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Abstract

Copper is widely used in two-phase devices for electronic cooling due to its ease of
manufacture and high thermal conductivity. However, such high-heat conduction can
limit the performance of pulsating heat pipes (PHPs) through transverse heat leakage.
The use of lower-conductivity materials such as stainless steel enhances phase-change
heat transfer by promoting stronger flow oscillations and reducing parasitic heat leakage,
but it may be overall detrimental due to its poor thermal linkage between evaporator
and condenser sections. Therefore, in this study, two main objectives are addressed:
(i) experimentally characterizing the thermal behavior of a mini flat-plate PHP made
of stainless steel (AISI 316L), and (ii) benchmarking its performance against a copper
counterpart. Both devices were manufactured by diffusion bonding and tested under
different orientations to evaluate operational robustness. The stainless steel PHP initiated
oscillations at lower heat loads and showed larger temperature oscillations compared to the
copper PHP, demonstrating effective phase-change heat transfer despite its lower thermal
conductivity. A filling ratio of 71% of water provided the most stable operation, while
orientation affected startup conditions and oscillation amplitude. Overall, stainless steel
achieved comparable thermal performance to copper at low-to-moderate heat loads from
2.6 to 13.0 W/cm2, with additional benefits including reduced mass (~11% lighter), higher
mechanical strength, and corrosion resistance. These results indicate that stainless steel
is a viable alternative to copper at least for miniature flat-plate PHPs, offering a balance
between thermal efficiency, mechanical robustness, and operational reliability.

Keywords: flat pulsating heat pipe; stainless steel; thermal performance; diffusion bonding

1. Introduction
Pulsating heat pipes (PHPs), also referred to as oscillating heat pipes (OHPs), transfer

heat through the oscillatory motion of confined liquid slugs and vapor bubbles (plugs)
within a closed-loop system composed of interconnected channels. Unlike conventional
heat pipes, PHPs do not rely on a capillary structure for fluid circulation, which is a
distinctive feature of their operation [1]. Most pulsating heat pipes reported in the literature
are manufactured using multiple U-shaped turns of round tubes due to their ease of
fabrication [2,3]. However, while this configuration is suitable for certain applications, it
is not appropriate for others because of the high contact resistance associated with round
tubes. Flat configurations are preferred in electronic applications because their geometry
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improves surface contact and reduces thermal contact resistance [4]. The operating principle
is illustrated in Figure 1.

Figure 1. Operating principle of flat PHP.

In a PHP, the two phases of the working fluid—liquid slugs and vapor bubbles—exist
in quasi-equilibrium, allowing the internal pressures to be approximated by the saturation
pressure corresponding to the device’s operating temperature [5]. When heat is applied
to the evaporator section, the high temperature causes the thin liquid layer surrounding
the vapor bubbles to evaporate, increasing the local pressure. Conversely, in the condenser
section, the lower temperature promotes vapor condensation, reducing the local pressure.
This pressure imbalance drives the back-and-forth motion of the liquid slugs and vapor
plugs, establishing a pulsating flow cycle [6]. This mechanism enables PHPs to handle
high and/or concentrated heat fluxes. However, their operation typically involves a
delayed startup, as initiating the thermodynamic cycle of the working fluid—particularly
the displacement of large vapor bubbles—requires a significant temperature difference [7].

Copper is widely used in two-phase devices for electronic cooling due to its ease of
manufacture and high thermal conductivity [8–10]. However, excessive conduction can
limit phase-change performance in flat pulsating heat pipes (PHPs) through transverse heat
leakage, particularly during the startup process. This startup phase requires substantial
heat input to initiate oscillations, during which the phase change of the working is not yet
effective. Under these conditions, heat is primarily transferred by conduction between
adjacent channels, causing a homogenization of the evaporator temperature and reducing
the temperature gradients necessary to drive the oscillating slug-annular flow—a critical
mechanism for efficient heat transfer [11]. Consequently, in high-conductivity materials
such as copper, this effect can delay the onset of PHP operation or reduce device perfor-
mance, particularly under low or localized heating conditions. In addition, transverse
heat conduction can induce localized dry-out, which may ultimately lead to a complete
cessation of the two-phase oscillating motion [3].

Although several groups studied different case material for tubular PHPs as cop-
per [12], aluminum [13–15], and stainless steel [16–18], copper remains the most extensively
studied and commonly used material in the literature for flat plate heat pipes [19–23].
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The use of lower-conductivity materials may enhance phase-change heat transfer
by promoting stronger flow oscillations and reducing parasitic heat leakage. In addition,
selecting suitable materials involves balancing multiple factors, including lower weight,
reduced cost, higher mechanical strength, and chemical compatibility with the working
fluid—challenges that are particularly critical in miniaturized devices. In this scenario,
stainless steel emerges as a promising option. Furthermore, using stainless steel supports
broader sustainability goals. A Life Cycle Assessment (LCA) by Monticelli et al. [24] demon-
strated that replacing copper with stainless steel in systems employing loop heat pipes can
significantly diminish environmental impact, especially in terms of resource extraction and
material processing. This strategy mitigates the peak impacts associated with copper-based
designs and promotes more environmentally responsible thermal management solutions.

Despite these advantages, implementing stainless steel, particularly in miniaturized
flat plate PHPs, can lead to significant changes in thermal performance due to the oper-
ating characteristics of PHPs. Specifically, the material properties influence in the heat
available for phase change, which affects bubble formation and, in turn, impacts fluid
dynamics, flow patterns, and startup behavior. The literature has not sufficiently explored
these effects, nor compared stainless steel PHPs to copper-based devices, to assess both
limitations and potential performance improvements. In practice, material selection is often
based primarily on compatibility with the working fluid at the operating temperature and
ease of manufacturing, rather than on how the case material itself can influence device
performance [25,26].

In the context of flat PHPs, only a few studies have investigated the use of stainless
steel as the casing material. Wits et al. [27] evaluated the thermal performance of a 316L
stainless steel flat PHP featuring twelve 2 × 2 mm parallel channels and tested with three
different working fluids: water, methanol, and ammonia. Among them, ammonia exhibited
reduced oscillations and the best thermal performance; however, the device operated only
in the gravity-assisted orientation, failing to function when the evaporator and condenser
were positioned at the same level.

Comparative studies involving different casing materials are also limited. To the best of
the authors’ knowledge, only Malla et al. [28,29] have addressed this topic. Although Malla
et al. [28,29] compared flat plate PHPs made of stainless steel and copper, their designs
are not directly applicable to electronic cooling applications. Their prototypes employed
5 mm-thick plates, which exaggerated the influence of the casing material, and incorporated
a glass cover for flow visualization. While this configuration enabled direct observation of
the flow behavior, it compromised the accuracy of the thermal performance assessment.
Despite these limitations, their findings revealed that stainless steel promoted higher
fluid velocities at lower heat inputs and enhanced pulsating motion, suggesting potential
advantages in replacing copper with stainless steel. Furthermore, they demonstrated that
lower thermal conductivity improves pulsating action and reduces fluid flow resistance,
whereas higher thermal conductivity decreases the spreading (dry) resistance but weakens
the pulsating behavior.

Overall, flat-plate PHPs made entirely of stainless steel remain scarcely investigated
in the literature. To date, the study by Wits et al. [27] is the only one that analyzed a fully
stainless steel device, and regarding comparative evaluations, only Malla et al. [28,29]
have experimentally examined how the casing material’s effective thermal conductivity
influences PHP performance. These observations reveal two clear research gaps.

Accordingly, to address these gaps, the present work aims to achieve two main
objectives: (i) an experimental characterization of the thermal behavior of a miniature
stainless steel flat plate pulsating heat pipe, and (ii) a performance benchmarking against a
copper device.
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To this end, a stainless steel mini PHP was fabricated using diffusion bonding and sub-
jected to a series of thermal tests. The device dimensions were selected to be representative
of typical configurations used in electronic cooling applications. Its thermal performance
was then compared with that of a copper device, also manufactured by diffusion bonding,
following the same design, dimensions, and experimental conditions in order to ensure a
fair comparison.

In this way, it can be stated that the proposed work relies on two innovative aspects:
the fabrication of a novel stainless steel pulsating heat pipe using an advanced technique
such as diffusion bonding, and the direct comparison of PHP thermal performance by
changing only the casing material—from stainless steel to copper—while keeping the
geometry identical. The outcomes of this study provide a deeper understanding of the in-
fluence of wall material properties on PHP thermal behavior and demonstrate the potential
advantages of stainless steel for advanced cooling applications.

2. Materials and Methods
The methodology adopted for the design, fabrication, and testing of the stainless

steel two-phase device is described in this section. The objective was to develop a
miniaturized flat pulsating heat pipe (PHP) suitable for electronic cooling applications
in compact systems.

The stainless steel PHP (AISI 316L) was designed with external dimensions of
100 × 55 mm and a closed-loop internal configuration consisting of 16 square channels,
each with a 1.5 mm side length, as detailed in Figure 2. The device was fabricated by
stacking flat AISI 316L plates, which were first subjected to electropolishing to improve
surface roughness and flatness and to ensure optimal bonding quality (approximately
0.1 mm was removed from each plate). The plates were then preliminarily joined by spot
welding and subsequently diffusion bonded to achieve hermetic sealing and structural
integrity. The internal plate was precisely shaped by waterjet cutting to define the channel
network. It was 1.5 mm thick, while the external plates were 0.5 mm-thick, resulting in a
compact sandwich structure of only 2.5 mm (Figure 2).

A detailed view of the internal plate, captured just before the closing plate was
positioned, is presented in Figure 3a.

For benchmarking purposes, a copper PHP with identical design and dimensions,
previously fabricated and characterized in earlier studies [30,31], was later tested under the
same conditions to enable a direct material-to-material performance comparison. Impor-
tantly, both the stainless steel and copper devices share exactly the same channel geometry
(rectangular cross-section of 1.5 × 1.5 mm), ensuring that any observed differences in ther-
mal behavior originate solely from the wall material properties rather than from variations
in channel shape. In addition, both devices were manufactured using the same sequence
of fabrication steps—waterjet cutting of the internal plate, spot welding for preliminary
joining, and final diffusion bonding—thus ensuring that the production route was identical.
Material-dependent adaptations were required within this sequence, most notably the
electropolishing step applied only to the stainless steel plates to prepare the surfaces for
diffusion bonding and the specific bonding cycles tailored to each material, which are
detailed in Table 1. The only design-related difference between the two devices lies in the
filling tube: for the stainless steel PHP, the capillary had to be incorporated during diffusion
bonding, as post-assembly machining is challenging at the miniature scale, whereas in the
copper PHP, the capillary was added later through brazing. Figure 4 illustrates the copper
plates at the same stage of assembly as the stainless steel device, immediately before the
closing plate was attached.
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Figure 2. Design of stainless steel flat PHP: internal plate and cross-section.

  
(a) (b) 

Figure 3. Stainless steel PHP: (a) view of the internal plate before stacking the closing plate, and
(b) device after diffusion bonding.
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Table 1. Key characteristics of the stainless steel PHP and benchmarking copper PHP.

Parameter Stainless Steel PHP Copper PHP (Benchmark)

Length [mm] 100 100
Width [mm] 55 55

Final thickness [mm] 2.28 2.60
U-Turns 8 8

Channel size [mm2] 1.5 × 1.5 1.5 × 1.5
Diffusion bonding cycle 1160 ◦C, 24 h, 9 MPa 875 ◦C, 1 h, 9 MPa

Material AISI 316L Cu 99% (C11000)
Density [g/cm3] 7.99 8.96

Final Mass [g] 65.55 105.36
Internal void volume [mL] 3.75 ± 0.02 2.85 ± 0.02

Working fluid Distilled and deionized water

 

Figure 4. Copper PHP during assembly, showing the plates before attaching the closing plate.

2.1. Manufacturing of Flat PHPs

Both devices were fabricated through diffusion bonding in a Jung® furnace (JUNG
Brasil, Blumenau, SC, Brazil) at the Heat Pipe Laboratory, Federal University of Santa
Catarina (UFSC), following a procedure developed in-house. The thermal cycle consisted of
the simultaneous application of heat and pressure for a defined period to form a monolithic
structure [32]. The fabrication procedure was identical for both materials; only the diffusion-
bonding cycle parameters differed, as required by the thermal and mechanical properties
of each material. The specific cycle parameters varied according to the material and are
summarized in Table 1.

Pressure was applied using stainless steel matrices and screws, with the reported
values corresponding to those applied at room temperature. The process was conducted
in an inert atmosphere composed of 95% argon and 5% hydrogen. During the thermal cy-
cle, atomic diffusion occurs at the mating surfaces, producing a hermetically sealed solid
piece with an internal closed channel network. This technique enables the fabrication of
miniaturized devices with high structural integrity and very low thermal resistance at
the bonded interfaces [33]. The final stainless steel PHP obtained after diffusion bonding
is shown in Figure 3b. The resulting characteristics of both devices are summarized in
Table 1.

The first point to note is that the stainless steel (AISI 316L) PHP is approximately
10.8% lighter than the copper PHP for the same geometry. Although both devices share
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identical overall geometry and internal configuration, slight dimensional deviations
were observed, primarily due to differences in the flat plates and fabrication procedures.
For the stainless steel PHP, the designed plate thickness was 2.50 mm, whereas the final
measured thickness was 2.28 mm. This reduction of approximately 9% resulted from the
electropolishing process (about 0.1 mm removed from each plate), which was used to
prepare the surfaces for diffusion bonding, and from the diffusion bonding itself (around
0.02 mm), which causes microstructural coalescence and compaction. Consequently,
the stainless steel device exhibited slightly smaller external dimensions and a lower
mass than expected, the designed mass was 83.32 g, while the final measured mass was
65.55 g.

Additionally, the copper and stainless steel closing plates had slightly different thick-
nesses (the copper closing plate was 0.55 mm thicker), and no electropolishing was applied
to the copper parts, further contributing to the observed discrepancy. Variations in the
internal void volume were also identified, mainly attributed to the waterjet cutting and elec-
tropolishing processes, which caused an increase of up to 20% in the channel width. These
manufacturing deviations led to an overall internal volume difference of approximately
32% compared to the copper PHP.

Distilled and deionized water was chosen as the working fluid due to its high latent
heat of vaporization, excellent material compatibility, and the fulfillment of the confinement
condition for a 1.5 mm hydraulic diameter, as confirmed by the Bond number criterion [34].

2.2. Experimental Setup

For the thermal experiments, the PHP was divided into three distinct regions: an
evaporator of 14 mm, an adiabatic section of 71 mm, and a condenser of 15 mm. Figure 5a
presents the schematic design of the experimental setup. Heat was applied to the evaporator
at one end of the PHP, simulating the heat generated by an electronic chip, using a copper
block (14 × 55 × 14 mm3) with an electrical cartridge resistor (maximum 500 W, 200 Ω,
10 mm diameter, 60 mm length) via the Joule effect. The resistor was powered by a TDK-
Lambda® GEN300-17 (TDK-Lambda Americas Inc., San Diego, CA, USA) power supply.

As a heat sink, cooling water at 20 ◦C with a flow rate of 4 L/min from a Lauda Ecoline®

RE212 thermal bath (LAUDA DR. R. WOBSER GMBH & CO. KG, Lauda-Königshofen,
Germany) circulated through a metallic block (15 × 55 × 22 mm3) attached to the condenser
section at the opposite end of the PHP, as shown in Figure 5b.

On the external surface of the PHP, T-type thermocouples (Omega Engineering
Inc., Norwalk, CT, USA) were distributed along each region, as indicated in Figure 5c.
The thermocouples were secured with Kapton® tape (DuPont™, Wilmington, DE, USA).
Temperature measurements were recorded using a DAQ system (NI® SCXI-1000, Na-
tional Instruments Corp., Austin, TX, USA) connected to a Dell® computer (Dell Com-
putadores do Brasil Ltda., São Paulo, Brazil), with a sampling rate of 1 sample per
second [35–38]. Data acquisition and preliminary signal processing were performed in
LabVIEW 2013 (National Instruments Corp., Austin, TX, USA), while all subsequent
data analysis were conducted in Microsoft Excel (Microsoft 365) to ensure reproducible
processing of the temperature signals.

The experimental setup was insulated with a 30 mm thick Isoglass® blanket (Isoglass
Indústria e Comércio Ltda., São Paulo, Brazil), with a thermal conductivity of 0.045 W/m·◦C
at 100 ◦C, to minimize heat losses to the environment.
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(a) (b) (c) 

 
(d) 

Figure 5. Experimental setup for thermal tests: (a) lateral view, (b) front view, (c) bottom view, and
(d) testing position.

2.3. Experimental Procedure

Once the device had been properly installed in the experimental setup, the tests
were conducted. Initially, the PHP was evacuated using a vacuum pump (Edwards® T-
Station 85, Edwards Vacuum, Crawley, UK) until the internal pressure dropped below 4 ×
10−5 mbar. Subsequently, the device was charged with distilled and deionized water at
different filling ratios, as previously mentioned, followed by a purging step to eliminate
any non-condensable gases.

Once the preparation was completed, the experimental tests were carried out. The PHP
was positioned in the desired orientation, and the thermal load was applied in increments
of 10 W (1.3 W/cm2), starting from 10 W, until the evaporator temperature reached 100 ◦C,
at which point the power supply was turned off. However, preliminary exploratory tests
revealed that oscillations did not initiate when the evaporator temperature approached
100 ◦C. For this reason, the upper temperature limit was increased to 150 ◦C during the
startup phase, after which stable oscillatory motion was successfully established. This
empirically determined threshold was therefore adopted as the startup temperature limit
for all experiments. The heat flux was calculated by dividing the supplied power by
the heater surface area (770 mm2). Each power level was maintained for 600 s to ensure
steady-state operation.
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All tests were repeated three times under identical conditions. A test was considered
repeatable when the temperature readings at each section differed by less than 0.5 ◦C be-
tween tests. Steady state was defined as temperature fluctuations within ± 0.1 ◦C sustained
for one minute, indicating that the device had reached a stable operating condition. For
operating regimes classified as unstable, the same one-minute criterion cannot be applied
because the PHP naturally exhibits large temperature oscillations. In these cases, steady
state was instead defined as a statistically stationary oscillatory regime. Based on the
recorded data, individual oscillation cycles typically lasted around 3 min. Therefore, a
measurement window of 10 min was sufficient to capture several complete oscillation
cycles, providing a representative average of the unstable operation.

The experimental tests were divided into three main studies, summarized in Table 2:

Table 2. Experimental tests.

Test PHP Filling Ratio (FR)
[%] Orientation Heat Source/Heat Sink

Filling ratio study Stainless Steel 0, 51, 62, 71, and 78 ± 1 Horizontal

Thermal loads applied of
10 W steps/

Cooling water at 20 ◦C,
4 L/min

Orientation effect Stainless Steel 71 ± 1
Horizontal

Bottom heated
Lateral

Benchmarking
comparison

Stainless Steel 71 ± 1 Horizontal
Bottom heatedCopper 70 ± 1

• Filling Ratio Study: The effect of working fluid volume on the heat transfer performance
of the stainless steel mini PHP was investigated. Various filling ratios were tested to
identify the optimal fluid volume, defined as the ratio of working fluid to the total
internal channel void volume. Baseline tests were also conducted without fluid, where
heat transfer occurred solely via conduction.

• Orientation Effect: The impact of gravity was investigated by testing the mini-PHP in
three orientations: horizontal, vertical bottom-heated (evaporator below condenser),
and lateral (condenser and evaporator side by side), as illustrated schematically
in Figure 5d. The optimum filling ratio identified from Test I was used for these
experiments.

• Benchmarking Comparison: The thermal performance of the stainless steel PHP was
compared with that of a copper mini-PHP under identical operating conditions. Both
devices were tested using the same filling ratio to ensure that any differences in
thermal behavior were attributed solely to the tube material rather than variations in
the amount of working fluid. Maintaining an identical filling ratio was essential to
allow a fair comparison.

The liquid volume was measured using a 2 mL graduated pipette with a resolution of
±0.02 mL and a maximum uncertainty of ±0.01 mL, resulting in an overall liquid volume
uncertainty of ±0.01 mL.

2.4. Data Reduction

The temperature distribution was employed to characterize the thermal behavior
of both devices under different conditions. Also, the overall thermal resistance, R, was
calculated to assess the PHP efficiency and compare their thermal performances, defined as:

R =
Te − Tc

q
=

Te − Tc

U·I , (1)
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where Te and Tc represent the average temperatures of the evaporator and condenser,
respectively, and q is the applied heat load supplied and measured from the power supply
output, using the parameters: U (voltage) and I (electrical current). The influence of heat
losses to the surroundings was considered negligible, since their measurements showed
values less than 1% of the input power. The average evaporator temperature was calcu-
lated using the readings from three thermocouples placed along the evaporator section:
Te,1, Te,2, Te,3. Similarly, the average condenser temperature was determined from three
thermocouples positioned along the condenser section: Tc,1, Tc,2, Tc,3.

Experimental uncertainties, δ, were evaluated using the error propagation method, as
proposed by Kline and McClintock [39], calculated by:

δ(x)2 = ∑n
i=1

(
∂ f
∂xi

δ(xi)

)2
(2)

where x is the variable related to an uncertainty, and f is the function used to estimate the
measured variable.

The uncertainties included contributions from the thermocouples, data acquisition
system, and power supply unit. The temperature sensors were calibrated within the
experimental setup, and the combined uncertainties for temperature, voltage, and electric
current are summarized in Table 3. In the presented results, the vertical error bars represent
the calculated uncertainties of the thermal resistance.

Table 3. Maximum experimental uncertainties.

Parameter Instrument Resolution/Accuracy Individual
Uncertainty

Combined
Uncertainty

Temperature

Thermocouple calibration Varies per
thermocouple

Varies per
thermocouple

±0.13 ◦CThermometer 0.1 ◦C 0.029 ◦C

Acquisition system
(DAQ-NITM SCXI-1000, National
Instruments Corp., Austin, TX,

USA)

0.01 ◦C 0.003 ◦C

Repeatability Varies per
thermocouple

Varies per
thermocouple

Voltage Power supply unit
(TDK-LambdaTM GEN300-17,

TDK-Lambda Americas Inc., San
Diego, CA, USA)

Resolution: 0.036 V
Accuracy: 0.3 V

0.01 V
0.15 V ±0.15 V

Electric current Resolution: 2.04 mA
Accuracy: 68 mA

0.001 A
0.034 A ±0.034 A

3. Results and Discussion
This section presents and discusses the experimental results obtained from the stainless

steel flat pulsating heat pipe. The analysis focuses on the influence of the filling ratio on
the thermal performance of the stainless steel PHP and the effect of device orientation
on startup and steady-state behavior. In addition, a benchmarking comparison between
stainless steel and copper flat PHPs was carried out under identical operating conditions.
For each case, the thermal response, operational stability, and overall thermal resistance
were analyzed to elucidate the influence of material properties and operating parameters
on the heat transfer performance.
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3.1. Filling Ratio Study of the Stainless Steel Flat PHP

Figure 6 presents the thermal resistance as a function of heat load (and corresponding
heat flux) under steady-state conditions for the stainless steel flat PHP, tested with several
filling ratios (51, 62, 71, and 78%) in the horizontal orientation. Vertical error bars represent
the uncertainties in the resistance measurements. The thermal resistance of the empty
device, i.e., without working fluid, was approximately 16 ◦C/W. This value is not shown
in the graph to preserve clarity, since the high resistance of the empty stainless steel PHP
would otherwise distort the scale of the plot.

 

Figure 6. Thermal resistance of filling ratio study.

According to Figure 6, the working fluid significantly improved the thermal perfor-
mance of the pulsating heat pipe. The maximum thermal resistances for all filling ratios
were around 4.5 ◦C/W, already much lower than that of the empty device (16 ◦C/W).
The PHP with filling ratios of 51% and 62% started operating at a heat input of about
20 W (2.6 W/cm2), with the thermal resistance progressively decreasing as the heat load
increased. Their performance was similar, although slightly inferior to that of the 71% case.
For the FR of 51%, the limited amount of working fluid likely caused intermittent dry-out
events, restricting stable operation to heat loads up to 40 W (5.2 W/cm2). In the 62% case,
the oscillations were more regular, though occasional temperature peaks in the evaporator
could happen. At 90 W, the thermal resistance reached the low value of 0.50 ± 0.05 ◦C/W.

For the 71% filling ratio, the PHP started oscillating at 20 W (2.6 W/cm2) and main-
tained stable operation throughout the entire tested range up to 100 W. The continuous
decrease in thermal resistance indicated efficient heat transfer. The lowest measured re-
sistance was 0.24 ± 0.04 ◦C/W at 100 W (13.0 W/cm2), demonstrating superior thermal
performance, 67 times lower than the empty PHP.

At the highest filling ratio (78%), the working fluid volume was excessive. Although
a brief temperature drop in the evaporator was observed at startup, the vapor pressure
difference was insufficient to drive the motion of the large liquid mass. Consequently,
the liquid remained stagnant, causing the evaporator temperature and overall thermal
resistance to increase continuously. The test was stopped when the evaporator temperature
reached the safety limit of 150 ◦C during startup.
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In conclusion, due to the low thermal conductivity of stainless steel, the PHP is more
sensitive to the filling ratio compared with PHPs made of more conductive materials. In
this case, effective heat transfer relied more heavily on the internal oscillating motion of the
working fluid rather than wall conduction. The 71% filling ratio provided the best balance
between vapor generation and liquid return, resulting in the most stable and efficient
thermal performance among the tested conditions. Based on these results, the optimal
filling ratio for the present stainless steel flat PHP, under this experimental configuration,
was determined to be 71% of water.

3.2. Orientation Effect in the Thermal Behavior

Figures 7–9 show the transient temperature responses of the stainless steel PHP under
three different orientations (horizontal, bottom-heated, and lateral, respectively), using
the previously determined optimal filling ratio. The orientation of each PHP, as illustrated
schematically in Figure 5d, is indicated by the icons included in the figures, and for each
applied heat load, the temperatures in all orientations eventually reached a steady state.

Figure 7. Transient temperature response of a stainless steel PHP in horizontal orientation.

Figure 8. Transient temperature response of a stainless steel PHP in bottom heated orientation.
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Figure 9. Transient temperature response of a stainless steel PHP in lateral orientation.

According to Figure 7, when heat was applied to the evaporator in the horizontal posi-
tion, the evaporator temperatures increased steadily. At a heat input of 10 W (1.3 W/cm2),
bubble motion was observed, indicating the onset of activity within the PHP; however, the
heat load was insufficient to sustain a continuous slug–plug flow. At this stage, the evapo-
rator and adiabatic temperatures approached each other, suggesting limited circulation and
redistribution of the working fluid within the channels, with heat transfer occurring mainly
by conduction. When the input increased to 20 W (2.6 W/cm2), the PHP entered the charac-
teristic oscillating regime (unstable operation), evidenced by high-amplitude temperature
fluctuations. This oscillatory behavior persisted up to 70 W (9.1 W/cm2), beyond which the
amplitude of oscillations gradually decreased, indicating a transition toward a more stable
circulating regime. At 110 W (13.0 W/cm2), the evaporator temperature reached the safety
limit of 100 ◦C, and the experiment was stopped as early signs of dry-out were observed.

In the vertical bottom-heated configuration (Figure 8), the PHP exhibited unstable and
intermittent operation at low heat inputs (below 30 W). The device attempted to initiate
oscillations but could not maintain them consistently. This instability is likely due to the
opposing effect of gravity on vapor bubbles in this orientation: when vapor pressure
differences became insufficient to overcome buoyancy, the slug–plug motion could not
be sustained. At 30 W (3.9 W/cm2), the temperature difference between the evaporator
and condenser reached a critical threshold, enabling stable oscillations and proper PHP
operation. Once activated, the PHP maintained this behavior as the heat load increased,
operating stably up to 140 W (18.2 W/cm2), before reaching the safety limit of 100 ◦C in
the evaporator.

In the lateral position, shown in Figure 9, no significant activity was observed at 10 W,
as the heat load was insufficient to initiate oscillations, and heat was mainly transported
by conduction. At 20 W (2.6 W/cm2), the combined effect of temperature rise, and va-
por pressure difference triggered the onset of slug–plug motion. The highest oscillation
amplitudes occurred under 20 and 30 W (2.6 and 3.9 W/cm2), indicating vigorous and
efficient heat transport. Beyond 40 W (5.2 W/cm2), the system stabilized into a continuous
circulation regime with smaller temperature fluctuations—lower than in the horizontal
case, but slightly higher than in the bottom-heated configuration. The device could operate
up to 120 W (15.6 W/cm2) without the evaporator temperature exceeding 100 ◦C.
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In all cases, the main difference observed in the performances among the tested
orientations, once the stable circulation regime was established, was the temperature
oscillation amplitude.

The PHP orientation significantly influenced the startup conditions and overall ther-
mal behavior. While all configurations eventually reached a stable circulation regime, the
main difference among them was the amplitude of the temperature oscillations and the
time required to achieve stable operation. The horizontal orientation exhibited the largest
temperature oscillations and the highest evaporator temperatures for the startup (up to
100 ◦C), indicating more intense thermal dynamics but also a greater tendency toward
dry-out. In contrast, the vertical bottom-heated and lateral orientations achieved lower
maximum evaporator temperatures during the startup (around 75 ◦C) and more stable
operation after that.

The differences in stabilization time arise directly from how gravity interacts with the
vapor–liquid distribution. In the horizontal configuration, gravity neither aids liquid return
nor bubble displacement, so circulation develops only after strong vapor pressure oscilla-
tions form, delaying stabilization. In the bottom-heated orientation, gravity promotes liquid
drainage toward the evaporator, allowing circulation to establish more rapidly. The lateral
configuration benefits from partial gravity assistance, leading to stabilization times between
the two extremes. Thus, the role of gravity provides a consistent physical explanation for
the observed differences in startup and stabilization among the tested orientations.

Figure 10 presents a comparison of the overall thermal resistance for the three ori-
entations to evaluate the influence of orientation on the heat transfer performance of the
stainless steel PHP. As already observed, the thermal resistance of the empty PHP was
approximately 16 ◦C/W; therefore, the introduction of the working fluid immediately
reduced the thermal resistance since the first applied heat loads, confirming its contribution
to effective heat transport.

 
Figure 10. Influence of orientation on the thermal performance of the stainless steel PHP, represented
by the overall thermal resistance.

From 30 W (3.9 W/cm2) onward, all orientations transitioned from the unstable
startup phase to a stable pulsating regime, resulting in a continuous decrease in thermal
resistance as the heat input increased. At 50 W (6.5 W/cm2), the thermal resistances of the
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horizontal, bottom-heated, and lateral orientations converged to nearly identical values,
indicating that the PHP became independent of gravitational effects once fully activated.
This behavior highlights that, despite the sensitivity of the stainless steel PHP to orientation
during startup, its thermal performance becomes uniform at higher heat loads when stable
circulation is established.

3.3. Benchmarking Comparison

The benchmarking analysis aims to compare the thermal performance of the stainless
steel PHP with that of a copper PHP under identical operating conditions. Since both
devices share the same geometric configuration and working fluid, this comparison isolates
the influence of the container material on heat transfer characteristics and startup behavior.
The differences observed between the two materials provide valuable insight into the
impact of wall thermal conductivity on PHP dynamics and overall efficiency.

To compare the transient thermal behavior of the two materials, Figure 11 shows the
average evaporator temperature as a function of time for the stainless steel and copper flat
pulsating heat pipes (PHPs) under both horizontal and bottom-heated orientations, consid-
ering all tested heat loads for each device. The tests were interrupted when the evaporator
temperature reached 100 ◦C. As previously mentioned, the evaporator temperature was
allowed to increase up to 150 ◦C during startup to ensure stable operation; thereafter, the
100 ◦C safety limit was observed. The heat load was increased in 10 W increments, and in
all cases, the average evaporator temperature rose progressively with power input until
reaching steady-state conditions.

Figure 11. Benchmarking of the transient average evaporator temperatures for stainless steel and
copper PHPs operated under horizontal and bottom-heated orientations.

In the horizontal orientation, the stainless steel and copper PHPs exhibited distinct
thermal behaviors. For the copper PHP (red line), oscillations only began at around 70 W,
when the evaporator temperature approached 140 ◦C, indicating a relatively high startup
temperature requirement. Below this threshold (10–60 W), heat transfer occurred mainly
through conduction. In contrast, the stainless steel PHP (dark grey line) initiated oscilla-
tions at a much lower heat load of approximately 20 W, corresponding to an evaporator
temperature near 90 ◦C with high temperature amplitudes. Once the oscillating regime was
established, both PHPs demonstrated stable performance. The copper PHP could sustain
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operation up to 170 W, while the stainless steel PHP began showing signs of dry-out at
110 W, setting its upper operational limit at 100 W.

In the vertical bottom-heated orientation, both PHPs displayed qualitatively similar
behavior, although notable differences were observed during the startup phase. The
stainless steel PHP (light grey line) exhibited higher transient temperature peaks before
reaching steady operation, suggesting greater thermal inertia and slower vapor–liquid
distribution adjustment due to the lower wall thermal conductivity. For heat inputs above
70 W, the evaporator temperature of the stainless steel device rose more than that of the
copper PHP (orange line). This indicates that, while the copper wall assisted in spreading
and conducting heat effectively—supporting stable operation up to 170 W—the stainless
steel PHP reached the 100 ◦C threshold earlier, around 140 W, being therefore limited by
the material conduction.

Overall, the differences in transient temperature behavior between the two materials
can be attributed to their distinct thermal conductivities. The lower thermal conductivity
of stainless steel leads to slower heat spreading through the wall, causing higher tempera-
ture gradients and larger oscillation amplitudes, particularly at lower heat loads, which
produces behavior similar to that of a tubular PHP. Conversely, the copper PHP exhibited
smaller and more stable temperature oscillations, as heat was more uniformly distributed
through the wall.

Figure 12a presents the overall thermal resistance of both the stainless steel and copper
PHPs as a function of input power under horizontal and vertical bottom-heated orientations.
Vertical error bars indicate the thermal resistance uncertainties. The thermal resistance of
the empty devices, Rempty, was approximately 16.0 ◦C/W for the stainless steel PHP (as
previously mentioned) and 1.37 ◦C/W for the copper PHP. Overall, both devices performed
satisfactorily, each exhibiting distinct operational characteristics and limitations.

In the horizontal orientation, the stainless steel PHP (dark grey line) demonstrated
excellent thermal performance, with the thermal resistance decreasing steadily from the
lowest tested heat input (10 W). The resistance was already much lower than the conduction-
only value of 16.0 ◦C/W. The lowest measured resistance was 0.24 ± 0.04 ◦C/W at the
maximum heat input of 100 W (13.0 W/cm2), indicating efficient heat transfer across the
entire tested range. In contrast, the copper PHP (red line) showed thermal resistance
values close to its conduction-only limit up to 60 W (7.8 W/cm2), suggesting that heat
transfer occurred predominantly by conduction at lower loads. At around 70 W, the device
transitioned to the pulsating regime, as evidenced by a sharp drop in thermal resistance
with further increases in power input. Once activated, the copper PHP exhibited superior
performance, achieving a minimum thermal resistance of 0.12 ± 0.01 ◦C/W at the highest
applied heat load of 170 W (22.1 W/cm2).

Under the vertical bottom-heated orientation, both devices—the stainless steel PHP
(light grey line) and the copper PHP (orange line)—achieved comparable thermal per-
formance within experimental uncertainty. The main difference between them was the
maximum sustainable heat load: the stainless steel PHP operated stably up to 130 W,
reaching a thermal resistance of 0.17 ± 0.03 ◦C/W, while the copper PHP handled up to
170 W with a minimum resistance of 0.14 ± 0.01 ◦C/W.

Figure 12b presents the ratio between the overall thermal resistance and the thermal
resistance of the empty device for both PHPs in the two orientations. This compari-
son highlights the relative enhancement in heat transfer performance generated by each
working-fluid–container combination. Because stainless steel and copper exhibit sub-
stantially different wall thermal conductivities, this normalized metric provides a more
appropriate basis for comparison; direct thermal-resistance values alone do not fully re-
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flect the effectiveness of each PHP. In this context, a lower ratio corresponds to a greater
enhancement in heat transfer arising from phase-change activity.

 
(a) 

 
(b) 

Figure 12. Benchmark comparison of the thermal performance of stainless steel and copper PHPs:
(a) Overall thermal resistance as a function of input power under horizontal and bottom-heated
orientations, and (b) Ratio of the empty device thermal resistance to the overall thermal resistance.

For the copper PHP in the horizontal orientation (red line), the ratio remained close to
unity up to approximately 60 W, indicating that heat transfer was predominantly governed
by conduction and that oscillations had not yet been established. After activation, a modest
improvement was observed, and the ratio gradually decreased, stabilizing around 0.15 at
higher heat loads. In contrast, in the vertical bottom-heated configuration (orange line),
the copper PHP demonstrated earlier and more pronounced performance gains beginning

https://doi.org/10.3390/en19010045

https://doi.org/10.3390/en19010045


Energies 2026, 19, 45 18 of 22

near 30 W and continuing up to 170 W, as gravity-assisted liquid return promoted stronger
circulation and phase-change heat transport.

The stainless steel PHP in both orientations (dark and light gray lines) showed sub-
stantial performance enhancement over nearly the entire heat-load range. The ratio started
around 0.2 and decreased to approximately 0.01 at 130 W in the gravity-assisted case,
reflecting highly effective phase-change-driven heat transfer relative to its empty baseline.
These results further confirm the favorable activation behavior and vigorous oscillatory per-
formance of stainless steel PHPs, particularly when early startup and sustained oscillations
are critical.

In conclusion, depending on the applied heat load, the present thin stainless steel PHP
can achieve nearly identical thermal performance to that of the copper PHP, despite the
much lower thermal conductivity of stainless steel. The primary advantage of copper lies
in its ability to sustain higher heat loads—approximately 40 W more in the bottom-heated
configuration—thanks to enhanced heat conduction through the wall. In the horizontal
orientation, the difference increases to about 70 W, mainly due to the earlier onset of dry-out
in the stainless steel evaporator, which causes a sharp temperature rise. If this local dry-out
phenomenon can be mitigated, the stainless steel PHP could potentially operate effectively
up to around 130 W as well.

Beyond thermal performance, other material properties play a crucial role in PHP
design. Depending on the intended application, factors such as weight, environmental
resistance, mechanical strength, and compatibility with working fluids must also be consid-
ered. Based on the experimental results, it is evident that changing the PHP construction
material leads to significant variations in fluid flow behavior and operating conditions,
effectively producing a device with different thermal dynamics. Figure 13 compares key
attributes of stainless steel and copper, including heat transfer performance at different heat
loads, mechanical strength, corrosion resistance, and fluid compatibility. In this context, the
observed differences in heat transfer capacity are directly related to the choice of material
for the fabrication of miniature flat-plate PHPs. While copper offers superior performance
at high heat loads, stainless steel provides advantages in mechanical robustness, chemical
stability, and reduced mass—approximately 11% lighter in the fabricated device—which
may be critical for long-term reliability and specific application requirements.

Figure 13. Colormap of key material properties of stainless steel and copper for miniature PHPs.

The colormap in Figure 13 further highlights the trade-offs between stainless steel and
copper for miniature flat-plate PHP fabrication. Stainless steel scores higher in properties
such as corrosion resistance, mechanical strength, density/weight, compatibility with
working fluids, and heat transfer at low and moderate heat loads (2.6 to 13.0 W/cm2).
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This reflects its robustness, chemical stability, and suitability for early activation at lower
heat inputs. In contrast, copper performs better at high heat loads (above 13.0 W/cm2),
which is consistent with its superior thermal conductivity and its ability to sustain larger
power inputs. Cost is another important factor in material selection. In contrast to copper,
AISI 316L stainless steel is generally less expensive on a per-kilogram basis, which can
reduce the material cost of PHP devices. Beyond raw material price, stainless steel also
offers advantages during fabrication: its high oxidation resistance and dimensional stability
reduce the occurrence of defects and rework, thereby improving process yield. As a
result, stainless steel often provides a competitive overall fabrication cost and a favorable
cost-to-performance ratio. Overall, these results reinforce that the optimal choice of PHP
material depends on the intended operating conditions: stainless steel is advantageous for
applications requiring mechanical durability, chemical resistance, and reliable operation at
lower to moderate heat loads, while copper is preferable when high heat flux performance
is the primary requirement.

Future research should investigate the effect of different working fluids on PHP
performance, as fluid properties strongly influence heat transfer behavior but were not
examined in this study.

4. Conclusions
In this work, two innovative aspects were considered: the fabrication and experimental

characterization of a stainless steel flat plate pulsating heat pipe, representative of typical
configurations used in electronic cooling applications, using an advanced manufacturing
technique such as diffusion bonding; and the direct comparison of PHP thermal perfor-
mance by changing only the casing material, from stainless steel to copper (benchmark),
while keeping the geometry identical.

The results show that using stainless steel promotes earlier phase change of the
working fluid and enhances phase-change heat transfer through increased temperature
oscillations, resulting in behavior similar to that of a tubular PHP. Due to the lower thermal
conductivity of stainless steel, the PHP is more sensitive to the filling ratio, with effective
heat transfer relying primarily on the internal oscillating motion of the working fluid
rather than wall conduction. A filling ratio of 71% (horizontal orientation) provided the
best balance between vapor generation and liquid return, achieving the most stable and
efficient thermal performance among the tested conditions. This value, however, is not
universal and should be interpreted as specific to the present geometry, channel dimensions,
working fluid, and operating conditions. Nevertheless, the results indicate that higher
filling ratios tend to be more suitable for this type of miniature flat-plate PHP. Orientation
also significantly influenced startup and overall thermal behavior.

The stainless steel PHP can achieve nearly identical thermal performance to the
copper device at low to moderate heat loads (2.6 to 13.0 W/cm2), despite its lower thermal
conductivity. Copper, however, sustains higher maximum heat loads (above 13.0 W/cm2)
due to enhanced wall conduction.

Beyond thermal metrics, stainless steel provides practical engineering advantages such
as higher mechanical strength, improved resistance to corrosion and oxidation, reduced
mass (approximately 11% lighter than copper), and better compatibility with harsh or
reactive environments. These characteristics make stainless steel PHPs particularly suitable
for applications involving aerospace systems, high-humidity or corrosive environments,
hydrogen-compatible systems, vacuum or space electronics, and mechanically demanding
or vibration-loaded platforms.

This study also presents inherent limitations. Only a single working fluid was evalu-
ated, which restricts the generality of the results to other fluid–material combinations. The
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experiments represent short-term behavior, and long-term reliability, cyclic thermal fatigue,
and degradation mechanisms were not assessed. Furthermore, the absence of numerical or
analytical modeling limits the ability to extrapolate the findings to different dimensions
or operating conditions. Additionally, future studies should incorporate dimensionless
parameters such as the Fourier and Biot numbers to better quantify transient heat diffusion
and wall–fluid thermal coupling, thereby providing a more rigorous theoretical framework
to complement the present experimental findings. Future work should also include non-
intrusive infrared thermography to visualize oscillatory patterns without modifying the
PHP geometry, enabling deeper investigation of flow regimes under realistic operating con-
ditions. These aspects should be addressed in future work to fully establish the operational
robustness and broader applicability of stainless steel flat-plate PHPs.

Overall, the results highlight the value of stainless steel as a viable material for minia-
ture flat-plate PHPs, with material selection primarily guided by the intended operating
conditions. In particular, the present findings show that copper remains clearly advanta-
geous only at high heat-flux levels, whereas stainless steel provides a more balanced, robust,
and efficient performance under low to moderate heat loads. The results also emphasize
the importance of wall material properties, filling ratio, and orientation in optimizing
PHP performance.
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