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Abstract

A combined experimental and theoretical investigation was conducted to examine the thermal conductivity of layers of wire mesh
screen. Employing a carefully controlled sintering process, layers of sintered wire screen were examined experimentally. The experimental
results indicate that the effective thermal conductivity in the z-direction (i.e., normal to the plane of the wire screen layers) for single layer,
inline structures and staggered multilayer wire screens is approximately 4-25% and 6.4-35% times that of the solid metal thermal con-
ductivity, respectively. In addition to the conductivity of the base material, the contact conditions between the individual wires, as well as
between the individual layers were found to be the most important factors in the determination of the effective thermal conductivity. In
parallel with the experimental investigation, an analytical model was developed and shown to accurately predict the effective thermal
conductivity of these layers as a function of the contact conditions between the wires, between the individual layers, and between the
solid heating surface and the first layer of screen. In addition to the contact conditions, this new model is strongly dependent on three
geometric parameters: the mesh number, M, the wire diameter, d, and the compression factor, cf. Experimental data from this and other
investigations were used to verify the accuracy of the model, which was shown to accurately predict the effective conductivity as a func-
tion of the above mentioned parameters. In addition, a comprehensive literature review was performed and analyzed in order to further
substantiate the validity and accuracy of this new model. The resulting conclusions highlight the importance of the contact conditions

between the wires in the individual layers, and between the layers and the solid surface.

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

Due to the ease of fabrication and high degree of accu-
racy with which the various parameters, such as volumetric
porosity, &, and specific surface area, f3, can be controlled,
layers of sintered wire screen are often used in commercial
applications to provide enhanced heat transfer or capillary
assisted reflow in two-phase systems [1-14]. These layers of
wire screen are routinely used in numerous applications
such as porous fins, capillary wick structures in heat pipes,
filling materials and regenerators for Stirling engines, and
many other applications. In many of these applications, it
is often important to understand and improve the effective
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thermal conductivity and/or control the volumetric poros-
ity, as well as the specific surface area in order to enhance
the overall heat transfer performance. A number of inves-
tigators have successfully developed wire mesh based por-
ous media with highly effective thermal conductivities. Xu
and Wirtz [2] developed plain-woven screen laminates with
highly effective thermal conductivities in the wire length
direction, i.e., in the x-direction, by soldering the layers
of the wire screen together. Tye [7] fabricated 304L stain-
less steel “Rigimesh” and experimentally studied the
parameters that affect its thermal conductivity. In this
investigation, the effective thermal conductivity was found
to vary from 4.3 to 25.4 W/mK depending upon the volu-
metric porosity and was further shown to increase with
increasing temperature.

Generally the effective thermal conductivity of wire
mesh in the z-direction is strongly related to the fabrication
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Nomenclature

a length of the cross-sectional area of the wire in
the x-direction (m) in Eq. (9)

A dimensionless parameter defined by d/w

B dimensionless parameter defined by d/t

b length of the cross-sectional area of the wire in
the z-direction (m) in Eq. (9)

C coefficient in Eq. (6)

¢ length of one side of the contact area (m) in Eq.
9)

cf compression factor

D wire diameter (m)

K thermal conductivity (W/mK)

Ky, non-dimensional thermal conductivity defined
by Kf/KS

K. non-dimensional thermal conductivity defined
by Keff/Ks

Iy, Iy, I. spacing of the wires in the x, y, and z-directions,
respectively (m)

M mesh number

Md dimensionless parameter defined by M x d

n number

q" heat flux (W/m?)

S crimping factor

t thickness (m)

T temperature (K)

AT temperature difference (K)

w the opening width of wire screen (mm)

Greek symbols
o empirical constant in Eq. (4)
Yax> Vay» Vaz ally, all,, b/L., respectively in Eq. (8,9)

Ve c/a in Eq. (8,9)

& volumetric porosity

Subscripts

1, 2, and 3 section number in the unit cell

Cu parameter related solid copper bar

cl-c4 thermocouple number in the cooling side

e dimensionless effective parameter

eff effective parameter

ex, ey, ez effective parameter in the three principle direc-
tions

es effective parameter/parameter in solid phase

fs parameter in fluid phase/parameter in solid
phase

f fluid phase

hole  holes on the copper bar for the thermocouples

hl1-h4 thermocouple number on the heating side
layer  parameter related to the wire screen layer
S solid phase

sl and s2 thermocouple number on the sample
Lower parameter for the lower limit

Upper parameter for the upper limit

\4 parameter related to the wire screen

X, x  x-coordinate

Y,y  y-coordinate

Z, z z-coordinate

process, i.e., wrapped, sintered or soldered. Previous inves-
tigations, which are later summarized in the literature
review, have indicated that the contact conditions between
the wires as well as between the individual layers are the
determining factor in the effective thermal conductivity of
the wire screen, and the accurate prediction of the effective
thermal conductivity is strongly dependent on the under-
standing of the contact conditions. In the current investiga-
tion, layers of copper wire screens were utilized along with
an optimized sintering process developed by Li et al. [3] to
achieve nearly perfect contact conditions between the indi-
vidual copper wires, both within the individual layers and
also between the respective layers. The objectives of the
current investigation are to develop a porous media based
on layers of wire screen and to predict and measure the
magnitude of the effective thermal conductivity in the z-
direction for this type of porous media. A theoretical
model that can accurately predict the effective thermal con-
ductivity in the z-direction, is developed, as a function of
the dimensionless parameter, Md; the compression factor,
cf; the thermal properties of the wire mesh and the fluid;

as well as contact conditions between the individual wires
and between the first screen layer and the heated surface.
Tests were conducted to experimentally verify the accuracy
of this new analytical model, by measuring the effective
thermal conductivity of the wire mesh. The experimental
procedure is described in detail and both the experimental
data and the results of the analytical model are compared
with previous analytical and experimental data available
in the literature.

2. Literature review

2.1. Existing models of effective thermal conductivity of
wire screen

The most frequently used correlation for predicting the
effective thermal conductivity of a single layer of wire mesh
was first proposed by Rayleigh [1] and is given in Eq. (1).
This analytical expression has been widely used in the
design of fluid-saturated screen wicks in heat pipes and
other industrial applications. In the development of this
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expression, Rayleigh assumed that the porous material is
isotropic. Comparison with experimental data, however,
has demonstrated that this approach is not capable of
accurately predicting the effective thermal conductivity of
layers of screen mesh [9].
Kf[Kf+Ks_<1 —8)(Kf—KS)] (1)
Kf‘ +Ks —+ (1 — ?)(Kf — Ks)

The primary reason for the disparity between the measured
and predicted values is the failure to accurately incorporate
the effect of the contact conditions between the wires and/
or between the wires and the solid surface.

Based on previously developed experimental data, Alex-
ander [4] developed an empirical model for the effective
conductivity of layers of sintered wire screens in the z-
direction, when saturated with either air or water as:

(1-8)°%
Kot = K¢(Ks/Ky) (2)

Ko =

Koh and Fortini [5] expanded an expression derived by
Aivazov and Domashnev [6], and developed an empirical
correlation for the prediction of the effective thermal
conductivity of sintered stainless steel mesh screen, i.e.,
“Regimesh”, based on the experimental data measured
by Tye [7]. This correlation, in which the thermal conduc-
tivity of the saturated fluid is neglected, is shown below as

Eq. (3).
1—¢
Keff - mKs (3)

Chang [8] utilized a somewhat different approach by
transforming the screen into layered, rectangular cross-
sectional segments and utilized an analysis of the combined
thermal resistances in series and parallel arrangements.
Based on this analysis and the definition of a unit cell,
mathematical models of the effective thermal conductivity
in the z-direction and the volumetric porosity of the wire
screen were proposed. In these models, the contact condi-
tions between the individual metal filaments were carefully
considered and were denoted by the parameter, . Eq. (4)
was then developed for a single layer of screen, but was
also found to be applicable to multiple layers of screen
mesh material:

K 2 oA
Ker = a +A)2{O(A[oc—n3(l —Ki/K,)/2
2[1 + A(1 — a)] 2
B —Kf/Ks)/4] Hal=2 ]} @

where A =d/w, B=dJt, d is the wire diameter, w is the
opening width of the mesh, and ¢ is the thickness of a single
layer of wire screen. For the case of multiple layers, t =
t/Miayer. The range of a is defined by Eq. (5):

nd/(2) <2 < 1 +w/d (5)

Based upon comparisons with previous analytical models
and the test data available in the literature, this model
was found to be capable of predicting the effective thermal
conductivity for specific values of a, when the ratio K /K
ranged from 25 to 160 reasonably, but correlated rather

poorly when the ratio was greater than 600. For single lay-
ers of wire screen, the thickness, ¢, is normally equal to
twice the wire diameter, d, or t = 2d. From Eq. (4), the low-
er limit of « is 7/4. Based on Eq. (4), for copper wire screen
with a mesh number of 3.937x10°m™' (100in~") and
d=0.1143 mm, when o = /4, i.e., the metal wires will
have a direct contact area, K.g, of approximately 49.6 W/
mK with air as the fluid. However, when o« =1, i.e, there
is a gap of approximately 50 um between the metal wires,
the value of K. is reduced to 0.05 W/mK. This simple case
study clearly illustrates how important the contact condi-
tions between the metal wires are in the determination of
the effective thermal conductivity of layers of wire screen
in the z-direction.

Xu and Wirtz [2] developed a new type of isotropic
screen laminate by bonding and stacking plain-woven cop-
per screens and them together using 95/5 Sn/Antimony sol-
der. Following the method of Chang [8], Xu and Wirtz [2]
also established a transformed unit cell, and derived phys-
ical models to predict the in-plane effective thermal conduc-
tivity along the wire length direction of the bonded screen
laminate, i.e., the x-direction as given in Eq. (6). The study
of Xu and Wirtz [2] indicated that the effective conductivity
ranged from 23% and 78% of the conductivity of the fila-
ment material for isotropic and anisotropic plain-weave
screen laminates, respectively. Because the wires were
bonded with a high conductivity solder material, the metal
filaments were assumed to have very good contact condi-
tions. The K. of the bonded wire screen along wire direc-
tions was found to be as high as 105 W/mK for isotropic
copper wire screen and air. An experimental investigation
was also conducted to benchmark the physical models,
which illustrated good agreement with the test data.

807 - Md - Ky — 1) + C - of - K

f'Kes:
¢ C
C-cf? Ky
- s (6)
320m - Md - (1 — K) +2C - cf
cf[l — &) = —3.906 x 10z - C - Md (7)

where C = 123Md* — 384Md" — 640, M is the mesh num-
ber, d is the wire diameter, cf is the compression factor de-
fined by t/(njaye; - 2d), and the K is the non-dimensional
effective thermal conductivity defined by K.q/K;.

Hsu et al. [9] obtained algebraic expressions for the effec-
tive thermal conductivity of wire screen in the three princi-
ple directions: x, y and z, based on a lumped parameter
method. In this investigation, the contact resistance
between the wires was incorporated through a parameter,
7., and was used to estimate the contact area between the
wires. The effective thermal conductivity of the wire screens
in the x-direction was defined as

Ko
K

yayybz
Kfs

= [1 - “/,,_V”/by — Vb — yayyc(l - 2be)] +

Ve YayVe(1 = 27;,)
yax(KfS - 1) +1 Vach(KfS - 1) +1

+
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The expression for K., in the y-direction was obtained by
interchanging y,, and y,. in Eq. (8). For isotropic wire
screen, these terms are identical. Eq. (9) presents the result-
ing expression for K.

Kez
K

Vax =+ yay - zyuxyay
’ybz<KfS - 1) + 1
yaxyay(l - ’yg) ’y%’yax’yay
Zybz(Kfs — 1) + 1 Kfs

= (1 - yay‘)(l - 'yax) +

©)

In Egs. (8) and (9), K is defined as Ki/Ks; Vax, Vay and 7.
are afl., a/l, and a/L., respectively; [, /, and /, are the spac-
ing of the wires in the x, y, and z-direction, respectively,
and vy, = c/a.

From an ideal and purely physical perspective a parallel
arrangement offers the least thermal resistance to heat flow,
while a series arrangement results in the greatest resistance,
and the upper and lower limits can be defined by the equa-
tions for perfect parallel and series cases, respectively.

Kypper = ¢Kr + (1 — €)K, (10)

Kiower = L?NK;)} (1)

2.2. Existing models of volumetric porosity of wire mesh

The porosity of a sample can be measured using the den-
sity method and the mesh number M, is defined as

M=1/d+w) (12)

where d and w denote the wire diameter and the opening
width of mesh, respectively. Chang [8] summarized the
existing correlations for the porosity of wire mesh and by
ignoring the degree of intermeshing between adjacent lay-
ers, Marcus [11] proposed Eq. (13)

e=1—nSMd/4 (13)

to predict the volumetric porosity, where S is the crimping
factor, which is assumed to be approximately 1.05. The

Engineering Sciences Data Unit (EDSU) in London [12]
suggested a simpler correlation to estimate the porosity
of single layers of wire mesh as

¢=1—nMd/4 (14)

Armour and Cannon [13] presented a comprehensive
model to predict the porosity of various types of screens as

nAB 4\

where 4 = d/w, B=d/t, and ¢ is the thickness of the wire
mesh. The most recent method for predicting the volumet-
ric porosity of wire screens was developed by Xu and Wirtz
[2], and is shown as Eq. (7) above.

2.3. Results and discussion

2.3.1. Effective thermal conductivity

In the current investigation, copper wire screen and air
were selected as the solid metal filament and fluid, respec-
tively. Extensive case studies of the existing models and
data were performed to systematically examine the
reported values and predictive methods for the effective
thermal conductivity of isotropic copper wire screen in
both the x- and z-directions. Detailed information about
the various cases is listed in Table 1. A total of 13 cases,
which cover all existing models and the typical cases stud-
ied in these models, were evaluated and analyzed. Results
of the various cases studied are illustrated and presented
in Fig. 1. As shown in this figure, the existing models for
K. can be reasonably categorized into two groups: (1) high
effective thermal conductivity predictions, resulting from
relatively good contact conditions between the wires; and
(2) low effective thermal conductivity predictions resulting
from poor contact conditions between the wires.

For the effective thermal conductivity of wire screen in
the x-direction, the model of Xu and Wirtz [2] considered
two types of wire screen structures: inline stacked (cf = 1)
and staggered (cf<1). The resulting models, indicated

Table 1
List of cases for isotropic wire screen
Case # Model (year), Eq. # Parameter presented Contact area between wires Remarks
contact area between wires
1 Rayleigh [1], Eq. (1) N/A 0
2 Alexander [4], Eq. (2) N/A N/A Empirical correlation
3 Chang [8], Eq. (4) a=0.5 0
4 oa=1 0
5 o =r/4 n’d*/64
6 Hsu et al. [9], Eq. (8) 7. =0.1 nd*/400
7 ye=1 nd*/4
8 Hsu et al. [9], Eq. (9) 7 in x-direction, i.e., along K, is not sensitive to this parameter
wire length direction
9 Xu and Wirtz [2], Eq. (6) N/A, in x-direction ’d/64 cf =1, inline or single layer
10 N/A, in x-direction °d?/64 cf = 0.7, staggered layers
11 Koh and Fortini [5], Eq. (3) N/A N/A Empirical correlation
12 Upper limit, Eq. (10) N/A N/A Parallel
13 Lower limit, Eq. (11) N/A N/A Series




C. Li, G.P. Peterson | International Journal of Heat and Mass Transfer 49 (2006) 4095-4105

4099

1x10°
Upper limit
Hsu, et al. x direction [1995]
Xu and Wirtz, x direction, cf = 0.7, [2002]
100 | Xu and Wirtz, x direction, cf = 1, [200; B
z | N\ 5 With direct contact
g Ooo""i _-~" i between wires
> h. 4 1 °© -
E Chang, o= /4 [ 990]\<.‘/ -
2 10 - T
E - T~
= — / Alexander, [1972]
9 -
g Koh and Fortini [1973]
S Hsu, et al. z direction
'_g‘ Hsu et al. z direction Ye=0.1,[1995]
g =1,[1995]
=
: gt % 1
R H
g With air gap between wires | s
=) k 4 i ettt
m it
4‘*4#4
Rayleigh, [1892]
0.1 T
Chang, o.=1[1990]
0.01
0.1 1

Md

Fig. 1. Predictions of the effective thermal conductivity of wire screen from existing models.

good agreement with the model developed by Hsu et al. [9]
for single layers or inline stacked structures in the x-direc-
tion. The model developed by Hsu et al., also indicated that
the effective thermal conductivity of wire screens along the
wire length direction was not very sensitive to the contact
conditions between the wires.

Chang [8] and Hsu et al. [9] derived models to predict
the effective thermal conductivity of wire screen in the z-
direction. When the wires were in good contact with each
other, the results were in good agreement, with the differ-
ence between the models caused primarily by the variations
in the contact area between the wires, which are shown as
cases 4 and 7 in Table 1. However, when there was no
direct contact or only limited contact areca between the
wires, the existing models predicted very low values for
the effective thermal conductivity and resulted in significant
deviations from the predicted values. This difference is pri-
marily caused by the uncertainties associated with the con-
tact conditions between the wires or between the wire mesh
and the heated surface. The empirical correlation of Alex-
ander [4] provided a value that is in the mid-range of the
predicted values. In this analysis, the sintered wire screens
were clamped between two stainless steel surfaces, which
may have resulted in a reasonably low contact thermal
resistance between the wire mesh and the stainless steel sur-

faces. By considering the contact issues Tye [7] reported
much higher effective thermal conductivities of layers of
wire screen. These data were empirically correlated as Eq.
(3) by Koh and Fortini [5].

Based upon this review, it is apparent that the contact
conditions between the wires, as well as between the wire
mesh and the heated surface, play a critical role in deter-
mining the overall thermal conductivity of the wire screen,
K., and moreover, when the wires are in good contact with
each other, the thermal conductivity of the wire is the dom-
inant factor in the determination of K.y If the quality of
the thermal contact between the wires and layers is consid-
ered and/or incorporated, very high effective thermal con-
ductivities can be achieved. Regardless of the quality of
the actual contact conditions between the wire screens, as
well as between the wire screen and the heating/cooling sur-
faces, in order to obtain accurate predictive techniques and
understand the experimental data, careful attention must
be given to these contact conditions.

2.3.2. The volumetric porosity

The results of the predictive models described in Section
2.2 and the experimental tests [4,13,14] are illustrated and
compared in Fig. 2 as a function of the dimensionless
parameter, Md, which describes the geometry of the wire
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Fig. 2. Predictions and test data of the volumetric porosity of wire screen,
presented as function of Md.

screen. Generally speaking, these models have better agree-
ment for low values of Md than for higher values. In this
comparison, only the model of Xu and Wirtz [2] considered
the compression factor in the prediction of the multilayer
case.

For single layers, either inline or stacked, the model of
Xu and Wirtz [2] is consistent with the model of Armour
and Cannon [13], and the data of Alexander shows rela-
tively good agreement with the results predicted by the
model of Marcus [11]. It is important to note that the exist-
ing experimental data have a narrow range of Md and a
majority of the data available are greater than the values
predicted by all of the existing models.

3. Test article fabrication

Isotropic copper wire screen was selected to benchmark
the new and existing models. The optimized sintering pro-
cess developed by Li et al. [3] was employed during the fab-
rication process in order to significantly reduce or even
eliminate the effects of the thermal contact resistance
between the wires as well as between the copper wire screen
and the heating/cooling surfaces. A sintering temperature

o 18m coceTzands $0BES

i

of 1030 °C in a gas mixture consisting of 75% argon and
25% hydrogen for a time of 2h, was found to provide
the optimal conditions for reducing the contact resistance
for the copper materials utilized in the current investiga-
tion. SEM pictures were taken to evaluate the quality of
the contacts and identify any differences in the contact
conditions between the copper wires at different sintering
temperatures. As shown in Figs. 3(a) and (b), these images
clearly demonstrate that the contact between the wires is
stronger and the contact area larger at a sintering temper-
ature of 1030 °C rather than at 950 °C, for identical gas
compositions and sintering times. Stronger and better con-
tact between the wires is of paramount importance in
enhancing the thermal performance and system stability,
as well as for ensuring the mechanical stability of the bond
over time. Top and side views of the finished sintered wire
screen have previously been presented in reference [3].

The finished test sample had a sandwich structure as
illustrated in Figs. 4 and §, and consisted of three parts:
two 10 mm square, pure solid copper pieces each 5 mm
thick; with a 10 mm square, either a multilayered stack
or single layer of sintered isotropic copper wire screen in
the middle. Two holes, 5 mm deep and 1 mm in diameter,
were drilled in to the center of the copper from the side.
Special limit of error (SLE) K-type thermocouples then
were soldered into these two holes to monitor the bulk tem-
peratures of the copper blocks.

The test articles were fabricated in two steps: first, the
required number of layers of isotropic copper mesh were
sintered together to obtain the desired volumetric porosity
and thickness; and then, the sintered capillary wick struc-
ture was carefully cut into a 10 mm by 10 mm square and
covered by two 5mm thick solid pure copper plates. A
stainless steel fixture was used to accurately position each
part during the final sintering step.

4. Physical models
Both parallel and series methods were used in the cur-

rent investigation. The unit cell used to develop the physi-
cal model of the effective thermal conductivity of sintered

v 18um % cocE128vK

Fig. 3. (a) Contact conditions between wires that are sintered at 950 °C; (b) sintered at 1030 °C for 2 h with gas protection (75% He and 25% H,).
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Fig. 4. Test article.
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1 2 35

Fig. 5. Schematics of the unit cell and Sections 1-3 denote the pure fluid
section; the pure solid metal section; and the fluid and solid metal parts in
series, respectively.

wire screen in the z-direction is illustrated in Fig. 5, with
the geometric parameters illustrated in Fig. 6.

4.1. Single layerlinline stacked structure
As illustrated in Fig. 5, Section 1 is a pure fluid and

because of the minimal thickness of the liquid, the effective
thermal conductivity can be treated as a solid with a ther-

Fig. 6. Geometric relationship of unit cell.

mal conductivity equal to that of the fluid. As illustrated in
Fig. 3(b), the contact area between wires in Section 2 can
be anywhere between zero and the maximum value of &°.
Because an optimal sintering process was used in the cur-
rent investigation a value of ¢* was assumed [3], and as a
result, Section 2 can be treated as a pure solid with a ther-
mal conductivity equal to that of the wire material. Section
3, however, consists of a combination of the solid metal
and fluid in series and for this section, the effective thermal
conductivity can be expressed as:

K3 = (825/K5+82f/Kf)_1 (16)

Based on this analysis, Sections 1 and 3 can be represented
as individual resistances in parallel and the effective ther-
mal conductivity in the z-direction of a single layer or a
layer of inline stacked sintered wire screens can be ex-
pressed as:

Keff = 81K1 —+ 82K2 + 83K3 (17)
Here K| = K}, K> = K, and ¢, &, and &3 can be estimated

from the geometrical parameters of the mesh, which are
shown as Fig. 6, and can be expressed as,

e = (1 — Md)? (18)
& = (Md)* (19)
&3 = 2Md (1 — Md) (20)

where & and &y are the relative volumetric porosities of
the solid metal and the fluid in Section 2, respectively.
These can be computed using the following two equations:

/1 + (Md)’ o)

8
& = 1— &2s (22)

Substituting Egs. (21) and (22) into Eq. (16) yields

e ng/m |y L+ (Md) /Kf

&5 =

8
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and substituting Eqgs. (18)—(20) and Eq. (23) into Eq. (17)
yields
Koy = (Md)’K, + (1 — Md)’K,
n 2Md(1 — Md)
m/lg(w)z /Ks 4 <l B n\/lg(Md)z) /Kf

(24)

As shown in Eq. (24), a theoretical model of the effective
thermal conductivity of sintered copper mesh in the z-direc-
tion can be written as a function of Md, K, and K;. Rear-
ranging allows Eq. (25) to be expressed in dimensionless
form as:

K
Ko = (Md)* + (1 — Md)* =L
K
2Md(1 — Md
+ ( ) (25)
ny/ 1+(Md)? m/ 1+(Md)? \ K,
e e K

where, K. is defined as the ratio of the effective thermal
conductivity, and the thermal conductivity of the solid
metal wire, ie., K.g/K,. From Eq. (25), if the ratio of

Ki/K;<0.01, this expression can be simplified and
expressed as:
Ko = (Md) (26)

Close examination of Eq. (26) indicates that the effective
thermal conductivity of the wire screen is governed primar-
ily by the conductivity of Section 2, and in particular, the
quality of the bond that exists between the solid portions
of the wires in contact with each other. This is physically
consistent with the findings of Chang [8] and Hsu et al.
[9], whose models for cases 5 and 7 predicted a similar
trend, with the only difference resulting from the solid-to-
solid contact area for the effective thermal conductivity of
the wire screen in the z-direction.

4.2. The multilayer staggered structure

As indicated above and illustrated in Fig. 7, the effective
thermal conductivity of multilayer staggered structures in
the z-direction can be enhanced through a reduction in
the overall thickness of the layer or through an increase

AR

Fig. 7. Geometric relationship of staggered structure.

in the contact area between the individual wires. When
only the decrease in the thickness is taken into account,
the model can be simplified as shown in Eq. (27) with the
known effective thermal conductivity of the inline stacked
sintered copper wire screen given by Eq. (25):

Ke =14 (Md)*+(1 —Md)2&+ 2Md(1 — Ma) of
K 71\/1+(Md)2+ (1 77:\/1+(Md)2)&
8 8 K¢

(27)

However, the experimental test data in both the current
and other investigations are typically much higher than
the predictions obtained from Eq. (27). This is not surpris-
ing since Eq. (27) does not consider the enhancement
resulting from increases in the contact areca between the
wires. To compensate for this, using a regression analysis
an empirical modification constant was developed to repre-
sent this enhancement due to the quality of the contact. If
the ratio of K¢/ K, <0.01, this value is 1.42 and the model
for the staggered structure can be expressed as:

Kes = 1.42(Md)* /cf (28)

where the range of cf is governed by the geometric
limitations

Md

VM +1

<cf <1 (29)

4.3. Volumetric porosity model

Based on the unit cell illustrated in Fig. 5 and the geo-
metric relationships shown in Fig. 6, the volumetric poros-
ity of the wire screen can be derived as:

Mdv/1 + Md®
e=1l——— (30)
4cf
where, cf is the compression factor, where cf = 1 represents
a single layer and inline stacked structures; and cf <1

denotes staggered structures.
5. Experimental facility and calibration process

Two methods are generally employed to measure ther-
mal conductivity in these types of structures: one, a tran-
sient method and another one, a steady-state method. In
the current investigation, a steady-state method was used
to obtain the effective thermal conductivity of individual
or multiple layers of sintered copper wire screens. A sche-
matic of the experimental test facility is illustrated in
Fig. 8. This test facility is comprised of a heating and cool-
ing system, a position adjusting system, the thermal insula-
tion, and a data acquisition system. The heating system
consists of an electric heater and a 10 mm x 10 mm square
copper heating block with a 254 mm (1 inch) diameter
cylindrical portion. Four holes, each 5mm deep and
1 mm in diameter, were drilled into the center of the copper
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Fig. 8. Schematics of thermal conductivity test setup. 1. Fast bolt, 2.
Indium foil, 3. Sintered copper wire screen, 4. Cooling coil, 5. Thermal
insulation layer, 6. Al plate, 7. Pure copper bar for heating and cooling, 8.
Test article, 9. Holes for thermocouples, 10. Thermocouple group for
estimation of heat flux, 11. Heat input.

bar at 10 mm intervals along the length of the heating/cool-
ing blocks. Special limit of error (SLE) K-type thermocou-
ples, were soldered into each hole. Using the temperature
difference between thermocouples and the thermal conduc-
tivity of the pure copper heating section, the steady-state
1D axial heat flux could be accurately estimated. Heat
input was provided from the top and the heat was removed
from the bottom portion. In this way, the effects of natural
convection occurring in the fluid saturated sintered copper
wire screen could be reduced. Indium foil, 0.4 mm thick
was placed between the test article and the heating/cooling
copper bar to improve the contact thermal conditions.

The contact conditions between the test article and the
heating/cooling could be adjusted by the four screws,
which connected the top and the bottom aluminum plates.
These contact conditions were determined by four K-type
thermocouples, located near the surfaces of both the heat-
ing and cooling bars and shown as holes near the indium
foils in Fig. 8. The optimal contact between the test article
and the heating and cooling bars result in a uniform ther-
mal contact resistance, and hence a uniform temperature
distribution on the end of the heating and cooling bars as
represented by these thermocouples, with identical temper-
ature readings from these thermocouples indicating a par-
allel and even contact.

The experimental test facility was calibrated by measur-
ing the thermal conductivity of a solid, pure copper cube,
10 mm on a side. The effectiveness of the sintering process
could be ascertained by measuring the effective thermal
conductivity of a sintered copper bar consisting of two
10 mm square, 5 mm thick bars. The results of these two
tests have been presented, discussed and compared previ-
ously [3] and demonstrated that the sintering system was
capable of obtaining near perfect contact conditions,
resulting in an experimental method that was highly accu-
rate and reliable [3].

6. Data reduction and measurement uncertainties

Estimation of the thermal conductivity for this type of
situation requires three parameters: the temperature differ-
ence across the sample, AT; the steady-state heat flux, ¢”;
and the thickness of the sintered copper wire screen layer,
t. With these three parameters, the effective thermal con-
ductivity, K., of the wire screen in the z-direction can be
estimated from Fourier’s law.

Kcy
q = 2C [(Tha — Th1)/4tnote + (Tt — Tea) /4tholc] (31)
AT = TsZ - Tsl - q”tCu/KCu (32)
Keff = q”tmesh/AT (33)

where, h1-h4 and cl-c4 denote the thermocouple numbers
on the heating and cooling sides, respectively. The distance
between the two thermocouple holes is represented by #,q1e,
tcy 18 the copper thickness between the two holes located
on the centerline of the solid copper side of the test sample,
as illustrated in Fig. 8, and #,,e, 1s the thickness of the sin-
tered wire screen. In Eq. (31), Kcu(Ths — Thi)/4thoe and
Keu(Te1 — Tea)/4thore denote the heat flux from the heated
and cooled ends, respectively, and the mean value is the
1-D axial heat flux through sintered copper wire screen.
For each sample, four points at different heat fluxes were
used to determine the effective thermal conductivity, and
then the averaged value was used as the final effective ther-
mal conductivity of the sample.

The uncertainties of the temperature measurements, the
length (or width) and the mass are £0.4%, 0.001 mm and
0.1 mg, respectively. A Monte Carlo error of propagation
simulation indicated the following 95% confidence levels
for the computed results: the effective thermal conductivity
was less than =5 W/mK; the temperature difference across
the sample, AT, was less than +0.7 K and the porosity, &,
was less than +1.5%.

7. Results and discussion

7.1. The effective thermal conductivity of sintered copper
wire screen

The results of the effective thermal conductivity from the
current model and test data are presented in Fig. 9. For
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Fig. 9. Effective thermal conductivity from the current model and test
data as well as comparisons with existing models for single layer or inline
stacked structures.

comparison, existing models (the high prediction group)
for single layer or inline stacked structures are also plotted
in Fig. 9. As indicated in this figure, the values predicted
using the present model are higher than the predictions
of the models of Chang [8] and Hsu et al. [9] in the z-direc-
tion, but the trends are quite similar. One possible reason
for this disparity is the variation of the contact area
between the wires, which is listed in Table 1. In the current
investigation, the contact arca between the wires is
assumed to be the maximum value, d°. As indicated, the
experimental test data are in reasonably good agreement
with the model predictions and indicate that this explana-
tion is reasonable.

Predictions of the effective thermal conductivity of the
wire screen in the x-direction obtained from the model of
Xu and Wirtz. [2] and Hsu et al. [9] are also shown in
Fig. 9 for comparison. The results as determined by Egs.
(24) and (26) are presented in Fig. 9, and clearly indicate
that for copper and air, Egs. (24) and (26) do not differ sig-
nificantly. These results strongly support the hypothesis
that the contact condition between the wires in the z-direc-
tion is perhaps the most important parameter in the deter-
mination of the effective thermal conductivity of the layers
of wire screen.

The effective thermal conductivity of staggered struc-
tures is also presented as a function of the compression fac-
tor, cf, in Fig. 10. As indicated, Eq. (27) yields predicted
values that are somewhat lower than the measured test
data. One reason for this is that this expression does not
take into consideration the enhancement resulting from
the increased contact area between the wires. An empirical
constant of 1.42 as shown in Eq. (28) can be derived using a
regression technique to compensate for this effect and can
then be used to accurately represent the resulting improve-
ment.
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N
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Fig. 10. Effective thermal conductivity as function of cf for staggered
structures.

7.2. The volumetric porosity of sintered copper wire screen

Predictions based upon the present model and experi-
mental data for a number of different volumetric porosities
of sintered copper wire screen are illustrated in Figs. 11 and
12. In Fig. 11, the volumetric porosity is shown as a func-
tion of the product of the mesh number and the wire diam-
eter, Md. Comparisons are also made in Fig. 11 with other
existing models and experimental test data. The results of
this comparison indicate that the predictions from the
models appear to be in good agreement when the value
of Md is low; however, the values begin to deviate as Md
becomes larger. Between all of the models evaluated, the
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Fig. 11. Volumetric porosity from the current model and test data as well
as comparisons with other existing models and test data for single layer or
inline stacked structures.
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Fig. 12. Volumetric porosity from the current model and test data as well
as comparisons with other existing models for staggered structures.

one developed by Xu and Wirtz. [2], as well as Armour and
Cannon [13], along with the present model, show the best
agreement. Test data from the current investigation agree
with these models quite well for large values of Md, how-
ever, test data from Van Sant and Malet [14] and Armour
and Cannon [13] are higher than any of the values pre-
dicted by any of the models. One possible reason is that
an air gap may exist between the wires for high values of
Md without any sintering or soldering.

In Fig. 12, the results of the variation in the volumetric
porosity for staggered wire screen are shown as a function
of the compression factor, cf. As shown, the model of Xu
and Wirtz [2] and the present model are in good agreement
with the experimental results and with each other. Experi-
mental data covering a wide range of compression factors
are also presented and show good agreement with both
the model of Xu and Wirtz [2] and the present model.

8. Conclusions

In the current investigation, the information available in
the literature on the effective thermal conductivity and vol-
umetric porosity of wire screens were critically reviewed
and compared. The existing models and experimental test
data indicated that K.q in the x-direction is much higher
than in the z-direction. However, some of the cases studied,
indicated that high values of K.z in the z-direction could
also be obtained if the individual wires are in good contact
with one another. In this investigation, a new theoretical
model for the effective thermal conductivity in the z-direc-
tion is developed, which considers the contact conditions
between the wires. It is derived successfully and was veri-
fied by experimental test data obtained from the sintered
copper wire screens. When the wires are in good contact
with one another, the value of the effective thermal conduc-
tivity of the wire screen can reach values as high as 4-35%
of the thermal conductivity of the metal wire material, with

the actual value depending upon the geometric parameter,
Md, and the physical structure. These results are also
strongly supported by comparisons with the existing mod-
els. Furthermore, it has been shown that the current
approach can be converted to a much simpler form when
Ki/K, < 0.01, with the results of this simplified form show-
ing good agreement when compared with the experimental
test data of both this and other investigators.

Through this theoretical and experimental investigation,
as well as the review of the existing studies of the effective
thermal conductivity and volumetric porosity, it is clear
that exceptionally high values for the effective thermal
conductivity can be achieved for layers of wire screen in
both the x- and z-directions, and that the contact condi-
tions between the wires are crucial in determining the
magnitude of the effective thermal conductivity in the z-
direction.
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