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Abstract

Pulsating heat pipe (PHP)-embedded heat spreaders are
increasingly employed to manage high heat fluxes from
electronics chips. Previous studies have characterized their
performance under symmetrical heat-transfer paths with a
centrally located heat source and edge heat rejection (center-
to-edge configuration). This investigation examines the heat-
transfer behavior of a PHP heat spreader under a non-central
heat-source placement, while maintaining standard edge
cooling. The heat source was offset 5 mm to the right of the
spreader center. Testing was conducted with standard cooling
on both edges (ON mode), cooling only the right edge (—11 ON
mode), and cooling only the left edge (—7 ON mode) at flange
temperatures of -10°C and 0°C. Key findings are as follows:
under ON mode, the PHP operated normally, with
preferential heat transfer to the right side due to the active
evaporator—condenser pair. In —11 ON mode, only the right-
side exhibited PHP operation, while the left side remained
adiabatic and functioned as a working-fluid reservoir. Under
—7 ON mode, the PHP did not operate. In vertical orientations,
the PHP demonstrated similar behavior as in horizontal mode
under ON conditions but did not operate under either —11 ON
or —7 ON modes at 0°C flange set point.

Keywords—electronics cooling, passive cooling, two-phase
heat transfer, pulsating heat pipe, heat pipe

I. INTRODUCTION

Electronics computing power has increased substantially
in recent years while device size has continued to shrink. As
a result, electronic chips now dissipate heat fluxes well
above tens of W/cm? The electronics cards must be
maintained below 75°C to ensure safe and reliable operation
[1]. Conventional cards that rely on metal conduction plates
such as aluminum plates cannot sustain such high heat fluxes
without experiencing elevated temperatures. To address this
thermal challenge, Cu-H,O heat-pipe-embedded thermal
spreaders have been investigated. Depending on the form
factor, these devices can provide 2-5x improvement in
thermal performance compared to pure conduction solutions
[2, 3]. While effective, they are suitable primarily when the
heat-rejection temperature (condenser) is above 5°C and
when heat spreading is largely planar, with only limited
capability for three-dimensional (3D) spreading under
modest curvature [4]. Vapor chamber is another high
thermal performance solution capable of handling large heat
fluxes [5]. Typically made from copper, they also operate
effectively only above approximately 5°C and are often
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heavier and more expensive than conventional approaches
[6]. Moreover, vapor chambers function predominantly as
two-dimensional spreaders, and realizing complex 3D
geometries remains challenging. Given the emerging need
for high-heat-flux thermal management in cold
environments (below 0°C) and under strict form-factor
constraints such as 90° turns, pulsating heat-pipe (PHP)-
embedded heat spreaders are now being explored. These
devices incorporate capillary-scale serpentine channels
within the base plate. In addition to high thermal
performance and low-temperature capability, PHP spreaders
offer significant mass savings [7]. For small- to medium-
scale form factors, PHP heat spreaders have demonstrated
more than 2-5x improvement in thermal conductance
compared with conduction plates, similar to embedded heat-
pipe solutions [7, 8, 9].
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Figure 1. Conceptual schematic illustrating operation of a
pulsating heat pipe

Vapor Plug

PHP is a passive two-phase heat-transfer device
consisting of capillary-sized, meandering serpentine
channels that connect the heat source and heat-rejection
regions. Figure 1 shows a conceptual schematic of PHP
operation. The channel is evacuated and then charged with a
saturated working fluid. The fluid distributes itself into
liquid slugs and vapor plugs. During operation, the pressure
differential between the hot and cold ends balanced by
various thermo-hydraulic forces acting on each liquid slug
drives passive oscillatory (or sometimes circulatory) motion
of the working fluid [10, 11]. The operational heat-transfer
limits are governed by the PHP geometry, particularly the
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Figure 2. Geometric description of PHP heat spreader

channel diameter, and by the working-fluid properties [12,
13]. Based on these limits and on performance-based merit
number analyses [14, 15], ammonia and propylene are the
most suitable working fluids for electronics applications.

Previous investigations demonstrated that a propylene
PHP embedded heat spreader provided 2x improvement in
heat transfer capability for 3U-form factor electronics below
0°C [16]. Additionally, the device exhibited gravity-
independent operation under central heat-source conditions.
Thermal-performance testing with ammonia as the working
fluid showed greater than a two-fold increase in thermal
conductance and a heat-transport capacity exceeding 300 W
[17]. The ammonia PHP spreader also demonstrated gravity-
independent performance in vacuum environments,
indicating its feasibility for space systems [18].

This manuscript extends the investigation of an ammonia
PHP heat spreader designed for 3U-form-factor electronics,
using the geometry presented in [18]. Rather than focusing
on performance improvements relative to conventional
solutions (discussed in [17, 18]), this work examines the
operational characteristics of the PHP under an offset-center
heat-load configuration (partially discussed in [19]), in
which the heat source is deliberately placed away from the
geometric center. The resulting heat-transfer behavior
provides critical insights for thermal control and system
integration.

II. DESCRIPTION OF ELECTRONICS CARD AND METHODS

A 3U-form-factor electronics card with dimensions of
160 mm x 100 mm x 3.38 mm was selected for thermal
performance testing. The PHP heat spreader was additively
manufactured as a single unit using aluminum alloy
(AlSi;oMg). The geometric details of the heat spreader are

shown in Figure 2. A vertical step located approximately
9.3 mm from the card edges, forms flanges that interface
with the cold plate through a card retainer. The PHP channel
diameter was 1.52 mm, selected based on design analysis
confirming Bond-number requirements for liquid-slug
formation and ensuring a four-fold safety factor for the
high-pressure working fluid. The flanges were fully solid,
and the fluid-channel layout was originally designed for
standard central heat-load testing. In this manuscript, the
PHP heat spreader was tested using an offset center heat-
load configuration as shown in Figure 3. The standard
center heat load configuration is also shown for reference.
In the offset setup, the heat source, a 25.4 mm x 25.4 mm
aluminum block with cartridge heater rod inserts was
shifted to the right, placing its closest edge 5 mm from the
center of the heat-source plane (electronics). This reduced
the heat-transfer distance from the heat-source center to the
right side and increased it on the left side. A key
consequence of this offset is that the heat load is applied
(biased) only to the right-side PHP pair. The left-side
participates in heat transfer when cooling is applied
normally on both flanges. As shown later, if cooling is
applied only on the right side, the left side of the heat
spreader is adiabatic and only acts as a potential reservoir
for the working fluid.

PHP operational characteristics were inferred from the
wall-temperature  profile measured using type-T
thermocouples. Thermocouples 1-3 recorded the heat
source interface by being held in place by spring-plunger
mounts. Thermocouples 7 and 11 measured the left and
right flange temperatures. Thermocouples 19 and 20 were
added specifically for this study to estimate the PHP
condenser temperature under offset-load conditions (these
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(a) Central heat load

(b) Offset (biased) heat load
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Figure 3. Graphical illustration of center (conventional) and offset (biased) center heat load configuration

were not used during the standard central load testing). The
other thermocouples 4-6 and 8-10 are adiabatic in the
central heat configuration. Thermocouples 4-6 and 8-10
were adiabatic in the standard setup. Under offset heat
loading, Thermocouple 9 was positioned near the U-bend
of the right-side PHP pair, where the wall-temperature
behavior approached that of the heat source because of the
local working-fluid motion. Thermocouple 8 was likely
located at the geometric center of the spreader, in the solid
region between the left and right PHP pairs.

Thermal performance testing followed a quasi-steady-
state procedure with incremental increases in heat load.
Testing continued until the heat-source temperature reached
85 = 5°C. Higher cutoff temperatures were necessary due to
delayed PHP start-up under offset loading, which
occasionally resulted in peak temperatures exceeding 80°C.
The flange temperature setpoint was held at either —10°C or
0°C, and tests were performed with the heat spreader in both
horizontal and vertical orientations. Ammonia, charged to a
fill ratio of 64% (referenced to room temperature), was used
as the working fluid.

The test conditions were:

o Horizontal orientation: both flanges cooled (ON
mode), only right flange cooled (-11 ON), or only left
flange cooled (-7 ON).

e Vertical orientation, tilted to the right (-11 g):
represents top heated mode as the evaporator is
located directly above the corresponding condenser.
Tested in ON mode, -11 ON mode, and — 7 ON mode.

e  Vertical orientation, tilted to the left (-7 g): represents
bottom heat mode as the evaporator is below the
corresponding condenser. Tested in ON mode, -11
ON mode, and — 7 ON mode.

In the -11 ON mode, only the right-side evaporator-
condenser pair was active. In -7 ON mode, the thermal path
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Figure 4. Temperature profile of PHP heat spreader under
nominal center heating configuration
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Figure 5. Instantaneous steady-state evaporator Temperature profile (thermocouple-1) variation with heat load

consisted of an evaporator—adiabatic sequence on one side
and an adiabatic—condenser sequence on the other.

III. HEAT TRANSFER CHARACTERISTICS WITH CENTRAL
HEATING: REFERENCE CASE

A reference set of PHP heat transfer characteristics was
established for the nominal central heating case. Figure 4
shows the temperature profile of the heat spreader prior to
PHP start-up at a 30 W heat load and during stable two-
phase operation at 200 W, with the flanges maintained at -
10°C in horizontal orientation. During two-phase operation,
the PHP heat spreader exhibited a symmetric wall-
temperature profile. The only deviation occurred at
Thermocouple 8, which recorded a higher temperature due
to unintended thermal-tape contact with the heater block,
representing an experimental inconsistency. The PHP heat
spreader successfully transported up to 340 W while
maintaining a peak temperature below 85°C. The wall
temperature profile was symmetrical across both left and
right side of the device.

Additionally, reference temperature profiles were
obtained at a flange temperature of 0°C at both horizontal
and vertical orientation. Similar symmetric heat-transfer
behavior was observed for these reference central-load
configurations.

Horizontal Orientation
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70 4

60 1

Vertical tilt-11g

IV. HEAT TRANSFER CHARACTERISTICS OF THE PHP HEAT
SPREADER UNDER OFFSET CENTER HEAT LOADING

Following the reference testing under central heating, the
heat source was shifted to the right, with a separation of 5
mm from the heat-spreader center to the nearest edge of the
heater block. Figure 5 the instantaneous quasi-steady-state
evaporator temperature at Thermocouple 1 (center of heat
source) for a flange temperature of -10°C. The
corresponding evaporator temperature profile at a flange
temperature of 0°C is shown in Figure 6. Compared with the
reference central-load case, the start-up power required and
the resulting evaporator temperature under incremental heat
loading were lower in the reference case. This is because the
heat flux on the evaporator—condenser pair was lower and
more evenly distributed between the left and right sides of
the evaporator. With the heater block offset to the right,
conventional ON-mode testing showed effective PHP
operation, but with higher start-up power requirements and
elevated evaporator temperatures. The maximum heat-
carrying capacity under offset conditions was 26010 W at
-10°C and below 250 W at 0°C. Notably, the start-up power
requirement was more than twice that of the reference case
for most experimental conditions. Under -11 ON mode, the
PHP heat spreader operated less effectively resulting in
significant deviation in evaporator temperature before start-
up. After start-up, however, at flange setpoints of -10°C in
all orientations and 0°C in horizontal orientation, the
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Figure 6. Instantaneous steady-state evaporator Temperature profile (thermocouple-1) variation with heat load
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Figure 7. Temperature profile of PHP heat spreader under offset center heat load condition in horizontal orientation at -10°C flange

temperature

evaporator temperatures converged, indicating similar
overall heat-dissipation behavior. Closer inspection of the
temperature profiles (Figure 7 to Figure 9) revealed that
majority of heat transfer occurred on the right side of the heat
spreader. In =7 ON mode, the PHP heat spreader did not
operate.

Figure 7 shows the instantaneous quasi-steady-state
temperature profile under the offset-center heat-load
condition with a flange temperature of -10°C. The heat loads
for the “before start-up” and “during operation” scenarios
were 30 W and 200 W, respectively, in horizontal
orientation testing. Vertical orientations are labeled —11 g or
—7 g according to tilt direction. Before start-up, heat transfer
was primarily via solid-wall conduction, resulting in a
relatively uniform temperature gradient. In ON mode,
normal PHP two-phase operation was observed, with a
significant fraction of heat transferred through the right-side
evaporator—condenser pair. The proximity of the right-side
flange influenced Thermocouple 3 readings. The left side
also participated in heat transfer, as indicated by the gradient
between Thermocouple 8 at the center and Thermocouple 7
at the left flange. Similar behavior persisted at peak heat
loads up to 270 W. In -11 ON mode, coolant flow to the left
flange was disabled, resulting in higher temperatures on the
left compared with the right flange. Prior to PHP start-up,
the temperature profile showed a slight gradient, indicating
minimal heat transfer on the left side. After start-up, the high
thermal conductivity from the active right-side evaporator—
condenser pair led to nearly all heat being transferred
through the right side, while the left side was adiabatic with
less than 1°C temperature gradient from center to the flange.

Similar observations were made under vertical tilt at
flange temperature of -10°C, as shown in Figure 8. The
temperature profile was found to be largely independent of

gravity. In ON mode, the temperature profiles were largely
similar with up to 5-10°C differences at the evaporator, ,
attributable to factors such as gravity, evaporator—condenser
positioning, and working-fluid slug distribution. Despite
this, the overall temperature gradient from the heat-spreader
center to the flanges was consistent across tilt directions. In
-11 ON mode heat transfer occurred solely through the right-
side evaporator—condenser pair, while the left side remained
effectively adiabatic.

At a flange temperature of 0°C, similar temperature
profiles were obtained in both horizontal and vertical
orientations, as shown in Figure 9. In the horizontal
orientation, the gradient pattern resembled that observed at
—10°C. In vertical orientations, however, the PHP heat
spreader did not operate under biased cooling conditions
(=11 ON or =7 ON modes).

V. CONCLUSIONS

Thermal testing of a 3U-form-factor PHP heat spreader
was performed under an offset-center heat-load
configuration, representing a non-central electronics heat
source placement for a spreader originally designed for
central loading. The nearest edge of the heat source was
positioned 5 mm from the center of the heat spreader, closer
to the right-side flange. Testing was conducted in both
horizontal and vertical orientations at flange temperatures
of -10°C and 0°C using ammonia as the working fluid at a
64% fill ratio.
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Figure 8. Temperature profile of PHP heat spreader at 200 W heat load in horizontal orientation and vertical (-11g & -7g)
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Offset ON: During Operation Offset -11 ON: During Operation
60 60

45 45

Temperature (°C)
3
Temperature (°C)
3
Flange

Flange
Flange
Flange

T7 T19 T6 T5 T4 T8 T9 T2 T1 T3 T10 T20 T11 T7 T19 T6 T5 T4 T8 T9 T2 T1 T3 T10 T20 T11

Heat block Heat block

Figure 9. Temperature profile of PHP heat spreader under offset center heat load condition in horizontal orientation at 0°C flange
temperature



o mLED AN

THERMAL INNOVATIONS THAT MAKE THE WORLD'S TECHNOLOGY COOL...

Table 1. Maximum operating conditions achieved under offset center heat load configuration

Flange

temperature
ON 110N
Horizontal 80.5°C @ 78.5°C @
270W 265W
Vertical: -11g tilt 85°C @ 87.5°C @
265W 268W
Vertical: -7g tilt 87°C @ 82°C @
265W 245W

Table 1 summarizes the operating conditions under
which the PHP heat spreader functioned in different thermal-
control modes (ON, —11 ON, and —7 ON) for both
orientations. Overall, the heat-transfer characteristics were
similar in horizontal and vertical orientations. In ON mode,
most of the heat was transferred through the right-side
evaporator—condenser channels, while the left side
contributed minimally due to continuous cooling. In—11 ON
mode, coolant flow to the left flange was disabled, rendering
the left side effectively adiabatic. Prior to PHP start-up, the
left-side temperature profile exhibited a slight gradient,
indicating minor heat transfer. After start-up, the high
thermal conductivity of the active right-side evaporator—
condenser pair ensured that nearly all heat was carried
through the right side, with temperature differences between
the two sides reduced to less than 1 °C. In =7 ON mode, the
PHP heat spreader did not operate.
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