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A B S T R A C T

As a crucial component of the accelerator device, the lithium (Li) target must withstand high-energy proton beam 
irradiation while effectively dissipating heat. Consequently, cooling the solid Li target for Boron Neutron Capture 
Therapy (BNCT) has become an urgent issue to address. In this study, V-shaped staggered ribs are incorporated 
into the top wall of the cooling channel designed for the BNCT neutron target substrate. The effects of rib height, 
rib angle, and flow direction on the flow field characteristics and heat transfer characteristics of the cooling 
channel were numerically investigated. The results indicate that the rib height, rib angle, and flow direction 
strongly affect the pressure drop, average Nusselt number, velocity distribution, and temperature distribution. 
Compared to smooth channels, the V-shaped rib channel with a rib angle of 60◦ and a rib height of 2 mm reduced 
the maximum surface temperature by 48 %, decreasing it from 200 ◦C to 104 ◦C, and achieved a 26 % reduction 
compared to straight rib channels. Furthermore, the maximum surface temperature can be further minimized by 
employing backward flow at a specific rib height. While backward flow lowers the temperature, it slightly 
compromises thermal–hydraulic performance. By effectively reducing surface temperature and enhancing 
thermal management under high-energy proton beam irradiation, this design minimizes thermal stresses and 
improves the operational stability and lifespan of BNCT solid-state Li targets, providing a reliable solution for 
clinical applications.

1. Introduction

Lithium targets have been widely utilized in accelerator-driven 
boron neutron capture therapy (BNCT) due to their advantages, 
including high neutron yield, low neutron energy, and ease of modera-
tion [1]. However, the melting point of the solid lithium target is rela-
tively low (only 453 K), and the heat deposited by the high-energy 
proton beam bombarding the lithium target cannot be dissipated in 
time, which may cause melting and damage to the neutron target sta-
tion, affecting its lifetime. In addition, the beam intensity and energy 
required for BNCT continues to increase with the growing clinical de-
mand [2], resulting in a corresponding increase in the thermal load on 
solid lithium targets. Therefore, the heat dissipation capability of the 
neutron target station substrate is one of the critical factors [1,3], and 
solving the heat dissipation problem of solid Li targets has become a 
research focus and challenge.

Currently, the Li targets used in accelerator-driven BNCT mainly fall 

into three main categories: static solid targets, rotating solid targets, and 
liquid targets. For static solid targets, heat dissipation is typically ach-
ieved by incorporating cooling channels in the neutron target station 
substrate and by increasing the interaction area between the proton 
beam and the neutron target station. Rotating solid targets aim to reduce 
the heat flux of the neutron target station by increasing the interaction 
area between the proton beam and the neutron target station through 
rotation. To increase the heat removal capability of a solid Li target 
substrate, researchers have proposed various cooling structure designs. 
Carl Willis [4] and Nakamura [5] both suggested using a conical solid Li 
target to increase the irradiation area of the proton beam, thereby 
improving the heat removal capability of the neutron target station. 
Their studies have identified that the thermal loading of the neutron 
target station structure is a significant factor contributing to reduced 
efficiency during treatment, as illustrated in Fig. 1(a) and Fig. 1(b). 
Wang et al.[6] introduced a neutron target station with an edge-cooling 
structure for a transportable accelerator-driven neutron source, as 
illustrated in Fig. 1(d). The edge-cooling target effectively maintains a 
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Nomenclature

Af Wetted surface area(m2)
Dh Equivalent diameter
f Friction factor
Re Reynolds numbers
L Channel length(mm)
θ Angles(◦)
ΔP Pressure drop(Pa)
h Heat transfer coefficient(W/(m2⋅K)
Pout Outlet pressure(Pa)
Pin Inlet pressure(Pa)
q Heat flux (W/m2)

Nu Nusselt number
Tmax Maximum temperature(K)
Tw Wall temperature (K)
Tf Inlet temperature（K）
PEC Comprehensive evaluation factor
vavg Average velocity (m/s)
Vf Volume of the liquid (m/s)
μ Dynamic viscosity(Pa/s)
λ Thermal conductivity
ρ Density(kg/m3)
Tin Inlet temperature（K）
Tout Outlet temperature（K）
η Thermal-hydraulic performance factor

Fig. 1. Neutron target station structures for enhanced heat dissipation in literatures.
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stable temperature while ensuring the required intensity of forward- 
emitting neutrons with minimal attenuation. This innovation provides 
a novel approach to the cooling design of neutron target stations. Wang 
et al.[7] designed a curved Li target in a half-tire shape that rotates 
around its center, as depicted in Fig. 1(c). Calculations indicate that this 
design produces a more concentrated neutron beam with improved 
forward directionality, outperforming the flat target. For a 50 kW proton 
beam, the maximum temperature of the curved Li target reaches only 
100 ◦C, which meets its heat dissipation requirements. Hu et al.[8]
developed a rotating target structure, with the target’s rotating motion, 
the rotating target disk, and the channel structure in the flap depicted in 
Fig. 1(e). Heat transfer simulations using the Computational Fluid Dy-
namics (CFD) method were conducted with Gaussian and uniform 
beams in the rotating target system. The maximum temperatures of the 
Li remained below its melting point, demonstrating the effectiveness of 
the rotating target structure in cooling. However, problems with the 
channel structure and rotation led to the formation of local hot spots. In 
addition, the high rotational speed of the target requires superior me-
chanical properties.

Although significant progress has been made in the design and 
optimization of cooling structures for neutron target stations, existing 
solutions still face critical limitations. These include insufficient miti-
gation of localized thermal hotspots, mechanical challenges associated 
with high-speed rotation, and a lack of approaches that comprehensively 
address both thermal and structural performance. Therefore, it is 
necessary to propose an efficient cooling structure with superior heat 
dissipation performance to ensure both improved thermal management 
and operational reliability for accelerator-driven BNCT systems.

Currently, researchers have proposed various methods to enhance 
heat transfer performance, including channel geometry optimization 
[9], surface enhancement techniques [10], nanofluid technology [11], 
and phase-change heat transfer technology [12], as shown in Fig. 2. 
Among these, channel geometry optimization is one of the most widely 

studied approaches for heat transfer enhancement. Its core principle is to 
modify the flow path and boundary conditions to increase turbulence 
intensity, reduce the thermal boundary layer, and ultimately improve 
heat transfer efficiency. Common geometry optimization strategies 
include microchannel designs [13], straight ribs [14], wavy structures 
[15], and porous channels [16]. While these methods demonstrate sig-
nificant improvements in heat transfer, they also face several limitations 
[17]. For example, although microchannel structures are known for 
their high heat transfer performance, they are complex to manufacture 
and prone to clogging or flow instability due to particle deposition [18]. 

Similarly, designs such as wavy or ribbed structures are effective in 
disturbing the flow field but often result in significant pressure drop 
penalties, reducing the overall energy efficiency of the system [19]. 
Achieving an optimal balance between heat transfer enhancement and 
pressure drop remains a critical challenge in this field. Surface 
enhancement techniques aim to improve the interfacial heat transfer 
efficiency by introducing microstructures or coatings on heat exchange 
surfaces. Although these techniques achieve remarkable results in 
improving heat transfer performance, their durability in high- 
temperature, high-pressure, or corrosive environments is often limited 
[20], and the complexity of surface processing increases their cost. 
Nanofluid technology has become a research hotspot due to its superior 
thermal conductivity and tunable fluid properties, but its practical en-
gineering applications are limited by challenges such as particle 
dispersion stability, long-term reliability, and economic feasibility [21]. 
Phase-change heat transfer technology shows great potential in the 
synergistic design of thermal storage and heat transfer; however, its 
performance is often limited by phase change rates and heat flux density 
compatibility, making it difficult to achieve stable and efficient heat 
transfer under dynamic and complex operating conditions [22]. Despite 
the advantages of the above methods, there are still certain bottlenecks 
in practical applications. On the one hand, existing methods struggle to 
achieve a desirable balance between high heat transfer performance and 

Fig. 2. Some heat transfer enhancement methods in literatures.
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low pressure drop increments. On the other hand, these methods often 
fail to meet the requirements of complex flow fields and to adapt to 
different operating conditions.

The ribbed structure, as a practical method to enhance heat transfer, 
has been widely applied in the fields of aerospace [23], energy engi-
neering [24], and nuclear technology [25]. Promvonge et al. [26]
studied the turbulent flow and heat transfer in a square duct with 60◦ V- 
shaped ribs on two opposite heated walls (Fig. 3(a)). They examined the 
effect of blockage ratios (e/D) on heat transfer at Reynolds numbers of 
10,000–25,000. The ribs created counter-rotating vortices (P-vortices), 
that enhanced heat transfer by impingement and reattachment flows. 
Increasing the blockage ratio increased both heat transfer and friction 
losses. At lower Reynolds numbers, a BR of 0.0725 achieved a thermal 
performance of ~ 1.8, with a heat transfer rate four times that of a 
smooth channel. Sriharsha et al. [27] compared heat transfer perfor-
mance between straight ribs and 60◦ V-shaped broken ribs (Fig. 3(b)), 
and found superior performance and lower pressure drop with the latter, 
although increased rib height reduced effectiveness. Liu et al.[28]
designed a saw-like microchannel (Fig. 3(c)) that disrupted the thermal 
boundary layer, significantly improving convective heat transfer. Zhang 
et al.[29] analyzed flow and heat exchange in a channel with V-shaped 
disturbance ribs (Fig. 3(d)) at different guide angles. The highest heat 
exchange efficiency occurred at 47.25◦, while optimal cooling efficiency 
was at 31.57◦. Wu et al.[30] investigated turbine blade passages with V- 
shaped discrete ribs (Fig. 3(e)), and found improved heat transfer per-
formance and temperature uniformity. Optimized ribs increased the 
Nusselt number by 35.75 % and the comprehensive heat transfer coef-
ficient by 28.95 % compared to transverse ribs at a Reynolds number of 
30,000. It can be seen that in more specific engineering applications, the 
addition of ribs to channels can disrupt the development of the thermal 
boundary layer, improving convective heat and mass transfer, and 
significantly improve the heat transfer efficiency of the equipment.

Recently, V-shaped staggered ribs were also proposed to enhance the 
heat dissipation performance of neutron target stations. Yoshihashi S. 
et al.[31] proposed to improve the heat dissipation performance of 
neutron target stations by incorporating V-shaped staggered ribs into the 
smooth straight channel structure, as shown in Fig. 4. They analyzed the 
heat dissipation performance of both smooth straight channel and V- 
shaped staggered rib channels. The results indicated that the heat 
dissipation performance of the fluid channel with V-shaped staggered 
ribs is twice that of the smooth structure, and the heat transfer coeffi-
cient is 2.4 times higher. However, this study did not consider the effects 
of fluid flow regimes or the influence of the structural parameters of the 
V-shaped ribs, such as rib height, spacing, and angle, which were not 
systematically analyzed.

In the design of accelerator-driven BNCT neutron targets, micro-
channels and various types of fins and ribs can be used to increase the 
heat removal capacity. However, detailed designs and calculations are 
required for the cooling structures of BNCT solid Li targets with different 
proton beam currents and energies. In addition, the types and structural 
parameters of the fins and ribs need to be investigated and analyzed 
based on different proton beam currents. Therefore, in the context of 
BNCT solid lithium targets, it is essential to investigate the combined 

effects of flow velocity, rib geometry, and arrangement on heat transfer 
performance and pressure drop.

To solve this problem, the present study proposes a V-shaped stag-
gered rib structure designed in the substrate of the neutron target station 
substrate by optimizing the rib geometry and arrangement. A simulation 
study of the flow field and heat transfer characteristics of the V-shaped 
staggered ribs flow channel structure was carried out. The effects of the 
V-shaped staggered rib heights, the angle between the rib and the side 
wall, and the flow direction on flow and heat transfer characteristics 
under different operating conditions were investigated. The paper is 
structured as follows, first, the design of the neutron target station with 
V-shaped staggered ribs, and simulation method were briefly intro-
duced. Then, the quantitative influence of the geometric parameters and 
flow direction of the V-shaped staggered ribs on the flow field, pressure 
drop, and heat transfer characteristics were systematically discussed. 
The flow and heat transfer characteristics in smooth channel and the 
straight-rib channel were also studied as a comparison and reference. 
The influencing laws and the influencing mechanism of the V-shaped 
ribs are discussed and analyzed in detail.

2. The neutron target station and numerical method

2.1. The neutron target station with V-shaped staggered ribs

To enhance the heat transfer performance of the BNCT Li target 
substrate structure, a V-shaped staggered rib structure on the top wall of 
the microchannel structure was designed in this study, as depicted in 
Fig. 5. The neutron target station substrate is constructed from a copper 
plate measuring 124 mm in length, 120 mm in width, and 9 mm in 
thickness, featuring 10 channels that are 10 mm wide and 5 mm high, 
with V-shaped staggered ribs arranged on the top walls of these 
channels.

To simplify the numerical calculations, the multi-channel copper 
plate structure was reduced to a single-channel model, as shown in Fig. 5
(c)and (d). The V-shaped staggered rib structures have a channel length 
of 40 mm, with 40 mm smooth channels at both the inlet and outlet to 
minimize entry and exit effects, resulting in a total length of 120 mm. 
The heating area, located on the copper plate above the V-shaped 
staggered rib structures, is 40 mm long and 10 mm wide, using a uniform 
heat flux density. Fluid enters the channel from two directions, as 
indicated by the blue arrows in Fig. 5(d). The effects of the forward and 
backward flow directions on channel flow and heat transfer will be 
analyzed. The channel has a width of 10 mm, a height of 5 mm, and wall 
thicknesses of 2 mm at the top and bottom and 1 mm at the sides. The rib 
thickness is 1 mm, and rib height is denoted as h, the rib angle as θ, as 
indicated in Fig. 5(d). The distance between ribs on the same side is 3.8 
mm, and between ribs on opposite sides is 1.4 mm. In addition, channels 
with smooth structures and straight rib structures were analyzed as a 
comparison and reference to evaluate the heat dissipation performance 
of the V-shaped staggered rib channels.

2.2. Numerical simulation method

2.2.1. Boundary condition
Assuming the proton beam is uniformly distributed and the target 

station operates in an adiabatic environment, the deposited energy in 
the simulation is set to 25 kW. The proton beam parameters, proton 
energy of 2.5 MeV, beam current of 10 mA, and beam spot radius of 5 
cm, are based on the specifications of the proton accelerator used by 
Neuboron Medtech Ltd [32]. These parameters correspond to a heat flux 
density of 3.183 MW/m2. The inlet fluid velocity is set to 2 m/s, cor-
responding to a total flow rate of 12 L/min, with the inlet fluid tem-
perature maintained at 293.15 K. The outlet condition is defined as a 
pressure outlet. A constant heat flux density of 3.183 MW/m2 is applied 
to the top surface of the channel to simulate the heat deposition resulting 
from proton bombardment on the lithium target.Fig. 3. Rib structures for enhanced heat dissipation in literatures.
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Based on the recommendation of Ref.[33], SST k-ω model is more 
accurate, and reliable, incorporating modification for low Reynolds 
number effects, compressibility, and shear flow propagation, which is 
very suitable for simulating complex internal flow field of V-shaped 
staggered rib channel. The momentum equation is discretized using the 
second-order upwind scheme, while the energy equation is discretized 
using the second-order upwind scheme. Default values are assigned to 
other parameters. Convergence criteria are established based on 
normalized residuals of the momentum, energy, and other equations 
being less than 10-5, ensuring the maximum surface temperature re-
mains stable.

2.2.2. Grid independent verification
The grid independence analysis was performed on a single-channel 

model with V-shaped staggered ribs. The channel structure had V-sha-
ped staggered rib parameters of h = 3 mm and θ = 60◦. Local grid 
refinement was applied to the V-shaped staggered rib channel structure 
section by introducing localized grid sizes to increase grid densification 
in that specific area. In the fluid boundary layer region, five layers of 

boundary layers were included to capture detailed fluid information, as 
illustrated in Fig. 6. Five kinds of grid structures were established in this 
study, with grid numbers of 330,000, 620,000, 1,120,000, 2,230,000, 

Fig. 4. The neutron target station with V-shaped staggered ribs [31].

Fig. 5. Schematic diagram of target and V-shaped staggered rib channel structure.

Fig. 6. The grid information of the V-shaped staggered rib channel.
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and 3,410,000, respectively. An inlet fluid velocity of 2 m/s was chosen 
for verification. Using the maximum surface temperature (Tmax) and the 
pressure drop (ΔP) between the inlet and outlet for the grid number with 
3,410,000 grids as the benchmarks, the results are shown in Fig. 7.

It can be seen that with a grid number of 1,120,000, the change in the 
maximum surface temperature and the pressure drop between the inlet 
and outlet (ΔP) are 1.3 % and 15.6 % respectively. In contrast, with a 
grid number of 2,230,000, the changes in the maximum surface tem-
perature and the pressure drop between the inlet and outlet are 0.4 % 
and 0.6 %, respectively. Considering that these parameters change the 
least when the number of grids is 2,230,000, and considering the 
simulation results’ accuracy and efficiency, the grid number of 
2,230,000 was selected for numerical simulation calculations in this 
study.

2.3. Flow and heat transfer performance evaluation parameter

To analyze the effect of rib heights, angles, and fluid flow direction 
on the flow and heat transfer performance of the solid Li target substrate, 
various parameters are introduced to characterize flow and heat transfer 
properties.

2.3.1. Pressure drop characteristic
The expression of Reynolds number (Re) is: 

Re =
ρvaveDh

μ (1) 

where ρ represents the fluid density, Dh denotes the hydraulic diameter, 
vave is the average fluid velocity, and μ stands for the dynamic viscosity.

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

Dh =
4Vf

Af
(2) 

where Vf represents the volume of the liquid, and Af denotes the wetted 
surface area.

When evaluating the overall performance of the channel, it is 
essential to consider both the heat transfer characteristics and the 
pressure drop of the fluid within the channel. The calculation method for 
pressure drop is as follows. 

ΔP = Pin − P out (3) 

where Pin is the inlet pressure and Pout is the outlet pressure.
The friction factor f is a dimensionless parameter introduced in fluid 

flow calculations. Its value is related to the Reynolds number and rela-
tive roughness, and it can be calculated using the following formula: 

f =
2ΔPDh

ρv2
aveL

(4) 

where L denotes the channel length.

2.3.2. The convective heat transfer coefficient and Nusselt number
The convective heat transfer coefficient is a parameter that describes 

the ability of heat transfer between a fluid and a solid interface. The 
average convective heat transfer coefficient is used in this study, and the 
calculation formula is as follows: 

h =
q

Tw − Tf
(5) 

where q is the average heat flux density of the pipe wall, Tw is the 
temperature of the inner wall, Tf is the average temperature of the fluid 
in the channel, the formula is as follows Tf = Tin+Tout

2 , Tin is the inlet 
temperature, Tout is the outlet temperature.

The Nusselt number (Nu) reflects the heat transfer performance of 
the fluid boundary layer in the process of fluid heat transfer. The average 
Nusselt number is used in this study, and the calculation formula is as 
follows: 

Nu =
hDh

λ
(6) 

where λ is the thermal conductivity at the average temperature of the 
fluid.

2.3.3. Thermal-hydraulic performance factor
The thermal–hydraulic performance factor η is used to comprehen-

sively evaluate the performance of the rib channel [5], which takes into 
account both heat transfer and pressure drop loss, and the calculation 
formula is as follows: 

η =
Nu/Nu0
(
f/f0

)1/3 (7) 

where Nu0 and f0 are the Nusselt number and the friction factor of a 
smooth channel (with zero rib height), respectively. It is generally 
considered that when the value of η exceeds 1, the heat transfer 
enhancement by the ribs is effective. The higher the value of η, the better 
the heat transfer enhancement effect of the ribs.

3. Results and discussion

In this section, the effect of rib heights (h) and angles (θ) of V-shaped 
staggered ribs, and the flow direction on the flow and heat transfer 
performance of the cooling channels of the neutron target station will be 
systematically discussed. The flow field distribution, pressure drop, 
maximum surface temperature, temperature distribution, Nusselt num-
ber, and thermal–hydraulic performance factors will be analyzed.

3.1. Effect of rib height

In this section, the effect of rib heights on the flow and heat transfer 
characteristics in channels with V-shaped staggered ribs when the rib 
angle is fixed at 60◦ was studied. Straight rib channels and smooth 
channels and were also analyzed and used as references. A total of 19 
different model structures were designed, with specific parameters 
detailed in Table 1.

3.1.1. Flow field characteristic
The pressure drops of the V-shaped staggered rib channels and 

straight rib channels with different rib heights are illustrated in Fig. 8. It 

Fig. 7. The maximum surface temperature and pressure drop with 
grids number.
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can be seen that the pressure drop of V-shaped staggered rib channels 

and straight rib channels increases slowly at first and then rapidly as the 
rib height increases. This phenomenon occurs because as rib height in-
creases, the flow area for the fluid decreases, leading to an intensifica-
tion of flow field vortices (refer to flow field characterization in Fig. 9), 
increasing pressure drop. The increase in pressure drop for the straight 
rib channel is less than that for the V-shaped rib channel. For example, 
the pressure drop in a V-shaped staggered rib channel is approximately 
7.5 times that of a smooth channel and 1.5 times that of a straight rib 
channel, when the rib height is 2 mm.

The velocity distribution of V-shaped staggered rib channels and 
straight rib channels is shown in Fig. 9(a), with the x-z plane (y = 6.5 
mm) positioned 0.5 mm from the top wall of the channel. It can be seen 
that the fluid velocity is higher in the central region of both channels and 
lower near the side walls. In the V-shaped staggered rib channel, the 
staggered arrangement of the rib creates a high velocity flow region near 
the tip of the rib. The velocity in the x-axis direction exhibits a periodic 
change, alternating between fast and slow. When leaving the V-shaped 
staggered rib region, the flow velocity in the central region is lower than 
that near the sidewall region. In the straight rib channel, the fluid ve-
locity decreases significantly after passing through the first rib and 
gradually recovers and becomes uniform. In the outlet section, the fluid 
flow velocity in the central region of the V-shaped rib channel remains 
lower than the flow velocity near the sidewall region.

The velocity distribution in the x-z plane for the V-shaped staggered 
rib channels with different rib heights is shown in Fig. 9(b). As the rib 
height increases, the flow velocity in the central region of the channel 
gradually increases, forming a wave-like region that enhances the fluid 
mixing effect. The fluid with high velocity concentrates in the middle 
region of the channel. In addition, the velocity on the windward side of 
the ribs is larger, and the flow velocity on the back is smaller. As the rib 
height increases, the difference between the fluid velocity in the central 
of the channel and the fluid velocity at the edge of the channel increases. 

Table 1 
Structural parameters of channels with different rib heights.

Type Number Rib 
heights

Rib 
angles

Flow 
direction

Smooth channel 1 — — —
Straight rib channel 2–10 0.5–4.5 — —
V-shaped staggered rib 

channel
11–19 0.5–4.5 60◦ forward

Fig. 8. The effect of rib heights on pressure drops.

Fig. 9. The effect of rib heights on velocity magnitude distribution (a) V-shaped staggered rib channel and straight rib channel (h = 0.5 mm, y = 6.5 mm) (b) V- 
shaped staggered rib channels with different rib heights (y = 7.5 mm).
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The stronger the flow layer shear and fluid mixing, the more intense the 
vortex detachment at the edge of the rib. Similar phenomenon is also 
reported in Ref. [34,35]. Near the inlet, the flow velocity on the left side 
of the rib tip is significantly higher than that on the right side. The fluid 
flow velocity near the left wall of the rib is higher than the right wall due 
to the formation of counter-clockwise vortices in the top part of the 
central region and clockwise vortices in the lower part of the central 
region as the fluid passes through the rib. The velocity distribution 
shows that the fluid velocity distribution is more uniform in the inlet 
section, whereas the flow velocity distribution becomes non-uniform 
after flowing out of the V-shaped rib structure. As the rib height in-
creases, the average flow velocity of the fluid in the channel gradually 
increases.

The velocity distribution of straight rib channels with different rib 
heights is shown in Fig. 10. It can be seen that as the rib height increases, 
the flow velocity at 0.5 mm from the top wall surface first decreases and 
then gradually increases. The flow velocity near the right side of the rib 
is lower than that on the left side, and along the z-axis, the flow velocity 
shows a gradually increasing trend. As the rib height increases, the low 
flow velocity region in the inlet section near the first rib gradually ex-
pands. In contrast, the flow velocity distribution of the straight rib 
structure is more uniform, while the V-shaped staggered rib structure 
creates a high-velocity flow region resembling a wave shape.

3.1.2. Heat transfer characteristic
The maximum surface temperature of the neutron target station’s 

substrate for V-shaped staggered rib channels and straight rib channels 
at different rib heights is illustrated in Fig. 11 (with an inlet fluid ve-
locity of 2 m/s). A rib height of 0 mm represents a smooth channel 
without ribs. It can be seen that the maximum surface temperature of the 
V-shaped staggered rib channel consistently remains lower than that of 
the straight rib channel. The maximum surface temperatures are below 
the melting point of the metal Li. In the V-shaped staggered rib channel, 
the rate of temperature decrease initially slows down and then gradually 
increases. The temperature difference between the staggered and 
straight rib channels varies from a maximum of 44 ◦C to a minimum of 
26 ◦C. In terms of maximum surface temperature, the performance of the 
V-shaped staggered rib channel is significantly superior to that of the 
straight rib channel. At a rib height of 2 mm, the maximum surface 
temperature of the V-shaped staggered rib channel is decreased by 48 % 
compared to the smooth channel and by 26 % compared to the straight 
rib channel. For the V-shaped staggered ribs, the maximum surface 
temperature can be decreased to 72 ◦C at a rib height of 4.5 mm. 
However, consider the pressure drop at the inlet and outlet reaches 0.11 
MPa when rib height is increased to 4 mm. Therefore, simply increasing 
rib height to reduce the temperature is not advisable in practical 
applications.

As shown in Fig. 12, there is a significant difference in the effect of 
rib height on the average Nusselt number (Nu) for V-shaped staggered 
rib channels and straight rib channels. For straight rib channels, the 

average Nu initially decreases and then increases, reaching a minimum 
at a rib height of 1.5 mm, but it remains higher than the average Nu of a 
smooth channel. For V-shaped staggered rib channels, the average Nu 
generally increases with rib height, with a decreasing growth rate from 
0.5 mm to 1.5 mm, and the average Nu at 2 mm is lower than at 1.5 mm 
and 2.5 mm. Overall, the average Nu for V-shaped staggered rib chan-
nels is consistently higher than that of straight rib channels. For 
example, at a rib height of 2 mm, the average Nu of V-shaped staggered 
rib channels increase by 87 % compared to the smooth channel and by 
69 % compared to straight rib channels.

As shown in Fig. 13(a), the temperature distribution on the top wall 
surface of the V-shaped staggered rib channel indicates that the tem-
perature gradually decreases as the rib height increases. The high tem-
perature region shifts towards the outlet, with higher temperatures near 
the outlet. In addition, the temperature in the central region is higher 
than that near the sidewall surface. The temperature distribution is 
closely coupled to velocity field (as shown in Fig. 9). It can be seen that 
the temperature on the windward side of the ribs is lower, and the 
temperature on the back is higher. According to the analysis of flow field 
distribution above (Fig. 9), as the rib height increase, the flow layer 
shear and fluid mixing become stronger, the vortex detachment at the 
edge of the rib become more intense, which enhance the heat and mass 
transfer capability of cooling channel [35,36].

Fig. 10. Effect of rib height on velocity distribution of straight rib channel.

Fig. 11. The effect of rib heights on the maximum surface temperature.

Fig. 12. The effect of rib heights on the average Nu.
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Fig. 13(b) displays the temperature distribution on the top wall 
surface of the straight rib channels. In contrast to V-shaped staggered rib 
channels, the temperature in the heating region of straight rib channels 
is more uniform, with the high-temperature region concentrated in the 
central region in a symmetrical distribution. Despite the lower temper-
ature on the top wall surface of the staggered rib channel, the temper-
ature distribution of the straight rib is more uniform. Comparing the 
velocity profiles of the straight ribs, although the flow velocity near the 
rib at the outlet is lower than in the central region, it does not impede the 
cooling of the top wall surface. The comparison of the velocity distri-
bution of the staggered ribs reveals that the temperature of the top wall 
surface in the central region remains relatively stable due to the wave- 
like high velocity flow zone.

3.1.3. Thermal-hydraulic performance factor
The effect of rib height on the thermal–hydraulic performance factor 

(η) of V-shaped staggered ribs and straight ribs is shown in Fig. 14. It can 
be seen that the thermal–hydraulic performance factor decreases with 
increasing rib height for both types of rib channels. For V-shaped stag-
gered rib channels, the thermal–hydraulic performance factor drops 
below 1 when rib height reaches 2.5 mm. In contrast, for straight rib 
channels, the thermal–hydraulic performance factor is less than 1 when 
rib height is 1 mm. In addition, the rate of decrease in the thermal-
–hydraulic performance factor tends to stabilize for straight ribs. For 
example, at a rib height of 2 mm, the thermal–hydraulic performance 
factor for V-shaped staggered rib channels is 44 % higher than that for 

straight rib channels.
To sum up, the effect of rib height on pressure drops, average Nu 

number, surface temperature, flow field and heat transfer capability is 
significant. The mechanism analysis shows on the one hand, the increase 
of rib height reduces the flow area and increases the general flow rate. 
On the other hand, the difference of flow velocity distribution in the 

Fig. 13. The effect of rib heights on the surface temperature distribution of (a) V-shaped staggered rib channels and (b) straight rib channels.

Fig. 14. The effect of rib heights on thermal–hydraulic performance factor.
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channel is greater, the velocity in the central of the channel is greater, 
the shear of the flow layer is more intense, and the fluid mass exchange 
after the vortex falls off the rib edge is more intense, which further 
improves the mass and heat exchange in the channel, especially in the 
central area, so as to achieve enhanced heat transfer.

In terms of the maximum surface temperature, increasing rib height 
is effective in decreasing the temperature, and the temperature con-
tinues to decrease as the rib height increases. However, pressure drop 
also increases significantly as the rib height increases. The average 
Nusselt number (Nu) increases significantly with the increase in rib 
height for V-shaped staggered ribs, while the average Nu does not 
change significantly for straight ribs. According to the analysis of ther-
mal–hydraulic performance factors, when the rib height exceeds 2 mm, 
V-shaped staggered ribs become ineffective in improving heat transfer in 
the channel, although the surface maximum temperature decreases 
significantly. A comprehensive analysis shows that when the rib height 
is 2 mm, the heat transfer effect of V-shaped staggered ribs is optimal, 
and the maximum surface temperature can be reduced to 104 ◦C.

3.2. Effect of rib angle

As mentioned above, when analyzing the effect of rib height, the rib 
angle is fixed at 60◦. In this section, the effect of rib angles (60◦, 45◦, 
37.5◦, 30◦) on the flow and heat transfer characteristics in channels will 
be discussed. Moreover, the combined effect of rib angle and rib height 
the with rib heights ranging from 0.5 mm to 4.5 mm will also analyzed. 
A total of 36 model structures of V-shaped staggered rib channels were 
established, and the specific parameters are shown in Table 2.

3.2.1. Flow field characteristic
As shown in Fig. 15, the effect of the V-shaped staggered rib angles 

on pressure drop at an inlet flow velocity of 2 m/s is significant. Taking a 
rib height of 2 mm as an example, four conditions with angles of 30◦, 
37.5◦, 45◦, and 60◦ were studied. The results indicate that as the angle of 
the V-shaped staggered ribs increases, the pressure drop increases 
continuously, reaching a peak at 45◦, and then rapidly decreases. Under 
different rib heights conditions, the effect trend of the V-shaped stag-
gered rib angles on pressure drop is similar. The higher the height of the 
rib, the more significant the effect of the rib angle. Specifically, as rib 
height increases, the effect of rib angles on pressure drop becomes more 
significant, both in absolute and relative terms. Of the four rib angles 
studied, 45◦ results in the highest pressure drop, while 60◦ results in the 
lowest pressure drop. It can be seen from Figs. 8 and 15, the effect of rib 
height is monotonical while the effect of rib angle is non-monotonical. 
Therefore, it is essential to consider the combined effect of rib height 
and rib angle when optimizing the design of the V-shaped staggered rib 
cooling channel.

Taking the rib height of 2 mm and 1.5 mm as examples, the effect of 
rib angles on the flow field distribution in V-shaped staggered rib 
channels was studied. Fig. 16 shows the velocity distribution in the x-z 
plane for different rib angles. For rib height of 2 mm, the flow field 
distribution is most uniform at a 60◦ rib angle, with low velocity regions 
near the rib tips and sidewalls. At a 45◦ rib angle, the flow field shows 
significant high velocity regions and intense fluid mixing, especially 
near the upstream rib, where flow velocity peaks. According to Fig. 16, it 
is obvious that the V-shaped staggered rib can enhance cooling perfor-
mance as a result of reduced low heat transfer region behind ribs and 

enlarged high heat transfer region in front of ribs, which is also reported 
in Ref.[36,37]. When the fluid passes across the ribs, there will be low- 
pressure zones just downstream the ribs because of the flow separation, 
and the recirculation occurs in the low-pressure zones. As the rib angle 
changes, the area of recirculation zone changes [38]. The rib angle af-
fects the vortex separation and mixing at the edge of the rib in the 
central area of channels, and also affects the size of the recirculation 
zone behind the rib. The flow field distribution and fluid mixing in-
tensity at 37.5◦ and 30◦ rib angles between those at 60◦ and 45◦. These 
variations in flow field structure and fluid mixing explain the differences 
in pressure drop, aligning with previous findings on the effect of rib 
angles on pressure drop. In addition, comparison of different rib heights 
shows that increasing rib height leads to more intense flow field mixing 
in the channel.

3.2.2. Heat transfer characteristic
The effect of rib angle on the maximum temperature of V-shaped 

staggered rib channels top wall is shown in Fig. 17. For rib heights of 0.5 
mm and 1.0 mm, as the rib angle increases from 30◦ to 60◦, the 
maximum surface temperature of V-shaped staggered rib channels de-
creases slowly and then increases rapidly. The lowest maximum surface 
temperature is observed at an angle of 45◦, indicating the best heat 
transfer performance at this angle. However, for rib heights of 1.5 mm 
and 2.0 mm, the lowest maximum surface temperature occurs at an 
angle of 37.5◦. Overall, the effect of rib angles on the maximum surface 
temperature of V-shaped staggered rib channels is non-monotonic, with 
a decreasing and then increasing trend from 30◦ to 60◦. The rib height 
has a significant effect the lowest maximum surface temperature of V- 
shaped staggered rib channels. For rib height between 1.5 mm and 3.5 
mm, the cooling effect is best at 37.5◦, while for rib height between 0.5 
mm and 1 mm, the cooling effect is optimal at 45◦. Fig. 18 shows the 
effect of rib angles on the average Nu in a V-shaped staggered rib 
channels. It can be seen that with the increase in rib angle, the average 
Nu in V-shaped staggered rib channels initially increase and then de-
creases. When rib height is less than 1.5 mm, the average Nu reaches its 
maximum at a rib angle of 45◦. However, when rib height exceeds 2 mm, 
the average Nu reaches its maximum at a rib angle of 37.5◦.

As shown in Fig. 19, it can be seen that as rib angle increases the high 
temperature region gradually moves towards the outlet and becomes 
more uniform. When rib angle decreases from 60◦ to 45◦, 37.5◦, and 30◦, 
the temperature changes on the top wall are significant. As the rib height 
increases, the high temperature region also gradually moves towards the 
outlet. The temperature distribution maps for 45◦, 37.5◦, and 30◦ show 
little difference, but the smaller the angle, the larger the high 

Table 2 
Structural parameters of channels with different rib angles.

Type Number Rib heights Rid angles Flow direction

V-shaped staggered ribs 1–9 0.5–4.5 60◦ forward
10–18 0.5–4.5 45◦ forward
19–27 0.5–4.5 37.5◦ forward
28–36 0.5–4.5 30◦ forward

Fig. 15. The effect of rib angles on pressure drops.
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temperature region. As analyzed in Fig. 16, on the back of the rib, the 
heat from the heating surfaces in recirculation zones cannot be trans-
ferred to the mainstream quickly, these zones correspond to the low heat 
transfer regions and high temperature regions, similar phenomenon are 
also reported in Ref [36–38].

3.2.3. Thermal-hydraulic performance factor
Fig. 20 shows the effect of the angle of V-shaped staggered ribs on the 

thermal–hydraulic performance factor. It can be seen that when rib 
height is greater than 1.5 mm, the thermal–hydraulic performance fac-
tor decreases with an increase in rib angle. However, for rib heights of 
0.5 mm and 1.0 mm, the effect of rib angles is more complex. Specif-
ically, for a rib height of 1.0 mm, the thermal–hydraulic performance 
factor reaches its maximum at a rib angle of 45◦, while for a rib height of 
0.5 mm, it peaks at a rib angle of 60◦. Considering the effects of rib 
heights and angles on the convection heat transfer performance and 

pressure drop of the V-shaped staggered rib channels, smaller rib height 
and angle generally result in a higher thermal–hydraulic performance 
factor. However, when rib height exceeds 3.0 mm, the significant in-
crease in pressure drop causes the comprehensive thermal–hydraulic 
performance factor to fall below 1. Overall, the effect of rib heights on 
the thermal–hydraulic performance factor is more significant than that 
of rib angle.

To sum up, the effect of rib angle on pressure drops, average Nu 
number, surface temperature, flow field distribution and heat transfer 
process of the V-shaped staggered rib channels is complicated and non- 
monotonic. The effect mechanism of the rib angle is inferred that the rib 
angle affects the vortex separation and mixing at the edge of the rib, and 
also affects the size of the recirculation zone area behind the rib, which 
affects the mass and heat transfer process in the central area and the 
recirculation area in the channel, and then affects the flow and heat 
transfer performance. In general, as the rib angle increases, the pressure 

Fig. 16. The effect of rib angles on the velocity distribution (y = 6.5 mm).

Fig. 17. The effect of rib angles on the maximum surface temperature.
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drops increase, the heat transfer capacity increases, and the wall tem-
perature decreases. The optimum rib angle is about 45◦ (just in the 
ranges of this study). When the rib angle continues increasing (above 
45◦), the heat transfer efficiency decreases, the wall temperature in-
creases, and the pressure drop decreases. However, from the view of the 
effect of rib height, the optimum rib angle is different. For example, in 
the condition of 2 mm rib height, the optimum rib angle is 40◦, while in 
the conditions of rib height lower than 2 mm, the optimum rib angle is 

45◦. From the perspective of mechanism research and practical appli-
cation, it is very valuable to carry out structural optimization research 
under the effects of the superposition of rib angle and rib height.

3.3. Effect of flow direction

On the basis of the above discussion, the effect of forward and 
backward flow directions on the flow and heat transfer characteristics in 

Fig. 18. The effect of rib angles on the average Nu.

Fig. 19. The effect of rib angles on the temperature distribution of wall surface.

N. Zhuang et al.                                                                                                                                                                                                                                 Applied Thermal Engineering 265 (2025) 125587 

12 



V-shaped staggered rib channels with rib angles of 45◦ was analyzed in 
this section. A total of 18 working conditions were simulated with spe-
cific parameter settings as shown in Table 3.

3.3.1. Flow field characteristic
The effect of different flow directions on the pressure drop is illus-

trated in Fig. 21, with rib heights ranging from 0.5 mm to 4.5 mm. It is 
evident that as rib height increases, the pressure drop for both forward 
and backward flows show an increasing trend. In addition, the pressure 
drop for backward flow consistently exceeds that of forward flow. 
Moreover, as rib height increases, the disparity between forward and 
backward flow also grows. For example, when rib height is 1.5 mm, the 
pressure drop between the inlet and outlet for backward flow is 10 % 
higher than that for forward flow. Similarly, when rib height is 2 mm, 
the pressure drop between the inlet and outlet for backward flow in-
creases by 12 % compared to forward flow.

Taking rib heights of 1.5 mm and 2 mm as examples, the effect of 
flow directions on the flow field distribution in V-shaped staggered rib 
channels is analyzed. The velocity distribution in the x-z plane for 
different flow directions is shown in Fig. 22. Both forward and backward 
flows create high-velocity regions at the outlet of V-shaped staggered rib 
channels. Backward flow results in a distinct low-velocity region at the 
inlet of the V-shaped staggered rib channels. For backward flow, the 
low-velocity region near the sidewalls is smaller, and the high-velocity 
region between the ribs is larger. Unlike forward flow, backward flow 
generates a wave-like high-velocity region near the rib tips in the central 
area. The wave-like high-velocity region from backward flow effectively 
disrupts the velocity boundary layer along the channel sidewalls.

3.3.2. Heat transfer characteristic
Fig. 23 illustrates the maximum surface temperature in V-shaped 

staggered rib channels under various flow directions. It is evident that 
for rib heights less than 3 mm, backward flow is more effective in 
reducing the maximum surface temperature. As rib height increases, this 
difference diminishes significantly. At a rib height of 3 mm, the differ-
ence in maximum surface temperature between forward and backward 
flow is approximately 0.1 ◦C. Specifically, at rib heights of 1.5 mm and 2 
mm, the maximum surface temperatures in backward flow are 4 % and 

2 % lower, respectively, compared to forward flow.
Fig. 24 shows the variation of the average Nusselt number of V- 

shaped staggered rib channels under different flow directions. It can be 
observed that the average Nu is higher for backward flow compared to 
forward flow when rib heights are 0.5 mm and 1 mm. However, for rib 
heights exceeding 1.5 mm, the average Nu is higher for forward flow. 
The average Nu for backward flow peaks at 2.5 mm for rib heights 
ranging from 0.5 mm to 4.5 mm, while the rate of increase in the average 
Nu for forward flow gradually decreases with increasing rib height.

Taking rib heights of 1.5 mm and 2 mm as examples, the temperature 
distribution on the top wall of V-shaped staggered rib channels under 
different flow directions is illustrated in Fig. 25. The results indicate that 
the average top wall temperature is lower in backward flow compared to 
forward flow. Both forward and backward flow directions generate high- 
temperature regions at the inlet, which correspond to the velocity dis-
tribution. Moreover, the temperature distribution between ribs is more 
uniform in backward flow, whereas forward flow shows a significant 
temperature gradient. As rib height increase, the high-temperature re-
gions in backward flow are smaller compared to those in forward flow.

3.3.3. Thermal-hydraulic performance factor
Fig. 26 shows the effect of different flow directions on the thermal-

–hydraulic performance factor in a V-shaped staggered rib channel. It is 
evident that as rib height increases, the thermal–hydraulic performance 
factor decreases for both flow directions, with a more significant 
reduction in the backward flow direction compared to the forward flow 
direction. In the range of 0.5 mm to 2.5 mm, the thermal–hydraulic 
performance factor (η) for forward flow is consistently above 1, reaching 
a maximum value of 1.366 at 0.5 mm. For backward flow, the ther-
mal–hydraulic performance factor is above 1 in the range of 0.5 mm to 2 
mm, with a maximum value of 1.358 at 0.5 mm. From the perspective of 
the thermal–hydraulic performance factor, forward flow outperforms 
backward flow. As the maximum temperature, backward flow enhances 
the cooling of V-shaped staggered rib channels, resulting in a further 
decrease in the maximum surface temperature. However, in terms of 
thermal–hydraulic performance factors, the cooling effectiveness of 
backward flow is not as high as that of forward flow. Nevertheless, the 
disparity between the two is not substantial. Hence, it is worth 
contemplating sacrificing some cooling efficiency to attain a lower 
maximum temperature.

Based on the comparative analysis of the rib height, rib angle and 
flow direction of the V-shaped staggered rib, as well as the comparison 
with the straight rib and smooth channel, some conclusions and mech-
anism can be summarized as follows. Compared to traditional straight 
ribs and continuous wavy structures, the V-shaped staggered rib struc-
ture guides vortex formation in local flow fields, promotes lateral 

Fig. 20. The effect of rib angles on the thermal–hydraulic performance factor.

Table 3 
Structural parameters of channels with different flow directions.

Type Number Rib height Rib angle Flow direction

V-shaped staggered ribs 1–9 0.5–4.5 45◦ Forward
10–18 0.5–4.5 45◦ Backward

Fig. 21. The effect of flow direction on pressure drops.
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mixing, and significantly reduces pressure drop penalties, thereby 
achieving a superior balance between heat transfer enhancement and 
pressure drop control. Furthermore, the advantages of the V-shaped 
staggered rib structure are not limited to its ability to enhance heat 
transfer and control pressure drop but also include its high engineering 

feasibility and adaptability. First, the geometry of this structure is 
relatively simple, making it easy to manufacture using conventional 
fabrication techniques and reducing implementation costs. Second, the 
V-shaped staggered ribs demonstrate excellent turbulence enhancement 
under various flow conditions, enabling them to adapt to complex 
working environments and meet diverse application needs. Addition-
ally, this structure effectively regulates the flow field by optimizing the 
rib arrangement, improving heat transfer efficiency, reducing the for-
mation of localized hot spots, and enhancing the overall operational 
reliability of the system. Therefore, the V-shaped staggered rib structure 

Fig. 22. The effect of flow directions on the velocity distribution.

Fig. 23. The effect of flow direction on the maximum surface temperature.

Fig. 24. The effect of flow direction on the average Nu.

Fig. 25. The temperature distribution with different flow directions.

Fig. 26. The effect of flow direction on the thermal–hydraulic perfor-
mance factor.
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not only provides new insights into heat transfer enhancement research 
but also offers significant theoretical support and practical solutions for 
the design of efficient and economical heat exchange structures in real- 
world engineering applications.

4. Conclusions

To address the heat dissipation challenges of the BNCT solid-state Li 
target, this study designed a V-shaped staggered rib channel structure 
and conducted numerical simulations to evaluate its flow and heat 
transfer performance under different rib heights, rib angles, and flow 
directions. Some conclusions are as follows: 

(1) The effect of rib height on the heat transfer capability and pres-
sure drop is monotonous. As the rib height increases, the pressure 
drops increases and the heat transfer coefficient increases. The 
mechanism is that on the one hand the flow cross-sectional area 
decreases and the flow rate increases with the rib height 
increasing; on the other hand, the flow shear, flow separation and 
vortex separation of the flow layer in the central of the channel 
lead to more intense fluid mixing, thus strengthening the mass 
and heat transfer performance.

(2) The effect of rib angle on the heat transfer process and pressure 
drop of is non-monotonic and reaches the optimal value at about 
45◦. The mechanism is inferred to be that the rib angle affects the 
fluid shear and flow separation at the rib edge, and the down-
stream vortex separation and mixing, etc. Besides, the rib angle 
also affects the size and area of the recirculation zone behind the 
rib, and thus affects the fluid mixing and heat transfer process in 
the channel.

(3) The V-shaped staggered rib channel significantly improved heat 
dissipation. At a rib angle of 60◦ and rib height of 2 mm, the 
maximum surface temperature of the Cu substrate was reduced to 
104 ◦C, representing a 48 % reduction compared to the smooth 
channel and a 26 % reduction compared to the straight ribbed 
channel. At a 37.5◦ angle at a rib height of 2 mm achieved the 
lowest surface temperature of 82.8 ◦C, a 70 % reduction 
compared to the straight ribbed channel. However, the reduction 
in the thermal–hydraulic performance factor, indicates a design 
trade-off that must be managed to maintain system efficiency and 
operational reliability.

In the present study, the V-shaped staggered rib structure was 
selected to balance engineering feasibility and heat transfer perfor-
mance. By effectively reducing surface temperatures and improving 
thermal management, the V-shaped staggered rib design directly ad-
dresses the heat dissipation challenges of BNCT solid-state Li targets. 
With the advancement of additive manufacturing technology, future 
research could exploit its capabilities to create more complex geometries 
(for example TPMS structure), overcoming the limitations of traditional 
manufacturing and developing structures with improved heat transfer 
performance, thereby further improving thermal management.
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