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A B S T R A C T

Accelerator-driven neutron target stations generate a considerable amount of deposited heat that requiring 
timely and efficient removal to maintain safe operation. In this study, a Gyroid structure substrate was proposed 
to improve the heat removal capability of the BNCT neutron target stations, and the “through-hole” factor (α) 
was introduced to optimize the standard Gyroid structure, aiming to enhance its convective heat transfer per
formance. The flow and heat transfer characteristics of the improved Gyroid structure was analyzed using nu
merical simulations and experimental measurements. The results show that as the value of α increases, Gyroid 
structure peak temperature (Tmax) decreases by 4.9–7.4 K, the convective heat transfer coefficient (h) increases 
by 4.3 %–8.2 %, and the Nusselt number (Nu) increases by 0.7 %–3.5 %. Taking the comprehensive performance 
evaluation criterion (PEC) as the evaluation index, it is recommended to select α = 2.0 to achieve optimal results. 
This study provides the theoretical support and technical guidance for the design and development of new 
neutron target stations.

Nomenclature

Dh Hydraulic diameter (m) Greek symbols
v Average of velocity fluid (m⋅s− 1) ρ Fluid density (kg⋅m− 3)
Vf Volume of TPMS structure fluid 

region (m3)
μ Dynamic viscosity (Pa⋅s)

Af Wetted surface area of TPMS 
structure (m2)

λ Thermal conductivity of 
fluid (W⋅m− 1⋅K− 1)

h Convective heat transfer coefficient 
(W⋅m− 2⋅K− 1)

Subscripts

Q Average heat flux density (W⋅m− 2)
Tw Average temperature of heating 

surface (K)
w Wall

Tf Average temperature of fluid (K) f Fluid
Tin Fluid temperature at the inlet (K) in Inlet
Tout Fluid temperature at the outlet (K) out Outlet
q Volumetric flow rate (m3⋅h− 1) Dimensionless parameters
L The length of TPMS structural unit 

(m)
z Wall thickness of TPMS structure (m) Re Reynolds Number
C The offset of unit surface Nu Nusselt number
Δp The pressure drop of the fluid 

through the Gyroid structure
f Friction factor
PEC Performance evaluation 

coefficient

1. Introduction

The principle of boron neutron capture therapy (BNCT) is to utilize 
10B to capture low-energy neutrons, releasing high linear energy α 
particles and 7Li recoil nuclei within tumor cells, thereby killing the 
tumor cells [1–4]. Specifically, the accelerator-based neutron source 
based on the 7Li(p,n)7Be reaction has the advantages of a low reaction 
threshold, average neutron energy, high neutron yield, and easy 
moderation [5]. Thus, it is ideal for realizing an accelerator neutron 
source for BNCT [6,7]. However, in the process of neutron production by 
proton bombardment of the Li target, more than 99.9 % of the energy is 
deposited in the form of heat in neutron target stations [8]. The melting 
point of the solid Li target is relatively low (only 453 K), and the export 
of heat deposited by the high-energy proton beam bombarding the Li 
target is a very tricky technical problem [9,10]. In particular, the 
requirement for neutron yield from Li targets increases with the 
increasing clinical demand for BNCT [11]. Current research approaches 
have focused on increasing the proton energy or beam intensity to 

* Corresponding author. Department of Nuclear Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing, 211106, China.
E-mail address: tangxiaobin@nuaa.edu.cn (X. Tang). 

Contents lists available at ScienceDirect

International Journal of Thermal Sciences

journal homepage: www.elsevier.com/locate/ijts

https://doi.org/10.1016/j.ijthermalsci.2025.110000
Received 25 December 2024; Received in revised form 10 April 2025; Accepted 10 May 2025  

International Journal of Thermal Sciences 215 (2025) 110000 

Available online 17 May 2025 
1290-0729/© 2025 Elsevier Masson SAS. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0002-5185-9427
https://orcid.org/0000-0002-5185-9427
mailto:tangxiaobin@nuaa.edu.cn
www.sciencedirect.com/science/journal/12900729
https://www.elsevier.com/locate/ijts
https://doi.org/10.1016/j.ijthermalsci.2025.110000
https://doi.org/10.1016/j.ijthermalsci.2025.110000


improve the neutron yield. However, increasing the proton energy or 
beam intensity exacerbates the problem of energy deposition [12,13]. 
Therefore, enhancing the heat removal capability of neutron target 
stations is a critical challenge in accelerator-driven BNCT neutron 
source technology.

Various studies on improving the heat removal capabilities of 
neutron target stations have been conducted globally. Yoshihashi et al. 
[10] proposed the incorporation of V-shaped staggered ribs into a 
smooth channel structure to enhance the heat dissipation performance 
of a neutron target station. The results indicate that using V-shaped 
staggered ribs can increase the heat transfer coefficient by 2.4 times. 
Ludewigt et al. [14] designed a V-shaped target consisting of two planar 
targets, each positioned at an angle of 30◦ to the proton beam, effec
tively reducing the thermal load on each target by half. Nakamura et al. 
[15] designed a multilayered conical target with a 60◦ apex angle to 
enhance the heat dissipation by expanding the beam spot area. The 
rotational method is also effective for the heat dissipation of neutron 
target stations. Hu et al. [16] designed a rotatable planar neutron target, 
which under the incidence of a 2.8 MeV, 30 mA proton beam, resulted in 
a maximum lithium layer temperature of only 83 ◦C. Wang et al. [17] 
designed a half-tire-shaped curved lithium target that rotated around its 
center. For a 50 kW proton beam, the maximum temperature of the 
curved Li target reaches only 100 ◦C, effectively meeting its heat dissi
pation requirements. Current designs for accelerator-driven neutron 
target stations enhance heat transfer by increasing the heat transfer area, 
adding ribs and fins to cooling channels, and using other traditional 
methods. However, the effects of conventional enhanced heat transfer 
approaches are limited under high proton beam fluxes.

Recently, a type of structure known as a triply periodic minimal 
surface (TPMS) has attracted considerable attention owing to its 
compact structural design and excellent thermophysical properties 
[18–20]. TPMS has numerous advantages, such as porosity, smoothness, 
connectivity, diversity, and controllability [21–23], which provide new 
ideas for enhancing heat transfer in single-phase fluids. Various studies 
have analyzed the heat transfer performance of different TPMS struc
tures. Khalil et al. [24] investigated forced convection in three 
TPMS-based heat sinks and found that the Gyroid-solid had the lowest 
friction factor, the Gyroid-sheet had the highest heat transfer coefficient, 
and the Diamond-solid demonstrated the highest thermal efficiency. 
Dixit et al. [25] fabricated a gyroid lattice liquid–liquid compact heat 
exchanger, achieving a 55 % increase in effectiveness compared with a 
counter-flow heat exchanger. Li et al. [26] showed that Gyroid and 
Diamond heat exchangers exhibited a 15–100 % improvement in ther
mal performance over printed circuit heat exchangers (PCHE). Wang 
et al. [27] studied heat transfer in channels based on various TPMS 
structures, highlighting the role of secondary flows and directional 
changes. Empirical correlations were developed for the Nusselt number 
and friction factor in the turbulent regime.

Numerous studies have demonstrated that TPMS structures have 
significant advantages in enhancing heat transfer. However, the existing 
TPMS structural designs have certain limitations. Tang et al. [28] 
studied the convective heat transfer for three types of TPMS structures 
(Gyroid, Diamond, and Iwp) by combining numerical simulations and 
experiments. The study found that Gyroid and Iwp structures exhibit 
“through-hole” features in the planar view (as shown in Fig. 1). When 
these “through-holes” exist in the structure, the fluid tends to flow 
through them owing to the lower flow resistance. This reduces heat 
transfer between the solid surface and the fluid is disadvantageous for 
convective heat transfer. Thus, if the “through-holes” in the TPMS 
structures can be closed, convective heat transfer can be enhanced.

Therefore, this study envisioned that the TPMS function equation 
could be precisely controlled to gradually close “through-holes” in the 
TPMS structure. Theoretically, the fluid mixing can be enhanced to 
improve convective heat transfer based on a standard TPMS structure. 
Therefore, this study proposes a function regulation method to precisely 
control the Gyroid structure, which enables the “through-holes” in the 

Gyroid structure to gradually close. Additionally, the flow and heat 
transfer characteristics of the improved Gyroid-type TPMS structure 
were studied using numerical simulation and experimental measure
ment, and the functional relationships of the Nusselt number, convective 
heat transfer coefficient, pressure drop, and friction factor with the 
Reynolds number were analyzed. Therefore, this study provides the 
theoretical support and technical guidance for the design and develop
ment of new neutron targets.

2. Neutron target station and improved Gyroid structure

2.1. Neutron target station with Gyroid structure

To enhance the heat removal capability of BNCT neutron targets, a 
BNCT neutron target design based on a Gyroid structure was proposed in 
this study, as shown in Fig. 2. The cooling channel inside the neutron 
target station has dimensions of 120 mm × 120 mm × 10 mm, with a 
Gyroid structure integrated within the cooling channel to enhance heat 
transfer (Gyroid structure unit length L = 10 mm, thickness z = 0.5 mm, 
and unit surface offset C = 0). Copper was used as the substrate material 
to support the Li layer and heat dissipation, while water was used as the 
coolant.

Considering that the Gyroid structure has periodic variations in all 
three directions with identical periodic sizes, the multichannel neutron 
target station model was simplified to a single-channel neutron target 
station model to simplify the numerical calculation (the Gyroid structure 
is simplified from 12 × 12 × 1 units to 4 × 4 × 1 units). Additionally, 40 
mm smooth channels were set at the inlet and outlet to reduce inlet and 
outlet effects, as shown in Fig. 3.

The heating region was located at the bottom surface of the Gyroid 
structure, with a length of 40 mm and width of 10 mm, using a uniform 
heat flux density for heating. A proton beam with an energy of 2.8 MeV 
and a current of 10 mA was used in this study to bombard the Li target, 
and the proton beam was uniformly distributed, with a circular spot 
having a radius of 5 cm [29]. During the proton bombardment of the Li 
target to produce neutrons, more than 99.9 % of the energy is deposited 
as heat at the neutron target station. Therefore, the heat flux density is 
set to 3.565 MW/m2. The inlet and outlet diameters were 6 mm, with an 
inlet fluid velocity of 3.537 m/s, and a total volumetric flow rate of 0.36 
m3/h.

2.2. Improved Gyroid structure and corresponding mathematical equation

A method for precisely controlling the Gyroid structure is proposed 
in this study by introducing control factors α into the standard Gyroid 
function. By adjusting the value of control factor (α), the “through- 

Fig. 1. Plane view of gyroid, diamond and Iwp structure.
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holes” in the Gyroid structure can be gradually closed. The mathemat
ical governing equations for the standard Gyroid structure and the 
improved Gyroid structure are shown in Equations (1) and (2), where L 
represents the unit length of the TPMS structure, and C denotes the offset 

of the original unit surface. The control terms cos
(

2π
L sin

(
2π
L z
)

⋅α
)

is 

introduced into the standard Gyroid function to form an improved 
Gyroid function, where α is referred to as the “through-hole” factor. 
When α is zero, the improved Gyroid function is identical to the standard 
Gyroid function. The size and shape of the “through-holes” in the Gyroid 
structure can be adjusted by controlling the value of α. This control term 
was selected because of its ability to precisely control the Gyroid 
structure without compromising its inherent topology and connectivity.
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To maintain the structural characteristics of the standard Gyroid 
function, after repeated adjustments, the range of values for α was 
determined as − 2.5 ≤ α ≤ 2.5. The Gyroid unit structures under 
different values of α are shown in Fig. 4 (with unit length L set to 10 mm, 
thickness z set to 0.5 mm, and unit surface offset C set to 0). Conse
quently, by adjusting the “through-hole” factor α, the surface 
morphology of the Gyroid structure can significantly change. From the 
frontal view, as the “through-hole” factor α increases, the size and shape 
of the “through-holes” in the Gyroid structure change significantly, with 
the “through-holes” gradually transitioning from circular to elliptical, 
and eventually completely closed when α reaches 2.5.

3. Numerical simulation method and experimental setup

3.1. Governing equation and main evaluation indicators

The governing equations of mass, momentum, and energy are 
respectively shown as follows:

Mass equation, 

∇ ⋅ (ρ v→)=0 (3) 

Momentum equation, 

∇ ⋅ (ρ v→ v→)= − ∇p+∇ ⋅ (τ═)+ ρ g→+ F→ (4) 

Where 

τ═ = μ
[

(∇ v→+∇ v→T
) −

2
3
∇ ⋅ v→ ⋅ I→

]

(5) 

Energy equation, 

∇ ⋅
[

ρ v→
(

h+
v2

2

)]

=∇ ⋅

(

keff∇T −
∑

j
hj J→j + τ═eff ⋅ v→

)

+ Sh (6) 

Where, keff = k + kturb, which the turbulence effect enhances the heat 
transfer effect.

Fig. 2. BNCT neutron target station model.

Fig. 3. Single-channel neutron target station model.

Fig. 4. Impact of different α values on Gyroid structure.

K. Qin et al.                                                                                                                                                                                                                                      International Journal of Thermal Sciences 215 (2025) 110000 

3 



This study consider physical properties and dimensionless numbers, 
all of which were calculated using Equations (7)–(12).

The Reynolds number is an important parameter that describes the 
fluid flow. According to this definition, the calculation formula is as 
follows: 

Re=
ρDhv

μ (7) 

where ρ represents the fluid density, Dh denotes the hydraulic diameter, 
v is the inlet velocity, and μ represents the dynamic viscosity.

The calculation method for the hydraulic diameter (Dh) is as follows 
[30]: 

Dh =
4Vf

Af
(8) 

where Vf is the volume of the fluid region and Af is the wetted surface 
area of the TPMS structure.

The convective heat transfer coefficient describes the heat transfer 
ability between a fluid and solid interface. The formula is as follows: 

h=
Q

Tw − Tf
(9) 

where Q is the average heat flux density of the heating surface, Tw is the 
average temperature of heating surface, and Tf is the average tempera
ture of fluid, which is expressed as Tf = (Tin + Tout)/2, Tin and Tout are 
the inlet and outlet temperatures, respectively.

The Nusselt number is a crucial indicator of the heat transfer capa
bility during the heat transfer process. The calculation method is as 
follows: 

Nu=
hDh

λ
(10) 

where λ denotes the fluid thermal conductivity.
The friction factor f is a dimensionless parameter introduced in the 

fluid flow calculations. This can be calculated using the following for
mula [31]: 

f =
2ΔpDh

ρv2Lg
(11) 

where Δp is the pressure drop of the fluid through the Gyroid structure 
and Lg is the length of the Gyroid structure.

The performance evaluation coefficient (PEC) is used to evaluate the 
overall heat performance, which is defined as [32]: 

PEC=
Nui/Nus

(fi/fs)
1/3 (12) 

where subscripts i and s represents the improved and standard Gyroid 
structures, respectively.

3.2. Grid independency verification

Based on the conclusions of Ref. [33], the SST k-ω model yield results 
much closer to the experimental data than other turbulence model. 
Therefore, a CFD program was used as the solver in the simulation 
process, and the SST k-ω model and second-order upwind scheme of the 
discretization of momentum and energy equations were selected. The 
coupled algorithm was adopted to solve in the pressure-velocity 
coupling, and the energy residual was set to 10− 6.

The number of grids affects both the accuracy of the calculations and 
convergence time. Therefore, it is necessary to select an appropriate 
number of grids to improve the computational efficiency and accuracy. 
In this study, a standard Gyroid structure was chosen to evaluate grid 
independence, and ten different grid configurations were generated. The 

temperatures at five representative points on the heating surface (as 
shown in Fig. 5) were calculated under ten different grid configurations, 
and the corresponding results are presented in Fig. 6.

It can be observed that as the number of grids gradually increases, 
the changes in the calculation results gradually diminish. When the 
number of grids reaches 1,837,532, the variation in the calculation re
sults becomes negligible. Therefore, considering both the computational 
accuracy and computational time, it was ultimately chosen for subse
quent numerical calculations.

3.3. Experimental setup

An experimental approach was employed to validate the accuracy of 
numerical the simulation results. The experimental system and sche
matics are shown in Figs. 7 and 8. The experimental setup comprised an 
AlN heating plate, K-type thermocouples, temperature sensor, flow
meter, differential pressure transmitter, National Instruments (NI) data 
acquisition system, water pump, and regulating valve. The AlN heating 
plate, with a power of 500 W and a heat flux density of 125 W/cm3, 
provides a stable heat source for the experiment.

The Gyroid experimental model shown in Fig. 9 was fabricated using 
selective laser melting (SLM) technology with oxygen-free pure copper 
as the material. After 3D printing, the model underwent heat treatment, 
resulting in a thermal conductivity of 398 W/(m⋅K) and a density of 
8.92 g/cm3. To improve the interfacial thermal conductance, an indium- 
tin alloy was applied between the heating plate and the Gyroid structure, 
significantly reducing the contact thermal resistance. The indium-tin 
alloy has a thermal conductivity of 80 W/(m⋅K), density of 6.89 g/ 
cm3, and melting point of 333 K.

3.4. Experimental uncertainty analysis

Measurement errors in experimental data can be categorized into 
direct and indirect errors, which significantly impact the accuracy of 
results. Direct errors arise from equipment or human influences, while 
indirect errors are calculated using error transfer formulas. Direct 
measurement parameters include volume flow rate, pressure, and tem
perature, while indirect parameters include Reynolds number (Re), 
Nusselt number (Nu), friction factor (f), heat transfer coefficient (h), 
fluid flow rate (v), and heat flow density (q). The direct measurement 
errors and indirect measurement errors are calculated as follows. The 
uncertainty analysis in this paper refers to the Robert J. Moffat [34].

The formula for calculating the error of the directly measured pa
rameters is as follows: 

xi = xi,m ± δxi (13) 

where xi,m is the measured value; δxi is the absolute error of xi; δxi/xi is 
the relative error of xi.

The formula for calculating the error of indirectly measured pa
rameters is as follows: 

δY =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i

(
δY
δxi

δxi

)2
√
√
√
√ (14) 

Fig. 5. Five representative points on the heating surface.
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Where Y is a function calculated from n independently measured pa
rameters and can be expressed as Y = f(x1, x2, x3,⋯ xn); δY is the ab
solute error of the measured value; δY/Y is the relative error of the 

measured value.
In this experiment, the primary measured parameters include tem

perature, flow rate, and pressure drop. Temperature measurements were 
conducted using thermocouples with a range of 253 K–473 K and an 
accuracy of ±1 %. The flow rate was measured by a flowmeter with a 
range of 0–1.2 m3/h and an accuracy of ±1 %. Pressure drop data were 
obtained using a differential pressure transmitter with a range of 0–500 
KPa and an accuracy of ±0.075 %. All experimental data were collected 
in real-time using the NI data acquisition system. Temperature data were 
acquired through the NI TB-4353 thermocouple acquisition card with an 
accuracy of ±0.1 %. Flow rate and pressure drop data were recorded by 
the NI TB-4300C data acquisition card, also with an accuracy of ±0.1 %. 

(1) Maximum relative error of temperature (T): the accuracy of the K- 
type thermocouple used in the experiment is 1 %, and the mini
mum temperature in the experimental process is the inlet setup 
temperature of 293K, so the maximum relative error of the 
calculated T is:

ΔT
T

=
(473 − 253) × 1%

293
× 100% = 0.75% (15) 

Since the final measurements need to be captured by the data 
acquisition instrument, the relative error of the final measurements 
needs to be determined in conjunction with the 0.1 % accuracy of the 
data acquisition module: 

ΔT
T

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(0.75%)
2
+ (0.1%)

2
√

= 0.76% (16) 

Fig. 6. Verification for grid independence.

Fig. 7. Picture of experimental system.

Fig. 8. Schematic of experimental principle.

Fig. 9. 3D printed Gyroid structure.
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The calculation results show that the error caused by the data 
acquisition module is very small, and the effect on the experimental 
results can be ignored. 

(2) Maximum relative error of pressure (P): the accuracy of the 
pressure sensor used in the experiment is 0.075 %, and the 
minimum pressure during the experiment is atmospheric pressure 
(101.325 KPa), the maximum relative error of the calculated P is:

Δp
p

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
(500 − 0) × 0.075%

101.325
× 100%

)2

+ (0.1%)
2

√

=0.38% (17) 

(3) Maximum relative error of volumetric flow rate (q): the accuracy 
of the flow meter used in the experiment is 1 %, and the minimum 
flow rate during the experiment was the inlet set flow rate of 0.12 
m3/h, the maximum error of q is:

Δq
q

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
(1.2 − 0) × 1%

0.12
× 100%

)2

+ (0.1%)
2

√

=10.00% (18) 

4. Results and discussion

4.1. Comparison of experimental and numerical simulation results

The comparison results between experimental and numerical simu
lations for Δp and Tmax across two types of Gyroid structures under 
different volumetric flow rates are shown in Fig. 10. For α = 0.0, which 
represents the standard Gyroid structure, the maximum deviation of Δp 
and Tmax are 4.91 % and 1.20 %, respectively. For α = 2.5, which rep
resents the Gyroid structure with completely closed “through-holes”, the 
maximum deviations in Δp and Tmax are 4.75 % and 0.87 %, respec
tively. The experimental results and numerical simulations show a high 
degree of agreement, with deviations in both the Δp and Tmax within an 
acceptable range, meeting the error requirements for heat transfer 
experiments.

The experimental results show that when the “through-holes” in the 
Gyroid structure are closed, Δp across the Gyroid structure significantly 
increases, indicating that the resistance of the fluid to flow through the 
structures increases. Despite the increase in Δp, the Tmax of the heating 
surface decreases significantly. Therefore, the closure of “through-holes” 
in the Gyroid structure causes more complex fluid dynamics, promoting 
fluid mixing and turbulence, which in turn enhances heat transfer 
efficiency.

4.2. Impact of α on flow characteristics

The velocity distribution contours and streamlines at the x = 0, y = 0, 
and z = 0 cross-sections for different α values are shown in Figs. 11–13, 
respectively. It can be observed that increasing the value of α has a 
significant effect on the distribution of velocity field. When α = 0.0, the 
fluid velocity distribution in the Gyroid structure is relatively uniform, 
and the high-velocity regions are concentrated in the center of the 
channel, while velocity near the wall is low. However, as the value of α 
increases, the velocity distribution gradually becomes non-uniform. 
When α increases to 2.5, a noticeable alternation of high and low ve
locity regions can be observed, indicating that the fluid flow is subjected 
to larger-scale disturbances. The drastic changes in velocity indicate that 
the nonlinearity of the fluid flow was enhanced, and the fluid experi
enced more intensive mixing and turbulence effects within the channels.

Furthermore, the vortex structures in the streamlines changed 
significantly as α increased. When α = 0.0, the streamlines are relatively 
orderly, with fewer vortex structures, and the flow remains steady. 
However, as the value of α increases, the streamlines become more 
complex, with numerous small-scale vortices and localized turbulent 
phenomena. These vortices significantly enhance the mixing effect of 
the fluid within the channels. When α = 2.5, intensely turbulent flow 
phenomena can be observed across various cross-sections, with 
streamlines twisting, intersecting, and forming multiple small vortex 
regions. Under these conditions, the fluid exhibits a high degree of 
instability, indicating that as the value of α increases, the flow within the 
Gyroid structure gradually changes from an orderly state to a disordered 
turbulent state. This is because with the increase of α, the “through 
holes” in the Gyroid structure are gradually closed, forcing the fluid into 
the non-linear flow path formed by the complex surface of the Gyroid, 
which disrupts the boundary layer and generates more secondary flows 
and vortices, thereby improving the convective heat transfer 
performance.

Enhanced convective heat transfer is often accompanied by an in
crease in pressure drop and flow resistance. The impact of varying α on 
the pressure drop (Δp) and f in the Gyroid structure is illustrated in 
Fig. 14. With an increase in volumetric flow rate, Δp in the Gyroid 
structure increases exponentially. This is because, as the volumetric flow 
rate increases, the inertial forces of the fluid are gradually becoming 
dominant. When the volumetric flow rate is within the range of 
0.12–0.72 m3/h, Δp in the improved Gyroid structure gradually in
creases as α increases. In the lower range of α values (0–1.5), the in
crease in Δp is relatively slow. However, when α reaches 2.0 and 2.5, Δp 
is significantly increased, rising by 33.8–36.9 % and 266.5–272.6 %, 
respectively, compared to the standard Gyroid structure.

With the value of α increases, f initially decreases and then increases, 

Fig. 10. Comparison of the experimental and numerical simulation results.
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reaching a minimum at α = 1.5. This phenomenon can be explained by 
the relatively slow increase in Δp within the lower range of α values 
(0.5–1.5), and the closure of “through-holes” in the Gyroid structure, 
which disrupts the fluid boundary layer, reduces the relative influence of 
viscous forces, and ultimately causes a decrease in f. This trend typically 
reflects an enhancement in the turbulent effects within the flow. 
Moreover, f in the Gyroid structure gradually decreased with increasing 
Re. This was because, as Re increased, the inertial forces of the fluid 
became dominant, whereas the relative influence of the viscous forces 
diminished, thereby reducing f.

4.3. Impact of α on heat transfer characteristics

The temperature distribution contours at the x = 0, y = 0, and z =
0 cross-sections for different α values are shown in Figs. 15–17, 
respectively. When α = 0.0, the temperature field of the Gyroid structure 
exhibits significant laminar characteristics, and the temperature 
gradient is concentrated near the heating surface, with a relatively 
smooth and orderly distribution. This is owing to the weak mixing of the 
fluid, which causes a relatively low heat transfer efficiency from the 
heating surface to the fluid interior, resulting in a temperature gradient 
typically concentrated near the heating surface, whereas the tempera
ture at the center of the flow channel remains relatively low, thus 
limiting the heat transfer efficiency. As α increases, the “through-holes” 
in the Gyroid structure are gradually closed, and complex flow paths and 
vortex generation cause a more chaotic flow field, which effectively 
promotes the mixing and redistribution of fluid, resulting in more uni
form heat dispersion throughout the Gyroid structure. High-temperature 
regions are not confined to the vicinity of the heating surface, and heat is 
diffused to the center of the flow channel through fluid convection. 
Consequently, the mixing effect of the fluid and convective heat transfer 
were significantly enhanced.

The temperature distribution contours at the heating surface for 
different α values are shown in Fig. 18. It can be observed that increasing 
the value of α has a significant impact on the distribution of the tem
perature field on the heating surface. When α = 0.0, the temperature 
field on the heating surface of the Gyroid structure is significantly non- 
uniform, with a noticeable temperature gradient, reaching a peak 

temperature 381.2 K. As α increases, the peak temperature on the 
heating surface of the Gyroid structure gradually decreases, and the 
temperature distribution becomes more uniform. When α increases to 
2.5, the peak temperature of the Gyroid structure drops to 360.6 K, 
indicating that the fluid mixing effects and convective heat transfer were 
significantly enhanced, resulting in a more uniform heat distribution on 
the heating surface. Compared with the standard Gyroid structure, the 
Gyroid structure with closed “through-holes” exhibits significant ad
vantages in terms of thermal management, effectively reducing local 
temperatures and improving the uniformity of the temperature distri
bution, thereby enhancing the heat transfer performance.

The impact of α on Tmax and h of the heating surface of the Gyroid 
structure are shown in Fig. 19. As the volumetric flow rate increased, 
Tmax of the Gyroid structure exhibited a linear decreasing trend, while h 
showed a linear increasing trend. Within the volumetric flow rate range 
of 0.12–0.72 m3/h, as the value of α increases, Tmax of the improved 
Gyroid structure gradually decreases, and h gradually increases. When α 
increases to 2.5, Tmax of the Gyroid structure decreases by 16.1–27.9 K, 
while h increases by 28.3–33.0 %.

The impact of α on the Nu of the Gyroid structure is illustrated in 
Fig. 20. As Re increases, the Nu of the Gyroid structure also exhibited a 
linearly increasing trend. However, unlike h, the Nu of the modified 
Gyroid structure first increases and then decreases as α increases, 
reaching its maximum value at α = 1.5. Compared to the standard 
Gyroid structure, Nu of the improved Gyroid structure increases by 
1.4–3.2 %.

In addition, the relationship between Nu and Re for the standard 
Gyroid structure (α = 0.0) and the Gyroid structure with completely 
closed “through-holes” (α = 2.5) was fitted in this study, and the cor
responding empirical formulas were derived.

For the standard Gyroid structure (α = 0.0), the fitted empirical 
formulas between Nu and Re is expressed by: 

Nu=30.11Re0.270 (19) 

For the Gyroid structure with completely closed “through-holes” (α 
= 2.5), the fitted empirical formulas between Nu and Re is denoted by: 

Nu=34.56Re0.247 (20) 

Fig. 11. Velocity distribution contours and streamlines at the x = 0 cross-section for different α values.
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It should be noted that Equations (19) and (20) are derived based on 
numerical simulation results within the Reynolds number range of 
1000–9000. Therefore, these correlations are valid only within this 
specified range. Their applicability outside of this range may be limited, 
and care should be taken when extending their use beyond the studied 
range. Within the defined range, however, these formulas provide a 
valuable reference for evaluating and optimizing the thermal perfor
mance of Gyroid-based heat transfer structures.

4.4. Overall evaluation of heat transfer performance

By adjusting the α parameters of the Gyroid structure, the design can 
be optimized to achieve optimal heat transfer performance under spe
cific fluid conditions. When an overall enhancement in heat transfer 
efficiency is required, increasing the α value can be effective. 
Conversely, to balance heat transfer performance and pressure drop, 

moderate α values should be selected to achieve optimal results. The 
improved Gyroid structure achieves better convective heat transfer 
performance compared to the standard Gyroid structure, however, with 
increasing volumetric flow rate, the pressure drop (Δp) of the Gyroid 
structure grows exponentially, which is unfavorable for practical ap
plications. Therefore, it becomes particularly important to discuss the 
comprehensive heat transfer performance of the Gyroid structure.

The performance evaluation factor (PEC) used in this paper is 
calculated based on the standard Gyroid structure, where PEC >1 in
dicates that the overall performance of the improved Gyroid structure, 
considering both heat transfer and flow resistance, is superior to that of 
the standard Gyroid structure. The influence of α on the PEC of the 
Gyroid structure is illustrated in Fig. 21. As α increases, the PEC of the 
improved Gyroid structure initially rises, reaching a peak at α = 1.5, and 
then declines. Although the improved Gyroid structure exhibits the 
highest convective heat transfer coefficient and the lowest peak 

Fig. 12. Velocity distribution contours and streamlines at the y = 0 cross-section for different α values.
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temperature at α = 2.5, the PEC value falls below 1, indicating that its 
overall performance is inferior to the standard Gyroid structure. Ac
cording to the definition and physical meanings of PEC, the PEC value 
reflects the overall efficiency considering both heat transfer and flow 
resistance. Any case where PEC is greater than 1 is desirable. Here, it is 
suggested that the α value of 2.0 is more appropriate, because the flow 
pressure drop is large when the α value is 2.5, and the heat transfer is not 
strong enough when the α value is 1.5. Additionally, the improved 
Gyroid structure possesses a relatively high convective heat transfer 
coefficient and a lower peak temperature.

In practical applications, although the convective heat transfer per
formance of the Gyroid structure is significantly improved under the 
condition of α = 2.5, it is important to note that this improvement comes 
at the cost of increased flow resistance. This implies that in the design 
and optimization of heat exchange systems, a trade-off must be made 
between heat transfer efficiency and flow resistance. If the priority is to 

enhance heat transfer efficiency and the system can tolerate a higher 
pressure drop, then the configuration of α = 2.5 might be an appropriate 
choice. However, if flow resistance is a critical limiting factor, it may be 
necessary to compromise under other conditions to achieve a more 
balanced performance. The final choice should be based on the specific 
application requirements and constraints, taking into account both heat 
transfer performance and system energy consumption.

In the BNCT neutron target cooling structure design discussed in this 
paper, after weighing heat transfer efficiency against flow resistance, the 
configuration of α = 2.0 is a suitable choice for the Gyroid structure of 
neutron target station. This research provides theoretical guidance for 
the application of the Gyroid structure in the BNCT neutron target sta
tion design, contributing to an efficient and economical heat exchange 
solution.

Fig. 13. Velocity distribution contours and streamlines at the z = 0 cross-section for different α values.
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Fig. 14. Impact of α on Δp and f of Gyroid structure.

Fig. 15. Temperature distribution contours at the x = 0 cross-section for different α values.

Fig. 16. Temperature distribution contours at the y = 0 cross-section for different α values.
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5. Conclusion

To improve the heat removal capability of the BNCT neutron target 
stations, a method for precisely controlling the Gyroid structure was 
proposed in this study by introducing control factors α into the standard 
Gyroid function. The following main conclusions were drawn. 

(1) As the value of α increases, Tmax of the Gyroid structure decreases 
by 16.1–27.9 K, h increases by 28.3–33 %, and Nu increases by 
1.4–3.2 %. The closure of “through-holes” in the Gyroid structure 
forces the fluid into the non-linear flow path formed by the 

complex surface of the Gyroid, thereby enhancing the disruption 
of the boundary layer and generating more secondary flows and 
vortices.

(2) The relationship between Nu and Re for different types of Gyroid 
structures was fitted, and the corresponding empirical expres
sions were derived. The results indicated a significant correlation 
between Nu and Re within the studied parameter range. The 
empirical relationship accurately describes the convective heat 
transfer characteristics and demonstrates high fitting precision.

(3) Enhanced convective heat transfer typically causes increased 
pressure drop and greater flow resistance. After considering the 

Fig. 17. Temperature distribution contours at the z = 0 cross-section for different α values.

Fig. 18. Temperature distribution contours at heating surface for different α values.
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combined impact of heat transfer efficiency and pressure drop, it 
is advisable to choose α = 2.0 to achieve the best results.
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