S X
ol I\ / W’“"lox..
S' 0.499 A
~— =N ._Au
2 Lt
0.498 | beeoveoecesesecococoooocoooo o0 0000000006060000000
0 1 2 3 4 5

time (sec.)
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Applied Superconductivity

Conclusion

e A better coupling scheme for integrated modeling is introduced
on the lesson learned from the plainest case of thermal contact.

==~ The issue of THEA-Cast3M models in quench is to be understood

by pointing out the source of trouble on our attempt of new coupling
scheme.

19



Supplements



How to relax the hydraulic boundaries

‘ Issue #2 : hard boundary constraints

| We already developed such a boundary scheme..

* We applied them to the CICC (THEA) models..

The boundary temperature foIIows

_ (in) — 00

[AU], _ = ("2_"1)+é PPy +_L p%p; Negligible

" 2 P 2 pcl»72

Inlet : [AU] _ =pc’| 220 45| 222 2" |4 z[ 2=p” |} The boundary pressure follows
P, i= 2 2 ' 2 . the constraint |n the speed of sound.
o mEmEEEmRE==E®= N
— - T,+T - C T(c— (‘“"
[AU]T, =1 = P¢CVT(V2 ! j*;pva(—z L_ To(m) ):+ ¢C, _(f V) p - x Pﬁ
2 A 2 " c 2

the upwind constraint in the flow velocity.

to CICC models of fusion magnet systems” Cryogenics 97 (2019) 133-143

Page 14

[AU] =v(vn‘vn-l)+1(_193°"° Pnl] v (m—@"’“)
v, i=n — — P
Outlet : 2 P 2 PC‘ ,* _2_ _
_ (out) I _ (out) \g
[AU] . = C—,z(Vn Vil )_'_‘7 Py Poi | ym| Pn”Po |,
" 2 2 |~ 2 [}
Yo " Vn ';- i c:u*- -il_ -+-T- C T(C - V)
| [AU]T, i=n — p(])CVT( > - j+:pva(To( > _ 12 )I ¢ = (p va
CSm e mEEE--- ’ ’
| .

An application of the decomposed flux boundary (Eq 4 and Eq 5) in the reference, i.e.,
D. K. Oh and S. Oh, “Improved 1-d hydraulic network model for cryogenic circuits coupled

Session VIIIE ”Qé

Applied Superconductivity




Actually, there is a trick.

1 - o
[LJ] = [Cyq] - <E[M1] + [ A1]> : [Cyy] At a glance, matrix inversion

seems not avoidable!

Nonetheless, don’t forget the artificial elements
(TGV) assigned to be LARGE enough, typically, as 1030
to impose the static constraint of temperature boundary condition.

_ 1 —
Let [Cipl =107"%[Cy]l = (E[Ml] + [Al]> - [Cpa] = [Cyl
- This means [C,,] has the same structure with elements of 1 instead of 103!
- [LJ] = [C21] . [Clz]

1 _
EX) <E[M1] + [A1]> [Cral = [Cysl

Il




Solution scheme.. What? (1/2)

Let’s check the simple 1-d Heater model of a metal wire:

- ASUS304 wire of 0.2m (area = 1.0 cm?)
- 50 elements (51 node)

- Initial temperature : 6 K

- Boundary temperature: Adiabatic (left end), 4.2 to 6 K (right end)

Point 1 Line 1 with 51 nodes Point 2
(Adiabatic) (4.2K~6K)
line 1 point 2

OEI T 1 | T T 1 | T T 1 | :I IF'TTTTTTI | IF'TTTTTTTT | T 1 8
< ¥ a=T ooeB01 st o i
~— B= 1.00E+00 s N o -
— - C= 2.50E+00 s — o _
Y, E D= 5.00E+00 s A -
- E= 7.50E+00 s B |
Q - Q - —
H — F= 8.00E+00 s . i < 0.1 K/sec.
P F G= 8.50E+00 s T i
S B H- 1.208401 s ot .
n L I= 1.50E+01 s S —
Q, — 0, | _
£ | J= 1.80E+01 s & T ]
B - E - 1.0 K/sec. ]
:||||||||||||||||||| e v b g |

0.00 0.10 0.20 0 20

X [m] Time [s]




Solution scheme.. What? (2/2)

14 6.0 e =
o —kI-a (modified) \\\
12 oT o 551 — 0.1 .sec 'B‘x\‘
® —ki;-a (original) | 95 sec
501 7.5 .sec
—— 8.0 .sec
—_ —— 8.5 .sec LY
- 5.5% 451 120 .sec MOdlfled
3 05‘53 ;. —— 15.0 .sec
g 200 25 50 7.5 10.0 12.5 15.0 17.5 20.0
g 5.0 E Position (cm)
§ g* 6. 0 T 4
- <
O \ \
= 55| T 0.1 .sec
4.5 | —— 2.5 .sec H
—— 7.5 .sec \
4.2 501 . 8.0 .sec
— 8.5 sec Original
4.0 4.51 —— 12.0 .sec g
—— 15.0 .sec
0.0 50 7.58.510.0 15.0 20.0 400 25 50 75 100 125 15.0 17.5 20.0
Time (sec.) Position (cm)

= The original routine looks counting another amount of heat load to
change the nodal temperature itself, which may bring an incorrect
result deviated from the net heat flow out of the boundary.




