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An insight into thermo-hydrodynamic coupling
in closed loop pulsating heat pipes
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Abstract

A Closed Loop Pulsating Heat Pipe (CLPHP) is a complex heat transfer device with a strong thermo-hydrodynamic coupling g
its thermal performance. To better understand its operational characteristics, a two-phase loop is constructed with a capillary t
2.0 mm) having no internal wick structure. The loop is heated at one end and cooled at the other and partially made up of glas
visualization. The working fluid employed is ethanol. It is concluded from the study that a two-phase loop does represent the therm
characteristics of a multi-turn CLPHP. Dynamic two-phase instabilities are present in a two-phase loop also; although the number o
CLPHP increases the level of internal perturbations. The existence of an optimum number of turns for a given heat throughput requ
explained. Also, it is shown that classical thermodynamics based on quasi-equilibrium theory seems not to be sufficient for comple
analysis. The performance (i.e., overall thermal resistance) is strongly dependent on the flow pattern existing inside the tubes. T
gravity in the operation characteristics is clarified.
 2003 Elsevier SAS. All rights reserved.

Keywords: Electronics cooling; Pulsating heat pipe; Two-phase loop; Flow patterns
lly
e-

rns
ad-
en-
lled
t-
de
heat
the
dia-
ially
ce
e o
sys-
1. Introduction

Closed loop pulsating heat pipes (CLPHPs), typica
suited for micro electronics cooling, consist of a plain m
andering tube of capillary dimensions with many U-tu
and joined end to end as shown in Fig. 1. There is no
ditional capillary structure inside the tube as in a conv
tional heat pipe. The tube is first evacuated and then fi
partially with a working fluid, which distributes itself na
urally in the form of liquid–vapor plugs and slugs insi
the capillary tube. One end of this tube bundle receives
transferring it to the other end by a pulsating action of
liquid–vapor/slug-bubble system. There may exist an a
batic zone in between. This type of heat pipe is essent
a ‘non-equilibrium’ heat transfer device. The performan
success primarily depends on continuous maintenanc
sustenance of these non-equilibrium conditions in the
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Fig. 1. Schematic of a closed loop pulsating heat pipe.
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Nomenclature

A area of cross section . . . . . . . . . . . . . . . . . . . . . m2

D diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
FR filling ratio of CLPHP (V liq/V total) at room

temperature
hfg latent heat of vaporization. . . . . . . . . . . . . J·kg−1

ID/OD inside/outside diameter . . . . . . . . . . . . . . . . . . . m
L characteristic length . . . . . . . . . . . . . . . . . . . . . . m
Npc|eq equilibrium phase change number
P pressure, Pa
Q̇ heat input . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
q̇ ′′

w heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Rth thermal resistance . . . . . . . . . . . . . . . . . .◦C·W−1

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . .◦C
V volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3

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

Greek symbols

Γvap|eq mass rate of vapor generation per unit
volume . . . . . . . . . . . . . . . . . . . . . . . . . kg·s−1·m−3

Ωeq equilibrium frequency of phase change . . 1·s−1

ξh heated perimeter . . . . . . . . . . . . . . . . . . . . . . . . . m
ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

λ thermal conductivity . . . . . . . . . . . . W·m−1·K−1

Subscripts

e evaporator
c condenser
liq liquid
vap vapor
hyd hydraulic
sed
de-

,2].
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tem. The liquid and vapor slug/bubble transport is cau
by the thermally induced pressure pulsations inside the
vice and no external mechanical power is required [1
To understand the thermo-hydrodynamic characteristic
CLPHPs, one primary building block, i.e., a two-phase fl
loop was investigated. The assumption whether one
truly represents all the thermo-fluidic characteristics of r
CLPHPs is scrutinized. The limitations of this analogy a
conclusions drawn thereof are investigated. The fundam
tal operational characteristics of the loop are reported
viding vital information for multi-turn CLPHP performanc
optimization.

2. Experimental details

The two-phase loop is constructed with the primary a
of phenomenological observations and preliminary qua
tative measurements. The geometrical details of the se
are shown in Fig. 2. The evaporator section is made
of a copper block of size 40× 30 × 5 mm3. Two small
copper tubes (ID 2.0 mm OD 3.0 mm) are brazed on
sides and connected to each other by a through hole
side the copper block. Two surface mounted DC heater
tached to the copper block provide the input power. The c
denser section is similar in construction with a copper bl
size of 40× 40× 5 mm3. The loop is completed by tw
glass tubes (ID 2.0 mm OD 4.0 mm) of length 100 m
each forming the adiabatic section. These tubes are
nected to the respective open ends of the copper tube
short flexible silicon tubes. A filling valve assembly is a
tached to the condenser section. Cooling water always m
tained at 20◦C flows through two additional copper bloc
tightly clamped via thermal grease to the condenser sec
The loop is first evacuated to 10−2 Pa and then filled par
tially with the working fluid (ethanol). Temperature me
surement is done by a data logger (resolution: 0.1◦C, accu-
-

.

Fig. 2. Schematic of the two-phase loop.

racy: ±0.5 ◦C, time constant: 70 ms, measuring freque
of 1 Hz), coupled with ungrounded K type thermocoup
of 1.5 mm diameter. Two thermocouples each are pla
in drilled passages in the evaporator and condenser
per blocks recording the average temperatures(Te andTc).
Two thermocouples (T1 and T2) are attached on the
of the glass tubes. It is important to note that the tem
ature recorded by these two thermocouples does not
represent the exact internal temperature fluctuations o
working fluid. Further, the recording frequency is limited
1 Hz by the data logger. Nevertheless, the essence of the
nomenological condition of the fluid is certainly captur
by these measurements and important conclusions ma
drawn.
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3. Results and discussion

3.1. Flow patterns

It has been indicated by earlier studies [3,4] that th
are a large number of parameters which affect the CLP
operation. These can be summarized as (a) Geome
parameters, i.e., diameter of tube, cross sectional sha
tube, length of evaporator/condenser section, overall le
of the device, number of turns, (b) Operational parame
i.e., global orientation, use of flow control check valve
the circuit and (c) Physical parameters i.e. thermophys
properties of working fluid and its filling ratio. The resu
of this study indicate that the thermal performance (i
overall thermal resistance defined asRth = (Te−Tc)/Q̇) of a
CLPHP is not only dependent on the multitude of parame
but also strongly on the two-phase flow patterns exis
while in operation. Also, the study suggests that the fl
pattern itself is linked to the filling ratio (FR) and the he
power input.

It has been established that the zone of interest f
CLPHP operation is achieved when the FR is between a
20 to 80% [5,6]. Below FR≈ 20%, there are not enoug
distinct liquid plugs and the operation becomes ‘unsta
resulting in large unacceptable variations in the aver
evaporator temperature. Above FR≈ 80% there are no
enough bubbles to provide the pumping action and so
performance drastically deteriorates. Within the opera
range of the filling ratio, it has been observed in the pre
experiments that various flow patterns may exist depen
on the boundary conditions.

Fig. 3 depicts the observed phenomena in the l
operated in vertical heater down position, with FR= 60%
ethanol and increasing input heat power. The correspon
recorded temperatures,Te, T1 and T2, for each case alon
with the performance parameters are also shown. At
heating power, case A, low amplitude oscillations w
slug flow in both tube sections are observed. Individ
bubbles oscillate about a mean position and there is
little bubble agglomeration. In fact, the bubbles in t
adiabatic section act as isolators, considerably thwarting
mixing of hot and cold fluid sections. The hot slugs rem
oscillating in the evaporator zone and the performanc
poor (i.e., overall thermal resistance is considerably hi
As the heat input is increased, case B and C, the oscilla
amplitude increases. There is considerable improvem
in the performance, with respect to the overall therm
resistance, as the amplitude becomes comparable to
overall length of the loop and more hot fluid is able to rea
the condenser section. A complete turning of fluid sta
sometimes in the clockwise and sometimes anti-clockw
direction until the stage represented by case D is reac
Here, the flow turns in one direction for a considerable ti
before a direction reversal takes place. This is also cle
represented by the changing pattern of the adiabatic
temperatures, T1 and T2, for case D. During this time
l
f

t

e

.

hotter tube section starts to develop annular flow wh
changes back to slug flow by bridging/flooding action as
fluid travels towards the cold end. When the input pow
is further increased the flow direction reversal comple
stops. The fluid flow takes an arbitrary direction, eith
clockwise or anti-clockwise, but then remains in the sa
fixed direction thereafter (case E). In such a condition, fu
developed annular flow is observed in one section (the
header/ hot fluid line) and bubbly/slug flow is observed
the other section (down-header/cold feeder line). The de
thermal resistance is observed to be the least in su
situation. As the heat power is further increased, the fl
pattern remains similar and the size of the bubbles in
down-header/cold feeder line keeps on shrinking since
overall system volume is fixed (the bubbles even beco
smaller than the tube diameter). If the FR is increase
becomes more and more difficult to sustain annular fl
(since the overall system is isochoric) and tendency
towards slug flow in both tube sections. This reduces
performance again [6].

If the flow patterns remains strictly slug flow in the ent
system, it has been shown by experimental and simula
studies that latent heat will play an insignificant role
the overall heat transfer [4,7]. With the present findin
of existence of annular flow with corresponding high
performance (i.e., lower thermal resistance), the contribu
of latent heat needs reevaluation.

3.2. Role of gravity

In the present experiments satisfactory self oscilla
operation of the device was only possible till a tilt angle
about 10◦ from the horizontal (heater down position). A
oscillations stopped at horizontal orientation. This can
explained as follows:

3.2.1. Vertical operation
In the vertical orientation, gravitational body force a

on each plug and bubble (effect on bubble is negligible)
a static condition, the probability that sections X–C–Y a
section X–F–Y (refer Fig. 2) have exactly the same volu
fraction (or the mass fraction) of the respective phase
extremely rare. Moreover, the individual lengths of the plu
will also vary in these sections. In addition, it is evident t
the summation of static pressure by traversing once alon
entire loop must be zero. The above facts necessarily sug
that the menisci geometry of individual bubbles must
different so as to satisfy both the above conditions.

Since the mass distribution (and lengths) of individ
phases is different in sections X–C–Y and X–F–Y, resp
tively, the dynamic pressure drop (or force) required to p
the fluid by a small amount in anti-clockwise direction (X
C–Y–F–X) is different than in the reverse direction (X–
Y–C–X). This is true even if the condition of no dynam
contact angle hysteresis is assumed and only the ne
fects of wall shear stress and gravity are considered. A
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Fig. 3. Observed flow patterns in the loop and corresponding temperature profiles.
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bubble forms in the evaporator and expands, a prefere
direction of motion is automatically set depending on
path of least resistance (say X–F–Y–C–X). This explains
start-up direction of the two-phase loop. After the start-
the section at the outlet of the evaporator (A–F–E) ha
higher vapor volume fraction than the other loop section
C–B) because of evaporation and condensation proce
The process continues for at least some finite time befo
combination of interfacial waves, perturbations, internal
homogeneity of the heating/cooling process and contin
non-equilibrium metastable conditions cause a flow dir
tion reversal. The analysis of facts leading to a flow reve
phenomenon needs further investigation.

3.2.2. Horizontal operation
In horizontal orientation, in the absence of gravity,

static pressure distribution is quite different from that
the vertical case. This is highlighted in Fig. 4(a), (
l

.

where static pressure distribution of three different case
compared (system comprising of pure ethanol in two pha
as shown, under isothermal conditions of 20◦C). Although
the two sections X–C–Y and X–F–Y will have differe
mass distributions, as in the vertical case, this does
necessitate the contact angles of the various menisci t
different for maintaining the static pressure integral to
zero across the loop. If a bubble in the evaporator ha
expand, apparently in the absence of any external/inte
perturbations, dynamic contact angle hysteresis, etc. t
seems to be no preferred direction of least resistance.
first set of experimental results with a two-phase loop cle
demonstrates that horizontal operation without gravity is
possible. Several results from other sources [1,2] for a m
turn CLPHP suggest that horizontal operation is poss
albeit not as good as vertical. In our earlier studies w
multi-turn CLPHPs too, proper horizontal operation w
hardly observed [8]. These apparently uncomplimentary
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se
Fig. 4. Static pressure distribution in different cases for ethanol bubbles suspended in liquid ethanol at 20◦C. (a) Cases 1 and 2—Vertical orientation. (b) Ca
3—-Horizontal orientation.
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contradictory results seem to suggest that reasons for p
horizontal operation may be attributed to (a) more numbe
CLPHP turns, which may be responsible for higher degre
internal perturbations and inhomogeneity of the system
a high input heat flux leading to higher internal operat
pressure. The second point is supported by the fact that
for vertical operation, there is a critical minimum input he
flux requirement to initiate self exited oscillations. In t
absence of gravity this minimum critical heat flux is likely
be higher. This fact is yet to be experimentally demonstra

3.3. Thermodynamic considerations

There exist pressure differentials in the system cause
both, expanding bubbles in the evaporator and contrac
bubbles in the cooler. While the system as a whole
isochoric having no associated PdV work, local control
volumes in the evaporator and condenser are essen
involved with work interactions, having reverse signs, w
adjoining fluid particles. Heat addition along with ‘positi
pumping’ by the expanding bubbles is taking place in
evaporator. In the condenser, the bubbles collapse givin
the heat and in turn do a ‘negative pumping’ work on
adjoining fluid particles.

When bulk movement of the fluid is taking place, in ge
eral, the quality of the two-phase mixture coming out of
condenser is certainly inferior to that existing at the eva
rator outlet. Simultaneously, the fluid pressure is also lo
at the condenser outlet. So, considering the P–h diagra
shown in Fig. 5, although exact positions are not known,
ative locations of the state of fluid at condenser and evap
tor outlet are certainly known (it is emphasized that th
are strictly instantaneous positions). In the two adiab
fluid transport sections, an isenthalpic pressure drop se
to be a very satisfactory assumption. By applying this,
condenser inlet and evaporator inlet points are also kno
What happens inside the evaporator and the condense
mains to be fixed to complete the qualitative description
the possible instantaneous thermodynamic cycle of the l
The simultaneous heating up and pressurizing of the fl
in the evaporator is a rather complex process. For ana
r

s

s

-

Fig. 5. Instantaneous thermodynamic cycle of the single loop (for nota
refer Fig. 2).

it may be conveniently subdivided into two thermodynam
processes, constant pressure heat addition and isen
pumping up by the bubbles. Similarly, in the condenser, c
stant pressure condensation is coupled with negative
tropic work. How these complex processes are linked s
to join the dashed lines in Fig. 5 is yet to be determined.

The fact that the overall system volume is fixed, provi
another interesting thermodynamic aspect. Operating th
vice at any temperature (within reasonable limits and av
ing near critical operation), necessarily does not alter
volumetric fill ratio; only the vapor density varies with th
operating temperature. So, if the evaporator and conde
temperatures are fixed (thereby fixing the respective w
ing pressures), a given system with a fixed volumetric
ratio will have a fixed corresponding mass quality at the
respective temperatures. Fig. 6(a) plots the volumetric r
of vapor against the mass quality of vapor for ethanol a
and 100◦C. It is clearly seen that the overall mass qua
of vapor phase is extremely low for the range of appli
ble volumetric ratios of vapor. This also explains the min
cule role of latent heat in the overall heat transfer. Refer
to the P–h diagram in Fig. 6(b), the shaded gray area l
very near to the liquid saturation line can thus be mark
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fe
Fig. 6. Volumetric ratio of vapor to vapor mass quality in the operating range of a pulsating heat pipe highlighting the effect of sensible heat transr to total
enthalpy.
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Fig. 7. Representation of metastable region on a P–V diagram (ad
from [9]).

This zone essentially represents all the points in which
average mass quality, integrated over the whole loop, at
given instant of time, must lie. Individual mass qualities,
example, at the evaporator or condenser exit will be dif
ent but the instantaneous average over the system mu
somewhere within this shaded zone.

While classical thermodynamics assumes phase tra
tions as quasi-equilibrium processes at equilibrium satur
conditions, all real processes necessarily occur under
equilibrium conditions. The degree of shift from the ide
ized equilibrium depends on the applied boundary co
tions. The general functional characteristics and boun
conditions with strong thermo-hydrodynamic coupling
CLPHPs (and so also in the single two-phase loop), are i
self sure indicators of the existence of metastable conditi
Fig. 7 shows a typical P–V diagram with ‘real’ isotherm
(in contrast to ideal straight isotherms in the vapor dom
and respective spinodal limits of metastable liquid and
por phases. The liquid and vapor in the metastable reg
B–C and E–F, respectively, does not violate the criterion
mechanical stability and can indeed exist albeit not in th
-

,

modynamic equilibrium. The portion of the curve C–E is
terpreted as being inaccessible to the system becaus
violates the criterion of mechanical stability [9]. Lookin
towards the self-sustained thermally driven oscillations
CLPHP, it may be argued that these oscillations are ind
a manifestation of existing real time metastable system
rameters. In light of these facts, search for an ideal ther
dynamic cycle which may possibly represent the CLPHP
tion may seem to be a futile exercise. Nevertheless, suc
idealized cycle will certainly enhance the basic understa
ing of the thermo-fluidic characteristics of the device.

The thermo-hydrodynamics of a CLPHP involves vario
transient processes. These processes on a time ave
basis give the average heat transfer coefficient of the de
The phase change phenomenon in the evaporator tube
be considered as a ‘chemical reaction’ in which the liq
particles are continuously disappearing into vapor molec
with a certain ‘rate of reaction’ governed by the input h
flux, latent heat of vaporization and the geometry of
evaporator. Thus, drawing an analogy with the Damkö
number of group I in chemical kinetics, the mass rate
vapor generation per unit volume (rate of reaction un
thermodynamic equilibrium conditions) is given by:

Γvap|eq=
(

q̇ ′′
w · ξh

A · hfg

)
=

(
4 · q̇ ′′

w

Dhyd · hfg

)
(1)

This ‘rate of reaction’ may be divided by the local spec
mass concentration, i.e., vapor phase density to give
frequency of phase change,

Ωeq=
(

Γvap|eq

ρvap

)
(2)

Similar analysis done by Saha et al. [10] leads
equilibrium phase change number defined as,

Npc|eq= Ωeq ·
(

L

vliq,in

)
(3)

In their analysis, Saha et al. have explored the stabilit
vaporizing flows with respect to density wave oscillatio
in circular channels. While the general phenomenolog
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conclusion of their perturbation analysis fits well to t
present case of pulsating heat pipe, the inlet velocity of fl
which was explicitly known in their case is unavailable
CLPHP analysis. Also, in contrast, the inlet to the evapor
is typically always under two-phase flow conditions in
CLPHP and is different and changing for each evapor
U-turn. Therefore, in general, any non-dimensional num
having the explicit inclusion of the velocity is not suitab
for CLPHP analysis as this quantity is not knowna priori.
Furthermore, the level of fluid inlet subcooling to t
evaporator section, which is known to affect the stabi
criteria of two-phase flows, is also unknown (and variab
in the present case. Nevertheless, the equilibrium frequ
of phase change may provide a convenient time scale
future analysis.

3.4. Effect of number of turns

3.4.1. Level of perturbations
A complete stop-over of all macro movements inside

loop has been observed many times in the present ran
experiments. This happened more frequently for FR< 50%
coupled with low heat input power. Sometimes the stop-o
phenomenon has also been observed for higher filling ra
The ‘self-sustained’ oscillating character is then lost (re
Fig. 8).

Such a behavior has never been reported for multi-
CLPHPs, under comparable boundary conditions. Althou
in a multi-turn CLPHP having a working fluid with low
(∂P/∂T )sat, like water, and at comparatively low he
input fluxes, flow visualization has indicated that the

Fig. 8. Stop-over phenomenon in the two-phase loop.
f

are alternating periods in which bubble plugs are mov
rapidly (activity phase) and ‘stopping’ for a while (sta
phase). In the static phase there is only micro moveme
bubbles with high frequency/low amplitude about a me
position whereas in the activity phase they vigorously m
with higher amplitudes along the tube length. As the in
heat flux increases it becomes more and more difficu
distinguish between the two phases since the time perio
the ‘static’ phase drastically reduces [8].

Typical behavior of the loop under the conditions wh
lead to a complete stop-over is as follows: The ini
partial filling of the loop leads to a natural volumetric (m
)distribution of phases in the two tube sections. As
heating power is switched on, the system starts to oscilla
the usual manner. If the combination of boundary conditi
is favorable for a stop-over, bubble agglomeration ta
place leading to the formation of a single large bub
which envelopes the entire evaporator section (refer Fig
Then oscillations die down completely and all macro mot
of the fluid inside the tube stops leading to an incre
of the evaporator temperature. As the number of tu
keeps increasing, the probability of such a tendency tow
complete stop-over should essentially diminish.

3.4.2. Optimum number of turns
Consider that bare cooper rods of a fixed size are fi

to transport the heat and thereby cool the heater with a fi
input power. If only one copper rod is used, after the ini
transient phase, the heater will come to some steady
temperature. As the number of copper rods is increa
since the net heater power(Q̇) is fixed, the final steady stat
temperature of the heater will come down. Net heat han
per rod will decrease and so the overall system ther
resistance, i.e.,Rth = (Te − Tc)/Q̇, keeps decreasing as th
number of copper rods increases. The limit is reached a
the available space in between the heater and the cool
that, in the limit, all the copper rods together consume
entire available space. If the same system is cooled
pulsating heat pipe, then, in this case, instead of bare co
rods there are copper pipes partially filled with a work
fluid. Although a lot of conductive material is removed, t
intention is to augment the heat transfer by internal s
sustained thermally driven convective two-phase flow. I
CLPHP, the heat transfer primarily takes place due to liq
convection (latent heat transfer through the vapor helps
bubble liquid pumping action, and thereby the sensible h
transfer), provided the CLPHP is optimally operating in
true pulsating regime.

If the number of turns of the CLPHP is small, then t
heat handled by each turn will be quite high. It is obvio
that since there is not enough fluid inventory and effec
thermal cross sectional area available for heat transfer
overall thermal resistance will be high. If the number of tu
of the CLPHP is now increased (keeping the filling ra
constant), as previously done with pure copper rods, w
should be the effect on the overall thermal resistance o
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device? Extrapolating the previous analogy, it is clearly s
that provided the heater power is fixed, as the numbe
turns of the CLPHP is increased, the net heat handle
each CLPHP turn reduces. If we assume for the time b
that the effective thermal conductivity (λCLPHP as defined
by Q̇ = λCLPHP · Atot · (Te − Tc)/LCLPHP) of the CLPHP is
constant, then, as for the previous case of bare copper
the overall thermal resistance should come down. But
effective CLPHP thermal conductivity,λCLPHP, is not really
constant. In fact, it is dependent on the internal pres
fluctuations, flow patterns and on the existing tempera
gradients.

Any decrease in the temperature of the evaporator
tually reduces the local saturation pressure. If the c
denser temperature is maintained constant then this pri
ily causes a reduction in overall pressure differential exis
between the condenser and the evaporator thereby red
the driving potential. Thus, a monotonous increase of n
ber of turns of a CLPHP will not have the same effects
in the case of bare solid copper rods. The effective ther
conductivity of a CLPHP is a strong function of the te
perature differential existing between the evaporator and
condenser (apart from filling ratio and flow patterns). The
fore for a given heat throughput requirement, an optim
number of turns must exist after which the pulsating eff
of the fluid inside, and the heat transfer advantage the
will start to diminish.

4. Summary and conclusions

The following facts summarize the essential aspect
the present study:

(1) A two-phase loop, primary building block of a CLPH
was constructed to phenomenologically study the in
nal thermo-fluidics, so as to compare it with the r
multi-turn CLPHPs.

(2) Two-phase dynamic instabilities, as observed in mu
turn CLPHP are also observed in a two-phase lo
Strong thermo-hydrodynamic coupling leads to me
stable fluid conditions.
,
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(3) Gravity does affect the thermal performance, at leas
systems with low number of turns.

(4) A complete stop-over is observed in the loop but
never been reported in a multi-turn CLPHP dev
suggesting that the number of turns increases the l
of perturbations. Also, for a given heat throughp
requirement, an optimum number of turns exists.

(5) Apart from a multitude of geometrical, physical and o
erational variables which affect the system, the per
mance is also strongly linked with the flow patterns
isting inside. The contribution of latent heat to the ov
all heat transfer has to be judged in the backgroun
this new fact.
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