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ABSTRACT
ANALYSIS OF RSG-GAS CONTROL ROD WORTH DUE TO PERTUBATION

REACTIVITY. The control rod interaction effect of RSG-GAS typical working core was
studied using a method based on the exact perturbation theory with three simplifying
assumptions which require only N+ 1 criticality calculations. The interaction effect between
two interacting rods reached up to 19 % while the interaction effect of multiple interacting
rods reached up to 32 % for all (8) control rods involved. The accuracy of the adopted
method were extensively investigated to determine the error sources and the magnitude of
the error. Through comparison of the present results with ones of the simple summation
method, it was obvious that the adopted method was superior in that a significant
improvement on the accuracy of the calculated reactivity worth can be achieved with a small
number of criticality calculations.
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INTRODUCTION

The reactivity worth of a single
or multiple control rods can be estimated
experimentally or by calculations. There
are several experimental methods
available, namely, rod compensation
method, rod drop method etc. Research
reactor operators have long recognized
the difficulties to obtain the 'true' control

rod worth even if the experimental
methods can be conducted accurately
due to the control rod interactions. For

example, if the compensation method is
applied, then the worth of each control
rod in a reactor can be measured.

However, a simple summation of
individual control rod worth will not

yield the total worth of the whole control
rods. Consequently, the core excess
reactivity and the shutdown margin
estimated based on those measured
worth of the individual control rod will
also deviate from their 'true' values.

On the other hand, calculational
methods can be used to estimate the

reactivity worth of control rods even for
the physically unrealizable control rod

configurations, namely, the supercritical
or sub-critical conditions. Nevertheless,
during reactor design phase,
calculational methods may be the only
mean for control rod worth estimation.

However, in practice to determine the
worth of a combination of N control rods

interacting with each other, it is well
known that the number of criticality
calculations becomes 2"",if no symmetry
can be found. Even with the

advancement of the computing speed of
modern computers, the calculation task
may not be realistic. Therefore, the
subject of control rod interaction effect
has long been of interest in the reactor
analysis.

In the past, many attempts have
been made to resolve the interaction

effect between multiple control rods
either analytically and numerically. A
brief review of the methods was given in
Ref.[l] along with extensive references
of related literatures of the subjects. The
analytical approaches may give better
insight on the problem but they are
almost impractical for real analysis. The
successful numerical approaches are in
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principle based on the perturbation
theory. Since insertion of control rods
distorts strongly the neutron flux then
the exact perturbation theory is
commonly adopted. For the present
study of RSG-GAS control rod
interaction effect, a method based on the
exact perturbation theory proposed by
Konishi and Yamamoto [2] is adopted.
The method was originally proposed and
validated numerically for a fast reactor
[3]. In their work, three assumptions
were taken based on the physical
arguments of fast reactor spectra, large
distances amongst control rods, and
relatively small reactivity wo11h of the
individual control rod. In addition, the
numerical simulations were conducted

for the interaction effect of up to only 4
control rods. In the present study,
besides the interaction effect of the

RSG-GAS control rods, the applicability
of the proposed method will be.
investigated for a thermal reactor,
especially for a research reactor, where
the distances between control rods are

typically small and the reactivity worth
of individual rod is relatively large. In
this work the interaction effect of up to 8
control rods is investigated. For the
present study, 2-D multi group neutron
diffusion code, Batan-FUEL [4], was
modified for calculating the interaction
effect.

The organization of this paper is
as follows. First, the control rod
interaction problem is discussed and
defined mathematically, and then the
adopted method for estimating the
control rod interaction effect is
introduced. Second, the control rod
interaction effect of the RSG-GAS
research reactor is studied and the
magnitude of relative differences to the
exact calculations are investigated. The
last part of the paper gives concluding
remarks.

Analysis of RSG-GAS Control-Rod. ....
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THEORY AND
CALCULA TION

METHOD OF

Calculation of Reactivity Worth

The reactivity worth, I:1p,due to
insertion of a single or multiple rods in a
reactor system is commonly calculated
from the direct k-difference method
which is identical with the one
calculated based on the exact
perturbation method [5]:

~p=(-.!..)- (~)=(~~H~: ~~\/}») - (~~,~!~)...( 1)
ko k (~o,l'o~) (~oJo~)

Here, M operator denotes the change of
the neutron production from neutron
fission while the 11M operator denotes
the change of the neutron loss due to
absorption and leakage. M represents
the net change of the two operators.
Operators, flux and eigenvalue with
subscript 0 indicate ones of the
unperturbed system, while ones with no
subscript are for the perturbed system.

Rod Interaction Effect Formulation

If there are N control rods

considered, each with reactivity worth
L1Pi, then the rod interaction effect is
formulated as,

8 ==1:1~I.2.3...N-1 .(2)

LI:1Pi
i=\

Consider a case where only two control
rods involved, i.e., the rod interaction
effect becomes simply

8= I:1Pt,2
I:1p\ +I:1P2

rods are separated quite a distance such
that they do not interact each other then
8=0, i.e. the interaction effect is zero so

that I:1PI,2= I:1p\ + I:1P2' On the contrary

if the two control rods are close enough

1. If the two control
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to interact each other then r5*-O. and in

this case there are two possibilities of
interaction, r5< 0 and r5> 0 ,
respectively. The former case r5< 0 or

!'J.Pu < !'J.p,+ !'J.P2' shows the well

known shadowing effect where the
existence of one control rod reduce the

reactivity worth of another control rod.
Thus, the flux depression in the
neighborhood of a rod is enhanced by
the presence of nearby rods. On the other
hand, the latter case suggests that the
existence of one control rod increases

the reactivity worth of another control
rod. This occurs because the flux

depression in the vicinity of each rod is
countered partially by the rise in the flux
outside the region of influence of the
other rods.

Interaction Effect Estimation Procedure
[2]

First, the "disturbance function"
is introduced which shows the ratio

between the perturbed flux to the
original/unperturbed flux.

ag(r)== r/Jg(r)
r/Jo,g(r) (3)

Next, for simplicity without lost
of generality two interacting rods are
considered. The reactivity worth of a
single rod inserted at region i and j can
be written as,

L f~~,g(r)(Mi)ag (r; i)~O,g(r)dV

!1Pi = g Vev, . . ...(4)L f~o,g(r)FoGg(r;I)~o,/r)dV
g Reactor

and

A - ~J:~.g(r)(t;,..4j~g(r;j)~o.g(r)dV (5),-,p,-
1 .L f~~.g(r)Foag(r;j)~o.g(r)dV

g RcoclOr

respectively. Here arT,i) denotes the
disturbance function when a control rod
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is inserted in region i. It is worthly noted
here that the volume integration for the
nominator is done over the perturbed
region only (in this case over the Vi and
~" respectively) while the one for the
denominator is done over the whole

reactor system. For a(r;i), when r is
within region j then the disturbance
function is denoted as a(j;i).

Similarly if the two control rods
are inserted simultaneously then the
reactivity worth can also be expressed
as,

L f~~,g(")(Mi)ag(r;ij)~o,g(r)dV
lJ. g reV

Pu = L 'f~~,g(")Foa~(r;ij)~og(")dV .. .(6)g Reo,c/Or

L f~~.g(")(Mjk(,.;ij)~og(r)dV
+ ,~ "e'1

L f~~g(r)FoGg(,.;ij)~o.g(")dV
g Reac'or

It can be easily understood that the
reactivity \"/orth expressed by Eq.(6) is
not identical with the summation of Eqs.
(4) and (5). This is due to the interaction
effect reflected by the disturbance
function a(r;ij) appeared both in the first
and second terms of Eq.(6).

If we define the average value for
disturbance function as

fy?~,g (r )FoGg (r; i)~O,g (r )dV

ag (i) == Reactor, ... (7)
fY?o,g(r )FoY?o,g(r )dV

Reactor

and the denominator of Eq.(6) as,

S(i) ==L f~~,g(r)FoGg(r;i)~o,/r)dV (8)
g Reactor

as well as

sg == frp~,g(r )ForpO,g(r )dV " .(9)
Reaelor

then the normalization integral, i.e. the
denominator of Eq. (6) can be expressed
as,
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S(i) = Lax(i)sx , (10)
X

Naturally, this relationship is applicable
also for the denominator of Eqs. (7) and
(8). Note that Sg depends only on the
unpel1urbed parameters. Using these
relations, Eq.(6) can be rewritten as,

6.p"=
S(

I.'
) L J~;.(r)(6..()a.(r;ij)~().(r)dV ... ( 11)I} . "EI;

+ ~ L J~;.(r)(Mj}a.(r;ij)~().(r)dV
S(I}) g I'EIJ

The interaction effect can be
estimated with a small number of

criticality calculations under the
following three assumptions

Assumption 1: ag (r; ij) =ag (r; i)ag (r; j)

Assumption 2: ag (r; ij) =ag (r; i)ag (r; j)

Assumption 3: ag(i;j) = COl1st.=a(i;j)

for i 7:.j and all g

Under the first assumption, it is expected
that a disturbance function for a multiple
insertion can be factorized into its

individual functions. This assumption is
reasonable if the rods are located far

enough (many mean free path) to each
other so that a local flux disturbance
does not affect other rod channels. The

second assumption is the extension of
the first assumption to average
disturbances. The third assumes that

spectrum disturbance due to a control
rod does not propagate to other control
rod channels. Under these assumptions
Eq.(ll) becomes,

a(i; j) aU; i)6p .. =6p .-+6 p (12)
1J I aU) J a(i)

and for more general cases involving N
control rods the equation can be
generalized into

t:,PI.~.3...v = tt:,p; g( a(i;%(j») (13)

Analysis of RSG-GAS Control-Rod. .
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Thus the required number of criticality
calculations for a reactor with N control

rods becomes only N+ 1, i.e. a
substantial reduction on the calculation
task can be attained. This method is

adopted for estimating the control rod
interaction effect of RSG-GAS research

reactor. Furthermore, the validity of each
assumption and the accuracy of the
method for thermal reactor such as
RSG-GAS are discussed.

RSG-GAS CONTROL
INTERACTI0 N EFFECT

ROD

RSG-GAS Description

RSG-GAS is a Be-reflected,
light-water-moderated and -cooled, 30
MWth (max.) multipurpose reactor.
The core and reflector configuration and
the reactor main data are shown in Fig. 1
and Table 1, respectively. Originally,
the reactor uses MTR-type LEU (19.75
w/o) oxide fuel elements (FEs). On the
lOx 10 core grid positions there are 40
standard fuel elements, (FEs, each
consisting of 21 fuel plates as depicted in
Fig. 2), eight control elements (CEs,
each consisting of 15 fuel plates as
depicted in Fig. 3) initially loaded with

250 and 178.6 g 235U respectively, Be
reflector elements, and other irradiation
facilities. This fuel loading corresponds
to a uranium meat density of 2.96
gU/cm3. With the original nominal
core cycle of 25 days, the core produces
energy of 750 MWD per cycle. The
typical working core (TWC) is divided
into seven burn-up classes with an
average burn-up step of approximately
8 % loss of 235U.

The eight control rods are
configured in a ring such that the core is
divided into inner and outer regions. No
symmetric configuration can be found.
Since the core dimension is small, the
control rods on the ring configuration are
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close to each other so that strong
interaction effects are expected.
Furthermore, the material for the
fork-type absorber is Ag-In-Cd, i.e. a
strong absorber material under thermal
neutron spectra. Consequently, not only
that the individual control rod worth is

large but also severe local flux distortion
is expected to occur at the position of the
rod insertion. This kind of control rod

interaction problem is challenging for
the method described above since the

physical arguments underlying the three
assumptions may not ideally fulfilled.

Control Rod Interaction Effect

By direct k-difference formula
the reactivity worth of each control rod
of RSG-GAS typical working core was
calculated. All calculations were

conducted in 2-D X- Y geometry with 4
energy group (3 fast and 1 thermal
group) using Batan- FUEL and
cn ATION codes. The k-difference
calculation results which were

considered to be the exact reactivity
worth are shown in Table 2. The first

two cases gives the information on the
excess reactivity and the reactivity worth
of all 8 control rods, respectively. The
next 8 cases give the reactivity worth of
each control rod.

Table 2 shows the control rod
worth of RSG-GAS reactor using 250 gr
and 300 gr U-235 oxide fuels.
Furthermore, Table 3 also shows the
close correlation between the rod
positions and the disturbance function
matrix. For cases where two control rods
are located nearby then they tend to
shadow each other so that their total
reactivity worth becomes less than the
summation of their individual reactivity
worth. For RSG-GAS typical working
core under studied, the rod shadowing
effect, which may reach up to 19 %, is
clearly observed for two diagonally
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adjacent control rods. These diagonal
distances are roughly only several em.
When two control rods are located far
from each other then the shadowing
effect vanishes and on the contrary they
tend to increase their total reactivity
worth. The situation is mostly
pronounced for two control rods located
face to face across the core center,

namely, control rod 1 and 6, 2 and 7, 3
and 6, and 4 and 5. These pairs of
control rods tend to increase their total

reactivity worth up to 18 %. This is a
well-known ballooning phenomenon, i.e.
if a control rod is inserted in one part of
a reactor then the flux in that position
and its neighborhood decreases while the
flux in other parts of the reactor far from
that position increases.

Using the disturbance functions
and average disturbances the interaction
effects calculated by the present method
is also tabularized in Table 3 for 7 cases

involving up to 8 control rods. The 4-th
column indicates the correction factors
calculated by the present method which
must be multiplied to the individual
control rod wolih (cf. Eq.13), while the
interaction effects are given in the 7-th
column. The reactivity worth
discrepancy in term of C/E of the present
method is given in the 9-th column. For
completeness, reactivity worth obtained
by simple summation and its discrepancy
in term of C/E are also given in the 8-th
and lO-th columns, respectively. These
ratios indicate the effectiveness of the
method as well as the error magnitude
which must be taken into account in

judging the results. For the eight
combinations studied, the interaction
effects show both positive and negative
values. Cases showing negative
interaction effect involves a small
number of control rods which are located

very near to each other, namely control
rod I, 2, 3 and 4. The negative
interaction effect reaches up to 12 %.
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However, for cases involving the control
rod 5 or more, the interaction effect turns
to positive and with the increase of the
control rod number the interaction effect
tends to 'increase also. For the extreme

case where all eight control rods are
involved the positive interaction effect
may reach up to 32 %.

The method adopted for
investigating the control rod interaction
effect is obviously more efficient
compared with the direct calculation
method in term of the number of

criticality calculations needed. Another
important motivation for using the
method is the significant error reduction
compared with the simple summation
method. It can be observed from Table 3

that for a case with a negative interaction
effect (small number of control rods
involved) the simple summation method
error of 19 % can be reduced down to
6 %. And for the extreme case with

positive interaction effect where all eight
control rods involved, the error of 29 %
can be reduced down to 6 %.

For one case where 5 control
rods involved the resultant interaction

effect is very small, i.e. about 5 % only.
For this particular case, the combination
of positive and negative interaction
effects coincident cancel each other so

that the error of the simple summation
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method becomes smaller than the one

calculated by the adopted method.
However, in general the adopted method
gives significantly smaller error than the
simple summation method does.

CONCLUDING REMARKS

The control rod interaction effect

of RSG-GAS typical working core was
studied using a method based on the
exact perturbation theory and three
simplifying assumptions which require
only N+ 1 criticality calculations. The
disturbance function matrix and the

average disturbances which shows
quantitatively the mutual interaction
between one control rod to another rod
were calculated. The interaction effect

between two interacting rods reached up
to 19 % while the interaction effect of

multiple interacting rods reached up to
32 % for all (8) control rods involved.
However, comparing the present results
with the simple summation method it is
obvious that the present method is
superior in that significant improvement
on the reactivity wo11h calculation
results which can be achieved through a
small number of criticality calculations.
The method is also expected to be useful
for correcting the control rod
measurement results.
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Table I. Reactor main design data of RSG-GAS (Oxide core).

General

Reactor Type
Fuel Element Type
Cooling System
Convection

Pool Type
LEU Oxide MTR

Forced

Moderator/Coolant
Reflector

Nominal Pow"er(MWt)

Down Flow
H2O

Be & H2O
30

Core Characteristics

No. of Fuel Elements
No. of Control Elements

No. of Fork Type Absorber (pairs)
Nominal Cycle Length (fpd)
Ave. Burn-up at BOC (% loss of235U)
Ave. Burn-up at EOC (% loss of235U)
Ave. Discharge Burn-up at EOC (% loss of235U)

40
8
8
25

23.3
31.3
53.7

Fuel/Control Elements

Fuel/Control Element Dimension (0101)
Fuel Plate Thickness (0101)
Coolant Channel Width (0101)
No. of Plate per Fuel Element
No. of Plate per Control Element
Fuel Plate Clad Material

Fuel Plate Clad Thickness (0101)
Fuel Meat Dimension (0101)
Fuel Meat Material

U-235 Enrichment (w/o)
Uranium Density in Meat (g/cm3)
U-235 Loading per Fuel Element (g)
U-235 Loading per Control Element (g)
Absorber Meat Material

Absorber Thickness (0101)
Absorber Clad Material

Absorber Clad Thickness (0101)

77.1x81x600
1.3
2.55
21
15

AIMg2
0.38

0.54x62.75x600

U308AI
19.75
2.96
250

178.6

Ag-In-Cd
3.38

SUS-321
0.85
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Table 2. Exact calculation results of control rod worth

217

b.p b.p
Control rod k P Oxide (250 gr) Sillicide (300 gr)

status (Oxide/Sillic) (Oxide/Sillic) Using Using CITATION
BATAN-2D

1.12834 0.11374 -

All CRs up
0.96777 -0.03330 -0.14704

lAllCRs down
Single control

rod b.Pi
Insertion k Pi b.Pi

CR-l (G-6) 1.11329 0.10176 -0.01198 -0.01048

CR-2 (F-8) 1.11063 0.09961 -0.01413 -0.01437

CR-3 (F-5) 1.10992 0.09904 -0.01470 -0.01489

CR-4 (E-9) 1.11295 0.10149 -0.01225 -0.01361

CR-5 (D-4) 1.11163 0.10042 -0.01332 -0.01225

CR-6 (C-8) 1.11182 0.10057 -0.01316 -0.01225

CR- 7 (C-5) 1.11059 0.09958 -0.01416 -0.01257

CR-8 (B-7) 1.11407 0.10239 -0.01135 -0.01170
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Table 3. Calculation results for control rod reactivity wol1h
by the present method and simple summation.
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!1PI.2",N
I!1Pi

Case CR# !1Pi !1PI,2",N !1 "-<aCI 0 I!1Pi
i

PI,2"N !1 exacl !1 "-<acii
PI,2,..,N PI,2,....N

1
1 -0.01201

-0,0247 -0.0245 -0.0571 -0.0262 1.0073 1.06832 -0.01417
1 -0.01201

2 2 -0.01417 -0.0359 -0.0349 -0.1220 -0.0409 1.0303 1.1734
3 -0.01474
I -0.01201

3
2 -0.01417

-0.0473 -0.0445 -0.1117 -0.0532 1.0621 1.19563 -0.01474
4 -0.01229
I -0.01201
2 -0.01417

4 3 -0.01474 -0.0698 -0.0647 0.0488 -0.0666 1.0796 1.0293
4 -0.01229
5 -0.01335
1 -0.01201
2 -0.01417

5
3 -0.01474

-0.0960 -0.0934 0.2041 -0.0798 1.0286 0.85434 -0.01229
5 -0.01335
6 -0.01320
1 -0.01201
2 -0.01417
3 -0.01474

6 4 -0.01229 -0.1204 -0.1225 0.2814 -0.0939 0.9830 0.7672
5 -0.01335
6 -0.01320
7 -0.01419
I -0.01201
2 -0.01417
3 -0.01474

7 4 -0.01229
-0.1390 -0.1470 0.3192 -0.1053 0.9450 0.71635 -0.01335

6 -0.01320
7 -0.01419
8 -0.01138



Presiding Seminar Hasil Penelilian P2TRR
Tahun 2003

ISSN 0854-5278

BERYLLIUM BLOCK REFLECTOR

Figure 1. Core-reflector configuration of RSG-GAS with burn-up class
(for typical working core, TWC) in the second rows (FE: fuel element,
CE: control element, BE: Be reflector element, BS+: Be reflector
element with plug, IP: irradiation position, ClP: central irradiation
position, PNRS: pneumatic rabbit system, HYRS: hydraulic rabbit
system).
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Figure 2. RSG-GAS standard fuel element (unit mm).
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Figure 3. RSG-GAScontrol fuel element with absorber blades inserted

(unit mm).
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