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Abstract

In recent years, many types of research focused on optimizing, modernizing, and developing the fuels
for VVER-1000s. These researches lead to the improvement of construction quality of fuel pellets and
fuel rods, improving the structure of fuel assemblies, achieving technology of using the zirconium in
fuel assembly construction, and access to gadolinium uranium fuel production technology that achieve
creating a new generation of fuel called TVS and then upgraded to TVS-2M. Using TVS-2M has lots of
benefits such as burnup and cycle length increase in comparison with former fuel assemblies. So in the
near future, there will be an interest in using this type of fuel in the VVER reactor for refueling. The
results showed that the replacement of UTVS with TVS-2M FAs, in addition to increasing the length of
the operation cycle from 289.6 days to 338.7 days, can increase the cycle’s burn-up thus increasing the

economic efficiency of the power plant.
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Introduction

Due to the increasing costs of construction and
maintenance of nuclear power plants and requiring a
long time to perform fuel replacement operations and
overhaul of nuclear power plants, it is always desirable
to reduce costs and increase efficiency. These include
improving the construction quality of fuel pellets and
fuel rods, improving the structure of fuel assemblies
(FAs), achieving technology of the zirconium FA
construction, and access to gadolinium uranium fuel
production technology that lead to creating a new
generation of fuel called TVS and then upgraded to
TVS-2M.

Soon, it is expected that TVS-2M fuels will be applied
more in the VVER-1000s. Therefore, the TVS-2M
burnup calculations and actinide concentration in
different FAs are selected to study and predict in this
lecture.. Kashi et al. [1] developed the BAT algorithm to
implement the Optimization of the reactor core
configuration. Their results showed the algorithm's
potential to use in other nuclear optimization problems.
An et al. [2] presented the cascade fuzzy neural
networks to predict critical flow for the leak phenomena
modeling in the nuclear reactor coolant. Their method
was 17 times faster than the former methods. Bae et al.
[3] implemented a neural network to use in the fuel
cycle simulator for nuclear fuel transmutation. They

concluded that trained networks perform rapid
capability to a large-scale simulation. Tayefi and
Pazirandeh [4] suggested a Hopfield neural network that
evaluates applying an axial variation of the enrichment
and radial variation of the enrichment distribution in
VVER-1000. They observed that using the network
caused the appropriate power peaking factor and led to
the optimum configuration of the VVER-1000 reactor
core. Also, they [5] investigated a neural network to find
the optimum core loading pattern for the VVVER-1000
reactor. Another research in this issue is a model that
was developed to predict the burnup distribution in an
LWR [6]. In the same way, Kim et al. [7] described a
computer program named iBEST which accurately
estimated burnup histories of spent nuclear fuels. Also,
they presented the TVS-2M FAs arrangement and fuel
composition. Pirouzmand and Roosta [8] studied the
radial burnup distribution in the VVER-1000 which,
applied UTVS FAs using the Monte Carlo method in
MCNPX code. Their results showed the accuracy of the
proposed model for radial burnup calculation. Pelykh et
al. [9] presented a method for VVER-1000 fuel
rearrangement optimization which, regards both
cladding durability and fuel burnup. They compared
robust and deterministic solutions for rearrangement
optimization problems. Kheradmand used CITATION
as core calculation code to find the effective



multiplication factor as well as flux and power
distribution [10].

Optimization of the reactor core configuration is a
multi-dimensional problem that involves several
parameters. The main objective of this paper is to
predict burnup and actinide concentration for different
fuel arrangements and find maximum burnup .

Experimental

Preparation of the materials
Description of VVER-1000 and TVS-2M FA

Several FA models have been introduced for use in the
VVER-1000 reactors. In the late 1970s, the first
generation of standard FAs was introduced at the same
time as the commercial development of these reactors.
The main structure of these FAs was made of stainless
steel that had a high neutron absorption cross-section
and unique mechanical properties. In the late 1980s, the
second generation of advanced FAs (AFAs) was
introduced. Zirconium alloy has been replaced with
stainless steel in AFAs. Zirconium alloy has been
replaced with stainless steel in AFAs and caused a
higher burnup level. Currently, this generation of FA
known as UTVS is used in BNPP-1 (Unit 1 of the
Bushehr Nuclear Power Plant according to FSAR).
Since 2000, with the supplying TVS-2 fuel, the third
generation of FAs has been introduced, which uses hard
zirconium in its structure, and since 2006, a prototype of
its advanced type, TVS-2M, has been produced. These
fuels have a high resistance to deformation during the
work cycle. Currently, many Russian nuclear power
plants use this generation of fuels, which include
features such as; reliability, an 18-month working cycle
instead of 12 months in former fuel, and achieving a
power level of 104% in comparison with former fuels.
One can achieve the operation assurance capability and
increase of burnup using these fuels because the number
of loaded FAs is reduced by 12% during a 4-year
operation period and 25% for a 5-year operation period.
On the other hand, the use of TVS-2M FAs does not
entail any obligation to apply absorbent rods, which
leads to a reduction in costs and radioactive waste. Fig.1
illustrates the structure of the TVS-2M FAs used in the
VVER-1000 reactors and Fig.2 shows the current
arrangement (former generation of FA) of FAs in the
BNPP reactor core.
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Fig.2. The arrangement of BNPP's reactor core with UTVS

FAs

To better understand the technological evolution in the
new FAs, the main differences between TVS-2M and
previous generations are listed below.

1

The active fuel region was changed from
353 centimetersto 368 centimeters that
leads to an increase in fuel rod volume.
This issue can be seenkig3;

The increase in fuel rods number pEA
from 311 in UTVS to 312 in T9;

Use of E635 Zircamin alloy as fuel rods
cladding that is more resight than the
previous claddings;

Use of fuel pellets with higher
enrichment

Installation of gadolinium pins leads to
increases in the effective cycle length
without exceeding the safetynargins[11-

13]

It's worth mentioning that these differences lead to an
increase in the operational cycle’s length. Also, the
gadolinium pins improve the radial power peaking



factors and reduce the use of burnable poisons in the
core, which leads to a better neutron economy [12, 13].
The main design parameters and FAS’ compositions of
TVS-2M FAs are available in Tablel and Table2,
respectively.

uTvs

Fig 3. Increase of core active region with replacing -PWS
with UTVS-As

Tablel. The main design parameters of T8 FAs

Characteristics of the Channel Value

Geometry type Hexagonal
Fuel rod number in each FA 331
fuel rod number 312
Other rods except for fuel rod 19
Total length (mm) 4570
Total width (mm) 235
Fuel rod length (mm) 3988
Fuel rod 1.9
Fuel pellet outside diameter (mm) 7.6

Fuel pellet density (g/cm3) 10.4-10.7

Cladding material Zr+1% Nb

Cladding thickness (mm) 0.65
Cladding maximum temperature (c) 355
Fuel column height (mm) 3680
UO; weight 525
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Table2. Different types of TV&M assemblies
F Num Gd203
Num
A U-235 ber of +U-235
ber of . .
Ty Enrichment BP Enrichm
Fuel
pe (W1t%) Rods ent
Rods
(Wt%)
13 312 1.3
22 312 22
30 303 2.98 9 5.0+2.4
39 243+ 9 5.0+2.4
3.9+4.0
60
39 240+ 6 5.0+3.3
3.9+4.0
S 66

According to Table 2, the enrichments of fuels are
considered as 1.3%, 2.2%, 3%, and 3.90% in the first
fuel cycle of operation with TVS-2M generation FAs.
Gadolinium oxide (Gd.Os3) adsorbent rods were used
with two different combinations (2.4% and 3.3%) of
uranium oxide in the design of TVS-2M FAs with a
ratio of 0.5% to 95.0%, respectively. These optimally
arranged absorber rods are located in the FA with an
average enrichment of 3.90%. Dimensions of the new
absorber rods are the same as the control rods, and the
materials used in them are different. So, they consume
during an operation and reduce the neutron absorption
intensity. Thus, the injection of negative reactivity is
reduced gradually and, the operation of the reactor at the
nominal power is guaranteed.

Models description
3.1. MCNPX model

MCNPX is one of the best Monte Carlo codes for
nuclear simulations and calculations. This code can
track neutron, photon, and electron transport, which
enables nuclear reactor design, shielding, nuclear safety,
and so many other usages. This code works using
evaluated cross-sections that are introduced in the form
of an ENDF library.
First we modeled old core configuration in MCNP and
compare result with FSAR, after ensuring about
accuracy of MCNP code we use it for new fuel so in this
section, reactor fuel replacement is considered by TVS-
2M generation FA to improve BNPP’s reactor
performance during a cycle. For this purpose, after
complete modeling of the reactor core with UTVS FAs
and the validation process, reactor core modeling was
carried out with TVS-2M generation FA. Fuel elements



are modeled by MCNPX regarding the design
parameters and configuration of TVS-2M FAs. The
details of the reactor core modeling are given in table 3
and Fig.4. Table 3 shows the weight fractions of TVS-
2M compositions and, Fig.4a presents the core
configuration with TVS-2M assemblies. As shown in
Fig.4a, the one-sixth symmetry has been used for
analysis in MCNPX modeling.

As mentioned in table 2, five types of TVS-2M FAs are
modeled in the first fuel loading of BNPP's reactor. It
should be mentioned that the cladding alloy for TVS-
2M FAs is considered to be the same as UTVS
assemblies. As shown in Fig.4b, the FAs with higher
enrichments are used in the periphery of the reactor core
to achieve an appropriate power distribution so the fuel
management strategy is out-in as before.

Table3. Isotopic weight fractions of T2/ FAswith
different enrichments.
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U-235 U-238 0O-16

UO:2
0.011459319  0.870026717  0.118513964

(Enrichment=1.3%)

UO:2
0.019392428  0.862081569  0.118526003
(Enrichment=2.2%)
UO:2
0.026443899  0.855019398  0.118536704

(Enrichment=3.0%)

UO:2
0.031732390 0.849722881  0.118544729

(Enrichment=3.6%0)

UoO2
0.035257997  0.846191924  0.118550079

(Enrichment=3.9%)
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Fig 4a. Coreconfiguration ofB N P Ruclsarreactorwith
TVS2M FAs

Fig.4b. Onesixth of BN¥PP's reactor core with T\A2M FAs
modeled in MCNPX.
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Results and discussion
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MCNPX Outputs . 1.1.1
After Simulation of the reactor core with TVS-2M FAs in MCNPX, ;
the mean burnup increased from 12.35 GWd/MTU in UTVS FAs
(according to Busher NPP FSAR [14].) to 14 GWd/MTU in TVS-2M
calculated with FAs, as expected. Table 4 shown Burnup of core

.MCNPX for UTVS

Table4: Burnupof core calculatedwith MCNPXor UTVSold o
fuel assemblies) — ;

Time (day)
Figurés: comparison of Bushehr FSAR and MCNP outpu
Burnupfor UTVSold fuel assemblies)

duration r burnup

0 | 0.00E+00| 1.50E+02| 1.02543| 1.59E+13| 200.991| 0.00E+00 0

According to Bushehr NPP FSAR, burnup result is

1 | 1.00E01 | 1.50E+02| 1.01829| 1.82E+13| 200.991| 2.06E04 0 L
similar to calculated burnup of MCNPX so we can
2 | 2.00E01 | 7.50E+02| 1.01639| 9.30E+13| 200.991| 2.27E03 0 .
assure that code works properly and we can use it for
3 | 1.00E+00| 7.50E+02| 1.00438| 9.44E+13| 200.992| 1.26E02 0.01 . . .
new core configuration (TV-S2M). the comparison
4 | 2.00E+00| 1.20E+03| 0.99506| 1.50E+14| 201.002| 4.55E02 0.03 .
shown in figure
5 | 5.00E+00| 1.20E+03| 0.98949| 1.50E+14| 201.051| 1.28E01 0.08
6 | 1.00E+01| 1.50E+03| 0.98729| 1.95E+14| 201.191| 3.34E01 0.2 .
Table 5 Burrup of corecalculatedwith MCNPXor TVS2M
7 | 1.50E+01| 1.50E+03| 0.98452| 1.96E+14| 201.405| 6.43E01 0.3 .
(new fuel assemblies)
8 | 2.00E+01| 2.25E+03| 0.98275| 2.98E+14| 201.757| 1.26E+00 | 0.61
9 | 3.00E+01| 2.25E+03| 0.98276| 2.95E+14| 202.255| 2.19E+00 0.92 duration | power flux ave. burnup MCNPX
10 | 4.00E+01| 2.25E+03| 0.97143| 2.89E+14| 202.831| 3.43E+00 | 1.49 (days) | (MW) keff ~ (n/cm2.s)| nu ave.q (GWd/MTU) Result
11 | 5.00E+01] 2.25E+03| 0.96463| 2.94E+14| 203.366| 4.97E+00 | 154 0 | 0.00E+00| 1.50E+02| 1.00217| 1.69E+13 | 2.464 | 200.993| 0.00E+00 0
1 | 1.00801 | 150E+02 1.00749| 1.79E+13 | 2.463| 200.992| 1.94E04 0
12 | 6.00E+01| 2.25E+03| 0.94551 | 3.06E+14| 203.875| 6.83E+00 | 2.35
2 | 2.00E01 | 7.49E+02] 0.9953 | 8.67E+13 | 2.464 | 200.992| 2.14E03 0
13 | 7.00E+01) 2.70B+03 0.9299 | 3.58E+14] 204.603| 9.42B+00 | 2.59 3 | 1.00E+00| 7.49E+02] 0.98626| 9.15E+13 | 2.464 | 200.994| 1.19E02 0
14 | 7.50E+01| 2.85E+03 0.90835| 3.84E+14| 205.237| 1.24E+01 | 293 4 | 2.00E+00| 1.19E+03| 0.98069| 1.44E+14 [ 2.464 | 201.003| 4.26E02 0.03
15 | 8.00E+01| 2.85E+03| 0.89283| 4.09E+14| 205.623| 1.55E+01 | 3.21 5 | 5.00E+00| 1.19E+03| 0.98017| 1.48E+14 | 2.467 | 201.049| 1.20801 0.11
16 | 1.00E+02] 3.00E+03| 0.86779| 4.37E+14| 206.225| 1.96E+01 | 412 6 | 1.00E+01| 1.50E+03| 0.97903| 1.82E+14 | 2.473| 201.192| 3.14E01 0.19
7 | 1B0E+01| 1.50E+03| 0.97652| 1.81E+14 | 2.483 | 201.409| 6.05501 0.29
17 | 1.20E+02| 3.00E+03| 0.85017 | 4.55E+14| 206.773| 2.46E+01 | 4.95
8 | 2.00E+01| 2.25E+03| 0.9724 | 2.73E+14| 2.499 | 201.761| 1.19E+00 | 058
18 | 1.40E+02) 3.00E+03 082785 4.59E+14| 207.358) 3.03E+01 | 5.7 9 | 3.00E+01| 2.25E+03| 0.96922| 2.78E+14 | 2.522 | 202.237| 2.06E+00 | 0.87
19 | 1.60E+02| 3.00E+03) 0.80318| 4.78E+14| 207.808| 3.69E+01 | 6.59 10 | 4.00E+01| 2.25E+03| 0.96644| 2.78E+14 | 2.547| 202.779| 3.23E+00 | 1.16
20 | 1.80E+02| 3.00E+03| 0.77813| 5.10E+14| 208.149| 4.43E+01 | 7.51 11 | 5.00E+01| 2.25E+03| 0.96083| 2.75E+14 | 2.575| 203.357| 4.69E+00 | 1.45
21 | 2.00E+02| 3.00E+03) 07631 | 4.67E+14] 208.675| 5.26E+01 | 8.24 12 | 6.00E+01| 2.25E+03| 0.94385| 2.80E+14| 2.6 | 203.887| 6.44E+00 | 1.74
22 | 2205202 3.008+03 075224 27ac+14] 208.888| 617801 | 907 13 | 7.00E+01| 2.68E+03| 0.92584| 3.51E+14 | 2.626 | 204.411| 8.87E+00 | 2.43
14 | 7.50E+01| 2.84E+03| 0.90828| 3.76E+14 | 2.655| 205.003| 1.16E+01 | 2.75
23 | 2.40E+02| 3.00E+03| 0.74267 | 4.88E+14| 209.031| 7.15E+01 | 9.89
15 | 8.00E+01| 2.84E+03| 0.89239| 3.82E+14 | 2.681| 205513| 1.46E+01 | 2.95
24 | 2.60E+02 3.00E+03) 0.7356 | 4.89E+14| 209.112| 8.23E+01 | 10.71 16 | L.OOE+02| 3.12E+03| 0.86304| 4.42E+14 | 2.708 | 206.017| L.86E+0L | 4.05
25 | 2.80E+02| 3.00E+03| 0.73395| 5.03E+14| 209.182| 9.38E+01 | 11.54 17 | 1.20E+02| 3.12E+03| 0.84459| 4.51E+14 | 2.742 | 206.656| 2.35E+01 | 4.86
26 | 2.90E+02| 3.00E+03| 0.71504 | 5.04E+14| 209.235| 1.06E+02 11.91 18 | 1.40E+02| 3.12E+03| 0.82011| 4.61E+14 | 2.772| 207.234| 2.92E+01 5.67
19 | 1.60E+02| 3.12E+03| 0.80324| 4.59E+14 | 2.803| 207.83 | 3.56E+01 | 6.47
20 | 1.80E+02| 3.12E+03 0.77859| 4.85E+14 | 2.821 | 208.156| 4.29E+01 | 7.29
21 | 2.00E+02| 3.12E+03| 0.7649 | 5.03E+14 | 2.837 | 208.438| 5.10E+01 8.1
22 | 2.20E+02| 3.12E+03| 0.75241| 4.88E+14 | 2.855 | 208.796| 5.99E+01 8.9
23 | 2.40E+02| 3.12E+03| 0.74143| 501E+14 | 2.863 | 208.938| 6.96E+01 | 9.72
24 | 2.60E+02| 3.12E+03) 0.73916| 4.90E+14| 2.871| 209.089| 8.02E+01 | 10.52
25 | 2.80E+02| 3.12E+03) 0.72974| 5.00E+14 | 2.874 | 200.153| 9.156+01 | 11.34
26 | 3.00E+02| 3.12E+03 0.72143| 5.09E+14 | 2.876| 209.196| 1.04E+02 | 12.1
27 | 3.20E+02| 3.12E+03 0.71802| 5.13E+14 | 2.878 | 209.233| 1.17E+02 13
28 | 3.39E+02| 3.12E+03 0.70845| 5.15E+14| 2.88 | 209.259| 130E+02 | 13.8




Multiplication  factor of new  core

configuration with TV-S2M fuel assemblies
calculated with MCNPX, after 340 day is near
to 7.1 (Keff) as shown in figure 6.

14

/

Multiplication factor (K .}

50 100 150 0

Time (day)
Figure6: Multiplication factor of new core configuration with
T\:S2M fuel assemblies
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Changes in reactor thermal power over time are shown
in Figure 7. According to the changes, the reactor
thermal power will reach a maximum of 3120 MW from
the 100th day and will continue until the last day of the
operation cycle and until the reactor is shut down. In
fact, the power rate is accompanied by a 4% increase
over the 3,000 MW power level. According to the
Russian fuel company Atom TVEL [15], the thermal
power level of the 1000VVER reactor will reach 3120
MW using TVS-2M fuel assemblies. This reported
amount is in line with the 1000VVER power plants in
Balaku and Resto in Russia, as well as Tianwan in
China, which have been put into operation and have

been successfully refueled
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Figure 7a: Thermal power of UTVS core during the
time
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Figure 7b: Thermal power of TVS-2M core during the
time

Fig.8 shown the axial neutron flux at the beginning of
the cycle (BOC) for reactor core with UTVS and TVS-
2M FAs, respectively. the Figure approve the reactor
power increase with TVS-2M FAs because the thermal
neutron flux is directly related to the reactor power
level. It should be noted that the increase in power is
due to the increase in U-235 enrichment in the new
generation FAs. Also,

480

300
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—=—Tsv In this section, using the MCNP or developed neural

T networks, 20 different arrangements of FAs were
R investigated to find the best burnup. The number of
co0Eson3 different TVS-2M FAs in each of the examined
arrangements and predicted burnup are shown in Table

J.0E+013

6. Finally, the concentration of actinides in the optimal

T T T T T
0 60 120 180 240 300 360

arrangement is reported in Table 8.

Axial Distance (cm)

Fig. 8 Theaxialt h er mal neutron fl u xTth?& E)@(Wrﬁegarrgngelmgngslgl'kdgvgop%d@plI\éfor

with UTVS andVs2M FAsat the BOC. burnup prediction.

Fig.9a and 9b shown maximum relative power of fuel
assemblies with UTVS (Kq) and TVS-2m respectively

so according to the graphs maximum relative power of ~— Fa_ Type Predicted
fuel assemblies with TVS-2M is more uniform and in ———————— burnup by
compare with UTVS. Numberof 13 22 30 39 39s ANN
i Arrangement (GWA/MTU)
1 0 84 43 24 12 12.88
. 2 1 78 48 24 12 12.43
P 3 7 78 42 24 12 13.74
HEES 4 12 72 43 24 12 14.70
: 5 18 54 55 24 12 8.57
17T T H 6 18 79 30 12 24 8.74
I 7 24 66 37 24 12 9.97
: | | | | — 8 25 54 48 24 12 13.06
h i 9 36 55 36 24 12 10.64
1o L e A e 10 37 54 36 24 12 10.84
Time (Days) 11 42 48 37 12 24 11.84
Figure 9a: maximum relative power of fuel assemblies 12 42 42 43 24 12 14.67
with UTVS ( Kq) 13 48 48 31 24 12 6.62
14 48 42 37 12 24 13.47
15 48 43 36 24 12 12.60
L as 16 54 24 49 24 12 13.06
g 17 54 30 43 12 24 13.61
213 18 66 18 43 12 24 14.11
E 19 66 24 37 24 12 11.50
At = SRR S 20 78 6 43 24 12 12.16
_ b 1 L3S o According to table6, the best arrangement regarding the
E 115
: burnup parameter is arrangement 4. In the second step,
b 1] 40 80 120 160 200 240 280 320 360
Time (Davs) using MCNP or a neural network developed to predict
Figure 9b: maximum relative power of fuel assemblies
with TVS-2M ( Kq) the concentration of actinides, this arrangement was

examined and the concentration of each actinide was

reported in Table 7.
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burnup and in addition to increasing the length of the

In this article, the replacement of UTVSs with new
generation fuel assemblies (TVS-2M) was investigated
in BNPP’s reactor core. For this purpose, the reactor
core of BNPP was modeled with TVS-2M FAs in
MCNPX code. The results show that the cycle burnup
increases from 12.3 to 13.8 GWd/MTU with this
replacement.

The results showed that with changing the arrangement
of new generation FAs, one can achieve a burnup of
14.7 GWd/MTU and the operating thermal power of
3120 MWth instead of 3000 MWth [17].

This research led to two important results. First, the

replacement of UTVS with TVS-2M FAs, increase

arrangement
operation cycle from 289.6 [18] days to 338.7 days, can
i increase the cycle’s burn-up thus increasing the
Actin U-235 U-238 Pu-239 Pu-240 Pu-241
ide economic efficiency of the power plant.
type
Actinide
concentrall 56406 002  1.2791e04  7.9823¢-05 v 09%
on (g/em?) 03
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