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Control rod drop is one of the key measures for the safe shutdown of the reactor. The two
important evaluation indicators of the drop process are the drop time-length and the
maximum impact force. By theoretical and experimental methods, this paper analyzes the
influencing factors and evaluates the performance of a new type of spider hydraulic buffer
with compact structure and ingenious design, which couples mechanical force and fluid
resistance. First, through experiments, it is found that the real-time curve of the maximum
impact force often has a bimodal structure. And the double peaks vary with the change of
the internal structure of the hydraulic buffer. Secondly, since there are many variables
about the structure (aperture, position, quantity, piston stroke et al.), in order to consider
their influence on the maximum impact force, an equivalent ongoing flow area of the drain
holes is introduced. It suggested that when the flow area of the working holes which can be
covered by the stroke is close to the flow area of the remaining holes, the impact force
tends to appear a minimum value. A relationship between the maximum impact force and
the structure is proposed accordingly. Finally, this paper proposes a quantitative evaluation
method for comprehensive buffering performance, in which the comprehensive
performance evaluation factor x (O<y < 1) takes into account both the maximum
impact force and the drop time. The smaller the maximum impact force and the rod
drop time-length, the closer the evaluation factor # is to 1, indicating that the buffering
performance is better. The research in this paper will not only help to further understand the
mechanism of the drop rod buffering process, but also contribute to the structural
optimization of the subsequent spider hydraulic buffer.

Keywords: control rod drop, spider hydraulic buffer, maximum impact force, drop time-length, performance
evaluation

INTRODUCTION

In a reactor, the control rod assembly is one of the most important safety and security facilities. The
control rod assembly is driven by the drive system to control the reactivity of the reactor, so as to
realize the startup, normal shutdown, and power regulation of the reactor, and ensure the safety of
the reactor under accident conditions. The two most concerned points in the process of dropping are
the drop time-length and the maximum impact forcegenerally. If the rod drop time is too long, the
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FIGURE 1 | Working principle diagram of the spider hydraulic buffer. (1-
Spider body, 2-spring, 3-center pole, 4-piston body, 5-drain holes).

reactor will fail toshutdown in time. While if the maximum
impact force is too large, the core equipment will be damaged.
Therefore, the control rod drop process needs to be equipped
with a suitable buffer mechanism, which can not only effectively
buffer the impact force of the rod drop, but also affect the drop
time as little as possible.

In the past, the buffering method of the control rod assembly
mainly used the reduced diameter section at the bottom of the rod
bundle and supplemented the reverse resistance provided by the
top spring to complete the rod drop buffer (Rabiee and Alireza,
2016; Xiao et al,, 2017a; Xiao et al., 2017b). However, the
machining of the reduced diameter section of the guide tube is
difficult, and it is easy to cause rod wear or stickingamong
droppingbehavior (Fu and Pu, 1997; Andriambololona et al.,
2007; Zhang, 2017).

To this end, this paper studies a new type of hydraulic buffer
structure, as shown in Figure 1. In addition to the top spring, the
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buffer also has a liquid cavity inside the handle body of the
connecting handle. When the piston is pressed into the spider
body, the fluid in the cavity is squeezed out from the drain holes
on the wall of the spider body. In this process, the drain holes will
hinder the liquid and play the role of hydraulic buffer to a certain
extent, so as to avoid the excessive impact force of the falling rod.
Due to the coupling of the dual effects of mechanical force and
fluid resistance, the hydraulic buffer has a compact structure and
ingenious design, so its application potential is great (Qin et al,,
2018; Mingmin and Claus, 2013). So far, several researches have
analyzed the control rod dropping program by simulated or
experimental method (Yoon et al, 2009; Lin et al, 2017;
Zhang et al., 2020; Zhang et al., 2021). However, the analysis
of the subsequent buffer program during rod dropping, especially
the relationship between the buffer performance and structural
parameters, has not been systematically studied yet.

In this paper, through theoretical analysis and experimental
research, the sensitivity analysis of the maximum impact force
and the drop time-length of the rod are carried out under
different buffer structures such as drain holes and pistons
respectively. The relationship between the maximum impact
force and the structure is obtained, and a quantitative
evaluation method for comprehensive buffering performance is
proposed. Based on the above analysis methods, the potential
optimal structural suggestionsfor the spider hydraulic buffer are
finally given.

BUFFERING PROCESS

The process can be divided into two stagesfor the control rod
drop—the free fall stage and the buffer stage. First, the entire
control rod assembly is dropped as a whole with severe control
rods. Then, when the bottom of the buffer hits the top plate of the
reactor core, the entire control rod assembly is buffered by
mechanically or hydraulically action. As follows, the two steps
are modeled separately and the effects of mechanical and
hydraulic buffering are considered, respectively.

The Free-Falling Process
The kinematic equation describing the vertical fall of the buffer is
established using Newton’s second law,

(ml +myp+my + mzf)jc' = (ml —myy+my — mzf)g
~ 2P S lils )
This can be simplified into
X = ¢y —cp|x|x (2)
Where the ¢; and ¢, can be described as

(ml — My + m, —mzf)

3)

2= (m1 +m1f+m2+m2f)

1 C*Sup
5P
(m1 + mlf +m; + mzf)

(4)

C =
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FIGURE 2 | Mechanical simplified model of buffer calculation.

Among them, the m;, m, are the mass of the spider and the
piston respectively. The m, s, m, are the added fluid mass of
the spider and the piston respectively. C* is the overall shape
drag coefficient of the buffer. The x is the vertical drop
displacement of the buffer and the S, is the cross-sectional
area of piston.

The Buffering Process
Since the hydraulic buffer couples both mechanical buffering
and hydraulic buffering forces at the same time, its buffering
effect is enhanced compared to other buffers. After the piston
hits the bottom plate, on the one hand, the spring in the buffer
chamber hinders the advancement of the piston. On the other
hand, the fluid in the buffer chamber is pressed out by the
piston, which also hinders the advancement of the piston, so
that the impact kinetic energy is gradually dissipated. This
coupling mechanism is also one of the advantages of spider
hydraulic buffers. Therefore in recent years, the spider
hydraulic buffers have begun to be favored in rod drop
buffering process.

A simplified mechanical model is established to perform the
effects caused directly by impacting behavior in the buffering
process, as shown in Figure 2.

Impacting Behavior in the Buffering Process

According to the energy law, the vibration differential equation
for buffering process can be expressed as Eq. 5,

Mx + Cx + Kx = Fg + Fg + Fr (5)

Buffer Performance in Rod Dropping

The Fg is the spring's pretension force, the Fg is the gravity
force, and the Fp is the fluid hydraulic force. Their calculation can
be realized by Eqs. 6-8 respectively,

KMuinLMain - KMuinCLl + SlKlThiBattom
Fs = | =KuainLntain + KptainCr1 = 81K1 T higottom (6)

0
—myg
_ng] (7)
—msg
Pressure;
Fr = lPressureZ] (8)

0

FG:

where the Ly, is the spring free height, and the Thigyon, is the
thickness of piston base-plate. The Cy; is the pre-tightening
height, defined as Lencyirumer — Leticup. The Pressure; and the
Pressure, are the differential pressure resistance acted on the
spider and the piston separately.

Hydraulic Effects in the Buffering Process

For a long time, the quantitative calculation of hydraulic action in
the process of rod dropping has been a major problem for
scholars. The fluid resistance is difficult to express because it is
related to the relative fluid velocity who often changes with space
and time. In the previous drop rod model, the following two
methods are usually adopted to calculate the fluid resistance. One
is to use the dynamic mesh technique to obtain the resistance
effect of the fluid through the iteration of the flow field. The
second is to obtain the empirical formula of hydraulic force
through the fitting of test data, and finally form the dedicated rod
drop program. The buffers involved in this paper have different
drain holes structures, and correspondingly, their fluid
resistances are different. To solve practical engineering
problems, however, this paper does not plan to simulate the
actual fluid resistance. Instead, the influence of different drain
holes structures on the buffer performance was investigated
directly through experiments.

EXPERIMENTAL SETUP

In this project, a hydrostatic buffer drop-rod test platform is built.
The drop-weight testing machine was used as the subject of the
experiment, and the connecting handle assembly with the control
rod was placed in a transparent glass water tank. After the power
is cut off, the buffer starts to fall from a certain height above the
water tank with an initial velocity of zero and hits a flexible
stainless steel bottom plate at the bottom of the test platform.
After the impacting, the spider hydraulic buffer starts its process
and finally ends when the entire spider body is stabilized.
During the experiments, two laser displacement sensors
(Type: KEYENCE IL-600) were used to measure the
displacement of the buffer during the dropping process and
calculate its velocity and acceleration. A ring-shaped force
sensor (Type: TH2IC) at the bottom of the water tank is used
to measure the impact force on the bottom plate in real time. At
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TABLE 1 | Key dimensions of spider hydraulic buffer.

Parts Dimensions
Spider Body Outer Diameter @45 mm
Total Height 205 mm
Inner Diameter,Dg; @36 mm
Height of Inner Cavity 160 mm
Material 06Cr18Ni11Ti
Piston Body #Stroke, Lo 50 mm
*Outer Diameter, Dp, 935.6 mm
#(Gap between Piston and Spider) (0.2 mm)
Inner Diameter, D, @13 mm
Material 05Cr17Ni4Cu4Nb
Center Pole QOuter Diameter, D.e @12 mm
Stiffness of Resume Spring 1850 N/m
#Summary of Equivalent Weight 7.6 kg

Note: #These Dimensions can be varied in tests.

the same time, the experimental environment is strictly
guaranteed by thermometers and voltmeters.

The schematic diagram of the buffer in this experiment is
shown in Figure 3, and its key structural size parameters are
shown in Table 1. As the equivalent weight, several rod-shaped
structures which have been weighed precisely are fixed around
the body of spider body before each test. The specific settings of
the variable values in Table 1 are shown in Table 2. The tests
here are all univariate experiments. Each Experiment only
changes one parameter on the basis of the benchmark
case “A0”.

RESULTS AND DISCUSSION

Effects of Piston Structure

The variable dimensions of the piston concerned in this paper
mainly include the outer diameter and height, which correspond
to the clearance between the piston and the connecting handle
and the piston stroke, respectively.

Buffer Performance in Rod Dropping

The relationship between the maximum impact force and
the piston clearance is shown in Figure 4. With the increase of
the clearance, the maximum impact force will first decrease
and then increase. By analyzing their real-time curves of the
maximum impact force (as shown in Figure 5), it can be found
that there are generally two large peaks during the buffering
process. The first indicates the impact between the bottom
surface of the piston and the bottom plate of the test bench,
and the second is the collision between the crown of the piston
and the spider body. For different cases, the peak distribution
of the two shocks is also different. Taking the AO case as an
example, when the gap flow area is small, the maximum impact
force appears at the first peak position. As the gap fluid flow
area increases, the first peak decreases and the second peak
increases gradually. When the unilateral clearance is increased
to 0.30 mm, the maximum impact force will appear at the
second peak.

This shows that as the flow area increases, part of the
instantaneous impact energy can be converted into fluid
kinetic energy, and the impact between the piston and the
bottom plate is thus buffered. However, when the flow area is
too large, the fluid flow rate is significantly reduced, and the
original potential energy cannot be completely released in the first
impact, so the impact force will be larger during the second
impact.

The relationship between the maximum impact force and
the piston stroke is shown in Figure 6. The maximum impact
force decreases as the stroke increases. Analysis of the impact
force real-time curve in Figure 7 shows that when the stroke is
only 30 mm, the kinetic energy of the entire system is not fully
consumed by the buffering process due to the short buffering
stroke. As a result, after the buffer stroke is completed, the
spider body will continue to bounce up and down and
generate multiple impact peaks. When the stroke of the
piston increases to 70 mm, the buffer can completely
consume the potential energy, and the piston will not
collide with the spider body.

e

INU

j+1

T

=

e —

V.

FIGURE 3 | Simplified schematic and key parameters of spider hydraulic buffer.
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TABLE 2 | Settings for Changeable Structures in series of Univariate Experiments.

Changeable parameters

Buffer Performance in Rod Dropping

Available values

Choice of Stroke (mm) 30 (*X1) 50 (A0) 70 (X2)
Choice of Outer Diameter-or Gap (mm) ¢35.4-0.30 (J1) ¢35.6-0.20 (AO) ¢35.7-0.15 (J2)
Choice of Drain Holes (mm) a) Focus on Numbers *NO N1 N2 A0 N4 N5
*(x) ) (<) (©) 2.5) @
*(x) (x) 3.5) (x) 2.5) @
*(x) @) () (©) ) @
*(x) (x) 3.5) (%) 2.5) @
*(x) (x) (x) (©)] 2.5) @)
b) Focus on Locations W1 W2 W3 W4 A0 W5 W6 W7 W8 W9
©) ©) ©)] ©) ®) ©) (x) (x) (x) (x)
©) @) ©)] ) () () (©) (©) (©) )
©) (%) (x) ©) ®) (%) (©) ©) (x) ©)
(x) ©)] (x) 3 (x) ©)] @) (x) (©)] 3
(x) (%) ©)] (x) (©) ©) () ©) ©) ©)
c) Focus on Diameters *KB-2 K3-3 A0 K3-4 K3-5 K4-1 K4-2
@ 2.5 ©) 3.5 ) 3.5 (2.5)
(x) (x) (x) (x) (x) (x) (x)
@ 2.5 ©) 3.5 ) ©) (©)
(<) (x) (x) (x) (x) (x) (x)
@ @5 ©) 3.5 ) 25 3.5)
Choice of Equivalent Weight (kg) 6.4 (M1) 7.4 (AO) 8.8 (M2)
Choice of Dropping Height (mm) 340 (H1) 370 (AQ) 400 (H2)

Note.

*The “letter-number” or “letter-number-number” in this table are the case numbers of operating conditions.
#The five layers of brackets from top to bottom correspond to the heights (h) of five layers of drain holes respectively. (h; = 130 mm, hy = 110 mm, hg =90 mm, h; = 70 mm, hs =50 mm).
&The data in brackets are the aperture of drain holes in this height, and the “x” means that the two holes in this height are blocked!.
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Effects of Drain Holes

Experiments and numerical simulations show that there is a
certain relationship between the maximum impact force and the
number, diameter, and position of the drain holes, as shown in
Figures 8-10. The maximum impact force seems to have a
decreasing trend with the increase of the pore size and the
number of holes. This may be due to the increase of the flow
area with the increase of the pore diameter and the number of
holes. Correspondingly, the fluid resistance decreases, so the
resistance of the water to the piston decreases, and finally the
impact force of the falling rod increases. Although the maximum
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FIGURE 5 | The effects of piston unilateral gap on the real-time
impact force.

impact force is somewhat related to the number, diameter, and
position of holes, its regularity is still not obvious enough.

To explore the influence law of the drain holes on the
maximum impact force more detailed, the real-time change
curves of the impact force during the buffering process were
compared in Figure 11. For the W1 condition with higher holes
position, the values of the two peaks are very close. For the W9
condition with lower holes position, the first peak is obviously
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higher than the second peak. That is, the impact between the
piston and the bottom plate in W9 is more severe than the impact
between the piston and the spider. This phenomenon shows that
the maximum impact force is not only related to the total flow
area but also to the relative position of the piston and the
drain holes.

In order to consider the influence of structural parameters
such as hole position and piston size on the buffer process while
measuring the total flow area in the buffer cavity, the equivalent
ongoing flow area of the drain holes S, is introduced here, which

is expressed as
N . N2
Sun = ZK}I’J) () ﬁ] ©)

i=1

Where D; is the diameter of each row of holes, #; is the distance
from each row of holes to the bottom edge of the spider body (as
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FIGURE 10 | The effects of hole location on the maximum impact force
and the drop time-length.
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illustrated in Table 2), L is the penetration depth of the piston
when it contacts the spider body (L = Ly+30), I is the number of
holes in each row (I = 2), and N is the total number of rows.
The relationship between the maximum impact force and the
equivalent ongoing flow area of the drain holes is shown in
Figure 12. Within this range, the maximum impact force first
decreased sharply and then increased slowly with the increase of
the equivalent ongoing flow area of the drain holes. When the
flow area increases to about 35 mm?, the maximum impact force
begins to appear at the second peak. This shows that when the
flow area of the drain holes increases initially within the range of
(0-60) mm?, the maximum impact force caused by the first peak
is slowly released, and when the flow area continues to increase,
the effect of the second peak is gradually highlighted. It is
speculated from the figure that when the flow area is between
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Seun
FIGURE 13 lllustration of the Corresponding Definition of the Equivalent
flow area.

13 and 40 mm?, the impact force will be the smallest (about
1000N) and the buffering effect will be the best.

A formula for calculating the maximum impact force F and the
equivalent ongoing flow area is recommended here, as follows:

F = o468 S
S Sun + Sgap

Swh + Sgap
S +8S

]/swh +1071  (10)

gap

Among them, Sj, is the equivalent flow area of the drain holes
shielded by the piston when the piston is fully pressed in, which is
called the equivalent flow area of the working hole. And S,, is the
equivalent flow area of the drain holes that has not been shielded
when the piston is completely pressed, which is called the
equivalent flow area of the remaining hole. The corresponding
definition of these equivalent flow area physical quantities has
been illustrated in Figure 13. And they can be calculated
respectively as

S,e:izn;K%)-n(%)z\/f] (for1<n<N, h,>L) (11)
Sf”:i[(%>ﬂ<%>2ﬁ] (for1<n<N, h,<L) (12)

Swh = Sre + Sjo (13)

The Syqp is the flow areas of other areas occupied by the gap
between the piston and the spider, the gap between the piston and
the tie pole, which is called the equivalent flow area of the gap, and
can be expressed as

2

Dsi_D02 Di_Dce
sgap=sS_P+sP_C:n( 2")+n("2 ) (14)
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1200 0.40
1150: = Maximum Impact Force
| —a— Drop Time-length = I 0.38
1100
- L 0.36
% 1050 | e =
S 1000 P L034 £
e 2 2
8 950 9
a | i 032 @
e
E 900 4 5 A E
= ]
2 850 - Fos0 g
L 1 [a)
< 800 | 0.28
750
. l-0.26
700

¥ T Y T v T T b T T T i
6.0 64 6.8 72 76 80 84 838 9.2
Control Rod Assembly Equivalent Weight (kg)

FIGURE 15 | The effects of equivalent weight on the maximum impact
force and the drop time-length.

For the cases involved in this paper, the relative error based on
the 95% confidence for the above formula is 21%, and the
maximum relative error is 35%, as shown in Figure 14.

Under the condition that the total flow area of the drain holes
remains unchanged, the impact force F is most likely to have a
minimum value when Sj, = Sre + Sgap = (Swh + Sgap)/2.That is to
say, for two spider hydraulic buffers with the same total area of
drain holes but different hole structures, if the flow area of the
working holes is close to the flow area of the remaining holes and
gaps, the impact force is more likely to be smaller.

Effects of Potential Energy

The relationship between the buffering performance, the
equivalent weight and the falling height was investigated
through experiments. In Figures 15, 16, obviously, the
relationship between the maximum impact force and the
equivalent weight basically increases linearly. At the same
time, the maximum impact force gradually increases with the
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FIGURE 16 | The effects of dropping height on the maximum impact
force under different piston stroke.
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FIGURE 17 | The effects of dropping height on the drop time-length
under different piston stroke.

increase of the drop height. However, in Figure 17, the change
rule of the drop time is not obvious.

In the figure, noting that when the piston stroke is too short
(Lo = 30 mm), not only the impact force is significantly
increased, but the buffering time-length is also longer. That
is, the buffering performance becomes extremely poor. It can
be seen from the previous analysis in Figure 7 that due to the
short stroke, the energy released during the pressing of the
piston is obviously insufficient. After that, although the
impact force reaches the maximum at the second impact,
there is still some energy remaining. Thus, the piston will
continue to bounce and collide multiple times until it
stabilizes, which causes the buffer time-length to increase
significantly.
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Comprehensive Performance Evaluation
In practical engineering applications, the buffer should not only

ensure that the impact force is not too large, but also meet the
requirement to keep the drop time-length as short as possible.
Excessive impact force will cause damage to the core floor, and
too long drop time-length will cause the reactor to fail to shut
down in time, resulting in a major reactor shutdown accident.
Therefore, the buffering performance needs to take into account
both the maximum impact force and the drop time.

A comprehensive performance evaluation factor # is proposed

here, defined as
F t

Where the F is the maximum impact force during the buffering
process, the t is the drop time-length. And the F, is the
allowable maximum impact force on the upper plate of the
core in the actual core (1500N here), and the ¢, is the limit drop
time-length allowed in the actual rod drop process (1.3 s here).
When the maximum impact force F is not greater than the
allowable maximum impact force F,,, if the drop time-length
exceeds the limit drop time-length, the evaluation factor 7 is less
than 0.

Accordingly, the relationship between the comprehensive
performance evaluation factor and the maximum impact force
and the drop time-length is shown in Figure 18. It can be seen
that the smaller the maximum impact force and the drop time-
length, the closer the comprehensive performance evaluation
factor is to 1, and the better the buffering performance.
Conversely, the closer the evaluation factor is to 0, the worse
the buffer performance is. Overall, when the impact force values
of the first peak and the second peak are closer, the
comprehensive performance is better, as shown by the
scattered points in Figure 18.

Buffer Performance in Rod Dropping

By the above evaluation method, under the same weight and
drop height, several better performance conditions (1 > 0.78)
are A0/W9/K3-5/K4-2, and some typical poor performance
conditions (n < 0.46) are NO/K3-2/X1. It indicates that for
the drain hole structures involved in this paper, the buffering
performance is better when: 1) the total flow area of the holes is
larger, or 2) there are more holes that can be covered by the
piston stroke. On the contrary, the buffering performance is
poor when: 1) the total area of the drain holes is small, or 2) the
piston stroke is too short. This information will make
recommendations for the design optimization of the spider
hydraulic buffer.

CONCLUSION

Aiming at a new type of spider hydraulic buffer adopted in the
rod drop buffering, this paper studies the effects of different
structural dimensions on the buffer performance, such as the
distribution of drain holes, piston stroke and outer diameter, drop
height and equivalent weight. The following conclusions are
obtained.

(1) The real-time curve of the maximum impact force often has a
bimodal structure. Generally, the first impact is the impact
between the bottom of the piston and the test platform, and
the second impact is the impact between the piston cap and
the bottom of the spider body. The double peaks vary with
the change of the internal structure of the hydraulic buffer.

(2) The experimental data show some evidently qualitative law
when analyzing the maximum impact force. Most obviously,
the maximum impact force is positively related to the weight
and the dropping height. In addition, for the piston structure,
an increase of stroke (30-70 mm) will bring a decrease of the
maximum impact force. Meanwhile, an increase of outer
diameter (clearance) will cause the maximum impact force to
decrease first and then increase, the optimal size of clearance
in these tests is 0.2 mm. For the drain holes, the influence of
its parameters’ changing (including hole diameter and hole
locations) is more complicated. Therefore, it calls for several
quantitative features that reflect equivalent flow area to
characterize the hydraulic effects of these holes.

(3) Inorder to simultaneously consider the influence of the drain
holes parameters on the maximum impact force, a new
characteristic parameter—the equivalent ongoing flow area
of the drain holes—is introduced in this paper. The analysis
found that with the increase of the equivalent ongoing flow
area of the drain holes, the first peak value of the maximum
impact force gradually decreased, and the second peak value
gradually increased. Under the conditions with the same total
flow area of the drain holes, when the flow area of the
working holes located within the stroke approximately
equal to the flow area of the remaining holes, that is,
when the first peak value is close to the second peak
value, the impact force seems to have a minimum value.
To calculate the impact force under different equivalent
ongoing flow areas, a formula with a 95%-confidence
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relative error of 21% are recommended here. It suggested that
when the flow area locates in a range of (13-40) mm?, the
impact force will be the smallest (about 1000N) and the
buffering effect will be the best.

In order to take into account both the maximum impact force
and the drop time-length when analyzing the buffering
performance, a comprehensive performance evaluation
factor 1 (0<y < 1) is proposed. For the structures involved
in this paper, when the total area of the drain holes is large
enough or the holes are mostly located within the piston
stroke, the comprehensive buffering performance is better (
> 0.78). While when the total area of the relief holes is small
or the piston stroke is too short, the comprehensive buffering
performance is poor (n < 0.46).

(4)

In summary, the maximum impact force and the

comprehensive performance of spider hydraulic buffers are
both closely related to their own structure. Designers can
further optimize the buffer structure based on the above
conclusions to obtain potential best buffer performance.
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