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Abstract

The paper presents a novel flat heat pipe that has the characteristics of easy to construct, can withstand
a higher pressure when vacuumed and can be constructed into various scales. The thermal performance
of the novel flat heat pipe with or without the wick was analysed using an analytical model. The
analysis related to the relations of the maximum heat transport capacity with liquid fill level, working
temperature and heat pipe geometry dimension for different working fluids.
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1 INTRODUCTION

A flat heat pipe has an advantage over other heat pipes, in that
it can be thermally connected to the parts to be cooled
without difficulty due to its flat shape. A typical example is to
conduct heat from or to the thermoelectric refrigeration
devices. In order to have a good thermal contact with the ther-
moelectric device, the flat heat pipe should have a higher
surface flatness. Currently, most applications of the flat heat
pipe are in the area of cooling electric devices [1—4]. These flat
heat pipes are usually miniature or micro flat heat pipes. The
capillary force and the vacuum are the major difficulties in
development of the flat heat pipe compared with the conven-
tional circular heat pipe. Also, the flat heat pipes usually have
more complicated manufacturing process to form the struc-
tural support and wick structure. For example, a sealed-plate
heat pipe which has multiple independent through holes that
containing wire mesh. The wire or wire mesh is disposed in at
least one of the rectangular through holes such that a narrow
space is formed between an inner wall of the partition wall
forming through the hole and a side portion of the straight wire
and wire mesh so as to cause sufficient capillary action
(Figure 1a) [5]. A thin-sheet heat pipe comprises a hermetically
sealed container, at least one spacer which is movably housed in
the container, exerts a capillary force and has fluid path
(Figure 1b) [6]. A flat-plate heat pipe has a shallow cavity base, a
cover plate and a lanced-offset fin, which contains the porous
metal wick material sandwiched in the space between. The fin is
braced to the base and the cover plate to provide structural
support and is also coated with the wick material (Figure 1¢c) [6].
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As well known, the conventional circular heat pipe can
withstand higher pressure due to its shape when vacuumed
and easy to fit the wick by using metal mesh that can contact
tightly with the internal surface of the circular tube by its
tensile force. If the cross-sectional diameters or equivalent
diameters are larger than 2 mm, the channel geometry can be
circular or rectangular. The inner surface of these heat pipes
may be fitted with wicks, which are used to produce capillary
force to aid the operation of the heat pipes [7]. In this paper, a
novel flat pipe which is derived based on the concept of the
conventional circular heat pipe is presented and its thermal
performance was analysed. The scale of the novel flat heat pipe
can be varied to suit for applications in the areas of electronic
equipment, solar energy systems, thermoelectric refrigeration
systems, air-conditioning systems and industry to dissipate
heat, in the cases of the flat heat pipes are needed.

2 NOVEL FLAT HEAT PIPE

The novel flat heat pipe is shown in Figure 2. The evaporator
is a flat panel with circular holes inside the panel (Figure 2b).
This structure can withstand a higher pressure when vacuumed
and therefore keeps the surface of the panel flat, which is key
point of the flat heat pipe. The holes connect each other at the
bottom of the evaporator to keep the working fluid inside the
flat heat pipe at the same level. As shown in Figure 2b, the con-
denser is consisted of pipes that connected with headers. The
number of the pipes is equal to the number of the holes in the
evaporator and the diameter of each pipe is equal to that of
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Figure 1. Different flat heat pipe styles.

the hole in the evaporator, i.e. the pipes on the condenser can
be looked as an extension of the holes in the evaporator. The
condenser pipes can be finned to distribute heat effectively.
The evaporator and the condenser are connected by the adia-
batic section. The adiabatic section is a circular tube, which
cross-sectional area is equal to the total cross-sectional area of
holes in the evaporator (or pipes in the condenser). The adia-
batic section connects directly with the header of the evapor-
ator (which is also tubes having the cross-sectional area equal
to the cross-sectional area of the adiabatic section) and one of
the header of the condenser. The angle between the evaporator/
condenser and the adiabatic section can be made various
(90°-180°) easily to meet the special application. Figure 3a
shows a configuration of the angle to be 180° and Figure 3b
shows a configuration of the angle between 90° and 180°. The
adiabatic section can be replaced with a flexible pipe that gives
more flexible arrangement of the condenser location
(Figure 3c). The internal surface of the hole in the evaporator
can be fitted with a capillary wick (metal mesh) to drive the
liquid condensate from the bottom and distribute it to the
internal surface of each hole to form liquid film. This flat heat
pipe can also work without the wick in the holes in the evapor-
ator; in this case, the liquid fill level should be close to 100%

evaporator length, otherwise, the internal surface of the holes in
the evaporator may be partly dry due to the condensate return
from the adiabatic section by gravity and may not form the
liquid film evenly on each hole surface, which will affect the
heat pipe efficiency. The novel flat heat pipe can operate as a
thermal diode to transfer and dissipate the heat from the com-
ponent to be cooled. As the whole flat heat pipe consists of cir-
cular pipes and holes, it can withstand higher pressure without
the need of any support like other flat heat pipes.

The scale of this novel flat heat pipe is mainly determined
by the diameter and number of the holes in the evaporator.
The diameter of the holes should be larger than 2 mm as men-
tioned in Section 1. Thermal performance analysis has been
carried out in order for optimum design of the novel flat heat pipe.

3 ANALYTICAL MODEL SET-UP: LIMITS OF
HEAT TRANSPORT CAPACITY

The formulae for limits of heat transport capacity for conven-
tional heat pipes with or without the wick were developed. On
the basis of these formulae, the calculation of maximum heat
transport capacity of the novel flat heat pipe was also
presented.

Consider each channel (a hole in the evaporator and a pipe
in the condenser) in the novel flat heat pipe as a single conven-
tional heat pipe. All the single pipes have the same adiabatic
section. The cross-sectional area of the adiabatic section is
equal to the total cross-sectional area of all the pipes. The
novel flat heat pipe can then be taken as numerous single heat
pipes parallel in width. First, we will consider a single pipe as a
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Figure 2. Novel flat heat pipe. (a) Configuration of the novel heat pipe. (b) Inside view of the evaporator.
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Figure 3. Different adiabatic sections (a) angle to be 180° (b) angle between
90°—180° (c) flexible adiabatic section.

simulation object and determine its optimum sizes and
working conditions. This concept can then be developed to
simulate the whole thermal diode.

Owing to all, the single holes in the evaporator connecting
each other, a natural circulation flow is created in the evapor-
ator of the novel flat heat pipe, gravity therefore does not play
a role in promoting fluid flow in the evaporator. This will be
considered in the calculation of the capillary limit.

For any heat pipe, the maximum heat transport capacity is
governed by six limits [8]; namely, the sonic limit, the entrain-
ment limit, viscous limit, boiling limit, capillary limits and
liquid fill limits. Using the techniques presented in Dunn and
Reay [8] and Babin and Peterson [9], the above five limits may
be expressed as:

Sonic limit

where k; is the shape factor of the heat pipe channel geometry
(for circle channel, k, = 1).
Entrainment limit

op 1/2
Je,m = ksAvhfg <2Thv > (2)

Boiling limit
2 7rlogrkert Ty (2 o )
P, hegp, In(ri/1y) \ 14 P 3)
Viscous limit

_ ks Ts hfgpvvav
Avm 16w, Letr
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Capillary limit
Apcl 2 Aprg + Apag + AP] + Apv (5)

Owing to the influence of gravity on the heat pipes investi-
gated, the heat transport capacity is also governed by the filled
liquid mass. Zhuang [10] expressed this parameter as follows:

2\ 1/3
Gr = (0.8], + 0.81, + 1) (M) a” (6
klhfgg
For the heat pipe without the wick, there are no capillary
pressure differences along the pipe length, ie. Apgy=0. In
addition, the entrainment limit may be expressed in a different
way, as shown below [10]

d; hyg v( — v)
= ke 2 A Nig/ 8Py\PL — P,
B I Ty
C, =0.725
¢ 0.65
10) = (g5 Vm29) ®)

For the novel flat heat pipe with the wick, Ap is to drive the
liquid from the bottom of the evaporator to the whole internal
surface of the evaporator. Owing to the single hole connecting
each other to create a natural circulation flow in the evapor-
ator, gravity does not play a role in promoting fluid flow in the
evaporator. This case is similar to the wicked conventional
normal pipes located horizontally; the net capillary pressure
difference Ap, is expressed as:

2
Apg =2 9)

ce

The capillary radius of mesh as wick is expressed as:

w+d
Tee = 2 (10)
where w is the distance between the adjacent wires and d the
diameter of the mesh wire.
The radial and axial hydrostatic pressure drops Ap,, and
Ap,g are the result of the gravitational forces and may be

expressed as:
Apry = —pgdy cos ¢ (11)

Apag = —piglysin ¢ (12)
where I, is the length of the liquid column in the heat pipe;

I, =1l +lysin (13)

where ¢ is the angle between the adiabatic section and the
horizontal surface. As a natural circulation flow is created in
the evaporator, gravity forces do not play a role on hydrostatic
pressure drops in the evaporator, [, does not include the length
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of the liquid column in the evaporator.

I R .
Ap = (KAlhfgp])lefch (14)

For the pipe with the wick

1’2
K:% (15)

For the pipe without the wick

K=1 (16)
it = 0.5l + I, 4 0.5 (17)
Apy = m lettqe (18)
Z(Thv) Avpvhfg
2(1hv )qc
Re, = 19
AVI'Lvhfg ( )
M, = e (20)

o Avpvhfg (va Ty 7’)0'5

Kraus and Bar-Cohen [11] gave the expressions for f, and C,
for different sets of conditions, as follows:

Rey, <2300, M, <0.2, fyRe, =16, C=1.00 (21)
Re, <2300, M, > 0.2, f,Re, =16,
1 0.5 (22)
C=C = <1+ (—yz >M§)
Re, > 2300, M, <0.2, f,Re, =0.038,
o (ma 0.75 (23)
C=0C =
Avhngv
Re, > 2300, M, >0.2, f,Re, =0.038, C=CGC (24)

4 MODELLING AND DISCUSSIONS

A computer model was developed based on the mathematical
description above and used to analyse the heat transfer of the
novel flat heat pipe for the purpose of optimum designing the
novel flat heat pipe. The investigation related to the relations of
the maximum heat transport capacity with liquid fill level,
working temperature and heat pipe geometry dimension. Both
the novel flat heat pipe with and without the wick (mentioned
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in Section 2) were investigated. For the novel flat heat pipe
with the wick, three layers of woven wire mesh (mesh
count: 200) wick were assumed. The working fluids, n-pentane
(working temperature range: —20 to 120°C) and HFE-7100
(working temperature range: —20 to 70°C) that have
larger working temperature range, are used as working fluids
in the modelling. For analysis of the relation between the
maximum heat transport capacity and liquid fill level, temp-
erature and cross-sectional diameter of the channel, the invari-
able parameters in the modelling are assumed, i.e. for both
novel flat heat pipe with and without the wick, the lengths of
the evaporator and condenser are 0.32 m, respectively, the
lengths of the adiabatic section are 0.15 m. The angle between
the evaporator/condenser and the adiabatic section is 120°.
(These assumptions are based on the testing condition of the
thermal diode operation in an experimental rig of a thermo-
electric heat pump in the department.) The maximum heat
transport capacities presented in the modelling results are for
single channel. For the whole flat heat pipe, the maximum
heat transport capacity is the maximum heat transport capacity
for single channel multiplied by the number of the channels.
The modelling results and discussions are discussed later.

4.1 Relation between maximum heat transport
capacity and working temperature

Figure 4 shows the relations between maximum heat transport
capacity and working temperature for the novel flat heat pipe
with and without the wick. These results were obtained by
further assuming the cross-sectional diameter to be 0.01 m and
the liquid fill level to be 0.08 m.

The simulation results indicates that for the same values of
the working temperature, the maximum heat transport
capacities of the thermal diodes without the wick (dominated
by entrainment limits) are much greater than those with the
wick (dominated by capillary limits), and increase obviously
with the working temperature. For the maximum heat trans-
port capacities, n-pentane is superior to HFE-7100.

4.2 Relation between maximum heat transport
capacity and liquid fill level

Figure 5 shows the relations between maximum heat transport
capacity and liquid fill level for the novel flat heat pipe with
and without the wick. The results were obtained by further
assuming the cross-sectional diameter to be 0.01 m and the
working temperature to be 45°C.

The simulation results indicate that the maximum heat trans-
port capacities of the thermal diode with the wick (dominated
by capillary limits) increase with liquid fill level. When the
liquid fill level is >0.22 m, the increase is significant. However,
to use the wick in the novel flat heat pipe is intending not to
use higher liquid fill level, the role of the wick is to distribute
liquid from the bottom of the evaporator to the whole internal
surface of the evaporator. Normally, a liquid fill level of
one-third to one-fourth of the evaporator length is suggested in
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Figure 4. Relation between heat transport capacity and working temperature.
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Figure 5. Relation between heat transport capacity and liquid fill level.

a heat pipe [8], in which cases, the maximum heat transport
capacities of the thermal diode with the wick are only 18—19 W
for n-pentane pipe, 11-12 W for HFE-7100 pipe.

The maximum heat transport capacities of the thermal
diodes without the wick remain constant (85 W for n-pentane
pipe and 57 W for HFE-7100 pipe) if the liquid fill level is
>0.04 and are much more than that with the wick. When
the liquid fill level is >0.04 m, for this modelling condition,
the maximum heat transport capacities are dominated by the
entrainment limit. When the liquid fill level is <0.04 m, the
maximum heat transport capacities are dominated by dry-out
limit, which increases with the liquid fill level. As mentioned

in Section 2, for the novel flat heat pipe without the wick, the
internal surface of the holes in the evaporator may be partly
dry due to the condensate return from the adiabatic section by
gravity and may not form the liquid film evenly on each hole’s
surface, which will affect the heat pipe efficiency. Therefore,
the fill level is suggested to be 90—100% evaporator length, in
case dry internal surface of the evaporator happens.

4.3 Relation between maximum heat transport

capacity and cross-sectional diameter
Figure 6 shows the relations between the maximum heat trans-
port capacity and cross-sectional diameter for the thermal
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Figure 6. Relation between heat transport capacity and cross-sectional diameter.

diodes with and without the wick. The results were obtained
by further assuming the working temperature to be 45°C and
liquid fill level to be 0.1 m.

The heat transport capacities of the thermal diodes with
and without the wick increase obviously with the increase in
the cross-sectional diameters.

For the same values of cross-sectional diameter, the heat trans-
port capacities of the novel flat heat pipe without the wick (domi-
nated by the entrainment limit) are much greater than those of
the pipe with the wick (dominated by the capillary limit).

4.4 Further analysis

The maximum heat transport capacities of the thermal diodes
without the wick, dominated by the entrainment limit, are much
greater than those of with the wick under the various working
temperatures, liquid fill levels and cross-sectional diameters,
while n-pentane and HFE-7100 are used as working fluids.

The maximum heat transport capacities of the thermal
diode with the wick, dominated by the capillary limit, are
much less because viscous pressure drop Ap; occurring in the
liquid phase is greater. The reason for causing greater viscous
pressure drop is smaller coefficient for liquid phase resistance
calculation and less latent heat of vaporization of n-pentane
and HFE-7100.

5 CONCLUSIONS

The novel flat heat pipe consists of circular pipes and holes; it
can therefore withstand higher pressure without the need of
any support like other flat heat pipes. The novel flat heat pipe
is easy to construct and form the wick structure, and can be
constructed in various scales.
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The computer simulation of the novel flat heat pipe found
the following.

e The maximum heat transport capacities of the novel flat
heat pipe without the wick, dominated by the entrainment
limit, are much greater than that of with the wick under the
various working temperatures, liquid fill levels and cross-
sectional diameters, while n-pentane and HFE-7100 are
used as working fluids.

e The maximum heat transport capacities of the novel flat
heat pipe with the wick, dominated by the capillary limit,
are much less because viscous pressure drop occurring in
the liquid phase is greater. The reason that cause greater
viscous pressure drop is smaller coefficient for liquid phase
resistance calculation and less latent heat of vaporization of
n-pentane and HFE-7100.

e The maximum heat transport capacities of the novel flat
heat pipe without the wick, dominated by the entrainment
limit, are greater and they increase with the increase in
working temperature and cross-sectional diameter, and
remain constant for various liquid fill levels >0.04 m.

e For the maximum heat transport capacities of both flat heat
pipes with and without the wick, n-pentane is superior to
HFE-7100.
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