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Abstract
Pulsating heat pipes (PHPs) have promised to be effective heat spreaders. From the fabrication perspective, the PHPs are less
intensive than their conventional counterparts. Despite the advantages, there still exists shortage of data in both experimental and
analytical domains towards reliable design and prediction of PHP performance. In this study, a flat plate closed loop PHP has
been experimentally investigated for its thermal performance. The PHPwith 12 channels, each 2.2 mm deep × 2.0 mmwide, was
tested with deionized water for a fill ratio of 70% by volume for various orientations starting from vertical evaporator below
condenser (90°) to near horizontal (7.5°) orientation for a single heat load of 50 W to calibrate the test setup against published
literature. The PHP was also tested for methanol with various fill ratios (30, 40, 50, 60 and 70%) for 50 W. The best performing
fill ratio of methanol was tested for various heat loads (10 to 100 W) for the vertical and the near horizontal orientation. An
attempt has been made to resolve the critical angle after which the PHP ceases to perform when tilted towards horizontal
orientation. The PHP performance as expected was best at the 90° (vertical) orientation with very little deterioration up to 45°.
The thermal resistances were estimated for two fluids, for various orientations, heat loads and fill ratios. The results indicate that
at near horizontal orientation methanol performed better than water for 70% fill ratio. The 40% fill ratio of methanol yielded the
least thermal resistance for all orientations. Also the thermal resistance of the PHP decreased with increasing heat load for
different orientations. The PHP operated successfully up to 7.5–10° below which the PHP was observed to have dry out.

Nomenclature
Acs Heat transfer cross-sectional area in solid m2

Ac Cross-sectional area of channel mm2

Bo Bond number
D Diameter of the channel mm
Dh Hydraulic diameter of channel mm
(dP/dT)sat Change in pressure for a given change in

temperature at saturated condition Pa/K
g Acceleration due to gravity m/s2

I Current supplied to heater A

k Thermal conductivity of solid W/m-°C
L Distance between evaporator and

condenser mm
P Pressure of fluid Pa
Pw Perimeter of channel mm
Q̇: Heat supplied to heater W
R Centreline radius of the bend of the channel mm
RAl/PC Thermal resistance due to conduction in

solid °C/W
Rempty Thermal resistance of PHP without fluid °C/W
Rth Thermal resistance of PHP °C/W
RPHP Thermal resistance due to PHP effect °C/W
ΔT Temperature drop: evaporator – condenser °C
T Temperature of fluid °C
Tc Temperature at condenser °C
Te Temperature at evaporator °C
V Voltage supplied to heater V

Greek symbols
ρl Density of liquid kg/m3

ρv Density of vapour kg/m3

σ Surface tension of liquid N/m
β Inclination angle degrees
θ Contact angle (solid-fluid) degrees
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1 Introduction

The ever increasing electronic device performance
coupled with the desire to have smaller and handier
gadgets has led to increased heat loads being dissipated
within lesser volumes resulting in heat fluxes of the
order of 106 W/m2 [1]. However, the maximum temper-
ature that these devices can tolerate have practically
remained the same. In this scenario, it is highly impor-
tant that efficient heat spreading/transport mechanisms
are built in-situ with the device for their reliable
operation.

Heat pipes have found their way into laptops, work-
stations and even desktops as means of heat transport
and heat spreading [2]. The variant of the heat pipe tech-
nology – the Pulsating Heat Pipe (PHP) – can be a use-
ful device for cooling these electronic assemblies as they
are less fabrication intensive compared to the conven-
tional ones due to the non-requirement of exclusive cap-
illary wick structure.

A PHP is made of a meandering tube of capillary di-
mensions bent back and forth parallel to itself to form sev-
eral bends [3]. The PHP is first evacuated and filled with a
working fluid of desired percentage by volume and sealed
before operation. The ends of the tube may be connected to
one another in a closed loop or may be left independent
after sealing in an open loop. It is generally agreed by
researchers that the closed-loop PHP has better heat trans-
fer performance [4, 5].

In this study a closed loop PHP has been considered. A flat
aluminium alloy substrate, similar to that in the work of
Khandekar, et al. [6] is investigated. The dimensions corre-
spond as closely as possible to the Setup No.1 of [6], with
water and methanol as working fluids. This setup is chosen for
the following reasons.

1. Form factor (flat) most suitable for integration in practical
electronics.

2. Aluminium alloy, the most used material in terms of
weight, availability and cost.

3. Experiment is amenable for visualization.
4. Other setups with narrower grooves (1 mm wide) make

the manufacturing slightly more difficult.

Although in [6] ethanol was used, in the present study
methanol was tried, as one of the salient conclusions in
[6] was that the fluid with larger (dP/dT)sat enhances the
performance of the PHP. It is found from [7] that meth-
anol has larger (dP/dT)sat than ethanol apart from being
better in terms of liquid thermal conductivity, dynamic
viscosity and liquid specific heat capacity which are im-
portant parameters for heat transfer in PHPs.

2 Experimental setup

2.1 PHP dimensions

A flat aluminium alloy plate of 3 mm thickness was used to
fabricate the prototype for evaluating the PHP performance.
The channel dimensions were 2.2 mm deep and 2 mmwide as
shown in Fig. 1. The distance between the channels was main-
tained at 2.5 mm. This yields a wall of 0.5 mm thickness
separating the channels. The area for the heater earmarked
on evaporator is 30 mm× 22.5 mm. A cold plate of copper
being cooled by circulating water and with an area matching
with that of the condenser (namely, 30 mm × 13.5 mm) is
employed for the heat removal as in [6]. The channel hydrau-
lic diameter was calculated as Dh = 4Ac/Pw = 2.1 mm. The
desired hydraulic diameter for effective slug-plug formation
of the working fluid is given by the Bond Number (Bo)
criteria [5] of Bo <2. Hence

Dh≤2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ
g ρl−ρvð Þ

r
ð1Þ

As per the above Eq. (1), the Dh should be less than 5 mm
for water and 3 mm for methanol. The PHP channel geometry
thus can be used with either of the fluids mentioned (Fig. 2).

2.2 Evaporator

To apply heat load at the evaporator, two resistance heaters of flat
configuration with 100 W capacity (Ohmite make -
TEH100M2R00JE) were used. The two numbers of heaters each
of 2Ω resistance were used in series to have an overall resistance
of 4 Ω. The two heaters were mounted on a copper plate of
desired evaporator area and the assembly was fastened to the
substrate by screws. The heaters were powered by Agilent make
DC power supply (N5767A). As this was a constant current
source the voltages were measured using multimeter (to account
for the connecting wire voltage drop) to get the actual heat power
dissipated and the current was finely adjusted to achieve the
desired heat load at the evaporator.

2.3 Condenser

The cold plate was machined with channels from a copper block
and brazed with a copper plate. The copper plate was fitted with
quick disconnect couplings (QDCs) suitable for 8 mm inner
diameter hose pipe to act as inlet and outlet for the cold plate.
The entire assembly of the cold plate was fastened to the PHP by
screws. The model of the PHP used is shown in Fig. 1. Water
was circulated in the cold plate to absorb the heat dissipated at
the condenser of PHP. The warmer water exiting the cold plate
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was cooled by passing the coolant through a liquid to air heat
exchanger as shown in Fig. 3. The cooled liquid collected in a
reservoir was recirculated by a pump that pushes the coolant
back into the cold plate.

2.4 Test setup

The top side of the PHP substrate or the side on which the
channels are cut was covered with 0.2 mm thick silicon sheet
[8, 9] before closed using a transparent polycarbonate (for
visualization) sheet of 10 mm thickness. The thin silicone
sheet was introduced to prevent inter-channel communication
during operation of PHP while providing adequate transpar-
ency for viewing the operation. An O-ring (2 mm diameter
thick) was put in the groove (1.6 mm deep × 2 mm wide)
machined out in the polycarbonate sheet to ensure leak-free
(vacuum tight to begin with) operation of the PHP. The entire
assembly concept is illustrated in Fig. 4.

As a precaution, before the assembly was tightened with
the polycarbonate cover plate, a silicone based vacuum grease
of Dow Corning make was applied over the O-ring to account
for any undulations in machining which can cause leak or loss
of vacuum [9]. The entire assembly of the PHP was mounted
to a support plate which was clamped to 180° swiveling vice
to facilitate performance evaluation with varying inclinations.
The inclinations were measured using the inclinometer
mounted on the support plate (bottom inset in Fig. 4).

2.5 Temperature measurement

The temperatures were monitored along the PHP length by 6
numbers of J-type thermocouples of Agilent make (U1185A)
as shown in Fig. 3. The responses of the 6 thermocouples were
recorded with Omega make data acquisition system (TC-8)
which was interfaced with a computer for logging data for
every 1 s.

Fig. 2 PHP substrate dimensions and details of evaporator and condenser
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2.6 Pressure monitoring

A H o n e y w e l l m a k e p r e s s u r e t r a n s d u c e r –
PX2AG2XX002BAAAX with range of absolute pressure 0–
2 bar was integrated into the PHP to ascertain the vacuum
integrity of the PHP before charging as well as during the
operation as in [9]. The entire setup was depressurised
(vacuum) and left for 24 h to estimate the leak rate. The leak
rate was estimated to be of the order of 10−5 Torr-l/s. This was
of the same order as indicated by the Adixen (Pfeiffer vacu-
um) model ASM 182TD+ helium leak detector. The pressure
data was recorded at sampling rate of 20 Hz.

2.7 PHP fluid charging procedure

At the condenser, the PHPwas provided with a charging block
of polycarbonate, in which a hole was drilled to communicate
with the channels. The charging block was connected to one
of the ports of a Tarsons (890020) make 3-way stopcock. The
second port of the stopcock was connected to a rotary-roots
combination vacuum pump capable of 10−3 Torr (0.1 Pa). The
third port of the stopcock was fitted with 5 ml syringe by
which measured quantity of working fluid was admitted into
the PHP. The setting up of PHP was as follows,

1. The stopcock handle was kept at 45° so that no port com-
municates with the other port. To begin with the stopcock
handle was rotated to make the ports connecting the PHP
and the vacuum pump communicate with the syringe be-
ing isolated. At this position the vacuum was created.

2. The stopcock handle was moved back to all ports sealed
45° position. The piston of the syringe was removed. The
syringe was filled with the working fluid with 1 ml excess
than required charge (for example the syringe was filled
with 5mlwhen the charge requiredwas 4ml). This excess
was used to prevent entry of air into PHP during charging.

3. Now the handle position was gently rotated to make the
ports connecting the syringe and the PHP to communi-
cate. Due to the atmospheric pressure being greater than
the PHP channel pressure (vacuum of 0.1 Pa) the fluid
entered the channel. Here care was taken not to admit
excess charge. The last 1 ml of the charge was left in the
syringe to act as a seal from the atmospheric condition.
Now the syringe piston was put in place gently.

After the charging the working fluid self-distributed
inside the channels as slug-plug combination as in shown
Fig. 5. This is due to the dominance of surface tension
forces over the gravitational force (for Bo <2) thus the
liquid slugs are able to completely bridge the tube. This
results in a meniscus region on either end of each liquid
slug caused by surface tension at the solid/liquid/vapour
interface.

2.8 Testing of PHP

The PHP after charging was clamped into the swiveling vice
along with inclinometer. The 6 thermocouples were planted in
the respective recesses made in the hardware. The condenser
cooling hoses were connected to the cold plate. The condenser

Fig. 3 Schematic of the test setup
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cooling was switched on before heat load was applied to pre-
vent excessive temperature rise. Once the cooling was applied
to the condenser zone the computer and the interfaced data
acquisition system were turned on. Then the power supply to
heater was turned on and the current was adjusted to achieve
the desired heat dissipation. The temperature data was record-
ed continuously (sampling rate 1 Hz). For the inclination of
90° the experiment was conducted for a minimum of 15 min
to ensure steady state conditions. For the rest of the inclina-
tions, the experiment was conducted for 10min in each case as
the entire assembly was already heated up and only an incre-
mental change in temperature was expected.

2.9 Uncertainty in measurements

The temperature is the primary measured quantity in the
study. The accuracy of the readings of temperatures
(thermocouples) was ±1.0 °C. The current and voltage sup-
plied by the power supply has a maximum (full scale) error
of ±0.1% (25 mA) and ± 0.1% (60 mV) respectively. Hence

the overall thermal resistance estimated can have a maxi-
mum uncertainty by [10],

As;Rth ¼ Te−Tcð Þ
Q̇: ¼ ΔT

V*Ið Þ
ð2Þ

ΔRth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∂R
∂ΔT

:Δ ΔTð Þ
� �2

þ ∂R
∂V

:ΔV
� �2

þ ∂R
∂I

:ΔI
� �2s

ð3Þ

ΔRth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

VI
:Δ ΔTð Þ

� �2
þ ΔT

V2I
:ΔV

� �2
þ ΔT

VI2
:ΔI

� �2s

ð4Þ

Thus the derived quantity of the thermal resistance, the
difference in temperatures divided by the heat load would
have an uncertainty of ±0.02 °C/W as summarized in
Table 1. However, the maximum uncertainty in this study
was expected to arise from the fill ratio as the filling was done
using the syringe by visual estimate.

Fig. 4 PHP assembly, charging procedure and inclination measurement provision

Heat Mass Transfer (2019) 55:2637–2649 2641



3 Results and discussion

3.1 Benchmarking of the test setup

To begin with, the test setup was calibrated against the existing
data in the literature [6]. The hardware was made almost iden-
tical to the setup-1 of [6]. The initial testing was done for 70%
fill ratio of water for 50 W as in [6]. The results of the exper-
iment with water as working fluid are summarized in Fig. 6.
The 90° inclination was taken as the vertical operation of the
PHP with evaporator below condenser. In the entire study, the
evaporator was always below the condenser with 7.5° being
the least angle inclination (which was close to being horizon-
tal operation).

This PHP was then tested for the same 70% fill ratio with
methanol as methanol was found to have most of the desired
properties of a PHP working fluid. The PHP with water re-
corded a maximum temperature (as expected at evaporator) of
83 °C for 90° inclination whereas the methanol yielded a
temperature of 82 °C. However, the condenser temperature
was almost constant for a given experiment (fluid) for all
inclinations with variation of less than ±1.5 °C which can be
attributed to the change in the ambient temperature during the
experiment. For the PHP at 7.5° inclination the evaporator
temperatures reached 118 and 99 °C for water and methanol
respectively.

The results show that the evaporator temperature variation
up to 45° inclination was not substantial. The degradation
from there on with each lower inclination was more signifi-
cant. Also from Fig. 7 it was evident that the temperature
variation along the length of the PHP for 90° inclination for
water matches fairly with the published data of [6] of same
experimental conditions. The results indicate that at 90° incli-
nation the difference in performance between methanol and
water was not substantial. In the vertical operation, as the
gravity assists the transport of liquid from condenser to evap-
orator, water matches the performance of methanol though
methanol has higher (dP/dT)sat. However, when the inclina-
tion is far from vertical (like 45° and below) methanol having
higher (dP/dT)sat, [6, 7] lower latent heat, lower density and
lower viscosity was found to be a better PHPworking fluid. In
the horizontal orientation, the gravity does not aid the return of
condensate to the evaporator for any fluid. But the lower

Table 1 Uncertainty estimation

Parameters Symbol Value Unit

Voltage supplied V 14.5 V

Error for voltage dV ±0.1 %

Uncertainty in voltage ΔV= dV*V 0.015 V

Current supplied I 3.5 A

Error for current dI ±0.1 %

Uncertainty in current ΔI = dI*I 0.004 A

Maximum difference in temperature ΔT 84.9 °C

Uncertainty in ΔT Δ(ΔT) ±1 °C

Uncertainty in overall resistance ΔRth ±0.02 °C/W

a) Schematic b) Just after charging

Fig. 5 Slug and plug formation of
liquid and vapour after charging

2642 Heat Mass Transfer (2019) 55:2637–2649



viscosity of methanol makes the pulsations better than water,
thus resulting in the enhanced thermal performance in the near
horizontal condition. This relatively reduced performance of
water in near horizontal conditions has also been reported in
[11] when fluids - ethanol and R123 were tested apart from
water for various orientations.

In this study, the PHP inclination was changed from 90° in
steps of 15° up to 30° for both water and methanol. Then the
inclinations were changed and tested for every 2.5° up to
7.5°. The PHP continued the operation until the angle of
inclination of 7.5° was reached with very low pulsations.
Below this inclination the PHP failed to pulsate. Thus the
critical tilt angle for this configuration of PHP was resolved
to be around 10−7.5°.

The visualization captured by video camera indicates that
the oscillations are substantial until the 45° inclination and

there on the oscillations become less severe with very low
amplitudes between 15 and 7.5°. This phenomenon is very
much evident from Fig. 6 as the evaporator temperatures were
substantially less for predominantly vertical orientations.

3.2 Effect of fill ratio with varying inclination
for a given heat load

After the calibration of the entire hardware, the experimental
investigation was carried out to ascertain the effect of fill ratio
ofmethanol on the performance of the PHP for a given heat load
(50W). The PHP was tested with various fill ratios – 30 to 70%
in steps of 10%, with inclinations changed starting from vertical
orientation in the sequence of 90°−60°−45°−30°−10°−7.5°. For
each inclination minimum of 10 min was allowed so as to
achieve the quasi-steady state condition before moving over to
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the new inclination. From Fig. 8 it can be inferred that the Rth

values of 40% fill ratio was the most favourable across inclina-
tions with least values for all the inclinations. Also at 40% fill
ratio the difference in Rth values across inclinations (most
favourable vertical to least favourable near horizontal) was the
least. The Rth values of the 30% was found to be more
favourable at lower inclinations than 50 and 60% fill ratio
though these higher fill ratios yielded lower Rth values at near
vertical orientations. The 60% fill ratio was even lesser in terms
of heat transfer performance compared to the lower fill ratios.
The 70% fill ratio was the least effective in performance as
indicated by the curves in Fig. 8. This has also been reported
in [8] as beyond 70% fill ratio the degree of freedom for oscil-
lations decrease thereby resulting in diminished thermal perfor-
mance. This figure also reinforces the fact that the performance
of water as working fluid is lower at near horizontal orientations
as compared to methanol of same fill ratio. Also visualization
studies indicated that the corners of the channel were aiding the

return of condensate from condenser to evaporator at lower in-
clinations (when gravity was not effective) as reported in [8].

3.3 Effect of heat load and inclination for a given fill
ratio

The best performing fill ratio of 40% was chosen for further
scrutiny with respect to varying heat loads as well as inclination.
The above mentioned fill ratio was tested for only two inclina-
tions – the best performing 90° and the near horizontal 10° with
heat loads varying between 10 and 100 W (in case of 10° incli-
nation only up to 90 W) in steps of 10 W. The heat loads were
restricted to 100 W as a precaution as the temperature at the
evaporator was exceeding 90 °C. As the inclination of 7.5°
was ascertained as the critical tilt angle the tests were carried
out at 10° to ensure tests at substantial number of heat loads
before reaching dry-out or prohibitively high evaporator temper-
atures. The Fig. 9 shows that the Rth decreases with increase in
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heat load as this leads to more vigorous pulsations which aids in
heat transfer. This trend of lower Rth with higher heat loads is
very similar to the one reported in literature [12]. Also from
Fig. 9 it can inferred that the Rth was lower for the vertical
operation than for the 10° inclination indicating the influence
of orientation (gravity) on the performance of PHP.

For 10 to 30 W heat loads (40% fill ratio) at 90 and 10°
inclinations, the pulsations were moderate and all channels did
not pulsate simultaneously. The flow regime in this case was of
slug flow. The pulsations were of lower velocity up to 30W. The
slugs could not reach the top of the channel or in other words
could not travel the full length of the PHP. When the heat load
was increased to 40 W the pulsations became more prominent.
The slugs could reach the entire length of the PHP channel. For
higher heat loads the pulsations were vigorous and the slugs
could travel the entire length and turn around at the condenser
end. This manifested as reduction in thermal resistance with the
increase in the heat load. For the 10°inclination, at 10 W heat
load the pulsations were very feeble and the slugs mostly

travelled only up to half the length of the PHP channel. From
30 W heat input the slugs could complete the full length of the
PHP and return to the adjacent channel at the condenser end.

In Fig. 10, Te and Tc along with the corresponding pressure
(saturation) from transducer has been plotted with respect to
time. Initially the PHP has the pressure equal to atmospheric
pressure. The pressure transducer output was sampled at
20 Hz as the pulsations were reported to be around 3 Hz
[13]. When the vacuum pump is turned on the lower pressure
of the order of 0.1 Pa was reached. The pump is switched off
and the fluid is admitted inside the PHP leading to rise in
pressure equal to the saturation pressure of the fluid corre-
sponding to the temperature of the PHP (in this case the
PHP was at more than 30 °C) at the time of charging. The
figure also shows that the oscillations were very moderate
until 30 W. After the initiation of 40 W, the pulsations were
vigorous and the same has manifested as a dip in Te (thus
reduced Rth) after few minutes of 40 W heat load. Beyond
this point the pulsations were of large amplitude with higher
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velocity. The vigorous pulsations are indicated by the large
fluctuations of the pressure and temperature signals. The flow
regime was of annular flow at higher heat loads (above 60W).

3.4 Repeatability of the experiments and the critical
tilt angle

The tests were repeated for the 40% fill ratio to ensure repeat-
ability of the experiment as shown in Fig. 11. The two exper-
imental runs were carried out at 50 W heat load for various
inclinations starting from 90°. The evaporator temperatures
were nearly the same for all the inclinations indicating the
repeatability of the experiment. The PHP Te showed larger

amplitude pulsations as the inclination angle was reduced to
10−7.5°. Once the inclination was changed to 5° the values of
Te started raising rapidly leading to aborting of the experiment
(turn off the heat load) within 6 min in Experiment-1 and
within 3 min in Experiment-2 after moving to 5° inclination.
This also reinforces the fact that the critical tilt angle for the
configuration of PHP under test can be between 10 and 7.5°.

3.5 Thermal resistance of PHP and the effect of PHP
in comparison with dry PHP

The overall thermal resistance [6] of the PHP was defined as
Rth ¼ Te−Tcð Þ=Q̇:. At 90° inclination, the overall resistance
with water as working fluid was 1.0 °C/W. This value has a
very good match with the same configuration of experiment
no. 1 of the literature [6].

RPHP ¼ 1

1=Rth

�
−
�
1=RAl

� �
− 1=RPCð Þ

ð5Þ

RAl=PC ¼ L= kAð Þ; ð6Þ

Rempty ¼ 1

1=RAlð Þ þ 1=RPCð Þ ð7Þ

In the PHP under study the overall thermal resistance was a
combination of 3 parallel paths of heat transfer [14] – PHP
effect, conduction through aluminium alloy substrate and con-
duction through polycarbonate cover plate as shown in
Fig. 12. The thermal resistance of the empty (unfilled) PHP
of the same geometry will be given by Eq. (7). With RAl being
5.2 °C/W (kAl = 180 W/m-°C) and RPC (kPC = 0.26 W/m-°C)
being 708 °C/W the Rempty ≈ 5.2 °C/W. The estimation of the
thermal resistance of the empty PHP was also carried out
experimentally with 10 W heat load (so as to keep the tem-
perature to minimum at steady state). The temperature trace of
Te and Tc as well as that of the Rempty is shown in Fig. 13. The
experimental estimation of the Rempty showed the thermal re-
sistance to be more than 3.8 °C/W. Thus the RPHP can be

Fig. 12 Thermal resistance network of PHP
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estimated as 1.36 °C/W from the experimental value. When
compared to the thermal resistance value of 1 °C/W for 90°
inclination and 70% fill ratio at 50 W for water from the

experiment the thermal resistance can be reduced by almost
1/4th of that of an empty substrate. This enhancement of ther-
mal performance will be even more substantial if the substrate
material is less conducting (non-metals) than that of alumini-
um used in this study.

3.6 Effect of contact angle hysteresis

From Fig. 14 the contact angle hysteresis is given by
Δθ = θfront - θrear for liquid slug. As specified in [6], the lesser
the contact angle hysteresis for a given solid-fluid combina-
tion, lesser is the resistance for the movement of the fluid. As
θfront > θrear, the capillary forces at the front and the rear of a
slug will be Fcap-front < Fcap-rear thus offering resistance to the
flow direction. Thus more heat transfer occurs for minimum
Δθ as the pulsations will be less hindered. In this aspect meth-
anol appears to be a fluid of choice than water.

3.7 Effect of flow resistance - pressure drop due
to bend radius

Figure 15 indicates the bend radius used in the present design of
PHP is much smaller compared to the recommended minimum

Fig. 14 Forces across a slug with
respect to moving direction

Fig. 15 Bend radius vs flow resistance

Table 2 Summary of the study vs the published data

Parameter Unit Literature [6] Present work Remarks

Experimental
details

L ×W×D mm 130 × 45 × 3 136 × 50 × 3 Additional 6 mm to accommodate
charging port/valve

Material Aluminium Aluminium Same as [6]

Fluid Water Water & methanol Methanol - larger (dP/dT)sat
Number of channels Nos. 12 12 Same as [6]

Length of channel mm 104 103.5–107.5 Same as [6]

Distance between channels mm 2.5 2.5 Same as [6]

Channel dimension mm×mm 2.2 × 2.0 2.2 × 2.0 Same as [6]

Evaporator area mm ×mm 30 × 22.5 30 × 22.5 Same as [6]

Condenser area mm ×mm 30 × 13.5 30 × 13.5 Same as [6]

Effective distance between
evaporator and condenser

mm 95 92 considered as distance between centres
of evaporator and condenser

Minimum fill ratio % 10 30 (1.8 ml/5.77 ml) Water 70% and methanol 30, 40, 50, 60
and 70% fill ratiosMaximum fill ratio % 70 70 (4 ml/5.77 ml)

Results Q (Qmax) W 50 (70) 10 to 100 W In steps of 10 W

Rth = (Te - Tc)/Q K/W 1–1.1 1 Reasonably good match with [6]

Critical tilt angle for dry-out degrees 5–15° 7.5–10° At 7.5° very feeble oscillations; Te relatively
large compared with rest of the inclinations
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bend radius in piping. This smaller radius will result in more
pressure drop (greater resistance) than the minimum bend radi-
us shown adjacent. From practical stand point to pack more
channels (thus more fluid inventory) sharp radii are more
favourable. But a smoother bend will certainly lower the flow
resistance as pressure loss in single phase flow in a smooth
conduit bend is approximately the sum of pipe friction and a
term accounting for the ratio of R/Dwhere R is the radius of the
bend and D is the diameter of the pipe [15]. Hence larger bend
radius is beneficial from the pressure loss point of view, as this
lower pressure loss will enhance the heat transfer by way of
more vigorous pulsations. This aspect of flow resistance leading
to reduced heat transfer performance of PHP have been report-
ed in [8, 12] where the authors have stated that in PHPs of
comparable overall size, the ones with larger channels per-
formed thermally better than the ones with narrower channels.
The authors in [8, 12] have attributed the diminished perfor-
mance of narrower channels to the flow resistance of the
narrower channel thus reinforcing the fact that lesser flow re-
sistance leads to better thermal performance of PHP.

4 Conclusions

A flat plate closed loop PHP was experimentally investigated
for its performance with respect various orientations with 2
different working fluids – water and methanol. The first ex-
periment (with water) was used to bench mark the testing
procedure and the test setup with the published data of [6]
with their setup no. 1 - experiment no. 1. Hence the hardware
or the PHP construction was made almost the same as the
published data (comparison shown in Table 2). A pressure
transducer was attached to the PHP to continuously monitor
the integrity of the PHP for leakages. The plot shown in Fig. 7
indicates that the results have a very good correlation with the
published data. An attempt was made to resolve the critical
angle below 15° (up to which was attempted in [6]) beyond
which the PHP stops working. The fill ratios were varied for a
given heat load of 50 W for methanol and the inclinations
were also varied. The best fill ratio was tested for varying heat
loads for the best performing vertical and the 10° near hori-
zontal orientation.

The salient observations are as follows,

1. For the inclinations nearly vertical the difference in per-
formance between 2 fluids at 70% fill ratio was not
substantial.

2. The degradation in the PHP performance occurred after
45° inclination for both fluids up to which the perfor-
mance was nearly the same.

3. The thermal resistance of methanol for predominantly
horizontal operation was less than that of water due to

lesser density, lesser viscosity and higher (dP/dT)sat of
methanol when compared to water.

4. The 40% fill ratio was found yield the best performance
for methanol as working fluid with least Rth.

5. Even at 40% the gravity had influence on the perfor-
mance as indicated by higher Rth for 10° inclination for
all heat loads when compared with 90° inclination.

6. The critical tilt angle was ascertained as 10−7.5° and the
PHP restored its normal operation once the angle of tilt is
reinstated to greater than the critical tilt angle.

7. The thermal resistance of the substrate geometry (empty
or dry PHP) could be enhanced by nearly 8 times (Rth =
0.5 °C/W in case of 40% fill ratio of methanol at 90°
inclination at 100 W with respect to dry PHP) due to the
PHP operation.

8. At lower heat loads the pulsations were less prominent and
with increase in heat loads the pulsations were more vigor-
ous leading to reduction of Rth with increase of heat loads.

9. Also methanol appears to be a fluid of choice than water
due to the lesser contact angle hysteresis for a given
solid-fluid combination.

10. A smoother bend will certainly lessen the resistance for
fluid flow, thus will enhance the heat transfer by way of
more pulsations.

11. The experiments with silicon substrate and fluoro-
carbon fluids can be attempted as this would facilitate
dielectric integration of the PHP to the electronics to be
cooled.
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