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Analytical calculation of a Bitter solenoid
1. Limitations of the approach
2. Calculation methodology
3. Determination of input data

4. Boundary conditions: characteristic current densities and
fields
5. Calculation of the inductance and active resistance of a coil

6. Simulation of an equivalent RLC circuit
7. Calculation of the central magnetic field
8. Experimental verification of the methodology

9. Modeling of the magnetic field in the probe volume of the
BWI coil using FEMM

10. Field verification using a measuring coil r
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Stationari and
quasy-stationary
currentsare considered

Thermal
stresses
are neglected

Plastic
deformations
are neglected

Eddy currents
are neglected
(inductance)

Magnetorisistance
is neglected

Insulation and
cooling channels
are neglected
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2. Calculation methodology

INITIAL DATA FOR CALCULATION

VALUE ASSIGNEMENT

MANUFACTURING

PARAMETERS OF THE FIELD
DEMANDED

1. The field at the center of a probe volume:
a) Maximum magnetic field strength B,

b) Rise time of the magnetic field T

2. The deviation of the magnetic field over
the probe volume with respect to the field at
the center

COIL
GEOMETRICAL
PARAMETERS

Inner diameter
d

coil

Coil length

MATERIAL
PROPERTIES

- Conductivity 6, S
- Heat conductivity A, W/K-m

I W —

Outer diameter
D

coil

Number of
turns N

Thermal boundary condition:

- Characteristic current density j,,

- Characteristic field B,

|
|
|
|
|
|| |
|
|
|
|
|

Strength boundary condition:

- Characteristic current density j

- Characteristic field B,)

Design refining

Yes

No

B, <=>Bmax,

?

Central magnetic field

wm 0.1/2

B, (1) =( ,_—l") Glr,ry Ly 1(r:2))

- Specific heat capacity ¢,

J/kg ‘K
- Yield strength oy, MPa

PULSE GENERATOR

- The storable energy, W
- The maximum current
amplitude, I |

- The short circuit
frequency, f,

B, < Min(B,B )
?

Yes

Inductance of the coil

2l Aoy
L=N E'TD'A(DN)H‘ Lcnll)’

Yes

No

Simulation of an eqluiva]lent circuit I =1(t)

d’'l1  RdI, 1

Resistance of the coil
PoT

— w2
R=I rrpina

T e
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1. Material properties:

a) Conductivity o [MS]

b) Specific heat capacity c [J/kg-K]

c) Working temperatures: initial Ti and final Tf [K]
d) Mass density p [kg/m”3]

e) Yield strength oy [MPa]

2. Value assignment for an outer radius r. and a number of turns N

3. To take into account a symmetry breakdown in a real coil

»
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3. Determination of input data

Connecting lead Contact

nsulator

Bitter disk

|deal symmetrical disk = 360°
Real disk =360°-1lo-Is

d

Nominal number of turns must be reduced to an
effective ideal number of turns having a cylindrical

symmetry.
BY
IBb
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4. Boundary conditions: characteristic current densities
and fields

1. Thermal BC takes into account only heating of the solenoid |

Material integral must be as high as possible:

Tf
Fmat(Ti,Tf) = J'
Ti

Material

pm-ﬂ dT

p(T)

77 K—400 K

FMat(TirTf) [10%6 A2s/m*]

77 K—700 K

Cu

9,42

Al

4,58

C17510

4,45

C17200

1,30

AerMet 100

0,27

0,46

AlSI 316

0,15

0,26

2. Strength BC takes into account only mechanical strength of a

material

omax = oy

¢ —filling factor of the coil

o =r2/rl1 — form — factor of the coil

Joining your future.

=)

jth = 'M
tpulse-C
Bth = p0-£-rl- ‘F(Ti,Tf)
tpulse-

i o omax. 1
' J m  grl-fin(e)

1
Bo = \’pOAcrmax-
(o)

B0 = min(Bth,Bo)-In(a)
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5. Calculation of the inductance and active resistance

of the coil
A) Inductance

2 po-rl1-A(a,3)
4-1

Leoil := 1

B = lcoil/2r1 - form — factor of the coil
n — effective number of turns
A(a;B) —self —inductance factor

B) Resistance

A

Afo,B)

2 20

R, E-6 ohm

Rdc := 1]2- .l
£-rl-3-In(a)
Rcontact
0
a-(Rdc + Rcontact)- wd-1—
Rac = y 2
ac .=
u

a — cross-section of a turn [m”2]
u — circumference of a turn [m]
wd — current angular frequency [Hz]
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0

T

i, 9

N
W
A

10

20

30

19

F, kN

1 — Cu-Cu contact, oxidized surface 2 — Cu-Cu contact, clean surface
3 — Contact between Cu-Cr-Zn plates, oiled surfaces,
4 — Cu-Cu, clean surface,

5 — Contact between Cu-Cr-Zn plates, clean surface,

N

| research |
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Differential equation of electromagnetic damped oscillation can be
easily solved at initial conditions defined by a pulsed generator:

C — capacitance [F] A +
U — discharge voltage[V]
Given B |
d? d 2
—q(t) + 2-{31-[—q(t)] +w-q(t)=0 /\ /
dt” dt
1(t) : : ' i
a(0) = C.U m " \-7 \/ )
q(0)=0 -A 4
q := Odesolve(t,tl)
B |

d
I :: —
() Cltq(t)

On this step a verification of the frequencies demanded and calculated takes place
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7. Calculation of the central magnetic field

f(r,2) = 2 current density distribution
T

A — cross-section

f
rz.& ool

3

2

(2 + 2) Fabry .
( J ( 0 J = . Formula The central Field B
BO(t) := {Wm(t)-—- .
rl A(a,B) r The magnetic energy Wm
f(r,z) drdz
ot A The Fabry factor G(a,p)

The inner radius r

After the integration a closed form expression was obtained so a convenient calculation can be made
for any sizes and current courses:

) el
lcoil lcoil
In i ~ .
r
0 rl
BO(t) == |Wm(t)-i—-
rl . 2
lcoil-In| —
rl

10

Joining your future.
7/06/2013



8. Verification of the methodology on an example of
BWI Bitter solenoid

The initial conditions C = 130e-6 F, U = 10 kV and I(0)=0 correspond I FEERwRE R-10e-3 | L-10e-9
to the experiment: [Ohm] | [H]
ix10% :

Calculated current Experimental current

Experimental 7.441 1504

7.5x10%

sx10't

Calculated 6.588 1838

2.5x10°
=i{T)

10 Relative 11.5% 22%

error
~2.5¢10%

—sx1o't

~7.5x10%

- 1x10™

A comparison of the graphs allows to draw a conclusion of satisfying errors between
the experimental and calculated curves.

)

oo
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9. Modeling of the magnetic field in the probe volume
of the BWI coil using FEMM

157
1.5 XValue  2.368e-005
Y-value  1.203 Copy Y
........ RN reemceeeacnmaaa| Y2-Value Copy Y2
(9] Track data points
ol
BO(Y)
L ]
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Distance from the axis of the coil r, mm

B-field [T]

FEMM

Analytical model

Relative error, %

The results are close!
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10. Field verification using a measuring coil

g X-Y Trace
X-Value 2
Y-Value

Y2-Value

.89e-005 Copy X

.7625 Copy Y

Track data points

B:= L
Copy Y2

EIIIQ

Central B-field

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

-0.61

s 2.4x107%

32541070 \74x10°  115sf107t 1570t

t

The B-field measured differs from both analytical and numerical calculation:
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B-field [T]
FEMM

Analytical model

Relative error, %

B measured

N
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N
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