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ABSTRACT: To explore the mechanism by which the inner wall structure of a heat pipe affects heat dissipation
performance, this study innovatively combines the characteristics of a serrated structure with heat pipe
technology to design a new type of microchannel heat dissipation structure. Through systematic simulation and
numerical analysis methods, the heat dissipation performance and deformation characteristics of this structure
under different Reynolds numbers (corresponding to different fluid velocities) are thoroughly investigated. The
relationships between structural parameters and heat dissipation performance are analyzed in depth, and the
improved model (EHN model) and baseline model (PRO model) are quantitatively compared using temperature
as the core evaluation indicator. The results show that the introduction of the serrated structure can significantly
enhance microchannel heat dissipation performance. Under Re=500 conditions, the maximum temperature and
average temperature of the EHN model are 305.93 K and 304.48 K, respectively, which are 6.71 K and 5.94 K
lower than those of the PRO model. The effect of flow velocity on heat dissipation performance shows significant
flow regime dependence: in the laminar stage, increasing the inlet flow velocity can rapidly improve heat
dissipation performance, while in the turbulent stage, the enhancement effect tends to level off. The serrated
structure causes a sharp increase in microchannel pressure drop with increasing Reynolds number; the pressure
drop of the EHN model rises steeply from 121.75 Pa at low Reynolds number conditions to 2509.49 Pa at
Re=3500, nearly 19 times higher. From the heat transfer mechanism perspective, the serrated structure increases
the effective contact area between the heat dissipation wall and the fluid, providing a more sufficient mass transfer
interface for convective heat transfer, thereby enhancing heat transfer efficiency. This study provides theoretical
support and data for the structural design and optimization of high-performance microchannel heat sinks.
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I. INTRODUCTION

In the field of fluid transport and heat transfer enhancement, the regulation characteristics of the flow
field inside the pipeline directly determine the medium transport efficiency, energy loss, and heat transfer
performance, and are one of the core issues in the optimal design of industrial systems such as chemical, energy,
and HVAC. Although traditional smooth pipes have the advantage of low flow resistance, in scenarios that require
enhanced turbulent mixing or increased heat transfer coefficients, their flow field develops too smoothly, making
it difficult to meet the engineering demands for efficient heat transfer.

To this end, many researchers have conducted in-depth studies. Various types of microchannels have
been investigated, including wavy microchannels [1,2,3], cavity-type microchannels [4,5], and manifold
microchannels [6,7], which have been studied in the cooling systems of various devices. For example, Li Yifan et
al. designed a periodic fluid disturbance microstructure composed of cavities on the side walls of the microchannel
and pin fins in the center of the microchannel. Their study found that the relative length of the bottom of the
isosceles trapezoidal cavity (RL) significantly affects the performance of the heat sink. Under low pump power
conditions, the overall performance of the heat sink is optimal when RL=0.3, while under high pump power, the
overall performance of the heat sink is best when RL=0 [8]. Meanwhile, other researchers conducted a large
number of bionic designs [9,10], finding that they also perform well in heat dissipation. M et al. found that when
the total lengths of the evaporator, adiabatic, and condenser sections of a heat pipe are 300 mm with a 1:1:1 ratio,
the wall temperature is reduced by 11.9%, the thermal resistance decreases, and the heat transfer coefficient is
increased by 85.68% compared to a uniform geometry heat pipe [11]. Wang et al. studied and compared shark
skin texture, fish scale texture, and crab surface texture for heat dissipation performance, and found that among
the three bionic textures, the bionic crab shell texture exhibited the best heat dissipation [12].

This article introduces artificial structured surfaces on the inner wall of pipelines, using wall morphology
to disturb the boundary layer, thereby altering the flow state and energy distribution of the fluid. Among them,
sawtooth-shaped structures, due to their flexible geometric parameters and relatively simple manufacturing
processes, can also change the direction of fluid flow, induce vortex generation, and enhance boundary layer
separation and reattachment, making them an important means to regulate pipeline flow characteristics.
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Parameters such as the tooth height, tooth width, tooth angle, and arrangement of the sawtooth structure directly
affect the distribution of turbulence intensity in the flow field, the scale and evolution of vortices, and consequently
have a significant impact on flow resistance coefficients, local pressure losses, and heat transfer efficiency. In-
depth exploration of the influence mechanism of sawtooth shapes on the pipeline flow field can not only reveal
the interaction rules between structured walls and fluids but also provide a theoretical basis for the design and
optimization of high-efficiency, low-consumption pipeline components, holding important engineering value and
practical significance for promoting energy-saving, consumption-reducing, and performance-enhancing in
industrial fluid systems.

II. Information and methodology
Nondimensionalization of the hydrodynamic equations.
The flow of fluid within the intercooler follows the conservation of mass, momentum, and energy.

Continuity equation: aa—’f +V(pv)=0

d
Momentum conservation equation: p;‘tf —pF—-dvP=0
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Energy conservation equation. pc, % +pc,(VV)T = HP +V(VT)+ O
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In equation (1): h is the specific enthalpy of the fluid, # F represents the body force per unit volume, A is the
thermal conductivity, Shis the heat source within the fluid, divP represents the divergence of the stress tensor per
unit volume, and is the dissipation function.

Non-dimensionalizing the mass conservation equation yields equation (2):
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Non-dimensionalizing the momentum conservation equation yields equation (3):
L Vv N Ly .
0o 9PV G pvvy = ko g vy +—t0_ve
Uot, ot U, WU PUoL, (3)
Non-dimensionalizing the energy conservation equation yields equation (4):
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Reynolds number
The Reynolds number is a dimensionless quantity used to characterize the state of a fluid, given by equation (5)
Re = p_vd
U (5

In equation (5): p is the density of the working medium, V' is the average velocity of the working medium, d is
the characteristic length of the working channel, z is the viscosity coefficient of the working medium.

Model Building

To investigate the effect of serrated structures on the heat dissipation performance of heat pipes, this
study constructed two comparative models composed of a fluid domain and the heat pipe body (see Figure 1 (a)
and (b)), defined as the PRO model and the EHN model, respectively. The PRO model is a conventional heat pipe
model with an unmodified structure; the improved EHN model is based on the PRO model, with regularly
arranged serrated protrusions on the inner wall of the heat pipe. The total length (L1) of both models is 100 mm,
the outer diameter (D1) is 20 mm, and the inner diameter (D2) is 15 mm. For the EHN model, the serrated features
have a length (L1) of 4 mm and a width (L2) of 2 mm, as shown in Figures 1(c) and (d).
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Fig. 1 Model construction. (a) Traditional model PRO; (b) Improved model EHN; (c) Heat pipe part of the EHN
model; (d) Cross-section of the EHN model; (¢) Fluid domain model of the EHN model.

Grid Validity Verification

This study uses a multi-region meshing method to divide the model into two core parts: the heat transfer module
and the flow channel section. To ensure the accuracy of simulation calculations, the grid division in the flow
channel section is finer than that in the solid section, and both sections uniformly use tetrahedral mesh division.
An expanded mesh is added to the boundary layer between the heat transfer module and the flow channel section,
with five layers. The number of mesh elements in each region is as follows: 9,397,157; 1,577,045; 297,473,
107,478, 60,713; 33,084; 26,432. A series of simulation experiments show that when the number of mesh elements
exceeds 1,577,045, the fluctuation amplitude of pressure drop tends to stabilize (see Figure 2). This result indicates
that to ensure the validity of the mesh division and the accuracy of the simulation data, the number of mesh
elements should not be less than 1,577,045.

(@) (b)

Fig. 2 Mesh Division. (a) Overall Mesh Division; (b) Section Mesh Division
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Fig. 3 Grid Verification

III. RESULTS AND DISCUSSION
To investigate the impact of the inner wall structure of heat pipes on their heat dissipation performance,
this study systematically analyzed the relationship between structural parameters and heat dissipation performance
through differentiated design of t he heat pipe inner wall. In the quantitative comparison of heat dissipation
performance, temperature is the most intuitive core evaluation metric. The results show that, whether under
laminar or turbulent flow conditions, the heat dissipation performance of the EHN model is significantly better
than that of the traditional PRO model.
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Fig.4 Heat dissipation evaluation indicators. (a) Maximum temperature of the heat dissipation surface, (b)
Average temperature of the heat dissipation surface, (c) Pressure drop

Figures 4(a) and 4(b) respectively present the variation patterns of the maximum and average
temperatures on the heated surface for the two models. In the laminar flow regime, the initial maximum
temperature of the PRO model is 312.65 K. As the Reynolds number (Re) increases, its temperature exhibits a
sharp decreasing trend: when Re rises from 500 to the critical value for turbulence, the maximum temperature on
the heat-dissipating surface drops to 303.48 K, and the average temperature decreases from 310.43 K to 302.97
K. Correspondingly, for the EHN model, the maximum temperature decreases from the initial 305.93 K to 301.93
K, and the average temperature drops from 304.48 K to 300.80 K. Comparatively, the maximum temperature of
the EHN model is 6.72~1.55 K lower than that of the PRO model, and the average temperature is 0.014~0.219 K
lower. Upon entering the turbulent regime, the temperature decrease rate for both models significantly slows
down. When Re increases from 2000 to 3500, the maximum temperature of the PRO model's heat-dissipating
surface decreases by only 1.2 K, and the average temperature decreases by 1.044 K; for the EHN model, the
maximum and average temperatures decrease by 0.784 K and 0.500 K, respectively.

The fundamental reason for this performance difference lies in the introduction of the serrated feature:
under the given spatial constraints, the alternate concave-convex serrated structure of the inner wall significantly
increases the effective contact area between the heat-dissipating wall and the fluid. The larger contact area
provides a sufficient interface for convective heat transfer, enabling the fluid to absorb heat from the wall more
effectively as it flows through the channel, thereby significantly enhancing the overall heat dissipation efficiency,
as shown in Figure 5.

However, it should be noted that the embedding of serrated features inevitably compresses the effective
flow cross-sectional area of the channel. According to the fluid mechanics continuity equation and Bernoulli's
principle, when fluid flows at a constant rate in a closed channel, a reduction in the cross-sectional area directly
leads to an increase in flow velocity; at the same time, an increase in the complexity of the wall structure
significantly increases both local and frictional resistance in the channel. The superposition of these two factors
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ultimately results in a significant rise in pressure drop within the channel. As shown in Figure 4(c), the pressure
drop of the EHN model rises from the initial 121.747 Pa to 2509.49 Pa, an increase of over 19 times, far higher
than that of the PRO model under the same conditions.
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Fig.5 Heat pipe temperature cloud map. (a) Temperature cloud map of the PRO model; (b) Longitudinal section
temperature cloud map of the PRO model; (¢) Transverse section temperature cloud map of the PRO model; (d)
Temperature cloud map of the EHN model; (e) Longitudinal section temperature cloud map of the EHN model;
(f) Transverse section temperature cloud map of the EHN model

IV. CONCLUSION

This paper innovatively combines the characteristics of a serrated structure with heat pipe technology to
design a novel microchannel cooling structure. Systematic simulations and numerical analyses were conducted
on the thermal performance and deformation characteristics of this structure, with an in-depth investigation into
how different Reynolds numbers (corresponding to different fluid velocities) affect its thermal performance and
deformation characteristics. Based on the combined results of simulations and numerical analyses, the main
conclusions of this study are as follows:

(1) The introduction of a serrated structure significantly enhances the thermal performance of the
microchannel. Under the condition of Reynolds number Re=500, the maximum and average temperatures of the
baseline model (PRO model) are 312.64 K and 310.427 K, respectively; while in the improved model with the
serrated structure (EHN model), the maximum temperature drops to 305.93 K and the average temperature drops
to 304.48 K. Compared with the baseline model, the maximum temperature of the improved model decreases by
6.71 K, and the average temperature decreases by 5.94 K, indicating a significant improvement in cooling
performance.

(2) The enhancement effect of fluid velocity on thermal performance exhibits a clear dependence on the
flow regime. In the laminar flow stage, increasing the inlet velocity can rapidly improve the thermal performance;
however, in the turbulent flow stage, further increasing the inlet velocity yields diminishing gains in thermal
performance. Quantitative analysis shows that in the laminar stage, the maximum temperature of the baseline
model decreases by as much as 9.17 K, and the average temperature decreases by 0.85 K; whereas in the turbulent
stage, the maximum temperature decreases by only 1.19 K, and the average temperature decreases by just 0.09 K.

(3) Introducing the serrated structure causes the pressure drop across the microchannel to rise sharply
with increasing Reynolds number. Numerical calculations indicate that the initial pressure drop of the improved
model (EHN model) under low Reynolds number conditions is only 121.75 Pa; when the Reynolds number rises
to 3500, the pressure drop surges to 2509.49 Pa, nearly 19 times higher than the initial condition, highlighting the
significant influence of the serrated structure on flow resistance.
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