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a b s t r a c t

With the aim of exploring potential applications of Pulsating Heat Pipes (PHP), for space/terrestrial
sectors, experimental study of embedded PHP thermal radiators, having two different effective Biot
numbers respectively, and subjected to conjugate heat transfer conditions on their surface, i.e., natural
convection and radiation, has been carried out under different thermo-mechanical boundary conditions.
High resolution infrared camera is used to obtain spatial temperature profiles of the radiators. To
complement the experimental study, detailed 3D computational heat transfer simulation has also been
undertaken. By embedding PHP structures, it was possible to make the net thermal resistance of the mild
steel radiator plate equivalent to the aluminum radiator plate, in spite of the large difference in their
respective thermal conductivities (kAl w 4kMS). The study reveals that embedded PHP structures can be
beneficial only under certain boundary conditions. The degree of isothermalization achieved in these
structures strongly depends on its effective Biot number. The relative advantage of embedded PHP is
appreciably higher if the thermal conductivity of the radiator plate material itself is low. The study
indicates that the effective thermal conductivity of embedded PHP structure is of the order of 400 W/mK
to 2300 W/mK, depending on the operating conditions.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Thermal radiators are an essential part of any space sector
application. At present, there are many proven space radiator
systems, such as [1]:

� Passive structure/honeycomb panels
� Conventional heat pipe embedded structures
� Metal Matrix Composites (AlSiC, Graphite/Al)
� Variable area actively controlled radiators
� Liquid pumped loop (NH3)
� Loop Heat Pipe (LHP)/Capillary Pumped Loops
� Smart radiators (Thermo-optical surface property variation)

Each design has some advantages and some shortcomings. The
final choice of any one type depends on many factors such as, total
heat load, flux levels, available area, payload capacity, structural
requirements etc. Although the above designs meet the present
requirements of the industry, future applications envisage higher

heat flux levels. Although conventional wicked heat pipes have
been routinely used for redistribution/transfer of heat on thermal
radiator panels, the concept of using an embedded Pulsating Heat
Pipe (PHP) for such an application is rather novel [2].1 Embedded
PHP structures for electronics cooling application have also been
tested by Yang et al. [6], although their work did not have radiative
or natural convective boundary conditions. In this work we inves-
tigate the thermal performance of two different radiator plates,
having embedded PHP structures, using infrared thermography.

To understand the effectiveness of the embedded PHP system,
let us first approach the problem with a 1-D simplified point of
view, as depicted in Fig. 1(a). The heat transfer through the plate,
along with the various resistances, is given by [7]:

ðT1 � T2Þ= _q00 ¼ Rthjconduction ¼ LC=kplate
ðT2 � TNÞ= _q00 ¼ Rthjconvection ¼ h�1

ðT2 � TNÞ= _q00 ¼ Rthjradiation ¼
�
4,sr,T3m

��1
(1)

where,
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1 Interested readers may refer to [3e5] for understanding the operational char-
acteristics and thermal behavior of pulsating heat pipes.
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Tm ¼
"�

T2
2 þ T2N

�
ðT2 þ TNÞ

4

#1=3
(2)

The effective Biot Number (Bi) compares the internal thermal
resistance of the plate to the total external heat transfer resistance,
which in the present case is due to natural convection and radia-
tion. (For space applications, only radiation boundary condition is
applicable on the plate surface, while for terrestrial applications,
both act simultaneously).

Bi ¼ internal conductive resistance
natural convective resistance þ radiation

¼
�
LC=kplate

�
ð1=hÞ þ

�
4sr,T3m

��1 (3)

As is well known, if the effective Biot number is small (Bi< 0.1), the
conductive resistance is negligible and the heat transfer is primarily
dependent on or limited by the external transfer coefficient. For
example, this is usually the case with materials of high thermal
conductivity subjected to natural convection. To increase the net
heat transfer, each of the resistances mentioned in Eq. (1) should be
reduced.

Under pure radiative boundary condition, as in space applica-
tions, an analogous Conduction-Radiation Number Nr, is defined
as [7]:

Nr ¼ internal conductive resistance
external radiative resistance

¼ 4,sr,T3m,LC
kplate

(4)

In the present work, effort is made to reduce the conductive
resistance Rthjconduction of the radiator plate by embedding a PHP in
it, as schematically detailed in Fig. 1(b). The pros and cons of such
a design are analyzed by experimental and simulation studies.
Rthjradiation is generally reduced by increasing the surface emissivity
of the radiator by suitable surface coatings. In terrestrial applica-
tions, forced convective conditions are suitably used to reduce
Rthjconvection.

2. Experimental details and procedure

The main objectives of the designed experimental setup are as
follows:

(i) To generate new information on the applicability of embedded
PHP concept in emerging heat transfer applications, especially

Fig. 1. (a) One-dimensional representation of the heat transfer through the radiator plate (b) Schematic representation of the radiator plate with embedded PHP, subjected to
conjugate heat transfer, is shown here along with the experimental boundary conditions applicable on the plate.
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focusing on the feasibility of such structures as thermal
spreaders/radiators.

(ii) To employ high speed, spatio-temporal infrared thermography
to study the thermal performance of embedded PHP radiator
plates, under coupled natural convection and radiation heat
transfer conditions on the exposed surface.

(iii) To generate data for validation of the 3D computational heat
transfer model and to subsequently estimate the effective
thermal conductivity of the embedded PHP structure, under
different operating conditions.

The experiments were performed on radiator plates made of
aluminum and mild steel respectively with dimensions
350 mm � 350 mm � 5 mm, as shown in Fig. 2(a). The respective
effective Biot numbers were: aluminum-Bizz0:03; Biyz6� 10�4

and mild steel-Bizz0:13; Biyz26� 10�4. The effective Biot
number Biz is with reference to the longitudinal length of the

embedded portion of the radiator plate (¼250 mm), while Biy is
defined with respect to the thickness of the plate (¼5 mm). Here,
the thermal conductivity values of the respective materials, i.e., MS
(¼51.4 W/mK) and Al (¼235 W/mK), have been used. The average
heat transfer coefficient is due to the applicable boundary condi-
tion, viz., simultaneous natural convection and radiation on the
exposed surface of the radiator plate. The procedure for calculating
Bi is shown in the Appendix.

Semi-circular grooves weremilled on these substrate plates into
which a continuous capillary tube made of copper (ID/OD: 2.0/
3.0 mm, total length of the tube used ¼ 5570 mm with an internal
volume 17.5 cc and an inter tube pitch of 12 mm, having 11 U-turns
on each end)wasmechanically embedded in themilled groovewith
the application of a heat sink compound (copper tube was inserted
into themilled slotwith amild force by thehelp of awoodenmallet),
as detailed in Fig. 2(a). The exposed top surface of the thermal
radiator plate/substrate was coated with a high emissivity e z 0.96

Fig. 2. (a) The exposed surface of the thermal radiator plate with details of the grooves milled on it and the embedded PHP tubes inside the grooves (b) Three different test
orientations of the plate, with respect to gravity (c) Physical arrangement and coordinates of the heaters located on the back side of the radiator plate.
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Nextel� paint (supplied by M/s Mankiewicz Gebr. and Co.). The
setup was erected in a black enclosure to minimize the ambient
reflections. The enclosure was open from top and bottom for
unhindered natural convective air currents. The PHP embedded
radiator plates were mounted on a tilt-able frame to locate in any
desired orientation. The thermal performance of the these radiator
plateswere then tested in the vertical plane, at threedifferent heater
orientations with respect to gravity, as depicted in Fig. 2(b).

For single heater experiments, heat supply was provided by
a surfacemountable flatmica heater (supplied byM/sMinco Inc.) of
size 200mm� 50mm� 1mm, centrallymounted on the bottom of
the base plate at a distance of 45 mm from the bottom edge.
Multiple heater experiments were also performed with surface
mountable heaters (50 mm � 50 mm � 1 mm). The geometric
details of the heater arrangement are shown in Fig. 2(c). The entire
substrate plate was insulated from the back side where the heaters
are located (face opposite to the exposed radiating surface). As
noted earlier, the boundary condition on the top exposed surface
was conjugate, i.e., combined natural convection plus radiation
(e z 0.96). For DC power input and measurement, a digitally
controlled power source coupled with high precision (0.25% FS)
digital multimeter, was used. The heat input to the strip heater was
varied from 50 W to 150 W (corresponding flux ¼ 5 kW/m2 to
15 kW/m2, based on heater size/area).

The evacuation/filling of the PHPwas done via amicro-metering
valve, which could be fitted to either the vacuum pump (Varian�

Turbo-coupled rotary pump; vacuum level typically less than
10�4 mbar) or the calibrated working fluid filling pipette. The
working fluid was distilled, deionized and degassed water and high
purity (99.6%) ethanol, respectively. After proper filling and sealing

of the PHP, desired heat input was given to the surface mounted
heater(s). All experiments were performed with a volumetric fluid
Filling Ratio (FR) of 60% (10.5 ml of working fluid was admitted at
room temperature). When no PHP action was desired, no working
fluid was administered in the tube; the PHP tube was dry and
empty, under vacuum.

A high speed, high resolution Forward Looking Infrared Camera
(Model: FLIR SC-6000; resolution of 640 � 512 at 120 Hz digital
output and sensitivity of 2.5 mK, 3e5 mm) was used to obtain real-
time temperature profiles of the exposed surface of the radiator
plate. Eight pre-calibrated thermocouples (ungrounded, sheath
protected, Type-K, �0.1 �C after calibration with Pt-100, bead
diameter 0.25 mm)were used not only tomeasure the temperature
at important spatial locations on the plate, but also to validate/
calibrate the temperature readings obtained by the IR camera.
Thermocouple data acquisition was done by a 24-bit PC interface
with Labview�. (M/s National instruments, model ‘NI-PCI-4351’)
along with the recording of IR thermography, from commencement
of heating till a quasi-steady state was achieved.

3. Results and discussion

The results are based on the 2D spatial variation of temperature
of the exposed radiator surface by IR thermography. Before
proceeding to discuss the results, it is worthwhile to note that the
temperature gradients, in the Y-direction corresponding to the
thickness of the substrate (¼5.0 mm; for both MS and Al
substrates), were negligible, as justified later in Section 3.5. Heat
losses from all other sides, except the exposed face, were also
minimized to an extent of about 7e10% of the supplied heat. Thus,

Fig. 3. IR thermographs of the top exposed surface of the radiator plate in vertical heater-down orientation at 120 W heater input power at quasi-steady state operation with
ethanol as the working fluid. (a) Aluminum plate (i) without active PHP; dry device, and (ii) with embedded PHP operating, (b) Mild Steel plate (i) without active PHP; dry device,
and (ii) with embedded PHP operating.
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arguments and conclusions based on the surface temperature of
the radiator plate, as measured by the IR camera, are expected to be
rational and valid.

3.1. Spatial thermographs

We first discuss the results obtained for the single heater
arrangement. Fig. 3(a) shows the temperature profiles of the Al plate
at 120 W heat input for vertical heater-down position (Fig. 2(b)(i)),
for two cases, (i) dry test (no PHP action) and, (ii) with ethanol as
workingfluid. Comparing these two caseswenote that the degree of
isothermalization achieved is rather similar. Similar results were
obtainedwhen theworking fluidwas changed towater. It is evident
that the base thermal conductivity of the Al material is so high that
further enhancement due to the PHP action is not noticeable. The
same conclusion was achieved by the preliminary numerical study
of Khandekar and Gupta [2]. The present experiments confirm their
finding that the relative contribution of a PHP in enhancing the
effective conductivity of the radiator plate in the longitudinal
direction is not noticeable/appreciable as the Biz of the original Al
base plate structure is itself rather low.

Arguments based on the theory of enhancement of heat transfer
by extended surfaces/fins can also be invoked to understand the
behavior of the PHP embedded radiator plate. The theory clearly
highlights the asymptotic leveling of fin efficiency with increasing
fin thermal conductivity beyond a particular value [8]. Thus, it is
clear that, because the heat transfer is governed/limited by the
external resistance i.e., convection, radiation or conjugate (Eq. (1)
and (2)), the advantage achieved by embedding a PHP in a radi-
ator plate will asymptotically level off for base plate materials with
higher thermal conductivity. In other words, we can also state that,
it is not advisable to invest in any enhancement technology that
increases the thermal conductivity of the base plate beyond
a particular techno-economic limit. In this background, PHP
structures can prove to be quite advantageous in increasing the
effective thermal conductivity of low conductivity materials like
mild steel, as we will see next. Although the thermal resistance of
PHPs can never be as good as conventional heat pipes, they are
much simpler and cheaper to fabricate [5]. Also, PHPs are not
affected by conventional heat pipe limitations (e.g., capillary limit).

To further ratify the above arguments, we conducted experi-
ments with radiator plate made of mild steel material. This has
a higher effective Biot number, Biz w0.13 because of the low
thermal conductivity of MS. The results for the two cases ((i) dry
test; no PHP action and, (ii) with ethanol as working fluid), as
shown in Fig. 3(b, (i), (ii)), clearly depict the contribution of the
embedded PHPs in the isothermalization of the MS radiator plate
for a heat input of 120W (same as that of the Al plate in Fig. 3(a)). It
can be seen that, the maximum plate temperature drops by more
than 30 �C when the embedded PHP action commences as
compared to the dry-device.

A comparison of maximum temperature Tmax of the two radiator
plates, at a given heat input power, also provides a clear indication of
the advantage achieved by the PHP action. Fig. 4 shows the
maximum temperature of Al and MS plates at different heat inputs.
For a given heat input, the values of Tmax for both the plates are quite
comparable, despite the fact that ðBizÞMSz4ðBizÞAl. In fact, at high
heat loads, when the PHP action is smooth and effective, Tmax is
practically identical for both these plates. This implies that, as
regards Tmax, for a given heat input, theMS plate behaves identically
to the Al plate. Therefore, in cases where Tmax defines the design
considerations, a suitable substrate material, which is mechanically
superior to aluminumbut thermally inferior to it, could verywell do
the job with embedded PHP tubes for enhanced spatial thermal
conductivity. This fact is convincingly proven by these results.

3.2. Thermal resistance

The thermal resistance of the radiator plate is obtained as:

Rth ¼ ðTmax � TminÞ
_q

(5)

The thermal resistance of the plate is calculated at different heat
inputs, where Tmax and Tmin are averaged out for sufficiently long
time after quasi-steady state has been achieved. Due to enhanced
pulsations of the two-phaseworking fluid inside the capillary tubes
by increasing heat flux [5,9], there is a reduction in the maximum
temperature (Tmax) and increase in the minimum temperature
(Tmin) of the plate, i.e., isothermalization of the spatial gradients
takes place. This results in the reduction of the net thermal resis-
tance of the plate.

Fig. 5 shows the variation of the thermal resistance of the
embedded radiator plate with increase in heat input for vertical
heater-down orientation. The results indicate that Rth of such
structures decreases with increase in heat flux, which is inline with
many earlier observations on PHPs tested under other types of
boundary conditions (e.g. [4,10,11]). This is due to the fact that the
thermal power input is the driving force for the self-sustained two-
phase flow oscillations of the PHP; increasing the heat input power
enhances the oscillations leading to enhanced heat transfer.

The decrease in thermal resistance is more significant in the
case of MS plate as compared to the Al plate; in the latter only
a slight decrease in the resistance is observed, inline with the
arguments put forward in Section 3.1. Also, the results are slightly

Fig. 4. Comparison of maximum plate temperature, Tmax for Al and MS plates (vertical,
bottom-heating orientation, working fluid: ethanol with FR ¼ 60%).

Fig. 5. Variation of overall thermal resistance (Rth) of the two thermal radiator plates
with heat input power.
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better with water as working fluid than ethanol. However, as the
heat input increases, the performance of ethanol as the PHP
working fluid approaches that of water. Initially, the latent heat of
water dominates the heat transfer while at higher heat loads, as the
oscillating frequency increases, the convective heat transfer plays
the dominant role.

At 55W input heat power, the pulsations were minimal (as seen
by the IR thermographs while performing the experiments) and
therefore Rth is also higher than at increased heat input. This sup-
pressed pulsating action at low heat loads are also observed and
described by Qu and Ma [12]. At higher heat inputs, Rth of the MS
plate is reduced by almost 50% which reiterates that the PHP is
indeed playing a significant role in overall heat transfer share for
low thermal conductivity plate materials (high Biz case).

3.3. Effect of orientation

To study the effect of operating orientation on the thermal
performance of the PHP (potential applications may need such
composite structures to operate in any orientation; moreover, for
space applications, gravity is absent), experiments were also per-
formed for vertical heater-up and vertical side-heating orientations
of the plate as detailed earlier in Fig. 2(b).

At lower heat inputs, for vertical heater-up position, gravity
adversely affected the performance and only intermittent pulsa-
tions (periodic ‘start-stop’ behavior as described by Yang et al. [6])
were observed. With higher heat inputs, the thermal driving forces
could overcome the adverse effect of gravity. The performance

improved considerably and pulsations showed up regularly at
higher heat inputs, thus reducing Rth considerably. Fig. 6(a) shows
the snapshots of theMS radiator plate in vertical heater-up position
at input heat power of 140Wat two different instants of time. Since
the pulsations were intermittent, case (a) (i) and (ii) correspond to
the non-pulsating and pulsating mode respectively. It can be seen
that Tmax drops by about 10 �C in the pulsating mode.

The performance of the MS plate in vertical side-heating
orientation was also quite satisfactory, with Tmax comparable to
that of vertical bottom-heating orientations (Fig. 3(b) and Fig. 6(b)).
The variation of thermal resistance with input heat in this case also
followed a similar trend as that of vertical heater-down as can be
seen from Fig. 6(c). However, as noted earlier, for vertical heater-up
orientation, the pulsating action was not continuous and hence the
thermal resistance was comparatively higher. A typical variation of
Tmax at quasi-steady state for different operating orientations with
respect to gravity is shown in Fig. 7. The magnitude of Tmax as well
as its amplitude of variation was seen to be high in vertical heater-
up orientation as compared to the other two orientations due to the
intermittent pulsating operation. In the latter case, the temperature
starts rising when the pulsation stops and drops when pulsations
re-commence.

3.4. Effective thermal conductivity

3.4.1. Computational modeling approach
As there is no first-principle mathematical model yet available

representing the complex PHP thermo-fluidic phenomena [13e15],

Fig. 6. (a) Instantaneous spatial temperature profiles of the MS plate with intermittent ‘start-stop’ pulsations mode in vertical heater-up orientation at 140 W with water (i) Non-
pulsating ‘stop’ mode (ii) Pulsating ‘start’ mode. (for temporal temperature variations for these two states, see Fig. 7) (b) Temperature profile of the MS plate in vertical side-heating
orientation at 120 W with ethanol (c) Variation of Rth with heat input (vertical heater-up and vertical side-heating orientations).
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it is not possible, in a straightforward way, to estimate the
enhancement of heat transfer because of such embedded PHP
structures in radiator plates. Yet, for furthering engineering appli-
cations, an order-of-magnitude estimation of the enhancement is
essential and vital for design calculations. In this context, we have
attempted to get a working range of the effective thermal
conductivity of the embedded PHP structure. It is emphasized that
such an approach only provides working estimates and can, in no
way, substitute for a detailed first-principle model, which remains
an active field of research [15,16]. Themethodology adopted herein,
for the estimation of effective thermal conductivity rendered by the
embedded PHP tubes, is described below:

(i) For a given global orientation of the radiator plate and heat
power input to the heater, the quasi-steady state spatial
distribution of temperature were recorded by the IR camera.
This exercise was done under two conditions (a) Dry test,
when the PHP tubes were completely evacuated and no
working fluid is present i.e. no enhancement of the thermal

conductivity of the radiator plate and, (b) when the PHP tubes
were filled with 60% by volume of theworking fluid so that the
PHP is operational, rendering enhanced effective thermal
conductivity to the radiator plate, as has been described
earlier.

(ii) Once the experimental database, as described in (i) above, was
generated, 3D numerical heat transfer simulations were per-
formed on a computation domain representing the physical
experimental setup, with the relevant boundary conditions.
Simulations were performed on two different 3D models
which differed only in the degree of details of the physical
experimental domain. The first was a simplistic ‘unit-cell’
model representing a single pitch length of the embedded PHP
tube, as detailed in Fig. 8. The second model was a detailed
approach representing the full experimental domain of the
radiator plate, as shown in Fig. 9. The computational domain of
both thesemodels consisted of three-dimensional tetrahedron
grids (1.15 and 3.77million cells on the computational domain,
respectively, equivalent to node spacing of 1.0 mm on the
physical domain) and we solved the energy equation on
a commercial platform (Fluent� Version 6.3.26). The absolute
convergence criterion set for energy equation was 10�8.
Distinctionwas made between the grid volume corresponding
to the radiator base plate material and the grid volume cor-
responding to the embedded tubes of PHP. The applied
boundary conditions are also shown in Figs. 8 and 9, which are
inline with the actual experimental conditions. All simulations
have been conducted with a mild steel base plate. Following
additional assumptions are also made:
� The material of each region is isotropic, homogenous and
with constant thermal properties.

� Perfect contact is maintained at the interface of two
dissimilar materials.

� All the edge planes of the control volume are insulated (for
the unit-cell model (Fig. 8), both the planes in the longitu-
dinal direction have symmetric boundary conditions).

� At the upper surface, combined heat transfer boundary
condition i.e. natural convection (with h ¼ 5.5 W/m2K at
55 W to 8 W/m2K at 150 W), following well known Nusselt

Fig. 7. Variation of Tmax for the MS plate at quasi-steady state for different orientations
of the radiator plate. Heater-down position provide the smoothest operation while in
heater-up orientation the PHP runs with intermittent ‘start-stop’ mode as described by
Yang et al. [6].

Fig. 8. (a) 3D geometry of the simple unit-cell model along with the applied boundary conditions, (b) Dimensional details of the model.
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number estimates for vertical plates [17] with radiation
(e¼ 0.96) boundary condition is applied. The lower surface is
insulated except at heater locations, where a constant heat
flux boundary condition is specified.

To commence the computations, the grid volume corresponding
to the PHP tubes was initially assigned an arbitrarily higher thermal
conductivity than the MS base plate. For a specified thermal
conductivity of these PHP tubes, the temperature profiles obtained

Fig. 9. 3D geometry of the full-domain model along with the applied boundary conditions.

Fig. 10. (a) Experimental surface temperature profiles at five locations on the X axis (along the negative Z axis) are compared with the unit-cell simulation model (b) comparison
when no PHP action occurs (no working fluid inside the system) (c) comparison when the PHP is operating. In both cases the heater input power is 55 W.
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by simulation on the top surface of the computational domainwere
then compared with the experimental temperature profiles of
different tubes across the plate. For doing this comparison of
longitudinal temperature profiles obtained from experiments and
simulations, five line traces on the exposed surface of the radiator
plate were chosen, as depicted in Fig. 10(a). It will be appreciated
that while corner effects are inherent in the experimental system,
the simplistic unit-cell symmetric representation of the experi-
mental system in the computational domain (as depicted in Fig. 8)
will not be able to capture these corner effects. Therefore, we have
used line-traces, BeB0 and DeD0, for comparison and subsequent
estimation of effective thermal conductivity of the radiator plate for
the simplistic unit-cell model. Hence, there will be some deviation
between the simulated line temperature profile and the experi-
mental profiles at AeA0 , CeC0 and EeE0. To capture the corner
effects and obtain a better estimation of the effective thermal
conductivity, a full domain simulation study was undertaken, as
described earlier in Fig. 9. The only control variable was the thermal
conductivity of the embedded PHP tubes, which was iteratively
changed in the simulations until the simulated results provided
a reasonable fit to the trend obtained across the radiator plate.

Thus, an engineering estimate of the effective thermal conductivity
of the embedded PHP tubes could be ascertained.

3.4.2. Model validation experiments
Before applying the effective thermal conductivity modeling

approach, as described above, simple validation experiments were
performed on dry radiator plates (no PHP action). In such a system,
heat transfer takes place in pure diffusional mode through the
composite radiator plate, before getting lost to the environment by
the combined action of natural convection and radiation from its
exposed top surface. Once the validity of the model was bench-
marked by the dry tests, the simulations were then compared with
the working PHP to determine the effective thermal conductivity of
the composite system, as has been explained in Section 3.4.1.

For the unit-cell model, under no PHP action, Fig. 10(b) shows
the comparison of experimental and simulated temperature
profiles at various locations for a heat input of 55 W. It can be seen
that there is satisfactory correlation between the predicted
temperature profiles along traces BeB0 and DeD0, to the corre-
sponding experimental data. As expected, the experimental
temperature profile along CeC0 is marginally higher (w1.5%) and

Fig. 11. Comparison of experimental and simulated thermal profiles at 55 W input heat power (a) Dry test (No PHP action) (i) simulated profile (ii) corresponding experimental
profile; (b) With PHP action (i) simulated profile with keff ¼ 600 W/mK (ii) corresponding experimental profile.
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that along AeA0 and EeE0 is somewhat lower (w5.0%) than the
simulated profile. Three validation tests were conducted at 55 W,
80 W and 120 W with no PHP action; in all the three cases, the
model satisfactorily predicted the temperature profile along BeB0

and DeD0, while the discrepancies at other locations never

exceeded 7%. Similar validation exercise for the dry radiator plate
was also done for the full domain model for various heat inputs;
sample results of this validation exercise at 55 W input power,
showing the comparison of experimental and simulated surface
temperature profiles, are shown in Fig. 11(a).

Fig. 12. Estimation of effective thermal conductivity of the plate at heat inputs (a) 80 W (b) 120 W (c) 150 W with ethanol as working fluid, for (i) unit-cell simulation; (ii)
corresponding full-domain simulation.
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3.4.3. Estimation of effective thermal conductivity
Post validation, the thermal conductivity of the volume repre-

sented by the embedded PHP was increased in the simulations till
the temperature profiles matched with the experimental data,
under identical boundary conditions. The results for 55 W heat
input, for unit-cell and full domain simulations, are shown in Figs.
10(c) and 11(b) respectively (for direct comparison with corre-
sponding dry test validation results, as described in the previous
section). As can be seen from the data, the PHP action immediately
brings the maximum plate temperature down while the minimum
temperature is somewhat increased.

Fig. 12a(i), b(i) and c(i) show the comparisons of experimental
and simulated temperature profiles for a working PHP for the unit-
cell model at different heat inputs, while Fig. 12a(ii), b(ii) and c(ii)
show the comparisons for the corresponding results of the full
domain model. For lower heat inputs, the profiles show a similar
trend across the plate with nearly the same values of Tmax and Tmin.
In the unit-cell model, for higher heat inputs, the discrepancies in
the experimental and simulated line profiles were higher. These
discrepancies were minimized in the full domain simulation. For
the experimental temperature profiles, the isotherms in the central
portion of the plate ‘peak’ up. This pronounced isothermalization of

the central portion of the plate under experimental conditions
cannot be captured by a simplistic effective thermal conductivity
approach. It should be kept in mind that the internal two-phase
phenomena of a PHP are highly complex and there is considerable
temporal variation of the ‘effective thermal conductivity’ rendered
by each tube section [4]. Fig. 13, which shows the comparison of
experimental and simulated spatial temperature profiles of the full
domain model, also pictorially highlights this discrepancy which
results in the peaking up of line trace CeC0. While the approach
followed in the present simulation work only provides an average
effective thermal conductivity value that such systemsmay possess
under the applied boundary conditions, nevertheless it is an
important quantity for the designers to know, so as to ascertain the
expected thermal performance from such embedded PHP systems.

With higher heater powers, the thermal performance of PHP
improves considerably and effective thermal conductivity of the
order of 2300 W/mK is achieved (as can be seen in Fig. 12). In the
earlier preliminary simulation study of Khandekar et al. [2] too,
which was done for multi-heater arrangement, effective thermal
conductivity of the order of 2000 W/mK was reported. The present
estimates are compared with the earlier results of [2] in Fig. 14,
which match quite well, especially at higher flux levels.

Fig. 13. Comparison of experimental and simulated thermal profileswithworking embedded PHP at different heat inputs (a) at 120W input power (i) simulatedwith keff¼ 1800W/mK
(ii) corresponding experimental profile (b) at 150 W input power (i) simulated with keff ¼ 2300 W/mK (ii) corresponding experimental profile.
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3.5. Transverse temperature profiles (along Y direction)

The entire analysis presented above was carried out based on
the surface temperature measurements of the radiator plate base
plate (i.e. on X-Z plane, Y ¼ 5). The justification of this approach is
only valid provided the temperature gradients in the thickness of
the plate are not appreciable (in the Y direction, as per Fig. 1(b)).

Fig. 15 shows the temperature profiles across the thickness of the
MS plate (on XeY plane midway through the strip heater) for
increasing values of effective thermal conductivity of the PHP
structure at a heat input of 150W (maximum heat input, worst case
scenario). The maximum temperature drop observed was negli-
giblewith a value of Tw 0.8 �C. This was also independently ratified
by the thermocouple readings wherein the maximum gradient in
the plate thickness never exceeded 1 �C (formild steel plates,150W
heater power). For aluminum radiator, the gradients were consid-
erably smaller. Thus, it can be safely concluded that the use of
surface temperature profiles by infrared camera to support the
arguments put herein, are justified as the effective Biot number in
the Y direction is low enough ðBiyz26� 10�4Þ for doing a lumped
behavior of temperature in this direction.

3.6. Effect of multiple heaters

Experiments with multiple heaters were carried out to make
a qualitative assessment of the thermal performance of the system
for asymmetric heating conditions. A total of four heaters were
used, in different combinations and IR images of the MS plate were
obtained at quasi-steady state. The PHP filling ratio was maintained
at 60%. Power given to each heater was 40 W (corresponding flux
16 kW/m2, based on heater area). Four experiments were carried
out, in both gravity and anti-gravity orientations, with power input
given to one, two, three and four heaters, respectively. Dry tests

Fig. 14. Variation of effective thermal conductivity (keff) of the embedded PHP with
heat input for the present range of experiments in vertical heater down position and its
comparison with preliminary simulations done by Khandekar and Gupta [2] for
vertical orientation.

Fig. 15. Temperature (K) profiles along the thickness of the plate (XeY plane midway through the heater) for increasing value of effective thermal conductivity keff from 50 to
2000 W/mK. The maximum temperature difference between the surface and the base is of the order of w0.7 �C (corresponding to keff ¼ 50 W/mK) or lower.
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were also performed with evacuated tubes and no PHP action.
Fig. 16 shows the temperature profiles for dry test and PHP action
for 2 heaters and 4 heaters respectively. Fig. 17 compares Tmax
obtained in each case. The difference in Tmax in dry test and with
working PHP is higher in case of single heater and gradually
decreases as number of heaters is increased. This is because, as the
number of heaters is increased, the distribution of heat flux is
inherently more uniform over the entire plate, and thus the specific

contribution of the embedded PHP in enhancing the heat transfer
in not observable.

4. Summary and conclusions

High heat flux density in modern electronic equipment,
including space and terrestrial sectors, demands an effective
thermal management system. Pulsating heat pipes have emerged
as promising candidate which can cater to both these sectors. With
this background, a PHP structure, embedded in a radiator substrate
plate, has been experimentally and numerically studied under
conjugate boundary conditions. Infrared thermography was
employed to study the spatio-temporal performance of the radiator
plates.

The following are the major conclusions of the study:

� In those situations where external heat transfer coefficient
limits the net heat throughput (i.e. cases like natural convec-
tion, where external ‘h’ is lowor pure radiation BC), the thermal
conductivity of the base plate on which a heat pipe (conven-
tional or PHP) is embedded does not play a major role in
improving the overall heat transfer scenario, after a particular
minimumvalue of its effective thermal conductivity is attained.
In the present case, the aluminum radiator plate itself was
doing a good enough job. If the base plate thermal conductivity
is low, the relative advantage achieved by embedded PHP
systems is appreciably higher, as was seen with the high Biz
case, i.e., in case of the mild steel base plate, where the act of
embedding a PHP resulted in considerable decrease in its

Fig. 16. Comparison of experimental thermal profiles with multiple heaters at 40 W heat input to each heater; vertical orientation. (a) single heater, and (b) with four heaters for (i)
dry test (no PHP action) (ii) with PHP action.

Fig. 17. Comparison of Tmax for MS plate, dry tests and working PHP with multiple
heaters (vertical, working fluid: ethanol with FR ¼ 60%).
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overall thermal resistance. Such a situation may arise if
composite materials, which are mechanically superior to
aluminum but thermally inferior, are being proposed as
construction elements, especially for the space sector. In
addition, for terrestrial applications too, embedded PHPs
structures will be attractive in conjunction with low thermal-
conductivity base plate materials.

� As the thermal conductivity of the base plate increases (Biz
decreases) and the heat transfer is mainly governed by the
external heat transfer coefficient (e.g. in the case of aluminum
base plate), the base plate/substrate itself does a god job and
further addition of PHP only marginally increases the heat
transfer efficiency.

� The Tmax, in the case of aluminum and mild steel plates, were
comparable at higher heat fluxes. Therefore, if Tmax governs the
design considerations, the behavior of both the plates was seen
to be comparable. Again, in such cases, a composite material
having a weight/strength advantage over aluminum but ther-
mally inferior could be considered as an option. The span-wise
thermal conductivity of such a composite may be tailored by
suitably embedding a PHP structure.

� The effect of orientation of the plate on its thermal perfor-
mance was also studied. The operating inclination angle of the
PHP tubes affects overall heat transfer characteristics. These
changes can be attributed to the change in the internal flow
patterns and pulsating action [9]. Increasing heat flux makes
these performances comparable.

� Simulations also indicate that relative advantage of any
enhanced thermal conductivity device embedded in a radiator
plate (such as heat pipes, PHPs etc.) will decrease, as the
absolute value of thermal conductivity of the enhancement
device/structure increases beyond a particular value. This is
inline with the extended surface heat transfer analogy.

� The order-of-magnitude of effective thermal conductivity
achievable by PHP ranges from 400 W/mKe2300 W/mK,
depending on the heat flux applied; increasing with increasing
the applied heat flux. These values are sufficiently attractive for
its use as embedded structures in thermal radiator systems.
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Nomenclature

Bi effective Biot number
D diameter (m)
FR volumetric filling ratio (Vliq/Vtotal)
g acceleration due to gravity (m/s2)
h heat transfer coefficient (W/m2k)
k thermal conductivity (W/mk)
L length (m)
_q00 heat flux (W/m2)

_q heat input (W)
Rth thermal resistance per unit area (Km2/W)
T temperature (�C or K)

Greek symbols
3 surface emissivity
r density (kg/m3)
sr Stefan-Boltzman Constant ¼ 5.67e-8 (W/m2K4)

Subscripts
N ambient
c characteristic
liq liquid
max maximum
min minimum
s solid

Appendix

The effective Biot number (Bi) was calculated for the PHP system
under, (i) dry configuration (noworking fluid in the PHP tubes) and,
(ii) with normally working PHP. This was done by calculating the
effective heat transfer coefficient as follows:

heff ¼ q00=
�
Tavg � TN

�
(A1)

The Bi was then calculated as:

Bi ¼ heff L=k (A2)

To calculate the reduction in Bi due to the PHP action, the k in the
above equation was replaced by the keff values obtained by
numerical simulations, validated against 2D spatial distribution of
temperature on the radiator plate.

For Al base plate; for a heat input of 150 W.

heff ¼ 150
0:25� 0:255,ð107� 22Þ ¼ 27:68 W=m2K (A3)

Biz ¼ 27:68� 0:25
235

¼ 0:03 (A4)

Biy ¼ 28:23� 0:005
235

¼ 6� 10�4 (A5)

For MS base plate; for a heat input of 150 W.

heff ¼ 150
0:25� 0:255,ð110� 20Þ ¼ 26:14 W=m2K (A6)

Biz ¼ 26:14� 0:25
51:4

¼ 0:13 (A7)

Biy ¼ 26:66� 0:005
51:4

¼ 25� 10�4 (A8)
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