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The con trol rod drop anal y sis is very im por tant for safety anal y sis. A math e mat i cal model of
the con trol rod for the ETRR-2 re ac tor is pre sented. A com puter pro gram by the En gi neer ing 
Equa tion Solver has been de vel oped for in ves ti ga tion of the im pact force and the fi nal drop -
ping ve loc ity of the rod. Also, buck ling de for ma tion stresses have been sim u lated us ing com -
mer cial soft ware, ABAQUS/CAE re lease 6.14-5. This pa per de scribes the the o ret i cal re sults
re quired to ob tain the von Mises stress at max i mum im pact force dur ing the con trol rod drop. 
The con trol rod ve loc ity af ter the rod reached the re ac tor core bot tom has been pre dicted
which reached up to 3.8 ms–1 af ter a drop time equal to 0.41 s at the end of the re ac tor core
height. The re sults showed that the max i mum and min i mum von Mises stresses are 90 MPa
and 6.345 MPa at max i mum and min i mum im pact force of 6625 N and 755.73 N, re spec -
tively. 
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IN TRO DUC TION

The con trol rod drop-down time is very im por -
tant for safety. One of the three fac tors nec es sary to en -
sure the re ac tor safety is re ac tiv ity con trol. The key re -
ac tiv ity con trol is the con trol rod drop-down time. The
con se quences of a con trol rod drop ac ci dent have been 
ex am ined for the Ca na dian Super Crit i cal Wa ter
Reactor. The study shows that al most all the tran sients
reached a max i mum fuel cen ter line above (3100 K).
Therefore fuel melt ing would oc cur in most cases and
show the ne ces sity for spe cial safety sys tem ac tion for
these events [1]. A non-lin ear dy nam ics re sponse anal -
y sis soft ware has been pro duced for the nu clear power
plant which was used to cal cu late the con trol rod
drop-down time. The dis place ment, ve loc ity, ac cel er a -
tion and fric tion force of the rod has been cal cu lated
dur ing its drop-down pro cess and found that the col li -
sion has a large ef fect on the drop time of the con trol
rod [2]. A nu mer i cal sim u la tion and ex per i men tal
anal y sis have been pro duced to an a lyze the drop of the
rod in the Tho rium Mol ten Salt Re ac tor (TMSR-SF1).

The driv ing mech a nism trans mis sion ef fi ciency
is de duced as a re la tion ship with the drop ping ve loc ity
of the rod. It was found that the fast drop time is about
2.02 s in the mol ten salt en vi ron ment, which is matched

with the re ac tor lim it ing drop time, 6 s [3]. A new
method for the con trol rod anal y sis is sug gested by the
fi nite el e ment method. This anal y sis model in cludes the 
struc ture and fluid parts, termed as a fluid and struc ture
in ter ac tion (FSI). It was found that this method can sim -
u late the fluid-struc ture cou pled al go rithm un der the
core con di tions at an op er at ing tem per a ture [4]. This
pa per pres ents a math e mat i cal model which per mits the
de sign ers to study the ef fects of dif fer ent pa ram e ters on
the scram time. The model can be used in the pre lim i -
nary de sign stage to op ti mize the de sign for the short est
con trol rod drop-down time.

DE SCRIP TION OF THE RE AC TOR
CON TROL ROD SYS TEM

The first shut down sys tem con sists of six ab -
sorb ing plates. The ab sorb ing ma te rial is an al loy of
Ag-In-Cd and clad with stain less steel. This al loy is
used ex ten sively in ma te rial test ing re ac tors. The ab -
sorb ing ma te rial has the fol low ing di men sions (width
144 mm, height 820 mm, thick ness 3.6 mm). The con -
trol plates are placed in side guide boxes which have a
par al lel struc ture; there are two guide boxes at op po -
site sides of the core, with three con trol plates each.
The guide boxes pre vent in ter fer ence be tween the
con trol plates and fuel el e ments [5]. The con trol rod
mech a nism  is lo cated be low the re ac tor core level.
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Fig ure 1 de picts the sche matic view of the con -
trol rod sys tem which is placed in side the con trol room
mech a nism be low the re ac tor. The main com po nents
of the sys tem are:
– mech a nism drive,
– pneu matic cyl in der,

– com pressed air tank, and
– flex i ble com pressed air hose.

Tak ing into ac count that the re ac tiv ity con trol
sys tem is crit i cal to re ac tor safety, a suf fi cient shut
down re ac tiv ity shall be pro vided so that the re ac tor
can be brought to a subcritical level and main tained
subcritical with an ad e quate mar gin un der all op er a -
tional states and ac ci dent con di tions, with the re ac tiv -
ity ef fect of ex per i ments taken into ac count [6].

A drop im pact anal y sis of a fuel as sem bly in a re -
search re ac tor has been car ried out by [7] to de ter mine
whether the fuel plate in teg rity is main tained in a drop
ac ci dent. The di rect im pact of a fuel as sem bly on the
pool bot tom has been an a lyzed us ing im plicit and ex -
plicit ap proaches.

MATH E MAT I CAL MODEL

The math e mat i cal model for the con trol rod drop 
in wa ter has some as sump tions and sim pli fi ca tions as
fol lows:
– in com press ible flow,
– purely ax ial flow,
– con stant hy dro static pres sure head, and
– sym met ric cir cumfer ential flow.

A sim pli fied sche matic di a gram of the con trol
rod is shown in fig ure fig. 3.

A model for the con trol rod sim u la tion was cre -
ated by us ing the ABAQUS/CAE re lease 6.14-5 code
to sim u late the de for ma tion dur ing the con trol rod
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Fig ure 1. Sche matic view of the con trol rod sys tem

Fig ure 2. Sche matic view of the con trol rod di men sion Fig ure 3. Sim ple model de scrip tion of the con trol rod



drop. Also, a Fou rier se ries equa tion has been solved
to sim u late the buck ling de for ma tion. The so lu tion of
the Fou rier se ries has been pro grammed by a com mer -
cial pro gram which is called the en gi neer ing equa tion
solver (EES). The ma te ri als and di men sions of the
con trol rod are sum ma rized in tab. 1.

The gen eral equa tion for the rod's drop is writ ten
as, [7]
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where m is the con trol rod mass, t – the time, V – the
con trol rod vol ume, g – the ac cel er a tion of grav ity, and 
F – the drag force. The sub merged weight of the con -
trol rod is (m – rV) g. In fluid dy nam ics, the drag equa -
tion is a prac ti cal for mula used to cal cu late the drag
force ow ing to move ment through a fully en clos ing
fluid. The drag force is writ ten as, [7]

F AC vD=
1

2

2r (2)

where A is the or tho graphic pro jec tion of the con trol
rod on a plane per pen dic u lar to the di rec tion of mo tion
and CD – the drag co ef fi cient. As the ve loc ity of the
con trol rod in creases, the re sist ing drag force also in -
creases. The dif fer en tial eq. (1) is re ar ranged as fol -
lows
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Solv ing this dif fer en tial equa tion, the ve loc ity
be comes
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Equa tion (4) is the an a lyt i cal so lu tion of the ter -
mi nal ve loc ity, which con sid ers the weight, buoy ancy
and drag forces. The con trol rod ac cel er ates un til the
grav i ta tional force bal ances the re sis tance forces cre -
ated by the fluid. At this time, the con trol rod has
reached its max i mum ki netic en ergy and con se quently 
its ter mi nal ve loc ity. Since the ac cel er a tion here is
zero, the ter mi nal ve loc ity is then [7]
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where vter is the ter mi nal ve loc ity.

Cal cu la tion of im pact force

The dy namic en ergy of a fall ing ob ject at the im -
pact mo ment can be cal cu lated as [8]

E F h m hDe w g= = (6)

where FW is the force due to grav ity, g – the ac cel er a -
tion of grav ity, and h – the fall ing height.

The im pact force can be ex pressed as [8]

Fmax = 2 m hg / S (7)

where S [m] is the de for ma tion slow-down dis tance.

Dy namic buck ling anal y sis

The equa tion of mo tion for lat eral dis place ment
y (x, t) from the ini tial shape y0(x) is
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where E is Young's modulus, I – the mo ment of in er tia
of the bar sec tion, EI –  the bend ing stiff ness,  r – the
mass den sity, rA – the lin ear den sity, and x and t – the
ax ial co or di nate and time, re spec tively [9].

Af ter di vid ing through by EI, it is con ve nient to
in tro duce the pa ram e ters
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The first two pa ram e ters have al ready ap peared
in the static buck ling prob lem. The new pa ram e ter c,
which ap peared be cause of the dy namic in er tia term, is 
the wave speed of the ax ial stress waves in the bar.
When these quan ti ties are used the equa tion of mo tion
(8) be comes [9]
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where Pcr [GPa] is the crit i cal load, modulus of elas tic -
ity, I – the mo ment of in er tia, and L – the length of the
rod [10].

I d=
p
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where d is the rod di am e ter [10].
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Ta ble 1. Con trol plate di men sions [5]

Ag-In-Cd To tal with clad ding

Width 144 mm 147 mm

Length 820 mm 1000 mm

Thick ness 3.6 mm 5.3 mm



RE SULTS AND DIS CUS SION

Fig ure 4(a) and 4(b) shows the ABAQUS 3-D
model of the con trol rod. The ABAQUS/ CAE, soft -
ware has its own draw ing en tity which is ca pa ble of
draw ing the model in a 3-D mode, and also has a mesh
tool to mesh the model with an ad e quate mesh model. 

Fig ure 5 shows the buck ling de for ma tion at min -
i mum im pact force 755.73 N pro duced by
ABAQUS/CAE. By con sid er ing the mass of the con -
trol plate set, M, fall ing from the top of the core mov -
ing at a height, d, un der the in flu ence of the grav ity on
top of  the lower part of the con trol mech a nism caus ing 
an im pact force, F, this force causes a buck ling de flec -
tion to the rod as seen in fig. 5 and sub se quently the rod 
shall? breaks down. The im pact force for op er at ing
con di tions should be less than 755.73 N to elim i nate
the pos si bil ity of rod buck ling.

Fig ure 6 de picts the von Mises stress at a min i -
mum im pact force, 755.73 N cal cu lated by the
ABAQUS/CAE re lease 6-14-5. The re sults showed
that there is a min i mum stress af fected on the up per
part of the con trol rod with the value of 6.345 MPa 

Von Mises stress at max i mum im pact force has
been cal cu lated by us ing the ABAQUS/CAE re lease
6.14-5 as shown in fig. 7. The first part of the con trol
rod, whose length is 1198 mm and di am e ter is 10 mm

was sub jected to 90 MPa as a max i mum stress when
the im pact force reached up to 6625 N.

Fig ure 8 il lus trates the re la tion be tween the con -
trol rod po si tion and its ve loc ity dur ing the mo tion pro -
cesses of the con trol rod in the re ac tor core from the top
po si tion to the bot tom po si tion. At the be gin ning of the
rod drop, the grav ity strong, so the rod is ac cel er at ing
grad u ally from the stop ping state over com ing the drag
force and the buoy ancy force. As the rod drops, its ac -
cel er a tion in creases with time, sub se quently in creas ing
its ve loc ity. The cal cu la tions showed that the con trol
rod reached the bot tom of the re ac tor core af ter trav el -
ling a dis tance equal to 0.8 m within the drop time  of 
0.41 s  and  the ter mi nal drop ve loc ity was 3.8 ms–1.

Fig ure 9 shows the max i mum im pact force,
which was pro duced at the im pact mo ment, which was
equal to 6625 N till the run num ber (51) which was as -
so ci ated to the scram time 0.5 s.
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Fig ure 4. The ABAQUS 3-D con trol rod model

Fig ure 5. The ABAQUS buck ling de for ma tion at
im pact force F = 755.73 N

Fig ure 6. Von Mises stress at crit i cal im pact
force F = 755.73 N

Fig ure 7. Von Mises stress at max i mum im pact
force F = 6625 N

Fig ure  8. Con trol rod drop for 0.5 sec onds, so lu tion time



CON CLU SIONS

The con trol rod drop anal y sis has not pre vi ously
been as sessed for the ETRR-2 re ac tor. In this study, the 
drop of the con trol rod is pre dicted in a the o ret i cal way
by de vel op ing a com puter code with the en gi neer ing
equa tion solver pack age to pre dict the ter mi nal drop
ve loc ity of the con trol rod at the re ac tor core bot tom.
The con trol rod trav els from the top of the core to the
bot tom of the core for a dis tance of 0.8 m with ve loc ity
of 3.8 ms–1 in a drop time of 0.41 s. The
ABAQUS/CAE re lease (ver sion) 6.14-5 is used to
pre dict the von Mises stresses. The pro duced stresses
are 6.345 MPa at an im pact force of 755.37 N and
16.34 MPa at a max i mum im pact force of 6625 N. A
crit i cal buck ling de for ma tion force of 783.69 N is pre -
dicted by mul ti ply ing the U-mag ni tude of (1.037) by
the eigenvalue of (755.73). The im pact force for op er -
at ing con di tions should be less than 755.73 N to elim i -
nate the pos si bil ity of rod buck ling, and the drop time
should be not less than 400 ms.  The rec om men da tion
for solv ing of the pre sented prob lem could be sum ma -
rized as fol lows

· The ma te rial of the con trol rod could be changed
to an other ma te rial which has a high stiff ness in
or der to re sist the fail ure prob a bil ity.

· The shock ab sorber of the con trol rod must be
checked from the de sign point of view to min i -
mize the im pact force gen er ated from the scram.

· The ma te rial of the con trol rod and shock ab sorber 
of other sim i lar re search re ac tors should be con -
sid ered.

· The re ac tor op er a tors have to fol low the cor rect
op er at ing in struc tions to avoid the re peated un de -
sir able scram and have to in ves ti gate the rea sons.
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Fig ure 9. The max i mum im pact force his tory
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NUMERI^KO  ISTRA@IVAWE  DEFORMACIJE  SISTEMA
KONTROLNE  [IPKE  TOKOM  SCENARIJA  PADA  [IPKE  U

TIPI^NOM  REAKTORU  ZA  ISPITIVAWE  MATERIJALA

Analiza pada kontrolne {ipke veoma je va`na za analizu sigurnosti, te je prikazan
matemati~ki model kontrolne {ipke reaktora ETRR-2. Razvijen je ra~unarski pro gram kompanije En -
gi neer ing Equa tion Solver za ispitivawe sile udara i kona~ne brzine pada {ipke. Tako|e, deformacioni
naponi izvijawa simulirani su kori{}ewem komercijalnog softvera, ABAQUS/CAE verzija 6.14-5.
Ovaj rad opisuje teorijske rezultate potrebne za postizawe fon Misesovog naprezawa pri najve}oj
udarnoj sili tokom pada kontrolne {ipke. Predvi|eno je brzina kontrolne {ipke nakon {to je
dostigla dno jezgra od 3.8 ms–1, posle pada koji je trajao 0.41 sekundu do dna reaktora.  Rezultati  su 
pokazali  da  su  maksimalna  i  minimalna  fon  Misesova  naprezawa  90 MPa i 6.345 MPa pri
maksimalnoj i minimalnoj udaroj sili od 6625 N i 755.73 N.

Kqu~ne re~i: kontrolna {ipka, udarna sila, izme{tawe, MTR istra`iva~ki reaktor


