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Helium flow in the rod bundle channel with an open lattice structure is an important
phenomenon for the advanced gas-cooled nuclear core design. In this study, thermal
analysis with helium flow in various channel designs is conducted based on CFD methods
to determine a dimension-optimized rod bundle channel. An experimental study then
follows in order to pick up an appropriate gas flow model in further numerical simulation.
Finally, helium flow in the bundle channels consisting of 217 rods is simulated using this
chosen flow model, which shows to satisfy the requirements of basic thermal analysis of a
newly designed gas-cooled reactor with an open lattice structure. Generally, this work will
contribute to the design and analysis of the future advanced space nuclear power system.

Keywords: gas-cooled reactor, dimension optimization, numerical simulation, thermal analysis, open lattice
structure, space nuclear power system

1 INTRODUCTION

A high-temperature gas-cooled reactor combined with a closed cycle magnetohydrodynamic
(CCMHD) power generation system is a promising technology for space applications (Litchford
et al, 2001a; Harada et al., 2006; Kugeler and Zhang, 2018; She et al.,, 2021). It can meet the
requirements in space tasks for high power and high efficiency.

The system mainly comprise a nuclear reactor, an MHD generator, a regenerator, compressors,
and a radiator, whose schematic of working medium operation is shown in Figure 1. Helium is
adopted as both the coolant and the power generation medium for its good ionization properties and
chemical inertness (Kobayashi and Okuno, 2000; Litchford et al., 2001b).

The thermodynamic models and mass models of this system were established in the previous
research (Wang et al., 2019), and a set of design parameters suitable for 1-MW thermal power system
was given, including the reactor inlet and outlet temperature and the operating pressure. As for the
elaborate reactor design, it remains to be a new challenge to match with the CCMHD system. M]
Wollman proposed a series of gas-cooled reactor designs that can match the Brayton dynamic
conversion system in the Prometheus Research Program (Taylor, 2005; Wollman and Zika (Apr,
2006), including open lattice design, pin in block design, and modular cermet design, as shown in
Figure 2, which can provide some references for the reactor design in the CCMHD system. The pin
in block design not only shows great convective heat transfer characteristics in the preliminary study
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but also displays a large pressure drop with helium flow. The
modular cermet design requires further research and
experimental verification because CERMET fuel has not been
tested for long-term ultra-high temperature, and the
manufacturing process is also very difficult (An et al, 2015;
Zhao et al., 2018).

Literally, the open lattice design has no flow block and
provides the lowest mass geometry. Based on both the
Prometheus open lattice structure and the Russian megawatt
space reactor, Tao Meng designed a space gas-cooled reactor
scheme composed of 534 fuel rods and 13 control rods. Through
the flow and heat transfer simulation calculation of this scheme,
conclusions were made that the reactor design had good thermal
and hydraulic characteristics and can satisfy corresponding
technical indexes (Meng et al., 2019; Meng et al., 2020).

Therefore, in this study, considering neutronics and thermal
analysis, an initial feasible reactor core scheme based on the open
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FIGURE 1 | Schematic of working medium operation in the CCMHD
system (Harada et al., 2006).
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FIGURE 2 | Geometrical options mentioned in the Prometheus
Research Program (Wollman and Zika (Apr, 2006)).
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lattice structure is presented without clarification in this first part.
Sensibility analysis is then conducted to check the thermal
hydraulic characteristics of the coolant flow in the open lattice
structure, by means of changing the number of rods, the rod
diameter, and the rod distance. After selecting a dimension-
optimized rod bundle channel, an essential experiment
concerning the open lattice structure is conducted, to pick up
an appropriate gas flow model for further numerical simulation.
In the last section, helium flow in the bundle channel with
217 rods is simulated using this determined flow model, to
conduct more elaborate research on the new gas-cooled
reactor with an open lattice structure.

2 DIMENSION OPTIMIZATION
2.1 Preliminary Model

A preliminary model including a number of triangle-deposited
rods is put forward, which combines both neutronics analysis and
thermal considerations. The integral reactor design and the
coolant flow path are illustrated in Figure 3, whose basic
parameters are summarized in Table 1.

-+« pressure vessel
-+ outlet radial flow channel

op reflector and opening structure
~upper cavity and end plug structure

--------- core active area
""""" radial reflector
-------- inlet axial flow channel

"""" pressure vessel

______ lower cavity and end plug structure

«== bottom reflector and opening structure

--inlet radial flow channel
*** pressure vessel

FIGURE 3 | Schematic of the coolant flow path.

TABLE 1 | Preliminary reactor design parameters.

Rod number 217
Reactor height/cm 72.5
Active area height/cm 50
Reactor diameter/cm 44
Axial reflector thickness/cm 8
Axial cavity height/cm 2
Annual channel height/cm 1
Rod distance/cm 1.75
Rod radius/cm 0.688
Clad inside radius/cm 0.69
Clad outside radius/cm 0.775
Pressure vessel thickness/cm 0.25
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FIGURE 4 | (A) Schematic of preliminary core structures and size. (B)
Schematic of 1/12 of the fuel layer.

In particular, the preliminary core structure and size are
depicted in Figure 4A. Also, the diagram of 1/12 of the fuel
layer among the reactor is shown in Figure 4B. Specifically, the
fuel material is UN, the clad material is rhenium (Re), and the
coolant is helium (He). The reflector material is BeO, and the
pressure vessel material is a high temperature-resistant alloy MA-
ODS956.

In the framework of given neutronics analysis, namely, fixing
the reactor size and fuel installation, sensibility analysis is
required to check thermal-hydraulic characteristics of the
coolant flow in the open lattice structure, by means of
changing the number of rods, the rod diameter, and the rod
distance. Basic rules can be deduced qualitatively, while
quantitative analysis is also indispensable in parameter

symmetry

FIGURE 5 | Schematic of 1/12 of the individual channel.

optimization research. To simplify the calculation resources, in
this section, only 1/12 of the individual channel is simulated and
analyzed, as shown in Figure 5.

As optimized in the previous system performance analysis
research (Wang et al., 2019), the inlet temperature is set at 1100 K,
and the outlet temperature is 1800 K. In addition, the outlet
pressure is 0.4 MPa. Additionally, the gap structure which lies
between the fuel and the clad and the radiation effects inside the
reactor are neglected here, which will be considered in Section 4.

2.2 Numerical Approach

The governing equations conforming to the conservation of mass,
momentum, and energy are established under the framework of
incompressible Navier-Stokes equations, which can be written as

oii;

a_xizo) (1)
10(wi;)) 10p o ( (ow o 3 ([
/; 0x; __/7)8x,'+87xj Y axj+ax,- _aixj(uiuj)-kgi’
2
Apmc,T) 3 (L0T\ 0 ( =
78){1- = ax1</\ax1> _a_x‘,<pu iCpT ), (3)

where the variables with over-bar are the mean parameters, while
the variables with prime are fluctuated values. Furthermore, the
unclosed parameters —pu;u’; and pu';c,T" are defined as Reynolds
stress and turbulent heat flux, respectively, and will be treated by
turbulence models. In this section, the SST k-w turbulence model is
adopted for simulation, which is based on experience, and can be
explained in a theoretical way. In fact, according to the ANSYS
Fluent Theory Guide, the standard k-w model in ANSYS Fluent is
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TABLE 2 | Summary of simulated rod bundle parameters in power density fixed
analysis.

Rod number 271 217 169 127
Rod radius/cm 0.616 0.688 0.775 0.875
Rod distance/cm 1.556 1.75 2 2.334
Power density/MW/m® 61.97 61.97 61.97 61.97
Mass flow rate/10%*kg/s 0.846 1.06 1.36 1.80
UN Tax/K 2016 2076 2165 2306
Re Tra/K 1989 2042 2121 2247
Pressure drop/kPa 13.88 8.58 5.27 3.17

TABLE 3 | Summary of simulated rod bundle parameters in mass flow rate fixed

analysis.

Rod number 217 217 217 217

Rod radius/cm 0.683 0.688 0.693 0.698
Rod distance/cm 1.75 1.75 1.75 1.75

Power density/MW/m® 62.88 61.97 61.08 60.21
Mass flow rates/10*kg/s 1.06 1.06 1.06 1.06
UN Tax/K 2081 2076 2070 2064
Re Tmax/K 2047 2042 2036 2031

Pressure drop/kPa 7.77 8.53 9.36 10.33

based on the Wilcox k-w model, which incorporates modifications
for low-Reynolds number effects, compressibility, and shear flow
spreading. One of the weak points of the Wilcox model is the
sensitivity of the solutions to values for k and w outside the shear
layer. The SST k-w model includes all the refinements of the BSL
k-w model and in addition accounts for the transport of the
turbulence shear stress in the definition of turbulent viscosity.
These features make the SST k-w model more accurate and reliable
for a wider class of flows than the standard and the BSL k-w
models. In addition, flow model verification will also be conducted
in Section 3 in an experimental way.

2.3 Parametric Analysis

2.3.1 Power Density Fixed Analysis

The purpose of this section is to optimize the fuel parameters,
such as the number of rods, the rod diameter, and the rod
distance, in the framework of given neutronics analysis,
namely, fixing the reactor size and fuel installation. The total
power of the reactor is 1 MW.

Ifthe power density of the fuel is kept constant at 61.97 MW/m?®,
the fuel volume should be constant, which means the number of rods
should be set inversely proportional to the square of the rod radius.
Considering that the reactor size is fixed, the rod distance should be
setinversely proportional to the number of rod turns. Mass flow rates
can be deduced based on the conservation of energy. The calculation
results of different number of rods are summarized in Table 2.

It can be concluded that when the number of rods decreases,
the rod radius increases to keep the power density at a constant
level. The actual heat exchange area decreases, leading to
decreased heat exchange capabilities and decreased pressure

Simulation and Experiment on an Open Lattice Structure

FIGURE 6 | Schematic of the arrangement and number of heating rods.

drop. Overall, 217 rods prevail for medium temperature and
pressure drop limitations.

2.3.2 Mass Flow Rate Fixed Analysis

If the amount of the fuel is kept constant at 217, the rod distance
should be constant to keep the reactor size constant. The power
density should be set inversely proportional to the square of the
rod radius, to keep the total power constant at 1 MW. Mass flow
rates can be deduced based on the conservation of energy. The
rod radius varies from 0.683cm to 0.698 cm, which could
hardly exercise effects on neutronics calculations. The
calculation results of different rod radius are summarized in
Table 3.

It can be concluded that when the rod radius increases, the
total heat exchange area also increases, leading to the increased
heat exchange capability. In addition, the velocity increases due to
the decreased cross-sectional area, strengthening the heat
exchange process as well. Therefore, temperature decreases
and pressure drop increases during the process. A larger rod
diameter is easy to cause rod contact, leading to heat transfer
deterioration and even local melting, and also increasing the
possibility of channel blockage. A smaller rod diameter will lead
to higher fuel temperature and smaller safety temperature
margin. In addition, the fuel parameter selection also
considers the requirement of an MHD generator, which can
be found in our previous research. The pressure of the reactor
outlet is set at 0.4 MPa, and the inlet pressure of the reactor is
supposed to be 0.41-0.43 MPa, so as to match the NFR/CCMHD
generation system. In the scheme case of radius at 0.688 cm, the
pressure drop is calculated to be 8.53 kPa, and the maximum
temperature of all the materials are within the expected range,
which meets the most design criteria. Overall, the rod radius of
0.688 cm prevails for appropriate temperature and pressure drop
limitations.
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TABLE 4 | Five groups of working conditions under different mass flow rates and
heating power distributions.

Exp no. Expected mass rate Power/W Remark
2-100 48.68 kg/h 3773 48.57 kg/h in reality
2-110 58.42 kg/h 3773 High rates

2-120 48.68 kg/h 37*73/2 Low power

2-130 24.34 kg/h 37*73/2 Low power and rates
2-140 48.68 kg/h / Round-based power

distribution

3 EXPERIMENTAL STUDY

3.1 Test Facility Description

After the preliminary analysis based on CFD methods, a
dimension-optimized rod bundle channel is selected. The new
challenge is to acquire a verified flow model in numerical
simulation, which calls for further experimental research
concerning the open lattice structure. After carefully
performing similarity analysis, the linear geometry is kept
almost the same, which adopts the same rod radius and rod
distance as the optimized one in Section 2. The difference is that
the experiment takes four-round heating rods rather than nine-
round for saving the cost. Also, nitrogen is adopted as the
experimental working medium. Details about the experiment
are not the main concern in this study and can be found in
other publications of our research team. In this section, the
applicable turbulence model is obtained by using the
temperature data of the rod cluster experimental section.

The arrangement and number of heating rods in the rod
bundle test section are shown in Figure 6. The nine heating rods
below the red dotted line are of type A, and the remaining 28 rods
are of type B. Different types correspond to different specific
structure of temperature-measured spots, as shown in Figure 7.

The temperature-measured spots of each heating rod are
arranged as 1, 2, 3, and 4 in the order from top to bottom.
Temperature measurement point 4 is taken as the height
reference. It is clear that from the perspective of the entire

stainless stee

W/ MV EPPE

0.0011243kg/s

FIGURE 8 | Schematic of the simulation model of the test section.

rod bundle test section, there are five temperature measurement
surfaces with relative heights of 0, 125, 250, 375, and 500 mm,
respectively. Considering the arrangement of the two types of
rods, it can be seen that there are 37 temperature measurement
points at height 0, 28 temperature measurement points at height
125 mm, 37 temperature measurement points at height 250 mm,
37 temperature measurement points at height 375 mm, and
9 temperature measuring points at height 500 mm. In total, five
groups of working conditions under different mass flow rates
and heating power distributions are carried out by adjusting the
control system. The conditions are summarized as follows in
Table 4.

3.2 Simulation Models
To analyze the data of measured temperature, numerical
simulations are required based on some usual flow models
including the laminar model, SST k-w model, RSM model,
and standard k-e with an enhanced wall model.

To simplify the calculation, 1/12 of the heating section is
simulated, as shown in Figure 8. The housing material is stainless
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As for the experiment, according to the relative positions of the rods,
the rod bundle of 37 rods is divided into six different types of
characteristic rods, as shown in Figure 9A. The measured values
corresponding to each characteristic rod at the same height are
counted and averaged, to obtain the average temperature of the
cladding of the characteristic rod at that exact height. Here, we

characteristic rod #3

FIGURE 10 | (Continued). Temperature distribution of the six

characteristics rods along the axial height in the z-direction. (A) characteristic
rod #1. (B) characteristic rod #2. (C) characteristic rod #3. (D) characteristic

rod #4. (E) characteristic rod #5. (F) characteristic rod #6.
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E 650 - Mesh number Number of nodes T, reflector/K  Pressure drop/kPa
A R — 1 94e+4 1587 8.2
600 [ = exp5 2 186e+4 1602 7.44
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550 - —&—lam5 4 574e+4 1619 7.38
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TABLE 6 | Main calculation results.
400 -
Torax fuel 2160 K
350
Trmax Cladding 2103 K
T T T T T T T T T T
0 100 200 300 400 500 Trnax 92P 2128K
5 Tmax reflector 1619 K
- '(mfn ) Trmax helium 2082 K
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. 4 |lam6
500 - e . "ims g should pay attention to eliminate unreasonable temperature
-
SKeew measurement values.
< As for the simulation, according to the thermal
= 4507 calculation results of 1 in 12 simulated parts, the area-
weighted average temperature of the annular cladding surface
400 1 of each rod at different heights is taken for reference, of which the
arrangement and number are shown in Figure 9B.
350
T —— 3.3.2 Data Analysis
0 100 200 300 400 500 Taking the 2-100 reference condition as an example, the
z6(mm) temperature distributions of the six characteristic rods in the
characteristic rod #6 z-direction along the axial height are depicted from Figure 10A to
Figure 10F. In these figures, the experimental values are marked
FIGURE 10 | (Continued). Temperature distrioution of the six as points, and the calculated simulation values under the four flow
characteristics rods along the axial height in the z-direction . models are marked as lines.
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Considering the aforementioned six sets of data, the
turbulence model SST k-w is relatively more consistent with
the measured experimental data.

Applying this SST k-w turbulence model to all working
conditions, it can be concluded that within the allowable error

Velocit
Vector

2.374e+002

- 1.781e+002

1.187e+002

5.936e+001

0.000e+000
[ms”-1]

FIGURE 13 | Velocity vector of helium.

range, the simulated and experimental values are in good
agreement.

4 FURTHER ELABORATED NUMERICAL
STUDY

Using the SST k-w turbulence model, it is achievable to simulate
the heating section in a more elaborate way. Compared to Section
2, the gap structure, which lies between the fuel and the clad, the
radial reflector and pressure vessel, and the radiation effects inside
the reactor will all be considered in particular in this section.

4.1 Simulation Models

As for the fuel layer, simulation models consist of rods, rod
claddings, the gap between the rod and the cladding, the coolant,
the radial reflector, and the pressure vessel, as shown in
Figure 4B. In addition to the turbulence model, the DO
radiation model is also considered and calculated due to the
overall high-temperature environment.

4.2 Boundary Conditions

The heating source item of the fuel is set at 6.19788e7W/m”. The
vessel boundary is set to radiation, where the outer space
temperature is 200 K and the emissivity is 0.5. In addition,
relevant surfaces that participate in the radiation are all set at
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0.5 in the value of emissivity. Specifically, the radiation inside the
flow channel is considered including the radiation between the
fuel rods and the claddings, the radiation among the claddings,
and the radiation between the reflector and the claddings. Also,
since the coolant helium is a monatomic gas, there is no need to
consider gas radiation.

4.3 Grid Independence Check

Details about the mesh are depicted in Figure 11. In order to
find an appropriate mesh cell number and verify that the
numerical results are not very sensitive to the mesh cell
number, five cases with different mesh cell numbers are
conducted. These cases have identical boundary conditions.
The mesh cells and results for each case have been
summarized in Table 5. According to the results, mesh 3 is
chosen for further numerical calculation.

4.4 Result Analysis

After grid independence check, the mesh with 2.87 million nodes is
proved to be sufficient to satisfy the calculation requirement. The
main calculation results are summarized in Table 6. Compared to
the original results in Section 2, the maximum temperature of rods
rises by 4%, and the inlet maximum pressure drop decreases by
approximately 13%. It can be concluded that the gap structure, the
radial reflectors and pressure vessel structure, and the radiation
effects inside the reactor cannot be neglected.

According to the pressure contour and velocity vector, as
shown in Figure 12 and Figure 13, helium flows into the open
lattice structure and cools down the rods. The horizontal flow is
relatively not obvious under this condition, leading to a
horizontally uniform pressure distribution.

As shown in Figure 14, due to the non-uniformity of radial
heating, the coolant has the highest temperature in the outlet near
the center-rod. In addition, the coolant temperature distribution
is also the most uneven at this height.

Overall, this design displays an acceptable result in the
temperature field, velocity field, and pressure field and is
appropriate for matching the CCMHD system. However, the
axial and radial power profile and more elaborate reactor
structures are also required to obtain more solid results.

5 CONCLUSION

The study presents numerical simulations and experimental
study on gas flow in an open lattice structure for the advanced
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space nuclear power system. The conclusions are summarized as
follows:

1. Given a certain neutronics limitation, a dimension-optimized
rod bundle channel can be raised quantitatively, which
requires to balance the maximum rod temperature, the
pressure drop, and other factors in the design.

2. The experiment reveals that the SST k-w turbulence model is
appropriate for further simulation in the open lattice structure.

3. Considering the gap structure, which lies between the fuel and
the clad, the radial reflector and pressure vessel, and the
radiation effects inside the reactor, the maximum
temperature of rods rises by 4%, and the inlet maximum
pressure drop decreases by approximately 13%.

4. This design displays an acceptable result in the temperature
field, velocity field, and pressure field and is appropriate for
matching the CCMHD system. Further research is also
required to take the axial and radial power profile and
more elaborate structures in the whole reactor into
considerations.
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