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a b s t r a c t

A mathematical model based on the Lucas–Washburn equation has been developed to address the rela-
tions of the capillary height, capillary radius and the heat flux in a capillary column and the equation is
extended to a capillary loop for investigating the stability of the condensing interface with phase change
by some simplifications in the paper. The stability of the condensing interface is studied by introducing a
small disturbance into capillary height. The dynamics performances of the condensing interface under
three different operating conditions are discussed in this paper. The results show that the condensing
interface presents high instability under non-gravitational condition, while the stability can be enhanced
in gravitational condition with a certain gravitational height, moreover, regular vibration can be formed
on the condensing interface due to the periodic oscillation of the pressure in the system.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Capillary rise in porous media has been studied for many years.
Basic understanding of the dynamics of capillary wetting can be da-
ted back to the early 20th century [1,2]. The Lucas–Washburn equa-
tion is the basis for describing capillary phenomena. The dynamics
of spontaneous capillary penetration into porous media are investi-
gated by treating the media as parallel cylinders with the same ra-
dius. From then on, a series of theoretical and experimental studies
have been done to present the practical applications of the Lucas–
Washburn equation in porous medium [3–6]. Within the frame-
work of the Lucas–Washburn equation, a force balance on a liquid
body is considered, accounting for the forces due to capillarity,
gravity, viscous drag and inertia. The main objective of present pa-
per is to extend this equation to a capillary loop with phase change
for investigating the stability of the condensing interface of a capil-
lary loop with phase change by some simplifications.

Capillary loops (capillary pumped loop: CPL, loop heat pipe: LHP),
which are derivatives of the heat pipe, are two-phase heat-transport
devices which are capable of passively transporting heat over large
distances with minimal temperature losses and have no moving
parts for pumping the working fluid [7–15], so CPL/LHP is now the
baseline design of thermal control for spacecrafts and electronics
cooling. Liu et al. [16–24] have conducted widely investigation for
CPL and LHP, including fluid flow and phase change heat transfer
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in evaporator and condenser as well as performance test for system.
Their investigation present that the performances of the system are
related with the characteristics of evaporator and condenser as well
as system configuration. Moreover, Liu et al. point that the CPL with a
porous wick in the condenser can reduce even eliminate the pres-
sure or temperature oscillations if the parameter of the condenser
is reasonable. In the capillary loop, there are two interfaces, and they
are evaporating interface and condensing interface, respectively,
and there may be a third interface, that is interface in the reservoir
(for CPL) or compensation chamber (for LHP). When heat load is ap-
plied to the evaporator, phase change may occur on the meniscus
formed on the top of the wick. With the increasing of the heat load,
the evaporating interface will gradually recede into the inner of the
capillary wick, which will result in the dry-out of the evaporator.
Therefore, the stability of the evaporating interface is involved in
the operational status of the loop, researchers have paid more atten-
tions to the evaporating interface [25–28], whereas the stability of
the condensing interface is neglected. Pressure oscillations in CPL
were firstly found by Ku and his co-workers [29,30], and tempera-
ture and pressure oscillations were also observed in visualization
experiment by Kolos and Herold [31]. In particular, large amplitudes
of the temperature oscillations were found in LHP [32,33,20], the
closer to the condenser, the larger of the amplitude is [34]. As a re-
sult, it is very significant to investigate the dynamic motion of the
condensing interface in the condenser.

2. Theoretical framework

To describe the rise of the liquid body in the capillary with phase
change, Ramon and Oron [35] extended the Lucas–Washburn

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.11.025
mailto:tzklq@whut.edu.cn
mailto:panmu@whut.edu.cn
mailto:w_liu@hust.edu.cn
mailto:zcliu@hust.edu.cn
mailto:zhongminwan@sohu.com
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2011.11.025
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

r surface tension (N m�1)
h contact angle (�)
b tilted angle (�)
R capillary radius (m)
q liquid density (kg m�3)
qv vapor density (kg m�3)
g gravitational acceleration (m s�2)
s capillary liquid length (m)
H equilibrium height/length (m)
s0 condensing equilibrium length (m)
l liquid viscosity (kg m�1 s�1)
u average axial velocity (m s�1)

u0 steady state velocity (m s�1)
t time (s)
pv vapor pressure (Pa)
pl liquid pressure (Pa)
_m interfacial mass flux (kg m�2 s�1)

Q heat load (W)
A cross-section area (m2)
hfg latent heat (J kg�1)
e(t) small disturbance scale
DH gravitational height (m)
Ap amplitude (m)
x frequency (Hz)
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equation in a vertical column, whereas for a tilted column, it can be
described as (Fig. 1):

2r cos h
R

� qgs cos b� Dp� 8l
R2 su ¼ qdðsuÞ

dt
ð1Þ

where 2r cos h
R is the capillary force, qgscosb is the gravity item, 8l

R2 su
and qdðsuÞ

dt are the viscosity and inertia items, respectively. r is the li-
quid–vapor surface tension, h is the contact angle, R is the capillary
radius, q is the liquid density, g is the gravitational acceleration, s is
the length of the capillary liquid, b is the tilted angle with the ver-
tical direction, l is the viscosity of the liquid, u is the average axial
velocity of the liquid, t is time, Dp = pv � pl, pv and pl are the static
pressure on the top and bottom of the liquid column, respectively.

As for the interface, on one hand, the liquid is pumped back to
the evaporator with a velocity of u by the capillary force, on the
other hand, considering phase change occurs in the interface, li-
quid gain or loss will happens with the velocity of _m

q, hence, the
kinematic boundary condition at the interface requires u� ds

dt ¼
_m
q

[35], where _m is the interfacial mass flux due to evaporation/con-
densation. Hence, Eq. (1) can be written as:

2r cos h
R

� qgs cos b� Dp� 8l _m

R2q
s� 8l

R2 s
ds
st
�

_m2

qv

¼ q
d
dt

s
_m
q
þ s

ds
dt

� �
ð2Þ
Fig. 1. The force balance in the capillary liquid column.
where _m2

qv
is named as vapor recoil, and it can also be expressed as

Q2

A2h2
fgqv

, where Q is the heat load added to the system, A is the

cross-section area of the column, hfg is the latent heat of vaporiza-
tion, and qv is the vapor density. Under steady state, Eq. (2) reduces
to

2r cos h
R

� qgs cos b� Dp�
_m2

qv
� 8l _m

R2q
s ¼ 0 ð3Þ

Eq. (3) shows that the capillary force will balance not only the
pressure difference across the interface and the vapor recoil but
also the viscosity and gravity of the liquid in the steady state.

3. Results and discussion

The geometrical parameters in Fig. 1 are as follows: the equilib-
rium length of the liquid column is s0 = 0.3 m, and the inner radius
R of the condensing pipe is 1 � 10�3 m. The working fluid is meth-
anol, and its properties are given in Table 1 [36].

3.1. Stability under non-gravitational condition

Eq. (2) can be rewritten as follow under non-gravitational
condition:

2r cos h
R

� Dp�
_m2

qv
� 8l _m

R2q
s� 8l

R2 s
ds
st
¼ q

d
dt

s
_m
q
þ s

ds
dt

� �
ð4Þ

Based on Ramon and Oron’s model [35], considering the stabil-
ity of the steady equilibrium length s0 of the liquid column by
introducing a small disturbance in the form as follow:

s ¼ s0 � eðtÞs0 ð0 < e << 1Þ ð5Þ

Because e(t) << 1, substituting Eq. (5) into Eq. (4) and linearizing
the latter with respect to e(t), it gets

e00ðtÞ þ ae0ðtÞ þ beðtÞ ¼ 0 ð6Þ

where a ¼ u0
s0
þ 8l

qR2 and b ¼ u0
s0

8l
qR2, u0 is the steady state velocity, it is

negative because it is opposite with the stipulation direction in the
condensing state, while it is positive when evaporating occurs. As a
consequence, b is also negative in Eq. (6). Generally, j u0

s0
j is far less

than j 8l
qR2 j in the practical applications, so a is positive. Compared with
Table 1
Physical properties of methanol at 37 �C.

ql (kg m�3) qv (kg m�3) l (kg s�1 m�1) r (N m�1) hfg (J kg�1)

7.78 � 102 0.48 4.8 � 10�4 2.11 � 10�2 1.14 � 106
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the evaporating state, the differences of the parameters in Eq. (6) will
result in a distinct behavior of the interface in the condenser.

Fig. 2 shows the evolutions of the positive and negative small
disturbances in different heat loads. As can be seen, both the posi-
tive and the negative small disturbances are enlarged in the con-
densing interface, and the heat load plays an obvious effect on
the dynamics motion of the condensing interface. When the heat
load is 5 W, the disturbances are enlarged by 10 times after about
1000 s, it can reduce to about 250 s at 20 W. What is more, for a
negative small disturbance, the condensing interface has strong
tendency to move towards the liquid side, however, the liquid is
incompressible, therefore, strong instability is forming in the con-
densing interface. For a positive small disturbance, the interface
tends to move towards the vapor while the vapor rushes at the
interface in a high speed. As a consequence, the collision in the
interface will also result in a strong instability, and the condensing
interface has a stronger instability than the evaporating interface.
3.2. Stability in gravitational condition

In gravitational condition, b in Eq. (6) is written as b ¼ g
s0

cos bþ
u0
s0

8l
qR2. Here cos b ¼ DH

s0
and DH is the gravitational height of the

capillary liquid. s0 and DH are shown in Fig. 3.
Fig. 4 shows the decline evolutions of the positive and negative

disturbance in different gravitational heights. As can be seen, the
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Fig. 2. The evolutions of the small disturbances in different heat fluxes (s0 = 0.3 m,
R = 1 � 10�3 m). (a) Q = 5 W and (b) Q = 20 W.
evolutions of the positive and negative disturbance are nearly sym-
metrical. The small disturbances are not enlarged, on the contrary,
both of them decline towards the equilibrium position. As a conse-
quence, the stability of the interface is enhanced in gravitational
condition. It can also be seen that the decline time to the
quasi-equilibrium position is decrease with the increasing of the
gravitational height. According to mathematical analysis, Eq. (6)
will be a monotonic decline curve as long as a and b are both
positive. Hence, to enhance the stability of the interface, it requires
that

cos b >
ju0j
g

8l
qR2 or

DH
s0

>
ju0j
g

8l
qR2 ð7Þ

Fig. 5 presents the time evolution of the relative velocity e0(t) in
the gravitational condition. Considering the comparability of the
velocities of the interface at the different condensing length, we
take the evolution of the relative velocity curve at the condensing
length of 0.3 m for illustration. Considering a and b are both posi-
tive, the discriminant X = a2 � 4b > 0 and a is larger than b, Eq. (6)
is a over-damped equation with high damp in this situation. For a
given small disturbance, it will decline to the quasi-equilibrium
position rapidly, and the stability of the interface will be enhanced
greatly in this case.

The time evolutions of the small disturbance under the different
heat loads in gravitational condition are shown in Fig. 6. For the same
disturbance, it will take a longer time to decline to the quasi-equilib-
rium position with the increasing of the heat load, which indicates
that the instability of the interface is aggrandizing under the high
heat load. On the other hand, the mechanisms of the instability
under high heat load are quite different under non-gravitational
and gravitational conditions, that is, disturbance is enlarged under
non-gravitational condition whereas it is declining in gravitational
condition with a certain gravitational height, and the interface
presents better stability in gravitational condition.

3.3. Stability in practical operation

Pressure oscillations are found in the system during the normal
operation [29–31], therefore, Eq. (4) under non-gravitational
condition can be written as:

2r cos h
R

� Dp� Ap sinðxtÞ �
_m2

qv
� 8l _m

R2q
s� 8l

R2 s
ds
st

¼ q
d
dt

s
_m
q
þ s

ds
dt

� �
ð8Þ

where Ap and x are the amplitude and frequency of the pressure,
respectively, and Eq. (6) will be written as:

e00ðtÞ þ ae0ðtÞ þ beðtÞ ¼ Ap

qs2
0

sinðxtÞ ¼ f sinðxtÞ ð9Þ

The evolutions of the positive and negative disturbances in the
normal operation under non-gravitational condition are present in
Fig. 7. The evolutions of the disturbances are both wavy. What’s
more, unlike Fig. 2, both the positive and negative curves evolve
towards the same side in the end due to the oscillations of the
pressure in Fig. 7. As a consequence, the effect of the vapor recoil
is overwhelmed by the pressure oscillations, and the later becomes
the dominant mechanism influencing the dynamics motion of the
condensing interface.

Fig. 8 shows the evolutions of the positive and negative distur-
bances in the normal operation with a certain gravitational height.
The positive and negative curves are overlapping and waving with
a certain amplitude after several seconds. The frequency of the
evolution is the same as the pressure oscillations. In this situation,
Eq. (9) can be written as:



Fig. 3. The relations of s0 and DH (s0 ¼ ABþ BC þ CD).
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e00ðtÞ þ ae0ðtÞ þ beðtÞ ¼ f sinðxtÞ ð10Þ

When the discriminant X ¼ a2 � 4b P 0, the analytical solu-
tion of Eq. (10) is given as:

eðtÞ ¼ c1e�k1t þ c2e�k2t þ fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � bÞ2 þ a2x2

q sinðxt þuÞ

When the discriminant X = a2 � 4b < 0, the analytical solution
of Eq. (10) can be gained:
eðtÞ ¼ c3e�
a
2t � cosðx1t þu1Þ þ

fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � bÞ2 þ a2x2

q sinðxt þuÞ

where k1 and k2 are both positive in the solution, c1, c2, c3, x1 and
u1 are coefficients corresponding to the initialization conditions,
tan u ¼ x2�b

ax , hence, whether X is positive, negative or zero, after
a long time, a steady wave is forming in the condensing interface,
and it can be expressed as:
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eðtÞ ¼ fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � bÞ2 þ a2x2

q sinðxt þuÞ ð11Þ
Eq. (11) shows that for an arbitrary initialization of the small
disturbance, a steady sinusoidal motion of the interface can be
formed due to the fluctuation of the pressure, and it has the same
frequency with the pressure oscillations. Furthermore, the ampli-
tude is a function of the heat load, radius and length of the con-
densing pipe, the physical properties of the working fluid. For a
steady state corresponding to a certain heat load, the amplitude
of the fluctuation can be written as:

eðtÞmax ¼
fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x4 þ ða2 � 2bÞx2 þ b2
q ð12Þ

When a2 � 4b P 0, the discriminant of Eq. (12) X P 0, and
the amplitude decreases with the increasing of the heat load.

When a2 � 4b < 0, the discriminant of Eq. (12) X < 0, if
a2 � 2b P 0, the same evolution tendency of the amplitude can
be got as X P 0, while a2 � 2b < 0, the amplitude will turn to a
parabola evolution.

Generally, the capillary loops operate under the micro-gravity
condition with X P 0, for a given heat load, the amplitude
increases with the decrease of the frequency of the pressure
oscillation (seen in Fig. 9), and for a steady pressure oscillation,
the amplitude will increase with the increasing of heat load (seen
in Fig. 10).

Based on the above analyses, we can know that the pressure
oscillations play an important role on the dynamic motion of the
interface. The dynamics motion of the condensing interface is
easier disturbed by the pressure oscillations than that of the evap-
orator, because the dimensions of the capillary pores is far less
than the wavelength of the pressure oscillations in the evaporator,
and the transmission of the pressure oscillations will be reflected
by the capillary structure. Pendyala et al. [37] pointed out the
average Reynolds numbers (Remean) of the flow can be enhanced
due to the oscillations of the pressure. According to Eq. (11) and
the expression of the absolute velocity u of the liquid in the
condensing pipe in the theoretical framework, we can know that

u ¼ fxs0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � bÞ2 þ a2x2

q cosðxt þuÞ þ u0 ð13Þ

where u0 is arose from the phase change, while the first term of Eq.
(13) in the right hand is coming from the pressure oscillations, and
the positive or negative average value of the first term in a half per-
iod can be got as uav ¼ fxs0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2�bÞ2þa2x2
p by integral. Fig. 11 shows uav

u0
in

different heat loads, as can be seen, the ratio decreases with the
increasing of the heat load, and the ratio is larger than 1 even at
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the heat load of 100 W, so the heat transfer performance can be en-
hanced in the system. Staples [38] presented an attractive flow in a
sinusoidal capillary, and we can use a sinusoidal tube as the flowing
path of the vapor to gain steady pressure oscillations, and large
amplitude. For example, f = 2 in Fig. 11, in this case, heat transfer
in the condensing line can be enhanced by this positive means,
and it can be extended to the situation in the capillary or micro
structure for high heat flux removal.

4. Conclusions

The stability of the condensing interface in a capillary loop is
well demonstrated based on the extended Lucas–Washburn equa-
tion with phase change, and the following conclusions can be for-
mulated as:

(1) The interface shows strong instability under non-gravita-
tional condition, and the instability increases with the
increasing of the heat load in the system.

(2) With a certain gravitational, the motion of the interface will
turn into an over-damped evolution, and the stability of the
interface can be greatly enhanced.

(3) With the existence of the pressure oscillations in the loop,
the motion of the interface will show a wavy evolution. A
steady sinusoidal motion of the interface can be formed in
the gravitational condition, the fluctuation of the interface
has the same frequency with the pressure oscillations, and
the amplitude is a function of the heat load, radius and
length of the condensing pipe, the physical properties of
the working fluid.

(4) Heat transfer performance of the system in the liquid trans-
port line can be enhance due to the fluctuations of the pres-
sure, and a sinusoidal tube can be used as the vapor flowing
path to produce a steady pressure oscillations in the loop, as
a consequence, this positive heat transfer means can be
extended to the situation in the capillary or micro structure
for large heat flux removal.
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