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Abstract

In the recent past, Pulsating Heat Pipes (PHPs) have attracted the attention of many researchers as viable candidates for enhanced heat transfer
through passive two-phase heat transfer mechanism. Although a complete theoretical understanding of operational characteristics of this device
is not yet achieved, there are many emerging niche applications, ranging from electronics thermal management to compact heat exchangers.
For a better theoretical understanding, it is vital to generate experimental data under various operating boundary conditions. In this background,
this paper presents an experimental study on two flat plate closed loop pulsating heat pipes in a thermal spreader configuration. Both are made
of aluminum with overall size 180 × 120 × 3 mm3; one structure having 40 parallel square channels with cross-section 2 × 2 mm2, while the
second with 66 parallel square channels with cross-section 1 × 1 mm2. The working fluid employed was Ethanol. Some peculiar performance
trends, in comparison with circular channel devices, have been observed which are attributed to the sharp angled corners of the channels. The
influence of various operating parameters, including volumetric filling ratio of the working fluid, input heat flux and operating orientation, on the
thermo-hydrodynamic performance, was investigated. Successful operation at all orientations with respect to gravity was also achieved. In terms
of applications, this paper explores the possibility of embedded pulsating heat pipe as an integrated structure or heat spreader, so as to render
higher overall thermal conductance to the host substrate.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Electronics thermal management can be subdivided into
three levels as elaborated in Fig. 1. While on level-1, cooling
is typically achieved by conduction/diffusion process combined
with proper choice of materials, two-phase passive heat trans-
fer cooling technology is steadily finding its way on level-2
and level-3 [1,2]. Conventional mini/micro heat pipes are al-
ready serving the industry needs and can be found in many
present day thermal management strategies for laptop comput-
ers, servers and power electronic components [3–5]. In general,
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there is an ongoing effort to combine functional components
and thermal spreaders on the chip level itself thereby integrat-
ing the management strategies for level-2 and level-3 [6]. This
can substantially contribute towards the contemporary trend of
miniaturization.

Pulsating Heat Pipes (PHPs) are passive heat transfer de-
vices consisting of meandering continuous tube bundles/flow
passages of capillary dimensions in which a two-phase mix-
ture of a working fluid exists. This mixture undergoes self-
excited oscillations when subjected to a thermal gradient (for
specific detailed information on constructional/operational fea-
tures, please refer [7–9]). PHPs have already found applications
in cooling of power/microelectronic components but not many
studies exist on the feasibility of these devices as integrated
heat spreaders on a circuit/substrate interface level. This will
typically necessitate flat plate structures having dimensions as
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Nomenclature

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Bo Bond number = D((g(ρliq − ρvap)/σ )0.5)

D diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
d groove depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
FR filling ratio (Vliq/Vtot) at room temperature
g acceleration due to gravity . . . . . . . . . . . . . . . . m/s2

L length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
l groove length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
N number of grooves
P electrical power . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
Q̇ heat power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
q ′′ heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W/m2

Rth thermal resistance . . . . . . . . . . . . . . . . . . . . . . . . K/W
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C or K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
V volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3

w groove width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

σ surface tension . . . . . . . . . . . . . . . . . . . . . . . . . . . N/m

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

Subscripts

ad adiabatic
ax axial
c condenser
crit critical
e evaporator
hyd hydraulic
liq liquid
loss heat loss
rad radial
tot total
vap vapor

Abbreviations

CLPHP Closed Loop Pulsating Heat Pipe
PHP Pulsating Heat Pipe
Fig. 1. Thermal management levels of a typical electronics package.

applicable for multi-chip modules or printed circuit boards. An-
other potential application of such embedded integrated PHP
structures could be in the form of thermal spreaders under con-
jugate convective conditions (terrestrial applications) or under
pure radiative boundary conditions (space applications; for ex-
ample see [10]). This seems to be the next logical step for
widening the application area of pulsating heat pipes.

Functional operation of a PHP is multivariate; its perfor-
mance is affected by complex interplay of many parameters
and there is a strong thermo-hydrodynamic coupling govern-
ing its performance. In the last decade, various performance
and characterization studies have been undertaken; six ma-
jor parameters have emerged as the primary influence pa-
rameters affecting the system dynamics [8,11–19]. These in-
clude:

– Internal diameter of the CLPHP tube,
– Volumetric filling ratio of the working fluid,
– Input heat flux,
– Total number of turns,
– Device orientation and,
– Thermo-physical properties of the working fluid.

Literature also suggests that the net heat transfer achieved
is a combination of the sensible heat transport through liquid
plugs and latent heat transfer through the vapor bubbles. If the
internal flow pattern remains predominantly in the slug flow
regime, then the latent heat does not play a dominant role in the
over-all heat transfer. If there is transition to annular flow under
the imposed thermo-mechanical boundary conditions, then the
dominance of latent heat increases. The following are some of
the characteristics features of PHPs [8]:

– Depending on the size and operating boundary conditions,
PHPs may be better or worse than conventional wicked heat
pipes of equivalent sizes, in terms of overall thermal resis-
tance and/or axial heat transport capability under normal
operating conditions. At the least, manufacturing complex-
ities of conventional heat pipes, especially for mini/micro
scale application, are avoided in PHPs. In addition, the near
orientation-independent operating characteristic is another
attractive feature in favor of PHPs.

– As compared to solid metallic fins, there is a considerable
weight advantage in case of PHPs. Needless to mention,
the thermal superiority of PHPs as compared to solid fins,
provided they operate satisfactorily.

– As compared to an equivalent single-phase forced convec-
tion liquid cooling option, PHPs are attractive not only for
pressure drop penalty considerations in the former case, but
also for the passivity and reliability they render to the cool-
ing system.

PHPs loose their fundamental character (self-sustained ther-
mally driven oscillating flows) if certain boundary conditions
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Fig. 2. Details of the experimental setup. (a) Photographs of the PHP substrates, (b) details of the channels, (c) cross-section of the setup assembly.
pertaining to input heat flux and filling ratio are not satisfied.
Following parameters/conditions affect the range of internal
two-phase flow instabilities of PHPs and the characteristic flow
patterns emanating from them, which, in turn, affect the perfor-
mance:

– Geometrical Parameters: Channel/tube size, number of
channels.

– Operating Conditions: Orientation; external body force
field, system pressure.

– Boundary Conditions: Applied heat flux/temperature level
distribution, cooling conditions.

Compatibility with PHP material, thermal stability, wetta-
bility, favorable vapor pressure gradient, high latent heat, low
liquid/vapor viscosities and acceptable freezing point are the
few parameters which do effect the selection criteria of a suit-
able working fluid. At present, there is no explicit figure of
merit available for choosing the working fluid to rationalize the
effect of thermophysical parameters on the performance of the
device. This remains an active area of investigation.

In general, since many thermo-mechanical parameters af-
fect the system performance, there is a need to undertake ex-
perimental studies to evaluate the performance of different
PHP designs under diverse operating conditions, not only to
aid fundamental understanding but also for exploring poten-
tially new applications. In this background, the present study
focuses attention on the generic design of rectangular alu-
minum plates engraved/machined with PHP flow structures on
them. Such devices may find application as substrates for di-
rect integration with electronics components (level 2) or as
spreader/radiator plates for satellite application (level 3). Other
applications include power electronics thermal management
and as casing/structural components for electronics packages
(hybrid level 2/3).

2. Experimental setup and methodology

The details of the experimental setup are shown in Fig. 2.
Two PHP test sections were fabricated from aluminum plates
with overall size 180 × 120 × 3 mm3. PHP spreader #1 had a
total of 66 parallel interconnected rectangular channels form-
ing a meandering closed loop (cross-section 1 × 1 mm2, length
per tube 165 mm). PHP spreader #2 was also closed loop
and had a total of 40 parallel square channels (cross-section
2 × 2 mm2, length per tube 165 mm). A polycarbonate back-
ing plate with a thin transparent silicon sheet tightly covered
the top of PHP spreader to allow visualization of the internal
thermofluiddynamic phenomena from above. A copper heater
block (100 × 30 × 15 mm3) employing three embedded car-
tridge AC heaters (φ 10 × 25 mm) constituted the heat source.
A cold copper block (100 × 60 × 12 mm3), always supplied
with 20 ◦C water, acted as the heat sink. These blocks were at-
tached respectively on the back face of each PHP spreader; the
area between the heater and cooling block formed the adiabatic
section, where a vacuum/filling tube was provided, as shown.

For temperature measurements, ungrounded sheathed ther-
mocouples (D = 0.5 mm, Type-K, Thermacoax®, accuracy
±0.2 ◦C after calibration) were used. Three were symmetrically
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Fig. 3. Applicable variation of radial and axial fluxes with applied heat power
input in the present experimental setup.

located in the heater section, three were attached to the spreader
surface at the end of the condenser section, and another two
were located in the adiabatic section along the center line, as
depicted in Fig. 2.

Ethanol was used as the working fluid. The Filling Ratio
(FR, defined as the ratio of the liquid volume enclosed in the
channel loop to the total loop volume, at room temperature)
ranged from 5% to 95%. The thermal resistance of the dry
structure (FR = 0%) was also measured for baseline compar-
ison. Three heating configurations were investigated, viz. bot-
tom heat orientation (+90◦), horizontal heat (0◦) and top heat
orientation (−90◦) respectively.

The PHP performance data (for each filling ratio and each
inclination angle) were obtained according to the following pro-
cedure: Heat input was stepwise increased until a quasi thermal
equilibrium was established. Then, the spatial temperatures and
heat input were recorded, so the thermal resistances could be
determined. The procedure was repeated till an average evapo-
rator temperature T̄e (see Eq. (2)) of about 110 ◦C, correspond-
ing to safe setup operation, was reached. The thermal resistance
is defined, as usually done, by

Rth = (T̄e − T̄c)/Q̇ (1)

where, T̄e and T̄c are the average evaporator and condenser sur-
face temperatures, defined as,

T̄i = (Ti,1 + Ti,2 + Ti,3)/3, i = e or c (2)

Q̇ is heat input power to the PHP, which is transported from
evaporator to condenser. Considering thermal losses, Q̇ can be
determined by:

Q̇ = P − Q̇loss (3)

where P is the input electrical power (measured with accuracy
of ±1.5%). Q̇loss is the heat loss, which was verified to be about
4% to 9%, depending on the heat load.

The radial heat flux in the evaporator and the axial heat flux
transported from evaporator to condenser are determined by

q ′′
rad = Q̇/Arad where Arad = N(2d + w) · le (4)

q ′′
ax = Q̇/Aax where Aax = Ndw (5)

The variation of the respective heat fluxes with input heat
power, as applicable for the present range of experiments, is
given in Fig. 3.
3. Results and discussion

In general, both PHP spreaders could be successfully oper-
ated in all orientations and showed good thermal performance.
Although the qualitative behavior of both the spreaders was
similar, as PHP spreader #2 with the larger grooves had an over-
all better performance than PHP spreader #1 (detailed compar-
ison done later, refer Section 3.5), the results for PHP spreader
#2 are discussed first in more detail. Qualitatively, the discus-
sion is applicable for both spreaders.

3.1. Effect of tube cross-section

Before proceeding to the actual performance results, it is
worthwhile to discuss the effect of the tube cross-section on
the operational characteristics of pulsating heat pipes. Compar-
ing a circular channel of diameter D and a square section of
side = D, although we notice that the hydraulic diameter of
both the geometries is equal (= D), the volume per unit length
of the latter geometry is (4/π ) times the former. Thus, if we
make two PHPs with circular and square sections having the
same hydraulic diameter, there will be a fundamental difference
in their operating characteristics.

Referring to Fig. 4, if a square cross-section channel is filled
below FR ≈ 22%, then all the liquid will tend to accumulate in
the corners. This gives rise to some capillary action generated
due to sharp angled corners. The menisci recede to lower radii
of curvature if the filling ratio is made less than 22%, improv-
ing the capillary action of the sharp corners of the cross-section.
On the contrary, such a phenomenon is not expected in a circu-
lar channel, although both have the same hydraulic diameter. If
we fill the circular cross-section capillary tube, whose diame-
ter is comparable to or less than the critical diameter specified
by the Bond number criterion (see Eq. (6) below) with, say
10% liquid, then the probability of distinct liquid plug forma-
tion is definitely much higher than for the equivalent square
cross-section channel. Similar arguments can be given for an
equivalent triangular cross-section tube, wherein all the liquid
tends to accumulate in the corners if FR ≈ 39.5% or less, as
shown in Fig. 4(c). Furthermore, in the background of the on-
going discussion, it is self-evident that the critical diameter
governed by the Bond number, as given by Eq. (6) below, is
rather inappropriate for the case of channels with sharp angled
corners.

Dcrit � 2 ·
[

σ

(ρliq − ρvap) · g
]1/2

(6)

The shape also affects the flow regime transitions. The flow
regimes/patterns are affected by the interplay of gravity, sur-
face tension, shear and inertia forces. The relative magnitude
of the forces is clearly affected by the absolute/hydraulic di-
ameter of the tube cross-section as well as the shape. Thus, it
is expected that the sharp corners of a square/triangular cross-
section would allow the liquid phase to be readily trapped along
the wetted perimeter. This may allow slug and annular flows to
be sustained at higher liquid and gas superficial velocities [20].
A typical interface perturbation of a given magnitude will affect
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Fig. 4. Tubes having same hydraulic diameter but different cross-sectional shapes lead to dissimilar effects on thermo-hydrodynamics of a PHP. (a) Square, (b) cir-
cular and (c) triangular cross-section.

Fig. 5. Different modes of PHP operation. (a) Mode 1: Thermosyphon mode; (b) Mode 2: Combination of thermosyphon mode superimposed by intermittent

pulsations; (c) Mode 3: True self sustained pulsating action; (d) Mode 4: Excess liquid condition with intermittent pulsations.
the square cross-section and circular cross-section in a different
manner thus affecting Kelvin–Helmholtz type instabilities and
flooding/bridging phenomena. The above noted peculiarities of
a sharp angled PHP were also partly observed earlier by Khan-
dekar et al. [21]. These are decisively confirmed by the results
of the present study. Recently, Qu et al. have also tested mini
PHPs with triangular and square sections [22].

3.2. Characteristic modes of PHP operation

The two parameters, i.e. filling ratio and heat load, cannot be
dealt with separately since they simultaneously affect the inter-
nal two-phase flow patterns thereby dictating the dominant heat
transfer mechanism and thus the performance. Based on our ex-
perimental observations, we categorize the device performance
in primarily four major operating modes, as described below.

3.2.1. Mode-1
Thermal resistance for the dry device is ≈ 3 K/W. When

the filling ratio is low (<≈ 20%), the spreader behaves as an
interconnected array of two-phase thermosyphons. Obviously,
it can only operate in the bottom heat orientation. This op-
eration mode is unique to the sharp angled cross-section and
was not distinctly observed in previous studies with circular
cross-section PHPs. The reasons have been explained in the
previous section. Fig. 5(a) captures the flow pattern details in
this mode of operation, wherein the operation is similar to an
interconnected array of two-phase thermosyphons. Application
of heat results in a ‘nucleate pool boiling’ type scenario in the
individual evaporator U-turns. Slowly, counter-current annu-
lar flow develops in individual channels. Vapor flows upwards
in every channel and condensate flows down in ripple/rivulet
flow. As the vapor condenses, sometimes flooding/bridging is
observed, resulting in the formation of distinct liquid plugs.
These plugs eventually drain down the channel walls through
the sharp angled corners. Thus, a ‘pseudo’ counter-current
flow, occasionally interrupted by formation of bridged liquid
plugs, is well established. There are little observable bulk pul-
sations/oscillations; although intermittently, instabilities are ob-
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served due to the interconnected nature of the thermosyphon
array. As the heat load is further increased, the device tends
quickly towards a dry-out.

3.2.2. Mode-2
This mode with FR ≈ 20% to 40% represents the transi-

tion from the classical thermosyphon mode just described to a
pulsating capillary slug flow regime. The fluid phases start mi-
grating to adjacent channels and well defined counter-current
flow of the two-phases tends to get disrupted due to the pres-
ence of more liquid plugs. Increase in filling ratio will further
reduce the distinct thermosyphon effect. Now, the spreader can
operate well, both in the bottom heat and horizontal heat orien-
tation, but almost cannot operate in the top heat orientation.

In the case of bottom heat orientation, the flow pattern is a
mixture of classical thermosyphon type counter-current annu-
lar flow in some channels and capillary slug flow in others, as
depicted in Fig. 5(b). There are instances when condensate re-
turn is seen as liquid thin film flowing downwards. In addition,
there is also a sustained period of capillary slug flow, involving
a group of adjacent interconnected channels. Thus, a combina-
tion of flow patterns exists. In contrast, in the case of horizontal
heat orientation, the only dominant flow regime is capillary slug
flow (as gravity assisted thermosyphon action is not possible).
The plugs/bubbles primarily oscillate in individual channels of
the device.

3.2.3. Mode-3
When the filling ratio is between about 40% and 70%, the

spreader can operate rather well at all inclination angles (quan-
titative results are presented in later sections). The effect of the
gravity vector becomes relatively insignificant. This mode rep-
resents the true pulsating heat pipe operation and is the most
effective mode with respect to the thermal performance.

Self-sustained oscillating slug flow is the predominant flow
pattern for horizontal and anti-gravity operation, irrespective of
the heat input. At relatively higher heat loads, the oscillating
slug flow gets intermittently superimposed by bulk circulation
of the fluid, involving all the interconnected channels. This bulk
circulation happens more and more as the heat load is increased
thereby reducing the thermal resistance. During bulk circulation
phase, adjacent tubes become ‘upheaders’ and ‘downcomers’
with alternatively hot and cold fluid mixtures flowing through
them [21]. At small heat loads, individual liquid plugs only os-
cillate about a mean position along the channel length; there is
little liquid plug agglomeration.

The flow pattern in the bottom heat orientation is most af-
fected by the heat input. At low heat inputs, the flow pattern is
predominantly oscillating slug flow and the evaporator temper-
ature somewhat fluctuates (refer more details in later sections).
There are periods in which the fluid movement drastically re-
duces and then all of a sudden there are violent oscillations
coupled with bulk circulation which cools the evaporator. In-
creasing the heat throughput, further smoothens the operation
as the evaporator U-sections experience sustained convective
boiling, leading to churn, semi-annular and annular flow in
many channels. Bulk circulation, as described earlier, is also
superimposed. These combinations of events increase the local
heat transfer coefficient and the performance is most desirable
in such a situation. A typical snap-shot of a 50% filled device
in such an operating mode is shown in Fig. 5(c).

3.2.4. Mode-4
When filling ratio is more than 70%, there is excess liquid

which reduces the degree of freedom of the system and the
effective advantage of the sharp angled corners. It is almost
impossible for the vapor to reach the condenser area unhin-
dered without encountering liquid plugs on the way. A typi-
cal snap-shot of a 80% filled device operating in bottom heat
orientation is shown in Fig. 5(d). Oscillating/pulsating action
markedly decreases and even disappears for extended time pe-
riods. The spreader cannot operate in the top heat orientation. If
the spreader can operate in the horizontal heat orientation (nor-
mally, operation is not always guaranteed), oscillating slug flow
is the only flow pattern. In the case of bottom heat orientation,
nucleate boiling also occurs in the evaporator section, resulting
in the formation of small bubbles. The degree of fluid oscilla-
tions is the maximum in the bottom heat orientation. Still, the
overall operation is not quite satisfactory.

For FR = 100% the system works as a single phase ther-
mosyphon [23]. For the present experiment it was not possible
to fill it 100% due to inherent vapor flashing which could not
be avoided.

3.3. Oscillations of evaporator temperature

Fig. 6 shows the typical evaporator temperature-time his-
tory at different heat power input and operating orientations
(T: Top heat; H: Horizontal; B: Bottom heat orientation) for
PHP spreader #2. The fill charge for these tests is 55% wherein
the PHP operates in Mode-3. Many interesting features can be
noted from these trends:

(i) For all orientations, the average amplitude of oscillations
in the evaporator temperature decreases with increasing
power input and vise-versa.

(ii) In the entire range of input heat power, the average ampli-
tude of evaporator temperature oscillations is higher for
Top heat orientation followed by Horizontal orientation
and the least for Bottom heat orientation. Lower the am-
plitude, more uniform and less intermittent are the internal
fluid flow oscillations.

(iii) For a given heat input power, the average evaporator tem-
perature is lowest for the bottom heat orientation. In other
words, for a fixed maximum safe evaporator temperature,
more heat can be transferred in bottom heat orientation.

(iv) In the intermediate power input range, comparable perfor-
mance is obtained at all orientations.

Many of these observations are in line and complimentary
with the observations made by other groups reporting on oper-
ating characteristics of PHPs (for example [11,12,18,19]).
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Fig. 6. Typical temporal variation of evaporator temperature for the 2 × 2 mm2 PHP at different heat input power levels and FR = 55%.
Fig. 7. Effect of filling ratio on the thermal resistance of the 2 × 2 mm2 PHP.
(a) Bottom heat orientation, (b) horizontal heat orientation, (c) top heat orien-
tation.

3.4. Effective thermal performance

Fig. 7 shows the thermal performance of PHP spreader #2 in
terms of effective thermal resistance for a given input heating
power with varying filling ratios. In the bottom heat orientation,
the spreader could operate within a wide filling ratio range from
5% to 95%. In the horizontal orientation, the operational range
was from FR = 30% to 85%, and in the top heat orientation the
operational range become narrower, viz. 45% to 75%. Also, as
can be seen, in bottom heat orientation at low heat input, two
local minima are observed. At FR ≈ 15%, the first dip comes
under Mode-1 operation and corresponds to the gravity ther-
mosyphon effect, as explained earlier. The sharp angled corners
distinctly produce capillarity which enhances the thermosyphon
effect. With increasing heat power input, Mode-1 action ter-
minates due to thermosyphon dryout. The second minimum
corresponds to Mode-3. Here, the combined effect of bubble
pumping coupled with favorable oscillating flow pattern gov-
erns the heat transfer. It is worth noting that, on one hand, the
thermal resistance in Mode-1 (thermosyphon mode) is smaller
than that in Mode-3, but on the other hand, maximum heat
throughput in the former mode is restricted by counter-current
flow limitation leading to eventual dry-out. As can be clearly
seen, the sensitivity of filling ratio as an influencing parame-
ter gets reduced with increasing heat load. Similar trends are
recorded for horizontal heat orientation also. For top heat ori-
entation, the device can only operate primarily under Mode-3.

Fig. 8 depicts essentially the same data points as Fig. 7 but
is presented here for clarity and better perspective. It shows the
effect of heat input on the thermal resistance. It is found that in-
creasing heat load markedly improves the thermal performance.
Till about 200 W input the performance improvement is quite
drastic while thereafter it is milder. This tendency is the same
for all filling ratios and inclination angles. Overall, the trends
are quite similar to other previous studies reported for other ge-
ometrical configurations of PHPs (for example [11–17]).

In general, the heat input is the ‘pump’ for the oscilla-
tory thermo-fluidic action; thus, increasing ‘pumping power’
increases the performance. At low filling ratios (Mode-1: Ther-
mosyphon mode and Mode-2: Transition), increasing heat in-
put makes the liquid layer in the counter-current flow thinner.
The effective fluid velocity also increases thus enhancing the
local wall heat transfer coefficient. In Mode-3 operation, bub-
ble pumping action gets enhanced due to rapid bubble growth
(in the evaporator section) and collapse (in the condenser sec-
tion). Also, after a certain heat input, the flow changes from
purely capillary slug flow to churn/semi-annular and sometimes
to fully annular flow in individual channels, as explained ear-
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Fig. 8. Effect of input heat power on the thermal performance of the 2 × 2 mm2

PHP. (a) Bottom heat orientation, (b) horizontal heat orientation, (c) top heat
orientation.

Fig. 9. Variation of maximum heat load for obtaining T̄e ∼ 110 ◦C with respect
to filling ratio of PHP spreader #2 (2 × 2 mm2).

lier. This greatly enhances the heat transfer coefficient. Thus,
increasing heat load will enhance the performance till a cer-
tain type of dry-out occurs. In Mode-1, the dry-out occurred
as a combination of counter-current flow limitation and insuf-
ficient fluid inventory, starving some channels completely. In
other modes, no dry-out could be observed. Experiments were
terminated for safety reasons beyond ∼120 ◦C local evaporator
temperatures.

In Fig. 9, maximum heat throughput for an average evapora-
tor temperature of ≈110 ◦C are recorded for the three operating
orientations (−90◦, 0◦, +90◦). It can be clearly seen that for
the bottom heat orientation, the operationally viable filling ratio
has a much wider range from 5% to 95%, and overall, the PHP
Fig. 10. Comparison of thermal performance of the two tested PHP spreaders.
(a) Average evaporator temperature with supplied heating power (experiment
stopped at T̄e ∼ 110 ◦C), (b) comparison of thermal performance at different
heat input power.

allows higher heat throughputs for a fixed evaporator tempera-
ture. For filling ratios between 20% and 85% the maximum heat
load is above 300 W. In the case of horizontal and anti-gravity
top heat orientation, similar high heat loads can only be ob-
tained for filling ratios in a relatively narrow range from about
45% to 75%, and about 50% to 70%, respectively. The maxi-
mum obtained heat throughput, keeping the average evaporator
temperature at 100 ◦C, were 390 W for +90◦, 360 W for 0◦, but
320 W for −90◦. Thus, the gravity vector affects thermal per-
formance. This effect can be minimized by the choice of proper
filling ratio and input heat power.

3.5. Performance comparison of PHP spreader #1 and #2

In Fig. 10(a), (b) the thermal performance of PHP spreader
#1 and PHP spreader #2 are compared for all operating orienta-
tions and FR ≈ 55%, which is approximately the optimum, in
terms of overall performance.

If the overall size of two devices is comparable and the wall
thickness between two adjacent channels is fixed, then a de-
vice having smaller cross-section will have a lesser fluid inven-
tory. Moreover, since the gravitational driving head (= g�ρL)
will be the same for both the devices, the frictional handicap
for the smaller channel size device should render it less effec-
tive. These arguments are based on the fact that gravity is the
only driving force which has to overcome the two-phase fric-
tional resistance. The very fact that PHPs are operating in the
anti-gravity direction suggests that there is an additional driv-
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ing force other than gravity. This driving force is supposed
to come from the bubble growth and collapse process. The
quantification of this force has still not been properly achieved
[24]. In this background we present here comparative results of
the two thermal spreaders. More work is needed in this direc-
tion. As can be seen, PHP spreader #2 with the bigger channel
size had a better thermal performance (maximum heat load of
about 390 W for PHP spreader #2 at T̄e ≈ 110 ◦C vs. 200 W
for PHP spreader #1 at the same average evaporator temper-
ature). For a given load, PHP spreader #2 could be operated
at lower evaporator temperatures and therefore smaller ther-
mal resistances. The flow resistance (two-phase pressure drop)
is markedly higher for spreader #1 thus hindering the over-
all heat throughput capacity at a given evaporator temperature.
While this thermal spreader has a higher number of turns lead-
ing to more internal perturbations (in terms of higher number
of instances of bubble growth and collapse), the increased flow
resistance due to smaller channel size seems to seriously affect
the thermal performance.

4. Summary and conclusions

Two aluminum flat plate closed loop pulsating heat pipes
built as integrated thermal spreaders (overall size 180 × 120 ×
3 mm3), with Dhyd = 1.0 and 2.0 mm respectively, were tested
under various operating conditions with ethanol as the working
fluid. Major conclusions from the study are:

The cross-sectional shape of the device is an important pa-
rameter which affects not only the flow pattern transitions due
to the effect of sharp angled corners, if present, it also has a
bearing on the acceptable diameter of a PHP, as suggested by
the critical Bond number criterion. Based on these observations,
it can be argued that the Bond number criterion is not a blanket
basis for choosing an operating diameter for the device; it only
provides a tentative first order estimate.

The filling ratio is a critical parameter, which needs to be
optimized to achieve maximum thermal performance and/or
minimum thermal resistance for a given operating condition.
For horizontal and top heat orientations, optimum filling ra-
tio of about 50% – 65% was obtained, while in the bottom
heat orientation the situation was more complex. For lower heat
load range, an optimum filling of about 15%, corresponding to
minimum thermal resistance, was obtained. This is attributed
to the gravity assisted thermosyphon mode of operation, i.e.
the device does not act as a PHP in this situation, but as an
interconnected array of closed two phase thermosyphons. For
higher heat loads, however, filling ratio has to be increased and
the device starts to perform in self-excited thermally driven os-
cillating/pulsating mode. In this case, the maximum thermal
performance is not very sensitive to FR in the range 40% – 70%.

Since the input heat load is the source of pumping action
of the PHP, in general, increasing the heat load improves the
performance. The mechanisms of a dry-out are not yet fully un-
derstood and only limited studies are available [25,26]. Due to
safety reasons of the test specimen, dry-out phenomena and per-
formance limitations could not be studied in the present work.
Though the two PHP spreaders could operate well in all ori-
entations, the gravity vector does augment the driving forces,
improving performance in the bottom heat orientation as com-
pared to other orientations. While phenomenological operation
of both the spreaders was similar, spreader #2 with bigger chan-
nel size (2 × 2 mm2) showed a considerably better thermal per-
formance than PHP spreader #1 (1 × 1 mm2). This is attributed
to higher two-phase dissipative losses in the latter geometry.
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