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Introduction

*Extensive R&D in the development of next generation (very-) high field magnets
based on Nb;Sn and/or HTS superconductors, necessary for the LHC collimation
upgrades and HL-LHC (High Luminosity LHC)

*Magnets are destined to be installed in a thermally very challenging environment

*Magnets function either in sub-cooled-pressurized superfluid helium, supercritical
helium or in saturated normal helium

Difficult to study this mixed solid-liquid environment numerically in detail for
computational reasonsalone

*Need of a mathematical description, suitable for numerical modelling, which
preserves as much as possible the geometrical information and the physics

*In porous media field, same problem: use of upscaling methods to model the
physical behaviorof porous media

ldea: considering the interior of a superconducting magnet as a porous media and
applying the method of volume averaging in order to get macro-scale equations
that model the behavior of the magnet, suitable for numerical simulation
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The method of volume averaging (1/2)

*Principle

*Techniquethat can be used to derive continuum equations for multiphase systems

*Equations which are valid within a particularphase can be spatially smoothed to
produce equationsthat are valid everywhere

*For example, in the process of transient heat transfer in porous media, we are interested

in the temperature of the fluid and of the solid at a given location of space and time in
the porous medium

» Direct analysis of this problem, in terms of equations valid at the pore scale, is
not possible in general because of the complex structure of a porous medium

Equations, boundary conditions and initial conditions at the pore scale are used to derive
local volume averaged equations that have validity everywhere
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The method of volume averaging (2/2)
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Porescale problem:

System of equations

Boundary conditions
Initial conditions

Macroscopic
equations

13/10/2011

. . 1
Intrinsic average (Cg)F = Ef CpdV]
Vv

Averaging
volume, V

Superficial average

Porosity % =71

Length-scale constraint lp <my <L
Spatial Variables Averaged equations:
smoothing Decomposition Intrinsic averaged variables \
cg = (Cp) + 5 Spatial deviation variables

Deviations as functions
of averaged variables and
effective parameters

Pore-scale deviations
equations:
closure problem

(periodicity needed)
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Method and superconducting magnets (1/2)

» o-phase: coils, collars and yoke

» B-phase: liquid helium
filling all the voids space

The method of volume
averagingcan be appliedto
any system of equationand
this system depends on the
thermodynamics state of
helium:

epressurized superfluid helium
esupercritical helium
esaturated normal helium

Drawing by Jeremy Mouleyre

13/10/2011 CHATS AS 2011 Hervé Allain 6



Method and superconducting magnets (2/2)

Unit cell identifications

REV

Length-scale constraint lpg Ky €L

Magnetis typically several meterlong: L = 10 m
Space between laminations: /g = 0.1 mm

Laminationsdefines periodicity

Unit cell length: lamination thickness and
spacing (few millimeters)

REV = 10 unit cells at least

Takingr, = 0.1 m (more than 10 UC)

The length-scale constraint is satisfied

Drawing by Jeremy Mouleyre
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Previous work on the method of volume averaging and He Il

|
The method of volume averaging has been applied to the two-fluids model of superfluid helium

»Assumptions: Landau regime
steady state regime
no heat transfer between solid and liquid

Macroscopic equations obtained:

«Continuity equation V.(p(TE)V, +p.(TF)V,) =0

p.(TA)S(T8) , _p(TF)1

5 :
- o T VP (1)

*Momentum equation for the superfluid component 0=

TAYs(TE TF
*Momentum equation for the normal component 0= —@?Tﬁ— (1 p(g"ﬂj«)c) pE — n[ )v +p,(T8)g

*Entropy equation V.(gep(TF)s(T¥)V, ) =0

Effective parameters: K -> permeability, T -> tortuosity
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Method of volume averaging, He Il and magnets
(differences with previous work)

Superconducting magnets: heat mainly produced in the coils, collarsand yoke
heat driven to a heat sink via the superfluid

» Heat transfer between the solid and the liquid

At the solid surface g = psTwv,

Instead of classical no-slip boundary condition for v, , generation of momentum of v,

And Kapitza resistance?

And extension from the laminarto the Gorter-Mellink (turbulent) flow regime

New closure problem to solve (much more complicated)
Need of a superfluid helium two-fluid model numerical code

==m=)  Case currently under development!
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Preliminary heat transfer macro-scale model (1/2]

Heat diffusion model of He Il pcp%Jr pCv.V(T) = V. (}% W) P

»Need to solve the two-fluid model to have the velocity for the convective term
» Let assume that the Péclet number is small and consider only the diffusive term
» Linearization of the diffusive term

a(T) Y

1 /3
c -V ( ) VT |+ gy,
T [f(T}.I?TI‘ voi

1 I

Effective thermal conductivity: Kop = (m) ;

‘ Classical heat diffusion equation (beside k. non linearity)
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Preliminary heat transfer macro-scale model (2/2]

Simplified heat transfer problem -
at the pore scale

aT
In the liquid [Pcp)ga—f=?' (ke VTg)
. laT.E
In the solid [,ag?,]lﬁE =V-(k,VT,)+ @,
Boundary conditions at Ag,

IIEL__ . kE?TE == ngﬂ . kr:-?T:F ‘I‘ ﬂ

Qand @, are heterogeneous and homogeneous source terms respectively

== Method of volume averaging: 2 possibilities

> Local thermal equilibrium, one-equation model  [Tg} ={T.) =(T)

»Non-local thermal equilibrium, two-equation model

If local thermal equilibrium:

a(T}

K* effective thermal diffusion tensor

ay is the specific area

(0)s, area averaged value of the heterogeneous thermal source
Heat capacity per unit volume (p)C, = = [Pcp)g +2,(pc,)
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Validity of local thermal equilibrium? (1/3)
Evaluation of (Tp) =(T.) = (T)

*Numerical code implemented with Comsol Multiphysics in steady-state

*Equations considerqﬂ: classical heat diffusion equation for the solid and the liquid
. 1 3 .
with &, = (W) for the superfluid
*Boundary conditions: - continuity of temperature and heat flux
- Kapitza resistance g = hgAT,

Symmetry condition
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Validity of local thermal equilibrium? (2/3)
Evaluation de (Tg) = (T,} = (T)

Parameters Value Unit
Ko (thermal 109 WimK Order of magnitude of heat source terms
conductivity of the solid) lcul :
e 000 WK (Q2, ®,) based on calculus done for
0 1000 WP LHC upgrade phase |
D, 2000 W/im?
e 15103 m
Difference in temperature along line (a) and
(b) with and without Kapitza
E (a): (b): Theat sink E 0.7 =dT He Il along line (b)
! : : : 0.6 ==dT solid along line (a)
7 | RN
| | ' | 0.5
| ! | i
: i i |
E | I E % 04
1 | | ! -
N vl | I L 5 s
1 | | I
S e
o, : : o, 0.2
: i | :
: i | : 01
S e
| i ' : 0 . . . . : :
: : 0.0000 0.0152 0.0305 0.0457 0.0609 0.0761 0.0914
| : | y coordinate (cm)
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Validity of local thermal equilibrium (3/3)
Evaluation de (Tg) = (T,} = (T)

(a)l (b): Theat sink

T with Kapitza - T without Kapitza
along line (c)

0.0000 0.4824 0.9648 1.4472 1.9296 24121 2.8945

X coordinate (mm)

Conclusions: - temperature in the solid and in the liquid can be considered equal within 9 %
- Kapitza resistance does not influence path taken by the heat
- more than 99.5 % of the heatis driven to the heat exchanger by the superfluid
- same has been done for surface heat source, same results

mmmmm) One equation model for local thermal equilibrium valid
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Application to MQXC (NbTi option) magnet design (1/2)

Assumptions: - homogeneous heat source alongthe axisin the collarsso 2 D view sufficient,
value based on calculus done for LHC upgrade phase | at peak power deposition
- thermal diffusion tensor reduced to a diagonal matrix with g4xk, for coefficient
- €4 =6 % for the collars, 2 % for the yoke (two porous media)

Surface: Temperature [K] Steamiing: Tolal heat flux

i

One heatsink at 1.9 K

Maximum AT = 17 mK 0 ‘ -

-0.3 -0.2
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Application to MQXC (NbTi option) magnet design (2/2)

Surface: Temperature [K] Sreamiine: Total heat fux Max: 2 566e-3

Two heatsinks at 1.9 K

/lmm\\\‘\»

W\ dy /

Y ¥
= 0%

Maximum AT = 2.5 mK

Consideringonly the collar and yoke, neglecting details of the coil, the method of volume
averaging already allows us to appreciate the influence on temperature difference regarding the
use of one or two heat sinks
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Application to MQXC (NbTi option) magnet design (3/3)

*Extension of the previous model
» include the coil and beam pipe in the geometry of the model
»extend the model to transient regime (local thermal equilibriumvalid?)

» Treat the coil as a third porous medium
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Conclusion

*The method of volume averaging has been investigated to study superconducting
magnets' thermo-hydraulics considering the interior of a magnet as a porous media

*Three porous media can be pointed out: coils, collarsand yoke

*Method can be applyto different type of cooling (pressurized He Il, supercritical helium,...)
*The different phases and length-scales necessary to apply the method have been identified
*Method applied to the heat diffusion model of superfluid helium

*In steady state local thermal equilibrium assumption valid: one equation model can be used

*Application to the design of MQXC magnet (NbTi option), only two porous media considered
(collars and yoke)

*One order of magnitude wined on the maximum temperature difference with two-heat sinks

*Need to extend this method for He Il two-fluids model for magnet application
(heat transfer between solid and liquid, Gorter-Mellink regime and transient regime)
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