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ABSTRACT

This report details the development of a magnetically suspended, canned-rotor testbed that will be used for
future cross-cutting embedded instrumentation and control research for nuclear power applications. The
design goal of the loop-scale testbed is to build a low-temperature pump that utilizes magnetic bearings,
which will be incorporated into a water-loop to test control system performance and self-sensing
techniques. Specifically, this testbed will be used to analyze control system performance in response to
nonlinear and cross-coupling fluid effects between the shaft axes of motion, rotordynamics and gyroscopic
effects, and impeller disturbances. The testbed will also be used to characterize the performance losses
when using self-sensing position measurement techniques. Active magnetic bearings are a technology that
can potentially reduce failure rates and maintenance costs in nuclear power plants. The magnetic bearing
technology with its closely-coupled control system is particularly relevant to liquid salt reactors that
operate at high temperatures (700 ◦C). Extreme environments limit the options for selecting sensors and
actuators and potentially degrade their performance. Pumps used in the extreme environment of liquid salt
reactors provide many engineering challenges that can be overcome with magnetic bearings and their
associated embedded instrumentation and control. This report gives details on the mechanical and
electromagnetic design of the loop-scale embedded instrumentation and control testbed. This research is
funded by the Department of Energy’s Nuclear Energy Enabling Technology program’s Advanced Sensors
and Instrumentation crosscutting research area and was performed by Oak Ridge National Laboratory.

1. INTRODUCTION

This document provides details on technical choices made in designing the embedded instrumentation and
control (I&C) loop-scale testbed. This work was performed in direct support of developing advanced I&C
for harsh environments under the Advanced Sensors and Instrumentation (ASI) of the Nuclear Energy
Enabling Technologies (NEET) program. The goal of this Department of Energy (DOE) research initiative
is the development of new cross-cutting technologies that can improve the functionality, performance,
reliability, and safety of nuclear reactor components for existing and next generation reactor designs. Many
new advanced reactor designs utilize different thermodynamic cycles and materials that make it
challenging or impossible to import existing component designs - high temperatures and salt compatibility
create real impediments long-term reliability. This research project is focused on bridging some of the
technical gaps using embedded I&C. The technical application is that of cutting edge sensing, feedback
control, and actuation techniques for a high-temperature, magnetic bearing pump testbed, which will have
applicability to many reactor designs ranging from high-temperature gas turbines to molten salt reactors.

The current project takes advantage of previous research performed at Oak Ridge National Laboratory
(ORNL) under the NEET ASI program. Phase I of the program developed a conceptual 700 ◦C pump with
active magnetic bearings and a switched reluctance motor. Functional materials necessary for operation at
700 ◦C were identified. Alternative pump and magnetic bearing configurations were investigated and a
conceptual design was created [2, 6]. The manufacturability of the conceptual design was studied in Kisner
et al. [1]. Dynamic models of the conceptual design were developed including the fluid effects on rotor and
feedback controls [4].

The current project phase has concentrated on development of a bench-top magnetic bearing testbed for
embedded I&C research [5]. The bench-scale testbed was designed and fabricated. It has since been used
to develop and test functional controls for the magnetic bearings.
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For Phase II of the project, a low-temperature pump testbed for developing and testing embedded
instrumentation and control during pump operation has been developed. This testbed will be integrated
with a water loop to verify robustness of the instrumentation and controls to nonlinear and cross-coupling
fluid effects between the shaft axes of motion, rotordynamics and gyroscopic effects, and impeller
disturbances.

The report is organized as follows. In Section 2., the overall design concept of the testbed will be
discussed. In Section 3., the impeller forces are calculated and the bearing force requirements are derived.
In Section 4., the radial bearing electromagnetic design is analyzed. Section 5. covers analysis of the
electromagnetic properties of the axial magnetic bearing. Section 6. discusses touchdown bearing choices.
In Section 7., information on the position sensors used in the testbed are provided. And finally, Section 8.
concludes and discusses future testbed experimental usage.
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2. DESIGN CONCEPT

The design goal for this phase of the DOE project was to design and fabricate a working prototype of a
magnetically suspended, canned-rotor pump that can be demonstrated on a water-loop at room temperature.
To reduce the design time and fabrication costs, a commercial canned-rotor pump was chosen as the
foundation of the testbed. The pump selected (a Teikoku 204TF1 with impeller) has specifications and flow
characteristic as shown in Figure 1. The pump as originally designed utilizes graphite fluid bearings. To
create the testbed, the original pump will be retrofitted with active magnetic bearings that will replace the
graphite fluid bearings. This re-engineering requires extensive modification to the original pump but allows
the use of the existing 3600 RPM induction motor, impeller, and volute thus significantly reducing design
and fabrication costs. This pump model has a nominal flow rate of 532 L/min with a head of 73 m.
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Figure 1. Teikoku 204TF1 Pump Specifications.

To accomplish the retrofit, the existing commercial pump was disassembled. Each component was then
measured and modeling in 3D in SolidWorks R©. The solid model rendering of the existing pump is shown
in figure 2. This measurement and modeling effort was necessary because engineering drawings and solid
models of the pump were unavailable from the manufacturer. Figure 3 shows the final design of the
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modified Teikoku 204TF1 pump with Figure 4 showing a closer view of the thrust and axial magnetic
bearing structures. The copper colored features in the illustration are the magnetic windings. The violet
structures in figure 4 are the added housings to extend the original pump body to make room for the
magnetic suspension. Electrical connections are made through the angled flange piece. The impeller and
volute are shown at the far left in the figures.

Figure 2. 3D Model of the Teikoku 204TF1 pump created after from disassembly and measurement.

Figure 3. 3D Model of the modified Teikoku 204TF1 pump testbed.
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Figure 4. Close view of the combined thrust and axial magnetic bearing for the loop-scale testbed.
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3. IMPELLER FORCES

The primary forces on the shaft are due to gravity and fluid forces on the impeller. To properly design the
force characteristic of the magnetic bearings, the radial and axial forces created by the impeller need to be
understood. The motor/pump will be mounted horizontally, so the gravitational force on the shaft will be in
the radial direction.

The fluid forces on the impeller are a function of the operating conditions. The Teikoku 204TF1 pump has
a single volute design, closed impellers, balance holes, and a back ring. All equations for calculating the
impeller forces were taken from Lobanoff and Ross [3].

The radial loading of the pump is affected by the volute design and the fraction of operating capacity (how
far from the best efficiency point (BEP)) at which the pump is operating. The radial load is given by

Fr =
KrHDBS G

102.12
(1)

where Kr is a radial thrust factor, H is the impeller head at the flow point in m, D is the impeller diameter in
mm, and B is the impeller width at the vane discharge including the shroud in mm and S G is the specific
gravity of the fluid being pumped. Table 1 summarizes the relevant physical parameters and radial forces
on the Teikoku 204TF1 pump.

Table 1. Teikoku 204TF1 Radial Force

Parameter Value Units

Kr (0.09, 0.38)
H (54.9, 88.4) m
D 208 mm
B 16 mm
S G 1.0

Fr (158.9, 1080.7) N

The axial loading of the pump is affected by the pump flow rate and the pressure differential created
between the front and rear of the impeller and the impeller design. The following force calculations are for
a single-suction closed impeller with balance holes and a back ring. There are three main forces that
contribute to the impeller axial forces: (1) the moment change of the fluid as it moves through the impeller,
(2) the pressure differential between the front and back of the impeller, and (3) the path change moment.
The moment change of the fluid due to the 90◦ path change from the impeller inlet to outlet causes a force
Fx on the impeller that is related to the flow rate by

Fx =
Q2S G

3.9 × 106AI
(2)

where Q is the flow rate in liters per minute [lpm], S G is the specific gravity of the fluid being pumped, AI

is the area of the impeller suction in m2, and Fx is in N. The axial load on the front of the impeller F f is
given by

F f = AsPs − (0.03Pd(A1 − As)) (3)
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Where As is the area of the shaft in m2, Ps is the pump suction pressure in Pa, Pd is the pump differential
pressure in Pa, A1 is the area of the casing inlet in m2, and F f is the axial force on the front of the impeller
in N. The axial load on the back of the impeller Fb in N is given by the equation

Fb = 0.75Pd(A1 − A2) (4)

where Pd is the pump differential pressure in Pa, A1 is the area of the suction inlet in the outer casing in
m2, A2 is the area inside the back rings on the impeller in m2, and Fb is in N. Finally, the total axial thrust
force on the impeller FT is given by

FT = Fb − F f − Fx (5)

where the positive (Z+) direction is chosen to be towards the suction inlet. The Table 2 summarizes the
physical parameters and force calculations for the Teikoku 204TF1.

Table 2. Teikoku 204TF1 Axial Force

Parameter Value Units

Q 532 lpm
AI 0.00248 m2

As 0.00120 m2

A1 0.00322 m2

A2 0.01077 m2

Ps 6.0×105 Pa
Pd 8.2×105 Pa
S G 1.0

Fx 29.2 N
F f 22.0 N
Fb -4645 N

FT -4696.2 N

These calculations indicate a large axial force on the pump which is at odds with the manufacturer’s claim
that the axial forces are balanced in their pump design. The maximum allowable axial force for this pump
model according to the manufacturer is 600 N. This discrepancy could be partially explained by the hollow
shaft design in this pump, which was not considered in Lobanoff and Ross [3]. The calculations in [3] also
make assumptions about the impeller end play, wear ring gap, impeller symmetry, location of the impeller
relative to the stationary walls, and balance hole geometry that are not necessarily applicable to this pump
design. Because of the approximate nature of these calculations, we are using the manufacturer’s maximum
axial force of 600 N. This value has been verified through testing performed by the manufacturer. Test data
from the manufacturer shown in Figure 5 indicates a maximum measured force of 510 N (52 kg f ).
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Figure 5. Axial force test data for a Teikoku canned rotor pump from the manufacturer.
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4. RADIAL BEARING

The forces on both radial bearings due to fluid forces on the impeller can be calculated based on the
distances from the impeller to the bearings. We will denote the impeller as the ‘front’ of the pump, the
direction towards the impeller as Z+, and the radial bearing that is the closest to the impeller as the front
bearing or bearing A. The bearing farthest from the impeller will be denoted as the rear bearing or bearing
B. Figure 6 shows a cross-sectional view of the shaft with the relative locations and labels of the major
features. The distance from bearing A to the impeller outlet denoted by LA is approximately 0.27 m and the
distance from bearing B to the impeller outlet denoted by LB is approximately 0.860 m.

Figure 6. Cross section of the testbed shaft.

Using the following equations, the reaction forces at the bearings FA and FB can be calculated.

FA = Fr − FB (6)

FB = Fr
LA

LB
(7)

Given a maximum radial force of Fr = 1081 N, bearing A will support 742 N and bearing B will support
339 N. The bearing windings will use 16 AWG wire size, which has a nominal current limit of 20 A. For
this wire size, the resistive heating at the current limit when the coil is in atmosphere will not exceed the
maximum wire temperature. Although the majority of testing will occur when the coils are submerged in
water, initial functional testing will occur with the coils exposed to the atmosphere so they are designed to
this limiting case. Based on these current and load parameters, both front and rear radial bearings will be
designed to create 2000 N force at 10 A when the shaft is centered in the stator. Table 3 gives the values
for the radial bearing geometry that were derived using a custom optimization program written in Matlab R©

that minimizes the mass of the magnetic bearing.

The radial magnetic bearings will use a differential bearing driving mode. The force created by the radial
magnetic bearing can be calculated for a rotor position x and control current ui by

F = k
(
(i0 + ui)2

(x0 − x)2 −
(i0 − ui)2

(x0 + x)2

)
cosα (8)

with
k =

1
4
µ0N2AR (9)
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Table 3. Radial Bearing Geometry

Parameter Value Units Description

x0 0.0015 m Air Gap
i0 8.0 A Bias Current
dr 0.066 m Rotor OD
ht 0.030 m Tooth Height
wt 0.0129 m Tooth Width
hs 0.100 m Stack Height
N 160 turns Total Coil Turns
α 22.5◦ deg Tooth Angle

Figure 7 shows both the theoretical linearized force characteristics of the radial bearing differential drive
design along with the nonlinear force calculated using the material properties of M19 electrical steel which
is used for the rotor and stator lamination for the radial bearings. From [7], linearizing (8) about the
operating points x = 0 and ui = 0 yields the expression of the bearing force given by

Fl = kii + kxx (10)

where

ki =
4ki0
x2

0

(11)

kx =
4ki20
x3

0

(12)

For this radial bearing design, ki = 136.3 and kx = 727044.6.

We also need to ensure that the bearing will have sufficient force at the limits of the radial motion to
overcome weight of the shaft. The shaft has a mass of 18.3391 kg and a weight of 180 N. Figure 8 shows
the nonlinear force produced by the radial bearing when it is resting on the touchdown bearings and
demonstrates that the radial bearing will have sufficient force magnitudes at the limits of shaft travel to
overcome the gravitational forces on the shaft.

Figure 9 shows an exploded view of the radial bearing design.
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Figure 7. Radial bearing nonlinear force for M19 steel when the rotor is in the center of the stator.

Figure 8. Radial bearing nonlinear for for M19 steel when the rotor is at the limit of its motion.

13



Figure 9. Exploded view of the axial magnetic bearing.



5. AXIAL BEARING

The axial bearing design will have two concentric annulus surfaces on the stator for the flux to pass through
to the rotor. To maximize the magnetic flux, the area of both of these annuli should be equal. In addition,
we would like to separate the outer diameter of the smaller annulus and the inner diameter of the larger
annulus by a gap larger than the thrust bearing airgap to reduce the magnetic forces between them and
prevent a short circuit of the magnetic flux. Given the outer radius of the larger annulus ro, the inner radius
of the smaller annulus ri, and the gap ga we can calculate the smaller annulus outer radius rm

i and the larger
annulus inner radius rm

o = rm
i + ga.

rm
i =

1
2

(
−1 +

√
2r2

i + 2r2
0 − 2ga + 1

)
(13)

Figure 10. Thrust bearing annuli and geometric quantities.

For the Teikoku pump, we will choose a ro = 43 mm, rm
o = 34.2 mm, rm

i = 32.2 mm, and ri = 17 mm for a 2
mm gap. Figure 11 shows a typical cross-section of the thrust bearing design. This diameter value gives a
cross-sectional area of 2350 mm2. Assuming a maximum flux density Bmax of 1.4 T , the maximum force
that can be created by the impeller side axial magnetic bearing is

Fmax =
B2

maxAT

µ0
= 3328 N (14)

and the number of windings NT to achieve the maximum magnetic flux is

NT =
2Bmaxz0

µ0ui
= 334 turns (15)

where z0 = 1.5 mm is the nominal airgap and ui = 10 A is the nominal coil current. With 16 AWG wire
with a cross sectional area of 1.3 mm2 and a packing factor of 0.6, the required winding area is 868 mm2.
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Figure 11. Thrust bearing cross sectional geometry.

With a bias current of 3.5 A and an airgap of 1.5 mm, the thrust bearing has the linearized coefficients

ki = 465.4

kx = 1085963

Figure 12 shows the nonlinear force when using M19 steel and the linearized force for the thrust bearing
using a differential drive design (see equation 8). The maximum nonlinear force corresponds to the
theoretical maximum force calculated in (14). Figure 13 shows the force response of the thrust bearing at
the limit of the shaft travel. This figure shows that even at the limit of travel, the thrust bearing creates
enough force to overcome the maximum expected axial force of 600 N.

Figure 14 shows an exploded view of the final thrust bearing design.
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Figure 12. Thrust bearing force when centered.

Figure 13. Thrust bearing force at the limit of travel.
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Figure 14. Exploded view of the thrust bearing.
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6. TOUCHDOWN BEARINGS

Mechanical touchdown bearings are a critical component of any magnetic bearing design. They protect the
rotor and stator from accidental contact during off-normal operation, provide a resting position for the rotor
when the magnetic bearing is not turned on, and allow the pump to continue operation at reduced
performance in the event that the magnetic bearing fails. Because this testbed will be operated at low
temperatures, off-the-shelf combined thrust and axial bearings, shown in figure 15, will be used. Bearing

Figure 15. Combined axial and thrust ball touchdown bearing.

tolerance rings are used to mount the touchdown bearings to simplify fabrication and assembly while
providing damping to the shaft in the event of rotor contact with the touchdown bearings. The radial
clearance between the rotor and the touchdown bearing is 0.4 mm and the axial clearance is 0.75 mm.

19





7. INSTRUMENTATION

For a high-temperature application of a canned-rotor pump, using separate position sensors is almost
impossible. The ultimate design goal of this magnetic suspension system is to measure position through the
actuation coils. Self-sensing through the magnet coils is possible to achieve with correct modeling and
design. However, for this loop-scale water pump system, accurate shaft position measurements are needed
for experimental data validation during self-sensing operation. The shaft will be measured using physical
sensor in a differential mode to remove any sensor bias from the measurement. Orthogonal radial
measurements and an axial measurement will be taken at each end of the shaft.

For measuring the shaft position, inductive sensors were chosen over capacitive, laser metrology, and other
non-contact sensor techniques. Inductive sensors offered sufficient resolution, accuracy, repeatability, noise
rejection, and insensitivity to the target material in a convenient form factor and reasonable price. The
radial measurement sensors selected for the testbed are Baumer IR12.D06S-11123877 shown in Figures 16
and 17. Table 4 gives the sensor characteristics.

Figure 16. Baumer: inductive sensor IR12.D06S-11123877

Figure 17. Baumer IR12: inductive sensor dimension drawing

The form factor of the Baumer IR12.D06S sensor makes using it for the axial measurement difficult, so a

21



Table 4. Baumer IR12 Position Sensor Technical Specification

General Data
Mounting type quasi-flush
Measuring distance Sd 0 . . . 6 mm
Resolution < 0, 005mm (stat.)

< 0, 01mm (dynam.)
Repeat accuracy < 0, 01mm
Linearity error ±720µm (S=0 . . . 6 mm)

±300µm (S=1.5 . . . 4.5 mm)
Temperature drift ±6 (Full Scale; −25 . . . + 75 ◦C)

±4 (Full Scale; 0 . . . + 60 ◦C)
Electrical Data
Response time < 1 ms
Voltage supply range +V s 12 . . . 36 VDC
Current consumption max. (no load) 10mA
Output circuit voltage output
Output signal 0 . . . 10 VDC
Load resistance > 4000 Ohm
Short circuit protection yes
Reverse polarity protection yes
Mechanical Data
Type cylindrical threaded
Housing material brass nickel plated
Dimension 12mm
Housing length 50mm
Connection types connector M12
Ambient Conditions
Operating temperature −25 . . . + 75 ◦C
Protection class IP67

Baumer IWFM 08U9501 sensor was chosen. Figure 18 shows the sensor dimensions.

The Baumer IWFM sensor technical specifications are given in Table 5.

Figure 19 shows the location of the axial sensors. At this location their target is the thrust bearing rotor.

Both the Baumer IR12 and Baumer IWFM sensors have an IP67 rating. This rating will not withstand
extended operation in liquid. Additional waterproofing will be required for reliable sensor operation.
Consultation with Baumer engineering has led us to determine that an epoxy seal on the sensor will be
sufficient for the low pressure, low temperature water environment. Signals from the sensors are processed
through isolation amplifiers and sent to analog-to-digital converters for use by the control system.
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Figure 18. Baumer IWFM: inductive sensor dimension drawing

Figure 19. Location of the axial position sensors on the magnetic thrust bearing
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Table 5. Baumer IWFM Position Sensor Technical Specification

General Data
Mounting type quasi-flush
Measuring distance Sd 0 · · · 2 mm
Resolution < 0, 001mm (stat.)

< 0, 005mm (dynam.)
Repeat accuracy < 0, 02mm
Linearity error ±100µm
Temperature drift ±5%
Electrical Data
Response time < 1 ms
Voltage supply range +V s 15 . . . 30 VDC
Current consumption max. (no load) 10mA
Output circuit voltage output
Output signal 0 . . . 10 VDC
Load resistance > 3000 Ohm
Short circuit protection yes
Reverse polarity protection yes
Mechanical Data
Type cylindrical threaded
Housing material brass nickel plated
Dimension 8mm
Housing length 16mm
Connection types cable
Ambient Conditions
Operating temperature 10 · · · + 60 ◦C
Protection class IP67



8. CONCLUSIONS

This report details the mechanical and electromagnetic design calculations of an embedded I&C testbed
that incorporates active magnetic bearings into a canned-rotor pump. This system will be fabricated and
installed to test the performance of embedded instrumentation and controls under real-world conditions in
FY2017. These environmental conditions include nonlinear and cross-coupling fluid effects between the
shaft axes of motion, rotordynamics and gyroscopic effects, and impeller disturbances. The performance of
different control design techniques will be evaluated in FY2017 along with the performance reductions
associated with self-sensing bearing techniques.

This design can be extrapolated for motors operating at high temperatures in liquid salt by changing some
of the materials and implementing the self-sensing position and speed measurements. Such a development
would be a natural next phase of work.
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