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Phase change driving mechanism and modeling for heat
pipe with porous wick

LIU Wei', LIU ZhiChun, YANG Kun & TU ZhengKai
School of Energy and Power Engineering, Huazhong University of Science and Technology, Wuhan 430074, China

According to heat pipe theory, capillary force is the only driving force for the circle of working fluid in
heat pipe with porous wick. By developing a simulating circuit of liquid and vapor flow in heat pipe with
porous wick, this paper presents a new driving mechanism which is from phase change of fluid. Fur-
thermore, by analyzing transport process of working fluid between evaporation and condensation in-
terfaces, a mathematical model is developed to describe this driving mechanism. Besides, calculating
examples are given for heat pipe with water as working fluid to predict its driving force and flow resis-
tance. By applying the model presented in the paper, thermal design and calculation for heat pipe with
porous wick, especially for miniature heat pipe, can be made correctly, and phase change driving me-
chanism of working fluid can be explained, which thereby leads to a better understanding of heat
transfer limitation of heat pipe with porous wick.
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Heat pipe is a kind of heat transfer device and its oper- 1

Operation mechanism of a heat pipe

ating principle is based on evaporation and condensation
of working fluid" """, Heat pipe with porous wick is a
kind of heat pipe which utilizes capillary pumping
forces to ensure fluid circulation™. Heat pipe with po-
rous wick has obvious advantages, for example, it is
capable of passively transporting more heat over long
distance with small temperature difference, and there are
no moving parts for pumping working fluid. Therefore,
heat pipe with porous wick is widely used in the field of
cooling for equipment both in space and ground.

Figure 1 shows the structure of a typical heat pipe
with porous wick. It is made up of evaporation section,
adiabatic section and condensation section, and its inner
wall is covered by porous wick. The working process of
a heat pipe with porous wick is that liquid evaporates in
the evaporation section, vapor comes to the condensa-
tion section via vapor line and condenses to liquid, then
liquid flows back to the evaporation section driving by

capillary force of the porous wick.

with porous wick

The driving mechanism of a heat pipe with porous wick
can be conventionally expressed as the fact that capillary
force is a driving force to make working fluid circulate
by overcoming pressure drops of liquid flow and vapor
flow as well as gravity. The operational condition of a
heat pipe with porous wick is'”’

APotal = DPeapittary > ZAP; ) (1)
where Apcapiliary 18 capillary pressure head, Ap; is subsec-
tion pressure drop of working medium circle (i=1, 2, -,
n) and n is the number of subsections.

The capillary force is calculated by the following
Young-Laplace equation:
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Figure 1 Schematic of a heat pipe with porous wick.

20 cosb

Apcaplllary Py =P = f > (2)

where p, and p; are vapor and liquid pressures across
evaporation interface of capillary wick respectively, o is
surface tension coefficient, 8 is liquid contact angle, r is
capillary radius.

The conventional expression for driving mechanism
is, however, imperfect. Ishizuka' established a prototype
system realizing the circle of working fluid FC-12 by
vapor energy from liquid phase change and gravity of
condensation liquid without other driving force. This
indicates that capillary force is not the only driving me-
chanism for the operation of heat pipe with porous wick
or other similar thermal system. In other words, the sys-
tem can circle without capillary force. We consider that
driving mechanism of a heat pipe with porous wick is
related to two types of interface actions. The first one is
interface pressure head Apg,.; which represents the capil-
lary driving force. The capillary force on evaporation
interface drives liquid circulation and overcomes reverse
capillary force on condensation interface. The second
one is interface pressure head Ap,,., which represents the
phase-change driving force. The driving mechanism can
be explained as the fact that due to the action of heat
source on evaporating interface and heat sink on con-
densation interface, the vapor circulates along the vapor
line.

According to heat-electric analogy, a simulating loop
of driving head and pressure drop in heat pipe with po-
rous wick is established as shown in Figure 2. It indi-
cates that driving function of a heat pipe with porous wick
includes two parts: Ap,.; drives liquid movement and
Apary drives vapor movement. Ignoring pressure losses
across evaporation and condensation interfaces, the total

Vapor
—_—

Apdrl+Apdrv -

Bpeg,

Liquid

Ap,
Figure 2 Heat-electric loop of capillary force and pressure drop in
heat pipe with porous wick.

driving force equals the total flow resistances. As shown
in the figure, Ap, is vapor pressure loss via vapor line,
Ap; is liquid pressure loss via porous wick, Ap.q; is re-
verse capillary force on the condensation interface, i.e.
Apegi=
niscus on condensation interface. So Ap,,; is an equiva-

20lr., where r. is curvature radius of liquid me-

lent resistance on condensation interface. The earthing
point in Figure 2 is a reference potentid in the system. If
the reference potentid is defined to be zero, the voltage
in the vapor side is positive and the voltage in the liquid
side is negative. The point with zero voltage is located at
the condensation interface, where heat is transferred out
of heat pipe.

Based on the above analysis, the steady operation
status for a heat pipe with porous wick shown in Figure
2 can be expressed as

APioal = Py = Py = APgy + A0y, = ZApi > (3)
i=n
with
Apgy =Ap +Apy s 4)
and
Apdr,v = Apv > (5)

1) Ishizuka M, Yakagawa S, Koizumi K. Development of a self-cooling system utilizing waste heat from electronic equipment. Proceeding of the Sixth
International Conference on Enhanced, Compact and Ultra-Compact Heat Exchangers: Science, Engineering and Technology, Potsdam, Germany, 2007
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where p, and p; are vapor and liquid pressures respec-
tively across evaporation interface, and driving heads
are
20
Ap dr,l =

b
r@

(6)

and
APyry =Py~ Pe- (M

In egs. (6) and (7), 7, is curvature radius of liquid me-
niscus on evaporation interface, and p. is saturation
pressure of vapor above condensation interface.

The capillary force 2o7r. in eq. (6) is to balance pres-
sure drop in porous wick as well as reverse capillary
force on the condensation interface. When heat pipe
works steadily, the capillary interface does not move,
and there is no coupling relation for variables between
equations of liquid and vapor across the interface.
Therefore, capillary head Apg,; can not drive vapor flow.
So, capillary force on evaporation interface only acts on
the liquid within porous wick, and driving mechanism of
vapor flow needs to be described as a new mathematical
model.

2 Phase change driving model for heat pipe

According to the analysis for heat and mass transfer in
the heat pipe shown in Figure 1, we can know that:

(1) The energy schlepped by vapor is far larger than
that by liquid because of the latent heat added by phase
change of liquid;

(2) Compared with liquid, relatively larger specific
volume and vapor velocity results in more energy loss in
the flow;

(3) The vapor produced by phase change of liquid
raises the pressure in heat pipe, which helps to form the
driving potential of vapor in heat pipe.

As vapor energy at evaporation and condensation in-

terfaces can be expressed as 71, 4,(h, +1/2u’ + gz,) and
m,A.(h, +1/ 2uf + gz,) respectively, energy loss between
the two interfaces is written as

AE =i, A,(h, +1/2u? + gz,)

—rin A, (h, +1/2u’ + gz,). (8)
The mass flux in steady state is given as
=i, =g, e 4 ©)
4, hfg

where m is phase change mass, 4 is interface area, / is

enthalpy, u is vapor velocity, g is heat flux, 4 is latent
heat, g is gravity acceleration, z is relative height of in-
terface. Subscript e and c¢ represent evaporation and
condensation interfaces respectively.

As energy loss of vapor can be expressed by exergy
loss, eq. (8) is rewritten as

AE, =, A,(h, - Tys, +1/2u> + gz,)
—mi A, (h, —Tys, +1/2u> +gz,). (10)
Mass equilibrium equation between the two interfaces

1S pv,eueAe = pV,L’” 'A’

.A., and vapor density changes in

accord with temperature. If gravity is neglected, eq. (10)
can be rewritten as

(h,=h.)—=Ty(s, —s,)

2

AE_ =mA 2 , 11

x el mz I—Ri Py.e ( )
2p5, Py

where p is density, R, =4,/A, is area ratio, s is en-
tropy. Pressure head between the two interfaces will be
used to overcome flow resistance of vapor based on the
assumption that vapor flow between the two interfaces is
adiabatic.

According to physical formula AE=Ap-pud, the

driving force of vapor can be expressed as
Apdr,v =Py~ Pc= pv,e [(he - hc) - TO(Se _Sc)]

2

2
LI P i (12)
2p,, Pye

Combining egs. (3), (6) and (12), we have

20
Aptotal :pv _pl :r_+pv,e [(he _hc)_TO(Se _Sc)]

e

) 2
LI PN (13)
2pv,e pv,c

If area ratio R4 = 1, eq. (13) is predigested as

20
Aptotal =Dy~ D :r_+pv7e [(he _hc)_TO(Se _Sc)]

e

.2 2
| P |, (14)
va,e pv,c

As entropy difference and momentum variety can be
neglected because of their smaller magnitudes, eq. (14)
can be rewritten as

20
Aptotal =r_+pv,e(he_hc)' (15)

e
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Thus vapor driving head is From eqgs. (18)—(23), we can calculate the enthalpy
Apy, =P, — P = pv,eAh‘ (16) difference of practical vapor. Then, from eq. (17), we
can find driving pressure head formed by phase change
in the heat pipe with porous wick. Generally speaking,
theoretical driving force of phase change will be a little
larger than the practical value of vapor pressure drop
because vapor flow in heat pipe is not adiabatic, i.e.

Although eq. (14) fully shows the total driving force
of heat pipe with capillary wick, which includeS capil-
lary force and phase change force, eq. (15) provides
enough precision in actual calculation.

If vapor density is constant: p,, = p, . = p, , €q. (16)

Apdr,v > Apv .
can be rewritten as
Apyy = py(h, —h) = p,Ah. (I7) 3 Heat transfer limitation of heat pipe
Enthalpy difference in Eq.(17) is given as with porous wick
Ah= f:cpodT —(he—h ), (18)  As we know, there exists a capillary limitation for heat

pipe with porous wick. Then a working heat flux limita-

where ¢, is specific heat, and can be expressed as tion Omax can be defined correspondingly, and factor of

function of temperature: heat transfer capability for heat pipe with porous wick is
Cpp=CotaT+e, T 45T (19)  expressedas'’
In eq. (18), surplus enthalpy 4, is given as 20 _ p8(Ising +d cos @)
h,=a, +Ts, +(pyvy — pv) » (20) Ornanlety =— m T
where pressure is given as + h

Kphyd,  phyAd]

where u is viscosity coefficient, 4,, is flow cross section

RT a
= - , 21
P v—b T%y(v+b) @

and surplus free energy a, and surplus entropy s, are

area of porous wick, 4, is flow cross section area of va-
por, d, is vapor channel hydraulic diameter, K is perme-

given as ability of porous wick, d is diameter of heat pipe, ¢ is

a,=RTIn v=b + gz =—In vib +RTIn-> , (22) angle between heat pipe and horizontal plane, / is length

v b v Yo of heat pipe, [ is effective length of heat pipe: [ =

and 1./2+1,+1./2. Subscripts [ and v stand for liquid and va-
s =—RIn2— b I P b_ RinY , (23)  porrespectively, a means adiabatic.

' \ 267" v Yo According to driving pressure head eq. (12), factor of
where constants a, b and ¢ can be obtained from heat transfer capability for heat pipe with porous wick
ref. [10]. should be amended as follows:

.2 2
27“+pv,e [(h, — k)~ Ty(s, = 5]+ Zz I—Ri(””’ej ~ pig(Ising+d cosg)
Qmaxleff = 1 R 32 4, (25)
Kphyd,  phyddy

Eq. (25) may be a little bit complex. If ignoring varia- pipe with porous wick at the same time. Obviously, for a
tion of kinetic energy, density and entropy of vapor, we heat pipe with porous wick, the value of heat transfer
can have capability factor calculated by eq. (26) will be higher
20 + p A= prg(ising +d cos ) than that ca.llc.ulated by eq. (24), because a new driving

r force p,Ah is introduced.

Qmaxleff =— 4 32ﬂ : (26)

Kpih A, * pvhng:df 4 An example of capillary wick heat pipe

Egs. (25) and (26) show that there exist both capillary Based on formulas of pressure drop!'), a thermal calcula-
driving and phase change driving mechanism in heat tion was carried out for capillary wick heat pipe shown
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in Figure 1, and calculating results are shown in Table 1.
Working medium in the heat pipe is water, and its tem-
perature is 80°C. Related parameters are chosen as:
lengths of evaporation section and condensation section
l, = I.= 80 mm, length of insulation section /, = 40 mm,
wall thickness § = 1 mm, heat pipe inner radius r,, = 4.5
mm, vapor channel inner radius », = 1.5 mm, porous
wick wire mesh N = 7.87x10° mﬁl, wire diameter d =
6.25x10"° m, wire porosity &=1-nSNd /4 = 0.6, and
constant S is set as 1.05, wire mesh permeability
K=d**/122(1-¢)*= 4.09x10"" m’ liquid contact
angle of condensation interface € = 80°.

According to Darcy’s Law, liquid flow resistance in
capillary wick is

Ayt lege
Ap j==——", 27
leAw
and vapor flow resistance is
4ul
Ap, = _aulo (28)

no,rh e ’
where total heat load of heat pipe is Q = ¢A4..

From the data in Table 1, when heat flux g = 3 W/cmz,
maximum capillary pressure head provided by the capil-
lary wick in evaporation section is Apcapilary = 1956 Pa
(not considering variation of surface tension coefficient
with temperature). Real value of capillary pressure head
provided by the capillary wick is Apa =Ap; + Apegs =
1069 Pa. Phase change driving pressure head is Apg, =
Ap,=87 Pa. The results in Table 1 show that for parame-
ters used in this paper, vapor flow resistance is about
one-eighth of liquid flow resistance in the capillary wick
heat pipe. In general, if more heat is transferred by heat
pipe, length of heat pipe is relatively longer, and diame-

1 Cotter T P. Theory of heat pipes. Los Alamos Scientific Lab. Report
No. LA-3246-MS, 1965

2 Rohani A R, Tien C L. Analysis of the Effects of Vapor Pressure
Drop on Heat Pipe Performance. Int J Heat Mass Transfer, 1974, 17:
61—67

3 Khrustalev D, Faghri A. Fluid flow effect in evaporation from lig-
uid-vapor meniscus. J Heat Transfer, 1996, 118: 725—730

4 Tien C L, Sun K H. Minimum meniscus radius of heat pipe wicking
materials. Int J Heat Mass Transfer, 1971, 14: 237—243

5 Peterson G P. An Introduction to Heat Pipes: Modeling, Testing, and
Applications. New York: Wiley, 1994

Table 1 Capillary force and pressure drop of heat pipe with capil-
lary wick
q(Wiem?)  Apegiay (P)  Ape,s(Pa)  Ap(Pa)  Ap,(Pa)  Apw (Pa)
1 1956 340 243 29 612
2 1956 340 486 58 884
3 1956 340 729 87 1156

ter of vapor channel is less, vapor flow resistance will be
larger. Meanwhile, phase change driving force should
also be enlarged. Therefore, estimation of phase change
driving force in heat pipe with capillary wick has great
significance in the design of heat pipe.

5 Conclusions

A method of heat-electricity analogy is used to obtain a
simulating circuit of driving force and resistance drop
for heat pipe with porous wick. A new driving mecha-
nism related to phase change is presented, and a corre-
sponding mathematical model is developed. The results
indicate that although capillary interface is a vapor-
liquid interface, capillary force formed on evaporation
interface is just for driving liquid flow in capillary wick,
and balancing a reverse capillary force formed on con-
densing interface. Therefore, for heat pipe with porous
wick, the total driving force for working medium circu-
lation includes phase change driving force caused by
heat effect except capillary driving force, which repre-
sents driving mechanism for vapor flow. Compared with
conventional theory model, mathematical model pre-
sented in this paper reveals operating mechanism of heat
pipe with porous wick objectively, which thereby leads
to a more precise calculation for thermal process and
engineering design.

6 Hwang G S, Kaviany M, Anderson W G, et al. Modulated wick heat
pipe. Int J Heat Mass Transfer, 2007, 50: 1420— 1434
7 Richter R, Gottschlich J. Thermodynamic aspects of heat pipe opera-
tion. AIAA paper: 90— 1772, 1990
8 Zhuang J, Zhang H. Heat Pipe Technique and Its Engineering appli-
cation (in Chinese), Beijing: Chemistry Industry Press, 2000
9 Dunn P, Reay D A. Heat pipes. Oxford: Pergamon Press, 1978
10 Liu Z G Liu X D, Zhao G C. Computation and Application for
Thermal Properties of Working Fluids (in Chinese), Beijing: Science
Press, 1992
11 Busse C A. Theory of ultimate heat transfer limit of cylindrical heat
pipes. Int J Heat Mass Transfer, 1973, 16: 169—186
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