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A highly reliable control rod drive mechanism (CRDM) installed inside the reactor vessel has developed for use of
an advanced marine reactor. This CRDM contributes to compactness and simplicity of the reactor system, and it can
eliminate the possibility of a rod ejection accident. The CRDM works in the high temperature and high pressure water—
310C and 12 MPa, the same atmosphere as the primary loop. Driving force is produced by a synchronous motor with
the rotor of a permanent magnet, which has been developed. An innovative latch mechanism using separable ball
nuts can latch the driving shaft connecting the control rod and de-latch it for scram. The rod position detector using a
magnetostrictive wire type sensor on the principle of Wiedeman effect has been developed, accuracy of which is verified
to have a detecting error within 1.2 mm. Ball bearings for thrust and radial supports in rotation have been developed to
be capable of working under the high temperature water for a long period. Under condition of high temperature water,
the performance tests on latching, de-latching, holding and vertical movement, and durability test were conducted to
verify the design conditions. This CRDM can be applied to not only the marine reactor, but also to light water reactors,
PWR and BWR.

KEYWORDS: control rods, control rod drive mechanism, in-vessel type CRDM, electric motor driven type,
marine reactors, latch mechanism, ball bearing operation, high temperature water

On the contrary, the reactivity of the control rod cluster of
the marine reactor is inevitable to become a large value, be-
Nuclear power is one of promising power source for shipause it has to be large enough to maintain a sub-criticality of
propulsion. Japan Atomic Energy Research Institute (JAERihe reactor in a cold state even under condition of an one-rod
has studied the design of an advanced marine reactor, MRXstuck, stated in the provision of IMO (International Maritime
with thermal output of 100 MW for the main use of nuclearOrganization) provided for the nuclear merchant ships. This
powered ship. In general, the reactor power of large scaléshds to that the REA may result in very severe accidents for
pressurized water reactor (PWR) for electricity generation the marine reactor if it adopts the same type CRDMs as large
controlled by a chemical shim and/or control rods in the noscaled PWRs.
mal operation. A marine reactor, however, adopts the reac-In the design of MRX, an in-vessel type control rod drive
tor control system using only the control rods, since rapid renechanism (INV-CRDM) is adopted to cope with this diffi-
sponse of the reactor power is required for heavy and frequentlty: The whole of the control rod drive mechanism is in-
load change due to change of ship propulsion, and a costalled inside the reactor pressure vessel. It is natural to con-
plex chemical processing system to deal the soluble boronsiler that the possibility of these accidents can be eliminated
avoided. for the INV-CRDM as long as the reactor pressure vessel is
Most of the control rod drive mechanisms (CRDMs) usethtact. Adoption of the INV-CRDM can also contribute to
in the PWRs are attached outside of the reactor vessel, atmmpactness of not only the reactor vessel but also the con-
their shafts connecting with the control rods are covered witlainment vessel by using effectively the upper space inside the
the pressure housings. A rod ejection accident (REA) or a loesactor vessel, and to simplicity by eliminating the cooling
of coolant accident (LOCA) caused by rupture of the presystem of CRDM. Compactness and simplicity of the reactor
sure housing are required to postulate its occurrence in thgstem are ones of design targets especially in marine reactor
safety evaluation corresponding to the Japanese governmdasign.
tal “PWR licensing safety review guideline.” These postu- There are two types of the INV-CRDM concerning the driv-
lated accidents in large scaled PWRs, however, do not alwayg force—driven by a hydraulic force and by a driving mo-
give a severe impact, since these accidents are mitigatedtby. The former is driven by the hydraulic force which is pro-
adoption of great many CRDMs and the chemical shim, duced by pumps outside of the reactor vessel and transmit-
the reactivity of control rod cluster operated by one CRDMed through a pipe penetrating the reactor vessel. The latter
are relatively small. is driven by an electric motor. In general, the former needs
a rather complicated piping system including pumps, valves,
*Corresponding author, Tek81-29-282-6368, Fax-81-29-282- Pipesetc., while the latter does not. Furthermore, the latter
6367, E-mail: ishida@koala.tokai.jaeri.go.jp can easily attain a fine adjusting and control rapidly the po-
TPresent addres€huou-chou, Kume-gun, Okayama 709-3705. sition of control rods. For the latter, however, there are sev-
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eral technical subjects to be developed, since it works in the
primary water, the high temperature and high pressure water.
The former INV-CRDMSs are adopted in Chinese NHR?3 for
heat supply.

The MRX was designed to adopt the in-vessel type and
motor-driven INV-CRDM considering that the reactor should
respond to a heavy and rapid load change with a highly reli-
able, accurate, and simple control system. Basic design con-
cept of the INV-CRDM of MRX was created in 1990. Main
issues to be developed were designing of very compact INV-
CRDM to be set in the narrow space inside MRX's reactor
vessel, and to confirm reliable function of components such
as the driving motor and the bearings under the severe condi-
tion. The original design and some of R& D were described in
the interim report.¥) On the base of the original design, the fi-
nal design with several improvements has completed recently,
and itsfunction was verified by testswith thefull sized test as-
sembly under condition of the high temperature and pressure
water the same as that of MRX.

The present paper describesthe final design and the perfor-
mance test of the motor-driven INV-CRDM developed for the
marine reactor.

I1. Design Conditions

Design conditions of the INV-CRDM for the MRX are set
up as follows, taking into account of being installed in ama-
rine reactor.

(1) Compactness

The MRX adopts 13 sets of the INV-CRDM inside the core
barrel. A cross-sectiona size of each CRDM should be no
more than 200 mm of adiameter, and the total length lessthan
2m containing no spring, with the total stroke of 1,400 mm.
(2) Driving Function

The position of control rod connecting with the driving
shaft should be controlled stably, smoothly and accurately in
the normal operation. The speed of the driving shaft of move-
ment upward and downward direction should be 0-300mm
per min except scram.

(3) Scramming Time

The MRX requires a short scramming time below 1.4s,
which counts from occurrence of a scram signal to complete
insertion of the control rod into the core. Since atime for the
control rod passing throughout the core is estimated as one
second and a time delay of signal 0.2, atime for the INV-
CRDM releasing the control rod after receiving the scram sig-
nal, called as a de-latch time, should be lessthan 0.2 s.

(4) Effect of Ship Posture

Ship posture due to a ship accident such as founder should
be taken into account for function of a marine CRDM. For
the MRX, the total scramming time is required less than 5s
in the event of inclination of 90° and the de-latch time less
than 0.5s. Even for an overturn, 180°, the scram should be
securely completed.

(5) Circumstance for INV-CRDM Working

The INV-CRDM should be operated in the high pressure—
12MPa—and high temperature—310°C—water, since it
works in the primary loop water. Components of the INV-
CRDM such as the motor, the ball bearings etc., are main

T.ISHIDA et al.

subjectsto be developed. The INV-CRDM will be exposed by
radioactive rays such as y-ray and neutron. Effect of the ra-
dioactive rays on the materials should be clarified and a mea-
sure should be made, if necessary.
(6) Lifetime for Exchange of the INV-CRDM

The design of MRX requires the INV-CRDM to have life-
time of 20 years without exchange, and to be capable of
scramming at least 1,000 timesin the lifetime.

[11. Conceptsand Design

1. Concept of the Whole Structure

A conceptual drawing of the INV-CRDM isgiveninFig. 1.
It consists of a driven motor, a latch mechanism, ball bear-
ings, a driving shaft, a position detector, and so forth. Main
functions of the CRDM are to move the control rods verti-
cally upward or downward, and to insert them instantly into
the core for scram.

Rotational torque generated by the driving motor should
be transferred to the linear movement of the driving shaft. A
mechanism to disconnect the driven motor from the driven
shaft is necessary for a shorter scramming time. An innova-
tive latch mechanism using separable ball nuts divided into
three sections, which will be described later in Sec. 111-3, has
been devel oped to comply with these requirements simultane-
oudly. A principle of the motionisillustrated in Fig. 2. Inthe
normal operation, the driving shaft can move up and down by
rotation of the driving motor when the separable ball-nuts of
the latch mechanism are closed to grasp the driving shaft by
energizing a latch magnet. In the scram, the separable ball-
nuts will open to separate the driving shaft by de-energizing
the latch magnet, and the driving shaft drops rapidly by the
self-weight and spring force. Reliability of these motions at
the severe condition should be certified and verified through
functional and durability tests.

A built-in type synchronous motor with a permanent mag-
net for the rotor is applied to the driving motor, from view-
points of compactness and simplicity. The permanent magnet
should have an adequate remanence characteristics to operate
under the condition of high temperature and for a long life-
period, and aso be of a high Curie temperature. Since the
data on these characteristics were not published, main issue
on the driving motor isfirstly to obtain experimentally there-
liable data on the permanent magnet.

Ball bearings are used for supporting the vertical load of
most weights and a spring force, and the radial load of the
rotational components. These bearings should be capable of
working under the severe condition for the long lifetime, ma-
terial of which was one of key issuesto be developed.

Therod position detector is designed using a magnetostric-
tive wire type sensor on the principle of Wiedeman effect,
the first trial of application to a Light Water Reactor. This
type sensor was prepared once in a experimental reactor of
USFBR, CRBRP  but it was available for use at below 120°C.
The rod position detector presented here, however, has been
developed to be proof against the high temperature water
with high accuracy even for temperature change. This non-
contacting position detector contributes also to simpleness
and compactness of the system.
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Fig. 1 Concept of INV-CRDM for MRX

As shown in Fig. 1, the driving motor and the latch mech-
anism have the center hole, where the driving shaft together
with a magnet of the rod position detector moves vertically.
Thisarrangement is also effective for compactness of the sys-
tem. Cables for a rod position detector signal and electric
lines of the motors penetrate the reactor pressure vessel.

Major parameters are given in Table 1 comparing with that
of atypical PWR, which are of the out-vessel type CRDM.
The outer diameter of the INV-CRDM of MRX is smaller
than the other. The maximum required drawing force to the
INV-CRDM of MRX is 2.2kN, including vertical load of the
CRDM, the total weight of control rod cluster, and a spring
force (1.1 kN) helping scram at the condition of any ship pos-
ture within the limited time. Upon material, whole of the
CRDM is made of inorganic materials, not organic material,
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Fig. 2 Motion of latch mechanism

taking account of operating condition under high temperature
water and the radioactive rays. De-tails of the design of main
components are described in the following.

2. Design of Driving M otor

A cross sectional view of the driving motor is shown in
Fig. 3. The motor consists of the rotor and the stator. The
rotor has 8 poles made of Sm,—Co,7 type magnet, which are
fixed to magnet yoke and covered by a thin case made of In-
conel for waterproof. The Sm,—Co;; type magnet was se-
lected because of excellent features: It exhibits the highest
heat and corrosion resistance among high performance rare-
earth magnets.®) It has a high Curie temperature, 750°C, and
a high remanent flux and a small irreversible flux loss of the
magnet at high temperature.

The demagnetization curve of magnet at elevated temper-
atures were measured”) for development of the INV-CRDM
by specimens machined from pieces of sintered Sm(Cog ey,
Fep2s, Cloos, Nigo1, Zroo2)7.3 magnets. The demagnetiza-
tion curve obtained is shown in Fig. 4. Coercive forces of the
magnets decreased with the elevated temperature. In design
of the driving motor, the load lines of the magnets crossed the
liner part of B-H curve at temperatures below 623K, imply-

Table 1 Magjor parameters of INV-CRDM and comparison with conventional one

Item

MRX

PWR

Type
Operating condition

Dimensions
Outer diameter (mm) 200
Total length (mm) 1,735
Stroke (mm) 1,400

Drive force required
Scramming force by

Design operational life 20 years

2.2kN for drawing up
Weight and spring

In-vessel, motor driven  Out-vessel, Mag-jack
In the primary water
(310°C, 12MPa)

Magnet coil in air
(<180°C, 0.1MPa)

274
4,468
3,620
About 1.6 kN for drawing up
Weight
40 years
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Fig. 4 Demagnetization curve of Sm,—Co,; magnet, by lidaet al.?

ing that the irreversible flux loss of the magnetsissmall inthe
actual working condition (573-603 K).

Long-term stabilities of the Sm(Cogpe1, Fepos, Cugos,
Nig.01, Zro.02)7.3 magnets were al so studied” with specimen of
cylindrical shapewith adiameter of 10 mm and varied lengths
of 6.6, 8.8, and 12.3mm. These length-to-diameter (L /D) ra
tios correspond to the permeance coefficient (P;) of about 1.3,
1.7, and 2.4 respectively. The test was conducted at the tem-
perature range of 300 to 360°C in an atmosphere filled with
Ar gas. The test result presented in Fig. 5 shows that within
500h, the normalized remanent flux sharply dropped in the
all cases. This phenomenon is known as an initial demagne-
tization. After 500h, it decreased gradually with the elapsed
time and the demagnetization from 10,000 to 19,000 h were
about 1-1.5% at 300°C, 1.5-2% at 330°C, and about 2% at
360°C respectively. Main reason for the gradual demagneti-
zation was concluded as oxidation of magnet at a surface on
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Fig. 5 Changein open-circuit remanent flux of Sm,—Co,; magnet
during exposure, by lidaet al.®

the base of measuring of the amount of oxide.”

For the actual rotor, the magnets of 8 pieces are designed,
which are covered by a can to prevent them from oxidation by
water. The P, value of the magnet will change in the range
within about 0.68-1.23, demagnetizations of which were ob-
tained by the specimen.

The stator is made of layered pure iron plates coated by
ceramics for electrical insulation, providing 36 sots. In the
dlots, the minera insulation (MI) coils are rested, the core
of which is made of copper, insulated electrically by min-
eral material MgO, and coated by a non-magnetic material
at the outer surface, the Inconel. The outer diameter of the
coil is 24mm. Though in the original design,” the coils
were made of heat-resistant electric wire SHR-3 (compound
of organic/inorganic insulated electric wire), the design was
changed finally to adopt the present M| cable, taking into ac-
count of easiness and low cost of fabrication. The outside of
stator is aso covered by athin can (or case) made of Inconel
to avoid direct contact with the water. Since the Inconel is a
non-magnetic material, there is a magnetical gap of 1.1mm
between the rotor and the stator, which is relatively large one
comparing with a conventional motors. Due to this large gap,
however, change of the load line in the B-H curve shown in
Fig. 4 can beremained in asmall range.

Major parameters are given in Table 2. The revolution
speed of the driving motor is 50 rpm corresponding to one of
the design conditions, the maximum linear movement speed
300mm/m. The speed was changed from the origina de-
sign 1,200 mm/m by evaluating with transient analyses of the
MRX.D

The maximum required torque of the driving motor was
calculated to 3Nm from the required drawing force 2.2kN,
the screw lead of the driving shaft 0.6 mm, and the total me-
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Table 2 Major parameters of driving motor

Item

Parameters

Type
Rotor
Magnet

Yoke

Can

Inner diameter of the rotor
Outer diameter of the rotor

Synchronous motor

8x2(row) pieces of Sm,—Co;7 type magnet
31 mm(breadth) x 21.6 mm(hei ght) x 110 mm(length)
with R59 mm(curveture)
Pureiron
Inconel, thickness of 1.5mm
48 mm
121 mm
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Stator
Cail MI cable(outer diameter=2.4 mm)
Structure for magnetic field Pure iron coated by ceramics
Maximum available current 134A
Inner diameter of the stator 124mm
Outer diameter of the stator 200 mm
Can Inconel, thickness of 1.5mm
Revolution speed 50rpm
Required motor torque 3Nm
Motor power at regired power 54W
Motor efficiency at regired power 29%

chanical force transfer efficiency of the bearings and the ball
screw of separable ball nut 0.7. A magnetic field analysis es-
timated that the three phase aternative current for the motor
of 6 A were enough to produce this motor torque. The max-
imum allowable current for the coil was designed as 13.4 A
from the limitation of heat removal of the coil.

This synchronous motor is controlled by a sensor-less
open-circuit control scheme,® which does not need any sen-
sor to detect the position of magnetic field and enable the sys-
tem being very simple, athough sufficient currents for stand-
ing the maximum required torque should be supplied always
to the stator coil even at the rest of rotor. Rotational speed of
the rotor can be controlled by an inverter through change of a
power angle frequency.

Upon dimension, the outer diameter of the stator is
200mm. The cable support is arranged outside the stator,
which is square with aside length of 205 mm. Thissize satis-
fyesthe design condition.

Performance of the driving motor such as the torque, con-
trollability was verified by the test at the same condition as
that of MRX, which will be described in the next chapter.

3. Latch Mechanism Design

Conceptual drawing of the latch mechanism is shown in
Fig. 6. It contains an electric latch magnet, a pole, an arma-
ture, connecting rods, link rods and the separable ball nuts.
The latch magnet consists of acasing, acoil bobbin and cails.
The casing ismade of the magnetic material SUS403 for mag-
netic path, the coil bobbin of the nonmagnetic material In-
conel, and the coils of the M1 cables. When the latch magnet
is de-energized, the armature is apart from the pole at a dis-
tance of 18 mm. The ball nuts are also separated from the
driving shaft as shown in Fig. 6. The magnet energized by a
direct current pulls the armature to the pole with clearance of
1mm remaining. This motion draws up the connecting rods
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and the link rods, and the ball nuts grasp the driving shaft
by alink device. De-energizing the magnet can make scram
motion as mentioned before.

Parameters of the latch mechanism are presented in
Table 3. The pulling force required for the magnet to lift the
pole with the gap 18 mm was designed as 0.3kN, and that
to hold it with the gap of 1 mm as 0.6kN, by accounting the
weight of this mechanism and a partial force of the driving
shaft's load. The minimum electric current of 7 A to lift and
1.5A to hold were estimated by a magnetic field analysis.

The separable ball nut is a key device in the latch mecha-
nism. This ball nut is divided into three sections as shown in
Fig. 7 in order to be capable of latching and de-latching. Each
section has three independent paths for balls, where bals cir-
culate along by rotating. Mechanical issuesof thisball nut de-
vice were how to hold the balls inside the path without drop-
ping out, and the balls and the screw of driving shaft not to be
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Table 3 Major parameters of latch mechanism then real operating condition, which will be described later.
Item Parameters 4. Design of Ball Bearing
Type Separable ball nut used type Two bearings are set in the INV-CRDM, the thrust and the
Latch magnet radial bearings. The former should endure more severe load
Coil M1 cable (outer diamter of 2.4 mm) than that of thelatter. That is, theload of theformer isthe sum
Maximum current 134A

of theweights of INV-CRDM componentsrel evant to rotation

Coil turns 400 and the control rods, and the spring force. The latter acts a
Forceto hold 0.6kN L . . -
Forceto latch 0.3kN role of anti-vibration measure in the rotational system. Both
Stroke of armature 17mm=18 mm(de-latch)—1 mm(larch) ~ Of thebearing types are the same, single row deep groove ball
Separable ball nut bearing.
Number of ball 18x 3(stages) x 3(sections) Drawing and major parameters of the thrust bearing are
Diameter of ball 6.35mm shown in Fig. 8 and Table 4, respectively. It consists of
Driving shaft the balls, the races, and the retainer. Since an oil lubrication
Material SUS 316 coated by cobalt alloy cannot be applied due to high temperature circumstance, the
Screw lead 6mm present bearings should bear avery severetribo-field. Finding

out of the applicable materials without oil lubrication for the
bearing was required. A lot of screening tests were conducted
with various combinations of the materias including metals,
ceramics, aloys, and graphite. De-tails of the tests will be
presented in other paper.

Result of the latest screening test with a small size test
piece® is shown in Fig. 9. This result revealed that the re-
tainer made of graphite has a very important role of not only
holding the ball inside the inner and outer races, but also mak-
1 ing an excellent tribo-field for the ball and the races, i.e., an
W excellent [ubricant. The materials given in the table are the

e ones selected from thistest, taking account of easinessin fab-

{ Three sections)

Fig. 7 Separablebal nuts

hurt in latching motion.

On thefirst item, to hold the balls inside the path, a special
cover case shown in the figure was designed and fabricating
method was developed. Selection of material and fabrication
technique of the ball nuts and the screw of shaft were espe-
cialy important. These materials were the same ones as those
of the ball bearing. A fine machining technique was finally
applied for fabricating the ball nuts after try-and-error of fab-

rication.
Upon the second, if the balls hit the screw thread in latch- e
ing motion, the balls and the screw will be damaged. To avoid P = o P ]
this, a synchronizing finger has been devised and patented, E ;,,-" s ﬁ q p
which isasmall projection with a half-circle profile mounted gy o — ——
at upper part of the separable ball nut. The idea of device is G i?:;;;:“" et
that in the latch motion, these fingers touch the screw prior Il Ihll[;'z;r-utl Inner Race
to mechanical ball touch and then the ball nut will be rotated |y ) (SUS316,Coated by
aong with the finger in a certain degree, and during the rota- et :mlnmcm pakte) cabalt alboy) ’
tion, the finger can completely sit on the valley of the screw. HiEr e
Functiongof the Iar[chpmec)rﬁanism with a(iaznovative tech- (SUS316,Coated by cobalt alloy)
nology was examined by the test at the room temperature and Fig. 8 Crosssectional view of ball bearing
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Table 4 Major parameters of the thrust ball bearing

Item Parameters
Type Single row deep groove, No. 6924
Axia load 2.2kN
Revolution speed 50rpm
Materials

Outer and inner races

SUS 316 coated by cobalt aloy

Ball Cermet

Retainer Graphite
Dimensions

Inner diameter 120mm

Outer diameter 165 mm

Height 22mm

Ball diameter About 14.3mm
Number of balls 17

rication.

Durability test of the ball bearing with the full sized one
was conducted to confirm its availability for operation dur-
ing the lifetime of INV-CRDM, described later. The target of
rotation number to the ball bearing rotating around the shaft
was derived as 1,160,000 from the total length of the driv-
ing shaft’s stroke of the MRX in the 20 years operation on
the base of the MUTSU experimental data. In the normal op-
eration of the MRX reactor, movement of the control rod is
considered to be required in entering and leaving a port, and
maintaining the reactor power level according to the shipload
a arough sea condition. MUTSU experimental data on the
control rod movement in these events were used for counting
thetotal stroke of control rod. Detail of it will be published in
areport from JAERI.

5. Rod Position Detector Design

The principle of the rod position detecting method using
the magnetostrictive wire sensor is briefly presented refer-
ring Fig. 10. The rod position detector consists of a mag-
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netostrictive wire, a magnet and a pulse unit for emitting an
electric pulse and receiving a strain pulse. The magnetostric-
tive wire made of a strong magnetic material containing Fe
and Ni will be strained by torsion force due to magnetic force
during the electric current passes through, known as Wiede-
man'’s effect. When the electric current pulse introduced from
A point reaches the point, where the magnet placed, the tor-
tional strain pulse will be emitted from this point and it will
travel at the elastic wave speed u to the detector. The length
| between the place of the detector as the base point and that
of the magnet attached to the driven shaft can be calculated
by elapse time At from the emitting electric current pulse to
arrival of the strain pulse as |=At-u, where the velocity of
electric current is neglected.

Design of the position detector is shown in Fig. 11 and the
major parameters in Table 5. The magnetostrictive wire is
arranged inside the support tube covered with the well (or
sheath) in the reactor vessel. The magnet is inserted into
the head of driving shaft. The position detecting part is set
outside the reactor vessel wall. Temperature change in the
surrounding causes the signal error, since the velocity of the

Magnet
S
Magnetostriction Metal Rod

N

Current Pulse

Distortion Detector
(Distorted by Synthetic Force, c)

a: Magnetic Force by Current Pulse A
b: Magnetic Force by Magnet
¢: Synthetic Force

Fig. 10 Principle of rod position detecting method with mag-
neto-strictive wire
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Fig. 9 Screening test result on the ball bearing
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Table 5 Major Parameters of the rod position detector

Item Parameters
Type Magnetostrictive wire with magnet
Working temperature 320°C
Actual detecting length 1,400 mm

Detecting error +1.2mmin 1,400 mm length

Dimensions
Diameter 14mm
Total length 24m
Materials
Wire Ni—Fe
Magnet Sm—Co type permanent magnet

strain pulse passing through the wireis easily affected by tem-
perature change. This change can be adjusted with a compen-
sation circuit by detecting change of the electric resistance
due to temperature change. Accuracy of this position detector
has been certified by atest to be within 1.2 mm of the error in
this configuration at the temperature of 310°C—the error was
confirmed to be within 0.5 mm.

6. Cable Penetration Structure

As the whole of CRDM is installed inside the reactor
vessel, a cable penetration for the electricity and the signal
through the wall is provided. A concept of the cable pene-
tration structure is shown in Fig. 12. The penetrating cables
consist of three for the driving motor and two for the latch
magnet. The rod position detector tube covered with the well
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Fig. 12 Concept of cable penetration structure

(or sheath) also penetrates the wall. The MI cable are con-
nected to the connectors outside the wall. Seals by welding
are made at both of the outside and the inside of the reactor
vessel wall. Leakage from the seals can be easily detected by
leak check shownin Fig. 12.

It is also very important in practice to be capable of in-
specting or repairing easily the INV-CRDM at the chance
of refueling or the In-Service Inspection (ISI) of the reactor
plant. A procedure or method of the inspection of the present
INV-CRDM is basicaly the same as that of the conventional
PWRs. Outline of the procedure of the inspection and repair-
ing will be described in the Appendix.

IV. Functional Performance Test

Each component mentioned above was separately tested
with a small scale or full sized ones on their performance at
conditions of the room temperature or the high temperature.
Following the tests of each component, the full sized com-
ponents were assembled for an overall performance test and
endurable test at the same condition as the MRX operation.
The purpose of the tests was to confirm that it covers the re-
quired functions mentioned in the design condition.

1. Test Assembly

The test section consisting of the driving motor, the latch
mechanism, the ball bearing and the driving shaft was in-
stalled in the pressure vessel as shown in Fig. 13. Water pres-
surized to 12 MPa by a pump was fed into the vessel, and it
became high temperature water of 310°C by a heater set out-
side the pressure vessel. At the upper space of thetest section,
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Fig. 13 Test assembly for functional performance test

the revolution speed meter, the torque meter, and the geared-
motor with the brake for measuring the torques of the driving
motor or whole the load with the driving motor freed were
arranged. Toque of the driving shaft was transmitted to the
torque meter through a magnet coupling.

At thelower space of thetest section, an air cylinder system
was placed to adjust the vertical load acting on the shaft. In
the test assembly, the spring coil was not used and the driving
shaft was shorter than the full size, for convenience. All com-
ponents except the spring coil and the shorter driving shaft,
were full sized ones. The rod position detector was attached
to the rod connected with the driving shaft.

The control system with inverters controlled the electric
currents for the heater, the driving motor, the geared motor
and the latch magnet. The data logger recorded the data of
the revolution speed, the torque, the electric current, the pres-
sure and the temperature of the water, and the rod position.

2. General Behavior

Typical operation of the driving shaft’s upward and down-
ward movement, holding the same position, and the scram is
shown in Fig. 14. It started firstly by latch motion. The driv-
ing shaft was grasped by the separate ball nuts by energizing
the latch magnet. It was found that the rotation of separable
ball nut in one round, 360 degrees peripherally was necessary
for complete latch motion by the synchronizing finger. For
latch motion, therefore, the driving motor rotated always in
only one revolution.

After completion of latching motion, the driving shaft was
repeatedly drawn up and down by the driving motor. Finally,
the latch magnet was de-energized by cutting the current for
scram. As the general performance tests, the similar pattern
as shown in Fig. 14 was repeated. From the test it was con-
firmed that the driving shaft can be moved accurately, stably
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Fig. 15 Measured maximum torque of the driving motor

and calmly following to an arbitrary order through the control
system.

3. Driving Motor Performance

The maximum torque of the motor Ty, Over which it can
not synchronize, depends on the current and the operating
temperature. The values of T Were obtained from aloading
torque T, aresistance torque of the motor itself when it was
forced to rotated by the geared motor T,, and a braking torque
To; Tmax=Ti+Tp—T;. The loading torque T;, was measured
by using the geared-motor and by de-energizing the driving
motor. The resistance torque T, was estimated by a magnetic
field analysis. The braking torque Ty, which includesthe fric-
tion torques of the rotating ball bearings, the magnet coupling,
the sealing, etc., was measured using the driving motor and
the brake.

The measured Tre iSshown in Fig. 15 for various currents
at the elevated temperature and the room temperature, and at
the revolution speed of 50rpm. The values of T increased
with the current. The values of T at the elevated tempera-
ture were slightly smaller than those at the room temperature.
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This decrease was mainly due to reduction in the magnetic
flux density of permanent magnet at high temperature. De-
sign value of current 6A was confirmed by this test to have a
reserve against about 3.5A equivalent to the required torque
of the motor in the normal operation, mentioned in Sec. I11-2.

After functional test of the driving motor, it was over-
hauled. Any crack or scratch was not detected on the cans
covering the rotor magnets and the stator, that is, intactness
of them against the high temperature and pressure water was
verified. The functional performance test revealed that the
driving motor was capable of supplying the required torque at
the severe condition, as expected.

The normalized remanent flux of permanent magnets was
measured by comparing the remanent fluxes of virgin mag-
nets and those of magnets exposed in the atmosphere of ele-
vated temperature 310°C for an accumulated period of 200 h.
Reduction of average remanent fluxes was about 4%, which
was considered as the initial demagnetization. This demag-
netization value was close to the data for the P; of 1.3 or the
L/D of 0.66 shown in Fig. 5, and it was dlightly greater than
the result of the long-term stability test. The reason is con-
sidered asthat the reverse magnetic field due to electric inter-
action between the coil and the magnet at the functional test
was greater than that of the design because the current to mo-
tor was relatively large, so that an irreversible flux loss of the
magnets occurred during the test.

Since the magnets were covered with the can, demagnetiza-
tion due to oxidation would not occurred in the real operation
as long as the can is intact. The reduction of remanent flux
during the operating life, therefore, can be said about 5% at
most and its effect on the driving motor torque can be negli-
gible.

4. Latch Mechanism Performance

To survey function of the latch mechanism, the minimum
currents for the latch magnet to latch or to hold the driving
shaft, and the de-latch time were measured. The minimum
currents, below which the separable ball nuts cannot grasp
the driving shaft, was obtained by decreasing the current until
onset of de-latching. The de-latch time was measured with
the test parameters of the current to the latch magnet, and the
operating temperature.

The minimum current in latch motion was about 7.1 A at
the temperature of 310°C and also at the room temperature,
which was almost the same as that of design value. The min-
imum current to hold the driving shaft after latch motion was
1.6A at the temperature of 310°C, while 1.1 A at the room
temperature. These were ailmost the same as the design one.
The dlight increase of the minimum current at the elevated
temperature were considered due to decrease of the magnet
force according to temperature rise.

In the performance test shown in Fig. 14, the current to the
match magnet was held at a constant of 8 A despite of any
motion, although the minimum current for the latch magnets
depends on the motion. Since the current of 8 A, however,
is too large for holding, it should be changed according to
the motions. This is necessary especialy for a long period
operation, but it can be easily done by using a control system
to change the current to the magnet.
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In measurement of de-latch time, the initial current to the
magnet ranged from 2A to 10A. The vertica downward
force of 2.2kN was loaded on the driving shaft, which is the
same as the load of the MRX. The de-latch times measured
are shown in Fig. 16. They increased with initial currents to
latch magnet, that is, magnetic force. For all currents, the de-
latch times were verified to be smaller than the design value.
The de-latch time at the high temperature were shown to be
shorter than those at the room temperature. Main reason of
this difference is considered due to the difference of the flow
resistance of fluid. In de-latch motion, water should flow into
the space between the armature and the pole passing through
a narrow flow path. The flow resistance differs by the fluid
temperature. Ratio of the kinetic viscosity of water at the
high temperature 310°C to that of the room temperature is
about two, which is ailmost the same as that of the de-latch
time.

According to the design conditions for repeating scram-
ming, the de-latching motion was repeated in 1,000 times,
and the de-latch times measured at the beginning and at the
last time, as shown in the figure. There were few differences
between the both, which were within a range of measuring
error. Asaresult, the de-latch times were found to be smaller
than that of design value, 0.2s.

5. Ball Bearing Durability Test

The durability test of the ball bearing was conducted
by rotating the shaft at the condition; the rotation speed
of 50rpm, the temperature and pressure of water, 310°C,
12 MPa, respectively. Inthistest, the driving motor, the latch-
mechanism and the air cylinder system were removed from
the test assembly, in turn the weight to compensate the total
load was attached. The shaft was rotated with the geared mo-
tor. Thetorque of the shaft were measured during the rotation.

The torgue is shown in Fig. 17 against a accumulated rev-
olution number of the ball bearing. The torque increased
gradually with revolution. While the torque remained at a
low level for below about 1,200,000 revolutions, it increased
sharply for over 1,200,000, and an abnormal noise due to vi-
bration of the test assembly was detected by using a stetho-
scope rod. Since it seemed a limit to continue rotation, the
test was stopped, at the total revolution of 1,250,000. Asare-
sult, it can be said that the ball bearing held the integrity up to
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1,200,000 revolutions, that is, the design target of 1,160,000
was attained.

Mechanism of sharp increases of the torque and vibration
after this revolution in the test is considered as follows. The
support rigidity of the rotational system containing the ball
bearing decreased due to wear of the ball bearing. The first
mode critical revolution speed of the system also decreased
and it had a chance to coincide with the operational revolution
speed somewhere after the revolution exceeded 1,200,000.
Resonance caused the sharp increases in both the vibration
and the torque.

The balls, the retainers and the races were examined by
dismantling after the test. There was not any crack on them
except of a small chipping at a shoulder of the retainer of
the thrust ball bearing. Wears of the radial ball bearing was
less than those of the thrust ball bearing. Photograph of these
components of the lower ball bearing isshown in Fig. 18. All
the balls wore out in depth of 23-31 um. Wears of the inner
race and the outer race were 140 pm and 60 pm, respectively.
Since the surface contact pressure of the inner race during ro-
tationisin general greater than that of the outer race, the wear
of the former is greater than that of the latter. The retainer
showed the wear of about 1 mm at every pocket.

V. Discussions on Satisfaction of Design Condition

1. Compactness

The cross-sectional size of the INV-CRDM does not ex-
ceed the design condition of 205 mm in square by using ef-
fectively the center hole of the motor for stroke of the driving
shaft and the rod position detector. However, the latch mecha-
nism adopting the separable ball nutswill restrict furthermore
compactness than the present sized-one. That is, when more
compactness of the INV-CRDM s required for a very small
reactor, the same type of the latch mechanism will not be ap-
plied.

On thetotal length, it has areserve for the design condition
with the stroke of 1.4m. On the other hand, even if longer
stroke is required e.g., for a reactor with greater power, this
design concept can be applied without change.

2. Driving Function

The performance test proved that the latch mechanism was
ableto latch or hold stably and smoothly the driving shaft, and
the driving motor to provide enough torque to rotate the shaft
at the required speed under the condition of high temperature
and pressure water.

The driving motor was confirmed by the test to be capable
of maintaining the enough power for along time operation—
the effect of demagnetization of the permanent magnet due to
oxidation can be decreased greatly by the covering case of it.
On the other hand, increase of the load due to worsening of
mechanical efficiencies of the ball bearing or the ball nuts for
along time operation should be taken into account. Provided
that the total mechanical transfer efficiency reduces to a half
of theinitial one, 0.45, the required motor torque will become
twice of the design value. Even for this case, it is within the
maximum motor torque Trax for the motor current of 6 A. The
value of Ty, however, can be changed easily by the motor
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current up to 13.4A.

Accuracy of adjusting the control rod position of the
present INV-CRDM depends on that of the rod position de-
tector and a non-controlled area of the driving motor having
8 poles in its rotation. However, errors in adjusting the rod
position due to both can be estimated as 2 mm at most—error
of the former is 1.2 mm as shown in Table 5, and that of latter
is0.8mm.

Apart from the marine reactor, in application to the land-
based reactors, the operating condition for the CRDM will be
milder, since the spring force for an abnormal ship postureis
not required, and the motor torque can be smaller.

3. Scramming Time and Scram under Ship Posture

For the normal ship posture, it was verified by the test
that the de-latch time in the scramming was below the design
value 0.2s for the operating conditions of high temperature
and room temperature, and the currents to the latch magnet.

For the various ship posture, the de-latch time was mea-
sured by inclining the test facility at the required inclination
attitude up to 180°—being overturned. Thetest, not described
in the presented paper, was conducted at a room temperature.
The de-latch times were within 0.2 s for the inclination up to
60 degrees. It was about 0.2 s at 90 degrees inclination. Once
de-latch is done, scramming will be completed by a strong
downward force of the spring, which was designed by taking
account of the various direction of the gravity force.

4. Circumstance for INV-CRDM Working

It was verified by the test that the present INV-CRDM
could operate in the high pressure and temperature water. The
effect of radioactive rays on the material is discussed as fol-
lows.

The intensities of y-ray and neutron at the place for the
INV-CRDM of the MRX were obtained from a design analy-
sis on the radiation shielding. With the analysis, the total ra-
diation fluxes for 20 years were estimate as 3x 10 cm=2 by
y-ray, and 3x10°cm~2 by the epi-thermal neutron (0.1eV—
1MeV) and 3x10% cm~2 by the thermal neutron (<0.1eV).
Dose equivalent rates of the total y-ray was 9x10~* Sy, and
that of the total neutron 9x10~8 Sv. Irradiation by y-ray was
found to be dominant. It, however, did not contain radiation
from anirradiated crud. The dose equivalent rates of y -ray by
acrud for 20 years was estimated as about 5x10* Sv on the
base of existing PWR's data.

Materialsinfluenced by irradiation are considered asthein-
sulation, MgO, of MI cable and the permanent magnet, Smy—
Cos7 type magnet, of the driving motor. The MgO was af-
fected by neutron irradiation on the insulation performance,
reported by Nakamichi et al.?® However, since the reported
neutron flux, 10%° cm~2, was subjected on a fusion reactor, it
is far higher than that of the present case. Considering the
fact that the thermo-meter using this material are adopted in
the PWRs, the effect of it can be neglected.

Effects of y-ray irradiation and neutron flux on the mag-
netic flux of the permanent magnet were experimentally sur-
veyed by researchers. The y-ray irradiation of 2.8x10° Sv
using Co decreased the magnetic flux by 0.5%, reported by
Okuda et al.'% The neutron irradiation of 2.6x10% cm—2
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caused reduction of the magnetic flux of 0.2%, reported by
Cost et al. 1V

These data can lead that the effect of radioactive rays on the
material in the present INV-CRDM for MRX is very small.
Therefore, it does not need any special measurefor irradiation
of the materials.

5. LifeTime

As described above, the driving motor and the latch mech-
anism are revealed to have the potential of working for along
period. Therepeated number of de-latching on scram of 1,000
timeswas certified by thetest. Integrity of the ball bearing un-
der the severe condition is crucia for the period of the INV-
CRDM life.

Durability of the ball bearing is determined by rolling wear,
which depends on the load weighting on it, the rotation speed
and the water temperature besides the materials. Since the
heavier weight, the higher rotation speed and the higher tem-
perature water, in general, induce the larger wear of ball bear-
ing, the strong spring of MRX’s INV-CRDM gives disadvan-
tage on wear. Under the same condition as that of MRX op-
eration, durability of the present ball bearing was verified by
the test as 1,200,000 revolutions, covering the design target.
Since the durability test of the ball bearing was conducted in
only onetimein the present study, repeating of the test would
be generally desirable for confirmation of durability.

The ball bearing durability test, however, was conducted
under two rather conservative conditions comparing with the
MRX’s INV-CRDM. One was that in the test, the lower part
of the shaft was not supported i.e.,, free. The other was that
in the test the cylindrical weight for adjusting the load was
attached, and the water-filled space between the weight and
the pressure wall was narrow and vertically long. The water
in this space can increase a virtual water mass in rotation of
the cylindrical weight. These were considered to cause the
reduction of the critical revolution speed of the system, and
it was confirmed by an elastic rotation analysis. Unless there
are these effects in the system, occurrence of resonance due
to wear will delay. A longer life of the ball bearing, therefore,
can be expected in real operation of MRX.

As aresult, it can be said that the INV-CRDM of MRX is
capable of working for the designed life period.

V1. Conclusion

A compact control rod drive mechanism to be installed in-
side the reactor vessel of the advanced marine reactor MRX
has been developed. With performance tests under the high-
temperature and high-pressure water, it can be concluded as
follows.

(1) The position of control rod can be controlled stably,
smoothly and accurately. The driving shaft can move
by a speed of 0—300 mm/m.

(2) For scram, de-latching can be completed within 0.2s
even at inclined attitude up to 60 degrees. The inclined
attitude corresponds to a ship posture.

(3) Damage of the components by irradiation of y-ray and
neutron is estimated to be negligibly small.

(4) For the operational period of the INV-CRDM, integrity
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of the ball bearing is crucial. It isclarified that operation
period of the INV-CRDM over 20 yearsis available.
The developed INV-CRDM can be adopted not only for the
MRX, but also for light water reactors, PWR or BWR. The
technologies will be applied to the CRDM of a fast breeder
reactor or arobot working at a severe condition.
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Procedure of Inspection or Repair of INV-CRDM
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INV-CRDM should be taking into an account in the event of
inspection or repair.

In refueling to be scheduled at every four years for the
MRX, the reactor vessel cover together with the INV-CRDMs
is removed after the al-driving shafts are disconnected from
the INV-CRDMs by de-latching. This procedure is the same
as that of the conventional PWRs. Outline of the procedure
of inspection or repair isshownin Fig. Al.

By flushing the surface of the components with fresh water,
the irradiated cruds can be mostly removed. After flushing,
however, the INV-CRDMs are transferred to an exclusive in-
spection pit, which isfilled with water, in order to reduce the
radiation exposure as possible as.

Some numbers of the INV-CRDMs, but not the all, are in-
spected by remote handling. Surface inspection with the ITV
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ismade on the overall surface, the outlooks of the latch mech-
anism and the separable ball nuts. Electrical non-conductance
of the cables is tested through cable connectors, which are set
outside the water surface.

Although it is not necessary as the periodical tests on the
occasion of refueling to inspect the motor, the ball bearing
and the latch magnet, if necessary, they can be inspected af -
ter dismantling by unfastening the bolts shown in the figure.
When a defect happens to be detected, the component will be
replaced with a spare one. For these handlings, an exclusive
device, which will be fabricated without difficulty, needs.

Functional tests of the INV-CRDM on performance such as
moving upward and downward, latching and scramming are
performed after resetting them inside the reactor vessel.
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