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Abstract

Research has been carried out on the theory, design and construction of heat pipes, especially their
use in heat pipe heat exchangers for energy recovery, reduction of air pollution and environmental
conservation. A heat pipe heat exchanger has been designed and constructed for heat recovery in
hospital and laboratories, where the air must be changed up to 40 times per hour. In this research, the
characteristic design and heat transfer limitations of single heat pipes for three types of wick and three
working ¯uids have been investigated, initially through computer simulation. Construction of heat pipes,
including washing, inserting the wick, creating the vacuum, injecting the ¯uid and installation have also
been carried out. After obtaining the appropriate heat ¯ux, the air-to-air heat pipe heat exchanger was
designed, constructed and tested under low temperature (15±558C) operating conditions, using methanol
as the working ¯uid. Experimental results for absorbed heat by the evaporator section are very close to
the heat transfer rate obtained from computer simulation. Considering the fact that this is one of the
®rst practical applications of heat pipe heat exchangers, it has given informative results and paved the
way for further research. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Heat exchangers made of heat pipes are one of the most e�ective devices for waste
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heat recovery. The advantage of using a heat pipe over conventional methods is that
large quantities of heat can be transported through a small cross-sectional area over a
considerable distance with no additional power input to the system. Furthermore,
simplicity of design and manufacturing, small end-to-end temperature drops, extremely
wide temperature application range (4±3000 K) and the ability to control and transport
high heat rates at various temperature levels are unique features of heat pipes [1±3].
Heat pipes have been applied in many ways since their introduction in 1964. Some of the

important applications of heat pipes are as follows: in the area of spacecraft cooling [4,5],
electrical and electronic equipment cooling [6,7], medicine and human body temperature
control [8,9] and as heat exchangers for heat recovery [10±13].

Nomenclature

A cross-sectional area of duct (m2)
cp speci®c heat (kJ/kg K)
hfg enthalpy of vaporisation or latent heat (kJ/kg)
m mass ¯ow rate of air (kg/s)
M ®gure of merit (kW/m2)
q axial heat transfer rate (kW)
qact actual heat transfer rate (kW)
qc rate of heat transfer from condenser (kW)
qe rate of heat transfer to evaporator (kW)
qmax maximum heat transfer rate (kW)
Qent entrainment limit on heat transfer rate (kW)
Qs sonic limit on heat transfer rate (kW)
R universal gas constant (J/K kg mol)
rv radius of vapour space (m)
Tc condenser duct temperature (8C)
Te evaporator duct temperature (8C)
Tv temperature of vapour (8C)
Tw surface temperature of pipe (8C)
Tsat saturation temperature of ¯uid (8C)
DTs di�erence between Tw and Tsat (8C)
u velocity of air through duct (m/s)
d thickness of thermal layer (m)
g ratio of speci®c heats
l characteristic dimension of the liquid/vapour interface (m)
ml viscosity of the liquid (kg/m s)
y contact angle (degree)
rl density of the liquid (kg/m3)
rv density of the vapour (kg/m3)
sl surface tension (N/m)
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The use of the heat pipe heat exchanger will reduce primary energy consumption, thus
reducing carbon dioxide production.
Commercial production of heat pipe heat exchangers began in the mid-1970s. Since that

time, they have found numerous applications in many industries. Heat pipe heat exchanger
applications can be divided into three main categories:

1. Heat recovery in air conditioning devices.
2. Heat recovery from the process exhaust stream to preheat air for space heating.
3. Heat recovery from the process exhaust stream to re-use in the process.

Although the operating condition of a heat pipe is simple, its appropriate design and
construction is very complicated. Since numerous parameters should be controlled,
experimental investigations are very important.
In this research, initially the material and dimensions of a single heat pipe, the types of wick

and working ¯uids compatible with the pipe and wick were selected. The characteristic design
and heat transport limitations of heat pipes for three types of wick (50 mesh nickel, 250 mesh
nickel and 100 mesh stainless steel) and three working ¯uids (methanol, water and acetone)
through a computer simulation of a single heat pipe were examined. The rate of heat input to
the evaporator section was maintained within 20±400 W.
The results obtained from the computer simulation were used to construct the heat pipe.

After fabrication of the heat pipe and obtaining the appropriate heat ¯ux, a heat pipe heat
exchanger with a heat exchange potential of 800 W for heat recovery from a surgery room in a
hospital was designed, manufactured and tested.

2. Computer simulation of a single heat pipe

The operation of a heat pipe is easily understood by using a cylindrical geometry, as shown
in Fig. 1. The components of a heat pipe are a sealed container (pipe wall and end caps), a
wick structure and a small amount of working ¯uid in liquid state, which is in equilibrium with
its own vapour. The length of the heat pipe is divided into three parts: the evaporator section,
adiabatic section and condenser section. In the selection of a suitable combination of three
basic components, inevitably a number of con¯icting factors may arise and the principal bases
for selection are discussed in Ref. [2].
In order to design the heat pipe, all related formulae and equations have been used in a

computer program. Selection of wick and wall materials is based on the criteria discussed in
Ref. [2]. With reference to the objective of the research, copper pipes with an outside diameter
of 15 mm, inside diameter of 9 mm and length of 600 mm have been selected. Three types of
wicks, 50 mesh nickel, 250 mesh nickel and 100 mesh stainless steel have been utilised. Three
types of working ¯uid, namely, methanol, water and acetone, which according to reference [1],
are compatible with the wick and pipe and applicable within the working temperature range
(15±558C), have been considered.
Through the computer simulation of a single heat pipe, the characteristic design of the heat

pipe, number of wicks, volume and pressure, ®gure of merit, priming factor and heat transfer
limits of working ¯uids have been investigated.

S.H. Noie-Baghban, G.R. Majideian / Applied Thermal Engineering 20 (2000) 1271±1282 1273



Evaluating the ®gure of merit over the vapour temperature range allowed the performance
of the three working ¯uids to be compared [2]. The ®gure of merit is given by:

M � rlslhfg

ml

Fig. 1. Schematic of a conventional heat pipe showing the principle of operation and circulation of the working
¯uid.

Fig. 2. Figure of merit for selected working ¯uids.
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The results are shown in Fig. 2 which reveal the advantage of water and to a lesser extent
methanol, over acetone.
A further factor in ¯uid selection is priming ability. A comparison of the priming ability of

¯uids may be obtained from the ratio sl/rl [2] and this is plotted against vapour temperature in
Fig. 3. Water is shown to be superior to the methanol and acetone over the whole operating
temperature range.

Fig. 3. Priming factor for selected working ¯uids.

Fig. 4. Limitations to heat transport in the heat pipe.
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3. Examination of limits

In the design of a heat pipe, the limitations on heat transport must be examined for each
working ¯uid. Although heat pipes are very e�ective heat transfer devices, they are subject to a
number of heat transfer limitations. These limitations determine the maximum heat transfer
rate a particular heat pipe can achieve under certain working conditions. The type of limitation
that restricts the operation of the heat pipe is determined by the one, which has the lowest
value of heat transfer rate at a speci®c heat pipe working temperature. Fig. 4 shows
schematically the axial heat ¯ux as a function of heat pipe working temperature for di�erent
limitations [2]. It is necessary for the operating point to be chosen in the area lying below these
curves. The actual shape of this area depends on the working ¯uid and wick material and will
vary appreciably for di�erent heat pipes.
The viscous limit is not applicable to the selected working ¯uids at the operating

temperature range. Since the vertical heat pipe is used, the pressure di�erences between liquid
and vapour are very small with respect to the total capillary and gravity head. The sonic,
entrainment and radial limits on heat transport of a single heat pipe in the range of input heat
to evaporator within 20±400 W were examined for each working ¯uid.
The axial heat ¯ow rate due to the sonic limitation was calculated from the following

equation [2]:

Qs � pr2vrvhfg

�����������������
gRTv

2�g� 1�

s

The values of Qs versus temperature are plotted in Fig. 5.
The maximum heat transfer due to the entrainment limit was determined using the equation

[2]:

Fig. 5. Sonic rate of axial heat transfer limit.
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Qent � pr2vhfg

�������������������������
2prvslcos y

l

r
Where l is the characteristic dimension of the liquid/vapour interface and for 100 mesh SS

was taken as 0.036 mm and y is contact angle and was taken zero. The values of Qent versus
temperature are plotted in Fig. 6.

Fig. 6. Entrainment rate of axial heat transfer limit.

Fig. 7. Degree of superheat for the three working ¯uids.
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It is seen from Figs. 5 and 6 that the sonic and entrainment limits of the three working ¯uids
are well above the maximum required heat transport capacity (400 W).
Boiling in the wick may result in the vapour blocking the supply of liquid to all parts of the

evaporator. It is therefore desirable to have a working ¯uid with a high degree of superheat
DTs to reduce the chance of nucleation. The degree of superheat to cause nucleation is given by
[2]:

DTs � 3:06slTv

rvhfgd

In this calculation the value of d which is the thickness of the thermal layer was assumed to
be 0.15 mm. This is the thickness of one layer mesh.
The degree of superheat temperature versus operating temperature is plotted in Fig. 7 for the

three working ¯uids.

4. Selection of working ¯uid

Since water has a high degree of superheat temperature especially at the low pressure
involved in this application, water is not applicable. For example, for the operating
temperature of 458C the degree of superheat is about 208C. Methanol has the larger Merit No.
and capillary limit and also an acceptable degree of superheat with respect to acetone in the
temperature range 15±558C, therefore it has been selected. At the maximum working
temperature (808C), the vapour pressure of methanol is 2.3 bar. Considering a reasonable
safety factor, the wall thickness of the pipe is taken to be 3 mm.

5. Design and construction of heat pipes

The selected range of heat input was within 20±400 W for the single heat pipe. It is
necessary to have a heat pipe capable of transferring a minimum of 100 W at the temperature
range between 15±558C. Through computer simulation the heat pipe was examined in the
range of 20±400 W. According to the desired heat transfer rate (100 W) and required cross-
sectional area of wick and wick thickness, the number of wicks were obtained. It was found
out that one layer of mesh was su�cient.
Finally, according to the desired characteristics of the heat pipe and with reference to Figs. 2

and 4±7 obtained through the computer simulation, the heat pipe with the following features
was designed.

Material of pipe, copper
Diameter of pipe, 15 mm
Length of pipe, 600 mm
Length of evaporator section, 300 mm
Length of condenser section, 300 mm
Thickness of pipe, 3 mm
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Type of wick, 100 mesh SS
Number of layers, 1
Working ¯uid, methanol
Heat duty per pipe, 100 W.

After obtaining the above characteristics for the single heat pipe, eight heat pipes were
manufactured. This process consisted of washing, inserting the wick, creating the vacuum,
injecting the working ¯uid and testing of each individual heat pipe. The satisfactory
experimental results from the constructed heat pipe can be taken as a good indication of the
veracity of research and design carried out by a computer simulation.

6. Experimental set up

The test rig has been designed and constructed to test the e�ectiveness and validate the
developed computer program of the air-to-air heat pipe heat exchanger shown in Fig. 8. Fig. 9
is the test rig used for this investigation. A heat exchanger consisting of eight individual heat
pipes was used in the tests. The speci®cations for the unit are:

Three rows of heat pipes
Methanol as working ¯uid
Heat pipes in staggered equilateral triangle arrangement of 45 mm centres
Hard drawn copper pipes, 15 mm OD, 9 mm ID

Fig. 8. Schematic of the heat pipe heat exchanger.
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Equal evaporator and condenser lengths, 300 mm each
Total dimensions of unit �width� height� depth��150� 600� 150 mm
Galvanised sheet steel ¯anges.

The experimental rig consists of two fans that provide a ¯ow rate of 0.103 m3/s through
evaporator and condenser. The air velocities of both streams were measured by air velocity
meters and were 2.3 m/s. To monitor temperatures, K type thermocouples were used and this
measurement was processed by digital thermometer. The atmospheric air is heated by the three
electric heating elements (total power 1500 W). After giving part of this heat to the evaporator
section, the air is discharged to the atmosphere.

7. Experimental results and discussions

A series of tests was performed in order to investigate the characteristics of the heat pipe
heat exchanger, by blowing warm and cool air with constant mass ¯ow rate over the heat pipe
heat exchanger. Since the model is designed for use in a hospital surgery, the tests were carried
out in the temperature range 15±558C. The average temperatures obtained are as follows:

Fig. 9. The schematic of test rig.
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Average temperature of inlet air to evaporator section, Te,in � 558C
Average temperature of outlet air from evaporator section, Te,out � 498C
Average temperature of inlet air to condenser section, Tc,in � 178C
Average temperature of outlet air from condenser section, Tc,out � 218C:

The rate of axial heat transfer by conduction of individual heat pipe was calculated and
found to be negligible in comparison with heat transport to air.
With reference to mass ¯ow rate of warm and cool air, the heat transfer rates to the

evaporator and condenser sections are calculated as follow:

qe � mcp�Te,in ÿ Te,out� � ruAcp�Te,in ÿ Te,out�

� 1:08� 2:3� �0:15� 0:3� � 1008:1� �55ÿ 49� � 676:1 W

qc � mcp�Tc,out ÿ Tc,in� � ruAcp�Tc,out ÿ Tc,in�

� 1:24� 2:3� �0:15� 0:3� � 1006:7� �21ÿ 17� � 516:8 W

It is seen that the average rate of heat input to the evaporator section of heat pipe
�676:1=8 � 84:5 W� found by experiment is close to the heat transfer rate (100 W) predicted by
computer simulation.
The e�ectiveness of the heat exchanger is de®ned as the ratio of the actual rate of heat

transfer by the heat exchanger to the maximum possible heat transfer rate between the air
streams [14±16]. Assuming, there is no water condensation in air streams and also assuming
the speci®c heat of air passing through the heat exchanger to be constant then the e�ectiveness
of heat pipe heat exchanger is represented as:

e � qact

qmax

� Te,in ÿ Te,out

Te,in ÿ Tc,in
� 55ÿ 49

55ÿ 17
� 0:16

The low value of e�ectiveness was attributed to lack of ®ns, high pitch to diameter ratio and
high air face velocity.

8. Conclusions

1. The heat transfer rate to the evaporator section of a single heat pipe obtained from the
developed computer simulation was very close to the experimental results for the
constructed heat pipe.

2. The examination of the heat transfer limits for three working ¯uids (acetone, water and
methanol) showed that the minimum heat transfer is well above the required heat transfer
rate.

3. The low e�ectiveness of the heat exchanger (0.16) was attributed to the high pitch to
diameter ratio of the pipe and also lack of ®ns.

4. It is important to use the most appropriate method for producing the vacuum and ®lling the
heat pipe. Similarly the most appropriate way of sealing of the pipe ends is necessary.
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5. With reference to the experimental results obtained, the following points play vital roles in
increasing the e�ciency and e�ectiveness of HPHE:
5.1. Using ®nned pipes
5.2. Increasing the number of rows
5.3. Complete insulation of the test rig
5.4. Perfect sealing of pipes.
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