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INTRODUCTION

Molten Salt Reactor (MSR) systems are among the
selected technologies for Gen IV nuclear reactors [1]. MSR
employs a molten salt mixture as both fuel and coolant. This
configuration gives the system operation and safety
advantages over water and other types of reactors including
online refueling, processing, and fission product removal,;
high coolant outlet temperature; low operating pressure; and
inherent safety characteristics [2]. The flowing nature of
MSR fuel is challenging for the current computational tools
due to Delayed Neutron Precursors (DNP) and fission
products drift. Due to these unique features, high-quality data
is required for code development and validation. The Molten
Salt Reactor Experiment (MSRE) performed in the 1960s [3]
is the only experimental data source for this class of reactors.
During the operational period of the MSRE several transient
experiments were conducted.

In this work, the fuel pump startup and coastdown
experiments are modeled with a simplified one-dimensional
(1D) model for the neutronics and thermal hydraulics coupled
evaluations. The aim of this work is to develop an accurate
and computationally efficient Multiphysics simulation
platform for the MSRE system. The MSRE fuel pump startup
and coastdown tests are well documented in Ref. [4] and used
for code validation.

COMPUTATIONAL MODELS

To capture the strong coupling between neutronics and
thermal hydraulics in MSRE design, a fully coupled system
of equations is considered. The 1D two group (2G) diffusion
model is used for describing the neutron flux
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where all the terms are in the standard notations, and
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The DNP concentrations are described by the 1D drift
equation
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where A is the flow area and u is the 1D flow speed. The flow
speed is approximated by the incompressible continuity and
momentum equations [5]:
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where p and p are the density and pressure respectively. The
model presentation is limited to the flow equations as the
scope of this paper is limited to the isothermal tests.

The neutron diffusion equation is solved for the reactor
core and the albedo boundary condition is constructed and
applied to account for and the axial neutron leakages. A
fictitious leakage cross section is used to account for the
radial flux. Six DNP families are used. The cross sections,
albedo factors, and DNP data are generated using the MSRE
Serpent model developed in Ref. [6].

Equations (3) and (4) are solved for the entire fuel
circulation loop. The pressure at the pump intake is fixed to
the initial pressure value. The thermophysical properties of
the fuel salt and the geometry of the fuel circulation loop are
collected from ORNL legacy reports [3, 4] and their recent
publication [7] aimed to predict the steady state DNP
concentration along the entire primary loop.

All the equations are solved using COMSOL
Multiphysics software [8] for this work. The diffusion
equation is implemented in the mathematics module while
the DNP equations and the fluid flow is implemented in the
Reacting Pipe Flow interface. A fully coupling between the
two components is achieved by exchanging the fission source
and the delayed neutron source between the two components.
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Fig. 1. A schematic view of the primary loop of MSRE.
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MSRE SYSTEM

The MSRE fuel circulation loop, depicted in Fig. 1,
consists of the reactor vessel, fuel pump, primary heat
exchanger, and piping system. The fuel salt enters the
cylindrical reactor vessel through an annular volute around
the top of the cylinder and flows downwards between the
vessel and the graphite matrix which is designed to occupy
77.5% of the vessel volume. A dished head at the bottom
forces the flow in the upward direction through rectangular
passages in the graphite matrix to the top head. The fuel then
flows the suction line of the primary pump and then discharge
to the shell side of a U-tube heat exchanger in which a
secondary fluoride melt (LIF-BeF2, 66-34 mole %) is used to
cool the fuel salt. Fuel pump is sump-type centrifugal pump
rotates at 1160 rpm delivers 1200 gpm at 49 ft of fluid [9].
The heat exchanger (HX) is designed for heat load of 10 MW
following the configuration of conventional 25%-cut, baffled
shell-and-tube units. The pipe size is 5 inch, and the flow
speed at 1200 gpm is 20 ft/s. The total volume of the fuel salt
in the primary loop is 73 ft. The lengths and flow areas of
the 1D representation of the fuel circulation loop components
is calculated to preserve the fuel salt volume in each
component.

The pump startup and pump coastdown tests are
conducted at zero power (~10 W). The power was kept
constant during the transients by adjusting the fuel rod
position inside the core. During the pump startup test, the
pump speed was increased linearly from zero to 100% in 1s
then it was kept constant during the transient [10]. In the
pump coat down test, starting from steady state flowing
conditions, the pump motor was turned off. Unfortunately,
the fuel salt flow rate in neither case was documented.
Furthermore, the fuel pump curve data is not available. The
change in the control rod position during the pump tests is
shown in Fig. 2.
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Fig. 2. Control-Rod Response to Fuel Pump Startup and
Coastdown (Original Fig. 24. in Ref [4]).

To model the pump startup, for simplicity, we assumed
that the flow rate is proportional to the pump speed. Thus, a
prescribed pump flow rate was assumed in the form of
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where Q,, = 1200 gpm is the operational flow rate. The
initial conditions for the test are u =0, p = 5psi. The
initial flux was obtained by solving the steady eigenvalue
diffusion model and scaling the flux to the test power (10 W).

To model the pump coastdown, we assumed that the
pump head was decreased exponentially with time constant
of 1 s~1. This assumption is based on pump motor stop time,
which takes 10 s to completely stop after the power supply
interruption [3]. This gives the pump heat the functional form

Appump = Apoe_t/T1 (6)

where Ap, is the pump head required to sustain the steady
state flow rate in the pump startup transient, and 7 is the time
constant. The initial conditions for this test are obtained from
the steady state of the previous test.

The power was kept constant during the simulation by
scaling the fission cross section to keep the fission rate at
constant level which is needed to give the test power. This
scaling factor is a measure of the reactivity required to sustain
the reactor criticality.

RESULTS

For the neutronics and T/H coupled calculations, the fuel
salt flow rate is assumed to be known during the pump startup
and coastdown tests. The fuel flow rate as a function of time
for both transient events are illustrated in Fig. 3.
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Fig. 3. Fuel salt flow rate in the pump startup and

coastdown tests.

The reactivity of the system is required to be adjusted to
maintain the critical status during both transient periods.
However, the k-eff value yielded from the steady state
neutronics model at the initial time is not unity. Thus we



assumed its value to be kg, and used it as a scaling factor to
estimate the dynamic reactivity along the transient as

k(t)—k
p(t) = % , (7)

where k(t) is considered as a factor used to scale the fission
source term to keep the power constant at time step t and k,
is the scaling factor at t = 0. The reactivity insertion based
on Eq.(7) and the average concentrations of the DNP as a
function of time are presented in Fig. 4 for the pump startup
test and in Fig. 5 for the pump coastdown test.
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Fig. 4. Reactivity insertion and average DNP concentrations
for the pump startup test.
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Fig. 5. Reactivity insertion and average DNP concentrations
for the pump coast test.

Based on the results shown in Fig. 4 and 5, it is evident
that the reactivity insertion is synchronized with the change
of DNP concentration inside the core. Although a numerical
comparison between the calculated and measured reactivity
is not provided here, the following conclusions can be drawn
from the time evolution:

e The total reactivity loss due to fuel circulation calculated
from the steady state of the pump startup test is
~211 pcm, and the pump coastdown test is ~214 pcm
are in great agreement with the experimentally measured
value ~212 pcm [10]

e The calculated reactivity for the startup test in the initial
phase (t < 15 s) is shaper than the measured values.
This indicates that the assumption made about the flow
rate is not descriptive of the MSRE pump flow rate.

e Similarly, the calculated reactivity for the coastdown test
is sharper than the measured values, indicating that the
assumption about the pump head change after power
interruption is not descriptive of the MSRE pump.

CONCLUSIONS

In this work, a simplified neutronics and T/H coupled
model of the MSRE fuel circulation loop was developed. The
model was employed to analyze the fuel pump startup and
coastdown transients and was demonstrated to successfully
capture the main characteristics of the reactivity changes due
to fuel circulation. In the future work, the reactivity
measurements will be used to infer the fuel salt flow rate
during both transients. It is also planned to extend the model
capability for non-isothermal and compressible flow
conditions.
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