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Abstract Gamma heating, which is deposited in irradiated
targets or samples, is an important issue in research reac-
tors because it affects the safety of samples and the reactor
operation. Gamma heating in the Reaktor Serba Guna G.A.
Siwabessy (RSG GAS) can be measured or calculated
using computer code. In this paper, we present the results
obtained by using gamma calorimeters to measure the
gamma heating in the central irradiation position in RSG
GAS. The measurement results were verified and then
compared with the calculation results obtained using the
Gamset code. However, the accuracy of the calculation
results obtained using Gamset was inadequate, with more
than 20% error. Moreover, Gamset was initially created to
calculate gamma heating in 35 MWth reactors, and the
RSG GAS reactor has an operating power level of 30
MWth. To address these issues, we developed a new pro-
gram called NewGamset, built with an informative
graphical user interface-based display. NewGamset can
employ new analytical approaches as it utilizes a calcula-
tion base that comprises 18 energy groups and can provide
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updated physical parameters of RSG GAS. The results of
gamma heating measurements obtained using gamma
calorimeters made of graphite, aluminum, iron, and zirco-
nium were 2.20 + 0.03 W/g, 2.25 £ 0.02 W/g,
2.58 £0.03 W/g, and 2.91 £ 0.10 W/g, respectively. In
general, the calculation results were larger than the mea-
surement results, and the average ratio of calculation to
measurement result was 1.37 for Gamset and 1.02 for
NewGamset. Hence, it can be concluded that NewGamset
provides more accurate results than Gamset. We also report
the gamma heating estimation for common elements irra-
diated in the RSG GAS silicide core, with an operating
power level of 15 MWth and 30 MWth. We highly rec-
ommend that NewGamset be used for validating the
gamma heating data of various target materials in RSG
GAS.

Keywords Gamma heating - RSG GAS - Calorimeter -
NewGamset

1 Introduction

The 30 MWth Multipurpose Reactor or Reaktor Serba
Guna G.A. Siwabessy (RSG GAS) is a multipurpose
research reactor located in the Serpong Nuclear Area,
South Tangerang, Indonesia. It has been operated by the
Indonesian Nuclear Energy Agency (BATAN) since 1987.
At present, the RSG GAS is mainly utilized for radioiso-
tope production, material irradiation, and research. In 1996,
the fuel elements used in RSG GAS were converted from
oxides to silicides. Some advantages of using a silicide as
the fuel element (silicide core) are that it can improve
reactor availability, reduce costs, and has a high loading of
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fissile material, which can make the operating cycle last
longer [1]. The silicide core has better thermal conductivity
and can reduce the risk of rising fuel temperatures and
thermal pressures that trigger swelling and cracking [2].
However, after operating for approximately 30 years, aging
of the structures and components of RSG GAS is inevi-
table. Hence, to ensure safe operation, the operational
condition and parameters of RSG GAS should be
evaluated.

One important issue in the operation of RSG GAS is the
gamma heating that is deposited in materials or samples
irradiated in the core of the research reactor. In the reactor
core, various types of material are exposed to high radia-
tion fields, one of which primarily arises from gamma
radiation. The interaction of gamma rays with materials
can reduce the intensity of the gamma rays and increase the
temperature of the material; this is known as gamma
heating. Information on gamma heating is crucial to
material and reactor safety. Lemaire et al. [3] reported that
neglecting to predict gamma heating during irradiation
could lead to overheating of the irradiated material. Vari-
ous studies on gamma heating have been conducted glob-
ally. For instance, Guardini [4] measured gamma heating in
the ESSOR reactor and Fourmentel et al. [S] in the OSIRIS
Material Testing Reactor using a differential calorimeter.
Reilly and Peters [6] used materials such as graphite, alu-
minum, and zirconium as the irradiated materials to esti-
mate the gamma heating. In addition to measurement,
gamma heating can be determined through calculation. Lee
et al. [7] developed a new method for the calculation of
gamma heating in a research reactor considering the effects
of gamma prompt and gamma decay factors. Moreover,
Varvayanni et al. [8] developed a simple analytical model
to evaluate the results of gamma heating measurement in
the Greek Research Reactor.

Energy generated owing to gamma heating in RSG GAS
can be measured or calculated using computer code.
Research on gamma heating was pioneered in Indonesia by
Setiyanto, who adopted a method for calculating the
gamma radiation heat used in the SILOE reactor at
Grenoble (France); this method is called the Gamset code
[9]. The Gamset has not been modified significantly to
improve the accuracy of the calculation results since 1992,
and there is no other program or code that can be used
directly to calculating gamma heat in RSG GAS. Setiyanto
et al. [10] designed and fabricated a gamma calorimeter for
measuring the gamma heating in RSG GAS, and the last
measurement was performed more than 25 years ago. In
this study, gamma heating was re-measured to obtain the
latest data on gamma heating in the silicide core. These
data are used as a gamma heating benchmark in the current
RSG GAS core. Additionally, the measurement is a part of
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the safety evaluation of irradiation facilities and the revi-
talization of nuclear instrumentations.

In the present study, gamma heating was measured in
the central irradiation position (CIP) at a nominal power of
15 MWth and verified by using Gamset to calculate the
heat (owing to gamma heating) absorbed by materials
placed in the core of RSG GAS. Gamset is currently used
as an alternative when direct gamma heating measurement
with a calorimeter is difficult. However, the measurement
results obtained using Gamset have low accuracy (more
than 20% error) because the calculation base used in
Gamset is limited to only three energy groups (0.5 MeV,
1 MeV, and 1.5 MeV), whereas the gamma energy spec-
trum has a widerange, from low to high energy [9].
Moreover, the calculation parameters in Gamset were
created for reactors with a power level of 35 MWth; hence,
they are not optimal for RSG GAS as it has a maximum
power level of 30 MWth [11]. Currently, the aging of
reactor components must be considered, and following
advice from the regulatory agency, RSG GAS mainly
operates at a power level of 15 MWth. Therefore, in this
study, we have developed a novel program called
NewGamset, which is equipped with an informative
graphical user interface (GUI)-based display, to calculate
gamma heating and also provide the updated physical
parameters of RSG GAS. NewGamset utilizes a calculation
base that comprises 18 energy groups, with the mean
gamma energy ranging from 0.01 to 9.5 MeV. Results
obtained using NewGamset are used to validate the mea-
surement results and as the latest gamma heating database
to complete the safety assessment report of RSG GAS.

2 Experimental setup
2.1 Gamma calorimeter

Gamma heating is measured using a gamma calorimeter.
As part of nuclear instrumentation, a gamma calorimeter
can measure the heat produced by an object or material due
to gamma radiation. In general, a gamma calorimeter
consists of target materials/samples, insulating gases, a
thermocouple, and an insulated cylinder. A schematic
diagram of a gamma calorimeter is shown in Fig. 1.

RSG GAS has a 10 x 10 fuel zone grid and a beryllium
block reflector with a central irradiation position (CIP) and
irradiation position (IP). Gamma heating measurement was
performed in the CIP or IP with an operating power level of
15 MWth. The configuration of the RSG GAS core is
shown in Fig. 2. Only four available types of gamma
calorimeter are used in RSG GAS; these are calorimeters
made of graphite (C), aluminum (Al), iron (Fe), and zir-
conium (Zr). Difficulties in production and elevated costs
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Fig. 1 (Color online) Schematic diagram of gamma calorimeter

are the main obstacles to developing other types of gamma
calorimeter.

2.2 Experimental procedures

The gamma calorimeter was inserted into the reactor
core in the CIP/IP position under a stable condition, at a
power level of 15 MWth. The temperature data measured
using the thermocouple were recorded using a data acqui-
sition system (DAS). Figure 3 illustrates the gamma
calorimeter insertion.

Two variables were measured through the experiment.
The first variable was the maximum temperature of the
sample material measured using the thermocouple. The
calorimeter was embedded in the reactor core in the CIP/IP
until it reached the bottom part of the fuel grid. Then, it
was raised slowly at intervals of 5 cm. After being raised at
each step, the data of sample material temperature were
recorded using a data acquisition device once the temper-
ature became constant. Thereafter, the same procedure was
repeated until the calorimeter reached the upper part of the

Fig. 2 (Color online) RSG e
GAS core configuration [12]
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Fig. 3 (Color online) Illustration of gamma calorimeter insertion

fuel grid. Through this procedure, we determined the
position (the height measured from the bottom of the fuel)
where the thermocouple measured the maximum temper-
ature of the sample material.

The second variable was the calorimeter period as a
function of temperature, T(B,-, Hf). The calorimeter period
is the average time needed to reach the equilibrium tem-
perature every time a heat change occurs. We used a pro-
cedure similar to the previous one to determine the
calorimeter period, except that the calorimeter had to be
lifted immediately instead of gradually. The temperature of
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the sample material at each fixed position was also mea-
sured and then plotted into a curve of temperature. The
function of the calorimeter period can be derived through
regression of the curve.

At the final step, the gamma heating (P) produced in the
sample material in the calorimeter could be determined
using the equation below [9]:

_["eo
P/a_ 0 (1)

where P is the gamma heating (Watt/gram), C(0) is the
specific heat capacity of the sample material in the
calorimeter (J/g °C), T(0) is the calorimeter period as a
function of temperature (s), 0; is the temperature of the
coolant in the reactor core (°C), and 0y is the maximum
temperature of the fuel (°C).

The above equation could be solved using a definite
integral or by calculating the area under the curve, with the
calorimeter and coolant temperature as the upper and lower
limit of integration, respectively.

3 Simulation
3.1 Gamma heat generation in reactor core

When a reactor is being operated, gamma radiations can
be generated in different ways, such as fission reaction,
neutron capture, and decay [13]. High-intensity gamma
radiation with will interact with materials placed in the
reactor core. It will heat the material through the photo-
electric effect, Compton scattering, and pair production.
The heat produced is commonly referred to as gamma
heating. During fixed-power reactor operation, the intensity
of the gamma rays is constant and directly proportional to
the power of the reactor, and varies as a function of the
position in the core. The interaction of gamma rays with
materials reduces the intensity of the gamma rays and
induces heating in materials due to absorption of the
gamma ray energy. The greater this attenuation effect, the
higher the temperature of the material. According to Jaeger
et al. [14], the production of gamma heat at any point on
the reactor core can be expressed using the following
equation:

Emax
J(E
P(r)=C- / g ED) G aE 2)
Enin P
where P (r) is the gamma heating (W/g), C = 1.6 x 1073

(Ws/MeV), E is the energy of gamma rays (MeV), p, is the
macroscopic absorption coefficient (cm™"), p is the density
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of absorbent materials (g/cm?’), and ¢(E, r) is the gamma
flux as energy and position function (gamma/cm? s MeV).

The above equation shows that gamma heating in
materials is affected by the energy of the gamma rays and
the type of material.

3.2 Gamma heating calculation using Gamset code

Adapted from the gamma heating calculation code for
the 35-MWth SILOE reactor because of the similar
geometry, Gamset is a code specifically designed to cal-
culate the gamma heat absorbed by samples or materials
heated in the core of RSG GAS. Gamma radiations in the
reactor core originate from different sources, prompt fis-
sion reactions, capture reactions, and decay reactions.
Before being absorbed by sample materials, gamma radi-
ation propagates through several objects in the core, such
as the coolant, fuel, fuel cladding, and other core struc-
tures; hence, the intensity of the gamma radiation becomes
weak. Gamset calculates gamma heating by utilizing the
attenuation of gamma ray intensity, which is expressed in
the following formula:

I=1-(1—e™) (3)

where [ is the absorbed intensity, /; is the initial intensity, y
is the coefficient of absorption, and x is the distance cov-
ered by the gamma radiation.

Gamma rays produced in the reactor core emit energy
with different spectra. Sample materials irradiated in the
reactor core differ in type; thus, the gamma energy (i) and
type of material (j) must be included in the attenuation
equation. Hence, Eq. (3) is transformed into the following
equation [15]:

Loi =l - { 1— Z]: exp [— (%) ij-pj : X_/] }
Li=1,;- [1 - Zj:em(—ui -xj)]

The heat absorbed by the sample material in the reactor
core due to gamma heating can be calculated using Eq. (4):

0=k-> Iy (%)

(4)

where p is the material density (g/cm?), k is the conversion
factor (1.6021892 x 10~"* J/MeV), and E,; is the gamma
ray energy.

Gamset can calculate the amount of heat in each layer of
cylindrical material inserted into the reactor core. The
Gamset code’s main program utilizes three data files to
calculate gamma heating, which are the reactor core
parameters (COEUR), calorimeter target material data
(DISPO), and empirical constants used in the program
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(CONSTANT) [15]. In general, the COEUR file contains
information about the core configuration and irradiation
targets. The CONSTANT file contains data on the empir-
ical constants, while the DISPO file contains the irradiation
operation parameters. The three data files are sequentially
read and then stored in the main memory when the Gamset
application is running. The calculation performed by
Gamset yields output data, including data on the heat
absorbed by each sample material in W/g, W/cm, or rad/h.
The parts that are revised include the distribution of the
power peaking factor (PPF), the material properties in 18
groups (mass absorption coefficient, number of prompts
and differs gamma), and the thermal neutron flux as a
function of the position of the irradiation target selected in
the application (CIP/IP), based on the measurement results.

3.3 Development and validation of NewGamset
program

An overview of the spectra of gamma energy emitted in
a pool-type research reactor, such as RSG GAS, is shown
in Fig. 4. The energy is broadly distributed from lowest to
highest. The calculation base in the Gamset code is only
divided into three groups of gamma ray energy—0.1 MeV
(for the 0-0.25 MeV range), 0.5 MeV (for the
0.25-0.90 MeV range), and 1.0 MeV (for the > 0.90 MeV
range)—as shown in the table in the inset of Fig. 4.
Gamma radiation has a wide spectrum, ranging from low to
high energy. Mathematical detailing of the calculation of
the area under the gamma energy spectrum curve can

Fig. 4 Spectrum of gamma ray 601 -
energy emitted in a pool-type

improve the accuracy of the calculation of gamma heating.
In this study, a new gamma heating simulator, a program
called NewGamset, was developed by applying a calcula-
tion base that comprises 18 energy groups with mean
energies ranging from 0.01 to 9.5 MeV; this range is the
same as the energy spectrum used in the ORIGEN2 code
[17], a popular tool for core inventory.

NewGamset is equipped with previously used libraries
of the RSG GAS core (U oxides), the current core library
(U silicides), future core candidates (U molybdenum), and
new data on target materials for all single elements and
topaz stone (Al,SiO4(OHy),), which are usually used as the
irradiated target in the RSG GAS core. This program uses
the latest physical parameters, which correspond to the 15
MWth and 30 MWth RSG GAS. The parameters include
power peaking factor (PPF), mass attenuation coefficients
based on the NIST Standard Reference Database 126 [18],
and the number of prompt gamma rays [19] and delayed
gamma rays [20], thereby providing better calculation
results, which are comparable to experimental results [21].
Moreover, NewGamset is equipped with a graphical user
interface (GUI) developed using NetBeans 8.0, a free and
open-source integrated development environment (IDE) for
the Java and HTMLS5 platforms. NetBeans can be run on
Windows, macOS, Linux, and Solaris [22]. Hence,
NewGamset is more informative and user-friendly than
Gamset (a DOS-based program), in which the code has
never been modified since 1992. The layout of NewGamset
is shown in Fig. 5.

Calculation base of gamma ray energy groups

research reactor and calculation No. 3 groups E7 (MeV) No. 18 groups E7 (MeV)
base of gamma ray energy Gamset NewGamset
groups [16] = 1 0.01
2 0.03
3 0.04
0.1 4 0.06
o 5 0.09
6 0.13
% 7 0.23
2 8 0.38
= 0.5 9 0.58
z 10 0.85
11 1.25
201 12 1.75
13 225
1 14 275
15 3.50
101 4 16 5.00
17 7.00
18 9.50
1 = ———
1 2 3 4 5 6 7 8

Gamma ray energy (MeV)
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Fig. 5 (Color online) Layout of NewGamset
4 Results and discussion
Gamma heating is determined based on the results of the

axial temperature distribution and period of the calorime-
ter. Table 1 lists the axial temperature distribution for the

four types of calorimeters used. The measurements were
performed in 2019: January 28-29 (Core 97), March 18-19
(Core 98), and July 2 (Core 99). Measurements were per-
formed at [E,7] CIP in the RSG GAS silicide core, with an
operating power of 15 MWth and height ranging from 0 to
60 cm from the bottom of the reactor core (as the refer-
ence). The height was adjusted according to the length of
the calorimeter. The length of the calorimeter was equal to

Table 1 Axial temperature distribution of various gamma the length of the fuel element used in RSG GAS.
calorimeters As summarized in Table 1, it can be observed that the
Height (cm) Axial temperature distribution (°C) maximum axial temperatures were obtained at heights
Graphite  Aluminum  Tron Zirconium  anging from 10 to 20 cm. This height is approximately
one-third of the height of the fuel element. This result is in
7740 53.45 169.17 160.02 accordance with the pattern of neutron thermal flux dis-
5 79.80 57.14 178.40 162.50 tribution of RSG GAS, in the axial direction, measured by
10 83.30 58.50% 195.00 166.47* Hamzah et al. [23], in which the maximum temperature
15 86.15 55.16 206.05 161.47 was obtained at one-third of the height measured from the
20 86.60* 49.15 215.34* 151.41 bottom of the reactor core. The maximum temperature acts
25 79.90 38.85 212.37 139.72 as the upper limit of integration in the gamma heating
30 74.05 35.30 206.70 125.79 calculation using Eq. 1.
35 68.01 34.50 196.05 111.72 Table 2 lists the specific heat capacity of the calorimeter
40 61.70 34.40 177.83 110.02 and the calorimeter period obtained by applying linear
45 54.30 34.08 156.50 96.77 regression. The specific heat capacity expresses the depo-
50 52.47 33.88 150.66 85.07 sition of heat in the target material to change the material
55 50.02 33.90 148.39 70.01 temperature per mass of the material.
60 47.88 33.81 138.28 66.90

*Maximum temperature

@ Springer

By applying the axial temperature distribution, period,
and specific heat capacity of each calorimeter in Eq. 1,
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Table 2 Period and specific heat capacity of the calorimeters

Type Period, T(6) Specific heat capacity (J/g °C)
Graphite 26.45-0.130 0.6048 + 0.00330

Aluminum 35.46-0.580 1.007 + 0.0030

Iron 66.38-0.230 0.4355 + 0.000440
Zirconium 39.17-0.520 0.2789 + 0.000140

gamma heating can be determined. Table 3 shows a com-
parison of gamma heating at a position of CIP obtained
through  measurement, Gamset simulation, and
NewGamset.

Generally, the gamma heating obtained using the
Gamset or NewGamset program were greater than that
obtained through measurements. This pattern is in accor-
dance with the benchmark of gamma heating in the 30
MWth reactor examined by Setiyanto [25], which states
that the calculation results obtained through simulation are
18% greater than the measurement results or on average
has a ratio of calculation to experiment of 1.18. As sum-
marized in Table 3, by comparing these two different
ratios, it can be said that NewGamset provides better cal-
culation results than Gamset. By adding more groups (18
groups) to the calculation base, the calculated area under
the function of the gamma spectrum becomes more real-
istic, thus resulting in more accurate data. Besides,
NewGamset has been equipped with the latest data of
reactor physical parameters so that the calculation results
are comparable to the direct measurement results.

The calculation results, as summarized in Table 4, were
classified based on the type of radiation sources that induce
gamma heating. The sources of the gamma rays were
mainly the fuel element, fast neutrons produced in the
reactor core, and neutron reaction in the sample materials
itself (auto-irradiation).

Table 4 lists the various types of heat sources that
contribute toward gamma heating. The fuel element is the
major contributor toward gamma heating because the fuel
element is the main source of radiation in the reactor. The
Gamset or NewGamset program calculates heat on the
sides around a target. Targets placed in the CIP/IP position
are surrounded by box-shaped fuel element plates in half or
all directions. According to Lee et al. [7], heat deposited on
the irradiation target and temperature distribution at the
irradiation facility must be determined to obtain optimal
irradiation conditions. Table 4 also lists the estimated
temperature increases for each gram of the irradiated tar-
get. By correlating the gamma heating data with the
specific heat capacity of the calorimeter, we could deter-
mine the estimated temperature. For example, the esti-
mated increase in temperature of 1 g of carbon element
(graphite) induced by 2.37 W of gamma heating is
approximately 3.92 °C/s, with a graphite specific heat
capacity of the calorimeter of 0.6048 J/g °C. However, the
increase in temperature only occurs in the core of the target
material, which is much lower, because the target material
is covered by many protective layers and placed in a
cooling area, with water acting as the cooling agent. The
increase in temperature has to be evaluated and compared
with the melting point of the irradiated target to meet the
safety requirement.

Table 3 Gamma heating (W/g)

Gamset [24]

Ratio (Calc./Exp) New Gamset Ratio (Calc./Exp)

in different types of calorimeter Type Gamma heating (W/g)

used in 15 MWth RSG GAS Measured

silicide core
C 2.20 £ 0.03 2.84
Al 225 £0.02 2.80
Fe 2.58 + 0.03 3.45
Zr 291 £ 0.10 4.72
Average

1.29 2.37 1.08
1.24 2.38 1.06
1.34 2.38 0.92
1.62 2.99 1.03
1.37 1.02

Table 4 Gamma heating (W/g) in calorimeter inserted in 15 MWth RSG GAS silicide core

Cal. Source of heat generation (W/g) Specific heat cap. (J/g C) Est. of incr. temp. (AC/s)
Fuel Elmt. Auto irrad. Fast neutron Total

C 2.18 - 1.94E—01 2.37 0.6048 3.92

Al 2.20 1.39E—-01 3.60E—02 2.38 1.0070 2.36

Fe 2.37 9.81E—05 9.57E-03 2.38 0.4355 5.46

Zr 2.99 3.26E—03 2.99E—-03 2.99 0.2789 10.72
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Owing to difficulties in making calorimeters that use
other target elements, limitations associated with per-
forming a direct measurement, and to not interfere with
irradiation service schedules, gamma heating in the
calorimeter with different target materials would be more
convenient if calculated using the NewGamset program,
whose results have been proven to be comparable with the
direct measurement and are more accurate than the calcu-
lation results obtained by Gamset. The difference between
the measurement results and Gamset’s calculation results
and limitations in indirect measurement are reasons for
developing the NewGamset program. This work provides a
means of estimating gamma heating deposited on a com-
mon single element irradiated in the RSG GAS core at a
normal operating power of 15 MWth and maximum
operating power of 30 MWth. These data can be used for
analyzing the safety of sample elements. The estimation of
gamma heating for a common single element by the
NewGamset program in the silicide core of RSG GAS is
shown in Fig. 6.

Figure 6 shows the correlation between gamma heating
in the silicide core and the atomic number of the target
material. For other elements that have not been determined,
gamma heating can be estimated using the obtained poly-
nomial equation. Besides being affected by the mass
energy-absorption coefficient, the calculated gamma heat-
ing is affected by prompt gamma rays and delayed gamma

rays constants. The researchers in Highflux Advanced
Neutron Application Reactor (HANARO) used the Monte
Carlo method and the ORIGEN 2.1 code to correct the
emission rates of delayed-gamma rays that affect gamma
heating [26, 27]. Based on the semi-empirical equation
formulated by Valentine TE (2000 and 2001), the constants
of the prompt and delayed-gamma rays are proportional to
the deposited gamma ray energy, atomic number (Z), and
mass number (A) of a material [19, 20]. In Fig. 6, the curve
of gamma heating is slightly skewed for Z < 20 and sig-
nificantly increases for Z > 20. This change is because of
effect of the coefficient of the mass energy absorption. For
Z < 20, the mass energy-absorption coefficient is relatively
constant; however, it significantly increases for Z > 20,
especially at the mean low energy of Ey = 0.1 MeV
(Ey = 0-0.25 MeV). Different coefficients data can be
compared by sampling coefficients data at three different
levels of energy groups, as shown in the inset of Fig. 6.
Moreover, Fig. 6 shows that the results of gamma
heating calculation at an operating power of 30 MWth are
almost double those at 15 MWth. These trends are sum-
marized in detail in Tables 5 and 6. Jaeger [14] found that
the gamma heating at any point in the reactor is highly
dependent on and proportional to the reactor power or flux
(Eq. 2). Thus, the greater the neutron flux (power reactor),
the greater the energy deposited in the sample (target
material). The correlation between the results of gamma

Fig. 6 (Color online) Gamma 16.00
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RSG GAS estimated by “i=Gan é‘q +— Silicide core (30MW)
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prog 1400 + < (Ha/p) E=0.1 MeV 5 Poly. (Silicide core (15 MW])
~—ys v (pafp)E=0.5 MeV _ s @
.2. [pa/p)E=1.5 MaV % Poly. [Silicide core [30 MW))
= e w 8
B s _— ~ 8
1200 + 2 —— ;3
2 w 8
5 | - &
8" ) F
' o w &
10.00 - ' J =
.......... =
8.00 Element 5 - - __

6.00

Gamma heating (W/g)

4.00

2.00

0.00

@ Springer

y = 6E-06x° + 0.000x* + 0.010x + 4.634

R*=0.964

= 4E-06x> + 7E-05x% + 0.010x + 2.296
R*=0963

20 30 40 50 60 70 80

Atomic Number of Target Material (Z)



Validation and improvement of gamma heating calculation methods for the G.A. Siwabessy...

Page 9 of 10 112

Table 5 Gamma heating (W/g) in position of CIP in RSG GAS core

Target CIP Power (MWth)

[D, 6] [E, 6] [D, 7] [E, 7]

Flux [28] 1.75 1.56 1.75 1.56 15
(E +14) 3.50 3.12 3.50 3.12 30

C 2.34 2.36 2.34 2.37 15
4.68 4.71 4.69 4.74 30
Al 2.36 2.37 2.36 2.38 15
4.72 4.74 4.73 4.76 30
Fe 2.34 2.37 2.35 2.38 15
4.69 4.75 4.69 4.76 30
Zr 2.94 2.98 2.95 2.99 15

5.88 5.97 5.89 5.99 30

Table 6 Gamma heating (W/g) in position of IP in RSG GAS core

Target 1P Power (MWth)

[D, 9] [G, 7] [B, 6] [E, 4]

Flux [29] 1.45 1.56 1.28 1.05 15
(E + 14) 2.90 3.11 2.56 2.10 30

C 2.85 2.88 2.84 2.80 15
5.72 5.77 5.69 5.62 30
Al 2.87 291 2.85 2.82 15
5.76 5.83 5.70 5.65 30
Fe 3.72 3.77 3.70 3.67 15
7.48 7.56 7.43 5.96 30
Zr 5.27 5.33 5.23 5.19 15
10.60 10.70 10.52 10.40 30

heating calculation in various irradiation positions and its
flux is summarized in Tables 5 (CIP) and 6 (IP).

Tables 5 and 6 show that the gamma heating in the CIP
is generally lower than that in the IP. This could occur
because the target material in the closed IP position (D9,
G7, B6, E4) was surrounded by nine fuel elements, as the
sources of heat, in all directions. In contrast, the target
material in the CIP position was surrounded by the fuel
elements only in some directions (see Figs. 2, 5). Besides,
the presence of material around the irradiation position
could affect the backscattering of the deposited gamma
radiation energy, whose interaction probability depends on
the energy and type of material and affects gamma heating
results. To improve the calculation of gamma heating using
NewGamset, the dynamic flux data can be applied as a
function of position in the reactor core, which refers to the
results of routine flux measurements done by the operator.
In the Gamset code, the flux is static, with only one certain

flux (refers to SILOE reactor data). The power peaking
factor also affects the final calculation results. In the
NewGamset program, we adjusted the power peaking
factor used in 35 MWth reactor (SILOE reactor), so it can
be used in our 30 MWth RSG GAS. Thus, the obtained
results are more accurate and comparable to the measure-
ment results.

5 Conclusion

The results of the gamma heating measurement in the
RSG GAS were generally lower than the calculation
results. Gamma heating in different calorimeters made of
graphite (C), Al, Fe, and Zr, obtained through measure-
ments, were 2.20 £ 0.03 W/g, 2.25 £ 0.02 W/g,
2.58 £ 0.03 W/g, and 2.91 £ 0.10 W/g, respectively. The
gamma heating is proportional to the atomic number of the
irradiated target material and the reactor power level. We
developed a new program, called NewGamset, to improve
the calculation methods used in Gamset. NewGamset uti-
lizes a calculation base that comprises 18 energy groups,
and it can deliver updated physical parameters of RSG
GAS. The results of the gamma heating calculation
obtained by Gamset and NewGamset were greater than
those obtained through measurements. The average ratio of
the calculation to measurement result was 1.37 for Gamset
and 1.02 for NewGamset. Thus, NewGamset is more
accurate than Gamset in calculating gamma heating.
Hence, our program is highly recommended for validating
and evaluating gamma heating data of various target
materials irradiated in RSG GAS. However, additional
measurements are required at the IP position to comple-
ment the validation results; this should be addressed in a
future study. The obtained gamma heating data, as a
function of atomic number, irradiation position (CIP/IP),
and power of the reactor, will be used comprehensively as
the main input data for analyzing the safety of irradiation
targets and the performance of the cooling system of the
reactor.
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