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Abstract: This paper presents a coupling of the Monte Carlo method with computational fluid
dynamics (CFD) to analyze the flow channel design of an irradiated target through numerical
simulations. A novel series flow channel configuration is proposed, which effectively
facilitates the removal of heat generated by high-power irradiation from the target without
necessitating an increase in the cooling water flow rate. The research assesses the performance
of both parallel and serial cooling channels within the target, revealing that, when subjected to
equivalent cooling water flow rates, the maximum temperature observed in the target
employing the serial channel configuration is lower. This reduction in temperature is ascribed
to the accelerated flow of cooling water within the serial channel, which subsequently elevates
both the Reynolds number and the Nusselt number, leading to enhanced heat transfer
efficiency. Furthermore, the maximum temperature is observed to occur further downstream,
thereby circumventing areas of peak heat generation. This phenomenon arises because the
cooling water traverses the target plates with the highest internal heat generation at a lower
temperature when the flow channels are arranged in series, optimizing the cooling effect on
these targets. However, it is crucial to note that the pressure loss associated with the serial
structure is two orders of magnitude greater than that of the parallel structure, necessitating
increased pump power and imposing stricter requirements on the target container and cooling
water pipeline. These findings can serve as a reference for the design of the cooling channels
in the target station system, particularly in light of the anticipated increase in beam power
during the second phase of the China Spallation Neutron Source (CSNS II).

Keywords: CSNS target; heat dissipation; Monte Carlo method; serial flow; CFD; pump
power

1. Introduction

As a kind of multidisciplinary platform for scientific research, spallation neutron
sources have garnered increasing attention in recent years. Its applications span
various fields, including basic-energy sciences, nuclear science, and the utilization of
white neutrons/fast neutrons, as well as proton beam applications and meson research
[1,2]. The neutron flux produced by a spallation neutron source serves as a critical
metric for evaluating its operational efficiency; however, achieving a higher neutron
flux necessitates an increase in beam power, which consequently results in elevated
heat generation at the target station [3]. Thus, the development of effective heat
removal strategies is of paramount importance for enhancing the power capabilities of
spallation neutron sources.
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A variety of heat removal techniques have been reported to be implemented in
spallation neutron source targets globally. Spallation Neutron Source (SNS) in the
United States and the Japan Proton Accelerator Research Complex (J-PARC) Pulsed
Spallation Neutron Source (JSNS) are both megawatt-class neutron sources that utilize
liquid mercury as coolant within the target [4,5]. The target of the Swiss Spallation
Neutron Source (SINQ) in Switzerland employs an array of target rods that contain a
sealed liquid lead-bismuth alloy [6]. The European Spallation Neutron Source (ESS),
currently under construction, is also designed as a megawatt-level neutron source,
featuring a large wheel-shaped target vessel [7]. The target configuration in Target
Station 1 (TS-1) of Neutron and Muon Source at the Rutherford Appleton Laboratory
in the United Kingdom consists of a fragmented target with integrated parallel cooling
channels [8]. Analogous to ISIS TS-1 target, the target employed in the China
Spallation Neutron Source (CSNS) in also characterized as a segmented target with
parallel cooling channel [9]. This configuration is specifically developed to enhance
cooling through a parallel flow system, which comprises a single inlet and a single
outlet.

Among the aforementioned targets, the interaction of proton pulses with the
liquid mercury target will generate pressure wave phenomena, which may result in a
deleterious effect known as cavitation damage erosion [10]. Additionally, the
polonium isotopes that are difficult to handle will occur in the Pb-Bi eutectic target as
a consequence of irradiation, and the sealing of the target rod is also challenging
[7,11]. Furthermore, rotating targets present issues related to duty cycles, and the
target material is subjected to significant thermal cycling, potentially leading to
embrittlement of the material [7]. Consequently, a mature design with solid fixed
targets remains the preferred option for CSNS targets.

The utilization of parallel channels is prevalent in the majority of current solid
fixed targets designed for heat dissipation. Research conducted by Hao Junhong et al.
[12,13] focused on the thermal management of spallation neutron source targets, while
Lu [14] examined the impact of proton beam deviation on the heat dissipation efficacy
of the spallation neutron source target. Additionally, Allen and Findlay et al.
investigated the decay heat with the target at the ISIS TS-1 facility. Takenaka [15]
analyzed the parallel flow channels in megawatt-level sliced targets and target rod
arrays, concluding that the minimum thickness of the target slice should be less than
9 mm. Bauer [16] similarly asserted that in spallation neutron sources operating at
elevated proton beam power, the minimum gap size between targets may need to be
reduced to below 0.7 mm. Furthermore, in addressing multi-channel cooling
challenges, the effective delivery and distribution of coolant are critical for optimizing
cooling performance [17]. Kumar and Singh [18] emphasized that the configuration
of flow and the actual distribution of coolant must align with the heat flow to enhance
better heat dissipation efficiency. If the thickness of the target plates and the inter-plate
gaps are excessively small, the number of parallel channels will increase and make it
difficult for the distribution of the coolant. Additionally, overly diminutive dimensions
may pose significant challenges in terms of processing and installation.

Currently, research on the parallel channels of solid fixed targets is relatively
comprehensive, whereas investigations into the heat dissipation mechanism of serial
channels within the targets remain limited. Consequently, this paper introduces a novel
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serial flow channel designed for application in irradiated targets, informed by an
analysis of the heat dissipation phenomena observed in complex flow channels at the
CSNS. In the design of the serial flow channel, it is demonstrated that the dimensions
of the target plates and flow channels do not significantly influence the distribution of
the coolant. The cooling water can be effectively concentrated in regions exhibiting
higher thermal power, thereby ensuring adequate cooling in those areas. This study
examines the differences in heat dissipation between serial and parallel structures,
evaluates the respective advantages and disadvantages of each configuration, and
offers critical insights and recommendations for the enhancement of CSNS I1.

2. CSNS target and simulation model

The structure of the current target utilized in CSNS is illustrated in Figure 1. The
primary component consists of fifteen tantalum-clad tungsten target plates, which are
installed within a stainless steel vessel. The design incorporates gaps ranging from 0.8
to 1.2 mm between the target plates to facilitate effective heat dissipation.
Additionally, two stainless steel ribs are positioned among the target plates to provide
structural reinforcement. Cooling water is introduced into the target vessel from one
side, subsequently circulating the parallel channels formed between the target plates
before exiting the vessel. Thermocouples are strategically installed in select plates to
monitor the temperature of the target.

Figure 1. The structure of the CSNS target.

In the operational context, the target is bombarded by high-power proton beams,
resulting in thermal energy deposition approximately equivalent to half of the beams’
power within the target. Utilizing the Monte Carlo method, the energy deposited in the
target is attributed to three primary mechanisms. The first mechanism is the energy
loss associated with the ionization of electrons in atomic structures by protons and
secondary charged particles, referred to as ionization energy loss. The second
mechanism involves the recoil energy generated when fragments with elevated
excitation energy release particles. The third mechanism pertains to the energy
released during the fission of residual nuclei. This study integrates the Monte Carlo
method with computational fluid dynamics (CFD). The heat deposition generated by
proton interactions with the heavy metal target is calculated using Monte Carlo N-
Particle Transport Code (MCNP), and this heat deposition is subsequently
incorporated into FLUENT software as an internal heat source for thermal analysis.
The distribution of generated heat within the target is non-uniform, as illustrated in



Thermal Science and Engineering 2024, 7(3), 9102.

Figure 2. This figure depicts the model employed in MCNP and the spatial
distribution of the internal heat source within the target when the proton beam power
is set as 100 KW. It is evident that the majority of the heating power is concentrated
in the target plates located at the front of the vessel.

]
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Figure 2. Model employed in MCNP and heat source power contour. (a) horizontal
section; (b) vertical section. (protons delivered from left to right).

In order to maintain the maximum temperature of each target plate stay within
the designated design parameters, the current target is cooled using water that
circulates through the gaps between the target plates. This system allows for
adjustments in both velocity and flow rate within each gap, a configuration referred to
as a parallel channel. In this arrangement, the allocation of cooling water to regions
with high heating power is critical in determining the overall efficiency of the target.
Conversely, in a serial channel configuration, the channels are arranged sequentially,
allowing for a concentration of cooling water in the areas of the target that experience
higher power output.

In engineering practice, modifications to the target plates and channels can
significantly impact the efficiency of heat dissipation in the target. Consequently, this
paper presents a simplified structure of the target to mitigate the effects of such
optimizations. Figure 3 illustrates two channel models utilized in this study, where
the gray region represents the target plate and the blue region denotes the cooling
channel. Given that the majority of internal heating power is concentrated at the front
of the vessel, there is an increased requirement for cooling in the target plates located
in this region. As a result, the target plates are designed to be thicker in the direction
of the proton beam. A detailed description of the channels is provided in Figure 4.

W beam

(@ \

) \

Figure 3. Model for simulation. (a) parallel channel configuration; (b) serial channel
configuration.
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Figure 4. Cross section of the flow channel. (a) parallel channel configuration;
(b)serial channel configuration.

In the parallel channel model, cooling water is introduced from one side of the
target and exits from the opposite side after traversing through parallel channels.
Conversely, the serial channel is implemented at the front 7 target plates, while the
parallel configuration is maintained for the rear 8 target plates due to the reduced
internal heat generation. The dimensions of the target plates and channels are
presented in Table 1, which corresponds to the actual specifications. The inlet
temperature of the cooling water is set at 28 °C.

Table 1. The dimensions of the target plates and channels.

No. of target plate Target plate thickness No. of channel = Width of parallel channel (mm)  Width of serial channel (mm)
(mm)

1 12.6 0 1 2.5
2 12.6 1 1 2.5
3 13.6 2 1 2.5
4 15.6 3 1 2.5
5 17.6 4 1 2.5
6 20.6 5 1 2.5
7 24.6 6 1 2.5
8 31.6 7 1 2.5
9 42.6 8 1 1
10 63.6 9 1 1
11 76.6 10 1 1
12 76.6 11 1 1
13 76.6 12 1 1
14 76.6 13 1 1
15 76.6 14 1 1

—
—
(9}
—
—

3. Results

Based on the actual process parameters, 8 cases have been studied in this paper
for both models. The specifics of these cases are presented in Table 2, which serves
solely for illustrative purposes. Detailed parameters will be attached with the analysis
subsequently.



Thermal Science and Engineering 2024, 7(3), 9102.

Table 2. List of cases.

Parallel channel model Cooling water flow rate (kg/s)
23 2.5 2.7
Proton beam power (kW) 50 \ A3 \
100 Al A4 A2
200 \ A5 \
500 \ A6 \
800 \ A7 \
1000 \ A8 \
Serial channel model Cooling water flow rate (kg/s)
2.3 2.5 2.7
Proton beam power (kW) 50 \ B3 \
100 Bl B4 B2
200 \ BS \
500 \ B6 \
800 \ B7 \
1000 \ B8 \

The subsequent analysis presents a comparison of temperature profiles between
serial and parallel models. Figure 5 illustrates the centerline temperature variations at
a constant cooling water flow rate of 2.5 kg/s. The target plates, designated as 1
through 15, were aligned with the direction of the proton beam. It is evident that the
temperature of target plates 1-10 in the serial model is lower than those observed in
the parallel model. Conversely, the temperature of target plates 11—15 in the parallel
model is comparatively lower. Furthermore, across all three scenarios examined, the
peak temperature in the serial model occurs at target plate 9, whereas in the parallel
model, it is observed at target plate 6. A comparison of the maximum target
temperatures between the two models reveals that the maximum temperature in the
parallel model consistently exceeds that of the serial model. When the proton beam
power is increased to 1 megawatt (MW), the maximum temperature of the target in
the parallel configuration is approximately 100 K higher than that in the serial
configuration.

Temperanuee (°C)

Temperature (°C)

xxxxx

Figure 5. Profiles of the temperature along the centerline for different configurations
under. (a) SOKW; (b) 100KW; (¢) 200KW; (d) S00KW; (e) 800KW; (f) I000KW.
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Figure 6 presents a comparative analysis of the temperature distribution within
the two distinct configurations. The legend for the temperature contours remains
consistence across both configurations when subjected to the same proton beam
power. Notably, the temperatures of the first 8 target plates in the serial configuration
are significantly lower than those observed in the parallel model. This observation
suggests that, for the initial 8 target plates with elevated internal heat generation, the
heat produced can be dissipated more effectively through serial flow configurations.
Conversely, for the subsequent 7 target plates, the temperature remains within the
designated design parameters, attributable to the reduction in internal heat generation,
despite a lower heat dissipation efficiency.
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Figure 6. Temperature contours for parallel/serial configurations under different proton beam powers. (a) 50/100/200
KW; (b) 500/800/1000 KW.

Due to the significant temperature disparity observed between scenarios
involving power levels exceeding 500 KW and those with lower power outputs, the
subsequent analysis and discussions will be focused on power levels of 50 KW, 100
KW, and 200 KW to facilitate a more coherent examination.

Figure 7 illustrates the temperature profiles along the centerline of the model
under varying proton beam power, with the cooling water flow rate maintained at 2.5
kg/s. Each line in the figure contains 15 peak values, which correspond to the
maximum temperature recorded for each target plate. As depicted in Figure 7(a),
target plate 6 exhibits the highest temperature within the parallel model, with
maximum temperatures of 55 °C, 81 °C and 131 °C observed at proton beam powers
of 50 KW, 100 KW, and 200 KW, respectively. This phenomenon can be attributed to
the concentration of heating power in the target plates located at the front of the vessel,
resulting in a temperature decline along the x-axis beyond plate 6. Conversely, Figure
7(b) indicates that in the serial configuration, the highest temperature is recorded on
plate 9, with maximum temperatures of 46 °C, 64 °C and 99 °C at the same proton
beam powers. This suggests that the serial channel effectively enhances heat
dissipation for the initial target plates. Furthermore, Figure 8 presents the temperature
profiles along the centerline under a fixed proton beam power of 100 KW. The data
indicate that variations in the cooling water flow rate do not significantly alter the



Thermal Science and Engineering 2024, 7(3), 9102.

trend of temperature change along the x-axis. Additionally, a 10% change in the
cooling water flow rate has a minimal impact on the target temperature.
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Figure 7. Profiles of temperature along the centerline for different proton beam
power under cooling water flow rate of 2.5 kg/s. (a) parallel channel model; (b)serial
channel model.
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Figure 8. Profiles of the temperature along the centerline for different cooling water
flow rates under the proton beam power of 100KW. (a) parallel configuration; (b)
serial configuration.

4. Effect of structure on Nusselt Number

The dimensions of the channel and the flow rate within a serial model differ from
those in a parallel model, even when subjected to identical cooling water flow rates
and proton beam power. This inconsistency complicates the analytical process;
therefore, the Nusselt Number (Nu) functions as a standardized metric that aids in this
analysis.

hl
Nu = 7 (1)
where /4 is the convective heat transfer coefficient and / is the characteristic length
defined as the width of the flow channel. 4 is the thermal conductivity of the cooling
water, which is evaluated at the average temperature within the flow channel. The
initial channel positioned in the direction of the proton beam is designated as channel
0. Figure 9 illustrates the Nu for each channel under varying proton beam power
conditions. Figure 9(a) presents the Nu values for the parallel model, revealing that
as the channel number increases, the Nu initially rises gradually before experiencing a
rapid decline. Notably, the Nu values in the front channels are greater than those in the
rear channels, indicating that the heat exchange efficiency is enhanced in the front
channels due to a more significant temperature differential between the cooling water
and the channel walls. Figure 9(b) depicts the Nu values for the serial model. Unlike
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the parallel model, the peak value of Nu is observed within the channel 3-5, aligning
with the target plates 3—6, which possess the highest internal heat source. Channels 9—
15 are configured as parallel channels, resulting in a diminished flow rate.
Concurrently, the temperature of the associated targets is expected to decrease as a
result of the declining internal heat source. Consequently, Nu in channels 9-15 is
considerably lower than that in the preceding channels. Furthermore, it is evident that
the Nu value for the serial channel arrangement is markedly greater than that of the
parallel arrangement under identical conditions, a difference that is particularly
pronounced in the front channels.

50 KW 50 KW
o v 100KW 70 v 100KW
3 200KW 200KW
60 |
8 vVVYVvVVYVy v v
vv?© v 50 v v o
v v
Z s v Z w0 vV
30
4 v
20 |
2 v
10
Y T Xy
o L L L . . L L $ X Py . . . i . ¥ & -
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Channel Number Channel Number
(@ (b)

Figure 9. Nu in each channel under different proton beam power. (a) parallel
channel configuration; (b) serial channel configuration.

Figure 10 illustrates the velocity of the cooling water(a) and the Reynolds
number(b) within the channel, corresponding to a cooling water flow rate of 2.5kg/s.
S @
o
where p is the density of water within the channel, v is the average velocity of water

in the channel, / is the characteristic length, which corresponds to the width of the flow
channel, u is the dynamic viscosity, and the characteristic temperature is defined as
the average temperature of the cooling water in the channel. As illustrated in Figure

Re

10, the flow velocity and Reynolds number (Re) of the cooling water in the serially
arranged channels 0—7 are significantly greater than those recorded in the parallel
configuration. This observation suggests a more intense forced convective heat
transfer process occurring within the initial 8 flow channels, which is further
corroborated by the data presented in Figure 9.
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Figure 10. Comparison of Velocity. (a) and Reynolds number; (b) between two
configurations with a cooling water flow rate of 2.5 kg/s.
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Figure 11 presents a comparative analysis of the Nusselt number (Nu) in both
parallel model and serial configurations under varying proton beam power with a
cooling water flow rate of 2.5 kg/s. It is evident that the Nu values for channels 0—7 in
the serial model are significantly greater than those observed in the parallel model,
suggesting that the serial model exhibits superior heat transfer efficiency. Conversely,
in channels 8—15, the parallel model demonstrates enhanced heat transfer efficiency.
Given that the majority of the heating power is concentrated in the target plates located
at the front end of the vessel, the distribution of Nu in the serial model is more effective
in mitigating the maximum temperature of the target. This implies that the surface
temperature of the target can be maintained within a safe range with a reduced volume
of cooling water when utilizing the serial cooling channel configuration.

40 60 80

parallel sk v v v parallel 18
o

arallel
; 70 P
v serial serial
- 65
30 asE 60
v 7 55

50

erial of v v

3
3
7z 30

45
n
35
30
25
s 15E 20
0f .

vYvvvYvvse, 10
5

Yy S
A A L . . . N . . . . " Ca— o b . . . . . o ol
o 2 4 6 8 10 12 14 o 2 4 6 8 10 1z 14 o 2 4 6 8 10 12 14
Channel Number Channel Number Channel Number

() (b) ()

Nu
Nu
Nu

5F
20F

Figure 11. Comparison of Nu between two configurations with a cooling water flow
rate of 2.5 kg/s. (a) S0KW; (b) 100KW; (¢) 200KW.

In the serial model, the inlet of each channel is connected to the outlet of the
preceding channel, resulting in an increase in water temperature as it progresses
through each channel. This phenomenon may exacerbate the heat dissipation
capabilities of the preceding channel. Figure 12 illustrates a comparison of the average
temperatures of the cooling water across various channels under differing proton beam
power levels. In the parallel model, channels 0—7 exhibit similar average temperatures,
with channels 3—6 displaying slightly elevated temperatures compared to the others.
Conversely, the average temperatures in channels 815 are significantly lower. This
discrepancy can be attributed to the independent flow characteristics of each channel
in the parallel model, where the flow rates are relatively uniform (as shown in Figure
10). Therefore, the average temperature within each channel is influenced primarily
by the internal heat sources of the target plates, leading to a temperature evolution that
mirrors that of the target plates. In contrast, the average temperatures of channels 0—7
in the serial model demonstrate a linear increase. This trend arises from the direct
connection between the inlet of each channel and the outlet of the preceding channel,
resulting in a rise in the cooling water temperature as it flows through. Channels 8-
15, being part of the parallel configuration, also exhibit temperature variations that
correlate with the internal heat source power of the target plates. Given that the inlets
of channels 8—15 effectively function as the outlets of channel 7, the minimum average
temperature in these channels is inherently higher than that of channel 7. Obviously,
the parallel flow configuration distributes the cooling capacity of the water by
adjusting the flow to each channel, while the serial flow concentrates the cooling
capacity at the front of the target. Since the heating power of the target is

10
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predominantly concentrated in the front target plates, this characteristic of the serial
configuration is particularly advantageous for reducing the temperature of the target
at the front of the vessel.
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Figure 12. Comparison of the temperature measurements across each channel
between two distinct configurations with a cooling water flow rate of 2.5 kg/s. (a)

S0KW; (b) 100KW; (c) 200KW.

5. Effect of channel on pressure loss

The pressure loss within the channel and the power required by the pump serve
as critical indicators of channel design. Figure 13 illustrates the impact of cooling
water flow rate on pressure loss (a) and pump power (b) across various models,
specifically under conditions where the proton beam power is set at 100 KW. It is
evident that, for a given cooling water flow rate, the pressure loss in a serial channel
consistently exceeds a parallel channel. This phenomenon can be attributed to the
parallel configuration, which distributes the cooling water flow across multiple
channels, resulting in a larger cross-sectional area for the cooling water pathway.
Consequently, the increase in pressure loss necessitates a significant rise in pump
power.

Ppymp = APQ 3)
where AP is the pressure loss within the target vessel, and Q is the flow rate of the
cooling water. The relationship established by the formula indicates that pump power
is directly proportional to pressure loss, a correlation that is substantiated by the data
presented in Figure 13(b). Furthermore, it is evident that in the serial configuration,
both pressure loss and pump power exhibit a more pronounced increase with rising
cooling water flow rates compared to the parallel configuration. Figure 14 illustrates
the effect of cooling water flow rate on the maximum temperature of the target across
different configurations, specifically under conditions where the proton beam power
is set as 100 KW. Consistent with the trends observed in pressure loss, the maximum
temperature of the target in the serial model decreases more significantly with an
equivalent increase in cooling water flow rate. Therefore, it can be concluded that the
serial channel is more advantageous for heat dissipation; however, it also incurs
greater pressure loss and pump power requirements. At low proton beam power levels,
the cooling capacity of the parallel channel configuration is sufficient. Conversely, as
the proton beam power increases, the serial design becomes more effective in
enhancing heat dissipation, albeit at the expense of increased pump power.

11
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Figure 13. Influence of the cooling water flow rate on the pressure loss. (a) and the
pump power; (b) in different configurations with the proton beam power of 100KW.
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Figure 14. Influence of the cooling water flow rate on the maximum temperature of
the target in different configurations with the proton beam power of 100KW.

6. Conclusion

This paper presents a numerical investigation of heat dissipation in a novel serial
channel configuration within a solid fixed target, utilizing a combination of the Monte
Carlo method and computational fluid dynamics (CFD). The implementation of a
serial channel significantly enhances the cooling efficiency of the target, particularly
under conditions where the flow of cooling water is constrained.

a) The flow rate of cooling water within the serial channel is elevated, resulting
in increased Reynolds (Re) and Nusselt (Nu) numbers, which in turn enhances the heat
transfer performance. Therefore, for a constant cooling water flow rate, the maximum
temperature of the target equipped with the serial channel is reduced;

b) The serial design facilitates a decrease in the temperature of the cooling water
as it traverses the initial target plates, thereby prioritizing the cooling of the high-power
regions. This configuration results in the highest temperature point of the target being
positioned further downstream, which is advantageous for managing the heat
dissipation in structures characterized by uneven heat distribution, such as irradiated
targets;

¢) The introduction of a serial flow channel contributes to an increase in pressure
within the target, necessitating greater pump power to circulate the coolant. This
requirement imposes higher standards on the target container and the cooling water
pipeline infrastructure.

12
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