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Abstract: As electronic components progressively downsize and their power intensifies, thermal
management has emerged as a paramount challenge. This study presents a novel, high-efficiency
finned heat exchanger, termed Flat-Plate Oscillating Heat Pipe Finned Radiator (FOHPFR), which
employs arrayed flat-plate oscillating heat pipes (OHP) as heat dissipation fins. Three-dimensional
(3D)-printed techniques allow the internal microchannels of the FOHPFR to become rougher, pro-
viding excellent surface wettability and capillary forces, which in turn significantly improves the
device’s ability to dissipate heat. In this study, the 3D-printed FOHPFR is compared with traditional
solid finned radiators made of identical materials and designs. The impacts of filling ratio, inclination
angle, and cold-end conditions on the heat transfer performance of the 3D-printed FOHPFR are
investigated. It is demonstrated by the results that compared to solid finned radiators, the FOHPFR
exhibits superior transient heat absorption and steady-state heat transfer capabilities. When the
heating power is set at 140 W, a decrease in thermal resistance from 0.32 ◦C/W in the solid type to
0.11 ◦C/W is observed in the FOHPFR, marking a reduction of 65.6%. Similarly, a drop in the average
temperature of the heat source from 160 ◦C in the solid version to 125 ◦C, a decrease of 21.8%, is
noted. An optimal filling ratio of 50% was identified for the vertical 3D-printed FOHPFR, with the
minimal thermal resistance achieving 0.11 ◦C/W. Moreover, the thermal resistance of the 3D-printed
FOHPFR is effectively reduced compared to that of the solid finned radiator at all inclination angles.
This indicates that the FOHPFR possessed notable adaptability to various working angles.

Keywords: 3D-printed; flat-plate oscillating heat pipe; aluminum finned radiator; thermal resistance;
heat transfer performance

1. Introduction

With the constant advancement of electronic components toward miniaturization and
high power, thermal management has become a research hotspot currently [1–3]. As a
key element of thermal management, heat dissipation technology has attracted a great
deal of attention [4]. According to previous research [5], the failure rate of electronic
devices increases exponentially with temperature. When the temperature is too high,
there is a sharp decline in the reliability of electronic devices. Traditional heat dissipation
solutions, including solid material thermal conductivity, natural convection, air-cooled,
and water-cooled technologies [6,7], are difficult to meet the needs of high-power electronic
products. OHP, as a promising cooling solution, is receiving increasing attention from
researchers [8,9].

Akachi [10] was the first to propose the OHP technique. Based on their structural
designs, OHPs are generally categorized into two types: the tubular OHP, which is a closed
capillary bent into a serpentine structure, and the flat-plate OHP, featuring closed curved
channels processed on a flat plate. Compared with tubular OHP, flat-plate OHP addresses
the limitations of metal tubes, reduces channel spacing, and enhances structural compact-
ness effectively. Thus, planar contact with electronic components can be achieved. Notably,
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it performs better in heat transfer and has a lower startup temperature, which makes it one
of the optimal solutions to the thermal problems of electronic components [11,12]. In the
past few decades, there have been many studies conducted on flat-plate OHP. According
to the relevant research, the heat transfer performance of flat-plate OHP is affected by
many factors. Currently, the research on this subject mainly focuses on the operational
performance of flat-plate OHP given different working fluids [13–15], filling ratios [16–18],
and inclination angles [19,20].

Via visualization and the heat transfer experiments conducted on flat-plate OHPs,
Khandekar et al. [21,22] found that the heat transfer performance of horizontally placed flat-
plate OHPs is poor and even worse under anti-gravity conditions. Jang et al. [23] developed
flat-plate OHP by using hot graphite sheets. When the experimental inclination angle
varied from 0◦ to 90◦, the thermal resistance of flat-plate OHP decreased by 56% and 62%,
respectively, compared to hot graphite sheets. However, its heat dissipation performance is
still poor, and the applicable heating power is relatively low. Mehta et al. [15] investigated
the performance of flat-plate OHP by using five different working fluids: deionized water,
acetone, methanol, FC-72, and ethanol. As suggested by their research results, acetone has
the lowest thermal resistance as a working fluid. However, the minimum thermal resistance
of acetone as a working fluid is 0.39 ◦C/W, which makes it difficult to achieve an ideal heat
transfer performance. In addition, improving the micro–nano structure of the channel can
provide a strong capillary effect for the working fluid, which can significantly enhance the
heat transfer performance of the flat-plate OHP [24–27]. Ji et al. [25] modified the copper
surface with copper oxide particles, which led to a change in the wettability of the copper
surface from hydrophilicity to superhydrophilicity. Compared with the original version,
this modification reduces the thermal resistance of OHP by about 50%. Nevertheless, certain
limitations persist, notably the limited area available for heat dissipation. Qu et al. [27]
sintered a layer of porous copper powder suction core on the bottom of the copper-based
flat-plate OHP channel. According to the experimental results, the porous structure is
effective in reducing the starting temperature of the heat pipe and shortening the starting
time. However, deterioration occurs in the performance of the flat-plate OHP sintered with
copper powder suction core at high power, which is attributed to the limitations of large
evaporation capacity and the filling capacity of the suction core. However, the heat transfer
performance of flat-plate OHP with microstructure inner surface remains poor at high
power. In addition, the traditional manufacturing process of flat-plate OHP is relatively
complex and limited by processing technology, making it difficult to manufacture complex
internal channels [24].

With the rapid development of 3D-printed technology in recent years, it has been
increasingly popularized in the manufacturing industry [28]. By stacking the raw materials
layer by layer, 3D-printed technology can be applied to accurately construct complex
internal structures and shapes at once, opening up new possibilities for the improvement
in heat pipe performance. Arai et al. [29] adopted 3D-printed technology to produce flat-
plate OHP with transparent polyurethane as raw material, while Chang et al. [30] applied
SLM (selective laser melting) technology to develop aluminum flat-plate OHP. The results
indicate that these 3D-printed devices perform better in heat transfer, and 3D printing
provides an effective solution to the integrated manufacturing of flat-plate OHP. In spite
of this, the drawbacks of plate OHP are still not well addressed. Due to the insufficient
heat dissipation area of a single flat-plate OHP and the inability to solve the high heat flux
density of electronic components, we are considering whether 3D-printed technology can
be incorporated to increase the number of flat-plate OHPs and improve heat dissipation
performance. At present, there is relatively little research focusing on array plate OHP.

In order to further improve the performance of flat-plate OHP and meet the require-
ments of high-power equipment on cooling, it is proposed in this study to develop an
advanced finned heat sink based on array flat-plate OHPs. Three-dimensional SLM tech-
nology is applied to achieve the lightweight and efficient production of aluminum-based
FOHPFR. The internal microchannels of FOHPFR and its roughly sintered inner surface
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provide excellent surface wettability and a sufficient capillary force for heat pipe integration,
which significantly improves the heat dissipation performance of electronic devices. In
addition, this study explores the effects of various physical parameters on the heat transfer
performance of FOHPFR, including heating power, filling ratio, wind speed, and inclination
angle. To sum up, the findings of this paper contribute a promising approach to effective
thermal management in the presence of high-power density.

2. Structural Design and Experimental System
2.1. Structure Design of the 3D-Printed FOHPFR

Figure 1a presents a schematic diagram of the 3D-printed FOHPFR as proposed in
this paper. The rectangular straight fins with equal cross-section are embedded with flat-
plate OHPs consisting of 6 elbows. The bottom structure of the FOHPFR is shown in
Figure 1b, where the internal channels with circular cross-sections constitute multi-path
parallel circuits. Acetone is taken as the experimental working fluid. During the experiment,
the evaporation section is located at the bottom of the FOHPFR, while condensation is
carried out on the top of the fins. Figure 2 shows the working principle of the FOHPFR.
The working fluid sealed within OHP is distributed randomly as a series of vapor–liquid
slugs under vacuum because of the significant role of surface tension. The liquid slug starts
to evaporate due to heating and causes the local pressure in the evaporation section to
increase, which drives the interior working fluid to the condensation section. Meanwhile,
the condensation of vapor induces a low pressure in the condensation section, which leads
to a significant thermal driving pressure difference between these two sections. In this case,
the working fluid oscillates repeatedly, thus achieving the high efficiency of heat transfer.
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Nanomaterials 2024, 14, 60 4 of 17

Table 1. Structural parameters of the 3D-printed FOHPFR.

Name Size (mm)

Diameter of OHP 2
Fin width 50
Fin height 90

Fin spacing 5.7
Base thickness 5

Base area 50 × 60

The diameter of OHP is essential for the oscillation and heat transfer performance.
Due to surface tension, the working fluid inside the pipe develops continuously distributed
vapor–liquid plugs only when the pipe diameter is small enough. However, an excessively
small diameter increases the wall resistance and disrupts the operation of the OHP. Accord-
ing to Hosoda et al. [31], the diameter of OHP usually conforms to the following inequality:

0.7
√

σ

g(ρl − ρv)
≤ D ≤ 1.8

√
σ

g(ρl − ρv)
(1)

where D represents the inner diameter, σ indicates the surface tension of the working fluid,
ρl and ρv are referred to as the density of the liquid phase and vapor phase of the working
fluid, respectively, and g means the gravitational acceleration. Using the above analysis,
combined with the relevant research results, the diameter of the OHP in this design is
determined to be 2 mm, which meets the size requirements of the OHP [32].

Based on the experimental experience in 3D printing [30], the wall thickness of the
3D-printed flat-plate OHP is supposed to be no less than 1.5 mm generally. Thus, the fin
thickness is set to 5 mm. The fin spacing is formulated as follows:

b = 1.5 4

√
Lυ2

β∆tPr
(2)

where b represents the spacing of fins, L indicates the width of the fin, ν denotes kinematic
viscosity, β is referred to as the coefficient of fluid expansion, and ∆t indicates the difference
between the wall temperature of the fin and the ambient temperature. The spacing between
the straight fins of equal cross-section is determined to be 5.7 mm in accordance with the
above equation. The relationship between heat dissipation and fin height is expressed
as follows:

Φ = λAcm(t0 − t f )th(mH) (3)

In which,

m =

√
2h(L + δ)

λLδ
(4)

where h represents the convective heat transfer coefficient, L indicates the fin width, λ
denotes the thermal conductivity, and δ refers to the fin thickness.

In general, the fin efficiency used in engineering works is 0.8 at minimum. Therefore,
the fin height is calculated as H ≈ 76 mm. It is worth noting that as the length of the OHP
increases, there is a rise in the distance at which the vapor slug flows toward the condensing
section, and the heat flux increases accordingly. It is inferred that increasing the length of
OHP is effective in improving the heat transfer performance to some extent [33]. Therefore,
to ensure excellent oscillation and heat transfer performance, an appropriate adjustment is
made on the basis of this equation, and the fin height is determined as 90 mm.

Notably, the component material is the medium for external heat input, which necessi-
tates a high performance in heat conductivity and requires that no reaction involves the
internal substance. Meanwhile, the requirements on rigidity and mechanical strength must
be satisfied under the experimental conditions as described in this paper. According to the
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specifications of material selection for SLM, powdered AlSi10Mg is taken as the material
used for 3D printing in this study. Scanning electron microscopy (SEM) was performed
on AlSi10Mg metal powder, and Figure 3 shows the experimental results. The spherical
powders are uniform in particle shape, which ensures excellent flowability. This makes
it possible to spread the powders into a thin layer during the printing process, thereby
improving the dimensional accuracy and surface quality of the 3D-printed device. Also,
spherical powders are of high density and capable of resisting agglomeration, which en-
sures the high precision and stability of 3D printing. More importantly, the low-density
aluminum alloy radiator performs well in heat conductivity and dissipation, which aligns
with the future trend of development for portable, lightweight electronics.
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2.2. Manufacturing of the 3D-Printed FOHPFR

In this study, the 3D-printed technology SLM is applied for the fabrication of FOHPFR.
This technology uses the fiber laser with excellent beam patterns, which features extremely
high laser power and the capability to completely melt the metal powder [34]. Figure 4
illustrates the manufacturing process and principle of the 3D-printed FOHPFR. SolidWorks
is first applied to construct the required solid device model, and the 3D model is divided
into multiple 2D cross-sections to determine the scanning path. Scraper is used to spread
the AlSi10Mg powder with a diameter of about 20 µm evenly across the laser processing
area, and the metal powder is selectively melted by the laser beam controlled by the
computer. When the molten metal powder solidifies, the solid body with a corresponding
cross-section is obtained. After that, the lifting platform is lowered by a unit thickness,
and the above operation is repeated. Finally, the same 3D entity as the designed model is
stacked layer by layer. During this process, Argon gas is cut off as the protective gas to
avoid the oxidation of sintered aluminum particles.
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2.3. Experimental System and Measurement

Due to the layer-by-layer printing as a characteristic of SLM technology, there is residue
metal powder that is not sintered by the laser inside the FOHPFR. Therefore, it is necessary
to dry clean the powder remaining in the channels of the device before testing. Firstly, the
air pump outlet is connected to the fluid-filling port of the FOHPFR, and the pressure inside
the pump is adjusted to expel the residual metal powder through a powder discharge port.
Then, the FOHPFR is placed in an ultrasonic cleaner, with deionized water and acetone
solution added in sequence for 15 min each to remove the residual powder and surface
contaminants from the FOHPFR. This process is repeated several times. After the cleaning
process is complete, a blow-drying oven is used to dry the FOHPFR, preventing the working
fluid from contamination by the residual cleaning liquids to avoid any compromise on the
heat transfer performance of the heat pipe. Finally, an aluminum-based repair compound is
prepared as instructed to seal the fluid-filling and powder discharge ports of the FOHPFR.

Liquid filling represents a crucial part of the experiment performed on OHP. Figure 5
illustrates the filling system used for this experiment. Considering the particularity of the
working environment inside the OHP, it is vacuumed before the working fluid is filled. As
shown in this figure, the vacuum pump is used to vacuum the circuit and pipe. The cooled
trap (cooling system) is a protective device for the molecular pump, which can be used to
condense the input gas or liquid rapidly, thus preventing the molecular pump from internal
damage. The pressure inside the circuit is monitored in real time by the pressure gauge
and is used to determine whether the vacuum degree within the heat pipe is sufficient for
the filling of working fluid (less than 5 Pa) [30,35].
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In this experiment, the performance of the 3D-printed FOHPFR is tested at 5 different
filling ratios (30%, 40%, 50%, 60%, and 70%). The filling ratio is defined as the ratio between
the volume of loaded working fluid (i.e., acetone in this case) and the inner space of the
device [36,37]. The syringe with working fluid inside is connected to the device via a valve.
A precision scale is applied to indicate the mass of the fluid entering the FOHPFR, which
facilitates the precise control of filling. During this process, the scale is first zeroed, and
the valve is closed. As the valve connecting the syringe is opened up, the working fluid
within the syringe is driven into the device by the atmospheric pressure. When the reading
of the scale is found constant, the indication is the total mass of the working fluid when the
FOHPFR is fully filled. Accordingly, the filling ratio is obtained as a ratio of the mass of
the working medium filled to this value. When the liquid filling is completed, pneumatic
tongs are used to cut the pipe, and the inlet and outlet of the FOHPFR are sealed using
an aluminum-based repair agent. Figure 6 presents the before and after sealing of the
3D-printed FOHPFR.
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Figure 6. (a) Before sealing and (b) after sealing of the 3D-printed FOHPFR.

Figure 7 illustrates the experimental test system in detail. During the experiment,
a grooved copper block was tightly pressed in place between the heating plate and the
FOHPFR. The groove is purposed to facilitate the measurement of temperature at the heat
source. Thermal conductive silicone grease was evenly applied to each contact surface,
which reduces the thermal resistance upon contact. A DC power supply (HCP1024 from
Shenzhen Henghui, China) was used to heat the heating plate located at the bottom of the
FOHPFR. The maximum heating power was 850 W, and the device was used to align the
voltage (0–100 V) and current (0–8 A) with the requirement using a port. The heating plate
was wrapped with insulation cotton to minimize heat loss. Meanwhile, a fan placed at
the top of the fins is used to remove heat via forced convection. The speed of the fan is
determined by an anemometer, ranging between 1.5 m/s and 3.5 m/s. A data acquisition
instrument is applied to collect temperature-related data from the thermocouples and
then transmit it to the computer. Once the data acquisition instrument is switched on, the
reading of the thermocouple is checked for any anomalies. When detected, it warrants a
prompt replacement.
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To quantitatively evaluate the heat dissipation performance of the 3D-printed FOHPFR,
multiple thermocouples are evenly deployed at the bottom, evaporation, and condensation
sections of the radiator, as shown in Figure 8. Additionally, 8 thermocouples are placed
along the height of straight fins to monitor oscillation within the flat-plate OHP. During the
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experiment, the heating power ranges from 20 W to 140 W, with the heating step set to 20 W.
Each working condition lasts for 10 min to ensure that the radiator reaches a stable operation
state. Both thermal resistance and heat source temperature are important indicators to
evaluate the heat transfer performance of the finned radiator. They are obtained via the
following equations, respectively.

Ts =
1
5 ∑5

i=1 Ti (5)

Th =
1
8 ∑13

i=6 Ti (6)

Tc =
1
5 ∑17

i=14 Ti (7)

R =
Th − Tc

Q
(8)

where Ts represents the heat source temperature, Th indicates the evaporation terminal
temperature, Tc denotes the condensation terminal temperature, Q refers to the heating
power, and R means the thermal resistance.
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2.4. Analysis of Measurement Errors

The Joule heating generated by the DC power supply is determined using the follow-
ing formula:

Q = U · I (9)

where U represents the voltage, and I denotes the current.
The calculation of the absolute error associated with the heat input to the evaporator

is as follows:
δQ
Q

=

√(
δU
U

)2
+

(
δI
I

)2
(10)

Analysis indicates that the absolute and relative errors for voltage are 0.02% and
±10 mV (±0.01 V), respectively, and for current, they are 0.036% and ±1 mA (±0.001 A).
Consequently, these values lead to an absolute and relative error in the heat measurement
of Q = 0.04% and 0.056 W, respectively.

As previously noted, the FOHPFR was equipped with 26 K-type thermocouples, each
with a relative error of T = ±0.1 ◦C.

3. Results and Discussion
3.1. Surface Wettability and SEM Characterization of the 3D-Printed FOHPFE

Surface wettability plays a significant role in the flow and heat transfer performance
of the heat pipe finned radiator. The main reason is that the micro-nano structure of
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superhydrophilicity enhances the evaporation rate of the thin liquid film in the evaporation
section of OHP [25]. To explore the surface wettability of the AlSi10Mg laser sintered
surface, a contact angle measuring instrument is used to test the wetting performance of
the grooves in the FOHPFR, and the results are shown in Figure 9. When the acetone drop
falls onto the inner surface of the OHP, it diffuses rapidly in less than 1 s due to capillary
force, thus forming an extremely thin liquid film with a contact angle of almost 0◦. This
indicates an excellent wetting performance of the OHP surface. Therefore, the 3D-printed
AlSi10Mg microchannel has excellent surface wettability to achieve efficient heat transfer.
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In addition, SEM is performed to observe and analyze the surface structure of the
AlSi10Mg laser sintering. The result is exhibited in Figure 10. It can be seen that the 3D-
printed FOHPFR has a rough inner surface. This is because the metal powder sticks together
when laser sintered, which gives rise to many micropores and bulges on the surface, thus
making it appear rough [38]. And the rough inner surface can effectively increase the
contact area between acetone and the printing surface. This provides a strong capillary
driving effect for the working fluid and is conducive to strengthening heat transfer [39].
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3.2. Performance Improvement Verification of Finned Radiator

To evaluate the heat dissipation performance of the 3D-printed FOHPFR, its perfor-
mance parameters are compared against the solid finned radiator with the same structure
and same material, and the results are shown in Figure 11. In this figure, the solid and
dashed lines represent the performance parameters of the solid finned radiator and the
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FOHPFR at the liquid filling ratio of 50%, respectively, and the black and red lines indicate
the heat resistance and heat source temperature of the radiator, respectively. It can be
seen that the heat resistance of the solid finned radiator remains constant in the range of
0.3–0.35 ◦C/W when the heating power varies from 20 W to 140 W. However, the heat resis-
tance of the FOHPFR shows a trend of continuous decrease with heating power, reaching
a minimum of 0.11 ◦C/W at 140 W. In addition, the temperature at the heat source of the
solid finned radiator is consistently higher compared to the 3D-printed FOHPFR, and the
difference can reach 35 ◦C given the maximum heating power. Therefore, the FOHPFR
demonstrates a 65.6% reduction in thermal resistance and a 21.8% decrease in heat source
temperature at 140 W heating power.
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The main reason for this phenomenon is that the fins of POHPFR are embedded with
a flat-plate OHP structure, and OHP uses the working fluid to reciprocate and circulate in
the pipe to achieve highly efficient heat transfer. Furthermore, with the increase in heating
power, the heat absorption of the working fluid in the OHP increases, and the phase
transformation speed of the vapor–liquid plug is accelerated. As a result, the reciprocating
oscillation and circulation of the working fluid are more intense, and the heat transfer
resistance is further reduced. Therefore, the 3D-printed FOHPFR, as proposed in the paper
significantly outperforms the solid finned radiator in heat dissipation performance, which
provides a lighter and more efficient heat dissipation solution for high-power components.

3.3. Response Performance of the 3D-Printed FOHPFR

In order to study the instantaneous heat absorption capacity of the 3D-printed FOH-
PFR, a response performance test is conducted on the FOHPFR with the heating power
ranging from 20 to 140 W. Figure 12 shows the heat source temperature variation in FOH-
PFR. Here, the liquid filling ratio is set to 50%, and the wind speed at the condensation
section is 3.5 m/s. Once powered, the FOHPFR absorbs a large amount of heat quickly,
and it enters a steady state in about 170 s. As the heating power increases, the heat source
temperature of FOHPFR shows gradient-like changes. This indicates that the 3D-printed
FOHPFR is thermally responsive and consistent in heat transfer performance.
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Figure 13 presents the starting performance of the flat-plate OHP given different
inclination angles. Figure 13a shows the temperature oscillation curve when the inclination
angle is 90◦, and heating power is 140 W. Obviously, temperature rise occurs at the evapo-
ration, condensation, and adiabatic sections when the flat-plate OHP has not started yet,
which is attributed to the heat conductivity of metallic materials. When the temperature
drops abruptly at the evaporation section, as circled in the figure, the flat-plate OHP starts
to operate. This is because when heat is transferred to the OHP, the working fluid inside
the channel at the evaporation section starts to evaporate, but the pressure generated at
this time is insufficient to drive the working fluid to the condensation section. At about 170
s, there is sufficient pressure accumulated at the evaporation section, and the working fluid
undergoes a significant circulation abruptly. Consequently, vapors are replaced with the
low-temperature working fluid at the evaporation section, which leads to a sharp decline in
temperature at this section. After that, the flat-plate OHP reaches an equilibrium between
the input and output of heat due to cooling, heat transfer, metallic heat conduction, and
vapor–liquid interface oscillation. Therefore, the temperature shows long-term stability
despite some minor fluctuations. At this time, the pattern of heat transfer shifts from
metallic thermal conduction to phase change in the working fluid, which significantly
improves the heat dissipation performance.

However, as the inclination angle of the FOHPFR decreases, the oscillation of the
working fluid and heat transfer performance of OHP decrease progressively. This is
because a decline in the inclination angle mitigates the effect of gravity and reduces the rate
at which the working fluid flows back. As shown in Figure 13b, it takes about 300 s for the
FOHPFR to work stably when the inclination angle is 45◦. Furthermore, it is difficult for
the working fluid to start to oscillate when the FOHPFR is placed horizontally. Therefore,
no significant fluctuation is observed from the temperature curve in Figure 13c.

When comparing the startup curve of the OHP to the response curve of the FOHPFR,
it is noted that the heat reaches the OHP through the radiator’s substrate after about 20 s of
heating, and the OHP exhibits a temperature rise. Approximately 170 s into the process, the
OHP is fully activated at about 170 s, at which point the POHPFR completes its response
and enters a stable operating state. Therefore, the startup characteristics of the OHP are
crucial in determining the response performance of the FOHPFR.
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3.4. Heat Transfer Performance Analysis of the 3D-Printed FOHPFR

Different from the traditional solid finned radiators that rely on heat conduction and
convective heat transfer, the performance of the 3D-printed FOHPFR developed in the
paper is largely determined by the cyclic oscillation of the working fluid inside the flat-plate
OHP. Therefore, the main parameters affecting the heat transfer performance of the OHP,
including the liquid filling ratio, inclination angle, and the operating conditions at the cold
terminal, are crucial for the performance of FOHPFR.

The impact of the filling ratio on the heat transfer performance of the 3D-printed
FOHPFR is explored first, and the results are shown in Figure 14. In this figure, the filling
ratio is set to 30%, 40%, 50%, 60%, and 70%, respectively, and the wind speed at the
cold terminal is set to 3.5 m/s. On the one hand, the thermal resistance of the FOHPFR
diminishes gradually, regardless of heating power, when the liquid filling ratio rises from
30% to 50%. However, as the filling ratio is further increased, the deterioration in heat
transfer performance begins. This is because the low level of liquid filling restricts the
evaporative phase change and heat transfer of the working fluid in the FOHPFR, which
hinders the heat transfer effect. However, a strong flow resistance is formed in the FOHPFR
when the liquid filling ratio is excessively high, which inhibits the gas working fluid from
reaching the condensation section for heat release, thus reducing the heat dissipation
capacity of the flat-plate OHP. Therefore, there is an optimal filling ratio of 50%, under
which the reflux of the working fluid becomes uniform, sufficient, and smooth, and the
balance between potential heat and heat dissipation reaches the most satisfactory level
so that the optimal working performance of the 3D-printed FOHPFR is achieved. On the
other hand, when the heating power exceeds 40 W, the thermal resistance of the 3D-printed
FOHPFR is always lower compared to the solid finned radiator, indicating the successful
startup of the OHP. In addition, with the increase in heating power, the thermal resistance
diminishes gradually. It is worth noting that given a heating power of 140 W and a liquid
filling rate of 50%, the minimum thermal resistance of the 3D-printed FOHPFR reaches
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0.11 ◦C/W, which is about 65.6% lower than that of the solid finned radiators under the
same condition of heating.
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When the OHP is at different inclination angles, there is a variation in the driving force
or resistance to the circulation of working fluid inside the pipe, which further affects the heat
transfer performance of the device. The inclination angle is defined as the intersection angle
between the central axis of the FOHPFR and the horizontal plane, as shown in Figure 15.
In practice, the radiator may be placed at different working angles. Therefore, one of
the focuses of research on heat pipe finned radiators is to make them adapt to different
working angles. Figure 16 shows the heat transfer performance of the 3D-printed FOHPFR
at different inclination angles, given a filling ratio of 40% and a wind speed of 3.5 m/s at the
cold terminal. As can be seen, the heat resistance of the 3D-printed FOHPFR is effectively
reduced compared to that of the solid finned radiator at all inclination angles. This indicates
that the flat plate OHP in the radiator has started successfully, and the FOHPFR possessed
good adaptability to various working angles. In addition, when the inclination angle
reaches 0◦or 45◦, the heat dissipation performance of the FOHPFR is clearly inferior to that
at 90◦. This is due to the fact that at a large inclination angle, the cycles of vaporization
and condensation of the working fluid can be completed more quickly under the action of
gravity. Meanwhile, with the increase in power, the heat dissipation capacity is significantly
improved at the inclination angle of 90◦.
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Figure 17 shows the changes in thermal resistance of the finned radiators given
different wind speeds at the cold terminal. To be specific, the wind speed is set to 1.5 m/s,
2.5 m/s, and 3.5 m/s, respectively, and the filling ratio is 50%. When the wind speed at
the cold terminal is raised from 1.5 m/s to 2.5 m/s, there is a significant improvement
in the convective heat transfer and condensation effect of the working fluid at the top of
the fins. Therefore, thermal resistance is effectively reduced for the 3D-printed FOHPFR.
Specifically, the thermal resistance of the FOHPFR declines from 0.23 ◦C/W to 0.12 ◦C/W
at a heating power of 140 W. However, with a further increase in wind speed at the cold
terminal, the pressure difference caused by evaporation and condensation in the OHP is
gradually maximized, and the influence of wind speed becomes negligible.
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4. Conclusions

In this paper, a novel, efficient finned radiator based on arrayed flat-plate OHPs is
proposed, and 3D-printed technology is used to realize the customized and lightweight
fabrication of the aluminum finned heat exchanger, which provides a solution for efficient
thermal management of high-power devices. By comparing its working performance with
the solid finned radiator, the superior heat transfer performance of the 3D-printed FOHPFR
is demonstrated. On this basis, a further study is conducted on the impact of liquid filling
ratio, inclination angle, and working condition at the condensation section, which leads to
the following main conclusions:

1. Compared with the solid finned radiator with the same structural parameters, there is
a significant improvement in the thermal performance of the 3D-printed FOHPFR.
Given a heating power of 140 W, the minimum heat resistance and the heat source
temperature of the 3D-printed FOHPFR are 65.6% and 21.8% lower than those of the
solid finned radiator, respectively.

2. The starting performance of the flat-plate OHP is essential for the responsiveness
of the 3D-printed FOHPFR. With the increase in heating power, the heat source
temperature curve of the device shows gradient-like changes, indicating that the
3D-printed FOHPFR performs well in instantaneous heat absorption and steady-state
heat transfer.

3. An optimal filling ratio of 50% was identified for the vertical 3D-printed FOHPFR,
with minimal thermal resistance achieving 0.11 ◦C/W. Moreover, the 3D-printed
FOHPFR demonstrates good adaptability to various operating angles. However, the
heat dissipation performance deteriorates to a certain extent when the inclination
angle is set to 0◦.

4. Due to the internal microchannels along with their rough sintered internal surfaces in
the 3D-printed FOHPFR, an extensive wetting area and capillary force are provided
for the oscillation working fluid, which effectively enhances the heat dissipation
capacity of the device.
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Nomenclature

3D three-dimensional
OHP oscillating heat pipe
FOHPFR flat-plate oscillating heat pipe finned radiator
SLM selective laser melting
DC direct current
SEM scanning electron microscopy



Nanomaterials 2024, 14, 60 16 of 17

References
1. Kumar Malla, L.; Vempeny, D.T.; Dileep, H.; Dhanalakota, P.; Sinha Mahapatra, P.; Srivastava, P.; Pattamatta, A. Thermal

performance comparison of flat plate pulsating heat pipes of different material thermal conductivity using ethanol-water mixtures.
Appl. Therm. Eng. 2024, 236, 121475. [CrossRef]

2. Shi, Y.; Su, L. Study on heat transfer performance of flat plate pulsating heat pipe with graphene oxide at low heating power. J.
Phys. Conf. Ser. 2023, 2592, 012002. [CrossRef]

3. He, Z.; Yan, Y.; Zhang, Z. Thermal management and temperature uniformity enhancement of electronic devices by micro heat
sinks: A review. Energy 2021, 216, 119223. [CrossRef]

4. Li, C.; Li, J. A dumbbell-shaped 3D flat plate pulsating heat pipe module augmented by capillarity gradient for high-power server
CPU onsite cooling. Energy Convers. Manag. 2023, 292, 117384. [CrossRef]

5. Chen, P.; Chang, S.; Chiang, K.; Li, J. High power electronic component: Review. Recent Patents Eng. 2008, 2, 174–188. [CrossRef]
6. Bayram, H.; Koç, N. Experimental investigation of the effects of add-on fan radiators on heat output and indoor air temperature.

Case Stud. Therm. Eng. 2023, 50, 103432. [CrossRef]
7. Bondareva, N.S.; Gibanov, N.S.; Sheremet, M.A. Melting of nano-enhanced PCM inside finned radiator. J. Phys. Conf. Ser. 2018,

1105, 012023. [CrossRef]
8. Pagliarini, L.; Cattani, L.; Bozzoli, F.; Slobodeniuk, M.; Ayel, V.; Romestant, C.; Bertin, Y.; Rainieria, S. Study on the local heat

transfer behaviour in a flat plate pulsating heat pipe. J. Phys. Conf. Ser. 2022, 2177, 012038. [CrossRef]
9. Dreiling, R.; Zimmermann, S.; Nguyen-Xuan, T.; Schreivogel, P.; di Mare, F. Thermal resistance modeling of flat plate pulsating

heat pipes. Int. J. Heat Mass Transf. 2022, 189, 122668. [CrossRef]
10. Akachi, H. Structure of a Heat Pipe. U.S. Patent 4,921,041A, 1 May 1990.
11. Pagnoni, F.; Ayel, V.; Romestant, C.; Bertin, Y. Flat plate pulsating heat pipes with and without separating grooves: Experimental

investigation on adiabatic length, coolant temperature and orientation. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1139, 012005.
[CrossRef]

12. Cecere, A.; De Cristofaro, D.; Savino, R.; Ayel, V.; Sole-Agostinelli, T.; Marengo, M.; Romestant, C.; Bertin, Y. Experimental
analysis of a flat plate pulsating heat pipe with self-rewetting fluids during a parabolic flight campaign. Acta Astronaut. 2018, 147,
454–461. [CrossRef]

13. Wang, J.; Ma, H.; Zhu, Q. Effects of the evaporator and condenser length on the performance of pulsating heat pipes. Appl. Therm.
Eng. 2015, 91, 1018–1025. [CrossRef]

14. Ji, L.L. Preparation of Nanofluids and Its Application in Pulsating Heat Pipe. Master’s Thesis, Nanjing University of Science and
Technology, Nanjing, China, 2014.

15. Mehta, K.K.; Mehta, N.; Patel, V. Effect of operational parameters on the thermal performance of flat plate oscillating heat pipe. J.
Heat Transf. 2019, 141, 121802. [CrossRef]

16. Shi, W.; Pan, L. Influence of filling ratio and working fluid thermal properties on starting up and heat transferring performance of
closed loop plate oscillating heat pipe with parallel channels. J. Therm. Sci. 2017, 26, 73–81. [CrossRef]

17. Thompson, S.M.; Ma, H.B.; Winholtz, R.A.; Wilson, C. Experimental investigation of miniature three-dimensional flat-plate
oscillating heat pip. J. Heat Transf. 2009, 131, 043210. [CrossRef]

18. Liu, X.; Chen, Y. Fluid flow and heat transfer in flat-plate oscillating heat pipe. Energy Build. 2014, 75, 29–42. [CrossRef]
19. Chen, X.; Chen, S.; Zhang, Z.; Sun, D.; Liu, X. Heat transfer investigation of a flat-plate oscillating heat pipe with tandem dual

channels under nonuniform heating. Int. J. Heat Mass Transf. 2021, 180, 121830. [CrossRef]
20. Srikrishna, P.; Siddharth, N.; Reddy, S.U.M.; Narasimham, G.S.V.L. Experimental investigation of flat plate closed loop pulsating

heat pipe. Heat Mass Transf. 2019, 55, 2637–2649. [CrossRef]
21. Khandekar, S. Thermofluid dynamic study of flat-plate closed-loop pulsating heat pipes. Microscale Thermophys. Eng. 2003, 6,

303–317. [CrossRef]
22. Lin, Z.; Wang, S.; Huo, J.; Hu, Y.; Chen, J.; Zhang, W.; Lee, E. Heat transfer characteristics and LED heat sink application of

aluminum plate oscillating heat pipes. Appl. Therm. Eng. 2011, 31, 2221–2229. [CrossRef]
23. Jang, D.S.; Kim, D.; Hong, S.H.; Kim, Y. Comparative thermal performance evaluation between ultrathin flat plate pulsating heat

pipe and graphite sheet for mobile electronic devices at various operating conditions. Appl. Therm. Eng. 2019, 149, 1427–1434.
[CrossRef]

24. Wang, H.; Qu, J.; Peng, Y.; Sun, Q. Heat transfer performance of a novel tubular oscillating heat pipe with sintered copper particles
inside flat-plate evaporator and high-power LED heat sink application. Energy Convers. Manag. 2019, 189, 215–222. [CrossRef]

25. Ji, Y.; Xu, C.; Ma, H.; Pan, X. An experimental investigation of the heat transfer performance of an oscillating heat pipe with
copper oxide (CuO) microstructure layer on the inner surface. J. Heat Transf. 2013, 135, 074504. [CrossRef]

26. Hao, T.; Yu, H.; Ma, X.; Lan, Z. Heat transfer enhancement of horizontal oscillating heat pipes with micro-/nanostructured
surface. J. Heat Transf. 2020, 142, 072001. [CrossRef]

27. Qu, J.; Sun, Q.; Wang, H.; Zhang, D.; Yuan, J. Performance characteristics of flat-plate oscillating heat pipe with porous metal-foam
wicks. Int. J. Heat Mass Transf. 2019, 137, 20–30. [CrossRef]

28. Kay, K.E.; McMillin, R.E.; Ferri, J.K. Optimizing continuous emulsification with 3D printing. Chem. Eng. J. 2023, 476, 146590.
[CrossRef]

https://doi.org/10.1016/j.applthermaleng.2023.121475
https://doi.org/10.1088/1742-6596/2592/1/012002
https://doi.org/10.1016/j.energy.2020.119223
https://doi.org/10.1016/j.enconman.2023.117384
https://doi.org/10.2174/187221208786306270
https://doi.org/10.1016/j.csite.2023.103432
https://doi.org/10.1088/1742-6596/1105/1/012023
https://doi.org/10.1088/1742-6596/2177/1/012038
https://doi.org/10.1016/j.ijheatmasstransfer.2022.122668
https://doi.org/10.1088/1757-899X/1139/1/012005
https://doi.org/10.1016/j.actaastro.2018.03.045
https://doi.org/10.1016/j.applthermaleng.2015.08.106
https://doi.org/10.1115/1.4044825
https://doi.org/10.1007/s11630-017-0912-0
https://doi.org/10.1115/1.3072953
https://doi.org/10.1016/j.enbuild.2014.01.041
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121830
https://doi.org/10.1007/s00231-019-02607-z
https://doi.org/10.1080/10893950290098340
https://doi.org/10.1016/j.applthermaleng.2011.03.003
https://doi.org/10.1016/j.applthermaleng.2018.12.146
https://doi.org/10.1016/j.enconman.2019.03.093
https://doi.org/10.1115/1.4023749
https://doi.org/10.1115/1.4047216
https://doi.org/10.1016/j.ijheatmasstransfer.2019.03.107
https://doi.org/10.1016/j.cej.2023.146590


Nanomaterials 2024, 14, 60 17 of 17

29. Arai, T.; Kawaji, M. Thermal performance and flow characteristics in additive manufactured polycarbonate pulsating heat pipes
with Novec 7000. Appl. Therm. Eng. 2021, 197, 117273. [CrossRef]

30. Chang, C.; Yang, Y.; Pei, L.; Han, Z.; Xiao, X.; Ji, Y. Heat transfer performance of 3D-printed aluminium flat-plate oscillating heat
pipes for the thermal management of LEDs. Micromachines 2022, 13, 1949. [CrossRef]

31. Hosoda, M.; Nishio, S.; Shirakashi, R. Study of meandering closed-loop heat-transport device (Vapor-plug propagation phenom-
ena). JSME Int. J. Ser. B Fluids Therm. Eng. 1999, 42, 737–744. [CrossRef]

32. Błasiak, P.; Opalski, M.; Parmar, P.; Czajkowski, C.; Pietrowicz, S. The thermal—Flow processes and flow pattern in a pulsating
heat pipe—Numerical modelling and experimental validation. Energies 2021, 14, 5952. [CrossRef]

33. Kammuang-lue, N.; Sakulchangsatjatai, P.; Terdtoon, P. Thermal performance of various adiabatic section lengths of closed-loop
pulsating heat pipe designed for energy recovery applications. Energy Rep. 2022, 8, 731–737. [CrossRef]

34. Murr, L.E.; Martinez, E.; Amato, K.N.; Gaytan, S.M.; Hernandez, J.; Ramirez, D.A.; Shindo, P.W.; Medina, F.; Wicker, R.B.
Fabrication of metal and alloy components by additive manufacturing: Examples of 3D materials science. J. Mater. Res. Technol.
2012, 1, 42–54. [CrossRef]

35. Yu, C.; Ji, Y.; Li, Y.; Liu, Z.; Chu, L.; Kuang, H.; Wang, Z. A three-dimensional oscillating heat pipe filled with liquid metal and
ammonia for high-power and high-heat-flux dissipation. Int. J. Heat Mass Transf. 2022, 194, 123096. [CrossRef]

36. Chang, C.; Han, Z.; He, X.; Wang, Z.; Ji, Y. 3D printed aluminum flat heat pipes with micro grooves for efficient thermal
management of high power LEDs. Sci. Rep. 2021, 11, 8255. [CrossRef] [PubMed]

37. Ji, Y.; Liu, G.; Ma, H.; Li, G.; Sun, Y. An experimental investigation of heat transfer performance in a polydimethylsiloxane (PDMS)
oscillating heat pipe. Appl. Therm. Eng. 2013, 61, 690–697. [CrossRef]

38. Pakkanen, J.; Calignano, F.; Trevisan, F.; Lorusso, M.; Ambrosio, E.P.; Manfredi, D.; Fino, P. Study of internal channel surface
roughnesses manufactured by selective laser melting in aluminum and titanium alloys. Metall. Mater. Trans. A Phys. Metall. Mater.
Sci. 2016, 47, 3837–3844. [CrossRef]

39. Qu, W.; Ma, H.B. Theoretical analysis of startup of a pulsating heat pipe. Int. J. Heat Mass Transf. 2007, 50, 2309–2316. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.applthermaleng.2021.117273
https://doi.org/10.3390/mi13111949
https://doi.org/10.1299/jsmeb.42.737
https://doi.org/10.3390/en14185952
https://doi.org/10.1016/j.egyr.2022.10.149
https://doi.org/10.1016/S2238-7854(12)70009-1
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123096
https://doi.org/10.1038/s41598-021-87798-4
https://www.ncbi.nlm.nih.gov/pubmed/33859317
https://doi.org/10.1016/j.applthermaleng.2013.09.001
https://doi.org/10.1007/s11661-016-3478-7
https://doi.org/10.1016/j.ijheatmasstransfer.2006.10.043

	Introduction 
	Structural Design and Experimental System 
	Structure Design of the 3D-Printed FOHPFR 
	Manufacturing of the 3D-Printed FOHPFR 
	Experimental System and Measurement 
	Analysis of Measurement Errors 

	Results and Discussion 
	Surface Wettability and SEM Characterization of the 3D-Printed FOHPFE 
	Performance Improvement Verification of Finned Radiator 
	Response Performance of the 3D-Printed FOHPFR 
	Heat Transfer Performance Analysis of the 3D-Printed FOHPFR 

	Conclusions 
	References

