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The control rod drop analysis is very important for safety analysis. A mathematical model of
the control rod for the ETRR-2 reactor is presented. A computer program by the Engineering
Equation Solver has been developed for investigation of the impact force and the final drop-
ping velocity of the rod. Also, buckling deformation stresses have been simulated using com-
mercial software, ABAQUS/CAE release 6.14-5. This paper describes the theoretical results
required to obtain the von Mises stress at maximum impact force during the control rod drop.
The control rod velocity after the rod reached the reactor core bottom has been predicted
which reached up to 3.8 ms! after a drop time equal to 0.41 s at the end of the reactor core
height. The results showed that the maximum and minimum von Mises stresses are 90 MPa
and 6.345 MPa at maximum and minimum impact force of 6625 N and 755.73 N, respec-

tively.
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INTRODUCTION

The control rod drop-down time is very impor-
tant for safety. One of the three factors necessary to en-
sure the reactor safety is reactivity control. The key re-
activity control is the control rod drop-down time. The
consequences of a control rod drop accident have been
examined for the Canadian Super Critical Water
Reactor. The study shows that almost all the transients
reached a maximum fuel center line above (3100 K).
Therefore fuel melting would occur in most cases and
show the necessity for special safety system action for
these events [1]. Anon-linear dynamics response anal-
ysis software has been produced for the nuclear power
plant which was used to calculate the control rod
drop-down time. The displacement, velocity, accelera-
tion and friction force of the rod has been calculated
during its drop-down process and found that the colli-
sion has a large effect on the drop time of the control
rod [2]. A numerical simulation and experimental
analysis have been produced to analyze the drop of the
rod in the Thorium Molten Salt Reactor (TMSR-SF1).

The driving mechanism transmission efficiency
is deduced as a relationship with the dropping velocity
of the rod. It was found that the fast drop time is about
2.02 s in the molten salt environment, which is matched

* Corresponding author; e-mail: adelalyan@yahoo.com

with the reactor limiting drop time, 6 s [3]. A new
method for the control rod analysis is suggested by the
finite element method. This analysis model includes the
structure and fluid parts, termed as a fluid and structure
interaction (FSI). It was found that this method can sim-
ulate the fluid-structure coupled algorithm under the
core conditions at an operating temperature [4]. This
paper presents a mathematical model which permits the
designers to study the effects of different parameters on
the scram time. The model can be used in the prelimi-
nary design stage to optimize the design for the shortest
control rod drop-down time.

DESCRIPTION OF THE REACTOR
CONTROL ROD SYSTEM

The first shutdown system consists of six ab-
sorbing plates. The absorbing material is an alloy of
Ag-In-Cd and clad with stainless steel. This alloy is
used extensively in material testing reactors. The ab-
sorbing material has the following dimensions (width
144 mm, height 820 mm, thickness 3.6 mm). The con-
trol plates are placed inside guide boxes which have a
parallel structure; there are two guide boxes at oppo-
site sides of the core, with three control plates each.
The guide boxes prevent interference between the
control plates and fuel elements [5]. The control rod
mechanism is located below the reactor core level.
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Figure 1 depicts the schematic view of the con-
trol rod system which is placed inside the control room
mechanism below the reactor. The main components
of the system are:

— mechanism drive,
— pneumatic cylinder,

Control rod
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Figure 1. Schematic view of the control rod system

J|

Control plate
L, =820 mm

-

fin-

L,=1110 mm, d, = 10 mm

2348 mm, dy = 25 mm

Ly =

Figure 2. Schematic view of the control rod dimension

— compressed air tank, and
— flexible compressed air hose.

Taking into account that the reactivity control
system is critical to reactor safety, a sufficient shut
down reactivity shall be provided so that the reactor
can be brought to a subcritical level and maintained
subcritical with an adequate margin under all opera-
tional states and accident conditions, with the reactiv-
ity effect of experiments taken into account [6].

A drop impact analysis of a fuel assembly in are-
search reactor has been carried out by [7] to determine
whether the fuel plate integrity is maintained in a drop
accident. The direct impact of a fuel assembly on the
pool bottom has been analyzed using implicit and ex-
plicit approaches.

MATHEMATICAL MODEL

The mathematical model for the control rod drop
in water has some assumptions and simplifications as
follows:

— incompressible flow,

— purely axial flow,

— constant hydrostatic pressure head, and
— symmetric circumferential flow.

A simplified schematic diagram of the control
rod is shown in figure fig. 3.

A model for the control rod simulation was cre-
ated by using the ABAQUS/CAE release 6.14-5 code
to simulate the deformation during the control rod
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Figure 3. Simple model description of the control rod
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Table 1. Control plate dimensions [5]

Ag-In-Cd Total with cladding
Width 144 mm 147 mm
Length 820 mm 1000 mm
Thickness 3.6 mm 5.3 mm

drop. Also, a Fourier series equation has been solved
to simulate the buckling deformation. The solution of
the Fourier series has been programmed by a commer-
cial program which is called the engineering equation
solver (EES). The materials and dimensions of the
control rod are summarized in tab. 1.

The general equation for the rod's drop is written
as, [7]
n = (n=pV)g~F (1)

where m is the control rod mass, 7 — the time, V' — the
control rod volume, g —the acceleration of gravity, and
F —the drag force. The submerged weight of the con-
trolrod is (m —pV) g. In fluid dynamics, the drag equa-
tion is a practical formula used to calculate the drag
force owing to movement through a fully enclosing
fluid. The drag force is written as, [7]

F =%pACD v? ®)

where A is the orthographic projection of the control
rod on a plane perpendicular to the direction of motion
and Cp — the drag coefficient. As the velocity of the
control rod increases, the resisting drag force also in-
creases. The differential eq. (1) is rearranged as fol-
lows

dv 1t
: =—|dr (3)
(m=pV)g=_ pAC,V* "o

S —

Solving this differential equation, the velocity
becomes

1
\/(m—pV)gpACD

1
— pAC
2.0 D

“

m

Equation (4) is the analytical solution of the ter-
minal velocity, which considers the weight, buoyancy
and drag forces. The control rod accelerates until the
gravitational force balances the resistance forces cre-
ated by the fluid. At this time, the control rod has
reached its maximum kinetic energy and consequently
its terminal velocity. Since the acceleration here is
zero, the terminal velocity is then [7]

(m-pV)g 5)

v =
ter
1

—pAC
2/J D

where vy, is the terminal velocity.

Calculation of impact force

The dynamic energy of a falling object at the im-
pact moment can be calculated as [8]

Ep. =F\ h=mgh (6)

where Fy, is the force due to gravity, g — the accelera-
tion of gravity, and /4 — the falling height.
The impact force can be expressed as [8]

Froax =2mgh/ S (7)

where S [m] is the deformation slow-down distance.

Dynamic buckling analysis

The equation of motion for lateral displacement
¥ (x, t) from the initial shape y,(x) is

oty o*

El—+P(t)— (y+yy)+
ox* ?xz 0
0"y
+pA—==0 8
e (3)

where E is Young's modulus, /— the moment of inertia
of the bar section, E/ — the bending stiffness, p — the
mass density, pA4 — the linear density, and x and ¢ — the
axial coordinate and time, respectively [9].

After dividing through by EJ, it is convenient to
introduce the parameters

Loyl o2l ©)
EI A P

The first two parameters have already appeared
in the static buckling problem. The new parameter c,
which appeared because of the dynamic inertia term, is
the wave speed of the axial stress waves in the bar.
When these quantities are used the equation of motion
(8) becomes [9]

k2

ﬂ_f_kzﬂ_F
o ox? ,
1 &%y 0y
22 A2 =k 20 (10)
rec” ot ox
2
nEl
o = (11)
L

where P, [GPa] is the critical load, modulus of elastic-
ity,  — the moment of inertia, and L — the length of the

rod [10]. .
2

T 64
where d is the rod diameter [10].

I (12)
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RESULTS AND DISCUSSION

Figure 4(a) and 4(b) shows the ABAQUS 3-D
model of the control rod. The ABAQUS/ CAE, soft-
ware has its own drawing entity which is capable of
drawing the model in a 3-D mode, and also has a mesh
tool to mesh the model with an adequate mesh model.

Figure 5 shows the buckling deformation at min-
imum impact force 755.73 N produced by
ABAQUS/CAE. By considering the mass of the con-
trol plate set, M, falling from the top of the core mov-
ing at a height, d, under the influence of the gravity on
top of the lower part of the control mechanism causing
an impact force, F, this force causes a buckling deflec-
tion to the rod as seen in fig. 5 and subsequently the rod
shall? breaks down. The impact force for operating
conditions should be less than 755.73 N to eliminate
the possibility of rod buckling.

Figure 6 depicts the von Mises stress at a mini-
mum impact force, 755.73 N calculated by the
ABAQUS/CAE release 6-14-5. The results showed
that there is a minimum stress affected on the upper
part of the control rod with the value of 6.345 MPa

Von Mises stress at maximum impact force has
been calculated by using the ABAQUS/CAE release
6.14-5 as shown in fig. 7. The first part of the control
rod, whose length is 1198 mm and diameter is 10 mm

y; -t . ' -

Figure 4. The ABAQUS 3-D control rod model
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Figure 5. The ABAQUS buckling deformation at
impact force F=755.73 N

Figure 6. Von Mises stress at critical impact
force F="755.73 N

Figure 7. Von Mises stress at maximum impact
force F = 6625 N

was subjected to 90 MPa as a maximum stress when
the impact force reached up to 6625 N.

Figure 8 illustrates the relation between the con-
trol rod position and its velocity during the motion pro-
cesses of the control rod in the reactor core from the top
position to the bottom position. At the beginning of the
rod drop, the gravity strong, so the rod is accelerating
gradually from the stopping state overcoming the drag
force and the buoyancy force. As the rod drops, its ac-
celeration increases with time, subsequently increasing
its velocity. The calculations showed that the control
rod reached the bottom of the reactor core after travel-
ling a distance equal to 0.8 m within the drop time of
0.41's and the terminal drop velocity was 3.8 ms ™.

Figure 9 shows the maximum impact force,
which was produced at the impact moment, which was
equal to 6625 N till the run number (51) which was as-
sociated to the scram time 0.5 s.
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Figure 8. Control rod drop for 0.5 seconds, solution time
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CONCLUSIONS

The control rod drop analysis has not previously
been assessed for the ETRR-2 reactor. In this study, the
drop of the control rod is predicted in a theoretical way
by developing a computer code with the engineering
equation solver package to predict the terminal drop
velocity of the control rod at the reactor core bottom.
The control rod travels from the top of the core to the
bottom of the core for a distance of 0.8 m with velocity
of 3.8 ms!' in a drop time of 0.41 s. The
ABAQUS/CAE release (version) 6.14-5 is used to
predict the von Mises stresses. The produced stresses
are 6.345 MPa at an impact force of 755.37 N and
16.34 MPa at a maximum impact force of 6625 N. A
critical buckling deformation force of 783.69 N is pre-
dicted by multiplying the U-magnitude of (1.037) by
the eigenvalue of (755.73). The impact force for oper-
ating conditions should be less than 755.73 N to elimi-
nate the possibility of rod buckling, and the drop time
should be not less than 400 ms. The recommendation
for solving of the presented problem could be summa-
rized as follows
e The material of the control rod could be changed

to another material which has a high stiffness in
order to resist the failure probability.

e The shock absorber of the control rod must be
checked from the design point of view to mini-
mize the impact force generated from the scram.

e The material of the control rod and shock absorber
of other similar research reactors should be con-
sidered.

e The reactor operators have to follow the correct
operating instructions to avoid the repeated unde-
sirable scram and have to investigate the reasons.
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Anen AIMAH, Xemam EJIKATUDB

HYMEPNYKO UCTPAXKNBAILE NE®OPMAIIMIE CUCTEMA
KOHTPOJHE HMIIKE TOKOM CHEHAPUJA IMAJA HIUIIKE Y
TUIIMYHOM PEAKTOPY 3A UCIIMTUBAILE MATEPUJAIIA

Amnanuza najga KOHTPOJIHE ILIHUIKE BEOMAa je€ BaskKHA 3a aHAJU3y CUTYPHOCTH, T€ je NpHUKa3aH
MaTeMaTHYKK1 MOJIeNl KOHTpoJHe mmnke peaktopa ETRR-2. Pa3BujeH je pauyHapcku nmporpam Komnanuje En-
gineering Equation Solver 3a ucnutrBame cusie ygapa 1 KoHauHe Op3uHe najia mummke. Takobe, fepopmanmonu
HaIlOHU M3BHjaa CUMYJIMPAHU cy KopulithemeM KoMmepimjainHor coptepa, ABAQUS/CAE Bep3nja 6.14-5.
Ogaj paj; onmcyje TeopHjcKe pesyiitate noTpedHe 3a mocTu3ame PoH MrcecoBor Hampes3ama npy Hajsehoj
yAapHOj CUJIM TOKOM Majia KOHTposHe nmnke. [IpenBubeno je Op3vHa KOHTPOJHE IIUNKE HAKOH IITO je
OCTUITIA AHO je3rpa of 3.8 ms™!, nocne napa Koju je Tpajao 0.41 cexynpy 1o aHa peakTopa. Pesynratn cy
MoKa3ajay fa Cy MakchuMajiiHa W MuHUManHa ¢oH MmcecoBa Hampesama 90 MPa m 6.345 MPa npu
MaKCHMAaJTHO] 1 MUHIMAJTHO] yflapoj cuiu off 6625 N u 755.73 N.

Kmwyune pequ: KOHIUPOAHA WUTKA, YOapHa cuaa, usmewtitiarbe, MTR ucttipaxcusauxu peaxiiop




