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Abstract

The retort batch furnace for the carbothermal synthesis of uranium and plutonium nitrides is a component of the mixed
nitride uranium-plutonium (MNUP) fuel Fabrication/Refabrication Module (FRM), a part of the Pilot Demonstration
Energy Complex (PDEC). A CFD model of the furnace was built in the SolidWorks Flow Simulation code to check the
feasibility of its thermophysical operating modes (heating and cooling rates, temperature of the product loaded into the
furnace). The experimental data obtained from the performance tests was used to verify the developed CFD model and
to confirm its adequacy. The relative deviation of the calculated temperature of the loaded product from the experimen-
tal data in the process of isothermal annealing does not exceed 0.7%.

The temperatures of the loaded product predicted by the CFD model were used to justify engineering solutions for
the uranium and plutonium nitrides carbothermal synthesis furnace. The CFD model can be used to define the furnace
operation mode by selecting the gas flow rates inside and outside the retort, the heater temperature, and heating and
cooling rates for the product loaded in the furnace.
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Introduction

For the past three decades, there has been an increasing
tendency to use the Computational Fluid Dynamics (CFD)
methods for computational justifications of engineering
solutions in designing various industrial facilities (Spalart
and Venkatakrishnan 2016, Raynal et al. 2016, Mizzi et al.
2015, Joshi and Nayak 2019). Using modern CFD codes

enables modeling heat and mass transport, hydro- and-gas
dynamics hard to reproduce experimentally. The results
of the CFD simulation modeling allow choosing accepta-
ble engineering and process parameters for the equipment
(liquid/gas flow rate and concentration, temperature, pres-
sure, etc.) that may improve the reliability and simplify
the design of the facility modeled (Besagni et al. 2015,
Wang and Li 2015, Thompson et al. 2017).
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Unlike other industries, the nuclear industry took the
report by the joint technical meeting of the International
Atomic Energy Agency (IAEA) and the Nuclear Energy
Agency (NEA) held in Pisa, Italy, on 11 through 14 No-
vember 2002 as the starting point for a more extensive
application of the CFD codes for computational studies
and safety justifications of technologies (IAEA-TEC-
DOC-1379 20028). Since that time, the IAEA has been
engaged in comprehensive activities to encourage the
use of the CFD technique in the nuclear industry, with
the CFD code verification making part of it (Mahaffy
2015, Smith 2015, Bestion 2014). The primary goal of the
verification is to confirm adequacy of the computational
model and its numerical implementation by comparing
the modeling results against experimental data. As shown
by the latest tendency in the CFD code development in
Russia and noted by many experts, the verification of the
CFD codes to the extent required for application in the
nuclear industry has not yet been completed (Bykov and
Kurnosov 2018). Primarily, this due to the lack of exper-
imental data for a broad range of CFD problems. In this
connection, a topical task is to confirm the applicability of
the CFD codes for verifying the engineering solutions for
development of nuclear power equipment.

As part of the retort batch furnace design for the car-
bothermal synthesis of uranium and plutonium nitrides,
requirements were defined for the thermophysical modes
of the furnace operation, such as heating and cooling rates,
the temperature of the product loaded into the furnace,
flow rates of process gases-overpressure, and others. To
check the feasibility of the thermophysical modes set for
the retort batch furnace operation, a need arose for build-
ing a computational thermophysical model. A CFD code,
SolidWorks Flow Simulation (Alyamovsky et al. 2005),
was used to solve the task. The purpose of the study is to
build a CFD furnace model to calculate the temperature
distribution inside the furnace retort for the given values
of the heater temperatures and the flow rates of the pro-
cess gases fed into the retort and into the space behind it.
The paper presents a description of the CFD model de-
signed to simulate the thermophysical operating modes of
the furnace for the carbothermal synthesis of uranium and
plutonium nitrides. A comparison is provided between
the calculation results and the experimental data for the
temperature distribution on the product loaded into the
furnace in the working mode of operation.

Uranium and plutonium nitrides
carbothermal synthesis furnace

The retort batch furnace for the carbothermal synthesis of
uranium and plutonium nitrides, a 3D model of which is
shown in Fig. 1, is a component of the equipment chain
in a mixed uranium-plutonium nitride (MNUP) fuel fa-
brication/refabrication module (FRM), a part of the Pilot
Demonstration Energy Complex (PDEC).

Figure 1. 3D model of the carbothermal synthesis furnace: 1,
6 —inlet (outlet) gate valves; 2 — furnace body water cooling cir-
cuit; 3 — furnace gas discharge pipe; 4 — electric heaters; 5 — fur-
nace body; 7 — retort; 8 — boats with loaded product; 9 — lining.

The furnace is designed to produce uranium and
plutonium nitrides via carbon-based carbothermal re-
duction of uranium and plutonium dioxides in nitrogen
and nitrogen-hydrogen atmosphere at temperature of
1650 + 50 °C. The retort batch furnace design and the
carbothermal synthesis process are described in (Smirnov
et al. 2019). Compacted powders of uranium and plutoni-
um dioxides mixed with carbon and a binding agent (zinc
stearate) are placed in rectangular open top containers
(boats) inside the furnace retort. The furnace is equipped
with a three-compartment heater with individual current
control in each compartment, this providing for the uni-
form heating throughout the retort length. For a simpler
and more reliable furnace design, the temperature of the
loaded product in the carbothermal synthesis process is
determined indirectly, that is, from the heater temperature.

Physical statement of the
problem and a CFD model of the
uranium and plutonium nitrides
carbothermal synthesis furnace

Physical problem statement

In a retort batch furnace of the height H, the length L, and
the width S, nitrogen with the temperature 7 is fed into
the retort space, and argon with the temperature 7 is fed
into the space behind the retort with the respective flow
rates O and Q,. In the process of the heat transfer from
the heaters installed inside the space behind the retort,
the simulators of product loaded into the boats, which are
placed inside the furnace retort, are heated to the given
temperature 7, followed by their isothermal annealing and
cooling. A lining of the thickness H, on the outer surface
of which there is a system of water cooling tubes with the
overall flow rate Q , is used as the thermal insulation for
the furnace hearth. Key assumptions: liquid and gases are
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considered to be single-phase incompressible Newtonian
continuums, and the inner and outer walls of the wetted
parts are considered to be hydraulically smooth surfaces.
We need to find the temperature distribution within the
furnace during non-steady-state and steady-state modes
of operation.

The SolidWorks Flow Simulation code was selected
to solve the problem at hand. In a broad range of com-
mercial software products for the CFD problem solving,
the SolidWorks Flow Simulation code has a number of
advantages the most prominent of which are

— application of a rectangular structured computational
grid (Sobachkin and Dumnov 2014);

— capability to simulate complex geometries of the cal-
culated assemblies;

— user friendliness and a self-explanatory interface.

The developed CFD model of the furnace consists of a
mathematical model and a grid model.

Mathematical model

Reynolds-averaged Navier-Stokes equations are used in
the SolidWorks Flow Simulation as the mathematical mo-
del’s base equations to describe the motion and heat ex-
change in liquid and gas in a 3D case. The mass, impulse
and energy conservation laws for these fluids (Alyamovs-
ky et al. 2005) are
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where u is the fluid velocity; p is the fluid density; P is
the fluid pressure; S is the external mass forces acting on
the fluid unit mass; H is the total energy of the fluid unit
mass; O, is the heat emitted by the source in the fluid unit
volume; T, is the tensor of elastic shear stresses; and g, is
the diffusion heat flux.

These equations are supplemented with a gas or liquid
state equation and with dependences of density, viscosity,
heat capacity and thermal conductivity coefficient on tem-
perature. A two-parameter turbulence model, k&~ (Wilcox
1998), is used to determine the turbulent viscosity and ki-
netic energy of turbulent pulsations which make a part of
the equation for the viscous shear stress tensor.

Heat transfer in solid-state bodies is simulated using
the equation
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where c is the specific heat capacity; T is the temperature;
M\ is the thermal conductivity coefficient; and @, is the
specific (volumetric) heat generation by the heat source.

Heat exchange by radiation is simulated in accordance
with the Stefan-Boltzman law:

0, = e0(T,' = T,

where ¢ is the surface emissivity factor; o is the Ste-
fan-Boltzman constant; 7, is the radiation-emitting sur-
face temperature; and 7, is the environment temperature.
The thermophysical properties of the furnace materials,
gas and water (density, heat capacity, thermal conduc-
tivity coefficient, surface emissivity factor) were defined
according to references (Chirkin 1968). The properties of
the furnace lining and heater materials were defined based
on the manufacturer’s technical documentation.

In the case of coupled heat transfer, into account is
taken of the heat flux between the solid-state body and
the liquid (gas), the solid-state body wall temperature, the
near-wall layer characteristics, and the heat exchange by
radiation (where required).

The initial and boundary conditions are defined to
close the system of differential equations. The furnace
material, gas and water temperature: 7(x, y, z, 0) =20 °C,
and the gas and water pressure and velocity: P(x, y, z, 0) =
101325 Pa and ¥(x, y, z, 0) = 0 m/s, where x, y, z are their
coordinates, were preset as the boundary conditions.

The Derichlet’s boundary conditions: T(x,, y,,z,, 1) = T,
= const, where x,, y,, z, are the heater surface coordinates,
and 7' is the value of the heater temperature et each time 7,
are defined for the heater surface (Fig. 2). The Derichlet’s
boundary conditions: M(x, y,, z , f) = const and T(x, y,,
z, t) = const, where x_, y , z_ are the coordinates of the
gas supply and water cooling surfaces, are defined for the
surfaces of the nozzles for the gas supply into the retort
space and into the space behind the retort, and for the sur-
faces of the water cooling tubes. The Newmann’s bound-
ary condition are defined for the outlet of the tubes for the
gas supply into the retort area and into the space behind
the retort and for the outlet of the water cooling tubes

aI/(xoul’ yuut’ Zout’ t) /on= 0’
aT(xOlll’ yuut’ Zuut’ t)/@n = 0’
ap(xuut’ yout, Zuut’ t)/a]’l = 0’

where 7 is the vector of the normal to the boundary; and
X, Vour Zuow @T€ the coordinates of the outlet tubes. The
Derichlet’s boundary conditions for the pressure P(x,, y,,
z,, t) = 101325 Pa, the temperature 7(x,, y,, z,, £) = 20 °C,
and the air velocity V(x,, y,, z,, 1) = 0 m/s, where x,, y,, z,
are the coordinates of the computational domain bounda-
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Figure 2. Computation region of the CFD furnace model.

ry, and ¢ is the time, are defined for the computational do-
main boundary (see Fig. 2), except the boundary formed
by the symmetry plane perpendicular to the longitudinal
axis of the furnace retort. The symmetry boundary means
the equality to zero of the gas velocity component normal
to the boundary, and of the gradients for all other values
(® — temperature, pressure):

Mx,y,z,t)=0m/s, 00/0on=0,

where n is the vector of the normal to the symmetry
boundary; and x, y,, z, are the coordinates of the symme-
try boundary.

Finite volume method is used to discretize the resultant
system of differential equations in the SolidWorks Flow
Simulation code. The test item is presented as a grid mod-
el the cells in which are parallelepiped-shaped (the values
of independent variables are calculated at the cell centers,
and the mass, impulse, and energy flows are calculated on
the cell faces). Linearized equations describing the conser-
vation law for the investigated scalar physical quantity are
written for each cell. Spatial derivatives are approximat-
ed using implicit difference operators of the second-order
accuracy (modified implicit Leonard QUICK-approxima-
tion (Roache 1998) and TVD total variation minimization
method (Hirsch 1991)). With a time discretization (SIM-
PLE-type method (Patankar 1980)), the maximum allow-
able time step, depending on both the values of physical
quantities and the discretization step over the space in that
cell, is determined for each grid cell using the Courant
condition. Generalized conjugate gradients method (Saad
1996) is used to solve the system of fully implicit linear
discrete equations involving incomplete LU-factorization
method (Alyamovsky et al. 2005). The convergence of
the solution was estimated from the nature of the chang-
es in the values of the target parameters (temperature on
the loaded product surface, balance of the nitrogen and
cooling water flow rates in the retort area and in the space
behind the retort) with a fixed time step. The target pa-
rameter is considered to be converged if the calculated
value of the target parameter fluctuation amplitude range
(delta) becomes smaller than the established convergence

criterion (for the temperature of 1 °C, for the nitrogen and
cooling water flow rates of 0.000001 kg/h).

Grid model

To save the computational resources, a furnace half (see Fig.
2) was used as the computational domain for building the
grid model. The computational domain represents a paral-
lelepiped symmetrical to the parallelepiped’s median plane
(passes through the central boat). The symmetry plane is
perpendicular to the longitudinal axis of the furnace retort.

The grid convergence was studied to estimate the de-
pendence of the calculated temperature values for the fur-
nace’s local regions on the size of the grid model. Fig.
3 presents the dependence of the calculated steady-state
temperature on the loaded product surface in the boat at
one of the extreme positions on the computational grid
size. A computational grid with the size of 7.65 million
cells was chosen as the result of the grid convergence
analysis. The explanation for the choice is that the relative
deviation of the temperature on the loaded product surface
18 0.17% for the grid dimensionality of 5.36 million to 3.68
million, and 0.14% for the dimensionality of 7.65 million
to 5.36 million. These deviations are 2.7 and 2.3 °C in the
absolute temperature values. Further fragmentation and
an increase in the grid dimensionality will lead to a small-
er deviation. For instance, the value of the experimental
error for this temperature range is = 8 °C. Therefore, no
increase in the grid size is reasonable, including for the
sake of saving the computational resources.

Local fragmentation of the grid cells in the solid-state
body and fluid contact region is used to resolve relatively
small geometrical features of the grid model. Regions with
temperature gradients in solid-state bodies of the compu-
tational model (boats with the loaded product, the retort,
nitrogen supply tubes, etc.) are solved in the same way.

CFD furnace model verification
results

The results of temperature testing the retort batch furnace
for the carbothermal synthesis of uranium and plutonium
nitrides were used to check the adequacy of the develo-
ped CFD furnace model. The purpose of the experimental
study is to estimate the temperature distribution on the
loaded product in the boats during different temperature
modes of the furnace operation (heating, annealing, and
cooling). Five tungsten boats were placed inside the fur-
nace retort, into which simulators of product (silica brick)
with similar thermophysical properties were loaded in-
stead of compacted uranium and plutonium dioxide pow-
ders. A mode close to the furnace commercial operation
conditions was chosen for the experiment. Temperature
values on the heaters and the loaded product, values of the
nitrogen flow rates fed into the retort and into the space
behind the retort, and the water flow rate in the furnace
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Figure 3. Grid convergence investigation.

Figure 4. Boats 1 through 5 shown inside the furnace retort.

body water cooling circuit were recorded during the test.
The loaded product temperatures were measured using
three tungsten-rhenium thermocouples with a tempera-
ture measurement accuracy of + 5 °C in a range of 0 to
1000 °C and + 0.005%¢ for the range of 1000 to 1950 °C
(¢ is the measured temperature value). The working ends
of the two thermocouples (hot junctions) were contained
inside the boats at the extreme positions (boat 1 and boat
5), resting on the loaded product surface and at a distance
of ~15 mm from the boat outer wall — area 1 and area 3
respectively (Fig. 4). Thermocouple 3 was placed on the
loaded product surface (area 2) at the center of boat 3.

The dependences of the loaded product temperature in the
furnace boats at the thermocouple locations on time (Figs 5,
6) were determined based on the experiment and calcula-
tion results. The values of the loaded product temperature
recorded during the experiment in the boats at the extreme
positions (1 and 5) differ insignificantly, this indicating that
the resultant temperature profile is symmetrical (see Fig. 5).

It can be seen in Figs 5 and 6 that the calculated and
experimental values of the loaded product temperature in
the boat at an extreme position and in the central boat
agree well both during the isothermal annealing, heating
and cooling. There is also a major deviation observed be-
tween the calculated and experimental temperature values
during the loaded product heating and cooling in the boats
at the extreme positions as compared with the central boat.

The maximum relative deviation of the calculated av-
erage rate of the loaded product heating in the central boat
and in the boats at the extreme positions from the experi-
mental value for the time span of 0.15 to 0.33 rel. units is
7.6 and 3.6% respectively.
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Figure 5. Temperature of the loaded product in the boats at the
extreme positions inside the retort (areas 1 and 3).
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Figure 6. Temperature of the loaded product in the central boat
inside the retort (area 2).

Figure 7. Loaded product surface temperature profile in the iso-

thermal annealing process:
(a screenshot).

— calculation; ¢ — experiment

The maximum relative deviation of the calculated aver-
age rate of the loaded product cooling in the central boat and
in the boats at the extreme positions from the experimental
value after 0.45 rel. time units is 10 and 6% respectively.

Fig. 7 shows a screenshot with the calculated and ex-
perimental values of the loaded product surface temper-
ature in the boats in the isothermal annealing process (a
steady-state mode). The relative deviation of the calcu-
lated temperature values from the experimental values is

— 0.7% in the boats at the extreme positions;
— and 0.1% in the central boat.

The obtained values of the relative deviation between
the calculated and experimental data indicate that the ac-
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curacy of the calculations based on a CFD furnace model
is sufficiently high.

Conclusion

. A CFD model of a furnace for the carbothermal synthe-

sis of uranium and plutonium nitrides has been devel-
oped in the SolidWorks Flow Simulation code, which
makes it possible to simulate thermophysical modes of
the furnace operation (heating, annealing and cooling
of the loaded product) without regard for the physic-
ochemical transformations taking place in the loaded
fuel carbothermal synthesis process.

. The developed CFD furnace model has been verified

and its adequacy has been confirmed based on the ex-
perimental temperature test data for the uranium and
plutonium nitrides carbothermal synthesis furnace.
The relative deviation between the values of the cal-
culated loaded product temperature in the boats at the
extreme positions and in the central boat and the ex-
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