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An Analytical Model for Predicting the Effective Thermal
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Abstract

Woven wire wick is a very effective structure because of its easiness to insert inside of
pipe for a miniature heat pipe. The present study was conducted to predict the porosity and
the effective thermal conductivity of liquid-saturated woven wire wick. The porosity and the
effective thermal conductivity of the evaporator region indicate different values from those of
the condenser region due to the existence of non-flow region. The minimum value of the
effective thermal conductivity indicates on condition of the §=45° and the values of the ef-
fective thermal conductivity increases symmetrically centering around the minimum value. The
values of the effective thermal conductivity in the evaporator region at the angle of 45°
indicate about 60~80% higher than those in the condenser region for various combinations of
copper, and stainless with water and ethanol.

Nomenclature ¢ length of interval between two wires
d : thickness of wire
a length of liquid flow region normal to D; : inner diameter of tube
wire lengt.h k : thermal conductivity
@ length defined by Bq. (8) 7 numbers of wire for a wire group
A area N ! numbers of wire group
A, : cross sectional area of wire L, : length of wire for a 1 turn
o -
b : length of non-flow region normal to wire R : thermal resistance
length
, & . T, : saturation temperature
¥ : length defined by Eq. (8)
V  : volume
* Computational Science & Engineering (CSE) X :length, a+b

Center, Samsung Advanced Institute of Tech-
nology P.O. Box 111, Suwon 440-600, Korea
** School of Mechanical Engineering, Sungkyun-
kwan University, 300 Chunchun-dong, Suwon
440-746, Korea @ : angle, 20— (x/2)]

Greek symbols
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£ . porosity

: wire helix angle

Subscripts

con . condenser

eff . effective

eva ' evaporator

f o flud

s . solid

t . total

1. Introduction

Heat pipes have been successfully used in
various applications such as thermal control,
heat exchangers and electronic cooling. Especi-
ally, miniature heat pipes have been attracted
lately due to their many advantages, such as
geometry adaption, ability for localized heat
dissipation and the production of an uniform
temperature fields.

So far, many investigations have been re-
ported on the performance of miniature heat
pipe.(1 ¥ Generally, the groove and screen wick
have been used for a small heat pipe as a
wick structure. The heat transfer limitation of
the groove wick shows very low values in
comparison with the other wick structure due

6 8)
®® The screen

to the weak -capillary force.
wick is the most commonly used wick struc-
ture, but it has a difficulty to change the
shape and to insert inside a small size pipe. In
the present study, an analytic approach has
been employed to predict the porosity and the
effective thermal conductivity for a woven wire

wick structure. Figure 1 shows woven wire

Fig. 1 Woven wire wick structure.

wick structure. The woven wire wick structure
is formed by the several wire groups ( N=4~
8), and each group is composed of numbers of
wire (#=4~8). The woven wire wick is a
very effective structure because of its avail-
ability and easiness to insert inside of the pipe.
The effective thermal conductivity of the wick
is dependent on both the solid wick and the
working fluid. Under normal heat pipe opera-
tion, a major portion of heat is transferred
across a liquid-vapor interface in the evapora-
tor and condenser regions. So, It is important
to determine the effective thermal conductivity
of the wick for designing the heat pipe. The
porosity and the effective thermal conductivity
of a woven wire wick are different signifi-
cantly in the evaporator and condenser region
due to the existence of the non-flow region. In
the condenser region, vapor is condensed over
the entire surface, as shown in Fig. 1. This
includes the liquid-vapor interface over both
the liquid flow passage and the non-flow re-
gion. However, in the evaporator region, most
of the liquid is evaporated at the liquid flow
passage.

The present study represents an attempt to
explore analytically the porosity and the effec—
tive thermal conductivity for a woven wire
wick structure. Also, this study demonstrates
that the porosity and the effective thermal
conductivity values are obtained differently in
the evaporator and condenser regions.

2. Analytical model

Figure 2 shows the plain view of a woven
wire wick structure for one turn. The cross

section ¥ -y indicates the liquid flow passage
section ( @) and the non-flow region (d). The
liquid flow passage a is

a=nd+(n—1c (1)

where ¢, d are the length of interval between
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y-y~ cross section

Fig. 2 A plain view of woven wire wick
structure for one turn.

wires and the thickness of the wire, respec—
tively. # is the numbers of wire for a wire

group. The wire length for one turn is L, and

the wire inclination angle is 8, we can express

a relationship as follows
L,cos0 = zD; (2)

The inner circumferential length of the tube
can be expressed by the following equation

aD;sin@ = (a+ b)N (3)

where N is the numbers of wire group. Rear-
ranging equations (2) and (3)

L,sind cos 8
N

X =

where X =qa+ b.
Figure 3 shows the weaving pattern and a
unit cell model employed in this study. With
this geometric model, the unit cell can be rear—
ranged into four sections. The section 1 is for
the two crossed wire groups, section 2, 3 is
for the single wire group, and section 4 is for
fluid only. A quarter section of the region
could be used in the analysis due to sym-
metry, but the whole section is considered for

Fig. 3 Weaving pattern and unit cell model
of a woven wire wick.

clarity. The area of each section can be ex-
pressed are

- a

A= 4dcosa ®)
— . _ab _

Ay = Ay = 5 oS (6)
__ ¥

Ay = cosa (7

a=2a' cosa, b="bcosa (8)

where, @ = |20—%| .

The total volume of each region can be ex-
pressed are

Vi =8A4,d (9
Vo =2A.d 10
Vs =3A4,d an
Vi=125A3d (12)

In Eqgs. (11) and (12), the volumes of V3 and V;
are expressed based on the equivalent depth
using the mean values of each section. The
equivalent depths of V3 and V; are 154 and
1.254d, respectively. The volume of fluid flow

passage at each region can be expressed as
follows
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Vii=8(A d-dA,n) (13)

Vig=2(Ayd— b A,n) (14)

V/‘3=2(A2]..5d— b'Awn) (15)

Vig=1.25A3d (16)
where, Aw=‘f1r‘d2.

The porosity of each section are expressed
by the ratio of fluid passage to total volume.

Yo
&= 7 (71=1,2,3) a7

The mean porosity of the evaporator and
condenser regions are the summation value of
each section.

Com=—"F3— (18)

o = 5 — (19)

In Egs. (18) and (19), the mean porosity in-
dicate different values in the evaporator and
the condenser regions. This is due to the fact
of the existence of the non-flow region. In the
condenser region, vapor is condensed over the
entire surface. This includes the liquid-vapor
interface over both the liquid flow passage and
the non-flow region. However, in the evapora-
tor region, most of the liquid is evaporated at
the liquid flow passage.

Thermal resistance in series through each
section may be written as

612d + (1_51)2d
kA, FA,

&9 d + (1 - Gg)d
%, A, A,

_ &l.bd (1—e3)1.5d
R3 - kaZ ksAZ (22)
_ _1.25d
R4 - kaB (23)
From the parallel thermal circuit

1654 _ 4,2 2 o1
kef/‘evaAt‘eva Rl + RZ + RB ( )

1.58d 4 2 2 1

=S4 E 44— (25
keff,conAt,can Rl RZ R3 R4 ( )

In Egs.(24) and (25), 1625d and 158d are
used as a equivalent depth based on the mean
values of the evaporator and the condenser re-
gions, respectively. Rearranging yields

. _ 0.813R\RyRsd
hes = A, b RIRy+ R Ry +2RyR;)

(26)

5 _ 1.58RR,R3R, d
efficon = A, conl R Ro( Ry +2Ry) + R3R(2R, +4R,)]

27

3
Where, At,eua= ZlAi, 141,(:07;= ZAt
=

1=1

3. Results and discussion

Figure 4 shows the values of the length X

5

: N : Numbers of wire group

10 20 30 40 50 60 70 80
Angle, @

Fig. 4 Variations of length X as a function of

wire helix angle for several values of N.
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versus wire helix angle for various values of
N. More that the values of X, obtained from
Eq. (4), means the summation length of the li-
quid flow passage and the non-flow region per—
pendicular to the wire direction, and L, means
the length of wire for one turn. According to
the experimental measurements for various tube
inner diameters inserted to the woven wire

wick, the values of L, are about 33.2mm in
the range of tube diameter 3< D;<7. It can

be seen in Fig. 4 th;at as the number of N de-
creases, the length X tends to be long, and
reveals a maximum value under the condition
of §=45°,

Figure 5 shows the variation of area A~
Ay, obtained from Egs. (5)~(7), are plotted as
a function of wire helix angle. In Fig. 5, the
values of each ¢ and d and # and N are 0.06
mm and 8, respectively. Because the area A,

is the non-flow region, heat transfer does not
occur in the evaporator region. However, in the
condenser region, the vapor condenses all of
the region A; ~A,. Thus, it is essential consi-
dering the effective heat transfer area when
the design miniature heat pipe is inserted into

1.6
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Eos |
< [
|
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Fig. 5 Variations of areas as a function of
wire helix angle.

the woven wire wick. As shown in Fig. 5, the
non-flow region A4 varies largely dependent
on the wire helix angle in comparison with the
variation of the flow passage region A;~A;.
At the wire helix angle of 45°, the area of
non-flow region A4 almost equals the summa-
tion of the liquid flow passage region A;~As;.

Figure 6 shows the variations of the mean
porosity as a function of wire helix angle un-—
der various numbers of N. The mean porosity
of the evaporator and condenser regions are
calculated from Eqs. (18) and (19) on the con-
dition of ¢, d=0.06 mm and #=8. In the evap-
orator region, the mean porosity variations with
respect to the wire helix angle and the number
of N tend to be small, because the volume of
liquid flow passage varies very slightly. On
the other hand, in the condenser region, the
mean porosity varies largely dependent on the
wire helix angle and the number of N because
the volume of the non-flow region varies to a
great extent. The maximum mean porosity oc-
curs on the condition of §=45° and the values
of porosity decreases monotonically from the
maximum value. In the case of N=8, the value
of the mean porosity in the condenser region

1
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[ ceene- Evaporator n=8
0.8 t
()
Zos |
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=
02 | R
N=6 /
N=8
0 i ik dn deiid i) A ke

10 20 30 40 50 60 70 80
Wire Helix Angle, 6

Fig. 6 Variations of mean porosity as a func-
tion of wire helix angle for several

values of N.
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Fig. 7 Varations of mean porosity as a func-
tion of wire helix angle for several

values of c.
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Fig. 8 Variations of effective thermal conduc-
tivity as a function of wire helix angle
for copper wire saturated water and
ethanol.

has about two times higher than that in the
evaporator region.

Figure 7 shows the variations of the mean
porosity as a function of the wire helix angle
and the length of interval between wires. As
the interval of wires changes in the range of
¢=0.04~0.07 mm, result in a variation of li-
quid flow passage, which consequently affect
the mean porosity of the evaporator and the
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Fig. 9 Variations of effective thermal conduc-
tivity as a function of wire helix angle
for Stainless steel wire saturated water
and ethanol.
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Fig. 10 Variations of effective thermal con-
ductivity as a function of saturation
temperature for copper wire saturated
water and ethanol.

condenser region.

Figures 8 and 9 show the variations of the
effective thermal conductivity as a function of
wire helix angle for various combinations of
solid wire materials and working fluids. Where
the values of ¢, d and #, N are 0.06 mm and
8, respectively. The effective thermal conducti-
vity is affected strongly by the wire helix
angle due to the variations of the porosity.
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The minimum value of effective thermal con-
ductivity is obtained on the condition of §=45°
and the values of the thermal conductivity in-
creases monotonically from the minimum value
at §=45°. As in Figs. 8 and 9, the values of
the effective thermal conductivity in the evap-
orator region at the angle of 45° have about
60~80% higher than those in the condenser
region for various combinations of copper and
stainless with water and ethanol. Figure 10
shows the variations of the effective thermal
conductivity as a function of saturation tem-
perature for various combinations of solid wire
materials and working fluids. The variation of
the effective thermal conductivity varies slightly
in the range of saturation temperature of 300~
400 K.

4. Conclusions

In the present study, an analytic approach
has been employed to predict the porosity and
the effective thermal conductivity for a woven
wire wick structure. The porosity and the ef-
fective thermal conductivity of the evaporator
region have different values from the values of
the condenser region due to the existence of
non-flow region. The minimum value of effec—
tive thermal conductivity is obtained on the
condition of #=45° and the effective thermal
conductivity increases symmetrically from the
minimum value. The effective thermal conduc-
tivity in the evaporator region at the angle of
45° has about 60~80% higher than that in the
condenser region for various combinations of
copper and stainless with water and ethanol.

The present model requires more experimental
data of the effective thermal conductivity and
analytical research to generalize.
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