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ABSTRACT

The Thorium Power, Ltd. seed and blanket fuel assembly design for VVER-1000 reactors was analyzed against three
accident conditions. The three scenarios considered were loss of power to all four main circulating coolants pumps; loss of

power to one main coolant pump and loss of power to a coolant pump with a seized rotor. The analysis was performed using

the TIGR-1 point kinetics code developed by OKBM, the Russian experimental mechanical engineering design bureau that
develops certified fuel assembly designs for the VVER-1000 reactor, in collaboration with the Russian Research Centre
“Kurchatov I nstitute”. I'n all cases, the Thorium Powe
1000 regulatory safety limits.

I.  INTRODUCTION

The Thorium Power, Ltd. thorium seed and blanket design (figure 1- insert graphic design) for VVER-1000 reactors was analyzed
for safety performance against the regulatory criteria for this reactor design. The Thorium Power seed and blanket fuel assembly is
based on a heterogeneous design where a central seed fuel rod region is comprised of extruded metal U-Zr rods and an outer blanket
region contains ThO,/UO, ceramic pellets clad with Zr tubing. The Thorium Power seed and blanket thorium fuel assembly design is
completely compatible in terms of neutronics, thermal-hydraulics and mechanical design with the design of the standard VVVER-1000
UO, fuel assembly.

The core thermal calculation analysis under abnormal operation accidents has been performed to verify the safety for the Thorium
Power seed and blanket fuel assembly design based on a 12-month refueling cycle for the VVVER-1000 reactor.

The following cases related to coolant rate fluctuation in the primary coolant loop have been considered:
9 Loss of Power to All Four Main Recirculation Pumps
9 Loss of Power to One Main Recirculation Pump
1 Seized Rotor in One Main Recirculation Pump

The performance analysis was conducted in accordance with compliance to the following VVVER-1000 regulatory guidelines:

1 Fuel rod fracture margins for normal operation should not be exceeded under abnormal operation (DNBR >1.0)
9 Fuel rod fracture design margins should not be exceeded under design basis accidents

The accident scenarios (initiating events, additional failures, control system operation algorithm, etc.) were performed in
accordance with VVER-1000 safety regulations.
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Fig.1 Thorium Power, Ltd. Thorium Seed and Blanket Fuel Assembly and Cross Section
Il. SAFETY ANALYSIS METHOD

The TIGR-1 code was jointly developed by OKBM and the Russi
neutronic-thermal-hydraulic method for transients in VVER/PWR-type reactors. The main feature of the code is an extended thermal
calculation of the core using a spatial kinetics model and a cell assembly model. The code performs calculations under
normal/abnormal transient operations and design basis accidents (reactivity and power density fluctuations, coolant flow rate mal-
distribution in the primary loop and cooling in the secondary loop). All reactor components and equipment are simulated by the code.

It allows modeling of VVER/PWR reactor operation in transients under interconnected control of reactor, steam turbine and power

systems.

The nodal models for the primary and secondary systems are shown in Ffigures 2 and 3.
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Fig.3 Secondary Loop Model

The calculation model for the primary loop includes reactor steam pressurizer and 4 heat exchange loops (only 1 design loop
and a connected pressurizer are shown in the figure). The reactor nodal model with ideal coolant mixing is used for the calculations.



The secondary loop calculation model incorporates a feed water tract the high pressure heaters to the steam generator,
saturated steam generators, and fresh steam tract from steam generators to the condensers. The steam generator tract is represented by
feed water from a time dependent volume element simulating high pressure heaters which enters a feed collector, which is represented
by a mixing chamber, and through the hydraulic connecting feed water valves.

The core point kinetics model is shown in figure 4.
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Fig.4 Core Model

Calculations were made using point kinetics models. The point kinetics models were used to describe the response of the reactor
core to loss of power for all four circulating pumps, loss of power of one circulating pump and one pump seized rotor event.

The core point kinetics model represents the standard assembly with average power density, the fuel assembly with the maximum
power density and the leakage out of the core.

I1l. RESULTS
A. Loss of Power to all Four Main Circulating Pumps at Nominal Reactor Operating Power

In this scenario, it is assumed that the loss of power to all four main circulating pumps occurs and one of the most efficient
control protection system (CPS) control rods gets stuck during reactor emergency protection system response. Under this
scenario, the reactor emergency protection system signal is formed within 2.4 seconds after a loss of power signal for all 4
main circulating pumps is registered. After that the CPS control rods are inserted into the core and the reactor becomes
subcritical. A drop in the reactor power level leads to a drop in the coolant temperature and primary loop pressure and
consequently to a drop in power removed from the primary loop by the steam generators. A drop in steam generator power
causes a drop of pressure in the secondary loop up to the point when the emergency regulating turbine valve is closed after
reaching the pressure of 4.9MPa. It is conservatively assumed that the emergency regulating valve does not close in response
to the reactor emergency protection system signal. After the emergency regulating turbine valve is closed, the pressure in the
secondary loop is maintained by the fast acting steam dump to the condenser system.

DNBR is the major parameter determining the severity of this accident scenario.
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The calculations showed:

=A =4 =4 -8 -8 -89

The CPS control rod insertion in response to a signal at 2.4 seconds ensures a reactor shutdown

Maximum pressure for the primary loop does not exceed 25.6 MPa

Maximum seed fuel temperature does not exceed the initial value

Minimum DNBR in transients occurs in seed rods and does not fall below 1.42

Minimum DNBR in transients for the standard VVVER-100 fuel rods is no less than 1.45

An efficient heat removal from the fuel rods is ensured

The low thermal inertia of the high thermal conductivity seed fuel rods results in lower DNBR drop for the seed fuel

rod region in transients versus standard VVER-1000 fuel assemblies

The basic integrated reactor parameters are given in Figures 5, 6, 7, 8 and 9; DNBR values in Figures 10 and 11; and clad and fuel

temperatures in Figures 12 and 13.
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B. Loss of Power for One of the Four Main Circulating Pumps at Nominal Reactor Operating Power

Under this scenario, when one of the four main circulating pumps loses power under normal reactor operation, the coolant
flow rate through the reactor drops causing the outlet coolant temperature to increase. In 32.4 seconds, a signal is generated in the
reactor emergency control system in response to an increase by 8°C in the outlet coolant temperature compared to its nominal value.
The reactor emergency control system responds in 0.3 seconds after that (taking into account a delay). At 32.7 seconds, CPS control
rods are inserted in the core bringing the reactor to a subcritical level. Reactor cooling is achieved by the main circulating pumps and
after their shut-off - by natural circulation of the coolant. The temperature and pressure in the primary loop stabilize. The pressure in
the secondary loop is regulated by a fast acting steam dump to the atmosphere system.

The calculations showed:

1  Due to power regulator failure the reactor operation is initially self regulated and the power is reduced due to coolant
feedback

1 At 32.7 seconds the CPS reacts to the outlet coolant temperature increase and initiates reactor power decrease to the

residual level

Maximum pressure in the primary loop does not exceed 16.4 MPa

Maximum seed fuel rod temperature does not exceed the initial value

Minimum DNBR in transients occurs in seed rods and does not fall below 1.27

Minimum DNBR in transients for the standard fuel rods is no less than 1.29

Under this scenario, the efficient heat removal from the fuel elements is ensured

The lower thermal inertia of the high thermal conductivity seed fuel rods results in lower DNBR drop for the seed

region in transients versus standard VVER-1000 fuel assemblies

=A =4 =8 -8 -8 -9

The basic integrated reactor parameters are shown in figures 14-17; DNBR in specific cells in figures 18 and 19; cladding/fuel
temperatures in figures 20 and 21.
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C. Seized Rotor for One of the Main Circulating Pumps at Nominal Reactor Operating Power

In this scenario, it is assumed that one of the main circulating pumps has a seized rotor at a nominal reactor power level and
one of the most efficient CPS control rods gets stuck.

Under this scenario, the reactor emergency protection system signal is formed within 1.5 seconds as a result of the pressure drop
at the main circulating pump with seized rotor to the level of 0.2 MPa. After that, the CPS control rods are inserted into the core
reducing the reactor power to the residual value and the reactor becomes subcritical. A drop in the reactor power leads to a drop in
coolant temperature and the reduction in the primary loop pressure and consequently to a drop in power removed from the primary
loop by the steam generators. A drop in steam generator power causes a drop of pressure in the secondary loop before the emergency
regulating turbine valve is closed at the pressure level of 4.9MPa. It is assumed that the emergency regulating turbine valve is not
closed in response to the reactor emergency protection system signal. After the emergency regulating turbine valve is closed the
pressure in the secondary loop is regulated by the fast acting steam dump to the condenser system. Acceptance criteria under this
scenario are:

1 Not exceeding maximum design basis fuel rod fracture margin
1 No local fuel melting

Calculation results show:

CPS control rod insertion in response to a signal at 1.9 seconds of the process ensures a reactor shutdown
Maximum pressure in the primary loop does not exceed 15.8 MPa

Maximum seed fuel rod temperature does not exceed initial value

Minimum DNBR in transients occurs in seed rods and does not fall below 1.25

Minimum DNBR in transients for standard VVER-1000 fuel is no less than 1.16

Under this scenario the efficient heat removal from the fuel elements of the core is ensured

=8 =4 =4 =4 -4 -4

The basic integrated reactor parameters are shown in figures 22-25; DNBR in specific cells in figures 26 and 27; cladding/fuel
temperatures in figures 28 and 29.
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I1. CONCLUSION

The performance of the Thorium Power seed and blanket fuel assembly during accident events for loss of power to coolant pumps
meets or exceeds all the regulatory criteria for the design of the VVVER-1000 reactor plants. The seed fuel rods also show better
recovery for DNB than the standard VVVER-1000 fuel rods due to higher thermal conductivity and lower operating temperature of
metal seed rods.
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