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Application of flow and heat
transfer network analysis method
to the core of a prismatic
gas-cooled micro reactor

Zhang Shuoting*, Dong Jianhua, Zhou Zhe, Huang Zheng,
Liu Guoming and Chen Qiaoyan

China Nuclear Power Engineering Co. Ltd., Beijing, China

The prismatic gas-cooled micro reactor core is composed of graphite prismatic
blocks with gaps between them. The coolant passes through the gap to form
flows that affect the flow and temperature distribution of the core.
Conventionally, computational fluid dynamics methods have been used for
prismatic gas-cooled reactor core analysis. However, they require
considerable computational time and cost. For rapid and accurate calculation,
in this study, a flow and heat transfer network analysis method is developed for
evaluation of the core flow and temperature distribution. Finally, the calculated
results of the flow heat transfer network analysis method are compared with the
calculated results of computational fluid dynamics. The results show that the
results of the flow heat transfer network analysis method are in good agreement
with the results of computational fluid dynamics.
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flow network, bypass flow, maximum fuel temperature, prismatic gas-cooled reactor,
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1 Introduction

The very high-temperature reactor (VHTR) is one of the Generation-IV reactors,
which is a graphite-moderated, helium-cooled reactor with a thermal neutron
spectrum. A major potential benefit of the VHTR is achieved for electricity
production and industrial processes. The prismatic block reactor is one of the main
types of VHTRs, featuring hexagonal graphite fuel blocks in the core (GIF, 2014;
Rousseau et al.,, 2019). Due to the assembly process, neutron radiation, and thermal
expansion deformation, the deformation of the graphite blocks causes variations in the
gaps, which leads in fluctuations in the coolant outlet temperature (Olson et al., 1982;
Kim and Lim, 2011).

Johnson and Sato (2012) modeled 1/12th of a GT-MHR fuel assembly, and Yoon et al.
(2013) modeled 1/12th of a core. Both groups used the CFD code and accounted in explicit
3D detail for the fuel compacts, coolant channels, and the bypass gaps. However, they
require substantial computational cost and time. Due to the requirement for multiple
designs and calculations during core design, the CFD code cannot fulfill the needs.

GAMMA+, as a system thermal-fluid analysis code, has relatively low computational
cost and time. However, the gaps are grouped and simplified (Kim and Lim, 2011).
FLOWNET is a finite volume-based system simulation software code used to calculate the
gas flow rates and temperatures. However, the fuel assembly is overly simplified (Maruyama
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FIGURE 1
Thermal conduction within a fuel block

et al,, 1994). The FastNet code simplifies the effects of gap thermal
convection and thermal radiation (Lee et al., 2018; Lee et al., 2019).
Thus, their accuracy is relatively low.

This paper presents a model for three-dimensional flow and heat
transfer within the core of a prismatic gas-cooled core reactor, and it
also compares its results with those from the computational fluid
dynamics code. The aim of this model is to calculate the flow and
temperature distributions accurately and efficiently. The research
has conducted three-dimensional flow and heat transfer calculations
for the core by integrating equations for fluid mass conservation,
momentum conservation, and energy conservation, along with the
core’s geometry, to obtain solutions for the flow field and
temperature field. By transforming the complex core flow
channels into a three-dimensional fluid network, the model
eliminates the need for complex modeling and discretization,
thereby enhancing the design efficiency. Furthermore, this model
is versatile and can be used for the thermal-hydraulic design and
safety assessment of all prismatic gas-cooled reactor cores.

2 Flow analysis model
2.1 Governing equations

The flow module of the flow and heat transfer network
analysis method to the core of a prismatic gas-cooled reactor
(CNet) follows the principle of mass conservation. This principle
dictates that the increase in fluid mass at a node over a unit of
time is equal to the net mass flowing into the node during that
same time period. Given that the model considers the steady-
state flow, the increase in fluid mass at a node over a unit of time
should be zero. Consequently, for any node, the total mass of fluid
flowing into and out of the node over a unit of time must sum to
zero. The mass conservation equation for node j can be expressed
as Equation 1.

Frontiers in Energy Research

10.3389/fenrg.2024.1432836

N
g FiitMji = 0, (1)

where mj; is the mass flow rate in the ith pipe and N is the total
number of pipes. When the fluid in the ith pipe flows into node j,
aj=1; when the fluid in the ith pipe flows out of node j, a i =1
and when the ith pipe channel is not connected to node j, aj = 0.

The flow module of the CNet follows the principle of
momentum conservation. This principle dictates that the rate of
increase in fluid momentum within a node is equal to the sum of the
various forces acting on the node. For a closed flow loop,
momentum conservation indicates that the total pressure drop
around the flow loop is zero. For loop k can be expressed as
Equation 2.

N
ZizlbkiRkimi,- =0, 2)

where N is the total number of pipes, Ry; is the flow resistance
coefficient within the ith pipe in loop k, my; is the mass flow rate
within the ith pipe in loop k, and ny is the total number of pipes in
loop k. When the direction of the flow in the ith pipe is the same
as the direction of circulation in loop k, by; = 1; when the
direction of the flow in the ith pipe is opposite to the
direction of circulation in loop k, by; = —1; and when the ith
pipe is not in loop k, by; = 0.

2.2 Flow resistance

2.2.1 Coolant channel

The flow inside an individual coolant channel can be roughly
assumed to flow in a circular pipe, and the flow resistance coefficient
for flow loss can be represented by Equation 3.

L 1

Regingle =
where L is the height of the fuel block, D, is the diameter of the
coolant channel, p is the fluid density, f is the friction factor of the
coolant channel, and A, is the cross-sectional area of the
coolant channel.

Considering the actual conditions of the coolant channels, where
the Reynolds number exceeds 5000, indicating the turbulent flow,
and the coolant channel walls are rough, the friction factor for the
coolant channel can be expressed using an empirical formula
(Colebrook, 1939), as depicted in Equation 4.

R K 2.51 ] @

2log,y | ———
G2 Og1°[3.7Dc N

where Re is the Reynolds number, K is the roughness, and D, is the
diameter of the pipe.

2.2.2 Bypass gap

A bypass gap exists between fuel blocks, and this flow can be
roughly regarded as the flow between parallel plates. The flow
resistance coefficient for flow loss for the bypass gap is
represented by Equation 5.

L 1

Ry = fogm 57— (5)
bg fbngg szig
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FIGURE 2
Thermal radiation between fuel blocks.

where f3, is the friction factor of the bypass gap, Dy, is the
characteristic length of the bypass gap, and Ay, is the cross-
sectional area of the bypass gap.

3 Heat transfer model
3.1 Governing equations

3.1.1 Thermal conduction in the fuel block

Inside the fuel block, heat is transferred through thermal
conduction. As shown in Figure 1, in the radial direction, the
heat transferred from node i to node j per unit time is expressed
by Equation 6.
T;-T;

L
ke f radial,j

Qij = Aij (6)

Li
ke f radial,i

where T; and T'; are the temperatures of nodes i and j, respectively.
L; and L; are the distances from nodes i and j to the node boundary,

Coolant channel ——. . . . ‘
o0 @
o0

Fuel

FIGURE 3
Fuel temperature unit cell.

Frontiers in Energy Research 03

10.3389/fenrg.2024.1432836

respectively. Keffradiali and Kefyradiarj are the equivalent radial
thermal conductivity coefficients of nodes i and j, respectively.
A;j is the surface area of the boundary face of nodes i and j.

When the gap between the layers of the fuel block is
neglected, in the axial direction, the energy transferred from
node z to node z + 1 between two layers of fuel blocks is expressed
by Equation 7.

Tz - Tz+1
Qz,z+1 = Az,z+1 . [ (7)
keffaxialz — Kef faxialze1

where T, and T, are the temperatures of nodes z and z + 1,
respectively. h, and h,,, are the distances from z and z + 1 to the
node boundary, respectively. keffaxiaz and keffaxialz+1 are the
equivalent axial thermal conductivity coefficients of nodes z and
z + 1, respectively. A, ., is the surface areas of the boundary faces of
nodes z and z + 1, respectively.

3.1.2 Thermal convection of the coolant

Within the coolant channel or gap, there is convective heat
transfer between the coolant and the graphite wall. The
convective heat transfer over a unit of time is expressed by
Equation 8.

(8)

Qcaolunt = Acoolunthcaolunt(Tgruphite - Tcoulant):

where Acooan: 18 the convective heat transfer area, heoorn: is the heat
transfer coefficient, T g,qpnire is the temperature of the graphite wall,
and T coolant is the temperature of the coolant.

3.1.3 Thermal radiation of graphite
As shown in Figure 2, the radiation heat transferred between fuel
blocks over a unit of time is expressed as Equation 9.

Aio(T - T1)

(3-1)

)

Qya _radiation_i,j =
gap ) 1, A

& Aj

| o0
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Fuel temperature
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frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1432836

Shuoting et al.

I_H

FIGURE 4
Fuel block temperature unit cells.

where T; and T; are the temperatures of interfaces i and j,
respectively. ¢ and ¢; are the surface emissivities of interfaces i
and j, respectively. A; and A; are the area of interfaces i and j,
respectively.

3.2 Maximum fuel temperature model

The maximum fuel temperature is a crucial parameter in the
thermal-hydraulic analysis of the core. The decay heat of the fuel is
split into two parts: one part is carried away by the coolant within the
coolant channels, and the other part is carried away by the bypass
flow, as depicted in Equation 10.

quel = quel,coolunt + quel,gap> (10)

where Qe is the decay heat of one fuel rod over a unit of time,
Q fuel coolant is the decay heat of the fuel carried away by the coolant in
the coolant channels over a unit of time, and Q fye1,gap is the decay
heat of the fuel carried away by the bypass flow over a unit of time.

To analyze the temperature change caused by the heat carried
away by the coolant within the coolant channels, a fuel temperature
unit cell is defined, which includes fuel pellets, fuel gaps, graphite,

10.3389/fenrg.2024.1432836

and coolant channels, and its heat transfer process is thoroughly
analyzed. Each fuel rod is surrounded by six coolant channels, and
several such cyclic structures make up the fuel block. Therefore, a
fuel temperature unit cell is extracted from this cyclic structure for
detailed heat transfer analysis, as shown in Figure 3.

Each fuel block contains 18 fuel channels and 48 coolant
channels. In the fuel temperature unit cell, 1/12 of a fuel rod
corresponds to 2/9 of a coolant channel, as depicted in Equation 11.

Q

Tw=—2 4T
WAk

1
12 Q fuel,coolant

S R —— 11
¢ % . 27IRcoolantLh ( )

+ Tc,

where R cooiant is the radius of the coolant channel, L is the height of
the fuel block, h is the heat transfer coefficient, and T is the
temperature in the coolant channel.

The heat conduction process from the coolant channel wall to
the fuel channel wall within the graphite can be roughly
approximated as a heat conduction process in a rectangle. The
long side of this rectangle represents the shortest distance from the
coolant channel wall to the fuel channel wall, while the short side is
1/12 of the perimeter of the fuel channel wall, corresponding to the
surface area of the fuel channel wall. The temperature at the fuel
channel wall is expressed by Equation 12.

Qdg

TG =
AGkgruphite

+TW

1
ﬁquel,coolant(LP - Rcoalant - Rfuelhole)

+Tw, (12)

2
9° 2nR fuelholeLkgmphife

where d; is the shortest distance from the coolant channel wall to
the fuel channel wall, Lp is the shortest distance from the axis of the
coolant channel to the axis of the fuel channel, and R fepoe is the
radius of the fuel channel. k g,qppire is the thermal conductivity of the
graphite. Ag is the surface area of the fuel channel wall.

The heat transfer process from the fuel channel wall to the fuel
compact within the fuel channel gap can be considered an equivalent
to the heat conduction between two parallel surfaces. This
temperature at the fuel compact surface is represented by
Equation 13.

S uelga L(2 uel,coolan R uelhole — R uel
TFw—Qflgp+TG:12 fl t(f s )+Tg,
Akauelgap 12° ZHRfuelkauzlgup
(13)
)

()
C

&)

&)

©)

FIGURE 5
Heat transfer model for a four-layer fuel block column
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FIGURE 6
CFD model for a fuel block column.

where 6 f.e140p is the thickness of the gap between the fuel compact
and the fuel channel and R ,,; is the radius of the fuel. k f,¢144) is the
equivalent thermal conductivity of the fuel channel gap, which
includes the effects of thermal conduction and thermal radiation.
Ap is the surface area of the fuel compact.

The heat transfer process within the fuel compact can be
heat and the
temperature at the center of the fuel is expressed by Equation 14.

approximated as  cylindrical conduction,

1 Q fuel,coolant

T =
Fe 4 ”kauel

+ TFW) (14)
where ke is the equivalent thermal conductivity of the fuel.
The maximum temperature difference within the fuel

temperature unit cell is the temperature difference between the
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0.400 (m)

0.300

center of the fuel and the coolant within the coolant channels, as
expressed by Equation 15.

ATy = Tre - Te. (15)

In the fuel temperature unit cell, only the temperature change
caused by the heat carried away by the coolant within the coolant
channels is considered. The temperature change caused by the heat
carried away by the bypass flow should also be considered.

For the impact of the bypass flow, a fuel block is regarded as a
whole, and the bypass flow results in a temperature gradient in
the radial direction of the fuel block. The heat transfer process of
the fuel block is simplified to a cylindrical heat conduction
process, with the temperature at the center of the fuel block
expressed by Equation 16.
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TABLE 1 Input parameters.

Parameter Value Unit
Heater power 240000 w
Total mass flow rate 1.6 kg/s
Inlet temperature 300 °C
Inlet pressure 3 MPa
Taemoncrter = 3 204 Ty, (16)
o f fradial

where Tpy is the temperature of the outer surface of the fuel block.
The fuel block is divided into six fuel block temperature unit
cells for a detailed heat transfer analysis, as shown in Figure 4.
The heat transfer from node i to the outer surface boundary of
the block is expressed by Equation 17.
(T, - Tw)

Qfuel.gap = Kef f.radial Agap=——
2V3

(17)

where a is the side length of the fuel block.

By solving Equations 16, 17 together and eliminating the
temperature of the outer surface of fuel block Tgyy, the temperature
at the center of the fuel block is expressed by Equation 18.

quel gap ( a quel gap >
_Xugap  (p @ Sfudgar ) (qg)
ﬂLkeff,mdial 2\/§ keff,mdialAgap

1
Telementcenter = Z

The maximum fuel temperature should take into account the
effects of both parts above, as expressed by Equation 19.

Tmax = Telementcenter + ATFM . (19)

3.3 Calculation process of the heat
transfer model

Using a four-layer fuel block column as an example, a fuel block
is divided into six triangular prisms, with each prism corresponding
to a heat transfer calculation node. The heat transfer network is
shown in Figure 5.

The solution steps are as follows.

(1) The inlet temperature of the coolant and the initial
temperature of all regions are assigned.

(2) Using the first node of the second layer as an example, the
energy conservation equation is represented by Equation 20.

(quel_Zfl - Qchannel_Zfl - anp_cunvection_Zfl - qup_mdiution_Zfl

+ Qa6-1 + Qaapt + Quoppor + Qi) x 7=, (20)

where Qfye1_>-1 is the heat of the fuel in the first node of the second
layer per unit time. 7 is the time step. £ is the heat residual.

(3) The temperature of the graphite is updated, as expressed by
Equation 21.

§

+ Tgmphite_old~ (21)
CgraphiteMgraphite

Tgmphite_new =
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FIGURE 7
Flowchart for the CNet calculation.

(4) The temperature of the coolant is updated in the coolant
channel. The coolant temperature in the coolant channel is
calculated layer by layer from the inlet coolant temperature,
until the temperature of the coolant in all coolant channels is
updated, as expressed by Equation 22.

Achannel hcharmel Tgm phite + 2CchannetMehannel Tchannelinlet

T channel = (22)

chhannel Mehannel + Achannel hchannel
(5) The temperature of the coolant is updated in the bypass
gap. The coolant temperature in the gaps is calculated layer
by layer from the inlet coolant temperature in the gaps, until
the temperature of the coolant in all gaps is updated.
For each unit of time, the energy of heat conduction from node i
to boundary b is expressed by Equation 23.

T, =T,

Qip = Aipk; L

) (23)

where T; and T, are the temperatures of node i and boundary b,
respectively. L; is the distance from node i to boundary b. k; is the
equivalent radial thermal conductivity of node i. A;}, is the interface
area between node i and boundary b.
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TABLE 2 Comparison between the CNet and the CFD results.

10.3389/fenrg.2024.1432836

Parameter CFD CNet Calculation error
Coolant channel mass flow rate (kg/s) 1.1398 1.1617 -1.90%
Gap mass flow rate (kg/s) 0.4602 0.4386 4.70%
Average outlet temperature ("C) 329 3289 0.00%
Maximum fuel temperature (°C) 450.3 453.3 -0.70%

In a unit of time, the energy of convective heat transfer between
the bypass flow and boundary b is expressed by Equation 24.

Qi,b = Aguphgap(Tb - Tgup)~ (24)

The coolant temperature of the bypass gap is expressed by

Equation 25.
AgaphgapTi
14 hgep
ki

+ zcgapmgupTgapinlet

T (25)

gap — Agaphgap
Lih

Ly Hgar
i

2€gapMgap +

(6) The fuel temperature is updated. The maximum fuel
temperature is calculated wusing the fuel maximum
temperature model.

(7) The temperature iteration residual in each region is compared
with the set value ¢. Let ¢ = 1E — 06. If > ¢, the (n+1)th

Ti=Tul < ¢ the heat transfer

Ty

Ty =Ty
Tyt

iterative calculation is initiated. If

model calculation is completed.

4 Validation
4.1 CFD results

A single fuel block column analysis is simulated and compared
with CFD analysis and CNet results. The calculation model
comprised four layers of fuel blocks, with a bypass gap set to
1 mm. The input parameters are as shown in Table 1.

For the CFD turbulence model, the standard k-e¢ turbulence
model with the enhanced wall treatment option is employed to
account for turbulence. A hybrid mesh consisting of tetrahedral and
prismatic cells is used. The CFD model and mesh are depicted in
Figure 6, with a total of 3.17 million cells. The flow boundary
conditions for the coolant channels were set as the velocity inlet and
pressure outlet, and the boundary surfaces of the calculation domain
are set as adiabatic conditions. The coolant is automatically
distributed within the coolant channel and the gaps. The results
are shown in Table 2.

4.2 CNet results

The flowchart for the CNet calculation is shown in Figure 7, and
the steps are as follows.

(1) Read the geometric structure information, initialize the data,
and set the boundary conditions.

Frontiers in Energy Research

(2) Perform the flow model calculation. After the internal
iteration converges, obtain new flow rates and pressures,
which are then passed to the heat transfer model.

(3) Perform the heat transfer model calculation. After the internal
iteration converges, obtain new temperatures.

(4) Compare the results of the (n-1)th and the nth iterations. If
the residual is greater than ¢, pass the new temperature
from the heat transfer model to the flow model, and begin
the (n+1)th iteration. If the residual is less than ¢, finish the
calculation.

(5) Output the flow rates, pressures, and temperature data.

A comparison between the CNet model and the CFD numerical
simulation results is shown in Table 2.

The results show that the results of the CNet are in good
agreement with the results of CFD.

CNet has a significant advantage in calculation speed. For this
case, the calculation time of CNet is approximately 5 s, while the
calculation time of CFD is more than 4 h.

5 Conclusion

This study developed a CNet code for analyzing the
thermal-fluid analysis of the prismatic gas-cooled reactor.
Using a three-dimensional flow and heat transfer network
analysis method, this study achieved rapid and accurate
calculations for the flow and the temperature of the
prismatic gas-cooled reactor.

To validate the effectiveness of the CNet code, the calculated
results are compared with the calculated results of the CFD code.
The results indicate that the calculations from CNet are
consistent with the results from the CFD code in terms of
flow rate and maximum fuel temperature. The maximum fuel
temperature calculated by CNet is only 0.7% higher than that of
the CFD code. Furthermore, the calculation time for CNet is
significantly reduced. Further research will involve adding a
transient analysis model, and the developed methods will be
applied to the whole core analysis for prismatic gas-
cooled reactors.
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