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The Bitter Electromagnet Testing Apparatus (BETA) is a 1-Tesla (T) technical prototype of the 10 T
Adjustable Long Pulsed High-Field Apparatus. BETA’s final design specifications are highlighted in
this paper which include electromagnetic, thermal, and stress analyses. We discuss here the design
and fabrication of BETA’s core, vessel, cooling, and electrical subsystems. The electrical system of
BETA is composed of a scalable solid-state DC breaker circuit. Experimental results display the stable
operation of BETA at 1 T. These results are compared to both analytical design and finite element
calculations. Experimental results validate analytical magnet designing methods developed at the
Dusty Plasma Laboratory. The theoretical steady state maxima and the limits of BETA’s design are
explored in this paper. Published by AIP Publishing. https://doi.org/10.1063/1.4997383

l. INTRODUCTION

The Bitter Electromagnet Testing Apparatus (BETA) is a
1-Tesla (T) technical prototype of the 10 T Adjustable Long
Pulsed High-Field Apparatus (ALPHA). These magnets are
water-cooled resistive Bitter magnets designed for steady state
but are operated on long-pulsed time scales due to the energy
capacity of their battery banks. BETA has been designed and
constructed at the Dusty Plasma Laboratory (DPL) at the Uni-
versity of Maryland Baltimore County (UMBC). This mag-
net system is intended to be a scalable system design that
will aid in the production of ALPHA, which will become a
novel tool for studying magnetized dusty plasmas. ALPHA is
currently designed with a 15 cm diameter bore and will con-
sume ~11 MW of electrical power. BETA is a low-powered
magnet, and therefore its thermal design does not scale to
ALPHA. The thermal design of ALPHA will produce a uni-
form conductor temperature distribution, a characteristic of
high-powered Bitter magnets, for efficient current distribu-
tion and minimizing localized stresses. With its present power
and cooling subsystems, BETA can achieve a long-pulsed
magnetic field of 1 T in a 3-cm diameter bore. The magnet
core design of BETA was determined by analytical design
methodologies developed at DPL.'? Presented here are the
essential design specifications and analyses of BETA includ-
ing the magnet core design, fabrication processes, scalable
subsystems, and initial experimental results. The experimen-
tal results of BETA are used to validate and verify DPL design
methodologies.

Bitter magnets consist of conducting and insulating arcs,
both of which have a pattern of axial cooling holes. The mag-
net’s coil is constructed by stacking Bitter arcs to arrange a
helical current path. A fully stacked coil will also align to
form axial cooling channels from the cooling hole pattern. To
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generate the magnetic field, a voltage is applied across the coil.
Current travels through the helically stacked conductors and
produces an axial field inside the magnet’s bore. High mag-
netic fields require large electrical currents that significantly
heat the Bitter conducting arcs. To remove such heat, pre-
chilled cooling liquid is transported at high velocities through
the cooling channels in the magnet’s core. The convective heat
transfer dissipates heat at a rate fast enough to prevent the mag-
net from melting. Francis Bitter invented this magnet concept
in the 1930s.3 Here, we demonstrate the development of Bit-
ter magnet technology at DPL for studying the phenomenon
of magnetized dusty plasma.

A. Motivation

Dusty plasma is a four-component system consisting of
electrons, ions, neutral atoms, and dust particles. The objec-
tive is to thoroughly magnetize all components in the system
with dust grains of a sufficient size and mass to be optically
captured with conventional optics.* Experiments have yet to
fully magnetize dust particles with diameters on the order of
a few microns.

Potential research applications of magnetized dusty plas-
mas in a high magnetic field include: charging mechanism
of the dust particles, dust-dust interactions, development of
plasma sources and diagnostics, and achieving a stable plasma
discharge in a high magnetic field.> Additionally, there are
applications to both manufacturing and research plasma disci-
plines, from nanoparticle fabrication and semiconductor con-
tamination to understanding radioactive dust contamination in
fusion plasma devices.

Future dust magnetization at DPL will be realized inside
the 15-cm diameter bore of ALPHA at a uniform 10 T field.®
The magnet’s bore needs to be large enough to house the
plasma vacuum chamber and diagnostics needed to create, sta-
bilize, and record a plasma event. The bore size of the magnet
must be constrained to the dimensions of a cylindrical cham-
ber constructed at UMBC, which is 15 c¢cm in diameter and

Published by AIP Publishing.
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1.2 m in length. The magnet’s bore size is the most important
driving factor of the magnet’s design. ALPHA will be con-
structed with a minimum diameter to allow: diagnostic access,
1-pum diameter dust grains, and dust confinement between
electrodes at radius 5 cm in an E X B field with approximately
2.5 V/m and 10 T, respectively.

BETA, presented here, is being used to develop new Bit-
ter magnet design procedures, to master magnet engineering,
and to recognize complications that could affect the ALPHA
magnet project.

Il. MAGNET DESIGN AND ANALYSES
A. Analytical design methodology

Three methods have been developed at DPL to assist in
evaluating a variety of Bitter magnet configuration geome-
tries. The design process is iterative and consists of three
sets of essential parameters: the magnetic field, temperatures,
and mechanical stresses. The design of the magnet first pro-
gresses through an electromagnetic optimization where the
coil’s magnetic field and conductor’s resistivity (at an aver-
age conductor temperature) are constrained by user-defined
constants. The magnet’s core design parameters (geometrical
and electrical) are optimized to minimize the coil’s electrical
power.

The magnet core then moves to the thermal design step,
where elongated cooling holes are placed radially and stag-
gered in the same convention as the Florida-Bitter design.’
The conductors’ cooling hole wall temperatures are analyti-
cally calculated to predict the temperature profile of the Bitter
arc conductors as a function of the optimal operating current. !
Cooling holes are placed to produce an approximated average
conductor temperature that results in the prescribed conductor
resistivity of the electromagnetic optimization. If the water’s
temperature from the cooling channels’ outlets are below boil-
ing and peak temperatures on the conductors do not change the
mechanical properties of the material, then the design moves
to the mechanical stress stage.

The coil design is then evaluated using ANSYS finite
element analysis (FEA) to determine if the stresses from mag-
netic forces will surpass the coil’s yield strength. BETA’s
design was chosen to have a factor of safety (FOS), mate-
rial yield strength over maximum Bitter arc stress, of 10 or
greater since this is the first Bitter magnet built at DPL. The
deformations and strains of the design are assessed simultane-
ously. At any stage of the design process, if a method shows
failure or is experimentally unachievable, the design loop must
restart.

1. Electromagnetic optimization

The design parameters and characteristics of BETA in
Table I are the results of the electromagnetic optimization. The
optimization technique utilizes a genetic algorithm to min-
imize the ohmic heating power produced in the conducting
arcs of a resistive Bitter magnet. This precursor design method
can be used for either nested, split, or solenoid designs.2 The
optimization calculates the theoretical resistance, voltage, and
power of the magnet for numerous user-defined constants
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TABLE I. Inputs and outputs of BETA’s design specifications evaluated with
the electromagnetic optimization. The design specifications are preliminary
and help to advance the design of the magnet. Voltages, resistance, and power
are calculated for the optimal operating current of 1175 A and the average con-
ductor temperature constant of 44.5 °C. Please see nomenclature for parameter
definitions.

Specifications Parameter type Value Units

B Input 1.03 T

r Input 0.02 m

t Input 0.0005 m
AFilling Input 0.8113 Dimensionless
Tavg Input 44.5 °C

ry Output 0.069856 6 m

Ne¢ Output 81 Dimensionless
N Output 77.625 Dimensionless
l Output 0.0805 m

Vo Output 0.268 v

Vi Output 20.773 \Y%

L Output 196.86 puH

1 Output 1175 ADC

R Output 17.679 mQ

P Output 24 408.38 w

and constraints. A single solenoid configuration for ALPHA
was selected, and therefore the same configuration is used
for BETA. Two important constants that define the magnet’s
design are the prescribed averaged conductor temperature,
T avg, and the filling factor, Aing. BETA’s averaged conduc-
tor temperature is calculated at 44.5 °C, and its filling factor
equals 81.13%.

The filling factor, related to the packing, space, and density
factor, is used by designers to describe the cooling hole density
in Bitter magnets.®'0 Our magnet designs define the filling
factor as the ratio of Bitter arc volume with machined geometry
(i.e., arc cutout, cooling, and tie rod holes), V s, to the volume
of an annulus without machined geometry, V annulus,

AFilling = 5———- (D

Analytical magnet properties in Tables I and II are calculated
using the filling factor of BETA after water jet machining.
Elongated cooling and tie rod holes on the conductors were
offset by 0.5 mm to account for the thickness of the water jet
cutter’s stream. The jet cuts along the outside of the cooling
hole’s outline, resulting in 2.5 mm radially thick cooling holes
and a filling factor of 84.71%. Stacked conductors also over-
lap by 15°, which decreases the filling factor to 81.13%. The
degree of conductor overlap is set by the insulator’s arc cutout.
The coil’s resistance varies with the conductor’s temper-
ature. A conductor’s resistivity is a function of temperature

given by
Pavg = poll + a’(Tavg —To)l, ()

where pg is the resistivity at reference temperature 7y and «
is the temperature coefficient of resistivity. The resistivity is
then used to calculate the magnet’s coil resistance,

27N Payg

R=— " Pue 3)
AFilling? log ( %)
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TABLE II. Outputs from the thermal design for BETA based on the parameters listed in Table I. There is a total
of five different cooling channel designs which are numbered radially outward (CC#). Each cooling channel has
a constant radial thickness of 2.5 mm and an elongated span angle of 4.5°. The thermal parameters are calculated
with the conditions of 5°C pre-chilled water and a centrifugal pump supplying 2.16 kg/s. The FEA averaged
cooling channel wall temperatures are displayed here to compare with the analytical results.

Parameter CCl1 cC2 CC3 CcCc4 CC5 Units
» 0.0243 0.0322 0.0401 0.0504 0.0645 m

A 9.68 11.23 12.78 14.80 17.57 mm?
o 1.623 1.176 1.792 1.873 1.959 m/s

i 1.57 1.93 2.29 2.77 3.44 1072 kg/s
h 7191.0 7448.3 7653.7 7866.7 8089.4 W/(m?K)
T outlet 11.51 8.76 7.92 7.62 6.72 °C
Ty 53.74 48.50 44.15 40.02 36.10 °C
Ty.(FEA) 57.14 52.10 4791 44.24 39.94 °C

where N is the number of magnetic turns, ¢ is the conductor’s
thickness, r1 and r; are the inner and outer radius of the Bitter
arcs, respectively. The contact resistance due to the conduc-
tors’ overlap is neglected, and therefore BETA’s total magnetic
turns will equal the total number of conductors in the coil,
N = 81, subtracted by 3.375 turns due to overlapping. The
electromagnetic properties in Table I are calculated with
N = 77.625. Using resistance and acquired current, the user
can obtain the voltage drop over the magnet core as well as the
electrical power consumed. These values advance to the ther-
mal design where they are used to radially place the cooling
channels on the magnet’s core.

2. Thermal design

There are 90 cooling holes on BETA’s arc design which are
separated into five cooling rings each consisting of 18 cooling
holes. Cooling holes within the same cooling ring are similar
in geometrical design. The geometrical design of the cooling
holes differs only between cooling rings, and therefore only
five cooling hole designs exist on the conductor. The ther-
mal characteristics of each cooling hole design can be seen in
Table II. These parameters are found by using both geometry
and the electrical characteristics from Table 1.

BETA’s thermal design began with the user defining the
total number of cooling rings, which were initially placed radi-
ally along a Bitter arc using a hyperbolic tangent stretching
function proposed in 1983 by Vinokur,'!

tanh(b({ — 1))
tanh(b) ’

where 0 < £ < 1 is the intermediate parametric space, S is the
physical space, dr is the total radial extent of the Bitter arc, and
0 < b is the tightness factor. The parametric space is divided
by the total number of cooling rings. This provides parametric
coordinates to output the physical space of the cooling holes’
centered radial positions. Increasing the tightness factor will
densely pack the cooling holes toward the inner radii of the
Bitter arc, while a tightness factor of 0 will evenly place all
cooling holes.

The cooling holes’ have a constant radial thickness which
is calculated as a function of both their radial positions and
the filling factor. After defining the radial thickness, mass

S@)=dr|1+ )

flow rates and velocities are determined through a parallel
pipe resistance analysis. Each individual cooling channel is
considered a pipe with the characteristic Borda-Carnot head
loss,

Km?
2A%py’
where K is the resistance coefficient, # is the mass flow rate,
A is the cross-sectional area of the cooling hole, and py, is the
density of water. Assuming a constant head loss for all cool-
ing channels in the magnet, the mass flow rates are found for
each cooling channel. The mass flow rates are converted to
velocities and inserted into the Dittus-Boelter equation to cal-
culate the heat transfer coefficient for each individual cooling
channel’s wall.'?

The conducting Bitter arc is broken up into polar rect-
angles with each segment consisting of a cooling hole. The
total heat generated in each element is calculated and then
used in a system of cylindrical thermal resistance circuits to
predict the wall temperature of each cooling hole. Convection
and the radial conduction between each polar rectangle ele-
ment are considered. Wall temperatures, Ty, are solved in a
linear system of equations as a function of electrical operat-
ing current. The wall temperatures of the cooling holes are
averaged to produce T ,y,, which is used for approximating the
average temperature of the conductor. After the initial cooling
hole placement and wall temperature calculations, a while loop
was used to reposition the cooling holes until the temperature,
T ayg, is within a tolerance of 107 from the user-defined tem-
perature in the electromagnetic optimization. BETA’s cooling
hole positions produce a linear temperature distribution along
the conductor.

AP = 5)

B. Finite element analysis (FEA)

The magnet core is modeled in soLipworks and uploaded
to ANSYS workBENcH, where the magnetic field profiles are
evaluated within 0.1% error in a magnetostatic analysis using
ANSYS maxweLL. A contour plot of the 2D magnetic field
of BETA can be seen in Fig. 1, where the model was applied
with a current-turn excitation. The maxweLL FEA results are
compared against analytical values and then loaded into other
ANSYS modules.
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B[teslal
1.0459¢+000
9. 8049e-001
9.1513e-001
8.4977e-001
7.8440e-001
7.1984%e-001
6.5367e-001
5.8831e-001
5.2294e-001
4.5758e-001
3.9222e-001
3.2685e-001
2.6149e-001
1.9612e-001
1.3076e-001
6.5394e-002
2.9269e-005
The model is then moved into ANSYS THERMAL-ELECTRIC
to complete an FEA analysis of conductor’s temperature pro-
file, current density, and volumetric joule heating for verifi-
cation of the analytical design. The cross section of BETA’s
model is applied with voltage boundary conditions using
the voltage drop across a single conductor, Vg, in Table I.
Convective boundary conditions are applied to the walls of
each cooling hole using the heat transfer coefficients listed in
TableII. The FEA averaged cooling channel wall temperatures,
Tw,rEA), are obtained by averaging all element nodal wall tem-
peratures from each cooling hole within each specified cooling
channel ring. Averaged FEA cooling hole wall temperatures
are presented in Table IT and can be compared with the analyt-
ical cooling hole wall temperatures, Ty, for each cooling hole
design. The temperature profile of the BETA’s conducting arc
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FIG. 1. The magnetic field magnitude 2D contour plot
along BETA’s XZ plane for 1175 A.

is presented in Fig. 2(a). To produce the average steady state
temperature of the conductor, T'yyerea) =46.61 °C, all element
nodal temperatures in the FEA model are averaged. The aver-
age conductor temperature, T 5y, =44.5 °C, is approximated as
the average of the analytical cooling hole wall temperatures.
In this case, the percent error between the FEA and analyti-
cal average conductor temperatures is 4.53%. The FEA results
vs analytical current density and volumetric joule heating are
plotted in Fig. 2(b) along the black-dashed line in Fig. 2(a). The
FEA magnitudes, both current density and volumetric joule
heating, decrease between cooling holes along this radial path
due to both the modeled geometry and the increased conductor
temperature distribution.

The mechanical characteristics of the coil are consid-
ered for both the magnetic field forces and thermal operating

C: BETA

BETA's Temp
Type: Temperature
Unit: °C
Time: 1

C /

©
T

60.648 Max
59.083
57.518
55.954
54.389
52.825
51.26

o
T

Current Density (A/m 2)
N N
T

1

.10r BETA's FEA and Analytical Results Along Radial Path
2 T T T T T T T T T

® FEA
®  Analytic | _|

1 1 1 | 1 1

49.696
48.131

N
[N

46.567
45.002
43.437
41.873
40.308
38.744 Min

N
T

o
T

-
T

o
o
T

T T T T T

® FEA
®  Analytic | _|

— '

1 L 1 1 1 1 1 %

Volumetric Joule Heating (W/m 3)

0
0.02 0.025

(@

0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07

Radial Position (m)

(b)

FIG. 2. Temperature profile on the Bitter conductor arc with boundary conditions provided from Tables I and II is displayed in (a). The average conductor
temperature is Tayg (FEA) = 46.61 °C. In (b), current density and volumetric joule heating are calculated for both the FEA and the analytical methods along the
black-dashed line in (a).
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TABLE III. The mechanical stress design FEA outputs for BETA are dis-
played in this table. These are design parameters which are calculated through
ANSYS workBencH with the linked modules MAXWELL, THERMAL-ELECTRIC, and
STATIC-STRUCTURAL.

Parameter Value Units
Fbodymax 6.415 107 N/m?
Xtotal,max 4913 105 m
Xootal,avg 3.437 1075 m

Oy max 1.588 10° Pa
Tave 3.023 10° Pa
€cq,max 1.444 1075 m/m
Ecqave 2.750 107 m/m
FOS 158 Dimensionless

temperatures. The mechanical FEA results of BETA are
shown in Table III. The magnetic forces from MAXWELL and
temperatures from THERMAL-ELECTRIC are applied as bound-
ary conditions in ANSYS static-sTRUCTURAL. The mechanical
analysis also requires frictionless support boundary conditions
applied to the cyclic sides of the model. In this module, the
total deformations, stresses, and strains can be assessed. The
total deformations of BETA at operating current and tempera-
ture can be seen in Fig. 3. Here, the maximum deformation
shows 49.13 um at the outer radius of the conductor. The
yield stress of the copper, 250.3 MPa, divided by the coil’s
maximum stress, 1.588 MPa, results in a FOS of 158. Ana-
Iytical methods are currently being derived to make the mag-
netic design process completely analytic and validated with

F: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: Pa
Time: 1

1.5688e6 Max
! 1.474e6

1.361e6
1.248e6
— 1.134e6
— 1.021e6
— 9.077e5
. 7.944e5

6.81e5
— 5.677e5
| 4.543e5

3.41e5
2.277e5
1.143e5

957.2 Min

(@)
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measured quantities from BETA to reduce reliance on FEA
for the design process.

lll. MAGNET CORE

The magnet core, displayed in Fig. 4, is the foundation
of the entire system, and all other subsystems are driven
by its design. The core is assembled with a straightforward
continuous stacking method that involves alternating Bitter
conducting and insulating arcs. In this approach, each Bitter
conducting arc is considered a full magnetic turn. The conduc-
tor and insulator have the same thickness to prevent radial gaps
in the coil. Once the coil is stacked, helix starters are placed
on both sides of the coil to create a flat surface. Aluminum
clamping annuli are then bolted on both ends of the coil over
the helix starters. Insulating clamping annuli are placed and
then insulated 304 stainless steel tie rods are inserted through
the coil and torqued to 11.3 N-m. The force allows for good
electrical contact between the stacked Bitter conducting arcs.
The clamping annuli distribute the compression uniformly and
are electrically connected with the coil. Aluminum clamping
rings are then placed on top of the insulating clamping annuli,
allowing for insulated connection to the magnet’s vessel. They
also seal and restrict water flow for the space between the
clamping annuli and vessel’s wall. Once the magnet’s core is
fully assembled, threaded standoffs are screwed into a threaded
through hole on both clamping annuli. The torqued standoffs
make contact with the outermost Bitter conducting arcs of
the coil. An aluminum bus bar connects the standoff to 4/0
American Wire Gauge (AWG) cable that is fed through

F: Static Structural
Total Deformation
Type: Total Deformation
Unit: m

Time: 1

4.532e-5
4.15e-5
— 3.922e-5
—{ 3.695e-5
— 3.468e-5
— 3.241e-5
. 3.013e-5

2.786e-5
| 2.559e-5
— 2.331e-5

2.104e-5
1.877e-5
1.65e-5

1.422e-5 Min

I 4.913e-56 Max

(b)

FIG. 3. The equivalent stress (a) and total deformations (b) are displayed here for BETA’s centered conducting arc under operating current 1175 A DC, temperature

Tavg(FEA) = 46.61 °C, and Lorentz forces.
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FIG. 4. BETA’s magnet assembly includes: electrical connection to the core
(1), clamping annuli (2), vessel’s water outlet (3), 3-cm vacuum compatible
borosilicate bore (4), insulating clamping annuli (5), clamping rings (6), and
the stacked Bitter coil (7).

water-tight core grips on the vessel and into the electrical sys-
tem. Magnet polarity can be switched with the current direction
through the magnet assembly by switching the cable leads on
the electrical system.

A. Bitter conducting arc

The conductor is made from 0.5-mm thick Electrolytic
Tough Pitch (ETP) copper C101-HO2. The design has 90
cooling holes, 18 (7.5-mm diameter) tie rod holes, and a 5°
arc cutout for stacking the conductor into a helix. Convention-
ally, Bitter arcs are manufactured by a stamping process where
a die must be made for the cooling hole design.! Instead, the
copper arcs are machined with an OMAX 2652 waterjet cutter.
Water jetting leaves a significant blowout burr on the opposite
side of the metal, so a magnetic deburrer was made specifically
to process the arcs. Three 1-T permanent magnets are rotated
below a plastic canister filled with deionized water, stainless
steel rods, and brass cleaner. When the magnets rotate, the rods
act as an abrasive to the copper arcs, significantly reducing the
burrs that could cause electrical shorts between arcs.

B. Bitter insulating arc

The insulator mirrors the Bitter conducting arc’s design,
with the exception of a larger arc cutout angle of 15° compared
to 5° for the conductor arc. The insulator isolates neighboring
conductors and accommodates a 15° conductor overlap, estab-
lishing electrical connection between stacked conductors and
forming the helical current path of the coil. Bitter insulating

Rev. Sci. Instrum. 89, 054704 (2018)

arcs are made from 0.5-mm thick G10-FR4 and are inserted in-
between the Bitter conducting arcs. Attempts were made to cut
these arcs out on the waterjet cutter; however, these attempts
failed because G10 is a laminate material. The high-pressure
jetseparates layers during the initial puncture, and water propa-
gates between layers causing material bulging. We determined
that laser cutting is the best manufacturing method for the insu-
lating Bitter arcs. A 150-W CO; laser from UNIVERSAL LASER
SYSTEMs was used to cut each arc.

C. Coil helix starters

The helix starters are laser-cut Bitter arc sections from
125-um thick Mylar sheets. An assembled helix starter is
placed on the top and bottom of the fully stacked coil. The
starters fill the gap between the flat surface of the aluminum
clamping annuli and the helix profile of the coil. BETA’s helix
starters each consist of five Mylar pieces. They are consec-
utively stacked such that the starter grows in thickness from
125 pm to 0.5 mm, the thickness of a single Bitter arc. A helix
starter can be seen in Fig. 5. Contact resistance between con-
ducting arcs improves through the entire coil with the use of
helix starters.

D. Bitter clamping annuli

The clamping annuli help secure and compress the coil.
One of the largest design challenges is preventing a short cir-
cuit between the two clamping annuli through the tie rods.
To avoid electrical shorts between Bitter conductors inside
the coil, the tie rods are insulated with polyolefin tubing.
We had initially designed and machined the clamping annuli

©

//////////,/
S

8\

FIG. 5. The helix starter is made from thin consecutively stacked sheets of
Mylar. Shown here is a fully stacked helix starter on the bottom Bitter arc
conductor of the magnet core. The starter grows in thickness clockwise from
the red line to blue line. They are made with similar cooling hole patterns so
that flow through cooling channels is not obstructed.
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using high-density polyethylene (HDPE) to prevent electrical
shorts. When clamped down, the tie rods rest on the HDPE
to prevent any shorts. However, the compression force needed
for good electrical connection surpassed the yield strength of
HDPE, and the tie rods would depress into the material and
cause deformation. Improvements were focused on making
the clamping annuli out of metal to avoid this issue. In the
final design of BETA, the clamping annuli are composed of
9.525-mm thick aluminum and are conducting current to the
outermost Bitter conducting arc. The annuli have oval shaped
cooling holes to ensure adequate water flow when the coil
is under stress. The tie rods are insulated by stacking five
similarly designed clamping annuli made of 0.5-mm thick
G10-FR4 on top of the aluminum. The G10-FR4 acts as a
washer for the tie rods to rest on and isolates any possible elec-
trical short. The G10-FR4 has a strong compression strength
of 413.7 MPa and a dielectric strength of ~4.5 x 103 V/m.

IV. MAGNET VESSEL

The magnet’s vessel was fabricated from a repurposed 304
stainless steel vacuum nipple that is 0.2032 m in diameter. A
total of seven ports were welded onto this vessel: two for elec-
trical access, one as a water inlet, one for thermocouple access,
and three as viewports. A ring was welded inside the vessel to
support the magnet core. The bottom of the vessel has a con-
flat flange that is used as a water outlet. The top of the vessel
is made of another conflat flange. A custom borosilicate bore
and magnetic probe support are bolted to the flange. The bore
is 3 cm in diameter and 36 cm in depth. The magnetic probe
support allows for three axis movements of a three-channel
(Bx, By, B;) Hall probe (MMZ-2508-UH-06), measured with
a LAKE SHORE 460 gaussmeter inside the bore. The support
allows fine tuning of the probe’s position to find the center of
the bore. The vessel and all surrounding support structures are
made from nonmagnetic materials.

V. WATER DELIVERY AND COOLING SYSTEM

The electrical power produced at the core is dissipated by
a closed-loop cooling system, illustrated in Fig. 6. Water is
first deionized to a resistivity of 1-MQ cm from the building
water supply and added into the closed loop system through
the globe valve. Once the system has been filled to the desired
water capacity, it is turned on and circulates for about an hour
removing any unwanted trapped air pockets. To protect against
cavitation and oxygenation, multiple air eliminators (AE),
active element, are placed throughout the system. The system
operates as follows: deionized water is pumped from a 1041-1
intermediate bulk container (IBC) and a y-type strainer through
a 2.54-cm diameter schedule-one PVC tubing at 2.16 kg/s
using a centrifugal pump (Cascade 1/8-36) from PERFORMAN
cepro. The pump moves the water though the coils of a heat
exchanger in a 2-ton water chiller (MT-1-WCV) from aqua
roaic. A flow switch, F, activates the water chiller. The water
is chilled to 5 °C and then moves to a 3-way valve, where water
can flow through the magnet or is diverted back to the ICB tank.
This allows the magnet section to be closed off, drained, and
disassembled if necessary. During operation, water is diverted
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FIG. 6. BETA’s closed loop cooling system.

to the inlet of the magnet vessel, where the mass flow rate
is measured with a F-300 pitot tube from BLUE-WHITE. A mag-
netic flow sensor, FS, is attached to the pitot tube to detect flow
within 1.85 and 3.11 kg/s. The water’s temperature is mea-
sured with a PT100 resistance temperature detector (RTD), at
T1 and T2, and the pressure is measured with a transducer
at P1 and P2. The sensors are connected to a six-pipe mani-
fold where more data acquisition (DAQ) probes can be added.
Water moves into the vessel and is forced through the cooling
channels of the core by using a custom-made gasket around
the top clamping ring.

Water must be deionized periodically to ensure resistance
is orders of magnitude larger than the magnet so that the water
does not create an electrical short. The conductivity of water is
indicated with 1-MQ cm sensor lights at CS1 and CS2. If the
sensor goes above 1-MQ cm, the light will turn red, and the
water must again be deionized. For routine deionization, water
is extracted with a small pump, diverted through the deionizer,
and inserted back into the system.

The averaged frictional pressure drop during operation
measured with the inlet and outlet pressure transducers is
7.72 kPa. Analytical calculations show a pressure drop over
the magnet core to be about 9.69 kPa. This is calculated during
the thermal design stage using the parallel pipe analysis with
an approximated 2-mm effective roughness height.!* Experi-
ments are planned to determine the exact roughness factor of
aligned cooling channels manufactured at DPL. Experimental
results will be used for acquiring water pumps with correct
specifications for ALPHA.

Deionized water is corrosive to the magnet core. At the
end of six months, a resistance, across the magnet assem-
bly (electrically disconnected) of 15.9 mQ was measured at
5 °C using an exTeEcH 380560 mQ m. The core was removed
from the vessel and cleaned. Galvanic corrosion coupled
with electrolysis and deionized water pitted the aluminum
clamping assembly, but left the copper Bitter arcs unaffected.
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The magnet assembly was refurbished to the resistance of
15.62 mQ, measured again at 5 °C with the milliohm meter.
Nitrogen bubbling will be implemented in the future to remove
dissolved oxygen from the water.

VI. ELECTRICAL SYSTEM

About 1175 ADC is needed to reach magnetic fieldsof 1 T
with BETA. Commercial electrical systems can be purchased
for the maximum current of BETA; however, such systems
are not available for ALPHA. Therefore, to scale to the 10-T
system, a custom electrical circuit has been built. The primary
function of the electrical system is to break the current supply
to the magnet.

A. Power supply

The shot duration of ALPHA is designed to be atleast 10 s
and, therefore, limits the choice of devices to supply the power.
Bitter magnets that have employed capacitor banks typically
have pulse durations on the order of milliseconds to microsec-
onds.!> We chose a bank of six absorbant glass mat (AGM)
deep discharge batteries, 12FL.X540 13.6-13.8 V, from Fiamm.
There are two strings (parallel connections) in the bank, each
consisting of three batteries connected in series with aluminum
bus bars providing a maximum voltage of 41.4 V. All bus bar
connections are torqued down to 11.3 N-m and applied with
oxide inhibiting electrical joint compound (EJC). Each string
can deliver ~587.5 A for at least 10 s. These batteries can typi-
cally handle 3787 A short circuit current with a 150 Ah rating.
The magnet can be on for the duration of 7.7 min for com-
plete battery drain; however, because of decaying current and
magnetic field, shots are typically kept under 30 s. The batter-
ies are recharged to their full potential after 30 shots with a
commercial battery charger, SE-1072, from SCHUMACHER.
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Diodes are attached to the positive leads on each battery string
to prevent reverse current in the bank.

The battery bank is connected to a Gerapid 4207 from
GE. This is a large DC circuit breaker that can conduct 4200 A
DC continuously and is an auxiliary switch for the solid-state
breaker (SSB). The Gerapid switches the current off if the
primary SSB fails. The breaker is powered by a custom external
120 V DC power supply from ABSOPULSE.

B. Solid-state breaker (SSB)

High DC current switching is a problem because the
waveform is constant and does not cross zero like alternat-
ing current. Therefore, a silicon-controlled rectifier (SCR),
also known as a thyristor, circuit breaker method has been
developed for BETA and future magnet systems. The SCR
is forced commutated with an LC branch that consists of an
electrolytic polarized capacitor and a shielded wire-wound
inductor. The branch is triggered by parallel insulated gate
bipolar transistors (IGBTs). IGBTs are subject to damage from
high voltage spikes and are only used as triggers for the SCRs.
IGBTs were configured in parallel to lower the maximum cur-
rent specifications for readily available IGBTs. An SCR was
selected to conduct the operating current due to its robustness
and reliability.'® This circuit is based on the original thyris-
tor circuit breaker concept and the thyristor circuit breaker for
the pulsed 40-T magnet at Wuhan National Magnetic Field
Center (WNMFC).!”!8 Key features that make BETA’s cir-
cuit original are the use of AGM batteries, the elimination of
a commutation film capacitor bank, SCR and IGBT trigger-
ing from the positive rail of the battery bank (eliminating the
need of external power supplies), and a variable water-cooled
stainless steel resistor. This circuit reduces the cost by two
orders of magnitude from mechanical relays. The system has
been tested for robustness and stability of operation over many

T TTEEEEEEEEEEE S Es ~
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1 II I II I II ‘/\/\/ 1 \_/
' f 560Q  33uF
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1 1
. | |I+ =| | [+ =| |I+ A . - 7.21mQ 196.83uH SCR
. [ [ [ ! | 1.6kV 1.2kA
""""""""""" 2 akA L 27mFs50v  835-1058-ND
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FIG. 7. BETA’s SSB electrical subsystem circuit diagram with part numbers in red.
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cycles. The circuit diagram can be seen in Fig. 7 with all part
numbers listed for reference.

To initiate the system, a variable water-cooled stainless-
steel resistor is set at a prescribed resistance to dial in the
magnet’s operating current, /. For 1175 A and 1-T fields, the
resistor is set at 5.85 mQ (measured at 16.3 °C with build-
ing water supply at ~15 °C). The resistor will reach a steady
state temperature and resistance of about 245 °C and 7.21 mQ,
respectively, dissipating 9955 W of power under operating
conditions.

The commutation capacitor is then pre-charged, using a
BK precision 9185 external power supply unit (PSU), to a
voltage, V¢m), large enough to force-commutate the conduct-
ing SCR. Capacitor voltages are determined by the following
equation:

Vc(m) = ItRc(m)('y -1), (6)

where Rem) is the measured resistance in the commutation
current path,

Rc(m) = Rpank + RiLoad + RMagnet ce
+ R + RiGBT + Rieads»

(N

consisting of the internal resistance of the battery bank, Rgank
= 5.34 mQ, variable load resistor, Ry o, = 7.21 mQ, magnet,
RMagnet = 17.679 mQ, inductor, Ry, = 2.34 m(2, on-state resis-
tance of the IGBTS, Riget = 0.5 mQ, and the circuit resistance
consisting of contacts, bus bars, and wires, Ry eags = 4.62 mQ.
The current factor, vy, was set to 1.6 in the circuit design. Once
the capacitor is charged, the Gerapid breaker is closed, and the
system is armed and ready for a shot. The magnet is turned
on by first pulsing the gate of the SCR. Once the shot dura-
tion has concluded, the IGBT’s gates are pulsed, allowing the
capacitor to discharge into the circuit, dropping the current in
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the SCR below its specified holding current and applying a
negative voltage across its cathode and anode for a duration
longer than its specified turn-off time, 74. Once the current
flow is broken, the Gerapid breaker is switched back to the
open position, concluding the magnet shot.

VIl. BETA’S DIAGNOSTICS AND SSB CONTROLLER

Diagnostics and the SSB are controlled with ArRbuivo Uno
microcontrollers through a graphical user interface in MATLAB.
From the cooling system sensors, the controller reads serial
data consisting of temperature and pressure at the inlet and
outlet of the vessel and flow switch boolean data. The temper-
atures from the RTD sensors are read with a dual MAX31865
PT-100 RTD to digital breakout board for aARpuINO from PLAY
INGWITHFUSION. Data acquisition on the SSB consists of reading
analog voltage of the magnet assembly with the Uno through
a voltage divider. The operating current is measured with a
closed loop Hall effect sensor powered by an external PSU at
19 V DC. The sensor outputs current from a secondary coil
winding induced by BETA’s operating current. The secondary
current is measured by voltage drop over a 20 Q shunt resistor
and to sense current magnitude in the magnet. Current in the
commutation branch is measured with Rogowski coil integra-
tor circuits. The signal output is measured with an oscilloscope
to ensure that current is traveling equally through the parallel
IGBTs. The magnetic field data are digitized with an ARDUINO
using the analog output from the gaussmeter.

The primary function of the SSB controller is to send pulse
width modulation (PWM) current pulses to the gates of both
the SCR and IGBTs. The SSB controller circuit schematic can
be seen in Fig. 8. MATLAB commands the ARDUINO to send a
PWM to electromechanical relays for pulsing the SCR and

Solid State Breaker

Capacitor Positive
40mA
I's 350-2972-ND
¥
Arduino Uno
BK Precision PSU ¢e= - -
| P
l| i o— :
Solid State Breaker ! | go— 1 1000 50W 100Q 50W
Ve N 1 ! HS50 100R F-ND
" ] HS50 100R F-ND
1
! Capacitor Negative
811 ot i vy prior g
560Q 1 i
] ! o— Bank Negative
560Q 1 L " Bank Positive
1
1
Bank Negative T : :
! ! T 1 AAAY SCR Gate
. 1 150Q
IGBT(2) Gate AN o 1
560Q P ! ' AN J
: ——— /1
560Q . :
e e e e e e - = ==
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FIG. 8. The SSB controller circuit uses an ArpuiNo Uno and a four channel dual pole relay for all functions. Part numbers in the figure are in red.
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IGBTs’ gates. When pulsed, the relays close, connecting the
positive of the battery bank to sized resistors and applying
a specific voltage and current to the gates. The SCR’s gate
voltage and current is 4.18 V and 232 mA, respectively. The
IGBTs’ gate voltage and current is 19.5 V and 34.8 mA,
respectively. To prevent running BETA without cooling, the
controller will not pulse the SCR unless the flow switch reads
true. The IGBTs will be pulsed automatically during operation

Experimental Measure
1280 T T
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if temperature or pressure at the vessel inlet or outlet exceed
normal operating limits or water flow ceases in the system.

The secondary function of the SSB controller is commu-
tation capacitor charging. Two relays are closed connecting
an external PSU in series with the commutation capacitor and
resistor for the duration of 10 RC time constants. The capacitor
can be manually discharged through a resistor by activating a
manual switch.
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FIG. 9. First panel: experimentally measured operating current of a magnet
temperatures and the average conductor temperature are approximated at eac|

shot beginning at 3.3 s and ending at 18.2 s. The analytical cooling holes’ wall
h time step as a function of the measured operating current. The analytical coil’s

resistance, in the second panel, is calculated as a function of resistivity at the averaged conductor temperature and is plotted against the measured resistance of the
magnet assembly. Third panel: the analytical coil voltage drop is calculated by multiplying the analytical coil resistance by the measured current and is plotted
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VIIl. ANALYTICAL DESIGN VS BETA’'S
EXPERIMENTAL RESULTS

Experimental results from BETA’s diagnostics show
agreement with the analytical design methods. Data from a
single shot are shown in Fig. 9, with the SCR pulsed at 3.3 s
and the IGBTs pulsed at 18.2 s, for a total shot duration of
14.9 s. The experimental data are acquired approximately
every 800 ms. During the first three seconds of operation,
there is an initial current spike, which is due to both the
load resistor and magnet reaching operating temperature and
resistance.

The coil’s analytical resistance, is calculated with Eq. (3)
using resistivity, pave, given by Eq. (2). The analytical aver-
age conductor temperature, T4y, in Eq. (2) is approximated
by averaging the cooling channel’s wall temperatures as a
function of measured operating current. The analytical and
measured resistance of the coil and magnet assembly for the
shot duration can be seen in Fig. 9, respectively. The mea-
sured resistance is calculated by dividing the measured voltage
drop over the magnet assembly by the measured operating cur-
rent. The measured magnet assembly resistance is larger than
BETA’s analytical coil resistance at steady state because the
magnet assembly is measured across leads that connect the
magnet to the SSB. The analytical resistance is only calcu-
lated for the coil. The averaged difference between measured
and analytical resistance from 12 s to the end of the pulse dura-
tion is 0.33 m€Q. This resistance difference is approximately
the resistance of the magnet’s leads under operating conditions.
The experimental results show that measuring resistance is one
approach that authenticates the thermal solver developed by
DPL because coil resistance is a function of both temperature
and axial Lorentz force. However, the force applied through
the tie rods is much larger than the axial Lorentz force, thus
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any contact resistance in the magnet coil due to the magnetic
forces can be neglected.

The coil’s analytical voltage drop is calculated by multi-
plying the analytical coil’s resistance by the measured operat-
ing current. The analytical voltage drop in Fig. 9 is a steady
state calculation and therefore initially larger than the mea-
sured voltage drop until BETA reaches operating temperature
and resistance.

The magnetic field plotted in Fig. 9 was measured at the
very center of BETA’s core. This position was calibrated by
connecting BETA to an external current supply and finding
the maximum field at 120 A DC. The average percent error
from the measured magnetic field and analytic field is 2.26%
for the pulse duration in Fig. 9. The majority of percentage
error is attributed to the deviation from ideal current density
due to the linearity of BETA’s conductor temperature. There-
fore, the magnetic field solvers developed for Bitter magnets
at DPL will increase in accuracy when conductor temperature
is uniform.

The analytical cooling channel’s wall and outlet temper-
atures at the measured operating current are plotted for the
pulse duration in Fig. 10. Water temperature was measured
experimentally with K-type thermocouples at the outlet for
five cooling channels during the pulse duration. However,
there was significant measurement error resultant of both the
magnetic field and electrochemical effects which adds to the
standard error, +2.2 °C, of thermocouples.'>?’ Analytical out-
let water temperature of the cooling channels falls within
the thermocouple error. New methods of DAQ for experi-
mentally measuring magnet and water temperatures are being
investigated with thermochromic liquid crystal paper imaging.

The magnetic field at constant current was also measured
along the +Z-axis of the bore to compare against both FEA and
analytical results in Fig. 11. Both the FEA and analytical fields
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were evaluated at 1175 A DC. The experimental data consist
of multiple magnet shots at different distances along the center
of the bore. The measured magnetic field closestto 1175 A DC
over the shot duration is plotted in the figure with error bars of
5%, which is the propagated measurement error. The average
percent difference between the analytical and FEA estimates
for the magnetic field magnitude along the bore of BETA is

and FEA is 2.86% and between experimental and analytical is
1.11%.

IX. CONCLUSIONS

BETA’s magnet core and vessel design are new simplified
methods for producing Bitter magnets. The cooling and elec-

1.15%. The average percent difference between experimental trical system is designed to be scalable for dissipating more
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power and breaking higher currents. BETA’s design can reach
steady state magnetic fields higher than 1 T by using faster
flow rates in the cooling system. BETA’s steady state opera-
tion is limited by the maximum temperature of the insulator
G10-FR4 which is 140 °C. For our cooling system’s mass flow
rate, the average conductor temperature will reach 140 °C at
1870 A. A centered magnetic field of 1.63 T, an averaged cool-
ing channel exit temperature of 17 °C, and a FOS of 61.1 will
be maintained at this current. Varying parameters for BETA
can be found in Fig. 12 from the operating current of 1175 A
to the current limit of 1870 A. Furthermore, BETA is currently
in use for conducting plasma stability experiments at UMBC.
The analytical design methods developed to construct Bit-
ter magnets for magnetized dusty plasma experimentation have
been proven reliable with the completion of BETA. These
design methods were developed for fast design iteration over
conventional and FEA methods. BETA’s experimental data
validate and verify these design methods and will be used to
develop the successor magnet, ALPHA.

ACKNOWLEDGMENTS

We would like to acknowledge the Special Research
Assistantship/Initiative Support and the Department of
Mechanical Engineering at UMBC for supporting this
research.

NOMENCLATURE

Magnetic field design

Ariing ~ Filling factor of Bitter arc

B Bitter magnet’s field amplitude

1 Coil’s current

L Coil’s inductance

l Coil’s length

N Number of magnetic turns in the coil
N Number of conductors in the coil

P Coil’s electrical power

R Coil’s resistance

r Bitter arc’s inner radius

r Bitter arc’s outer radius

t Bitter arc thickness

Vo Voltage drop over a single conducting Bitter arc
Vi Voltage drop over coil

Mechanical stress design

Averged equivalent elastic strain
Maximum equivalent elastic strain
Averaged equivalent Von Misses stress

€eq,avg
€eq,max

Ov,avg
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O p.max Maximum equivalent Von Misses stress
Fpodymax ~ Maximum body force density

Xtotal,ave Averaged total deformation

Xtotal max Maximum total deformation

FOS Factor of safety for equivalent stress

Thermal design

m Water’s mass flow rate through cooling channels

A Cross-sectional area and normal to water flow of
cooling channels

h Heat transfer coefficient

p Centered radial placement of cooling channels

T outlet Analytical cooling channel outlet’s water
temperature

Twwrea)y  FEA averaged cooling channel wall temperature

Tw Analytical cooling channel wall temperature

Up Water’s velocity through cooling channels
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