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The paper describes the ongoing design, development, testing and characterization of the thermal and
mechanical performance of flexible wicked heat pipes, with typical heat handling capacity of about
60 W, water as the working fluid, length of 270 mm and having internal diameters = 10 mm and 6 mm,
respectively. The heat pipes are being designed for passive thermal management, wherein heat transfer
is required to be coupled with vibration isolation between the evaporator and condenser sections. This
prevents the heat pipe, the thermal load, and the heat sink, from getting damaged under required oper-
ating conditions. Moreover, precision positioning of thermal load/device is also maintained. The flexibil-
ity is provided in the adiabatic section of the heat pipe using a flexible metallic bellow. Experiments are
performed to get the axial and angular stiffness of the used bellows and its mechanical response under
static loads. A finite element model for the bellow is developed and it is benchmarked against experi-
ments and available design equations. Successful thermal performance for heat pipes under different
operating conditions, including bend configurations, is reported and bellow design procedure is outlined.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Heat pipes are proven passive devices which are used presently
to solve a large number of thermal management problems. This
technology has been successfully applied in a variety of thermal
applications like heat exchangers, satellite applications, electronic
cooling and economizers. Typical heat pipe works on a simple prin-
ciple of phase-change phenomenon i.e. condensation and evapora-
tion of working fluid occurring in a closed system. Heat is
transferred from evaporator to condenser by utilizing latent heat
of the working fluid [1-3].

The present study characterizes the thermal and mechanical
performance of a flexible heat pipe. The heat pipe is made flexible
using a metallic bellow element in the middle adiabatic section.
The heat pipe is designed to perform heat transfer function without
getting damaged under mounting and operating forces on the ele-
ment/system [4-7]. The bellow element provides flexibility that
prevents the heat pipe, the heat source, and the condenser/radiator
from getting damaged [8,9]. Hence, other than thermal design of
the heat pipe, mechanical design of the flexible element must also
be performed. Haringx [10] modeled the bellow as the combina-
tion of annular plates connected by elastic cylinders and derived
an expression relating the Flexural rigidity (EI) of the bellow with
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geometric parameters. Haringx utilized the results of bending of
flat rings which were earlier studied by Reissner [11]. Newland
[12] further gave the expression relating EI to axial stiffness of bel-
low. In the present work, the flexible SS bellow is tested for defor-
mations under hydrostatic pressure. The angular and axial stiffness
is also measured experimentally and verified with the EJMA
(Expansion Joint Manufacturing Association) standards and other
available models. The heat pipe is developed for maximum heat
carrying capacity of about 50 W and operating temperature range
of 10-100 °C.

2. Manufacturing of heat pipe

The developed heat pipes have a flexible structure, a metallic
bellow, which is attached to metal pipes made of copper, as shown
in Fig. 1(a), such that the heat pipes can be bent or gets bent if
external loads are experienced. The pipes have a woven screen
mesh made of phosphor bronze. The mesh bents together with
the heat pipe without any risk of being broken; the mesh remains
in contact with the internal wall of the copper pipes and the bellow
[13,14]. This is necessary to allow the working fluid to flow
smoothly in the woven mesh and to maintain a good heat dissipat-
ing effect. A stainless steel bellow is used as the flexible element,
cut section of which is shown in Fig. 1(b). It provides flexibility
during operation and deals with axial, radial, lateral, and angular
displacements. In the present study, we used EJMA standards to
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Nomenclature
D diameter (m)
El equivalent flexural rigidity (N-m?)

Young’s modulus (Pa)

wall thickness (m)

elastic stiffness (N/m)

length (m)

convoluted bellow length = N-p (m)
mass (kg)

number of convolutions (-)
bellow pitch (-)

input heat power (W)

thermal resistance (K/W)
radius (m)

temperature (K)

bellow convolution height (m)

SHTROS zZzg T~ ST m

o correction factor (-)
€ strain (-)

v Poisson’s ratio (-)
Subscripts

adb adiabatic section
axial axial direction
cond condenser

evp evaporator

exp experimental

i inner

m mean

0 outer

rad radial

theo theoretical

obtain optimum bellow specification for the required axial and
angular stiffness. The bellow is joined to two copper pipes on both
ends to form the metal casing of the heat pipe. A layered composite
woven mesh, made up of phosphor-bronze (Fig. 1(c)), functions as
the wick of the heat pipe. The two heat pipes of ID 10 mm and
6 mm have different numbers of these layers inserted inside. After
sealing the heat pipe, a vacuum (107> mbar) is created using a
rougher pump, in tandem with a turbo-molecular pump. Subse-
quently, the heat pipe is charged with deionized and degassed
water (working fluid) through a micro-metering valve. The amount
of water needed is optimized for efficient operation; it was found
that some water tends to accumulate in the bellow ridges. In future
development, water is to be replaced with other suitable fluids, as
per the requirement of the application. In this paper only results
with water as the working fluid are reported.

3. Experimental setup

Experiments are carried out to characterize the thermal and the
mechanical performance of the flexible heat pipes. Thermal charac-
terization is done by measuring thermal resistance between the
evaporator-adiabatic section and the evaporator-condenser section
of the heat pipe. For mechanical characterization, the structural
strength of the bellow has been tested under hydrostatic pressure
and deformations are measured using high accuracy laser sensors.
In addition, the angular and axial stiffness of the bellow has been
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Fig. 1. Manufacturing details of the heat pipe (a) prototype flexible heat pipe with
bellow section and copper tubes (b) cross-section of the bellow used for heat pipe
and (c) phosphor-bronze mesh.

estimated by measuring its angular and axial deflection on applica-
tion of tip and tensile loads, respectively.

3.1. Thermal characterization setup

The setup, as schematically shown in Fig. 2(a), is fabricated to
measure overall thermal resistance by holding the heat pipe and
testing it under different operating conditions. The holding fixture
is machined from a 50 mm thick acrylic sheet and it is designed
such that it can hold different heat pipes of variable diameters
(Fig. 2(b)). The mounted heat pipe can be deformed (bent) during
operation by a desired angle typically between 5° and 20°, as the
evaporator and the condenser section mountings are two separate
units connected by a pin joint with a rotational degree of freedom.
This is useful while recording the thermal performance of heat
pipes in the deformed/bent configurations.

Two heat pipes, one with ID 10 mm and another with ID 6 mm,
are tested for their thermal performance. For both the heat pipes,
the other applicable dimensions are: L, =270 mm; Lyg, = 130 mm;
Leona =70 mm; Leyp = 70 mm; Le= 200 mm. The evaporator section
of both the heat pipes is heated by two flat surface mountable sil-

icon DC heaters (Minco®) and power (Q = (V1) — Quss) is measured
by digital voltmeter (accuracy +0.001 V) and ammeter (accu-

racy + 0.01 A); overall heat losses, Qs are below 7% at the highest
operating temperatures. The condenser section of the pipes is con-
tinuously cooled by water flowing at desired temperature from a
constant temperature water bath circulator (Haake® - K20). The
temperatures at various locations is measured by using micro-
thermocouples (0.3 mm diameter bead; Omega®, accuracy 0.2 °C
after calibration). Three thermocouples are attached in the evapo-
rator (one thermocouple at the center of the evaporator and two
each at 20 mm from it), adiabatic section (two thermocouples at
each end of the bellow) and condenser (one thermocouple placed
centrally in the condenser section), respectively. With the help of
an Infra-red camera (FLIR-SC4000®), the thermal imaging of the
heat pipe can be done, a representative image of the bellow section
is shown in Fig. 2(c). In-situ emissivity calibration of the IR camera
is performed after comparing the temperatures against Pt-100
standard thermocouples.

3.2. Mechanical characterization setup

The setup for mechanical characterization, as schematically
shown in Fig. 2(d), is fabricated to test the radial and axial defor-
mations of bellows that would occur during operation of the heat
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Fig. 2. Schematic details of the test setup (a) test bench used for thermal characterization of heat pipe (b) photograph of the experimental test bench (c) representative infra-
red thermography image of the bellow section under testing, 10 mm ID heat pipe, 10° bent position, 60 W heat input (d) schematic of test setup for pressure testing of bellow

using laser sensors, pressure transducer and pressure gauge.

pipe. These deformations are measured using two laser sensors
(Micro-Epsilon®), one placed in the radial direction and the other
along the axis of the bellow. A cross connector is used to connect
an absolute pressure transducer (Honeywell®), hydraulic pump
and the bellow. Synchronized data are collected from the
transducer and the laser sensors via a DAQ reader to get applied
pressure v/s bellow deformation graph. The load is applied in
discrete values and the resulting vertical displacements are mea-
sured using the laser sensor, placed in the perpendicular direction
to the longitudinal axis of the bellow. Data are collected from the
laser sensors via a DAQ reader to get applied load v/s bellow defor-
mation graph.

3.3. Methodology and data reduction

Experiments are carried out to calculate the thermal resistance
of heat pipes between the evaporator-adiabatic section and the
evaporator-condenser section, in straight and deformed configura-
tions, respectively, to characterize the performance of heat pipes in
the desired operating range. Proper insulation is applied in the adi-
abatic/bellow section of the heat pipes to prevent heat losses.
Power input is increased in steps, both in the forward and reverse
directions and equilibrium condition is allowed to reach in each
case. All experiments reported here are repeated, at least, three
times. The thermal resistance of a heat pipe is calculated for
evaporator-adiabatic and evaporator-condenser as:

_ Teup - Tadb

Raap
Q

(1)

4. Results and discussion

Figs. 3 and 4 show the thermal resistance at different power
inputs for gravity assisted vertical orientation (evaporator down)
and for horizontal orientation of heat pipes. The heat pipes are
tested in both straight and deformed (bent) configurations of 10°.
The coolant temperature is always kept at 25 °C.

4.1. Heat pipe of ID 10 mm

Fig. 3(a) shows the thermal resistance for 10 mm internal diam-
eter heat pipe in the vertical (heater down) orientation (the dimen-
sions of the heat pipe are given in the caption). While Fig. 3(b)
shows the results for 10 mm ID pipe in the horizontal orientation.
In horizontal case, dry-out is observed at about 80 W of heat input,
as seen in Fig. 3(b), characterized by a sudden rise in the evapora-
tor section temperature. It can also be noted that the thermal resis-
tance between the condenser-evaporator sections shows a
decreasing trend. This trend is observed because, at low heat input,
the average temperature of the condenser is nearly equal to the
coolant temperature as the whole length of the condenser is not
needed to reject heat (at low power input). As power input is
increased, the average condenser temperature rises and hence
thermal resistance decreases.
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Fig. 3. Thermal resistance 10 mm ID heat pipe (L, = 270 mm; Laap = 130 mm; Leopg = 70 mm; Leyp = 70 mm; Leg= 200 mm) at coolant temperature of 25 °C in both straight and
deformed configurations for (a) vertical (heater down) positioning of the heat pipe (b) horizontal position of the heat pipe.

4.2. Heat pipe of ID 6 mm

Fig. 4(a) shows the thermal resistance for 6 mm internal diam-
eter heat pipe in the vertical (heater down) orientation, while Fig. 4
(b) shows the results in the horizontal orientation (the dimensions
of the heat pipe are given in the caption). For this pipe, dry-out is
observed in both vertical and horizontal orientations. As expected,
the dry-out is earlier in horizontal orientation than in gravity
assisted vertical orientation. It can also be noted that this dry-out
is somewhat delayed in the deformed configuration. This could
be explained by unsatisfactory contact of wick at evaporator and
condenser sections of the heat pipe, which improves a little when
the heat pipe is deformed (bent) since at deformed configuration
some portion of the wick gets in better thermal contact with the
walls of the evaporator and the condenser, thereby improving
the heat transfer characteristics.

As apparent from the results above, this heat pipe (6 mm ID)
requires further improvement at the stage of integration of wick
structure with the pipe wall, to perform still better thermally
and avoid dry-outs in the operating range of temperatures.

4.3. Mechanical testing of bellow

The bellows, used in the heat pipes to provide required flexibil-
ity, were tested for the deformations that they will undergo when
subjected to internal and external loads. Fig. 5(a) shows the expan-
sion in the axial direction of bellow and Fig. 5(b) shows expansion
in the radial direction. The bellow used in this experiment has
6 mm ID and length 50 mm. The deformation is measured experi-
mentally using laser sensors, as internal hydrostatic pressure is
varied from 1 bar to 25 bars.

To check the bellow for static deformations, the internal pres-
sure is increased in small steps using a hydraulic pump. Plastic
behavior of the bellow material can be clearly observed in Fig. 5
(the FEM simulation results shown in this figure will be discussed
later); there is some visible permanent deformation after applied
pressure is slowly reduced. The bellow withstood the pressure of
~25 bars. This range of pressure is likely to occur in the system
if another fluid, e.g.,, ammonia is used as the working fluid, say
for space thermal management application. The maximum expan-
sion in the axial direction is less than 0.15 mm and that in the
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Fig. 4. Thermal resistance 6 mm ID heat pipe (L; =270 mm; Lggp = 130 mm; Lcong = 70 mm; Le,p = 70 mm; Ley= 200 mm) at coolant temperature of 25 °C in both straight and
deformed configurations for (a) vertical (heater down) positioning of the heat pipe (b) horizontal positioning of the heat pipe.

radial direction is less than 0.07 mm. In Fig. 6, net strain of the bel-
low, in radial and axial direction as defined below, is plotted as a
function of hydrostatic pressure.

AL

Caxial = T (3)
Ar

Eradial = T (4)

As per EJMA standards, the axial stiffness is defined as:

h 3
Koo = 5755 (EDm (w) (”—,5)) le (5)

Here, C;is the design coefficient which is evaluated based on C;, Cs,
defined as:

Cr =

The variation of Gswith C;, C; is given in ASME standards [15]. In
addition, for a given angular deflection (0), the angular moment on
the bellow is given as:

Since, in our experimental test case, we have used a tip loading con-
dition instead of a pure moment, therefore, M, = Fyl, where, F, is
the applied tip load. Further, for small bending deflections as in
the present case, 0 = y/l, where y is tip deflection. Hence, the angular
stiffness of the bellow is given by:

KaiaD
K, — axialY'm 6
BT ®)
As per EJMA, the above expressions are only valid in the elastic
range and for bellows satisfying the condition Np < 3D, where, N
is the number of convolutions, p is the pitch of the bellow, and D, is
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the inner diameter of the bellow. The 6 mm ID bellow does not
really satisfy the above condition. However, due to non-
availability of explicit EJMA standards for our test case, we have
applied the above expressions, as a first approximation, to estimate
the required stiffness values of the bellow. As will be seen later, the
EJMA recommendations do provide a reasonable framework to
estimate the required stiffness values.

The geometric profile of the bellow is shown in Fig. 7(a). Fig. 7
(b) and (c) shows the bellow subjected to pure tensile load and
tip load, respectively, as was done in the experiments. Using Eq.
(5), theoretical axial stiffness (Kuiq) and angular stiffness (Kj),
respectively, can be calculated. Fig. 8(a) shows the axial deflection
v/s axial load plot, it is the same data as given in Fig. 6; only the
pressure is converted to axial load by multiplying it with the
inner cross section area of bellow (7r?) and the axial deflection
is obtained from axial strain by multiplying it with length of
the bellow. Fig. 8(b) shows the bellow tip deflection v/s the
applied tip load. The tip deflection is experimentally measured
using the laser based displacement sensors, when the tip load is
varied from 0.1 N to 1 N. The value of the axial stiffness and angu-
lar stiffness for the 6 mm bellow obtained using the EJMA stan-
dards is 407.5N/mm and 0.85N/mm, respectively. The
corresponding experimental results in accordance with EJMA
standards come out to be 403 N/mm and 0.892 N/mm, respec-
tively. These values are vital for future work where the bellows
will be subjected to dynamic loading and pre-defined vibratory
loads. The insets in Fig. 8, show the X-ray tomographic image
of the bellow (as seen at the centerline transverse plane), from

which the actual geometrical dimensions, as mentioned therein,
have been determined.

5. FEM simulations

Stress and deformation modeling of the metallic bellow is also
performed by using the Finite Element Method (FEM) on Solid-
works® platform. The material properties are considered to be iso-
tropic and a linear elastic model is considered. A through grid
independence study is carried out for four different types of mesh
geometries for the bellow; accordingly the bellow is meshed with
over 30,000 grid elements. The 3D model with bellow and the heat
pipe container is meshed with over 50,000 grid elements. The
resulting deformation of the bellow to applied internal pressure
is benchmarked against the experimental results, as shown earlier
in Fig. 5, wherein the axial and radial deformations are simulated
for different internally applied hydrostatic pressures. As can be
seen, the model satisfactorily captures the bellow behavior. Higher
internal pressures are used to simulate scenarios where a different
working fluid may be employed in the future. Further, to simulate
the bellow under different boundary conditions, as may be experi-
enced by it under real-time heat pipe applications, specific simula-
tions have also been conducted, as reported next.

5.1. Simulating the bellow element

The deformations obtained by the FEM model are compared
against experiments, as was earlier discussed in Section 4.3.

(a)

Fx

o
ri
(c) -
.
FX
Om| -t +@—1P
l ™.
i
~
p-Ap

Fig. 7. Geometric profile of the bellow (a) shows the basic profile of the bellow with important dimensions (b) shows the bellow subjected to a pure tensile load Fy (c) shows

the bellow subjected to a tip load F, [15].
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Further, the model is used to determine the location of maximum
stress and deformation that is occurring in the bellow, at different
applied internal pressures.

Fig. 9(a) shows the total deformation of the 6 mm bellow
(that is vector sum of radial and axial deformation) as obtained
from the FEM model, when the bellow is clamped at one end.
Fig. 9(b) shows the cross-section view of von Mises stress
generated in the bellow at the applied pressure of 25 bars. Max-
imum von Mises stress of 290 MPa is observed at the inner tip of
the bellow section at 25 bars. It may be noted that yield
strength of stainless steel is 220 MPa which is lower than the
maximum stress generated at 25 bars. This results in plastic
deformation, as observed in the experimental results shown in
Fig. 5. As the FEM model which has been used is based on linear
elastic theory with isotropic material, a slight deviation from
experimental data is observed for higher pressures. von Mises

stress at 17 bars is 190 MPa, as shown in Fig. 9(c). It may be
inferred from the numerical study that up to about 17 bars,
the bellow expands elastically, which corroborates the experi-
mental observations.

Fig. 10 shows highly magnified expansion/deformation and
stress in the bellow when both ends are fixed (clapmed) and an
internal pressure of 25 bars is applied. The bellow expands in
radial direction and gets bent (less than 0.88 um) as the two ends
are fixed. The geometry of the bellow is identical as the above
modeled geometry, which is already benchmarked against the
experimental results. The maximum total deformation in this case
is less than 1 pm (much less than one end clapmed case) as the
bellow is constrained to move in the axial direction and the stress
generated is only due to the pressure acting in the radial direc-
tion, the maximum von Mises stress generated being about
34 MPa.
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Fig. 9. Simulation results. (a) Deformed shape of the bellow with left end fix at
25 bar (Total deformation) (b) Isometric cross-section view of von Mises stress
generated in the bellow at 25 bars (c) von Mises stress in the bellow at 17 bars
cross-section view.

5.2. Heat pipe model with bellow element clamped at both sides

Extending the above developed model to simulate the stresses
and deformations occurring in a heat pipe under clamped condi-
tions, another finite element method (FEM) model of complete
heat pipe (including two pipes attached to adiabatic bellow ele-
ment) is developed in Solidworks®. This model is then subjected
to different internal hydrostatic pressure, same as in the bellow
model. Fig. 11(a) shows the scaled (highly magnified) deforma-
tion of the heat pipe at internal pressure of 25 bars. It may be
noted that the pipe has deformed and bent slightly (1.5 pm) in
the bellow section to accommodate the increased pressure.
Fig. 11(b) shows cross-sectional view of von Mises stress gener-
ated in the process at 25 bars and Fig. 11(c) shows isometric view
of stress generated at 17 bars. From the simulation results, it may
be noted that the level of stress generated (43 MPa) is well below
yield strength (220 MPa) of stainless steel at internal pressure of

(@)

Fixed end Magnification Scale -> 8000 : 1
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deformation -> 8000 : 1

Fig. 10. Simulation results for bellow model with both ends clamped (fixed) and
the internal pressure of 25bars (a) magnified isometric view of the total
deformation in the bellow (b) von Mises stress generated in the bellow (cross-
section view).

25 bars. Hence, the bellow not only withstands the pressure, it
also accommodates the change in length due to its expansion
properties.

6. Summary and conclusions

Conventional wicked heat pipes, incorporating flexible bellows
as part of the container, are developed and initial results for ther-
mal performance and mechanical stress behavior have been
reported here. Such heat pipes are needed in many applications
for vibration isolation and stress-free operation. Successful opera-
tion of such flexible heat pipes has been obtained for handling
about 80 W for 10 mm ID heat pipes in horizontal orientation.
For 6 mm heat pipes, dry-out occurs early in horizontal operation
and needs to be addressed to meet the target specifications of
60 W.

Axial and radial deformation of bellow (6 mm ID) under hydro-
static pressure up to 25 bars is under 0.15 mm and some plastic
behavior is also observed as pressure is slowly decreased from
25 bars to 1 bar. A finite element (FEM) linear elasticity model is
developed and is benchmarked against experiments. It is used to
obtain maximum stress occurring in the bellow section subjected
to internal static pressure. Variation in expansion/deformation
due to change in Poisson’s ratio is also noted. The axial and angular
stiffness is experimentally determined and obtained values are sat-
isfactorily compared with predictions as per design guidelines of
EJMA. The studies are ongoing and the thermo-mechanical charac-
terization of the developed heat pipes will next be undertaken
under dynamic loads and specified vibration signatures expected
under real-time operations.
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