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Abstract

An open oscillatory heat pipe is a two-phase flow device capable of transferring heat from a source to a sink below the source, a
force of gravity, without the aid of a wick or any moving mechanical parts. A theoretical model of such a device taking gravity, surface
friction and pressure into account is presented. The model uses vapour bubble, liquid plug and liquid film control volumes. An exp
model was constructed and tested using water as the working fluid. It was found that the device could operate indefinitely provide
source is less than 30 mm above the heat sink and that the temperature of the heat source is less than 160◦C. The theoretical model wa
able to predict these experimentally determined values. By calculating Lyapunov exponents it is shown that the theoretical mode
reflect the characteristic chaotic behaviour of these devices. It was concluded that the model represents the experimental situati
that it is important to consider the evaporation of liquid deposited on the surface by the trailing edge of the liquid plug. It is recom
that convective heat transfer is further investigated and the water pumping ability of the device is exploited.
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

An oscillatory or pulsating heat pipe (PHP) is a two-ph
flow device used for transferring heat without any mov
mechanical parts [1,2]. A particularly simple variant of su
a device, termed an open oscillatory heat pipe (OOHP),
consist of a length of relatively long but small diameter p
bent in the middle to form a loop as shown in Fig. 1. If t
pipe is initially filled with water, the one end heated and
other ends cooled, oscillatory pulses are observed in w
water is expelled from the open ends and then drawn b
into the pipe in a seemingly periodic fashion. The diame
of the pipe is important. It must be small enough such
under operating conditions a liquid plug and vapour bub
type flow pattern occurs. If the diameter is too large
tendency is for a stratified flow pattern to occur with t
liquid flowing in the bottom of the pipe and the vapour
the top.

E-mail address: rtd@maties.sun.ac.za.
1290-0729/$ – see front matter 2003 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2003.05.003
Fig. 1. Example of an OOHP.

This type of open oscillatory heat pipe is deemed imp
tant for a number of reasons. It is a simple example of
more complex case of oscillatory or pulsating heat pi
(PHPs) in which the pipe meanders back and forth m
times between the heated and cooled ends and in which
are many bubbles and plugs and for which a satisfactory
oretical model has as yet not been published [3]. The o
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Nomenclature

A area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

c specific heat . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

cp specific heat at constant pressure . . J·kg−1·K−1

cv specific heat at constant volume . . . J·kg−1·K−1

Cf coefficient of friction
D diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
F force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
g gravitational constant . . . . . . . . . . . . . . . . . m·s−2

h heat transfer coefficient . . . . . . . . . W·m−2·K−1

i enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1

ifg latent heat of vaporisation . . . . . . . . . . . . . J·kg−1

L length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
m mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
ṁ mass flow rate . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

N number
P pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
q̇ heat transfer rate . . . . . . . . . . . . . . . . . . . . . . . . . W
R specific gas constant . . . . . . . . . . . . . J·kg−1·K−1

R thrust . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
Re Reynolds number
T temperature . . . . . . . . . . . . . . . . . . . . . . . .◦C or K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
U overall heat transfer coefficient . . . W·m−2·K−1

V volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3

v velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

x displacement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

δ thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
θ liquid-surface contact angle . . . . . . . . . . . . . . . .◦
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

µ viscosity . . . . . . . . . . . . . . . . . . . . . . . kg·m−1·s−1

φ angle to the horizontal . . . . . . . . . . . . . . . . . . . . .◦
τ shear stress . . . . . . . . . . . . . . . . . . . . . . . . . . N·m−2

σ surface tension . . . . . . . . . . . . . . . . . . . . . . N·m−1

Subscripts

a adiabatic
c condenser, cold
e exit, environment, evaporator
f film, friction
g gravity
i inlet
f friction, film
L leading
� liquid
�f liquid film
P pressure
p plug
T trailing
v vapour
τ shear stress
σ surface tension
w water, wall
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oscillatory heat pipe can thus be used to study the phy
behaviour of this more complex system. The open osc
tory heat pipe is able to transfer heat relative to gravity fr
a heat source positioned above the cold sink without the
of a wick or any moving mechanical parts. The open osc
tory heat pipe is also able to propel a boat as well as ab
pump water. Although as a thermodynamic heat engin
efficiency for doing work is extremely small, conversely,
a heat transfer device it is thus necessarily very efficient

The object of this paper is to investigate both experim
tally and theoretically the influence of gravity on the moti
of this one vapour bubble and two liquid plug system OO
by varying the vertical distance between the heated end
the water level in the cold water tank.

Simple mathematical models for bubble-plug flow in
OOHP and/or a PHP have been proposed [4–7]. Some
more advanced or complicated models that include the e
of a liquid film [8–10] have also been proposed. The cha
behaviour of oscillatory heat pipes has been considere
the literature [11–13]. Attempts at correlating experim
tally determined heat transfer characteristics with dim
sionless parameters such as Bond, Froude, Weber, Pr
and Kutateladze numbers have also been undertaken [14
There is also a tendency to undertake more experim
l

t

tl
].

tal studies in an attempt to better understand the opera
regimes of PHPs [16,17].

Because of the seemingly random and aperiodic be
iour (of for instance the position of the liquid plugxp rela-
tive to its initial position in the open oscillatory heat pip
a times series analysis will be undertaken and the Lyapu
exponents calculated. Given some initial conditionx0, con-
sider a nearby pointx0 + δ, where the initial separationδ0
is extremely small. Letδn be the separation aftern steps. If
|δn| ≈ |δ0|enλ, λ is called the Lyapunov exponent. A positi
Lyapunov exponent is a signature of chaos. A more com
tationally useful formula may be derived [18] as

λ = lim
n→∞

[
1

n

n−1∑
i=0

ln
∣∣f ′(xi)

∣∣] (1)

For stable fixed points and cycles,λ is negative; for chaotic
attractors,λ is positive.

2. Theoretical modelling

Three types of one-dimensional control volumes as sh
in Fig. 2 are used to theoretically model the physical beh
iour of the oscillatory heat pipe. A control volume represe
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Fig. 2. Theoretical model of the OOHP.

ing the vapour bubble entrapped in the closed end, a co
volume representing a liquid plug moving back and fou
at the open end, and an annular control volume repres
ing the thin liquid film deposited on the inside surface of
pipe by the trailing end of the liquid plug.

The rate of change of mass of the vapour bubble with t
depends on the net mass flow rate

"mv

"t
= ṁvi − ṁve − ṁv,dep (2)

The mass flow rate of vapour entering the vapour bubb
by evaporation of the liquid film in the evaporator

ṁvi = ṁ�fe = UiπdLev(Te − Tv)/ifg (3)

Lev is the length of the liquid film in the evaporator that
in contact with the vapour bubble andUi is a characteristic
overall heat transfer coefficient for heat transfer from
heat source into the liquid film. Similarly, the rate at whi
mass is leaving the vapour bubble by condensation on
cooled length in contact with the vapour is given by

ṁve = ṁ�fi = UeπdLvc(Tv − Tc)/ifg (4)

Under certain conditions the temperature of the vapour
rise above the heat source temperature due to the work
by the liquid plug on the vapour as it moves towards
closed end of the pipe. Under this condition

ṁv,dep= UveπdLv,dep(Tv − Te)/ifg (5)

The rate of change of mass of the liquid film simila
depends on the net mass flow

"m�f

"t
= ṁ�fi − ṁ�fe + ṁ�f,dep (6)

At the trailing edge the liquid plug deposits a layer of liqu
of thicknessδ�f on the pipe wall as it moves towards the op
end of the pipe. This rate of liquid deposited is given by

ṁ�f,dep= ρ�πdδ�fνp (7)

The mass of a liquid plug is given in terms of the bub
lengthxp and the pipe half-lengthL/2 = Le + La + Lc as

mp = ρ�πd2(L/2− xp + Lm)/4 (8)

The forces acting, in the direction of motion, on the liqu
plug are due to shear (friction), gravity, surface tension,
vapour bubble and external water pressures and the equ
of motion is

mp
"vp = −Fτ ± Fg − Fσ + FP (9)

"t
l

-

e

n

The forces are

Fg = ρ�L
φ
pπd2g sinφ/4 (10)

L
φ
p is the portion of the liquid plug inclined at angleφ to the

horizontal

Fσ = πdσ(cosθT,L − cosθL,T) (11)

FP = πd2(Pv − Pe)/4 (12)

Fτ = τπdLp = Cfρ�πdLpv
2
p/2 (13)

The coefficient of friction is (conveniently) approximated
Cf = 0.078Re−0.25 for Re > 1180 or 16/Re for Re < 1180,
whereRe = ρ�vpd/µ�.

The bubble and liquid film momentum are both relativ
small compared to the liquid plug momentum and
neglected.

The internal energy and hence the temperature of
vapour bubble as a function of time depends on the
convective heat transfer, the net enthalpy, and the ra
which the bubble is doing work on the liquid plug and
given (ignoring the kinetic and potential energies) by

"Ev

"t
= q̇vi − q̇ve + ṁviivi − ṁveive + PvA

"xp

"t
(14)

where"Ev = mvcvv"Tv, iv ≈ 2500+ cpvTv, A = πd2/4,
q̇vi = heπdLev(Twe − Tv) andq̇ve = hcπdLvc(Tv − Twc).

The vapour bubble is assumed to be an ideal gas
hence if the volume and temperature are known the pres
must be given by

Pv = mvRv(Tv + 273.15)

πd2xp/4
(15)

In Eq. (15) the effect of the relatively thin liquid film ha
been ignored when determining the volume of the vap
bubble. The temperature of the vapour in Eq. (15) has b
converted to Kelvin by adding 273.15 to the Celsius valu

The net thrust or the force restraining the pipe fr
moving in the axial direction is calculated by

R = 2
⌊
(Pv − Pe)πd2/4∓ Fτ

⌋
(16)

There are two open ends and hence the value “2” in Eq. (
Fτ is given by Eq. (16) and its sign depends on whether
liquid plug is moving out or into the pipe, andFσ may be
neglected because it is relatively small (see Fig. 8).

An explicit finite difference numerical scheme is us
to solve this set of equations. The annular liquid fi
control volume of lengthLe is divided into a numberN
of smaller control volumes of lengthLe/N to account for
evaporation, condensation as well as the deposition of li
δ�f,dep as the liquid plug moves out of the evaporator. T
effect of a thin liquid film in the adiabatic and condensi
sectionsLa andLc was neglected. The time steps used
the solution of the numerical equations were reduced u
stable and repeatable results were obtained. The nu
of smaller liquid film control volumes in the evaporat
was varied and the results tested for consistency. A t
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step of not more than 0.0001 s and liquid film cont
volume lengths of about 0.005 were found to give a g
balance between computer running times and nume
accuracy.

3. Experimental set-up and results

A special open oscillatory heat pipe was manufactu
and orientated (in a stand) as shown in Fig. 3. It sho
half of the vapour bubble the one liquid plug (of the tw
in the symmetrical half of the pipe of total length 2×
930=1860 mm and internal diameter 3.34 mm. The cen
360 mm of the pipe is bent (like a snake) and cast int
20×110×150 mm aluminium block to ensure good therm
contact between the pipe and the block. The temperatu
the aluminium block is heated and controlled by means o
electrical resistance wire and a variable voltage supply.
two open ends are inserted in a large tank of cooling wa
The aluminium-heating block is mounted on a calibra
thrust sensor. The pipe is filled with water, the alumini
block heated and the magnitude of the resulting oscilla
thrust imparted to the block is measured as well as
heating block temperature and the water temperature.
thin K-type thermocouples each inserted into narrow eve
spaced holes in the heating block are used to determin
temperature.

A typical experimentally determined curve of thrust a
function of time is given in Fig. 4 and may be compared w
the typical theoretically determined thrust curve shown
f

Fig. 5. The basic numerical values of the variables and in
values used in the computer program are given in Tabl
In both Figs. 4 and 5 the thrust oscillates at a frequenc
5.5 Hz and intermittent transient decaying pulses occu
somewhere between 3 and 10 second intervals. These p
occur when the liquid in the heated evaporator section d

Fig. 3. Symmetrical half of an OOHP.
ti

ime
Fig. 4. Example of an experimentally determined thrust curve for the open oscillatory heat pipe, (b) is the thrust for the first 5 s of (a) but on a largerme-scale,
and (c) is the thrust for the time period of 20 to 25 s of (a).

Fig. 5. Example of a theoretically determined thrust curve for the open oscillatory heat pipe, (b) is the thrust for the first 5 s of (a) but on a larger t-scale,
and (c) is the thrust for the time period of 20 to 25 s of (a).
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Table 1
Numerical computer program values

Le = 0.18, La = 0.02, Lc = 0.48, d = 0.00334,
Lm = Lfe = 15d, δ�f,dep= 0.000025 m,

Te = 150◦C, Tc = Tw = 20◦C,
Ue = 1000 W·m−2·◦C−1, Uve = Ue, Uc = 600 W·m−2·◦C−1,

he = 0 W·m−2·◦C−1, ha = 0 W·m−2·◦C−1, hc = 0 W·m−2·◦C−1,
Rv = 461 J·kg−1·K−1, cpv = 1900 J·kg−1·◦C−1,

cvv = cpv − R,
ρ� = 1000 kg·m−3, σ� = σ@(Th+Tc)/2,

ifg = 2.34 MJ·kg−1, µ� = µ@(Th+Tc)/2 kg·m−1·s−1,
Initial conditions:δ�f = 0.00001 m,

x0 = 0.15 m, Pv0 = 100000 Pa, Tv0 = 20◦C,
and henceVv0 = x0πd2/4, and

mv0 = (Pv0Vv0)/(Rv(Tv0 + 273.15))

out (normally the vapour bubble and liquid plug interfa
would be oscillating in the cooling section of the pipe a
frequency of 5.5 Hz). When evaporator dry-out occurs
additional mass is added to the portion of the vapour bu
exposed to the heated surface, vapour however conti
to condense in the portion exposed to the cooling surf
there is a sharp decrease in the vapour bubble pressur
the outside environment pressure forces the liquid plug
the evaporator section. In this way the dry evaporator is
charged with liquid. The liquid plug position, vapour bubb
pressure and mass of liquid in the film in the evapora
during this process is shown in Fig. 6.

The experimental and theoretical thrust results may
analysed using chaos theory. This is done to estab
whether the response curves are cyclical or non-cyclical
hence chaotic. Lyapunov exponents as defined by Eq. (1
calculated for both the theoretically and experimentally
termined thrust response curves. Fig. 7 shows the calcu
Lyapunov exponents as a function of the temperature o
heating blockTe. It is seen that experimentally measur
thrust curves (of which Fig. 4 is an example) have posi
Lyapunov exponents of about 3 at the lower temperature
increases to about 4 at 170◦C; thus illustrating the increas
ingly chaotic nature of the oscillations as the tempera
increases. Lyapunov exponents for theoretically determ
thrust curves (of which Fig. 5 is one example) were po
tive albeit somewhat lower than for the experimental com
nents. Although the theoretical values are seen to be lo
than the experimental values they do exhibit the same
dency of increasing as temperature increases. The po
theoretical values and this increasing tendency with tem
ature does however demonstrate that the theoretical m
is able to capture the chaotic behaviour of an OOHP. Th
of the points determined from experimental response cu
are noticeably lower than rest of the points. The reason
this is that these three points are based on experiment
sponse curves during which there were relative long tim
when no thrust was detected. Eq. (1) interprets zero thru
being non-chaotic and hence the lower values.

Fig. 8 gives an idea of the relative magnitude of
forces, in Eq. (9), that act on the liquid plug. The press
s

d

t

l

-

Fig. 6. Liquid-plug position, vapour-bubble pressure and evaporator
mass as a function of time during an evaporator recharging process.

Fig. 7. Lyapunov exponents as a function of temperature.

Fig. 8. Pressure force difference, and friction, gravity and surface ten
forces (Fσ is in mN).

force dominates, the friction and the gravity forces
significant but the surface tension force (in mN) is ab
three orders of magnitude smaller. Although the force in
axial direction due to surface tension is negligible the surf
tension is necessary for the formation of the liquid plugs
vapour bubbles in the pipe.

During operation the heating block is positioned ab
the level of the water in the tank. Not only can the OO
transfer heat from a heat source position above the heat
it can also draw water up against gravity into the evapora
The vertical distance between the heating block and w
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een
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Fig. 9. Theoretically calculated liquid plug positionsxp and thrustR as a function of time (in seconds) for different values of: vertical distance betw
evaporator and water levelLw, film thickness deposited at the trailing end of a liquid plugδ�f and evaporator temperatureTe of the base-case values given
Table 1.
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level was varied. It was experimentally determined that
OOHP could operate for an indefinite period of time only
this height was less than 30 mm. The theoretical model
able to simulate this behaviour as shown by Fig. 9(a).

Provided the heating block temperature did not exc
about 150◦C the OOHP would always work indefinite
and would always start working again if left to cool dow
for a couple of days. However as the temperature incre
to above 170◦C the OOHP would stop working; it coul
be restarted at this temperature by manually rechar
the evaporator with liquid but would only work for a fe
minutes before stopping again. The effect of increasing
evaporator temperature is illustrated in Fig. 9(c). Fig. 9
gives an idea of the effect of the thickness of the liquid fi
deposited by the trailing end of the liquid plug; as expec
the thicker the film the less often the evaporator needs
charging.

4. Discussion

Convective heat transfer to and from both the vap
bubble and the liquid plug was not included in the theoret
model. Convective heat transfer terms were included
the vapour bubble energy equation (Eq. (14)) but the h
transfer coefficients were taken as zero in the nume
solutions. A single control volume has different portions
it surface exposed to both heating and cooling temperat
along the pipe length. To take this temperature variation
account would require using more than one control volu
and possibly unduly complicate the model but needs fur
investigation.

Heat transfer to the liquid plug needs to be addres
Boiling of water in glass tubes tends to demonstrate
when vapour is formed in the liquid a single vapour bubbl
quickly formed within the liquid plug, expands rapidly (d
to evaporation of the thin liquid film) and forming two liqu
plugs on either side of itself. Also, in glass pulsating h
pipes the system of liquid and vapour plugs tend to oscil
slightly before moving more rapidly back and forth betwe
the heated and cooled ends. It is thus suggested tha
dominant heat transfer mode between the heated and c
ends of a PHP is due to the evaporation and condens
of vapour from and to a liquid film and not due to heati
and cooling of liquid plugs. The heating of a liquid plu
is important up until a vapour bubble is formed and wh
then subsequently grows rapidly due to the evaporatio
the liquid film between the growing bubble and the hea
surface; resulting in the characteristic rapid movemen
all the other bubbles and plugs. The other cause for
characteristic rapid movement in a pulsating heat pipe c
be due to the dry-out of the liquid film and the resulting ra
decrease in pressure as characteristic of the OOHP as s
in Fig. 6.

In a separate experimental set-up the heating block
positioned below the water tank and the two pipes pas
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thought sealed holes in the bottom of the tank and the o
ends below the water level. Under these operating condit
the heat pipe could be operated indefinitely, even when
cooling water in the tank approached its boiling point.
this bottom heat mode and with the tank water at boil
point the characteristic oscillatory behaviour of two liqu
plugs in unison was no longer apparent but rather liq
continued to be drawn into the one tube with vapour flow
out of the other open end.) This tended to show that altho
the OOHP could only pump water a vertical height of ab
30 mm in top heat mode it potential as a water pump
bottom heat mode is clearly demonstrated.

5. Conclusions

• The mathematical model reflects the physical behav
of an open oscillatory heat pipe.

• The surface tension plays a vital role in ensuring
formation of liquid plugs, the dominant forces affecti
liquid plug movement are however the vapour a
ambient pressure, the friction and the gravitatio
forces.

• To theoretically model pulsating heat pipes the eva
ration and condensation of the liquid-film between
bubbles and the wall must be included in the formu
tion of the model.

• The open oscillatory heat pipe is not suitable
pumping water more than 30 mm in the top h
mode, however in the bottom heat mode it can pu
water much higher that 30 mm and needs to be fur
investigated.

• Heat transfer between the heated and cooled end
a pulsating heat pipe is due to film evaporation a
condensation; characteristic sudden movement of
system of plugs and bubbles is due to rapid bub
growth and rapid bubble collapse.
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