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a b s t r a c t

This paper presents the drop performance test of the control rod assembly which is one of the main
components strongly related to the safety of the prototype generation IV sodium-cooled fast reactor. To
investigate the drop performance, a real-sized control rod assembly that was recently modified based on
the drop analysis results was newly fabricated, and several free drop tests under different flow rate
conditions were carried out. Then the results were compared with those obtained from the previous tests
conducted on the conceptually designed control rod assembly to demonstrate the improvement in
performance. Moreover, the drop performance tests under several types and magnitudes of seismic
loadings were also conducted to investigate the effect of the seismic loading on the drop performance of
the modified control rod assembly. The results showed that the effects of the type and magnitude of the
seismic loading on the drop performance of the modified control rod assembly were not significant. Also,
the drop time requirement was successfully satisfied, even under the seismic loading conditions.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The sodium-cooled fast reactor (SFR), which uses liquid sodium
as its coolant, is a next generation reactor that promises more
efficient use of uranium resources and significant reduction of
nuclear waste by reusing spent nuclear fuel from the pressurized
water reactor. Furthermore, it can also provide stable and high-
quality electricity similar to the pressurized water reactor. For
these reasons, several efforts have been made to develop and
enhance the performance of the SFR for its commercialization in
many countries such as France, Russia, India, Japan, and China
[1e4]. In particular, in Korea, the prototype sodium-cooled fast
reactor called PGSFR (Prototype Generation IV Sodium-cooled Fast
Reactor) has been under development since 2012 [5,6].

In order to safely operate the SFR, the structural integrity and
reliable performance must be ensured during its life time. More-
over, to satisfy the rapidly growing public demand for safe nuclear
reactors in recent years, the SFR must also be designed to ensure
reliable safety functions, even under scram conditions such as an
earthquake. In this regard, this paper presents the drop perfor-
mance of the modified control rod assembly (CRA), which is one of

the main components strongly related to the safety of the PGSFR.
The CRAs of PGSFR are supported by the upper internal structure

(UIS) and have the functions of reactor power control and shut-
down. They are driven by the control rod drive mechanism (CRDM)
[7], which consists of a drive motor, a head connection, a seal bel-
lows, a bushing, a drive line, a gripper, and so on, as shown in Fig. 1.
The CRDM also has two types of operating systems: A plant control
system and a reactor shutdown system. In the plant power control
system, the positions of CRAs are adjusted in the reactor core by the
drive motor of the CRDM to control the reactor power. Meanwhile,
the operation of the reactor shutdown system is divided again into
a normal shutdown and scram. In the case of the normal shutdown,
CRAs are inserted into the reactor core to shut down the reactor by
the drive motor of the CRDM. At the same time, they quickly drop
into the reactor core by cutting off the power of the electromagnet
in the CRDM based on the reactor shutdown signal transmitted
from the reactor protection system in the case of the scram. Here,
the required drop time of CRA in PGSFR for the 90% insertion has
been tentatively set up as 1.8 s in scram conditions.

To enhance the safety of the SFR, various studies on the design
and performance of the CRA and the CRDM have been conducted.
Hutter and Giorgis [8] described the design and performance
characteristics of the control rod drive mechanism of EBR-II
(Experimental Breeder Reactor-II). Also, Babu et al. [9,10]
designed the control and safety rod (CSR) and the control and
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safety rod drive mechanism (CSRDM) of PFBR (Prototype Fast
Breeder Reactor) and conducted qualification tests for their indi-
vidual components. Furthermore, Vijayashree et al. [11e13] devel-
oped the diverse safety rod (DSR) and diverse safety rod drive
mechanism (DSRDM) for PFBR and demonstrated their perfor-
mances. For PGSFR, Lee and Koo [14] suggested a conceptual design
of CRDM for the primary CRA, and Lee et al. [15] recently conducted
the drop performance test of the conceptually designed CRA to
investigate its drop time and to verify the drop analysis
methodology.

In this paper, the drop performance tests of the CRA of PGSFR,
which has been modified based on the drop analysis results [16],
were carried out. First, the free drop tests of the modified CRAwere
conducted under several flow rate conditions without external
loadings tomeasure the drop time. The results were then compared
with those obtained from the previous tests conducted for the
conceptually designed CRA to demonstrate the improvement in the
modified CRA’s drop performance. Second, the drop performance
tests under several external loading conditions were additionally
conducted to investigate the effect of the seismic loading on the
drop performance of the modified CRA. Furthermore, it was
checked whether the measured drop time with and without
seismic loadings satisfied the requirement, i.e., 1.8 s.

2. Drop performance test of control rod assembly

2.1. Control rod assembly

Fig. 2 shows themodified CRA of PGSFR. It consists of a clamping
head, an upper adapter, a hexagonal duct, a lower adapter, and a
piston head. A bundle of control rods are also placed inside the
hexagonal duct, and they are fixed by mounting rails. In the case of

scram conditions, the reactor shutdown signal is transmitted to the
CRDM, and then the CRA drops immediately into the reactor core by
cutting off the electromagnet’s power in the CRDM. During the
drop of the CRA, the coolant that inflows through the flow holes in
the lower adapter passes inside the CRA and is discharged through
flow holes in the upper adapter. The drop impact of the CRA is also
reduced by the damper installed at the lower part of the control
assembly.

In such a configuration, the drop time of the CRA is not only
affected by its own weight, but also by the hydraulic pressure,
which is related to the flow rate of the coolant and the sizes of the
flow holes in the upper and lower adapters. Therefore, in order to
improve the drop performance of the CRA, the flow rate and the
sizes of flow holes in the upper and lower adapters were modified
in addition to increasing its ownweight, as shown in Fig. 3. The flow
rate was modified from 0.49 kg/s to 2.109 kg/s, and the size of the
flow hole in the upper adapter was modified from 18 mm to
17.42 mm while it was modified from 20 mm to 15.31 mm for the
lower adapter. The drop analysis code called HEXCON [16], whose
feasibility had been verified through the previous drop perfor-
mance test using the conceptually designed CRA [15], was used to
determine the flow rate and sizes of the flow holes. Moreover, the
upper part of the damper was modified to be inclined to 4.382� to
more effectively reduce the drop impact of the CRA. The control
assembly of PGSFR, which consists of a handling socket, a hexag-
onal duct, a nose piece, and themodified CRA and damper, is shown
in Fig. 4. The weights of the CRAs and the flow rates of the con-
ceptual and modified designs are listed in Table 1.

2.2. Test setup and procedure

To supply various flow rates and seismic loading conditions for
the drop performance test of the CRA, the test facility shown in

Fig. 1. Control rod drive mechanism of PGSFR.
Fig. 2. Control rod assembly of PGSFR.
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Fig. 5 was prepared. It consists of a real-sized control assembly, a
lower chamber, a flow loop, a six-degree-of-freedom shaking table,
and a support structure. The control assembly includes a hexagonal
duct, a nose piece, and the modified CRA and damper. To supply a
stable flow rate, even in seismic loading conditions, the flow loop
has a fluid circulation pump, flexible hoses, and a storage tank.
Once the working fluid flows into the lower chamber from the
storage tank by the fluid circulation pump, it passes through the
control assembly and then returns into the storage tank. The six-
degree-of-freedom shaking table having a capacity of 300 kN was
used to simulate various seismic loading conditions, and the sup-
port structure was installed on the six-degree-of-freedom shaking
table to protect the test section from any accidents caused by the
given seismic loadings.

In addition, a control system that controls the position of the
CRA and a measurement system that measures the flow rate, drop
position, and drop time of the CRAwere also employed, as shown in
Fig. 6. The control system consists of an electromagnet, a DC power
supply (PTDP-3015R, POWER TM), a pneumatic device, and an
electromagnet holder, whereas the measurement system consists
of a flow meter (KTM-800-Ex, KOMETER), a wire displacement
meter (DP-2000E, Tokyo Sokki Kenkyujo), a dynamic amplifier (DA-
18A, Tokyo Sokki Kenkyujo), and an oscilloscope (WaveSurfer 424,
LeCroy). Here, all the measurement devices were calibrated by the
manufacturer and a calibration laboratory which is accredited by
the Korea Laboratory Accreditation Scheme (KOLAS) before being
applied in the test to reduce themeasurement error. Meanwhile, an
aluminum extension bar 1600 mm in length was additionally

installed on the top of the CRA for efficient installation and main-
tenance of the wire displacement meter.

For the drop performance test, the CRA stuck to the electro-
magnet was first lifted up to its drop position, a height of 1 m, by
using the pneumatic device and was then grabbed by the electro-
magnet holder. To make the drop positions the same as possible for
all test cases, a fiber optic sensor (FD-320-05, AUTONICS) with a
resolution of 0.03 mm was installed at the drop position and used
as a position sensor. Once the flow rate and seismic loading con-
ditions were set up, the CRA dropped by cutting off the current
flowing into the electromagnet. The drop position was also
measured continuously by the wire displacement meter. Note that
the relative displacement between the hexagonal duct and the CRA
can be neglected because all parts of the control assembly shake
together on the shaking table. The measured signal was then
amplified by the dynamic amplifier before being displayed and
saved by the oscilloscope.

All of the saved measured signals were analyzed by using the
commercial calculation tool MATLAB (MATLAB R2013b, Math-
Works). Fig. 7 shows an example of the measured drop position of
the CRA corresponding to the drop time. Since the measurement of
the drop position and time began just after the cutting off the
current flowing into the electromagnet, the measured total drop

Fig. 3. Modified designs of CRA and damper.

Fig. 4. Control assembly of PGSFR.
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time (ttotal) of the CRA included the time delay (tdelay) caused by the
remanent magnetization of the electromagnet. Therefore, in order
to investigate the actual drop time (tdrop) of the CRA and its entry
time (tentry) into the damper, such a time delay should be distin-
guished. To this end, a specially designed electric circuit [17,18] was
employed to extract the time delay. The red dotted line in Fig. 7
indicates the voltage change in the electromagnet just after cut-
ting off the current flowing into the electromagnetmeasured by the
specially designed electric circuit. In the given test configuration,
the sudden magnetic flux change occurs at twomoments when the
current flowing into the electromagnet is cut off and when the CRA
is separated from the electromagnet. Since the electromotive force
is generated when the magnetic flux is changed suddenly, one can
clearly see that two peaks are observed. Here, the first peak near 0 s
indicates the moment when the current is cut off whereas the
second peak near 0.34 s indicates the moment when the actual
drop of the CRA begins. (Note that hereafter the start of the time
delay, i.e., the moment when the current flowing into the electro-
magnet is cut off, is shifted to be 0 s for more convenient analysis.)
By subtracting this time delay from the measured total drop time,
the actual drop time of the CRA and its entry time into the damper
can be calculated.

3. Test results

3.1. Free drop performance of CRA

In the free drop performance test, three flow rate conditions, i.e.,
0%, 100%, and 120% of the designed flow rate (2.109 kg/s), were
considered, andwater was used as theworking fluid. Since the drop
time of the CRA is affected by the density and viscosity of the
working fluid, and the density and viscosity of water are larger than

those of liquid sodium, as shown in Table 2 [19], more conservative
results can be obtained.

Fig. 8 shows the drop positions of the CRA corresponding to the
drop time under 0%, 100%, and 120% flow rate conditions. The entry
time of the CRA into the damper wasmeasured to be 0.8933 s under
the 0% flow rate condition whereas they were measured to be

Fig. 6. Employed control and measurement devices.

Fig. 7. Drop position of the CRA corresponding to the drop time.

Table 1
Weights of CRAs and flow rates of conceptual and modified designs.

Conceptual design Modified design

Weight of CRA 48 kg 57 kg
Flow rate 0.49 kg/s 2.109 kg/s

Fig. 5. Drop performance test facility.
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1.0359 s and 1.0851 s under 100% and 120% flow rate conditions,
respectively. Also the actual drop times were measured to be
1.9403 s, 2.1889 s, and 2.2431 s under 0%, 100%, and 120% flow rate
conditions, respectively. From these results, one can see that the
drop time of the CRA increased as the flow rate increased, but there
are no significant differences in the overall drop tendency such as
the rapid change in the drop speed by the damper. In addition, one
can observe that the 90% insertion times of the modified CRA, even
under the 120% flow rate condition, satisfies the drop time
requirement, i.e., 1.8 s. The 90% insertion times under 0%, 100%, and
120% flow rate conditions were measured to be 1.4663 s, 1.6769 s,
and 1.7141 s, respectively. Meanwhile, one can see that the time
delay also increased as the flow rate increased. This is because that
the working fluid flowing from the bottom of the CRA to its top
disturbed the drop of the CRA, and this effect increased as the flow
rate increased. The measured time delays, damper entry times, 90%
insertion times, and drop times of the CRA under different flow rate
conditions are listed in Table 3.

In order to demonstrate the improvement in the drop perfor-
mance of the modified CRA, the test results were compared with
those obtained from the previous drop performance tests con-
ducted for the conceptually designed CRA. Fig. 9 shows the drop
positions of the modified and conceptually designed CRA that
correspond to the drop time under the 100% flow rate condition.
(Note that the 100% flow rate in the previous test was 0.49 kg/s
while it was 2.109 kg/s in the present test.) From the viewpoint of
the drop performance, one can see that the drop speed of the
modified CRA was faster than that of the previous one; the drop
speed of the modified CRA was 0.75 m/s whereas that of the pre-
vious one was 0.71 m/s. One can also see that the damper worked
better in the modified design. The drop speed of the CRA decreased
considerably from 0.75 m/s to 0.23 m/s after the CRA entered into
the damper whereas a very slight difference in the drop speed was
observed in the previous design.

3.2. Drop performance of CRA with seismic loading

In order to investigate the effect of a seismic loading such as an
earthquake, the drop performance test of the modified CRA was
also conducted under several seismic loading conditions. Note that
this test was newly carried out because of the design modification,
even though it had been observed that the effect of the seismic

Fig. 8. Drop positions of the CRA corresponding to the drop time under 0%, 100%, and
120% flow rate conditions.

Table 3
Measured drop times of the CRA under different flow rate conditions.

Flow
rate

Time delay
(sec)

Damper entry time
(sec)

90% insertion time
(sec)

Drop time
(sec)

0% 0.3297 0.8933 1.4663 1.9403
100% 0.3501 1.0359 1.6769 2.1889
120% 0.3639 1.0851 1.7141 2.2431

Fig. 9. Drop positions of the previous and modified CRAs corresponding to the drop
time under 100% flow rate condition.

Fig. 10. Acceleration signals of (a) artificial time history, (b) El-Centro earthquake and
(c) soil response time history.

Table 2
Material properties of water and liquid sodium.

Material Temperature (K) Density (kg/m3) Viscosity (Pa$sec)

Water 303 996 0.000799
Liquid sodium 400 919 0.000599

500 897 0.000415
600 874 0.000321
700 852 0.000264
800 828 0.000227
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loading was not significant for the conceptually designed CRA. In
the tests, three flow rate conditions (0%, 100%, and 120% of the
designed flow rate) were also considered, and three types of
seismic loadings (see Fig. 10) listed in Table 4 were applied by using
the six-degree-of-freedom shaking table under each flow rate
condition. Then the drop of the CRA began when the shaking table
showed a large displacement to obtain the more conservative
result.

Fig. 11 shows the measured drop positions of the CRA corre-
sponding to the drop time under 0%, 100% and 120% flow rate
conditions under different types of seismic loadings with a

magnitude of 0.1g. The drop positions of the CRA obtained without
the seismic loading are also plotted in the figure for comparison.
From the figure, one can see that a similar effect of the flow rate on
the drop time of the CRA with that shown in the free drop perfor-
mance test is observed, even under seismic loading conditions. In
other words, the drop time increases as the flow rate increases. One
can also see that the effect of the type of the seismic loading on the
drop performance of the CRA is not significant. The overall drop
performances of the CRA under different types of seismic loadings
are quite similar, and they are not much different from those ob-
tainedwithout the seismic loading. Also, the 90% insertion time still
well satisfies the drop time requirement; the maximum 90%
insertion times under 0%, 100%, and 120% flow rate conditions were
measured to be 1.4479 s, 1.6384 s, and 1.6777 s, respectively.

Fig. 12 shows the measured drop positions of the CRA corre-
sponding to the drop time under 0%, 100%, and 120% flow rate
conditions under different types of seismic loadings with a
magnitude of 0.3g. The similar results with those shown in Fig. 11
can be observed in Fig. 12. The drop time of the CRA increases as
the flow rate increases, and the overall drop performance of the
CRA under different types of seismic loadings are quite similar.
These results are not too different from those obtained without the

Table 4
Applied seismic loading conditions.

Type Magnitude Direction

ATH (Artificial Time History) 0.1g X, Y, Z
0.3g

El-Centro (El-Centro earthquake time history) 0.1g
0.3g

SRTH (Soil Response Time History) 0.1g
0.3g
0.5g

Fig. 11. Drop positions of the CRA corresponding to the drop time under 0%, 100%, and
120% flow rate conditions with and without seismic loadings (magnitude: 0.1g).

Fig. 12. Drop positions of the CRA corresponding to the drop time under 0%, 100%, and
120% flow rate conditions with and without seismic loadings (magnitude: 0.3g).
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seismic loading. Although the larger drop speed change is observed
under a larger magnitude seismic loading condition for a few cases,
one can also see that the effect of the magnitude of the seismic
loading on the drop performance of the CRA is not significant in
Figs.11 and 12. This can bemore clearly seen in Fig.13, which shows
the drop positions of the CRA corresponding to the drop time under
the 100% flow rate condition under the SRTH seismic loading with
different magnitudes of 0.1g, 0.3g, and 0.5g.

From these results, one can conclude that the effects of the type
and magnitude of the seismic loading on the drop performance of

the modified CRA are not significant. Meanwhile, unlike the free
drop performance test, no clear correlation between the time delay
and flow rate under seismic loadings is observed. This is thought to
be caused by the coupled effect of the drag force due to the flowand
the applied seismic loading. The measured time delays, damper
entry times, 90% insertion times, and drop times of the CRA under
different flow rate conditions under seismic loadings with the
magnitudes of 0.1g and 0.3g are listed in Tables 5 and 6, respec-
tively. Those under SRTH seismic loadings with different magni-
tudes under the 100% flow rate condition are listed in Table 7.

4. Discussion and conclusions

In order to verify the drop performance of the CRA, which is one
of the main components strongly related to the safety of PGSFR, a
real-sized CRA modified based on the drop analysis results was
newly fabricated, and its drop performance tests were carried out.
First, the free drop tests were conducted under 0%, 100%, and 120%
flow rate conditions. Then the results were compared with those
obtained from the previous tests conducted for the conceptually
designed CRA. From this comparison, the enhancement of the drop
performance of the modified CRA was successfully demonstrated;
the drop speed of the modified CRA was faster than that of the
previous CRA, and the modified damper worked better than that of
the previous design. To investigate the effect of the seismic loading
on the drop performance of the modified CRA, the drop perfor-
mance tests under several seismic loading conditions were also
conducted. It was then observed that the effects of the type and

Table 5
Measured drop times of the CRA under different flow rate conditions under seismic loadings with the magnitude of 0.1g.

Flow rate Seismic loading Time delay (sec) Damper entry time (sec) 90% insertion time (sec) Drop time (sec)

0% ATH 0.3656 0.8804 1.4464 1.9164
El-Centro 0.3551 0.8709 1.4479 1.9229
SRTH 0.3421 0.8809 1.4449 1.9169

100% ATH 0.3286 1.0104 1.6384 2.1434
El-Centro 0.3243 1.0147 1.6367 2.1477
SRTH 0.3157 1.0063 1.6353 2.1343

120% ATH 0.3453 1.0437 1.6777 2.1597
El-Centro 0.3506 1.0384 1.6594 2.1344
SRTH 0.3295 1.0395 1.6525 2.1445

Table 6
Measured drop times of the CRA under different flow rate conditions under seismic loadings with the magnitude of 0.3g.

Flow rate Seismic loading Time delay (sec) Damper entry time (sec) 90% insertion time (sec) Drop time (sec)

0% ATH 0.2895 0.8695 1.4385 1.9375
El-Centro 0.3362 0.8688 1.4188 1.8978
SRTH 0.3011 0.8879 1.4439 1.9109

100% ATH 0.4116 0.9584 1.6154 2.1214
El-Centro 0.3753 0.9947 1.6107 2.1027
SRTH 0.3387 1.0223 1.6243 2.1203

120% ATH 0.3153 1.0757 1.6647 2.1697
El-Centro 0.3908 1.0202 1.6102 2.1112
SRTH 0.3626 1.0284 1.6074 2.1284

Table 7
Measured drop times of the CRA under SRTH seismic loadings with different magnitudes under the 100% flow rate condition.

Magnitude Time delay (sec) Damper entry time (sec) 90% insertion time (sec) Drop time (sec)

0.1g 0.3157 1.0063 1.6353 2.1343
0.3g 0.3387 1.0223 1.6243 2.1203
0.5g 0.3608 1.0002 1.6012 2.0932

Fig. 13. Drop positions of the CRA corresponding to the drop time under 100% flow
rate conditions with and without SRTH seismic loadings (magnitude: 0.1g, 0.3g, and
0.5g).
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magnitude of the seismic loading on the drop performance of the
modified CRAwere not significant. The overall drop performance of
the modified CRA was not too different from that obtained without
the seismic loading, and the 90% insertion time still well satisfied
the drop time requirement. In this work, all of the test results were
obtained by using the water as the working fluid. Although more
conservative results could be obtained by using the water that has
larger density and viscosity than liquid sodium, further in-
vestigations in a sodium environment need to be followed for an
actual application.
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