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Abstract — The molten salt reactor is one candidate among the Generation IV nuclear reactor designs, with
its deployment relying on advanced computational tools to capture the unique behavior of the circulating fuel
system. The Molten Salt Reactor Experiment (MSRE) provides valuable experimental data for validating these
computational tools. This work develops a reactor transient benchmark based on the MSRE pump transient tests.

Two computational models are evaluated in the benchmark: a simplified one-dimensional (1D) system-level
model and a more detailed R-Z axisymmetric model using the porous medium approximation. The models are used
to evaluate the impact of spatial resolution on predicted reactivity responses during the transient. Several impactful
factors are examined during the benchmark evaluation, including the neutron diffusion multigroup energy
structure, delayed neutron precursor (DNP) diffusion, DNP group structure, bypass flow, and transient flow rates.

The reactivity predictions using the computational models are compared to the experimental data. The mean
errors in the predicted reactivity responses ranged from 11 to 21 pem (1 pem = 10~°) for the pump startup transient
and 5 to 13 pcm for the pump coastdown transient. These results indicate that the 1D model can provide adequate
accuracy on MSRE pump transients with limitations in predicting the rate of reactivity at the early stage of the
transient, while the higher-order model improves this capability by incorporating the influence of radial salt flow
distribution and bypass flow on transient reactivity.4

Keywords — Molten salt reactor, Molten Salt Reactor Experiment, reactor benchmark, pump transient,
multiphysics modeling.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION these designs, the fissile isotopes are dissolved in a molten
salt mixture and circulated in the primary loop. The safety
The molten salt reactor (MSR) is one of the six high-  advantages of this class of reactors include low operating

potential Generation IV nuclear reactor technologies.!'! In  pressures, elimination of fuel meltdown concerns, the pos-
sibility of fuel drain into a passive configuration, and both
*B-mail: zwu@vcu.edu irradiation and thermal stability of the fluoride salts.*!
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The nonsafety advantages include compact design,
a small facility footprint, high potential thermal-to-elec-
tric conversion efficiency, continued online refueling and
fission product removal, minimal fuel fabrication and
certification costs, and fuel flexibility ranging from
using enriched uranium in an open fuel cycle, thorium
in a closed breeder fuel cycle, or even unwanted trans-
uranic elements from existing used nuclear fuel or weap-
ons inventories. These advantages position MSR
technology as a highly attractive option for the industry,
driving increased interest and investment in research,
development, and demonstration activities.!

The adoption of circulating liquid fuels results in
some intriguing physical phenomena, such as the fact
that the delayed neutron source distribution is not propor-
tional to the in-core power distribution, as in solid-fueled
reactors. Instead, the delayed neutron source varies with
the fuel flow due to the distribution of the delayed neu-
tron precursors (DNP) throughout the fuel circulation
loop as a function of the flow field. Similarly, the fission
product circulation and removal system affect the decay
heat distribution and neutron balance.

Another unique aspect of liquid fuels is that the heat
is generated directly in the coolant, creating a strong
coupling between the neutronics and thermal-hydraulic
behaviors. These phenomena are challenging for the
well-established computational methods that are opti-
mized for stationary fuel reactors. Another major chal-
lenge facing the development of the MSR is the lack of
evaluated experimental data that can be used for validat-
ing computational methods.

The Molten Salt Reactor Experiment (MSRE) was an
8-MW(thermal), thermal spectrum, circulating fuel reactor
that aimed to demonstrate the safety and practicality of
MSRs, as well as to provide long-term irradiation tests of
fuel, nickel-based alloy INOR-8, and graphite under actual
service conditions." This experiment is currently consid-
ered the only reliable source for experimental data for
MSRs. The construction of the MSRE was completed in
1964, and it reached criticality on June 1, 1965. After
completing 13 000 equivalent full power hours of opera-
tion using >>°U, phase one of operation was successfully
concluded.™ The second phase started in August 1968
when 91% enriched U was added, making the MSRE
the first reactor to operate using this fissile isotope. The
MSRE was put in shutdown conditions in January 1970.[)
The MSRE is extensively used to validate computational
tools for circulating fuel reactors.’ ')

During the operation of the MSRE, several static,
dynamic, and transient experiments were conducted to
address the reactor physics features of the circulating
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fuel system. Over the years, researchers have used these
tests to validate various methods and computational tools
for MSRs. Kiepel et al.'* used the MSRE benchmark
data defined by the Molten Salt Reactor Technology
(MOST) project’® for validating the code DYN3D-
MSR. Jaradat et al.''*! developed transient capabilities
for MSRs in the neutron transport code PROTEUS-
NODAL and validated the code against the data from
the MSRE pump transients and natural circulation tests.
The steady-state data of the MSRE was used to validate
Moltres, a MOOSE-based model for MSRs.'*' The
MSRE data have also been used to validate the multi-
physics coupling between neutronics and thermal-fluidic
codes.[!>:1¢]

The results of all these activities have resulted in
unresolved discrepancies between the experimental data
and the simulation results. One reason for this continuing
issue is the lack of a systematic evaluation of the experi-
mental data, system specifications, and test procedures,
which we hope to fix. The aim of this work is to identify
the sources of uncertainty in the experimental data for the
MSRE pump transient tests and to evaluate the impact of
various modeling choices on the simulation results.

With this motivation, this work focused on the
approaches to developing an evaluated reactor transient
benchmark derived from the MSRE pump transient tests
for the International Reactor Physics Experiment
Evaluation Project (IRPhE) Handbook.!'”! The IRPhE
Handbook serves as a collection of evaluated reactor phy-
sics benchmarks that have been derived from various
experiments. The aim of this Handbook is to provide bench-
mark specifications for reactor designers and safety analysts
and to validate calculational techniques.!'®! A static bench-
mark for MSRs based on the MSRE has been included!®! in
the IRPhE Handbook starting with the 2019 edition.

This work aims to add a transient benchmark to the
existing static benchmark. To achieve this objective,
a thorough review of the test procedure and measurement
system was performed. The sources of uncertainty were
identified and propagated to the reactivity response.
Finally, two distinctive benchmark models were provided,
and isolated effect studies were performed to understand
the impact of the various model simplifications.

In this work, the uncertainty in the experimental data
was evaluated based on the available information about the
measurement system. A sampling approach was used to
provide an estimation of the uncertainty in the experimental
data. Two computational models at different orders were
developed and employed to evaluate the impact of various
modeling choices and geometrical features of the MSRE.
The low-order model used a one-dimensional (1D)
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geometrical representation of the MSRE primary loop and
a fully coupled neutronics/fluid flow model. A fully coupled
scheme means that all equations were solved simultaneously
by assembling all equations in a single global matrix system.

The high-order model used a R-Z two-dimensional (2D)
geometrical representation of the MSRE and an iterative
multiphysics coupling scheme to achieve the numerically
converged solutions. An iterative approach was used for the
R-Z model due to the large number of degrees of freedom.
The parameters investigated in this work included the multi-
group energy structure, the diffusion coefficient of DNP, the
DNP group structure, the bypass flow, and the uncertainty in
the transient flow rate driving the reactivity transient.

The remainder of this paper is organized as follows.
Section I provides a detailed description of the MSRE
system, the pump transient tests, and the evaluation of the
uncertainty in experimental data. Section III provides the-
orical descriptions of the two mathematical models used in
this work. Sections IV and V discuss the results of the
MSRE transient benchmark based on the low-order model
and the high-order model, respectively. Finally, Sec. VI
offers the main conclusion remarks drawn from this work.

Il. MSRE PUMP TRANSIENT TESTS

ILA. System Specifications

The MSRE consisted of two salt circulation loops. The
fuel circulation loop (i.e., primary loop) consisted of the
reactor vessel, the primary pump, the shell side of the heat
exchanger (HX), and the connecting piping. The coolant
circulating loop consisted of the tube side of the HX, the
secondary pump, the radiator, and the connecting piping.

The fuel carrying salt was FLiBe, with a composition
of LiF-BeF,-ZrF4-UF, (65.0%-29.17%-5.0%-0.83%) at
initial critical loading.”®’ The **°U enrichment was
31.35 wt% and the 'Li enrichment was 99.995 wt%. The
coolant salt had the composition of LiF-BeF, (66%-34%).
The moderator was a grade CGBY'"! graphite matrix that

was formed into vertical bars (stringers) arrayed to form
a core structure that provided salt flow channels.

Reactivity control was provided through three flexible
solid control rods of gadolinium oxide positioned where
three graphite stringers were removed and located equidi-
stant from the center of the graphite matrix.**! A fourth
stringer was left out for the sample basket. All structural
materials were made of nickel-based alloy INOR-8
(Hastelloy N). A detailed description of the MSRE materials
and neutronics considerations can be found in Ref. [19]. The
thermophysical properties of the fuel salt are listed in Table I.

The MSRE reactor vessel had a height of 8 ft
(2.44 m), an inner diameter of 58 in. (1.47 m), and
a thickness of 9/16 in. (1.43 cm) at the cylindrical portion
and 1 in. (2.54) at the flow distributer, upper head, and
lower head regions. The lower and upper heads of the
vessel were torispherical domes with an inner diameter of
58 in. (1.47 m). The aspect ratio of the vessel heads (i.e.,
diameter-to-height ratio) was about 4.28.

The fuel salt entered the vessel through a 5-in
(12.7-cm) schedule 40 inlet nozzle. The inlet nozzle
was tangent to the flow distributor, which was a half-
circular torus with an inner diameter of 4 in. (10.16 cm).
The flow was distributed evenly around the circumfer-
ence of the vessel and entered the vessel through 84 holes
with a 3/4-in. (1.91-cm) diameter arranged in three rows
and with a 30-deg tangent on the outer surface of the
vessel to promote spiral flow around the vessel. The salt
then flowed spirally downward in the annulus, which was
formed in the 1-in. (2.54-cm) gap between the vessel wall
and the core can. The core can was a 1/4-in. (0.64-cm)
cylindrical shell with a 68-in. (1.73-m) height and
a 55.5-in. (1.41-m) inner diameter.

The salt exited the bottom of the annulus and flowed
radially in the lower head guided by 48 radial swirl-
straightening vanes of a 11-in. (27.94-cm) length toward
the head center. The fuel then flowed upward to the
graphite core. The graphite matrix was supported by
a lattice of graphite blocks arranged horizontally in two
layers at right angles to each other, which in turn was

TABLE I

Thermophysical Properties of the MSRE Fuel Salt™®*

Property Fuel Salt Uncertainty
Density, p(kg/m®) 2575-0.5137(°C) +1%
Heat capacity, ¢, (J/kg-K) 2386.47 +3%
Thermal conductivity, &(W/m-K) +10%
Dynamic viscosity, u (Pa‘s) 11.6 % 10-5¢1% +7%
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supported by a grid of INOR-8 plates. The graphite core
was formed by 513 2 x 2-in. (5.08 x 5.08 cm) and 104
fractional-sized vertical, close-packed bars.

Flow channels were formed by grooves on the four
faces of each stringer. The flow channel was a stadium-
shaped channel with the straight section 0.8 in.
(2.032 cm) long and 0.4 in. (1.02 cm) wide, and the
round section was a half-circle with a radius of 0.2 in.
(0.51 cm). There were 1108 full-sized flow passages, and
the flow channels totaled to the equivalent of 1140 full-
sized passages. The top horizontal faces of the stringers
were tapered to prevent salt accumulation after drainage.
The graphite core had a height of about 63 in. (1.6 m) and
a diameter of 55.25 in. (1.4 m), leaving a 1/4-in. (0.64-
cm) gap between the matrix and the core can. The gra-
phite volume in the core was about 69 ft* (1.95 m>).

The fuel salt left the graphite matrix and flowed to
the upper head, which directed the flow to the outlet
nozzle. To promote flow circulation near the walls of
the upper head, the fuel flow bypassed directly from the
anulus to the upper head through 18 slots, 0.2 x 0.2 in.
(5.08 x 5.08 cm) cut in the core can flange. At nominal
flow rate (1200 gpm or 0.0757 m?/s), this bypass flow
was 24 gpm. There was additional flow (3 to 22 gpm)
passing through the annular clearances at the core can
support ring.*”}

The upper head had a 10-in. (25.4-cm) nozzle open-
ing that diverted the fuel salt into the 5-in. (12.7-cm)
horizontal outlet nozzle. The 10-in. nozzle was provided
with a strainer to prevent large chips of graphite from
circulating with the fuel salt. A detailed computer-aided
design (CAD) model for the MSRE reactor vessel was
developed and made publicly available by a team from
Copenhagen Atomics.**) A cut-away drawing of the
MSRE reactor vessel is shown in Fig. 1.

A schematic representation on the fuel salt circulation
loop is given in Fig. 2, with the numbers of the figure
defined in Table II. After leaving the reactor vessel outlet
nozzle, the fuel salt flowed through a pipeline (line 100) to
the pump suction nozzle. In the MSRE, each pipeline was
given a number in the flowcharts. The position of each
pipeline relevant to the fuel circulation loop is described in
Table II. Line 100 extends 6 ft (1.83 m) in the horizontal
direction, with a cross section of 5-in. (12.7-cm) schedule
40, followed with a vertical transition with a length of
32 in. (81.28 cm) and a diameter varying from 5 in.
(12.7 cm) to 8 in. (20.32 cm) to match the pump inlet.

The primary pump was a sump-type centrifugal
pump that rotated at 1160 rpm to deliver 1200 gpm at
discharge head of 48.5 ft (14.78 m). The pump bowl was
36 in. (91.44 cm) in diameter. The pump intake nozzle
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was 8 in (20.32 cm), and the discharge nozzle was 5 in.
(12.7 cm). The pump impeller diameter was 11.5 in.
(29.21 cm), and the pump motor was 75 hp. The normal
operating volume of the pump was 4.1 f? (0.116 m?).
A cover gas was provided by helium at a circulation rate
of 200 ft*/day, which also served to sweep highly radio-
active gases.

The fuel salt was then discharged to the shell side of
the HX through line 101. Line 101 was a 5-in. (12.7-cm)
schedule 40 with a length of 3.5 ft (1.067 m). The HX
was designed for a heat load of 10 MW following the
configuration of conventional 25% cut, baffled shell-and-
tube units. The HX was installed horizontally with
a 3-deg downward pitch. The shell side was 8 ft and
3 in. (2.51 m) long with a 16-in. (40.64-cm) diameter.
The tube side consisted of 159 U-tubes with average
length of 14 ft (4.27 m) and a 1/2-in. (1.27-cm) outer
diameter with 0.042-in.-thick (0.1067-cm) walls.

The effective heat transfer area was about 254 ft*
(23.6 m?). The fuel salt was recirculated to the reactor
vessel through line 102, which extended for 5.5 ft
(1.68 m). The fuel salt volumes in the primary loop and
residence time at the design flow rate (1200 gpm) are
listed in Table II.

The coolant salt (secondary salt) left the HX and
flowed to the tube side of the radiator where it was cooled
by air. The radiator consisted of 120 S-shaped tubes, with
each tube 30 ft (9.14 m) in length with a 3/4-in. (1.91-cm)
outer diameter and a 0.072-in. (0.183-cm) wall thickness.
The tubes were arranged in a staggered configuration
with 12 tubes in height and 10 tubes in depth. The
effective heat transfer area was 706 ft* (65.59 m?).

The coolant salt then flowed to the suction line of the
secondary pump. The secondary pump was almost iden-
tical to the primary pump. The secondary pump was
designed to deliver 850 gpm (0.0536 m>/s) against
a head of 78 ft (23.77 m) when driven at 1750 rpm by
a 75-hp motor. The pump intake nozzle was 6 in.
(15.24 cm), and the discharge nozzle was 5 in.
(12.7 cm). The impeller diameter of the pump was
10.33 in. (26.24 cm). The coolant salt was then recircu-
lated to the HX. The salt volume in the secondary loop
was 45.83 ft* (1.298 m>).

The air was provided by two blowers that had
a combined capacity of 200 000 cfm (94.39 m’/s) at
a discharge head of 9 in (22.86 cm) of water. The inlet
air temperature was 100°F, and the outlet air temperature
was 300°F under designed conditions. The radiator was
equipped with two doors on the upstream and down-
stream faces that could move vertically to provide
a control on the heat load. Each door was 8 ft (2.44 m)

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025
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Fig. 1. MSRE reactor vessel (originally Fig. 2.2 in Ref. [20]).

in height and 11 ft (3.35 m) wide and could move at a rate
of 10 ft/min (5.08 cm/s).

I1.B. Pump Transient Tests

The MSRE pump transient test was a set of two
transients that were conducted at zero power (i.e., iso-
thermal at 1200°F). At this condition, the mass flow rate
in the primary loop was 169.746 kg/s. The aims of the
pump transient tests were to (1) obtain the fuel pump
and coolant pump startup and coastdown characteristics,

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025

(2) infer the fuel salt flow rate characteristics during
coastdown, and (3) determine the transient effects of
fuel flow rate changes on reactivity.?”! The pump tran-
sient tests were conducted during the initial phase of
MSRE operation with the **°U fuels. The tests were
conducted by interrupting the fuel salt flow rate and
measuring the position of the control rod, which was
automatically driven to keep the core power at a fixed
level.

The regulating control rod was driven by a flux
servo controller unit that attempted to maintain the

@ANS



6  ELHAREEF et al. - REACTOR TRANSIENT BENCHMARK FOR MSRE PUMP

Fig. 2. MSRE fuel circulation loop (originally Fig. 2.2 in Ref. [24]).

flux signal constant. At the test conditions, the reactivity
perturbations were entirely attributed to the perturbations
in the DNP concentration due to the flow transient.!*®!
With flow rate changes, the axial and radial distribution
of DNP inside the core changed. These changes in the
delayed neutron source affected the core criticality and
external reactivity (i.e., control rod) was required to
compensate for the deviation from criticality.

Il.B.1. Test Procedures and Measured Data

The pump startup transient started from the steady-
state stationary salt configuration. During the pump
startup test, the speeds of both the fuel pump and the

@ANS

coolant pump were increased simultaneously from zero to
the rated speed to induce the flow transient. The reactiv-
ity effects of the flow transient were measured by record-
ing the control rod position as a function of time, which
was controlled by the flux-servo controller unit to main-
tain criticality. The servo controller movement was con-
trolled by three signals: (1) the measured flux, (2) the flux
demand (i.e., desired power level), and (3) the rod speed
signal.[?”!

Following the startup test, starting from the steady-
state flowing condition, the motor of each pump was
turned off to initiate the pump coastdown transient. The
reactivity effects of this flow transient were measured in
a similar manner to the startup test. The control rod

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025
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TABLE I
Geometrical Parameters of the MSRE Fuel Circulation Loop™”
Position Volume Residence
Component (see Fig. 2) (m?) time (s)
Core 6 and 7 0.7080 9.3
Upper plenum 7 and 8 0.2973 3.9
Line 100 (vessel to pump) 8 and 10 0.0595 0.8
Pump Mainstream 10 and 1 0.0255 0.3
Outside mainstream 0.0906 -

Line 101 (pump to HX) 1 and 2 0.0227 0.3
HX 2 and 3 0.1727 2.3
Line 102 (HX to vessel) 3 and 4 0.0623 0.8
Distributor + downcomer 4 and 5 0.2747 3.6
Lower plenum 5and 6 0.2832 3.8
Total 1.9963 252

response to the pump transient tests and the integral
worth curves of the regulating control rod are shown
in Fig. 3; the final loading curve was used in this study,
as the pump transient test was conducted after the final
fuel loading. During the pump transient tests, both the
fuel pump speed and coolant pump speed were recorded
along with the time, but only the flow rate in the coolant
salt loop (i.e., the secondary loop) was recorded.!**!
The transient flow rate in the primary loop is
considered missing data. As the initiating event of the

reactivity transient, it is important to accurately
Fuel Pump Startup
~—~
z
s
s
=
k=
=
£
N—
=
2
=
‘B
o
% Fuel Pump Coastdown
o
o~
Time (sec)

Reactivity worth (%06k/k)

estimate the transient flow rate in the primary loop.
This was done in our previous work!?®! by solving the
conservation equations of the fluid momentum and the
pump angular momentum given the measured pump
speed. The detailed procedure for regenerating the
missing flow rate is discussed in Ref. [29]. The regen-
erated normalized primary flow rate during the pump
transient tests, along with the estimated uncertainty, are
given in Table III. Note that the reported flow rate
values were normalized to the nominal flow rate
(1200 gpm).

Critical Loading
(66.25 Kg U235 in loop)

Final Loading
(71.71Kg U235 in loop)

Rod Position (in. withdrawn)

Fig. 3. (left) Experimental measurements for control rod response to fuel pump startup and coastdown transients, and (right)

integral worth of the regulating control rod.!*!

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025
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I.B.2. Uncertainty in Experimental Data

The system response to the pump transient tests was
measured in terms of control rod movement that attempted
to keep the power level constant. The reactivity response can
be calculated using the integral control rod worth curve to
transform the rod positions to reactivity units. The MSRE had
two control rod position indicators.?”! The coarse indicator
rotated 5 deg per inch of control rod movement. The fine
indicator rotated 60 deg per inch and had a sensitivity of
0.05 in. A third position indicator was used to measure the
relative position of the rod compared to the thimble by
measuring the air pressure drop across a built-in flow
restrictor.

A second source of uncertainty in the measured data
was the response time in the flux-servo controller. The
uncertainty sources in the flux servo controller response
were the detector dead time and the delay time of the
servo motor. These response times were much smaller
than the time interval for the recorded measurements (1 s)
and were likely to have had a minimal effect on the
measured response. Finally, the control rod had
a maximum speed of 0.5 in./s (1.27 cm/s). This limitation
on the reactivity insertion rate was expected to cause
overshooting in the reactivity insertion.”’

The differential worth measurement of the regulating
rod was obtained using the period measurements method at

different >>>U loadings for the stationary fuel.**! The integral
worth curve of the regulating control rod was then obtained
by integrating the differential worth curve. Following the
period measurements, rod drop measurements were con-
ducted to check the self-consistency of the rod worth mea-
surements. All rod drop measurements were within the 5%
band of self-consistency with the rod calibration results.

To estimate an upper and lower bound of the reactivity
response during the pump transient test, the uncertainty in the
control rod position indicator and the uncertainty in the rod
worth curve were considered. A sampling-based approach
was used to calculate the standard deviation, which was used
as an estimation of the uncertainty interval.** The calcula-
tion procedure was follows:

1. For each measured rod position, 2000 samples
were drawn from a normal distribution with a mean of the
measured position and a standard deviation of 0.01 in.
(the reported uncertainty in rod position indicator®*)).

2. For each sample, the integral worth curve was
used to calculate the reactivity worth at this position.

3. For each value of the reactivity worth values,
2000 samples were drawn from a normal distribution
with a mean of the reactivity worth calculated from the
integral curve + 1% and a standard deviation of 1% of the
mean.

TABLE III

Mean and Estimated STD in the Transient Flow Rate During the Flow Transient Tests

Coastdown Flow Rate Startup Flow Rate
Time (s) Mean STD Time (s) Mean STD
0 1 0 0 0 0
1.212 0.931 0.011 0.606 0.061 0.003
2.424 0.676 0.030 1.212 0.387 0.017
3.636 0.445 0.031 1.818 0.638 0.022
4.848 0.283 0.027 2.424 0.801 0.02
6.061 0.178 0.022 3.03 0.895 0.014
7.273 0.124 0.017 3.636 0.946 0.009
8.485 0.094 0.016 4.242 0.972 0.006
9.697 0.074 0.017 4.848 0.986 0.003
10.909 0.063 0.019 5.455 0.993 0.002
12.121 0.056 0.020 6.061 0.996 0.001
13.333 0.053 0.020 6.667 0.998 0.001
14.545 0.051 0.018 7.273 0.999 0
15.758 0.049 0.017 7.879 1 0
16.97 0.047 0.016 8.485 1 0
18.182 0.045 0.015 9.091 1 0
19.394 0.044 0.015 9.697 1 0
20.000 0.042 0.014 10.000 1 0
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4. Now for each measured position, there were
4 million samples drawn from the distribution of the rod
position and worth curve. The mean of these all samples at
each time step was used as the best estimate of the reac-
tivity worth, and the standard deviation was used as an
estimation of the uncertainty in this response. The reactiv-
ity change was calculated by subtracting the reactivity
worth corresponding to the initial position for the startup
test from all the following points. The uncertainty in the
reactivity change was then calculated as /o3 — o7, where
o; is the standard deviation of the reactivity worth for the
i’th point.

Following the estimation of the uncertainty in the experi-
mental measurements, the identified uncertainties in the
test parameters were propagated to the reactivity through
4000 evaluations of the computational model described in
Sec. IV. The standard deviation of this sample was com-
bined with the experimental uncertainty to provide an
overall estimation of the benchmark uncertainty.
Figures 4 and 5 show the best estimate of the reactivity
responses and the estimated 1o uncertainty associated
with them for the pump startup and pump coastdown
transients, respectively. The number below each point
refers to the best estimate of reactivity and the number
above each point is the estimated 16 uncertainty.

[1l. MATHEMATICAL MODELS

Circulating fuel in MSRs requires the simultaneous
modeling of the neutronics and fluid flow to capture the
strong coupling between the two phenomena and accu-
rately simulate system performance. The neutronics beha-
vior can be modeled using the multigroup neutron
diffusion model coupled with the mass balance of DNP.
The standard multigroup neutron diffusion equation is
given by

| 3¢,
EE = V . ng¢g - Zr7g¢g
G
+ng(1 - ﬂ) Z vg/zfag/¢g'
g=l
G I
+ Z Es,g’ﬁg(bg’ + ZXd[ﬁg)"iCi ) (1)
g'+g i=1
where

subscript g = energy group number
¢ = neutron flux

v = neutron speed

Fig. 4. Best estimate of the reactivity worth of the control rod positions and the overall 16 uncertainty during the pump startup

test.
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Fig. 5. Best estimate of the reactivity worth of the control rod positions and the overall 1o uncertainty during the pump

coastdown test.
D = neutron diffusion coefficient
Y, = removal cross section

X = emission spectrum for prompt
neutrons

S = total delayed neutron fraction (DNF)
%, = fission cross section

X, ¢—g = cross section for scattering from group
g’ to group g
X4 = emission spectrum of delayed neutrons
from the i’th DNP group

A; = decay constant of the i’th DNP group
C; = concentration of the i’th DNP
group (m ).
The DNP concentration for a circulating medium is

governed by the mass balance equation given by the
advection-diffusion model

aa(; L4 V.[UC) =V (DVC)
G
+ 5 Z VeXrghy — MG, (2)
g=1
where

@ANS

subscript i = DNP group
U = intrinsic velocity of the circulating fuel

D; = diffusion coefficient of the i’th DNP
group
p; = DNFfor the i’th DNP group.

The motion of viscous fluid is generally described by
Navier-Stokes (N-S) equations, which are a set of non-
linear partial differential equations expressing the mass
and momentum balance of the flow system.*') For the
single-phase flow, the N-S equations have the form

d
P LV (pU) =0 (3a)
o

U ,

pa+p(U-V)U:—Vp+,uV U+F | (3b)

where
U = velocity field

p = density

p = pressure

7 = viscous stress tensor
1 = dynamic viscosity

F = body force vector.
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The direct solution of the neutronics model
coupled with the N-S equations [i.e., computational
fluid dynamics (CFD) equations] for nuclear reactor
systems is challenging due to the large scale and the
complexity of the reactor systems. The application of
the CFD method for modeling fluid flow and heat
transfer phenomena in nuclear reactors is currently
receiving great attention thanks to the recent
developments in  high-performance computing
technology.l*?!

Traditionally, the simulation of nuclear reactor sys-
tems involved either the use of system-level codes*! or
the porous medium approximation.**! The system-level
codes, such as RELAP5 and SAM,*?! employ
a homogenized, lumped, or 1D representation of the
system. These codes have been developed for decades
and are widely used in steady-state and transient simula-
tions of nuclear reactors.

The porous medium method approximates the fine
details of the geometry as a homogeneous porous med-
ium, and thus provides an intermediate fidelity between
the detailed CFD and the system-level analysis. The
approach is based on volume averaging of the conserva-
tive quantities and on using closure relations for the
interactions of fluid with the substructure. Coase-mesh
CFD has been adopted by several modern thermal-
hydraulic codes, including the MOOSE-based code
Pronghorn,*®! the open-source code GeN-Foam,*”! and
GOTHIC.!'!

II.A. SYSTEM-LEVEL MODEL

System-level codes are computationally efficient
tools that use simplified forms of the conservation equa-
tions and empirical closure relations. The applications of
system-level codes include safety analyses, designs of
new systems, design and interpretation of experimental
programs, and licensing.**! A 1D multigroup neutron
diffusion model can be obtained by integrating the flux
and DNP over the transverse direction. In such a case,
a special treatment is required for neutron leakage in the
radial direction.

In our previous work,*™ the detailed derivation of
the 1D leakage-corrected neutron diffusion model was
discussed. The 1D transport equation for DNP can be
derived by integrating the mass balance equation over
the direction transverse to the flow direction. The 1D
presentation of Eq. (2) takes the form

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025

oC;
G
AR Y Ve Ty
g'=1
- 7\'iAC'i ) (4)

where A is the flow area and the intrinsic velocity U is
replaced with the area averaged velocity u.

In many practical applications in nuclear reactors, it is
reasonable to use a 1D model for flow in channels where the
velocity is averaged over the flow cross section. Such a model
can be derived from the N-S equations by assuming negligible
motion in the transverse direction. The 1D model for flow in
channels can be written in the form®*!

Op , O(dpu)
Ou ou  Op p
PE+P“§——§—4DE”|”|+F ; (5b)

where fp is the Darcy friction factor and d, is the hydrau-
lic diameter.

The 1D model has the advantage of efficiently
simulating flow phenomena at full scale. The disad-
vantages of this approach are the loss of information
about the transverse flow distribution and the diffi-
culty of casting complex flow geometries into 1D
representations.

I11.B. Porous Medium Model

In the porous medium treatment, the complex geo-
metry is simplified by an equivalent homogenized med-
ium with volume-averaged properties. This simplification
allows for the use of coarse mesh to represent complex
systems. Geometry homogenization is a typical practice
in generating the cross-section parameters for the neutron
diffusion equation.

For the fluid flow model, the Darcy velocity (i.e., the
velocity averaged over the medium volume) is used to
describe the flow field in the porous medium. The rela-
tion between the Darcy velocity and the intrinsic velocity
is given by

u=2¢U . (6)

The proportionality constant is the medium porosity &,
which is defined as the fraction of the total volume that is
occupied by the fluid phase. In the porous medium

@ANS
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treatment, the DNPs are present only in the fluid phase
(i.e., porous volume). Thus Eq. (2) is multiplied by the
porosity ¢,

8@@? +V-[uG) =&V - (D,VC)
G
+&pB; Z Ve Xy Py
g'=1
- 8)\'[Ci ) (7)

where C; is the fluid phase concentration (i.e., per unit
volume of the fluid phase).

Darcy’s law of flow in porous media is an empirical
relation that states that the steady-state flow rate is pro-
portional to the applied pressure gradient.!*”! The general
form of Darcy’s law is given by

u::uilK'Vp ) (8)

where u is the dynamic viscosity and K is the perme-
ability tensor, which is a property of the porous medium
representing the ability to conduct flow.[*") It is important
to note that the velocity given by Eq. (8) is the Darcy
velocity (i.e., the velocity averaged over the medium
volume). The mass and momentum conservation of
fluid flowing in porous medium following Darcy’s law
is given by

0
el 4V (pu) =0 (9a)
ot
Ea—u—l-ﬁ(u-V)u:—Vp—,uK*lu—l-F. (9b)
g0t &
Darcy’s law holds for sufficiently small velocity

(Reynolds number less than 1).1*°! Forchheimer corrected
for the deviation from the Darcy’s law at higher Reynolds
numbers by adding a quadratic drag term.*) The
Brinkman’s equation is considered an extension to
Darcy’s law, where an additional term is added to the
momentum equation, similar to the Laplacian term in the

N-S equations. The conservation equations under
Brinkman’s law are given by[40]
o
85+V-(pu):0 (10a)
PO L P 4 VYu = —Vp— uK a4+ iV2u
g0t &
—CFpK_l/Z|u|u—|—F (10b)

@ANS

where u is an effective viscosity and is geometry inde-
pendent, and cr is a dimensionless form-drag constant.
The effective viscosity is typically taken to be equal to
the fluid viscosity (u = p). It is worth noting that as the
permeability tensor reaches zero (K — 0) the Brinkman’s
equation is reduced to Darcy’s equation. On the other
hand, Brinkman’s equation is reduced to the
N-S equations as the permeability tensor reaches infinity
(K — 00).

Finally, the inertial term (u - V)u in Eq. (10) is typi-
cally ignored for the following reasons!*”): (1) it is incon-
sistent with the slip boundary condition, (2) in the
presence of a fixed solid matrix, the fluid particle does
not generally retain momentum flowing from point to
point, and (3) the inertial term is generally smaller than

. 1 .
the quadratic drag term czpK~ 2|ulu. Neglecting the
inertial term, the Brinkman’s equation takes the form

d
gait’+v-gou):o (11a)
plu = —Vp — 1K 'u + uVu
¢ Ot

— crpK Rlulu+F . (11b)

I11.C. NEUTRONICS TRANSIENT MODEL

For the transient under consideration, the total fission
power was assumed to be constant, and the simulation
could be simplified using the improved quasi-static
approach.l>*¥1 Under the assumption that the flux
shape is weakly dependent on time, the flux can be
factorized into shape and amplitude functions,

¢ (r,1) = P(t)p,(r,1) . (12)
Substituting it into Eq. (1) and introducing the multi-

plication factor k., which Eq. (12) required to correct
for criticality in steady state, gives

1 op 0
< + Pq)g> =V -D,VPp, — %, . Py,

ve \Pear T
Tpe(1 = B) & G
+ ,,gk— Z VeXr g Ppy + Z Xy g-gPpy
eff g'=1 gl*g
I
+ > AaihCi - (13)
i=1

For the special case in which the total power is constant,
Eq. (13) is reduced to
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1 3¢, Xpe(1 = B)
——2=V.D,Vp, - X AL
v, Ot &0 T Rrebe T

G G 1 1
Z Vg/2f7g/(/)gr + Z Vs)g/_ngwg/ + szd%gxici
g'=1 g'#g i=1

(14)
where k. is treated as a time-dependent parameter that

can be calculated as the ratio of the fission power at some
time step to the initial fission power,

G
| 2 wzrenew

Vg'=1

ke (t:) = kg,f G ) (15)
| 5 vezram )
Vg'=1

where kgﬁ» is ko at t = 0.
In a similar manner, the DNP equations become

oC;
Py +V.[UC]=V-(D/VC)
iy
+ = Ve Xr g Ppy
kefy g=1
-NGo (16)

In this treatment, the dynamical weighting factor k.
mimics the addition or the withdrawal of reactivity to
maintain the power level.

I11.D. Diffusion of the DNP

The diffusion coefficient of the DNP accounts for
both the molecular and turbulent diffusive effects in the
flowing fluid.** It can be defined as

Di :Dc,i+DT ) (17)

where D, ; is the molecular diffusion coefficient, and Dr
is the turbulent diffusion coefficient given as the ratio
between the eddy viscosity vy and the turbulent Schmidt
number of the fluid.

Molecular diffusion typically has a smaller magni-
tude compared to the advection term and turbulent
diffusion.[*>! Moreover, due to the lack of data on the
turbulent mass transport, a sensitivity study for the effect
of the turbulent Schmidt number on the effective DNF
was carried out in Ref. [46]. The results indicated that
changing the turbulent Schmidt number over two orders
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of magnitude resulted in about a 20 pcm (1 pcm = 107°)
change in the effective DNF.

In the current work, no turbulent modeling was
considered for the fluid flow. The effect of turbulent
diffusion was studied using the system-level model
through the Taylor correlation,®®! as discussed in
Sec. IV.B.

IV. SYSTEM-LEVEL BENCHMARK RESULTS

The MSRE fuel circulation loop was cast into a 1D
representation where each component was represented by
a 1D segment with a length equal to the physical length of
the component. The effective cross-sectional area of each
component was calculated by dividing the salt volume by
the length to preserve the residence time. The geometrical
parameters of the 1D model are given in Table I'V. Note that
the residence times given in Table IV were calculated at the
nominal flow rate (1200 gpm). The geometry and flow
network of the 1D model are shown in Fig. 6. No bypass
flow was considered in the 1D model.

The 1D computational models given by Eqs. (4),
(5), and (14) were implemented in COMSOL
Multiphysics,[*”! and the resultant fully coupled system
was solved simultaneously. The neutron diffusion model
given by Eq. (14) was solved for the lower head, core,
and upper head regions subject to the albedo boundary
condition. The number of elements for the neutron dif-
fusion equation (core region) was 51, and the number of
elements for the fluid flow model (fuel loop) was 172.
More details about the 1D model implementation can be
found in Ref. [38].

The simulation started by solving Eq. (14) in eigenva-
lue mode to obtain the stationary flux distribution.
A pseudo-transient step was then used to obtain the initial
concentration of the DNP. After obtaining the initial condi-
tions of the system, the pump startup test was initiated by
increasing the flow rate in the loop according to the regen-
erated flow rate (see Table III). During the transient, the
total power was kept constant through the dynamic multi-
plication factor k. defined by Eq. (15). After the system
reached the steady state, the coastdown transient was
initiated by reducing the flow rate in the loop according to
the regenerated flow rate. The total power was kept constant
in a similar manner to the startup case.

In this treatment, the changes in k. were equivalent
to the control rod movement attempting to keep the
power constant. The reactivity inserted to maintain
a constant power can be calculated using

@ANS
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TABLE IV
Geometrical Parameters of the 1D Model of the MSRE Fuel Circulation Loop
Effective Flow Area
Component Length (m) (m?) Volume (m”*) Residence Time (s)
Core 1.67 0.425 0.7086 9.4
Upper plenum 0.35 0.850 0.2973 3.9
Line 100 horizontal 1.83 0.013 0.0236 0.3
Line 100 vertical 0.81 0.045 0.0365 0.5
Pump 0.57 0.045 0.0255 0.3
Line 101 (pump to HX) 1.70 0.013 0.0220 0.3
HX 2.44 0.071 0.1729 2.3
Line 102 (HX to vessel) 4.65 0.013 0.0600 0.8
Distributor + downcomer 6.28 0.044 0.2751 3.6
Lower plenum 0.34 0.827 0.2834 3.8
Total 1.9057 25.2

=1 ky(t) —1
off o Ui
pin(ti) = _Ap = -

ke ke (2:)

(18)

The cross sections and DNP data for the neutronics model
were generated using the Serpent model based on the
MSRE static benchmark* and the nuclear library
ENDEF/B-VIIL.1. A detailed description of the homoge-
nized cross-section generation for the 1D model for the
MSRE can be found in Ref. [38].

The following subsections discuss the effects of var-
ious modeling choices on the calculated reactivity response.

Fig. 6. Schematic geometry of the system-level model.

@ANS

IV.A. Effect of Neutron Energy Group Structure

There is no generally accepted group structure for the
multigroup neutron diffusion equation for MSRs. In our
previous study,*® we showed that an energy structure with
eight groups achieved the highest accuracy for the steady-
state, stationary, 1D model of the MSRE. The group bound-
aries of the eight-group (8G) energy structure were set
equidistantly on the lethargy scale and are given in
Table V. In the current work, two sets of multigroup cross
sections are generated using Serpent. The first set used the
standard two-group (2G) energy structure with a thermal
energy cutoff at 0.625 eV and the second set used the 8G
energy structure. Both sets were used to simulate the pump
transient test to evaluate the effect of energy discretization
on the transient modeling of the MSRE. A detailed descrip-
tion of the cross-section generation model, along with the
2@ cross sections, are provided in Ref. [38].

For the 2G energy structure, all neutrons were gener-
ated in the fast group. This did not take into consideration
the fact that delayed neutrons are generated with a lower
energy spectrum compared to the prompt neutrons, as
shown in Fig. 7 for the thermal fission of **°U. This
makes the contribution of delayed neutrons of relatively
higher importance in thermal spectrum reactors. In this
case, the adjoint-weighted DNF should be used instead of
the forward-weighted DNF to account for the higher impor-
tance of delayed neutrons. For the 8G case, this effect was
accounted for through the groupwise yield y,, and y, ;.
Thus, the forward-weighted DNF should be used. The
forward-weighted and the adjoint-weighted DNF, gener-
ated using Serpent, are given in Table VI.
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TABLE V
Group Boundaries for the 8G Energy Structure
Group 1 2 3 4 5 6 7 8
Upper energy boundary 1.96E+1 4.98E-1 5.00E-3 6.79E-5 6.16E-6 1.48E-6 5.00E-7 5.80E-8
MeV)

Fig. 7. Energy spectrum y(E) of neutrons produced by thermal fission in 23U from the ENDF/B-VIILO library.™*!

TABLE VI
Delayed Neutron Parameters from the ENDF/B-VII.1 Library
Decay Constant, Forward-Weighted Adjoint-Weighted

i Half-Life,(s) A(s7) Fractions, 8 Fractions, /8,

1 51.96 0.01334 0.000224 0.000225

2 21.17 0.03274 0.001167 0.001249

3 5.74 0.12078 0.001113 0.001170

4 2.29 0.30282 0.002497 0.002671

5 0.82 0.84966 0.001026 0.001093

6 0.24 2.85376 0.000427 0.000468
Total - - 0.006455 0.006877

For both cases, the molecular diffusion coefficient of
DNP was assumed to be constant and set with the com-
monly used value of 5 x 10~% m%/s,*" while the turbulent
diffusion was neglected. The simulated reactivity responses
using the two multigroup energy structures compared with
the experimental data for both the pump startup and coast-
down transients are shown in Fig. 8. These results first
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suggest that the 2G structure with effective DNF is nearly
equivalent to the 8G structure in predicting the reactivity
changes due to changes in the delayed neutron source for
the MSRE. Henceforth, the 2G energy structure was pri-
marily used throughout the rest of the work.

For the startup transient, the model predictions generally
were in good agreement with the measurements. Especially,

@ANS



16 ELHAREEF et al. - REACTOR TRANSIENT BENCHMARK FOR MSRE PUMP

Fig. 8. Calculated reactivity response for the pump transient tests using the 1D model for two different group structures.

the model converged to a steady-state reactivity that was in
good agreement with the experimental steady-state data.
However, the rate of reactivity insertion at the initial phase
of the startup transient was slightly overestimated up to 10s
into the transient. This was primarily attributed to the result
of neglecting bypass flows in the 1D model. Bypass flows in
the MSRE vessel would reduce the average flow speed in the
core, which would reduce the rate of DNP drift, and conse-
quently, the rate of reactivity insertion.

Another possible source of discrepancy was the
neglection of the radial distribution of flow and DNP
concentrations in the 1D model. Additionally, the model
predictions exhibited larger reactivity oscillations com-
pared to the experimental data. The oscillations had
a periodic time of ~25 s, which was about the fuel
circulation time. The reactivity oscillations were asso-
ciated with the recirculation of the salt portion that initi-
ally filled the core with higher concentrations of DNP.
The dispersion mechanisms of the higher concentration
portion were molecular diffusion and dispersion due to
flow mixing. Neglecting the turbulent diffusion coeffi-
cient in the simulation caused the higher concentration
portion to dissipate at a slower rate, which in turn resulted
in stronger reactivity oscillations.

On the other hand, the coastdown test started from
a flowing condition where the salt was well mixed and
there was no portion of the salt that had a higher DNP
concentration. Under these conditions, the reactivity
response was much smoother, with nearly no oscilla-
tions. As a result, the predicted response for the
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coastdown transient was in excellent agreement with
the experimental data. The mean absolute error in the
model predictions compared to the experimental data
was 21 pcm for the startup transient and 4.6 pcm for
the coastdown transient.

IV.B. Effect of Turbulent Diffusion Coefficient

As shown in Sec. IV.A, the 1D model accurately pre-
dicted the reactivity peak as well as the steady-state reactiv-
ity. For the startup case, the model overestimated the
reactivity oscillations. To understand the effect of turbulent
diffusion on the reactivity response, we used the Taylor
correlation®® to account for the DNP dispersion due to
flow. For turbulent flow, the Taylor correlation is given by

dn b

DT—10.17u 5 (19)
where dj, is the hydraulic diameter and fp is the friction
coefficient. The Taylor diffusion coefficient corrects for
the use of the mean flow speed (i.e., 1D speed) for
species transport instead of using the actual flow distribu-
tion over the cross section of the flow channel.°* The
effect of correcting the DNP diffusion coefficient by
considering the turbulent diffusion term is shown in

Figs. 9 and 10.
Figure 9 shows the effect of turbulent diffusion on
the reactivity response. The turbulent diffusion correla-
tion had a dampening effect on the reactivity response as
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Fig. 9. Calculated reactivity response for the pump transient test for different treatments of the diffusion of the DNPs.

expected. This is explained in Fig. 10, where the oscilla-  diffusion term. The steady-state reactivity was higher
tions in the total number of DNPs in the core were  than the case with no turbulent diffusion by about
significantly dampened when adding the turbulent 8 pcm.

Fig. 10. Total number of DNPs during the pump startup test: (a) with no turbulent diffusion term and (b) using the Taylor correlation.
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This increase in the inserted reactivity indicated that
the turbulent mixing reduced the effective residence time of
DNP due to the additional transport mechanism. This effect
also explained the sharper rise in the reactivity response at
the start of the test as the DNPs exited the core faster. The
rapid rise in the reactivity response compared to the experi-
mental data suggested that using the Taylor correlation for
turbulent flow may be not valid at the start of the test when
the flow is in the laminar regime.

For the coastdown case, the turbulent diffusion only
increased the initial reactivity. These results support the find-
ings in Ref. [46] about the effect of turbulent diffusion on the
steady state. The increase in inserted reactivity was caused by
enhanced mobility, which caused the DNPs to spend less
time in the core. Furthermore, the results showed that turbu-
lent diffusion had a significant impact on the transient
response of MSRs.

The mean relative error in the reactivity response for
the startup transient was 19 pcm for the turbulent diffusion—
corrected model. This was slightly lower than the error for
the uncorrected model, which was 21 pcm. Despite captur-
ing the transient very well, the accuracy of the predictions
only slightly increased due to the larger error at the start of
the test and the 8 pcm increase in steady-state reactivity.
For the same reason, the error in the coastdown predictions
for the corrected model was 9 pcm compared to 4.6 pcm for
the uncorrected model. Although, considering the turbulent
diffusion of DNP through the Taylor correlation improved
the model capability for predicting the transient response,
more studies are needed to determine the accurate molecu-
lar diffusion coefficients and turbulent diffusion coeffi-
cients for molten salts.

IV.C. Effect of DNP Group Structure

The most widely used approximation for delayed neu-
tron emission is the six-group (6G) DNP structure. It sim-
plifies delayed neutron data into six average groups that
reasonably approximate the behavior of DNP. The 8G DNP
structure is a refinement that adds two additional groups to
improve accuracy, particularly for the MSRs.[*! To inves-
tigate the impact of the DNP structure on the calculated
reactivity response in the MSRE pump transients, the
results of two distinctive sets of DNP data were compared.
The first set was the 6G structure, which was generated
using the nuclear data library ENDF/B-VIL.1, is shown in
Table VI. The second set was the 8 G structure, which was
generated using the nuclear data library JEFF-3.2,1°¥ with
the 8G DNP data summarized in Table VIL

The adjoint-weighted DNP fractions were used with
the 2G neutron diffusion model to simulate the reactivity
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response during the MSRE pump transient test.
A comparison between the two sets of DNP parameters
and the experimental data is shown in Fig. 11. The use of
the 8G DNP structure systematically led to an overestima-
tion of the reactivity response when compared to the 6G
structure. This was partially explained by the higher total
DNP fraction f calculated using the JEFF-3.2 library com-
pared to the ENDF/B-VIIL.1 library. The DNP structure
significantly influenced the reactivity magnitude while hav-
ing a negligible effect on the time response. For the remain-
ing parts of this work, the 6G DNP structure was used.

V. HIGHER-ORDER BENCHMARK RESULTS

To investigate the spatial effects on the reactivity
response to the pump transient test, a higher-order model
was used. The geometry of the MSRE reactor vessel from
the CAD model®! was simplified to suit the simulation
purposes. These simplifications included replacing the gra-
phite matrix with a cylindrical porous region, removing the
strainer at the outlet nozzle, and blocking the bypass slots.
A preliminary CFD analysis on the three-dimensional (3D)
geometry was conducted to examine the steady-state nom-
inal flow condition in the MSRE.

The mesh used for the CFD analysis, shown in
Fig. 12, was generated using ANSYS Fluent. The mesh
consisted of 4 million polyhedral cells. The maximum
skewness was 0.65. The wall effect on the turbulence
boundary layer was neglected, and thus no inflation layers
were generated to simplify the mesh and aid convergence.
SimpleFOAM, a steady-state solver in OpenFOAM, an
open-source CFD software package specifically designed
to simulate incompressible, turbulent flow problems, was
used for the CFD simulation. OpenFOAM version v2312
was used for these simulations.

The k—e¢ turbulence model was used to capture regions
with swirls. The graphite matrix was replaced with a porous
media, using an explicit porosity source to mimic the flow
in the graphite channels by imposing a unidirectional flow.
The velocity inlet boundary condition was used for the inlet
with a flow rate of 0.074 m*/s (1200 gpm). The pressure
outlet boundary condition was used for the outlet, and the
no-slip condition was used for walls. The convergence
criteria was set to a tolerance of 1E-6.

The CFD calculation was performed on a Linux clus-
ter using 16 cores over about 24 h. The results of the CFD
calculations are shown in Fig. 13. The velocity vectors
indicated a predominantly smooth flow along the graphite
matrix (porous media) region and the upper plenum. The
flow was turbulent in the lower head, which was evident
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TABLE VII
Delayed Neutron Parameters from the JEFF-3.2 Library
Decay Forward-Weighted Adjoint-Weighted

i Half—Life,t% (s) Constant,k(s‘l) Fractions, f Fractions, .,

1 55.60 0.01247 0.000218 0.000238

2 24.50 0.02829 0.001003 0.001047

3 16.30 0.04252 0.000615 0.000651

4 5.21 0.13304 0.001305 0.001434

5 2.37 0.29247 0.002146 0.002277

6 1.04 0.66649 0.000607 0.000649

7 0.42 1.63478 0.000549 0.000577

8 0.20 3.5546 0.000155 0.000168
Total - - 0.006599 0.007040

by the formation of vortices but got smoothed out once it
entered the graphite matrix. The highest flow velocities
occurred in the annulus and outlet nozzle.

Due to the large computational cost of the 3D model,
it was decided to conduct the neutronics/flow dynamics—
coupled calculations for the pump transients using
a R-Z 2D geometry by assuming azimuthal symmetry.
The validity of this assumption was justified by the axial
symmetry of the velocity field at the entrance of the
graphite matrix, as shown in Fig. 14. Figure 14(a) shows
the velocity field below the supporting grid, which shows
the velocity vortices. Figure 14(b) shows the velocity field
entering the graphite region, which was almost azimuthally
symmetric.

V.A. R-Z Geometry

Based on the preliminary CFD analysis on the nom-
inal flow conditions of the reactor, a R-Z 2D geometry of
the MSRE reactor vessel was used to simulate the pump
transient test in this work. The 2D geometry along with
the computational mesh for the coupled neutronics and
thermal-fluidic calculations is shown in Fig. 15. The
mesh, which was used for both the neutronics and ther-
mal-fluidic calculations, consisted of 5607 elements with
a minimum quality of 0.1243 and an average quality of
0.7426. The bypass flow from the annulus to the upper
head was also considered by creating an opening in the
barrier between the two parts, as shown in the magnified

Fig. 11. Calculated reactivity response for the pump transient test for the two sets of DNP group structures.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025
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Fig. 12. Mesh for the 3D CFD calculations.

part of Fig. 15. The width of this opening could be
adjusted to control the bypass flow rate.

The external components of the primary loop were
modeled by extending the outlet nozzle so that the volume

of the outlet nozzle became equal to the fuel salt volume in
the external loop. The porosity for each region was calcu-
lated as the ratio of the salt volume to the geometry volume.
The geometrical parameters for each component in the
primary loop are provided in Table VIII.

The neutronics/flow models given by Egs. (7), (11),
and (14) were implemented in COMSOL Multiphysics.
An iterative approach was employed to solve the coupled
system using the segregated solver. The backward differ-
entiation formula solver was used for time stepping. The
2G neutron diffusion model with the adjoint-weighted
DNFs was used for neutronics modeling. The fluid flow
modeling did not consider turbulent effects; this was
justified by the low Reynolds number in the reactor
core, which was 1400. Consequently, the turbulent diffu-
sion of the DNP was ignored.

The boundary conditions for the fluid flow model
were a predefined mass flow rate at the reactor vessel
inlet, open boundary at the end of the outlet nozzle, and
no-slip boundary condition for all remaining boundaries.
For the neutron diffusion model, the zero incoming cur-
rent boundary condition was used for all boundaries of
the reactor vessel.

For the DNP transport model, a periodic boundary
condition was used between the end of the outer loop and
the inlet of the reactor vessel, as shown in Fig. 16. The
outer loop was simplified as a uniform pipe with
a volume equal to the volume of the fuel salt in the
external loop (see Fig. 16). Initial conditions for the

Fig. 13. Velocity field for the 3D CFD calculations: (a) side view of the velocity vector at the center plane of the reactor vessel

and (b) flow streamlines.

@ANS
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Fig. 14. Top view of the velocity field in the lower plenum: (a) below the support grid and (b) at the core entrance.

Fig. 15. (left) Geometry of the MSRE reactor vessel and (right) the mesh setting for the coupled calculations.

pump startup transient were zero velocity and eigenfunc-
tion flux distribution. The initial DNP distribution was
obtained through a pseudo transient step. For the coast-
down transient, the last time step solution for the startup
test was used as an initial condition.

V.B. Effect of Bypass Flow

As previously mentioned, at the nominal flow rate
(1200 gpm), there was a 24-gpm bypass flow to the upper
head. Additionally, there was 3 to 22 gpm passing
through the annular clearances at the core can support
ring. To investigate the effect of the bypass flow on the

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2025

reactivity response to the flow transient, three sets of
calculations were conducted using a zero, 24-gpm, and
46-gpm bypass flow. A comparison between the results
for the startup test for the three cases to the experimental
data is shown in Fig. 17. The bypass flow had
a significant effect on the reactivity response at the initial
stage of the transient where increasing the bypass flow
reduced the rate of reactivity insertion. This effect could
be understood by looking into the number of DNPs inside
the core for each of the three cases.

Figure 18 shows how the total number of the second
DNP group inside the core changed over time during the
startup transient. As the bypass flow increased, the flow

@ANS
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TABLE VIII
Geometrical Parameters of the R-Z Model
Component Dimension
Core Radius (cm) 71.33
Height (cm) 166.19
Volume (cm?) 2.656E+6
Porosity 0.2665
Upper head Height (cm) 27.61
Curvature radius, cm 147.32
Volume (cm?) 0.3134E+6
Porosity 0.9486
Lower head Height (cm) 34.07
Curvature radius (cm) 147.32
Volume (cm?) 0.3931E+6
Porosity 0.7205
Distributor Downcomer width (cm) 2.45
and Volume (cm?®) 0.3030E+6
downcomer | Porosity 0.9065
Core can Height (cm) 174.63
Thickness (cm) 0.642
External Radius (cm) 12.85
loop Height (cm) 656.66

Fig. 16. Periodic boundary condition for the DNP trans-

port model.
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speed in the core was reduced, which resulted in a slower
rate of DNP drift outside the core. It also reduced the
minimum number of DNPs inside the core. The combined
effect of these two factors reduced the rate and magnitude
of reactivity insertion with increasing bypass flow.

In the three cases, the reactivity peak was signifi-
cantly lower than the experimental data. Taking into
consideration the expected overshooting in the inserted
reactivity due to the limited speed of the control rod,
a closer look into the distribution of the second DNP

group (t% ~ 21.17s) at peak time, shown in Fig. 19,

gives more insights into these results. The distribution
indicated that there was a significant concentration of
DNPs at the center of the core that did not drift out of
the core while the recirculated salt was reentering the
core at the outer region. This was caused by the nonuni-
form flow distribution at the core inlet at the initial
phase of the transient, as depicted in Fig. 20. The figure
shows a heat map of the flow speed as a function of the
radial position (y-axis) and time (x-axis) during the
startup test. The figure also shows that the flow speed
at the outer region of the core was significantly higher
than that at the center of the core during the initial phase
of the transient.

This effect tended to decay out after about 30s, and
the flow tended to be uniform across the core inlet. The
larger flow rate at the outer region reduced the drift rate
on the high DNP concentration at the core center, which
in turn reduced the reactivity insertion. Following the
initial stage, the reactivity response was almost indepen-
dent of the bypass flow. Generally, the reactivity insertion
predicted in the three cases was in excellent agreement
with the experimental data. The mean absolute error in
reactivity predictions compared to experimental data was
14.3 pcm, 12 pcm, and 11 pcm for no-bypass, 24-gpm,
and 46-gpm cases, respectively.

The distribution of DNPs in the reactor vessel at the
end of the pump startup transient (¢ = 50s) is shown in
Fig. 21. For the long-lived DNP groups, there was
a considerable fraction of DNP that recirculated into the
core. This caused the distribution of these groups to differ
significantly from the stationary configuration. On the
other hand, the distribution of the short-lived group was
similar to the stationary configuration, with the peak of
the concentration shifted in the direction of the fuel flow.
The distribution of the sixth group (t% = 0.24s) virtually
did not differ from the stationary configuration. For the
first and second groups, there was a large gradient of their
concentration in the lower head due to the lack of turbu-
lent modeling.
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Fig. 17. Reactivity response to the startup transient using the R-Z model for the three cases of bypass flow.

The results for the coastdown transient are shown in  the coastdown transient was slightly overestimated at the
Fig. 22. The bypass flow did not have any impact on the  end of the transient. This could be explained by investi-
reactivity response. The calculated reactivity response for  gating the velocity field during the coastdown transient.

Fig. 18. Calculated number of second group of DNPs inside the core during the startup test.
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Fig. 19. Concentration of the second DNP group at ¢ = 14.2 s during the startup test for the 24-gpm bypass case.

Figure 23 shows the velocity field and the concentration
of the second group of DNPs during the coastdown
transient at ¢ = 40s.

As the flow rate became significantly low, flow cir-
culation occurred in the lower head and the outer region

of the core. The flow circulation at these low importance
regions resulted in the loss of delayed neutrons, and
hence, increased the reactivity insertion estimates. The
calculated reactivity response was generally in good
agreement with the experimental data. The mean absolute

Fig. 20. Radial flow distribution at the core inlet as a function of time during the startup test.
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Fig. 21. DNP distribution at the end of the startup transient for the 24-gpm bypass case.

Fig. 22. Reactivity response to the coastdown transient using the R-Z model for the three cases of bypass flow.
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Fig. 23. (left) Velocity field and (right) concentration of the second DNP group at ¢ = 40s during the coastdown test.

Fig. 24. Effects of the transient flow rate uncertainty on the reactivity response for the pump transient tests.

error in the reactivity response was 11 pcm, 11.5 pcm,
and 12.7 pcm for no-bypass, 24-gpm, and 46-gpm cases,
respectively.

V.C. Effect of Transient Flow Uncertainty

The effect of the uncertainty in the generated transient
flow rate (see Table III) was studied by comparing the reac-
tivity response at the mean value of the generated transient
flow rate to the reactivity response at the lower and upper
limits [mean + standard deviation (STD)] of the transient flow

@ANS

rate. The calculations were carried out assuming a 46-gpm
bypass flow rate. The results are shown in Fig. 24.

The results showed that the uncertainty in the startup
flow rate had a negligible effect on the reactivity response.
This was due to the small uncertainty in the startup flow rate
and to the rapid flow transient (~6 s) compared to the reac-
tivity transient (~50 s). On the other hand, the reactivity
response to the coastdown test showed a slight dependance
on the transient flow rate.

The reactivity response changed on average by about
3 pcm between the lower and upper limits. This was due
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to the slightly lager uncertainty interval for the coastdown
flow rate. Also, the transient flow rate for the coastdown
case had a slower rate. In general, the uncertainty in the
generated flow rates, within the studied interval, had
a negligible impact on the reactivity predictions.

VI. CONCLUSIONS

In this work, a systematic study was conducted on the
MSRE pump transient tests with the aim of developing
a transient benchmark based on this test. The uncertainty in
the experimental data was estimated using a sampling
approach, taking into account the uncertainty in the rod
position indicator and the integral worth curve. Two models
with different fidelity levels were used to evaluate the effects
of spatial resolution.

The low-order model used a 1D geometrical repre-
sentation of the MSRE fuel circulation loop. The compu-
tational model solved the multigroup neutron diffusion
equation, the DNP advection-diffusion equation, and the
fluid flow in pipes equation. The system of equation was
solved in a fully coupled scheme. The model was imple-
mented in COMSOL, and the run time for the 1D model
was about 1 min for the entire transient.

The high-order model used a R-Z 2D geometry. The
structural materials inside the reactor vessel were simpli-
fied using the porous medium approximation. The 2D
model solved the multigroup neutron diffusion equation,
the DNP advection-diffusion equation, and the
Brinkman’s equation for fluid flow in porous media.
The system was solved in a segregated, iterative
approach. The model was implemented in COMSOL,
and the run time for the 2D model was about 2 h for
the entire transient.

The predictions of the 1D model showed excellent
agreement with the experimental data for the coastdown
transient. For the startup, the 1D model overestimated
the reactivity oscillations. This was attributed to the
neglection of turbulent mixing in the DNP transport
model. This was resolved by using the Taylor correla-
tion for turbulent flow in circular pipes. The model
overestimated the reactivity insertion rate at the initial
phase of the transient. This could be explained by the
neglection of the bypass flow between the annulus and
the upper plenum.

Other factors that contributed to the errors in the 1D
predictions were the lack of radial distribution of flow
and DNP. The 1D model was used to investigate the
effect of the neutron energy discretization (i.e., group
structure) on the simulation accuracy. The results showed
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that using the standard 2G structure with the adjoint-
weighted DNFs produced the same transient response as
the 8G structure with the forward-weighted DNFs. The
model was also used to investigate the effect of the DNP
group structures.

The high-order model calculations were conducted
using a R-Z 2D geometry to reduce the computational
cost of the 3D geometry. The predictions of the
R-Z model for the startup test were in excellent agree-
ment with the experimental data after the initial reactivity
peak. The model significantly underestimated the reactiv-
ity peak. This was attributed to the homogenization of the
lower head. As the model converged to a steady state, the
flow inside the core was radially uniform, and the model
predictions converged to the experimental steady state.

For the coastdown transient, the model predictions
were in good agreement with the data, with the model
slightly overestimating the reactivity insertion. The
R-Z model was used to investigate the effect of the
bypass flow on the reactivity response. The results
showed that the bypass flow had a significant impact on
the reactivity response at the initial phase of the startup
test. Based on these results, the response of the MSRE
was highly dependent on the flow features. Accurate
predictions of the reactivity response would require an
accurate prediction of the flow field and an accurate
prediction of the DNP transport phenomena.

The benchmark models developed in this work will
be submitted to the IRPhE Handbook. In the future, the
methods presented in this work will be used to evaluate
other MSRE transients, such as the reactivity insertion
tests and the natural circulation test.
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