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Abstract

A theoretical analysis is conducted to determine the primary factors affecting the startup characteristics of a pulsating heat pipe. It is
found that the wall surface condition, evaporation in the heating section, superheat, bubble growth, and vapor bubbles trapped in cav-
ities at the capillary inner wall affect the startup of oscillating motion in the pulsating heat pipe. The required superheat and heat flux
level for the startup of oscillating motions in a pulsating heat pipe depend on the cavity size of the inner wall surface and the naturally-
formed vapor bubbles and their shapes. When the capillary inner surface is coated or fabricated with cavities or roughness, the pulsating
heat pipe can be readily started up. And it is found that the working fluid significantly affects the startup characteristics of a pulsating

heat pipe. The results presented here can result in a better understanding of the startup operation of a pulsating heat pipe.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

With the rapid development in electronic industry,
including dramatic increase in chip density and power den-
sity, as well as continuous decrease in the physical dimen-
sions of electronic packages, the thermal management has
become, and will continue to be one of the most critical
technologies in the electronic product development [1].
The Pulsating Heat Pipe (PHP), which has been studied
extensively by many investigators [2-9], is made from a
long, continuous capillary tube bent into many turns.
The tube diameter must be sufficiently small so that vapor
bubbles and liquid plugs can be formed by the capillary
action. Its operational mechanisms are distinctively differ-
ent from those occurring in the conventional heat pipe.
The PHP can be classified as looped and un-looped, and
the former usually has smaller thermal resistance than the
latter due to strong oscillating motions in the loop.
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When the PHP reaches the required startup condition,
the oscillating motion in the PHP starts. And when the
required superheat or/and power input meet(s) the required
condition, the stable oscillating motion can be self-sus-
tained [10]. The startup condition is very important for
the stable oscillating motion occurring in a PHP. The
PHP startup depends on many factors such as the wall tem-
perature variation, heat flux level, physical properties of
working fluid, heating and cooling modes, transient heat
transfer process, initial temperature, and so on.

A number of theoretical models have been developed
recently [2-11] to predict the oscillating motion and heat
transfer performance in the PHP [12,13] have experimen-
tally visualized the boiling phenomenon in the heating sec-
tion, which might be one reason to start up the oscillating
motion in a PHP. And Khandekar et al. [14] experimen-
tally observed that some oscillations were random and
non-periodic. Xu et al. [15] visualized the flow patterns in
the PHP charged with methanol and observed the long
vapor plugs and dispersed bubbles including the transition
process from the dispersed bubbles to the vapor plugs.

Clearly, it is necessary to do further research to deter-
mine the primary factors affecting the startup of oscillating
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Nomenclature
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pressure difference, Pa
density, kg/m*

heat flux, W/cm?

latent heat of evaporation, J/kg
thickness, m

thermal conductivity, W/m K
pressure, Pa

radius, m

gas constant, J/kg K
temperature, °C

surface tension, N/m

b=

AN YT USSR

Subscripts

n nucleate point

1 liquid

v vapor of original capillary bubble
in inner wall

globe globe bubble

Taylor Taylor bubble

motion in a PHP, in particular, charged with water. The
objective of this study is to conduct a theoretical analysis
predicting the startup of a PHP and its related conditions.
In order to include the primary parameters in the mathe-
matical model, the detailed experimental observation was
conducted including the detailed flow patterns and their
effect on the startup of oscillating motion occurring in
the PHP.

2. Experimental investigation — startup visualization

In order to obtain a basic understanding of the startup
of a PHP for a steady oscillating motion, a setup was estab-
lished as shown in Fig. 1, and an experimental investigation
on the oscillating motion including the vapor bubble
growth was conducted. The prototype was made of glass
with the total length of 300 mm from the top to the bot-
tom. The tube inner and outer diameters are 3 mm and
5 mm, respectively. The heating section was on the bottom,
where a hot water tank was used as the heat addition. The
total length of heating section was 90 mm. The cooling sec-
tion was placed on the top, where the cooling water was
used as the heat rejection. The length of cooling section
was 75 mm. During the experiment, the inlet temperature
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Fig. 1. Schematic setup of PHP visualization (plugs not in scale).

of cooling water was kept at 23 °C. The vapor bubble
nucleation and vapor bubble growth near the capillary wall
of heating section were recorded including their effects on
the stable oscillating motion by a video camera. In order
to clearly visualize the effect of surface roughness on the
vapor bubble nucleation and growth and the oscillating
motion, the inner surfaces of the glass tube were coated
with micro particles with a diameter of approximately
20 pm. The working fluid was water.

After the heating section of the PHP was placed into the
hot water tank, small bubbles appeared at some given cav-
ities on the capillary wall. At this time, the working fluid in
the PHP was almost still. As the bubble size on this cavity
continuously increased until its size was large enough, as
shown in Fig. 2, the working fluid in the PHP started to
move.

When the inner surface was coated with micro struc-
tures, the bubble was easily generated and grew faster than
the one with the smooth surface. The surface with micro
particles can significantly help to obtain a stable oscillating
motion and increase the operational stability of a PHP.
The visualization results show that the surface roughness
or microstructure added on the inner capillary tube in the
heating section can improve the startup and operation of
the PHP significantly.

From the experimental visualization, it was found that
two kinds of vapor bubbles, i.e., small round (globe) bub-
bles and long column (Taylor) bubbles, were formed and

Fig. 2. Visualization of vapor bubble growth with the roughness
manipulation at the capillary wall.
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circulated in the whole PHP. When heat was added on the
heating section, the globe bubble was easily stimulated and
grew faster in the liquid plugs than those long column bub-
bles. And the micro structures added on the wall surface
significantly help increase the boiling nucleate sites. Once
heat is added to the outside wall and the required superheat
was met, new micro vapor bubbles in the liquid plug were
formed at some cavities on the capillary inner surface. As
heat is continuously added on the surface, a large amount
of vapor generated in these bubbles, and the vapor pressure
increased. The sudden increase of vapor pressure would
make a train of vapor bubbles and liquid plugs move
quickly and durably.

From the experimental results for the PHP with a rela-
tively large diameter, it can be concluded that the startup
of pulsating heat pipe and steady oscillating motions are
primarily due to the boiling heat transfer associating with
several critical conditions: (1) the temperature difference
between the capillary wall and the bubble in the heating
section must be larger enough; (2) the vapor pressure in
the heating section should be higher enough to drive a train
of vapor bubbles and liquid plugs, and the driving pressure
difference between the heating section and the cooling sec-
tion should be high enough to overcome the pressure drops
occurring in the flow channel of the bubble train and (3)
after the PHP is started up, the normal operation would
depend on the durable ability of the pressure difference.
While the temperature difference in the heating section is
the primary factor for the startup of a PHP, the heating
and cooling conditions are important for a PHP operation.

If heat is applied to the heating section of a PHP, the
temperature of working fluid is increased gradually. The
temperature increase rate is dependent on the heat capacity
and heat flux level. Before the nucleate boiling heat transfer
occurs, heat transfer consists of the sensible heat to the
working fluid, and the latent heat due to evaporation at
the vapor—liquid interface. During this period, the vapor
pressure in the existed vapor bubble was not increased sig-
nificantly. And vapor bubbles and liquid plugs are kept still
or snail very slowly. The snail’s movement could occur at
the quasi-steady situations. Clearly, a waiting period exists
to start the oscillating motion. In the waiting period, the
evaporation intensity is very low and it is not possible to
significantly increase the vapor pressure in a short time.
Before the PHP starts to have a stable oscillating motion,
the sensible heat transfer is the primary heat transfer mech-
anism in the heating section.

After the waiting period, the vapor bubble is excited
from the active cavity of the capillary inner wall and the
nucleate boiling starts in the heating section. The increase
of the vapor bubble volume in the heating section rapidly
increases its instant pressure and results in a pressure differ-
ence between the heating section and the cooling section.
This pressure difference is the driving force for the oscillat-
ing motion of liquid plugs and vapor bubbles along the
capillary. After the initial vapor bubble is produced and
escaped from the wall, the wall temperature will drop to

a lower level. Combining with the frictional flow in the
channel, the pressure difference between the heating section
and the cooling section decreases depending on the heat
flux level in the heating section and the heat rejection rate
in the cooling section. If the heat flux level adding to the
heating section is lower, it takes a longer time for the sub-
cooled working fluid to have the nucleate boiling. The PHP
could take longer time to have a sudden movement of
vapor bubbles and liquid plugs. If the waiting time is too
long, the PHP could not be started up normally. If the heat
flux level is higher, the waiting time becomes shorter, and
the pulsating heat pipe can readily start up.

3. Mathematical model

Based on the experimental visualization as stated above,
it can be concluded that when the nucleate boiling occurs at
the capillary inner wall, a large amount of vapor is pro-
duced. And the increase of vapor pressure in the heating
section can help to start up the PHP. In order to establish
the mathematical model, the following assumptions are
made: (1) the working fluid wets the wall surface com-
pletely; (2) before the PHP starts to function, both liquid
plugs and vapor bubbles are assumed as the quasi-steady
state and there exists a snail movement; (3) the vapor is sat-
urated and is taken as an ideal gas and (4) there exist two-
types of vapor bubbles, i.e., the small round (globe) bubble
and the long column (Taylor) vapor bubble [16], as shown
in Fig. 3, in the PHP. The small globe vapor bubbles were
sometimes described as the dispersed vapor bubbles [15].

The experimental visualization shows that the liquid film
thickness formed on the capillary inner wall is much larger
than the “evaporating thin liquid film”. Because the work-
ing fluid is wetting the surface, the “non-wetting” pheno-
menon indicated by Zhang et al. [3-5] does not exist.
And because the liquid film between the capillary wall
and the vapor bubble is thick enough, the thin film evapo-
ration does not occur, which is also consistent with the

Globle bubbles  Column bubble

Radius r,

Capillary wall
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microrelief e

Fig. 3. Schematic of globe and column bubbles, and the exaggerated
vaporization nuclear centers.
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experimental visualization. For the globe vapor bubble
shown in Fig. 3, the pressure difference across the liquid—
vapor interface can be described as

20

P,—P = , (1)
Vglobe

where, rgone s the radius of the globe vapor bubble. Dur-
ing the heating process in the heating section, when the
superheat is higher than the required onset temperature dif-
ference, the cavity on the inner capillary wall will become
active and the vapor bubble starts to grow. If the vapor
bubble trapped in the cavity is a perfect sphere with a
radius of r,, the pressure difference between inside and
outside can be determined as

P,—P = 2—0. (2)

Tn

The pressure difference between the globe vapor bubble
and the vapor bubble formed in the cavity on the wall
can be found as

1 1
APglobeZPn—PVZZO'(—— ) (3)

Tn  Tglobe
Considering the vapor phase as the ideal gas, i.e.,
s
v T RTY
the Clausius—Clayperon equation,

de _ hfgpv
dr, T,

can be rewritten as

dP,  hg dT,
P, R T

(6)

Integrating Eq. (6) from the state of small vapor bubble
(P,, T,,) to the state of globe vapor bubble (P, T) yields:

P, hy (1 1
I =R (TV T,,)' )
Considering Eq. (4), Eq. (7) can be written as
RT,T 20 (1 1
Ty—T,=——1n 1+—<—— )} 8
hfg |: Pv n Fglobe ( )

When the cavity on the capillary inner surface becomes ac-
tive, the superheat determined by Eq. (8) is necessary to
grow the vapor bubble.

If the vapor bubble is formed as a long column one
shown in Fig. 3, which is often called as a Taylor bubble,
most of heat is transferred through the liquid film. If ¢, is
the liquid film thickness between the Taylor bubble and
the capillary wall and ry, is the capillary radius, the radius
of the Taylor bubble in the capillary, i.e., rrayior, can be
found as

FTaylor = Vin — 51- (9)

The pressure difference between the vapor phase in the
Taylor bubble and the liquid thin film can be given as

P,— P =—2

. 10
Fin — O (10)

When a nucleate site becomes active and the nucleate boil-
ing occurs at the capillary wall for this situation, the pres-

sure difference between the vapor bubble near the wall and
the Taylor bubble in the capillary can be found as

1 1
APTaylorPn_Pv20<Z_m)~ (11)

The superheat required to grow the vapor bubble can be

determined by
1
2(rin — 51)” } - 1>‘

(12)

ATTaylor:Tn_Tv
RT 20 (1
=T, (1 l-——In |14+ (—-
</{ hfg n|: +Pv<rn

When the wall is superheated and higher than the one de-
fined by Eq. (12), the cavity become active and the bubble
starts to grow. Before the cavity becomes active, heat is
transferred primarily by the pure conduction through the
liquid film. The maximum heat transfer rate through the
liquid film just before the bubble formation can be cal-
culated by

_ /’LIATTaylor
1 [/ (rn — 0]

As shown in Eq. (13), the heat flux added on the evaporat-
ing section of a PHP is directly related to the superheat,
which is the required minimum heat flux (startup heat flux)
to start the bubble formation in the film. Because the bub-
ble formation is directly related to the startup of a PHP,
Eq. (13) can be used to determine the heat flux level for a
PHP to start up an oscillating motion occurring in a PHP.

(13)

4. Results and discussion

Using the mathematical models presented above, the
effects of cavity size, capillary radius, heat flux level, work-
ing fluid, and bubble type on the startup characteristics of
oscillating motion are investigated to better understand the
heat transfer mechanisms of a PHP. As heat is added on
the heating section of the PHP and when the wall temper-
ature is higher than that of the required superheat, some
cavities on the capillary wall become active, which can sig-
nificantly affect the startup of the PHP. The superheat is
directly related to the cavity size as indicated by Egs. (8)
and (12). When the cavity size increases, the superheat acti-
vating a cavity decreases. In other words, when the surface
becomes rough, the PHP can be easily started up. As
shown in Fig. 4, when the cavity size increases from
0.1 um to 10um, the superheat to activate cavities
decreases significantly. And when the cavity size increases
and is higher approximately than 10 um, the required
superheat decreases gradually to one almost constant
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Fig. 4. Working fluid type effect on the superheat.

value. Fig. 5 illustrates the cavity size effect on the super-
heat and show that the cavity size is a key factor determin-
ing the superheat to start up a PHP. The effects of cavity
size on the superheat and the startup of the PHP are also
shown in Figs. 6 and 7. The results indicate that the inner
radius and liquid film thickness all affect the superheat and
nucleate boiling. The effect, however, is smaller than the
one with the cavity size effect.

Using Eq. (13), the required minimum heat flux (startup
heat flux) to activate the bubble formation and start the
nucleate boiling can be calculated. With the nucleate boil-
ing occurring in the PHP, the startup of oscillating motions
can be determined. For a PHP with a capillary radius of
1 mm and methanol as the working fluid, the increase of
cavity size, as shown in Fig. 8, will significantly reduce
the minimum heat flux starting up the oscillating motion
in a PHP. As shown, when the cavity size is less 0.5 um,
the pulsating heat pipe needs a relatively large heat flux
to activate cavities for the bubble formation and startup
the PHP for the steady oscillating motion. With the
increase of the cavity size on the capillary inner surface,
the inner surface becomes rougher, and the startup heat
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Fig. 5. Cavity size effect on the superheat (working fluid = water).
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Fig. 6. Capillary radius effect on the superheat (working fluid = ethanol).
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Fig. 8. Liquid film thickness effect on the startup heat flux.

flux becomes smaller. When the cavity size increases and
is larger than 2 pm, however, the further increase of cavity
size would not significantly affect the startup heat flux
starting up a PHP.
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As the surface roughness increases, the pressure drop
due to the frictional force will increase. Based on the theo-
retical analysis presented by Ma et al. [10], the increase in
the frictional pressure drop would require more driving
force to generate the oscillating motion which will directly
affect the minimum heat flux to start up the oscillating
motion in a PHP. From the point of view of frictional
force, the smooth surface of capillary inner wall would
improve the oscillating motion in a PHP. Clearly, an opti-
mization should be conducted in order to determine the
best design for a PHP. The minimum heat flux shown in
Eq. (13), however, demonstrates that the minimum heat
flux to start up a PHP depends on the surface roughness
(cavity size). And the cavity size on the capillary inner sur-
face should be larger than 2 um (for methanol as working
fluid). Fig. 8 also illustrates the liquid film effect on the
minimum heat flux to start up a PHP.

Fig. 9 illustrates the cavity size effect on the startup heat
flux. When the capillary radius is small less than approxi-
mately 0.2 mm, the capillary radius has a relatively larger
effect on the startup heat flux. When the capillary inner
radius is larger than approximately 0.2 mm, the capillary
radius has almost no effect on the startup heat flux. From
the results presented in Fig. 9, it can be found that the cav-
ity size significantly affects the startup heat flux. For exam-
ple, if the cavity size on the capillary inner surface increases
from 4 um to 6 um, the startup heat flux will drop from
6.0 W/ecm? to 2.0 W/cm? when the PHP is charged with
acetone. Clearly, it will significantly help to start up a
PHP if the capillary inner surfaces are coated or fabricated
with particles or other micro structures.

Fig. 10 presents the effect of working fluid on the super-
heat and startup of the oscillating motion in a PHP. As
shown in Fig. 10, water needs much higher superheat for
the startup of a PHP than methanol, ethanol and acetone.
It means that the PHP charged with water needs a heat flux
much higher than the one with methanol, ethanol or ace-
tone for a PHP to start up the oscillating motion. This
agrees well with the experimental investigation obtained

v
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Fig. 9. Cavity size effect on the startup heat flux.
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Fig. 10. Working fluid type effect on the superheat.

by Dobson [6], Qu and Ma [12], lee et al. [13] and Khande-
kar et al. [14]. All working fluids, however, have the same
trend, i.e., when the cavity size becomes smaller, the
required superheat increases significantly. Fig. 11 illustrates
the working fluid effect on the startup heat flux in a PHP.
As shown, the startup heat flux will be very close to 460 W/
cm? if water is used as working fluid for the current PHP.
When methanol, ethanol or acetone is employed as work-
ing fluid, the startup heat flux can be dropped to between
10 W/em? and 20 W/cm? under the same condition. It
can be concluded that water should not be selected as
working fluid based on the startup performance of a
PHP. Water has a higher latent heat which is a couple of
times higher than other working fluids. In addition, water
has a relatively higher thermal conductivity. The final selec-
tion of working fluid in a PHP depends on many factors.
The one unique feature in a PHP is that the PHP is filled
with vapor bubbles and liquid plugs along the capillary.
The vapor bubble and liquid plug distribution, however,
is not uniform, due to the surface tension, flow direction,
gravity, surface energy and frictional forces. Based on the
experimental observation, the globe bubble and Taylor
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Fig. 11. Working fluid effect on the startup heat flux.
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bubble are two limitations of bubble types in a PHP. In the
gravity field, if a PHP with a relatively larger diameter is
placed vertically, most of globe bubbles are found in the
bottom section, and the Taylor type bubbles are most seen
in the top section.

Fig. 12 illustrates the vapor bubble type effect on the
superheat. As shown, the required superheat for the globe
bubble is smaller than the one with the long Taylor bub-
bles. In other words, smaller naturally-formed vapor bub-
bles will be in favor of the vapor bubble generation,
which agrees well with the experimental results shown in
Fig. 2. Fig. 13 presents the vapor bubble type effect on
the superheat for the PHP charged with methanol. Com-
paring Fig. 12 with Fig. 13, it can be found that in addition
to the different working fluid, results presented in Fig. 13
includes the capillary radius effect, while one can find the
liquid film thickness effect in Fig. 12. When the capillary
radius becomes smaller as shown in Fig. 13, the required
superheat for the globe vapor bubble is smaller than the
one for the long Taylor vapor bubble. Although the vapor
bubble type effect on the superheat is very small, as shown
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Fig. 13. Vapor bubble type effect on the superheat (working
fluid = methanol).

in Figs. 12 and 13, this small effect might be one of the rea-
sons why when the capillary radius becomes smaller, most
of the vapor bubbles are formed in the globe-type vapor
bubble.

5. Conclusions

A theoretical analysis is conducted to determine the pri-
mary factors affecting the startup of oscillating motions in
a PHP. It is found that the superheat and heat flux level
added on the heating section, cavity size on the capillary
inner surface, and vapor bubble shapes formed in the
PHP affect the startup of a pulsating heat pipe.

(1) The cavity size on the capillary inner surface strongly
affects the PHP startup. When a PHP is charged with
water, the cavity radius on the capillary inner surface
should be larger than 2 pm, which can result in a
smaller superheat starting up a PHP.

(2) The vapor bubble shape affects the superheat and
vapor bubble growth. The globe-type vapor bubble
needs smaller superheat than the one with the Tay-
lor-type vapor bubble.

(3) The startup performance can be improved by using a
rougher surface, controlling vapor bubble type, and
selecting a right working fluid.
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