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Helium-xenon gas mixture (He-Xe) and tight rod bundles are widely used in gas-cooled space nuclear reactors.
However, few studies have been conducted on the effects of pitch-to-diameter ratio (P/D) on thermal-hydraulic
characteristics while considering conjugate heat transfer. This paper numerically investigated He-Xe heat
transfer in a fuel-gas gap-cladding-coolant structure of tight rod bundles. The numerical model is validated using
experimental data and the maximum error of wall temperature is less than 5 %. The results show that conjugate
heat transfer significantly affects the heat transfer. The heat transfer coefficient without conjugate heat transfer is
only 8.85 % of that with conjugate heat transfer in the quasi-triangular pipe. The decrease in P/D enhances the
convective heat transfer and causes larger pressure drops. A new performance evaluation criterion (PEC) is
presented considering the effects of heat transfer, pressure drop and volume. PEC first increases and then de-
creases with the increase in P/D and the best comprehensive performance occurs at P/D = 1.113. The analysis of
the temperature difference in the viscous sublayer (y" < 5) shows that the decrease in P/D enhances the tur-
bulent effect of He-Xe and reduces the thickness of the viscous sublayer, resulting in the heat transfer

enhancement. This study contributes to the optimal design of advanced space reactors.

1. Introduction

Nuclear energy, with its high-power density, high reliability and
strong adaptability, is the inevitable choice for mankind to explore deep
space. Nuclear reactors utilizing helium-xenon gas mixture (He-Xe) as
coolant have attracted much attention, because of their light weight,
small size and sufficient energy supply[1,2]. The United States, for
example, initiated the Project Prometheus in 2003[3,4], aiming to
develop the first nuclear reactor-powered propulsion system for a
spaceship. The designed reactor was cooled by He-Xe. Although the
project was cancelled later, it offered a valuable reference for the design
of gas-cooled reactors. Recently, some researchers have designed
various megawatt-class space nuclear reactors cooled by He-Xe and
performed neutron and thermal-hydraulic analysis[5-8]. In addition to
its application in space reactors, He-Xe is also used in land-based nuclear
reactors. In 2024, Guan et al. [9] carried out an optimization study on
the mass and efficiency of He-Xe Brayton cycle for mobile, land-based
nuclear microreactors.

Past research has shown that the molar mass of He-Xe is commonly
chosen to be 40 g/mol [10] considering the heat transfer of coolant and
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the aerodynamic loading of impeller blades. However, He-Xe with a
molar mass of 40 g/mol has a very low Prandtl number (Pr) of 0.23 [11].
Consequently, the heat transfer characteristics of He-Xe differ from
common fluids, challenging the thermal-hydraulic design of nuclear
reactors. Thus, the study of He-Xe heat transfer has aroused increasing
attention recently. Table 1 summarizes the existing relevant studies.
To reveal the mechanism of He-Xe heat transfer, the convective heat
transfer of He-Xe in circular tubes has been widely investigated. In 1988,
Tayler et al. [12] experimentally investigated the heat transfer of He-Xe
in tubes and evaluated the applicability of Petukhov- Popov, Kays and
Dittus-Boelter correlations. The test section was an Inconel 600 circular
tube with an inner diameter of 5.87 mm. Results indicate that the re-
lations of Petukhov-Popov and of Kays perform best. Zhou et al. [13-15]
studied the He-Xe turbulent heat transfer in circular tubes. They pro-
posed a modified turbulent Prandtl number model for He-Xe. Based on
the turbulent boundary layer theory and calculation results, a heat
transfer correlation of He-Xe was presented. Qin et al. [16] experi-
mentally investigated the flow and heat transfer of He-Xe in a vertical
heating tube and the experimental Reynolds number (Re) was in the
range of 4000 —3 x 10*. They proposed new correlations for predicting
the global Nusselt number (Nu). Wang et al. [17] numerically studied
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Nomenclature y distance form wall, m
yt dimensionless wall distance
Latin symbols P/D pitch-to-diameter ratio
A cross-sectional area, m?
c correlation coefficient Greek symbo{s
Co blackbody radiation coefficient, W/ (m?K* 4 th'.lckness, m
[ specific heat at constant pressure, J/(kg-K) A dlff.fefer.lce
D outside diameter of rod bundle, m N emissivity .
Dy hydraulic diameter, m A therma} coTldugtlv1ty, W/(m-K)
E total energy, J/kg u dyna.mlc v1sc0351ty, kg/(m-s)
f friction factor p density, kg/m )
G mass flux, kg/(rn2~s) T shear stres§, kg/(m-s%)
h heat transfer coefficient, W/(m2-K) 0 aflgle re%atl\.ze to .the ceznter of rod bundle
k turbulence kinetic energy, m?/s2 v kinematic viscosity, m”/s
L effective heating distance, m Subscripts
m mass flow rate, kg/s ave average
M molar mass, g/mol b bulk temperature
Nu Nusselt number 2 £ friction
P pressure, kg/(m-s%) fuel fuel
P pitch between tight rod bundles, m i inner surface of gas gap
Pr Prandtl number in inlet
q heat flux, W/m® 3 norm normalization
Q volume source, W/m o) outer surface of gas gap
Re Reynolds number out outlet
T temp(.:rature, K sub viscous sublayer
u velocity, m/s t turbulent
u’ ﬂuctuatingsvelocity, m/s w wall
v volume, m eff effective
w wet perimeter of the cross-section, m
Table 1
Summary of previous literature on the heat transfer of helium-xenon gas mixture.
Researcher Time Channel type P/D Thermal boundary condition Method
Tayler et al. 1988[12] Circular tube - - Experimental
Vitovsky et al. 2015[20,21] Circular tube - - Experimental
2016[19] Triangular pipe
2017[28]
Qin et al. 2022[16] Circular tube - - Experimental
Vitovsky 2022[22] Quasi-triangular pipe 1.000 — Experimental
Makarov et al. 2022[23] Quasi-triangular pipe 1.000 Conjugate heat transfer Experimental & numerical
Qin et al. 2020(24] Tri-lobe pipe unknown Constant heat flux Numerical
Zhou et al. 2020[15] Circular tube - Constant heat flux Numerical
2021(6,13,14]
Sun et al. 2022[25] Quasi-triangular pipe 1.000 Constant heat flux Numerical
Ning et al. 2023[26] Tight rod bundles 1.092 Constant heat flux Numerical
Wang et al. 2023[27] Wire-wrapped rod bundles unknown Constant heat flux Numerical
Wang et al. 2023[17] Circular tube - Conjugate heat transfer Numerical

the heat transfer characteristics of He-Xe in circular coolant channels
with conjugate heat transfer. They analyzed the influence of power
distribution on local Nusselt number and presented a correlation to
predict local Nusselt number.

To better utilize He-Xe in nuclear reactors, much research has
focused on its thermal-hydraulic characteristics in different geometries,
especially for quasi-triangular channels (an extreme approximation of
tight rod bundles). Vitovsky [18-21] conducted experimental studies on
the He-Xe heat transfer with Pr = 0.23 in circular and triangular cross
section channels and compared the heat transfer rules with known
correlations. Results show that the heat transfer rates of triangular cross
section channels were lower than those of circular channels due to the
presence of stagnant region near slits. Vitovsky [22] also investigated
the heat transfer of He-Xe in a heated quasi-triangular channel and
proposed a method for calculating local heat transfer coefficients in

unsteady flows. Makarov et al. [23] also experimentally and numerically
studied the thermal-hydraulic characteristics of He-Xe in a quasi-
triangular pipe. Qin et al. [24] numerically investigated the heat
transfer characteristics of He-Xe in tri-lobe channels for constant heat
flux boundary conditions. They found that the wall temperature at the
tri-lobe channels slits was significantly higher than that at the concav-
ities. Sun et al. [25] compared the heat transfer characteristics of He-Xe,
CO and Na in quasi-triangular channels for constant heat flux boundary
conditions. They claimed that the thermal property of CO; is the best.
Ning et al. [26] numerically investigated the flow and heat transfer
characteristics of He-Xe in tight rod bundles. The pitch-to-diameter ratio
(P/D) of rod bundles was 1.092 and the boundary conditions of rod
bundles were constant heat flux. They analyzed the transition from
laminar flow to turbulent flow of He-Xe. Additionally, Wang et al. [27]
also investigated the thermal-hydraulic characteristics of He-Xe in wire-
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Fig. 1. Geometric diagram of tight rod bundles.

Table 2

Specific geometric parameters.
Parameters Value
Fuel inner diameter 3 mm
Fuel outer diameter 11.2 mm
Gas gap thickness 0.05 mm

Cladding thickness 1 mm

Cladding outer diameter 13.3 mm
Effective heating distance 500 mm

Pitch 13.3 ~ 16.0 mm
Pitch-to-diameter ratio 1~1.20

wrapped rod bundles for constant heat flux.

Some progress has been made in the field of He-Xe convective heat
transfer, but some research gaps remain. As the literature review above
and Table 1 show that most studies applied constant heat flux boundary
condition to the tight rod bundles. The thermal conduction of fuel, gas
gap and cladding should be considered in the real case. This simplified
boundary condition will result in error and affect the heat transfer rules
of He-Xe. However, it is still unclear how much error this simplified
boundary condition will introduce. Further research is urgently needed.
Table 1 also shows that tight rod bundles are widely used in gas-cooled
nuclear reactors. To make the reactors smaller, most of the literature has
studied P/D in the range of 1 to 1.1 (much less than 1.33 for typical
pressurized water reactors [29-31]). However, there is a dearth in
research on the influence of P/D on the thermal-hydraulic characteris-
tics of tight rod bundles.

The purpose of this study was to explore the effects of P/D on ther-
mal-hydraulic characteristics considering conjugate heat transfer. This
paper numerically investigated the convection heat transfer of He-Xe
with a molar mass of 40 g/mol in tight rod bundles. The thermal con-
duction of fuel, gas gap and cladding is considered. Firstly, we compared
the differences of convective heat transfer with and without conjugate
heat transfer and found the heat flux redistribution in the cladding.
Then, we analyzed the influence of P/D on the thermal-hydraulic
characteristics of tight rod bundles with conjugate heat transfer. These
characteristics included heat transfer, pressure drop and velocity field.
Finally, we analyzed the heat transfer mechanisms in tight rod bundles
for various P/D. This study improves the understanding of the He-Xe
convection heat transfer and contributes to the optimal design of
advanced space reactors.

2. Numerical method
2.1. Governing equations and discretization schemes

The convective heat transfer of He-Xe in tight rod bundles was
analyzed using computational fluid dynamics. The governing equations
were solved using Fluent software package. The advection terms were
discretized using the second order upwind method. Pressure and ve-
locity were coupled using SIMPLE method. When the maximum tem-
perature no longer varies with the iteration and residuals have decreased
4 orders of magnitude, the calculation is considered to be converged.
The governing equations to be solved are as follows (steady state
problem, ignoring the time term).

Solid domain:

Fluid domain:
aixi (pu) =0 o
ai"f (i) = _%+0% {” (STI; - % B %6%) ‘f’@;} 3
B (0P P =5 (AE“S*D @

where the turbulent thermal conductivity /; is calculated by the turbu-

lence model [32]. —puliu; is the Reynolds stress term and represents the

stress caused by turbulent fluctuations. According to the Boussinesq
hypothesis, Reynolds stress item can be expressed as:

Ny %) 5)

— U, = —pidij + p, (a_x, o
where p; = 2pk/3 is the pressure caused by turbulent fluctuations, k is
the turbulence kinetic energy and g, is the turbulence viscosity calcu-
lated by turbulence model. In the present paper, the Reynolds stress term
and turbulent thermal conductivity were calculated using the SST k —
turbulence model that has been widely used to investigate the convec-
tion heat transfer of He-Xe [13,17,24,33]. More information of SST k —w
turbulence model can be found in Menter’s work [34].
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(a) Meshing method for P/D > 1.
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(b) Meshing method for P/D =1.

(¢) Meshing method at slits for P/D = 1.

Fig. 2. Structured mesh diagram.

Table 3

Thermal properties of helium-xenon gas mixture.
Properties Value Unit
p Ideal gas kg/m?
[ 519.6 J/(kg-K)
A —1.067 x 107872 + 1.298 x 10T + 0.03985 W/(mK)
H —4.887 x 1071272 + 5.563 x 1078T + 1.511 x 10°° kg/(m-s)
M 40 g/mol

2.2. Geometry and Meshing

Fig. 1 illustrates the geometry of the present simulation and Table 2
summarizes the corresponding geometric parameters. The main pa-
rameters are based on the gas-cooled space nuclear reactor designed by
Tao et al. [8]. This study investigates the conjugate heat transfer of fuel,
gas gap and cladding. The gas gap is filled with helium at 2 MPa. The
convection of helium is neglected because it is very weak for a thickness
of 0.05 mm. The effect of helium gap on heat transfer is discussed in the
Appendix section. To reduce the computational cost, only 1/12 of the
rod bundles are simulated due to the geometric symmetry. The mirror
and rotation features are used in Tecplot for visual enhancement. As the
fluid enters, the boundary layer will gradually develop from 0 at the
entrance to fill the entire channel. Thus, the heat transfer at the entrance
is usually overestimated. At the same time, due to the turbulent pulsa-
tion, there may be a backflow phenomenon at the outlet, which will

affect the heat transfer near the outlet. Therefore, unheated sections of
100 mm (> 20Dy) are placed at the entrance zone and exit zone to
eliminate the entrance effect and the backflow phenomenon in outlet
[13,26,33].

A fine structured mesh is generated using ICEM, as shown in Fig. 2.
The mesh is refined near the cladding outer wall with a first element
height of 0.003 mm. The dimensionless wall distance is always less than
1. The dimensionless wall distance y" is defined as Eq. (6). When
P/D > 1, the mesh generation method in Fig. 2(a) is applied. When P/
D = 1, the line contact between the rod bundles degrades the mesh
quality. Following our previous work [35], rounded slits with a radius of
0.02 mm are used to simplify the geometry and generate a high-quality
structured mesh at the slits, as shown in Fig. 2(b,c). The structured mesh
used in this paper facilitates the analysis of the heat transfer mechanism
of He-Xe.

TW/

v

)

Y=y ©)

where y is the first element height, 7, is the wall shear stress and v is the
kinematic viscosity.

2.3. Physical properties and boundary conditions

In this study, UO; is used as the fuel material and its thermal con-
ductivity is calculated by Eq. (7) [36]. The physical properties of helium
at 2 MPa are obtained from the NIST Standard Reference Databases
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Gas gap (He)

Cladding (Mo-Re alloy)

Coolant (He-Xe)

adiabatic boundary

symmetry boundary

Fig. 3
Table 4
Meshing settings.
Element size of Number of Max Number of
cross section elements temperature (K)  axial elements
(mm)
Mesh 0.10 565,880 1869.4 140
1
Mesh 0.15 267,960 1870.0 140
2
Mesh 0.20 180,612 1871.9 140
3
Mesh 0.30 98,962 1875.3 140
4
Mesh  0.15 401,940 1870.2 210
5
1580 T I I I
0 Mesh1
—o— Mesh 2
15704 —m— Mesh 3
—&— Mesh 4
— © —Mesh5

Inner wall temperature (K)

Table 5
Experimental conditions for model validation.

1560

1550

Error bar: £0.1%

T
0.45 0.46

1
0.47

1
0.48

L (m)

1
0.49 0.50

Fig. 4. Results of inner wall temperature for different mesh.

Tin (K) P (Pa) q (W/m? M (g/mol) G (kg/(m>s))
Case 1 297.5 488,149 45,081 40 149.3
Case 2 299.3 991,466 159,071 40 267.5
Case 3 295.8 471,502 43,637 83.8 350.6
Case 4 303.0 806,581 296,622 14.5 139.7

Applied Thermal Engineering 252 (2024) 123661

. Boundary condition diagram where each line represents a surface parallel to flow direction.

[37]. Mo-50 Re alloy is used as the cladding material and its physical
properties are derived from Lundberg’s work [38]. Eq. (8) shows the
polynomial fitting formula of the thermal conductivity. In 2006, Tour-
nier et al. [11,39] reviewed the thermophysical properties of noble gases
and their binary mixtures and developed semi-empirical correlations
based on the Chapman-Enskog kinetic theory for dilute gases. The
thermophysical properties of He-Xe in this study are computed by using
their correlations. Table 3 presents the detailed settings of the He-Xe
physical properties.

P 115.8
Y02 ™ (7.5408 + 17.629t + 3.61422)
16.
+ 7410.5t’5/2exp( - %) w / (m-K) @)

with t = T(K)/1000.
IMo-re = —2.952 x 107°T? + 0.02013T + 43.10 W/(mK) (8)

To avoid the inlet/outlet effect, unheated sections of 100 mm length
are placed at the inlet and outlet. The fuel inner wall is an adiabatic
boundary, the other outer boundaries parallel to the flow direction are
symmetry boundaries and the inner boundaries parallel to the flow di-
rection are coupling boundaries, as shown in Fig. 3. The inlet boundary
condition is mass-flow-rate-inlet and the outlet boundary condition is
pressure-outlet. A volume source term is applied to the fuel. The specific
values of the boundary conditions are inlet temperature of 1134.4 K,
outlet temperature of 1500 K and outlet pressure of 2 MPa. The Mach
number corresponding to inlet velocity is less than 0.3 for all the
calculated conditions in this paper. The volume source term of the fuel is
calculated according to the mass flow rate and the calculation formula is
given by:

mc,(Toue — Tin)

Q - Vfuel

)

2.4. Mesh independence verification and model validation

Five different sets of mesh were used for mesh independence verifi-
cation and their specific settings are shown in Table 4. Mesh 1-4 varied
the element sizes on the cross section and Mesh 2 and 5 divided different
numbers of elements in the axial direction. Results in Fig. 4 shows that
the results of Mesh 2 and 5 agree completely, indicating that 140 ele-
ments are sufficient in the axial direction. The difference between the
results of Mesh 1 and 2 is less than 0.1 %, indicating that the mesh in-
dependence is verified. Finally, Mesh 2 is used.

In this study, the numerical model is validated by using the tube
experiment of Tayler et al. [12]. Four groups of different experimental
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Fig. 5. Comparisons of numerical results and experimental data.

conditions are chosen to cover various pressure, heat flux and helium-
xenon molar mass. The specific setting parameters are listed in
Table 5. The geometry calculated was a circular tube with an inner
diameter of 5.87 mm. Its effective heating distance is 60 diameters
(8352.2 mm). Unheated sections of 100 mm are also placed at the inlet
and outlet to reduce the impact of inlet and outlet effects. Fig. 5 com-
pares the numerical results with the experimental data. The relative
errors of wall temperature are all below 5 %, confirming the correctness
of the model.

3. Results and discussion

3.1. The effect of conjugate heat transfer on thermal-hydraulic
characteristics of He-Xe

This section analyzed the effect of conjugate heat transfer on He-Xe
convective heat transfer. Fig. 6(a) displays the outer wall temperature of
cladding with and without conjugate heat transfer for P/D = 1.113
(unless otherwise stated, this paper analyzes the thermal-hydraulic
characteristics at an effective heating distance of 400 mm). Due to the
symmetry of the wall temperature, only the part of @ > 0 was discussed.
The results indicate that the temperature distribution on the cladding
wall is relatively nonuniform when conjugate heat transfer is not
considered. For the constant heat flux boundary condition, the wall
temperature increases with the increase in 6 and the temperature dif-
ference reaches 80 K. When 6 approaches 0°, the wall temperature
predicted with conjugate heat transfer is higher than that without con-
jugate heat transfer. When 0 approaches 30°, the predicted wall tem-
perature with conjugate heat transfer is lower than that without
conjugate heat transfer. On average, the constant heat flux boundary
overestimates the outer wall temperature of cladding. Fig. 6(b) dem-
onstrates that conjugate heat transfer redistributes the wall heat flux
distribution on the outer wall of the cladding. The heat flux becomes
nonuniform and decreases with the increase in 6. This uneven distri-
bution of heat flux raises the wall temperature near # = 0° and lowers
the wall temperature near ¢ = 30", which flattens the wall temperature
distribution. Fig. 6(b) also reveals that the heat flux on the inner wall of
the cladding is uniform, which implies that the redistribution of heat
flux occurs in the cladding. This is due to the fact that the thermal
conductivity of cladding is much higher than that of the fuel and helium.
In the calculation, the average thermal conductivity of Mo-Re is 64.74
W/(m-K). The average thermal conductivity of UO5 is 3.104 W/(m-K).
The average thermal conductivity of helium is 0.444 W/(m-K).

Fig. 6(c) shows the outer wall temperature distribution of the clad-
ding for a quasi-triangular channel (P/D = 1) at Re = 7853 (Re is
calculated as Eq. (10)). The basic distribution trend agrees P/D =1.113.
However, when 6 approaches 30°, the wall temperature reaches a peak
of 3800 K, which is unrealistic. Due to the peak wall temperature, the
average wall temperature is overestimated by about 600 K without
conjugate heat transfer temperature. Fig. 6(d) shows the role of heat flux
redistribution in flattening the outer wall temperature. The heat flux
increases to three times the average heat flux for # = 0" and drops to
0 for 6 > 20".

_GD,_ 4m

Re =
Hp W

(10

where Dy, = 4A/W is the hydraulic diameter. Eq. (10) shows that since W
and 4, are constants in this study, Re corresponds to m one to one.

The heat flux vector in Fig. 7 illustrates the heat flux redistribution of
the cladding. The results indicate that the velocity in the mainstream
area is high and the wall temperature near the mainstream area is low,
which results in heat transfer from both sides to the center. The smaller
the P/D, the more heat is transferred to the vicinity of the mainstream.
When P/D = 1, the heat flux vector near § = 30" is almost tangent to
rod.

Fig. 8 compared the pressure drop and heat transfer difference with
and without conjugate heat transfer. The results in Fig. 8(a) indicate that
conjugate heat transfer has no effect on pressure drop. However, con-
jugate heat transfer have a strong effect on heat transfer. As shown in
Fig. 8(b), the average wall temperature increases and the heat transfer
coefficient decreases with the increase in P/D considering conjugate
heat transfer. When conjugate heat transfer is not considered, the wall
temperature first decreases and then increases with the increase in P/D
and the threshold of P/D is 1.113. The heat transfer coefficient exhibits
the opposite trend, first increasing and then decreasing with the increase
in P/D, as shown in Fig. 8(c). The reason for this phenomenon is that
when P/D approaches 1 there will be a temperature peak near g = 30°
without conjugate heat transfer (see Fig. 6). With the increase of P/D,
the peak phenomenon will weaken and the temperature will gradually
decrease. When P/D is large enough, the peak phenomenon disappears
and the heat transfer coefficient increases with the increase of P/D, as
shown when conjugate heat transfer is considered. It’s worth noting that
the heat transfer coefficient without conjugate heat transfer is only 8.85
% of that with conjugate heat transfer in the quasi-triangular pipe. The
analysis above in this paragraph implies that the wrong heat transfer
rule is obtained without conjugate heat transfer as P/D approaches 1.
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Fig. 8. Comparisons of results with and without conjugate heat transfer for Re = 7853. T, is the average wall temperature at the effective heating length of 400 mm.

h is calculated by q/(Tw —Tp)-

Therefore, it is essential to consider conjugate heat transfer in the nu-
merical study of He-Xe heat transfer in tight rod bundles.

3.2. Thermal-hydraulic characteristics in dense rod bundles for various
pitch-to-diameter ratios

3.2.1. Temperature field in dense rod bundles

Fig. 9 shows the temperature field in tight rod bundles. The results
indicate that the fluid temperature at the slit is higher than that at the
main flow region. The temperature gradient near the wall of § = 0’ is
larger than that of # = 30", leading to the higher wall heat flux as shown
in Fig. 6. The comparison of the results for various P/D shows that the
increase in P/D lowers the wall temperature and flattens the tempera-
ture distribution.

3.2.2. Velocity field in dense rod bundles

Result in Fig. 10 shows that He-Xe will accumulate toward the
middle at the inlet, resulting in an increase in velocity at the main flow
region and a decrease at the slit. Fig. 10 also indicates that the velocity

gradually increases with the increasing of flow distance due to the
thermal expansion of He-Xe. Fig. 11 illustrates the normalized velocity
in the dense rod bundles. The results show that the increase in P/D in-
crease the normalized velocity of the main flow region. This implies an
increase in P/D causes more fluid to accumulate toward the middle.
However, because the flow area at slits for P/D = 1 becomes smaller and
less fluid accumulates towards the center, the normalized velocity of the
main flow region for P/D =1 shows a decrease compared to P/D =
1.023.

3.2.3. Heat transfer characteristics in dense rod bundles

Fig. 12 illustrates the variation of average wall temperature and heat
transfer coefficient with Re for various P/D. The results show that the
heat transfer coefficient increases with increasing Re. Because the vol-
ume source term applied to the fuel needs to be proportional to Re for
the outlet temperature to be consistent, the wall temperature also in-
creases with increasing Re. The results in Fig. 12 also demonstrate that
the wall temperature increases with the increase in P/D and the heat
transfer coefficient decreases with the increase in P/D at the same Re.
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Fig. 9. Temperature contours at the effective heating distance of 400 mm for Re = 7853. The corresponding bulk temperature is 1426.9 K.
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Fig. 10. Velocity contours at the middle vertical planes of the lines between rod bundle centers for P/D = 1.023. The temperature contour is at the effective heating

distance of 400 mm.

This implies that the increase in P/D reduces the convective heat transfer
of He-Xe. Section 3.3 analyzed the reason for this phenomenon.

Fig. 13 shows the variation of Nu with Re for various P/D, where Nu
is defined as Eq. (11). The results indicate that Nu increases with the
increase in Re and P/D. The reason that the trends of Nu and heat
transfer coefficient with P/D are different is that Dy will increase with

the increase of P/D and the effect of increasing Dy, is greater than the
effect of decreasing h. Fig. 13 also indicates that Dittus-Boelter [40] and
Kays [41] correlations can not predict He-Xe heat transfer in tight rod
bundles accurately. The average error increases as P/D decreases. The
maximum error is more than 100 %. Dittus-Boelter correlation is
expressed as Eq. (12). Kays correlation is expressed as Eq. (13). In this
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Fig. 12. Heat transfer characteristics in dense rod bundles for various P/D. T, is the average wall temperature at the effective heating length of 400 mm. h is

calculated by q/(Tw —Tp)-

study, the geometric shape factor of (P/D — ¢;)® is introduced based on
the common empirical correlation formula. The correlation coefficient
was obtained by fitting the results of CFD. The error between the pre-
sented correlation and CFD is within 10 %, as shown in Fig. 14. Equation
(14) shows the specific form of the correlation. The proposed correlation
reflects the trend of Nu increasing with the increase of Re and P/D.

_ Dy

N
Y=

(€8]

where h is the heat transfer coefficient, 1 is the thermal conductivity for
bulk temperature.

Nu = 0.023Re%8pro4 12)

Nu = 0.022Re%8pr¢ 13)

0.2988
Nu = 0.0740Re%%712 (g - 0.9917) 14)

3.2.4. Pressure drops characteristics in dense rod bundles

Fig. 15 illustrates the variation of the pressure drop and the friction
factor with Re for various P/D. The friction factor is defined as Eq. (15).
The results indicate that the pressure drop increases with the increase in
Re and the friction factor decreases with the increase in Re. For the same
Re, the pressure drops decrease with the increase in P/D, while f in-
creases with the increase in P/D. This implies that the Reynolds number
decreases with the decrease in P/D for the same pressure drops. Since
QrueixmeeRe, the fuel power and mass flow rate will also decrease as P/D
decreases. This means that the smaller the P/D, the smaller the power
density of the rod bundle. Fig. 15(b) also indicates that Blasius corre-
lation [42] can not predict the friction factor in tight rod bundles
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Fig. 14. Comparison between the results of the correlation and CFD.

accurately. The average error increases as P/D decreases. The maximum
error is more than 100 %. Blasius correlation is expressed as Eq. (17).
The geometric shape factor of (P/D — ¢;)® is introduced to fit the fric-
tion factor. The error between the presented correlation and the CFD
results is within 10 %, as shown in Fig. 16. Eq. (18) is the specific form of
the correlation.

AP¢D,,
GLu,ye

f=2 15)

where L is the effective heating distance, u,ye is the average velocity, APg
is the friction pressure drops.
G2 Tout - Ti

Pin
Pyt —— |——=—+1n
p

APf = Pj, — = T P
out

(16)

where p and T represent the average density and temperature of the
tube.
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f = govaest’ (1_) - 0.9967) (18)

3.2.5. The evaluation of comprehensive performance

Figure of merit (FOM) and performance evaluation criterion (PEC)
were used to evaluate the comprehensive performance of heat transfer
enhancement and larger pressure drop. FOM is widely used by many
studies and defined in Eq. (19) [43-45]. Because f and Nu gradually
flattened with the increase of P/D, as shown in Fig. 17, fand Nuat P/D =
1.203 are used as reference values. The result in Fig. 18 shows that the
FOM decreases with the decrease in P/D indicating a decrease of the
thermal-hydraulic comprehensive performance. However, FOM does
not consider the effect of volume, which is an important parameter for
the design of space reactors. The volume of the tight rod bundles is
calculated from Eq. (20), which is proportional to the square of P/D.
Therefore, this study proposes a new evaluation criterion PEC consid-
ering heat transfer, pressure drop and volume effects. PEC is defined in
Eq. (21) as FOM divided by (P/D)?. As shown in Fig. 18, PEC first in-
creases and then decreases with the increase in P/D and the maximum
value is at P/D = 1.113, indicating that the best comprehensive per-
formance occurs at P/D = 1.113.

It is worth mentioning that the current optimal design of nuclear
reactors is primarily a consideration of neutronic physics. The ultimate
goal must surely be to design a reactor that combines neutronic and
thermal-hydraulic considerations. The neutronic physics and thermal-
~hydraulic are generally analyzed separately in detail. Subsequently,
simplified models are developed for coupled design based on in-depth
knowledge. The work in this section can provide an optimal thermal-
—hydraulic point for the optimal design of rod bundles. It can contribute
to the optimal design of advanced nuclear reactors. For example, in rod
bundle design, we can consider the shorter distance from the thermal-
—hydraulic optimum as an optimization objective.

Fom = N/ Nt 19
(F/fer)
1. V3. . V3, V3, (P\’
V= 51171)1 = TP L= TD L <B> (20)
PEC — FOM Nu /Nt @1

®F " (5/50) " b0y

3.3. Heat transfer mechanism for various pitch-to-diameter ratios

This section analyzes the reason why the convective heat transfer of
He-Xe increases as P/D decreases. Fig. 19 depicts the turbulent viscosity
ratio profiles for various P/D. The turbulent viscosity ratio characterizes
the magnitude of the role of turbulent fluctuation [46]. The results
indicate that the turbulent viscosity ratio is larger in the main flow re-
gion than in the slits, which implies that turbulent fluctuation plays a
dominant role in the main flow region. With decrease in P/D, cross
sectional area decreases and hence for same mass flow rate, velocity will
increase. Therefore, the turbulent viscosity ratio increases as P/D de-
creases (See Fig. 19), leading to the decrease in the thickness of viscous
sublayer, as shown in Fig. 20. When P/D decreases from 1.113 to 1, the
thickness of viscous sublayer at = 0° decreases from 0.045 mm to
0.013 mm, with a decrease of 71 %. Because of the complete fit of rod
bundles, the fluid velocity decreases to 0 m/s, resulting in an increase in
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Fig. 15. Pressure drops characteristics in dense rod bundles for various P/D.
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Fig. 16. Comparison between the results of the correlation and CFD.

the thickness of the viscous sublayer at § = 30" for P/D = 1. In this
paper, the region with y* <5 is considered as the viscous sublayer [47].
The definition of the thickness of viscous sublayer is given by Eq. (22).

50

(22)
Tw/p

Ssub =Yy 5 =

The heat transfer rate of turbulent flow is significantly stronger than
that of laminar flow. In the viscous sublayer region, heat transfer mainly
relies on heat conduction. Therefore, reducing the thickness of the
viscous sublayer enhances the heat transfer and reduces the wall tem-
perature. The results in Fig. 21. show that the heat flux becomes more
nonuniform as P/D decreases due to the heat conduction of cladding.
When P/D decreases from 1.113 to 1, the heat flux at # = 0" doubles and

12

the heat flux at @ = 30° decreases from 36 kW/m? to 0. Since the wall
temperature is determined by both the heat flux and the thickness of
viscous sublayer, ATy, is defined in Eq. (23) to evaluate their combined
effect.

0,
ATapn =q j:lb

(23)

where q is the wall heat flux, 5y, is the thickness of viscous sublayer and
4 is the thermal conductivity. The physical meaning of Jg/4 is the
thermal resistance of viscous sublayer. The physical meaning of AT, is
the increase in wall temperature due to the viscous sublayer.

Fig. 22 illustrates the variation of AT, with P/D. The results show
that AT, decreases as P/D decreases for § = 0" 30" and the two have a
good linear relationship. The reasons for the enhanced He-Xe heat
transfer with decreasing P/D are summarized as follows based on the
analysis in this section. The decrease in P/D enhances the effect of tur-
bulence and reduces the thickness of viscous sublayer, which is condu-
cive to heat transfer. Although the heat flux redistribution will increase
the wall heat flux at & = 0, the decrease in thermal resistance caused by
the reduction in thickness of the viscous sublayer is greater. The net
result is that a decrease in P/D enhances the turbulent heat transfer of
He-Xe in tight rod bundles.

4. Conclusions

Although He-Xe convective heat transfer have been extensively
investigated, few studies have been conducted on the effects of pitch-to-
diameter ratio (P/D) on thermal-hydraulic characteristics for consid-
ering conjugate heat transfer. This paper investigated the conjugate heat
transfer of He-Xe in tight rod bundles with a molar mass of 40 g/mol.
Fine structured meshes were generated for numerical simulations. The
SST k —o turbulence model, which has been experimentally validated,
was selected for the analysis. The main conclusions are as follows:

e Conjugate heat transfer has a significant impact on the heat transfer
characteristics and is essential to be considered. The heat transfer
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Fig. 17. Friction factor and Nusselt number for various P/D for Re = 7853.
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Fig. 19. Turbulent viscosity ratio contours at the effective heating distance of 400 mm for Re = 7853.
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Fig. 22. Temperature difference of viscous sublayer at the effective heating length of 400 mm for Re = 7853.

coefficient without conjugate heat transfer is only 8.85 % of that with
conjugate heat transfer in the quasi-triangular pipe. That is because
the heat transfer at the slit is poor and the wall temperature reaches a
peak without conjugate heat transfer. However, the heat conduction
of the cladding redistributes the heat flux, increasing at = 0" and
decreasing at = 30" and the heat flux redistribution flattens the
wall temperature with conjugate heat transfer.

The decrease in pitch-to-diameter ratio enhances the convective heat
transfer of helium-xenon gas mixture and lowers the wall tempera-
ture of rod bundles for the same Reynolds number. When P/D de-
creases from 1.2 to 1, the heat transfer coefficient increases to 2.3
times. However, it also causes larger pressure drops. A new perfor-
mance evaluation criterion (PEC) is presented considering the effects
of heat transfer, pressure drop and volume. PEC first increases and
then decreases with the increase in P/D. The results indicate the best
comprehensive performance occurs at P/D = 1.113.

The heat transfer mechanism of He-Xe in tight rod bundles is
analyzed. Analysis shows that the decrease in P/D enhances the
turbulent effect of He-Xe, reduces the thickness of viscous sublayer
and decrease the thermal resistance of viscous sublayer, which is the
main reason for the heat transfer enhancement.

Considering the effects of P/D, empirical correlations of Nusselt
number and friction factor for helium-xenon gas mixture in tight rod
bundles were presented, which can be used for engineering design
and optimization.

Appendix A. The effect of helium gap in heat transfer

In the future, we hope to further investigate the effects of spacers and
radiation heat transfer on the He-Xe heat transfer in tight rod bundles.
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Figure A1 shows the temperature distribution at L = 400 mm and 6 = 0° for P/D = 1.113 and Re = 7853. The results show that the helium gap has
no effect on the temperature distribution in the cladding and coolant. However, it leads to an increase in the temperature of the fuel. In this study, the
average thermal conductivity of Mo-Re is 64.74 W/(m-K). The average thermal conductivity of UO3 is 3.104 W/(m-K). The average thermal con-
ductivity of helium is 0.444 W/(m-K). Because the thermal conductivity of helium is much lower than that of the fuel and UOs, the result shows that
the gas gap has the effect of surface thermal resistance. When the gas gap is filled with UO2 or Mo-Re the temperature distribution does not signif-
icantly jump in the gas gap. Since the low thermal conductivity of helium, when the gas gap is filled with helium, temperature jumps in the gas gap.

15



J. Hou et al. Applied Thermal Engineering 252 (2024) 123661

1600 T T T T T T

1550

1500

T (K)

1450

1400 +

1350

T T T T

0 1 2 3 4 5 6 7
y (mm)

Fig. A1l. Comparison of the influence of gas gap on heat transfer. The legend represents the material filled in the gas gap.

Since helium is monatomic molecules and have no ability to absorb and emit radiation, they can be regarded as transparent bodies of thermal
radiation. Because the inner surface of gas gap is a convex surface, its heat flux brought by radiation can be calculated by Eq. (A1) and (A2):

T\ /T \*
gi = &Co (ﬁ) - (100) (A1)
1
€=
1A (l _ 1) (A2)
€ Ao €o

where € is emissivity, Cg is blackbody radiation coefficient equal to 5.67 W/(m?2-K*), A is the surface areas. The subscript i represents the inner surface
and o represents the outer surface. The inner surface temperature of the gas gap is 1526.4 K. The outer surface temperature of the gas gap is 1518.6 K.
The temperature difference between the two sides of gas gap is about 7.8 K. Assuming that the emissivity of both the inner and outer surfaces is 0.6, the
calculated heat flux brought by radiation is 2682.5 W/m?2. Compared with Fig. 5(b), result shows that the heat flux brought by radiation is only about
4 % of the total heat flux. Radiative heat transfer can reduce the thermal resistance of the helium gap. From the analysis in the previous paragraph, it is
known that a heat flux of 4 % is able to reduce the fuel temperature by about 0.3 K, with no effect on the temperature of cladding and coolant.
Therefore, radiative heat transfer does have an effect, but it is not significant and is not considered in this paper. We hope to be able to study it in detail
in subsequent work.
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