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Dedication

It is approaching 40 years since the first pens were put to paper (now an old-fashioned phrase)
by Professor Peter Dunn, OBE, then a professor at Reading University, and David Reay, a research
engineer at International Research & Development Company (IRD) in Newcastle upon Tyne,
to start writing ‘Heat Pipes’.

When a fifth edition was first discussed some 10 years ago, Professor Dunn indicated that
he would step aside as co-author, and Dr Peter Kew at Heriot-Watt University took over his role.
Dr Kew had also worked on heat pipes at IRD and continues to collaborate with David Reay on
heat pipe consultancy work.

Professor Dunn then turned his hand to Appropriate Technology, where he remains active, and
his illustrious career is summarised below.

Professor Dunn was trained in civil engineering and worked on Permanent Way Design and
Manufacture first in industry and later for the LMS Railway Research Department. He then chan-
ged his career interests and moved into the design of microwave valves and particle accelerators.
He was responsible for the Radio Frequency Accelerating System of the 7 GeV Accelerator Nimrod.
Later, as the head of a team at AERE, Harwell, he carried out work on the direct generation of heat
to electricity from nuclear reactors. One of the methods studied was thermionic diodes, and it was
at this time that he first met Dr George Grover who was responsible for a similar group at the Los
Alamos Laboratory in United States. Professor Dunn is a founder member of the International
Conference.

Dr Grover’s new work on heat pipes was exciting and highly relevant and was the start of Professor
Dunn's interest in the subject. He commenced a study of liquid metal heat pipes for reactor
application.

Later, Professor Dunn moved to Reading University where he set up the, then, new Department
of Engineering. With his colleague Dr Graham Rice, he carried on heat pipe work.

In recent years, Professor Dunn’s interests moved to Appropriate Technology and Third World
Development. He has carried out projects, particularly in renewable energy, in many countries
and for some time was chairman of Gamos, a small firm concerned with development work
overseas.

His current technical activities relate to writing a book on The British Steam Locomotive, and we look
forward to seeing that in print.

It is with great pleasure and thanks that we dedicate this edition of Heat Pipes to Professor Peter
Dunn, as we did the fifth edition.

David Reay
Peter Kew
Ryan McGlen
April 2013



Preface

to sixth edition

Recent editions of ‘Heat Pipes’ have appeared at intervals of approximately a decade, the fifth
edition appearing in 2006. It was perhaps the period 1995—2005 that saw a transformation
in heat pipe technology and application, characterised by, in the first case, loop heat pipes, and
secondly, the mass production of miniature heat pipes for thermal management in the ubiquitous
desktop and laptop computers. Millions of units per month continue to be made, mainly in
China, where there are substantial production cost benefits. Heat pipe research and application
remains vigorous, but the challenges are great. Miniaturisation of electronics systems, in particular
portable equipment, challenges thermal engineers as well as the broader packaging concepts
employed. Getting more power out of ever-smaller devices can take us beyond heat pipes in some
instances.

The other major change, starting with the fifth edition, and involving a further change for this
edition, has been in the co-authorship of ‘Heat Pipes’. As readers will see from the Dedication,
Professor Dunn relinquished his role as co-author after the fourth edition, and this was taken over
by Dr Peter Kew, who first started research on heat pipes in the 1980s. Peter’s activity continues in
the sixth edition, and we are pleased to welcome on board Dr. Ryan McGlen, a Senior Scientist at
Thermacore Europe, the major heat pipe and thermal engineering company. He has made a major
contribution to Chapter 8 and helped elsewhere in the book.

The changes in technological emphasis allowed us to make several changes to the fifth edition.
In this new edition we have carried out ‘fine-tuning’ but also added new data on thermosyphons,
applications and manufacturing methods. The innovative designer will find comments on 3D printing
of heat pipes interesting, we hope!

Particular features of the sixth edition are additions to the theory (Chapter 2), in particular a section
on nanofluids, substantial additions to Chapter 6 ‘Special types of heat pipe’, and a rewriting of the
chapter dedicated to electronics cooling applications. Applications discussed in Chapter 7 have been
reassessed as appropriate. The list of useful web sites has been updated. We have deleted the bibliogra-
phy. Easy electronic access to resources, in particular journal papers, make such bibliographies less
useful, and of course they quickly become dated.

Where data remain relevant, although they may be in some cases over 50 years old, they are
retained, as are the original data sources (although where these have not been converted into
electronic format, access may be difficult, except through National Archives). Theories, wick properties,
working fluids and manufacturing technologies do not change rapidly — especially where proved
techniques have been successful over extended periods. We make no apologies for keeping an archive
of what we believe to be useful data within one publication.

We hope that readers find the updated version as useful as earlier editions.

April 2013



Preface

to first edition

Following the publication by G.M. Grover et al. of the paper entitled ‘Structures of Very High
Thermal Conductance’ in 1964, interest in the heat pipe has grown considerably. There is now a
very extensive amount of literature on the subject, and the heat pipe has become recognised as an
important development in heat transfer technology.

This book is intended to provide the background required by those wishing to use or to design
heat pipes. The development of the heat pipe is discussed and a wide range of applications
described.

The presentation emphasises the simple physical principles underlying heat pipe operation in
order to provide an understanding of the processes involved. Where necessary, a summary of the
basic physics is included for those who may not be familiar with these particular topics.

Full design and manufacturing procedures are given and extensive data provided in Appendix
form for the designer.

The book should also be of use to those intending to carry out research in the field.
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Nomenclature

circumferential flow area

Wick cross-sectional area

specific heat of vapour, constant pressure
specific heat of vapour, constant volume
sphere density in Blake—Kozeny equation
constant in the Ramsey—Shields—Eotvds equation
4.18 J/g mechanical equivalent of heat
Wick permeability

enthalpy of vaporisation or latent heat of vaporisation
molecular weight

Mach number

figure of merit

number of grooves or channels

Nusselt number

Prandtl number

pressure

pressure difference

maximum capillary head

pressure drop in the liquid

pressure drop in the vapour

pressure drop due to gravity

quantity of heat

radius of curvature of liquid surface
universal gas constant = 8.3 X 10° J/K kg mol
Reynolds number

radial Reynolds number

a bubble Reynolds number

volume flow per second

absolute temperature

critical temperature

vapour temperature

superheat temperature

heated surface temperature

volume

volume of condenser

volume of gas reservoir

Weber number

groove width

radius of tube

constant in the Hagen—Poiseuille equation
velocity of sound

Xix



. Nomenclature

artery diameter

wire diameter

force

acceleration due to gravity

heat flux

Rohsenhow correlation

capillary height, artery height, coefficient of heat transfer
Boltzmanns constant = 1.38 X 10~ >? J/K

Wick thermal conductivity — kg solid phase, k liquid phase
length of heat pipe section defined by subscripts, Section 2.3.4
effective length of heat pipe

mass

mass of molecule

mass flow

number of molecules per unit volume

radius

radial co-ordinate

radius in the evaporator section

radius in the condensing section

hydraulic radius

radius of vapour space

Wick radius

radial velocity

axial velocity

co-ordinate

co-ordinate

heat transfer coefficient

defined as (1 + ky/k))/ (1 — ki/ky)

constant in Hsu formula — thermal layer thickness
fractional voidage

contact angle

inclination of heat pipe
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be function of channel aspect ratio

A characteristic dimension of liquid—vapour interface
N viscosity

1 dynamic viscosity of liquid

Iy dynamic viscosity of vapour

~y ratio of specific heats

p density

2 density of liquid

Py density of vapour

o oy used for surface energy where there is no ambiguity
osL surface energy between solid and liquid

aw surface energy between liquid and vapour

Tsy surface energy between solid and vapour

Other notations are as defined in the text.
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Introduction

The heat pipe is a device of very high thermal conductance. The idea of the heat pipe was first
suggested by Gaugler [1] in 1942. It was not, however, until its independent invention by Grover
[2,3] in the early 1960s that the remarkable properties of the heat pipe became appreciated and
serious development work took place.

The heat pipe is similar in some respects to the thermosyphon and it is helpful to describe the
operation of the latter before discussing the heat pipe. The thermosyphon is shown in Fig. I.1(a).
A small quantity of water is placed in a tube from which the air is then evacuated and the tube
sealed. The lower end of the tube is heated causing the liquid to vaporise and the vapour to move
to the cold end of the tube where it is condensed. The condensate is returned to the hot end
by gravity. Since the latent heat of evaporation is large, considerable quantities of heat can be
transported with a very small temperature difference from end to end. Thus, the structure will also
have a high effective thermal conductance. The thermosyphon has been used for many years and
various working fluids have been employed. (The history of the thermosyphon, in particular the
version known as the Perkins Tube, is reviewed in Chapter 1.) One limitation of the basic thermo-
syphon is that in order for the condensate to be returned to the evaporator region by gravitational
force, the latter must be situated at the lowest point.

The basic heat pipe differs from the thermosyphon in that a wick, constructed for example from
a few layers of fine gauze, is fixed to the inside surface and capillary forces return the condensate
to the evaporator (see Fig. 1.1(b)). In the heat pipe the evaporator position is not restricted and
it may be used in any orientation. If, of course, the heat pipe evaporator happens to be in the
lowest position, gravitational forces will assist the capillary forces. The term ‘heat pipe’ is also used
to describe high thermal conductance devices in which the condensate return is achieved by other
means, for example centripetal force, osmosis or electrohydrodynamics.

Several methods of condensate return are listed in Table 1.1. A review of techniques is given by
Roberts [4], and others are discussed by Reay [5], Jeyadeven et al. [6] and Maydanik [7].

The main regions of the standard heat pipe are shown in Fig. 1.2. In the longitudinal direction
(see Fig. 1.2(a)), the heat pipe is made up of an evaporator section and a condenser section. Should
external geometrical requirements make this necessary, a further, adiabatic, section can be included
to separate the evaporator and the condenser. The cross section of the heat pipe, Fig. 1.2(b), consists
of the container wall, the wick structure and the vapour space.

The performance of a heat pipe is often expressed in terms of ‘equivalent thermal conductivity'.
A tubular heat pipe of the type illustrated in Fig. 1.2, using water as the working fluid and operated
at 150°C would have a thermal conductivity several hundred times that of copper. The power
handling capability of a heat pipe can be very high — pipes using lithium as the working fluid at
a temperature of 1500°C will carry an axial flux of 10—20 kW/cm?. By suitable choice of working
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Figure 1.2 The main regions of the heat pipe.
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Figure 1.3 The heat pipe as a thermal flux transformer.

fluid and container materials, it is possible to construct heat pipes for use at temperatures ranging
from 4 K to in excess of 2300 K.

For many applications, the cylindrical geometry heat pipe is suitable but other geometries can
be adopted to meet special requirements.

The high thermal conductance of the heat pipe has already been mentioned; this is not the sole
characteristic of the heat pipe.

The heat pipe is characterised by the following:

Very high effective thermal conductance

The ability to act as a thermal flux transformer. This is illustrated in Fig. 1.3

An isothermal surface of low thermal impedance. The condenser surface of a heat pipe
will tend to operate at uniform temperature. If a local heat load is applied, more vapour will
condense at this point, tending to maintain the temperature at the original level

Special forms of heat pipe can be designed having the following characteristics:

Variable thermal impedance

A form of the heat pipe, known as the gas-buffered heat pipe, will maintain the heat source
temperature at an almost constant level over a wide range of heat input. This may be achieved
by maintaining a constant pressure in the heat pipe but at the same time varying the condensing
area in accordance with the change in thermal input. A convenient method of achieving this
variation of condensing area is that of ‘gas buffering’. The heat pipe is connected to a reservoir
having a volume much larger than that of the heat pipe. The reservoir is filled with an inert gas
that is arranged to have a pressure corresponding to the saturation vapour pressure of the
fluid in the heat pipe. In normal operation, the heat pipe vapour will tend to pump the inert gas
back into the reservoir and the gas—vapour interface will be situated at some point along the
condenser surface. The operation of the gas buffer is as follows.

Assume that the heat pipe is initially operating under steady-state conditions. Now let the
heat input increase by a small increment. The saturation vapour temperature will increase
and with it the vapour pressure. The vapour pressure increases very rapidly for very small
increases in temperature, for example the vapour pressure of sodium at 800°C varies as the
10th power of the temperature. The small increase in vapour pressure will cause the inert gas
interface to recede, thus exposing more condensing surface. Since the reservoir volume has
been arranged to be large compared to the heat pipe volume, a small change in pressure will
give a significant movement of the gas interface. Gas buffering is not limited to small changes
in heat flux but can accommodate considerable heat flux changes.

It should be appreciated that the temperature, which is controlled in the more simple
gas-buffered heat pipes, as in other heat pipes, is that of the vapour in the pipe. Normal
thermal drops will occur when heat passes through the wall of the evaporating surface and
also through the wall of the condensing surface.

A further improvement is the use of an active feedback loop. The gas pressure in the reservoir
is varied by a temperature-sensing element placed in the heat source:

Loop heat pipes

The loop heat pipe (LHP), illustrated in Fig. 1.4, comprises an evaporator and a condenser,
as in conventional heat pipes, but differs in having separate vapour and liquid lines, rather
like the layout of the single-phase heat exchanger system used in buildings for heat recovery,
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the run-around coil. Those who recall the technical efforts made to overcome liquid—vapour
entrainment in heat pipes and, more importantly, in thermosyphons will know that isolation
of the liquid path from the vapour flow (normally counter-current) is beneficial. In the LHP,
these flows are co-current in different parts of the tubing.

A unique feature of the LHP is the use of a compensation chamber. This two-phase reservoir
helps to establish the LHP pressure and temperature, as well as maintain the inventory of the
working fluid within the operating system. The LHP, described fully in Chapter 6, can achieve
very high pumping powers, allowing heat to be transported over distances of several metres.
This overcomes some of the limitations of other ‘active’ pumped systems that require external
power sources.

Thermal diodes and switches

The former permit heat to flow in one direction only, while thermal switches enable the
pipe to be switched off and on.
Pulsating or oscillating heat pipes

The pulsating heat pipe (PHP, sometimes called the oscillating heat pipe (OHP)), discussed
in Chapter 6, is like the LHP, a relative newcomer to the heat pipe field, but one that is receiv-
ing substantial attention because of its lack of reliance on capillary action. The PHP consists of
a long, small diameter, tube that is ‘concertined’ into a number of U-turns. There is no capillary
structure within the tube, and the liquid distributes itself in the form of slugs between vapour
sections, as shown in Fig. 1.5. Heat transfer is via the movement (oscillation) of the liquid slugs
and vapour plugs between the evaporator and the condenser.

The oscillation of the slug, in this case in a single tube at different times, is shown. The time
step between two frames is equal to 20 ms. The authors [8] state: ‘Advancing and receding
menisci refer to the liquid plug motion: advancing corresponds to the leading edge and receding
to the tail of the liquid plug. Enlargements (a), (b) and (c) show a strong dissymmetry
of left and right interfaces: the curvature radius of advancing menisci (right interface in (a) and
left interface in (c)) is smaller than that of receding menisci. This dissymmetry is a view of the
pressure difference between both sides of the liquid slug. In case (b), the interface velocity is
equal to zero and the liquid slug is then symmetric.’

Increasingly in the literature, one notes the addition of nanoparticles, to create
nanofluids, in an attempt to improve the performance of most of the above types of
heat pipe or thermosyphon. Some examples are given elsewhere in the text, but the word
‘nano’ does not in our opinion warrant its use in a new category of heat pipe. A nano-
sized heat pipe would be a different kettle of fish, however (as would a carbon nanotube
heat pipe).



