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a b s t r a c t
The gas turbine modular helium reactor (GT-MHR) combines a modular high-temperature gas-cooled
reactor (HTGR) nuclear heat source with a closed Brayton gas-turbine cycle power conversion unit
(PCU) for thermal to electric energy conversion. The PCU has a vertical orientation and is supported
on electromagnetic bearings (EMB).
The rotor scale model (RSM) tests are intended to directly model the control of EMB and rotor dynamic
characteristics of the full-scale GT-MHR turbo-machine (TM). The objectives of the RSM tests are to:

• Conﬁrm the EMB control system design for the GT-MHR turbo machine over the full-range of operation.
• Conﬁrm the redundancy and on-line maintainability features that have been speciﬁed for the EMBs.
• Provide a benchmark for validation of analytical tools that will be used for independent analyses of the
EMB subsystem design.

• Provide experience with the installation, operation and maintenance of EMBs supporting multiple
rotors with ﬂexible couplings.
As with the full-scale TM, the RSM incorporates two rotors that are joined by a ﬂexible coupling. Each
of the rotors is supported on one axial and two radial EMBs. Additional devices, similar in concept to
radial EMBs, are installed to simulate magnetic and/or mechanical forces representing those that would
be seen by the exciter, generator, compressors and turbine.
Overall, the lengths of the RSM rotor is about 1/3rd that of the full-scale TM, while the diameters are
approximately 1/5th scale. The design and sizing of the rotor is such that the number and values of critical
speeds in the RSM are the same as in the full-scale TM. The EMBs are designed such that their response
to rotor dynamic forces is representative of the full-scale TM.
The fabrication and assembly of the RSM was completed at the end of 2008. All start up adjustments
were ﬁnished in December 2009. To-date the generator rotor has been supported in the EMBs and rotated
up to 1800 rpm. Final tests are expected to start in the fall of 2011.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
A power-generating unit of the high-temperature helium reactor has a turbo-machine (TM) that is intended for conversion of
thermal energy into electrical energy, and helium circulation in the
primary circuit (Baxi et al., 2006, 2008). The TM (Fig. 1) consists of a
turbo compressor (TC) and a generator. Their rotors are joined with
a diaphragm coupling and supported by electromagnetic bearings
(EMBs). The TC is enclosed in a metallic shroud to prevent a catastrophic event in case of blade failure. Distinguishing features of the
TM design are vertical positioning, the EMB system, a ﬂexible rotor,
a helium-cooled generator, signiﬁcant electric power, the rotation
speed of 4400 rpm, the rotor weight 67.7 t, and the rotor length
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of 29 m. The TM EMB system consists of two axial and four radial
EMBs, the EMB control system, and catcher bearings (CBs). The use
of EMBs (Schweitzer, 2002; Shi et al., 2004; Bilbow, xxxx; Chiba,
xxxx; Schweitzer et al., 1994; Hittner, 2004; Koster et al., 2003; Ion
et al., 2004; Guojun et al., 2004; Li et al., 2004; Xingzhong et al.,
2004; Kunitomi et al., 2001; Kümmlee et al., 2000; Hsiao and Lee,
1994; Pilat, 2004; Schmied and Pradetto, 1992; Kodochigov et al.,
2005a,b; Mitenkov et al., 2005) in the TM makes it possible to: (1)
prevent lubricating oil and products of wear and tear from getting
into the gas-turbine cycle; (2) reduce bearing operational costs; and
(3) enable active control of the rotor dynamics.
2. Rotor scale model
In order to verify the main features of the power conversion
unit (PCU), scale tests called rotor scale model (RSM) tests are in
progress. The RSM consists of two parts – the generator rotor model
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the rotor and control system including magnetic attraction forces
in the generator and exciter, forces of gas-dynamic origin in the
turbine and compressors; and (5) veriﬁcation of calculation procedures of the rotor dynamics based on the obtained experimental
data.
Experimental studies of RSM enable us to:
• Investigate the inﬂuence of the rotation speed on the operation of
the rotor and control system including rotor behavior at several
critical speeds and during operation near the critical speeds.
• Investigate a possibility of balancing the rotor in EMB and to damp
rotor bending oscillations at critical speeds.
3. Scaling
It is crucial that the scaling factors of the length and the diameter
of the RSM are accurate in order to produce corresponding natural
frequency characteristics. An example of the scaling analysis for the
equation of a beam used to calculate natural frequencies of lateral
oscillations and respective critical frequencies of rotor rotation is
shown below.
∂2
∂z 2

Fig. 1. GT-MHR turbo machine.

and the turbo compressor rotor model that are joined with a ﬂexible
or rigid coupling (either may be used in the experiment). Fig. 2
presents a schematic of the generator and the turbo compressor
rotor models. Fig. 3 explicitly shows the actual components such as
the radial and the axial EMBs, the test facility casing and the shafts.
The rotor axis is vertical. The designs of physical model elements,
the turbine, compressors, generator and exciter are simpliﬁed and
represent masses of same moments of inertia, with proper scaling.
In addition, three radial EMBs are installed in RSM. One of the
radial bearings is used for simulating the impact of Alford forces on
the turbo machine rotor. The other two bearings may be used as
additional supports or for creation of additional radial forces.
Electromagnetic sensors of rotor position control are used to
continuously measure the gaps between the rotor and the axial and
radial EMB electromagnets. Additionally, to control rotor displacement in the horizontal plane at various points along the height,
inductive sensors are used.
Four radial and two axial EMBs together with the control system
form the electromagnetic suspension system of the rotor model.
Each EMB is backed up with a ball bearing type catcher bearing.
Bearing cooling is achieved by forced air circulation. RSM electromagnetic suspension system incorporates a multi-channel control
system that ensures the required load-bearing capacity of the bearings and creates driving forces sufﬁcient for stabilization.
The generator rotor is driven by two electric motor rotors (5 kW)
that were selected so that it will be possible to scale magnetic
attraction forces of the full-scale turbo machine main generator and
exciter. The motors ensure the model rotor rotation speed can be
controlled from 10 to 6000 rpm by means of a frequency converter.
The RSM casing is installed on a vibro-insulating foundation to
investigate the impact of various changes in the turbo machine
design on the rotor and turbo machine operation. These include:
(1) The change in the number of EMBs; (2) location of bearings and
stiffness of stator structures, inﬂuence of the rotor coupling type
(rigid or ﬂexible); (3) deﬂection of various structure elements from
a speciﬁed alignment (bearings, generator stators, turbine and compressors); (4) the impact of various force factors on the operation of
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where E is the rotor material elasticity modulus, J is the moment
of inertia in the cross-section relative to the central axis, y is the
lateral displacement of the given rotor cross-section, z is the length
of rotor section from the reference point to the given cross-section,
 is the rotor material density, S is the rotor cross-sectional area,
and t is time.
Applying the similarity and dimensional theories, we obtain:
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where KE , KJ , KD , KL , Ky , K , KS , Kω are scaling coefﬁcients, which are
ratios of elasticity modulus, inertia moment, diameters D, lengths L,
lateral travels, densities, cross-sectional areas, and oscillation frequencies ω of the full-scale rotor over the respective parameters of
the rotor scale model; cM and cH are the ratio of inner diameter over
outer diameter for any cylindrical section of the full-scale rotor and
the corresponding section of the rotor scale model.
This scaling analysis provided various parameters, including in
particular the two scaling coefﬁcients for the length and the diameter, KLENGTH = 2.35 and KDIAM = 5.52. In addition to proper scaling
the dimensions of the rotor, the structure of the RSM, EMB, and the
control system (CS) along with the means of ensuring a redundancy
in the CS are identical to those as in the full-scale TM.
4. RSM status as of 2011
As part of start up, the following tests have been conducted:
1. Natural frequencies of RSM casing vibration modes were determined. Tests were performed by simulating vibrations by using
“Brüel & Kjær” 4801 vibration exciter in the frequency range of
0–200 Hz.
2. The following parameters were determined for a non-rotating
rotor with assigned control system algorithms:
a. Relative position of the geometric and magnetic axes in radial
EMBs and gaps in catcher bearings according to signals from
displacement sensors.
b. Values of the axes of generator and TC rotor models relative to
the central geometrical axis of catcher bearing.
c. Electrical currents in electromagnets.
d. Temperature of windings (coils) of electromagnets.
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Fig. 2. Rotor scale model.

The generator and the TC rotors were decoupled to start supporting and rotating the generator rotor in EMBs. The difﬁculties
encountered in this process and their resolutions are shown in
Table 1.
Other problems encountered were the inﬂuence of disturbances on the quality of current control by the relay-operated

regulator, failures of power transistors in output stage modules, and position sensors that did not provide the required
inductance.
After the EMB and sensors control system was upgraded, the
support system was capable of holding the rotor while rotating at a speed not exceeding 1800 rpm. Further upgrades are

Table 1
Difﬁculties encountered and resolution.
Problem
Characteristics of rotor position sensors do not meet the imposed requirements
Characteristics of rotor angular position sensors do not meet the imposed requirements
Noise in EMB control system
Vibration sensors do not give full information on RMS casing displacement
a

IS – insigniﬁcant; S – signiﬁcant.

Effect on RSM tests
a

IS
Sa
Sa
ISa

Resolution
Replacement
Correct production process
Update EMB control system
Correct the information-measuring complex software
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Fig. 3. RSM components.

being conducted to increase stiffness of EMBs and to reduce the
oscillation amplitudes.
5. RSM test program
RSM test program includes both the main and the special tests.
The goals of the main tests are to:
1. Validate operability of the GT-MHR TM EMB control system to
conﬁrm conﬁguration of the GT-MHR PCU.
2. Obtain experimental data for use: (a) during development of the
EMB system and rotor for the full-scale TM and (b) during tests
of the full-scale TC.
3. Obtain data for veriﬁcation of rotor dynamics computer codes
and EMB control algorithms.
Additional special tests are planned to be conducted in 2012.
The goals of these additional tests are to:
1. Obtain additional experimental data on the inﬂuence of individual internal and external effects on the dynamics of a ﬂexible
rotor with electromagnetic bearings in order to verify the DIROM
code and to validate the control algorithm.
2. Determine “margins” of the static load-carrying capacity of EMBs
with a stopped rotor.
3. Determine the force moment from skewness of the axial EMB
disk relative to the stator.

4. Estimate radial forces in the axial EMB at radial rotor displacement.
5. Estimate actual inertia of EMB CS.
6. Study the inﬂuence of additional loading devices used as
dampers on rotor dynamics.
7. Continue study of inﬂuence of bias (displacement) currents in
radial and axial EMB on rotor dynamics.
8. Study inﬂuence of tangential forces on rotor dynamics by means
of specially provided simulators in transient modes.
9. Determine actual stability boundaries for a ﬂexible rotor with
EMBs in transient modes at different parameters of the control
system.

6. Safety measures
The rotor in test weighs more than a ton and will rotate at
5200 rpm during the ﬁnal phase of testing. The stored energy at
that speed will be about 2 MJ. The following safety measures have
been taken to ensure safety of the equipment and personnel:
1. The rotating parts are enclosed in a steel casing.
2. The whole assembly is located in a concrete structure away from
the control room.
3. Access to the experiment is restricted.
4. The test program has been planned so that the maximum speed
of 5200 rpm is achieved in steps.
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5. A control has been provided to shut down the experiment with
one switch.
Also, access is available to the RSM at important locations,
through removable windows for repairs or replacements without
disassembly of the entire RSM.
7. Conclusions
At present, there is no experience in developing a turbo-machine
similar to the GT-MHR TM, which has a long vertical and massive
rotor that consists of two ﬂexible rotors joined with a ﬂexible coupling and supported by four radial and two axial EMBs. Thus, the
RSM is a unique test facility, which, like the full-scale GT-MHR TM,
has two ﬂexible rotors with two bending speeds and a diaphragm
coupling, and which enables testing of the vertical ﬂexible rotor
with electromagnetic suspension. These investigations will allow
the development of a preoperational adjustment; the technology
of control law reﬁnement actual characteristics of the rotor, EMB
and control system; the technology of rotor balancing in EMB. The
tests will also enable obtaining experimental data for development
work on EMB system and gaining the EMB system operational experience that will be used during the full-scale TC tests and during the
TM standard operation.
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