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ANALYSIS OF NUCLEAR SAFETY IN DIVERSIFICATION
OF WESTINGHOUSE FUEL ASSEMBLIES AT WWER-1000

The research presents an analysis of the known results in modeling the maximum design accident (MDA) using the
code RELAP5/V3.2 whith Westinghouse fuel assemblies’ (WFA) diversification in WWER-1000 reactors. According
to the known results of MDA calculated model simulation with RELAP5/V3.2 code at the maximum allowable water
temperature in the heat WWER emergency cooling system exchanger (90 °C), the fuel elements’ claddings temperature
reaches 1320 °C and exceeds the admissible nuclear safety limit (1200 °C). Thus, according to known results, these
MDA whith WFA engaged pass from the “design” accident status to the “severe” acciden status and means a decrease
in safety in relation to the FA-A fuel assemblies. The alternative MDA analysis for WFA-equipped plants showed that,
unlike the known calculations, the nuclear safety limit on the maximum permissible fuel cladding temperature is not
violated and never reduces the overall safety level in WWER diversification with WFA fuel assemblies.

Keywords: security, diversification of fuel assemblies.
1. Diversification issues relevance

The main supplier of nuclear fuel to European
and Ukrainian WWER-equipped nuclear power
plants is Russia. However, other nuclear markets’
experience shows that the monopolization of nuclear
fuel supply and storage does adversely affect both
security and competition in terms of improving
technology and economical efficiency [1]. In
addition, there is a positive experience reactor core
mixed loading with nuclear fuel from different
suppliers. The transnational Westinghouse Electric
Company accumulated many years of experience in
nuclear fuel supplies for various reactors types and
is a promising alternative fuel supplier for WWER
(including those located in Ukraine).

Of undoubted interest is the experience of
Westinghouse fuel assemblies diversifying at
Temelin NPP (Czech Republic) [2]. In the process of
Westinghouse fuel assembly diversification at
Temelin NPP, the following main problems were
identified: problems with rods control cluster
assemblies (RCCA) during operation identified are
the problems with incomplete control rods
introduction (IRI); bending of fuel assemblies / fuel
rods; FA excessive elongation; leakage of fuel
elements.

In accordance with the Ukraine Nuclear Fuel
Qualification Program (UNFQP), the Westinghouse
Company and the United States Department of
Energy, with the participation of the Northwest
Pacific National Laboratory (PNNL), supply
Ukraine with alternative nuclear fuel for reloading
the WWER-1000 reactor fuel assemblies (WFA).

According to information from the Westinghouse
Swedish branch [3] in 2005, the first six test
assemblies (Lead Test Assemblies - LTA) for
WWER-1000 were loaded to Unit 3 of the South
Ukrainian NPP and demonstrated full compatibility
with the project nuclear fuel and reactor designs.
Further operation demonstrated the adequacy of
operational limits and reliability requirements for
several fuel campaigns of the reactor. After the
planned four fuel campaigns completion, the average
burnup depth was more than 43 MW-day/kg of
uranium.

In [4 and 5] a comparative analysis of the
structural differences and compatibility between
Westinghouse LTA-2 and WFA fuel assemblies and
the design WWER (TBC-A) fuel assemblies has
been presented. The main differences between the
designed WWER fuel assemblies and alternative
WFAs, consisting in fuel assemblies and fuel
elements design, as well as in spatial distributions of
nuclear fuel enrichment, can affect nuclear safety.

A preliminary expert analysis of safety criteria
feasibility carried out by the Ukrainian nuclear
security regulatory authority for fuel assemblies and
WFAs mixed loads at WWER-type reactors using
the RELAP5/V3.2 code for the maximum design
accident (MDA) showed that the hydrodynamic
resistance coefficients (HARC) difference determine
the WFA fuel cladding temperature Tgaa Several
hundred degrees higher than the corresponding
values for fuel assemblies, and at the maximum
permissible design temperature of coolant at
emergency core cooling system (ECCS) 90 °C the
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safety criteria are not fulfilled at all: Tcjag > 1200 °C
(Table 1) [6]. At the same time, it is necessary to
take into account that in the analysis of beyond
design accidents, the influence of these discre-
pancies in Teag Values may be even more significant

for assessing the nuclear safety criteria and formal
transition of entire groups of beyond design
accidents without nuclear fuel damage into the
severe accidents status.

Table 1. Results of MDA simulation with WFAs and fuel assemblies cladding temperature difference

(ATclad = Tcad(WFA) — Teaa(TBC-A)) at various variance of active zone loading [6], °C

1-st peak 2-nd peak )
Load variance ECCS water of cladding of cladding ATcig at 2-nd
temperature peak Telag
temperature temperature
42 WFA + 121 TBC-A 70 867 1099 250
163 TBC-A 70 874 849 —
163 WFA 70 850 1074 225
163 WFA 90 850 1320 -

Thus, according to the accident simulation
results, obtained in [6], WFA loading at WWER
reduces the overall nuclear safety level. To exclude
that it is suggested in [6] that the conservatism of
nuclear safety analysis should be reduced by
applying the ECCS coolant temperature no more
than 70 °C. However, this approach requires revision
of the design safety criteria and coordination with
both WWER-1000 and the reactor facility design
and construction developing organizations.

Also, at simulation as in [6], the generalizing
design  accidents, some unjustified and/or
“excessively” conservative provisions were used
including the absence of coolant flows mixing in
different fuel assemblies. WFA/fuel cladding
constructions, as well as developed turbulence
hydrodynamic modes, determine the possibility of
coolant flows intensive mixing on the greater part of
the fuel assembly height. Thus, an urgent issue
becomes an alternative analysis of nuclear safety in
Westinghouse fuel assemblies’ diversification.

2. Alternative analysis of nuclear safety
in fuel assemblies’ diversification

Let us consider the influence of differences
between WFA and design fuel assemblies on the
change in the WWER reactor safety level on the
basis of the nuclear reactors’ thermohydrodynamics
fundamental provisions [7 - 11].

The main reason for the hydraulic characteristics
change in WWER core, in this case, are the
consequences of modernization to strengthen the
WFA fuel assembly structure and to increase its
reliability, including for the prevention of fuel rods
deformation. The resulting increase in HARC (due to
additional WFA designs) leads to a relative decrease
in coolant’ flow rate and average velocity, and,
accordingly, involves a decrease in heat exchange
intensity on the fuel rods outer surface.

The boundary condition for heat transfer on the
fuel element surface

Or :a(Tclad_TT)’

where g, — density of heat flow from the fuel element,
determined by the fuel matrix thermal mode and
properties and the fuel element thermal resistance Ry;
a — the heat transfer coefficient at the fuel element
surface; Teiad, Tr — the temperature of the fuel element
cladding and the coolant, respectively.

Then the differences between the temperatures of
the fuel element cladding WFA and fuel assembly at
the current time (under the assumption of g, identity)

AT, lad — Tclad (WFA) - Tclad (TBCA) =

Cli

~ 11 "
— a(WFA) o(TBC-A) |

The indicator of change in heat release intensity
Kk, =o(WFA)/o(TBC-A) in this case is
determined by the indicator of changes in coolant
average velocity v

_ V(WFA)
" V(TBC-A)

In accordance with the known phenomenological
dependencies for the heat exchange modes/con-
ditions and the coolant phase in nuclear reactors
(including those used in different correlations of the
RELAP 5 code)

o~Vv",
where n < 1 (see, for example [8 - 11]).
Correspondingly, the dependence between the
heat transfer rate change parameters and the coolant
velocity

K, =(V)", )
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and the current discrepancies in the fuel cladding
temperature

AT, = 1 1 =
oud =1 CVT(WFA)  o(TBC-A) |

Or .1_(\’)“
a(TBC-A) (v)"

Thus, the differences in the WFA and fuel
elements cladding temperature current values under
assumption that the fuel elements’ structures and the
thermal resistances R, are identical, are determined
by the change in the coolant average velocity v and
the intensity ratio between the fuel elements internal
and external heat exchange

©)

¢ a(TBC-A)

In the absence of fuel rods structural identity and
thermal resistance, current difference in the
temperature of the WFA and fuel elements claddings

ar 12" 6 (TBC-A)
T (v)" o(TBC-A)

The relationship between the heat flow density g.
and the thermal resistance R, of the fuel rod

(4)

T, -T
g, = FM clad ’ (5)

.
where in the admissible “flat” approximation

o
RTZ%-I-—Q-FBﬂ, (6)
A A, A

clad g FM

dclad, Og, Opw — thickness of the cladding, gas gap and
fuel matrix of the fuel rod, respectively; Aciad, Ag, Apm
— coefficient of the fuel rod’s thermal conductivity
of the cladding, gas gap and fuel matrix respectively;
Tev — the nuclear fuel temperature in the central part
of the fuel element’s fuel matrix.

Analysis of dependences (5) and (6) shows that
the thickness differences between fuel matrix and
the gas gap of the fuel elements WFA and fuel
assemblies TBC-A (8 (WFA) / 8 (TBC-A) = 1.1,
dg (WFA) / &g (TBC-A) = 1.1 [4 and 5]) determine
the discrepancies g. (WFA) and g. (TBC-A):

g, (WFA) = 0,9, (TBC-A).

The effect of differences in material and
thickness of the fuel cladding for g. is even less
significant.

The relatively smaller g, (WFA), all other
conditions being equal, on the one hand, decreases
the fuel cladding temperature, and on the other hand,
increases the nuclear fuel temperature in the central
part of the fuel element’s fuel matrix.

Influence of differences in thermophysical
properties of fuel element elements WFA and fuel
assemblies onto conditions of emergency processes
run requires a separate analysis.

Pressure drop in the reactor core in the absence of
flow mixing (model [6])

P
AS E V,ZL\ ' (7)

AP =Ky P Ve, )

where K., kws — are the total HIRC of TBC-A fuel
assemblies and WFA, respectively; p — the coolant
density; v, = Q./F., vw = Quw/Fw — the coolant flow
average velocity in TBC-A and WFA, respectively;
Q., Qw — volumetric flow of coolant in TBC-A and
WEFA, respectively; F,, Fw — area of passage section
at TBC-A and WFA, respectively.

Then from formulas (7) and (8) we get the ratio
of average coolant velocities in WFA and TBC-A
(rate difference)

K, =0 /&d. ©)
Va Kws
The HARC values for TBC-A and WFA

accordingly to [6] are given in the Table 2.

Table 2. HARC values for TBC-A and WFA [6]

Fuel element
HDRC TBC-A WFA
HDRC at FA inlet 0,71 1,03
HDRC at FA active part 8,58 12,67
HDRC at FA outlet 2,58 2,49
Total HDRC 11,87 16,19
In accordance with MDA computational

modeling results in [6] (after the 1st peak of Teag
Kq~ 700 °C) and the established HARC values for
WFA and TBC-A (see Table 2) the maximum
divergences of current values AT¢ag = Telag (WFA) -
- Taad (TBC-A) considering (3) and (9) is no more
than 115°C (with the greatest influence of the
coolant flow velocity onto the different heat
exchange modes intensity n = 1), and the maximum
WFA fuel cladding temperature is 965 °C.

The thermodynamic model, which takes into
account the mixing of flows from different fuel
assemblies with WFA partial loading, is based on
the following provisions:
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1) the possible difference in the coolant flows
rates at different fuel assemblies is taken into
account at the entrance to the reactor active zone;

2) the flows are mixing in the rest of the core
with the coolant average velocity vy establishment
(along the entire area of core pass-through section);

3) the necessary condition for flows mixing is the
contact placement of different fuel assemblies.

The coolant flow balance equation for the model
of partial/ full load mixing at WFA shall be

Vo(NAFs + Ny Fy) =N Fs +Vvi Ny Fy,  (10)
where N,, Ny — TBC-A and WFA quantities
respectively; v., vwi — the thermal input average
velocity at the entrance to the active zone for TBC-A
and WFA respectively (for Ny > 1).

The coolant flow rates balance equation at full
load of TBC-A and WFA partial /full load:

VAN FL =V N FL +Vy Ny Ry (11)
where v, is the coolant average velocity at full WFA
load; Ng — total amount of fuel assemblies in the
reactor core.

Pressure drops at the core entrance

APai =Ka %vf\i’ (12)
AP = p 2
ai — Kwi EVWH (13)

where «,i, kwi — HARC at the coolant inlet to the
active zone for TBC-A and WFA, respectively.
Transforming formulas (10) - (13) we obtain

Ky =4 = [-A (14)

V. = NAFA + NWFW\jKAi/KWi v
= Ai?

15
0 N,F, +N,F, (15

_ NoFa v
A
NAFA+NWFW\/KAi/KWi

(16)

VAi

Therefore, the rate of coolant velocity change
when WFA loaded respectively to the TBC-A total
fuel loading

Yo _ N,
Va No_(l_ FW/FA)NW

A7)

KVW

With a conservative Fy, = F, assumption, kyw = 1
and there are no differences in the fuel cladding
temperature: ATclag = 0.

3. Conclusions

1. Based on known results alternative analysis of
the  computational ~ modeling  using  code
RELAP5/V3.2 for maximum design accident during
WFA  fuel assemblies  diversification  at
WWER-1000 reactors, it has been established that
the calculated maximum fuel cladding temperature
is unreasonably overestimated. Opposite to the
known results, the allowable fuel cladding
temperature (1473 K) safety criterion is not violated
for design accidents, should WFA loading into the
WWER-1000 active zone be partial either full
complete.

2. The differences between the WFA assemblies
and the WWER-designed TBC-A, connected with
the WFA structures reinforcement, do not reduce the
overall safety level in the event of design accidents.
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AHAJII3 SIIEPHOI BE3NEKHU ITPU TIUBEPCU®DIKAILIIL
MMAJINBHUX 3BIPOK WESTINGHOUSE HA BBEP-1000

[IpencraBmeHo aHami3 BiZOMHX pe3yJbTATiB MOJETIOBAaHHA MaKcHMaybHOI mpoektHoi amapii (MIIA) komom
RELAP5/V3.2 mpu nusepcudikamii mamusaux 30ipok Westinghouse (WFA) B peakropax tumy BBEP-1000.
BinmoimHO 10 BimoMuX pe3ynbTaTiB po3paxyHkoBoro mozaemioBaHHs MIIA xongom RELAPS/V3.2 npu makcuMmaibHO
JOMYCTUMIiil Temreparypi BOAM B TEIUIOOOMIHHUKY cucTeMH aBapiiiHoro oxosomxenHs BBEP (90 °C) remmepatypa
000JIOHOK TEIUTOBUALAIOUNX eneMeHTiB nocsrae 1320 °C i mepeBuiye 1omycTuMy Mexy saepHoi oesnexu (1200 °C).
Takum gmHOM, 3rigHO 3 BimomuMmu pesynbrataMu MITIA 3 WFA mepexomuTs 3i cTaTyCy «IIpOeKTHOI» aBapii B cTaTyc
«BaXKOD» aBapii 1 03Ha4Yae 3HIDKEHHs OE3IEKH 110 BiIHOUIEHHIO JI0 MPOeKTHUX nanuBHUX 30ipok TB3-A. HaBenenuii y
poboti ambrepHatuBHui aHamiz MITA 3 WFA mnoka3aB, 1o Ha BiIMIHY BiJi BiJOMHUX PO3paxyHKIB Mexa sepHOT
0e3reKu Mo MaKCUMaJbHO JOIyCTUMIH Temmeparypi 0OOJOHOK TEIUIOBUAUISIIOUMX €IEMEHTIB HE MOPYIIYEThCS 1 HE
3HMKYE 3araJibHUi piBeHb Oe3rnexu npu nuBepcudikarii BBEP nannsauMu 30ipkamu WFA.

Kniouosi crosa: 6e3neka, nuBepcudikaliist aMBHUX 30ipoOK.
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AHAJINA3 ATEPHON BE3OITACHOCTHM ITPU JINBEPCUPUKALTN
TOMJIMBHBIX CBOPOK WESTINGHOUSE HA BB3JP-1000

[IpencraBnen aHaau3 W3BECTHBIX PE3YJILTATOB MOJEIMPOBAHUS MaKCUMaJbHOW mpoekTHoi aBapuu (MITA) xonom
RELAP5/V3.2 npu ausepcudukaimu tommuBHeix coopok Westinghouse (WFA) B peakrtopax tima BBIP-1000.
CoryacHO HM3BECTHBIM pe3yJibTaTaM pacdyeTHoro mojenupoanuss MITA komom RELAP5/V3.2 mpu makcuMalibHO
JIOMTyCTUMOM TEMITEPaType BOIBI B TCIIOOOMEHHUKE CHCTEMBI aBapuiiHoro oxnaxaeHus BBOP (90 °C) temmnepatypa
o0osouek TeroBbLIeNstOIUX 3naeMeHToB jocturaer 1320 °C u mpeBblIaeT JOMYCTHUMBIH Tpenes sIepHON
6e3zomacHoctu (1200 °C). Takum 06pa3oM, COrIACHO M3BECTHBIM pesyibpraraM MITA ¢ WFA mepexoaur u3 craryca
«IIPOEKTHOW» aBapuH B CTATyC «TSDKEJION» aBaphH U O3HAYaeT CHIKEHNE O0E30MacHOCTH 110 OTHOILEHHUIO K MPOEKTHBIM
torumBHBIM cOopkam TBC-A. [IpuBenennsiii B pabote anprepHaTuBHbIA anaan3 MITA ¢ WFA nokaszai, 4To B oTiHune
OT H3BECTHBIX PAcyueToOB IpeneNl SACpHOH Oe30MacHOCTH 10 MaKCHMalbHO IOIyCTUMOH TeMmeparype 000JioueK
TETIOBBIICIISIFONINX 3JEMEHTOB HE HApYIIACTCSl M HE CHIDKAeT OOIIMH ypoBeHb O€30MacHOCTH MU AWBepcH(UKAIMN
BBOP TorumBHabIME cOopkamu WFA.

Kniouesvie cnosa: 6e30nacHOCTD, TUBEPCUPUKAIIS TOTLIMBHBIX COOPOK.
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