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fore, the absorption of radiation by inert particles is found to
play an important role in indirectly igniting combustible gases.

The change of particle number density at a fixed particle
size also exerted a strong influence such that the smaller the
particle number density, the longer the ignition delay. As the
particle number density decreases, the radiation plays a smaller
role, because the absorption coefficient decreases with a fixed
particle size and the ignition delay increased.
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Effective Stagnant Thermal
Conductivity of Wire Screens
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Nomenclature
parameter of the wire screen in Eq. (1), d/w
length of the cross-sectional area of the bars
in the x direction
parameter of the wire screen in Eq. (1), d/t
length of the cross-sectional area of the bars
in the z direction
length of one side of the contact area
diameter of the wire
effective thermal conductivities of the wire
screens in the three principal directions
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k, = thermal conductivity of the fluid phase
ks = thermal conductivity of the solid phase
Ly 1, 1, = spacing of wires in the x, y, and z directions,

respectively
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t thickness of a layer of screen in Eq. (1)

w = opening of wires in Eq. (1)

@ = empirical constant in Eq. (1)
Yarr Yays Yoz = ally, all,, and bll,, respectively
Ye = cla

A = fluid/solid conductivity ratio

I. Introduction

N accurate prediction of the effective thermal conductiv-

ity of wire screens saturated with fluids is needed for the
design of heat pipes' and the regenerators of Stirling machines.
Although Maxwell’s analytical expression® for the thermal
conductivity of a porous medium has been widely used for the
design of fluid-saturated screen wicks in heat pipes,' it is
known that this expression is inaccurate in comparison with
experimental data. Alexander’ obtained an empirical correla-
tion equation for thermal conductivities of sintered layers of
wire screens saturated with water and air. Van Sant and Malet*
carried out an experiment to measure effective thermal con-
ductivities of 100-mesh size of stainless steel screens and cop-
per screens saturated with water, CH,OH, CCL,F, and air, re-
spectively. Comparing Van Sant and Malet’s* data with
Maxwell’s expression” and Alexander’s correlation,” Chang’
found that the former underpredicts the effective thermal con-
ductivity at large solid/fluid thermal conductivity ratios,
whereas the latter overpredicts the effective thermal conduc-
tivity substantially. Using an electric analogy, Chang® obtained
the following algebraic expression for the effective thermal
conductivity of wire screens in the direction perpendicular to
the layers of wires

k.. 1 < , { aA
He——— A ————————
k(1 +A) a — wB(1 — N2

2{1 + A(1 — )] N

« — mB(l = A)/4} +[1 + Al — w) ]) 1)
In matching Eq. (1) with Van Sant and Malet’s experimental
data,* Chang® found that the value of « is approximately equal
to unity. In this Note, we idealize the screens as alternate layers
of parallel solid bars, and apply the lumped parameter method®
to obtain algebraic expressions for the effective thermal con-
ductivity of screens in three principal directions. The major dif-
ference between Chang’s model® and the present model is that
contact resistance between the wires will be taken into consid-
eration in the present work. For the specific case of alternate
layers of parallel and perpendicular bars of equal spacing, the
predicted thermal conductivity in the direction perpendicular to
the layers of screen is found in reasonably good agreement with
Van Sant and Malet’s experimental data.* In addition, we have
obtained algebraic expressions for the thermal conductivity of
wire screens in the direction parallel to the layers of wire screens
that has not been considered previously.

II. Application of the Lumped Parameter Method

We now idealize a stack of wire screens as layers of parallel
and perpendicular bars of rectangular cross sections laid on the
x—y plane as shown in Fig. la. It is noted that the undula-
tion effect of wires weaving into screens is neglected through
this idealization. The bars parallel in the x direction are sep-
arated by a distance of /,, having a rectangular cross section
of (a X b) (see Fig. 1b). On the other hand, the bars parallel
in the y direction are separated by a distance of /,, having a
cross section of (a X b). If the wire screens consist of circular
wires of d, the circular wires will be approximated as square
bars with an equivalent area a X a, while the contact areas
between the wires in the z direction will be approximated by
small rectangular blocks with a square cross-sectional area of
¢ X c (see Fig. 1). The length ¢ of the contact area between
two consecutive layers of screens is a parameter whose value
depends on the loading stress during the packing of the



J. THERMOPHYSICS, VOL. 10, NO. 3: TECHNICAL NOTES 543

ly

TN x

TN

1
e g |

N\
\n
7 %///////M%%%M

a)
i ly i z
\\I\I\\ NN _’”{‘—\c\ b
T —
4 — _r y
\\”\\\\“%Q\\\\%”\\ N
b) b

Fig. 1 a) Top and b) side views of wire screens and its unit cell
(indicated by dashed lines).

screens. Note that [, I, and /, are independent geometric par-
ameters that are determined by how the wires are woven to
form the screens. If the values of [, /,, and /, are different, the
effective thermal conductivities of the wire screens in the three
principal directions (k,,, k.,. and k,;) will be different. To obtain
algebraic expressions for the effective stagnant thermal con-
ductivity of the wire screens in these three principal directions
based on the lumped parameter method,® a unit cell of the size
of (I,/2, 1,/2, and 1,/2) containing one-eighth of the periodic
structure of the wire is selected. This unit cell, as viewed from
the z and x axes, is shown as dashed lines in Figs. 1a and 1b.

A. Effective Thermal Conductivities k.. and &,

Consider first the effective thermal conductivity of the screens
in the x direction. The unit cell viewed from the x axis is shown
in Fig. 1b, which is composed of four layers in parallel: a fluid
layer, a solid layer, and two composite layers. Here, the heat
flux is assumed to be in the x direction. Based on the lumped
parameter method,® the effective stagnant thermal conductivity
of the wire screens in the x direction is therefore given by

k

== [1 Yabez -

k Yoz — ‘Yay'y:(l - 2‘sz)]
f

'Yay'Yc(l _ 2717:)
yaxyc(A —D+1

'Yay'sz Yoz
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@

The expression for k,, in the y direction can be obtained by
interchanging between v, and v,, in Eq. (2).

B. Effective Thermal Conductivity k.,

To compute the effective thermal conductivity in the z di-
rection, the unit cell as viewed from the z axis consists of four
parallel columns (see Fig. 1a): a fluid layer, a solid layer, and
two composite layers. Based on the lumped parameter model,®
the effective stagnant thermal conductivity of wire screens in
the z direction is

kez (7ax + Yay — 2Yax7ay)
== = )1 — vo) +
A = yu)1 — V) Y — D+ 1

kf
VoYl = YD) | YiYaxYay
29%AA = 1) + 1 A

3

Eq. (3) with v, = 0 and v,, = 7, reduces to Eq. (1) if we note
that A = d/w = v,,/(1 — v,) and let B =4y, /7, and « =1 in
Eq. (1). Thus, the present model is more general than Chang’s
model.’

III. Results and Discussion

Equations (2) and (3) show that the effective thermal con-
ductivities of wire screens depend on the parameters V. Yuy»
Yoo Yoo aDd A. Since a < [, a < [, b = [,, and ¢ = a, therefore,
Yo = 1, Yoy = 1, v, = 1, and vy, =< 1. These values are zero
if the bars are not touching each other, whereas these values
become unity if the bars are touching each other. To compare
with Van Sant and Malet’s experimental data,* the evaluations
of Eqgs. (2) and (3) were carried out based on the following
simplifications:

1) The periodic distance in the z direction /, is equal to twice
the diameter of the circular wires, i.e., [, = 2d.

2) The deformation of the cross section of the circular wires
during weaving is negligible, i.e., a = b.

3) The circular wires can be approximated by square bars
with the same cross-sectional area, i.e., a = b = \/7d/2.

4) v, = 0.1, the contact area between wires is y? = 0.01.
Under the assumptions 1-3, we have v,, = \/7/4. Computa-
tions of the effective thermal conductivities as functions of A
were carried out for various values of v,, and v,,. Because k,,
can be obtained by exchanging v,, and 1v,, in the expression
for k,,, it suffices to present only the results for k.,.

A. Calculated Results of k. /k,

It is important to note that in the evaluation of k.., the value
of v, is a measure of the relative importance of the layers-in-
parallel effect of the solid phase, whereas the value of v, is a
measure of the layers-in-series effect of the solid phase. This
is also reflected in Eq. (2) where k,./k; is linearly proportional
to v., while inversely proportional to +,,. Figures 2a—2c show
the effects of the spacing between solid bars on k., /k; for var-
ious thermal conductivity ratios k,/k,. They demonstrate how
the layers-in-series effect and the layers-in-parallel effect com-
pete with each other when these spacing parameters change.
Figure 2a shows the six curves of v, = 0, 0.2, 0.4, 0.6, 0.8,
and 1.0 with vy,, being fixed at 0.5. Note that for the case of
Y.y = 0 and v, = 0.5, the medium consists of fluid phase and
solid bars perpendicular to the heat flow direction; conse-
quently, the variations of k. /k; is not a horizontal line. Note
also this case (v, = 0 and v,, = 0.5) behaves quite similarly
to the results of a two-dimensional nontouching cylinders
model with layers-in-series characteristics.® For Yoy > 0, the
layers-in-parallel effect becomes dominant over the layer-in-
series effect at large k,/k.. In general, the behavior of the ef-
fective thermal conductivity in this case is similar to the phase
symmetric model.”

Figure 2b shows the effect of varying v,, on k,,/k; of a stack
of screens composed of parallel and perpendicular bars at a
fixed value of v,, = 0.5. Here, the six curves correspond to v,
=0, 0.2, 0.4, 0.6, 0.8, and 1.0. With v,, being fixed, the var-
iation in vy, shows the layers-in-series effect on the effective
thermal conductivity. The curves become linear when k,/k; be-
comes large. This is because when k,/k; becomes large, heat
transfer is dominated by conduction through solid bars parallel
to the heat flux direction, and k. /k; — (ViVo,)k/kp) =
0.222(k,/k;) when v, # 1. When vy, = 1.0, y,,(1 + v,,) of the
unit cell becomes a solid column in parallel to heat flux di-
rection and k,./k; — 0.665(k,/k;). Note that there is a jump in
the value of k.. /k; when v,, = 1. Except for this jump case of
Y. = 1, it is clear from Fig. 2b that the effect of varying .,
(bars-in-series process) is confined in the range of 1 < k/k;
= 10° and is not significant. Figure 2c shows the effective
thermal conductivity k., of screens composed of equal spacing
parallel and perpendicular bars (i.e., .. = v¥,,). The special case
of ¥.. = Y., = 0 in Fig. 2¢ corresponds to a medium consisting
of the fluid phase only, and therefore, k,,/k; = 1 is a horizontal
line. Since the geometry of this figure is very similar to that in
Fig. 2a, the behavior of the effective thermal conductivity is
qualitatively similar to each other. By setting v,. = v,,, it is clear
that the layers-in-parallel effect plays the dominant role over the
layers-in-series effect in determining the effective thermal con-
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Fig. 2 Effects of bar spacing on k,./k; for vy,, = \/m/4 and vy, =
0.1: a) bars-in-parallel effects, b) bars-in-series effects, and c) v,
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ductivity. Again, the behavior is quite similar to the phase sym-
metry model.” Under the condition of v, = %, the thermal
conductivities in the x and y directions are equal, i.e., k., = k,,.

B. Calculated Results of k.. /k,

Figure 3a shows the effect of the solid bar spacing perpen-
dicular to the direction of heat flux on the effective thermal
conductivity in the z direction k./k. It shows the effect of
varying v,, on k. /k; when v,, is fixed at 0.5. The case of v,,
= 0 corresponds to an array of nontouching bars perpendicular
to the direction of heat flux. For v,, # 0, the results shown in
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Fig. 3 Effects of bar spacing on k.. /k; for v,, = \/#/4 and y, =
0.1: a) 7., = 0.5 with various values of vy,, and b) v.. = v,,.

Fig. 3a are quite similar to those of a three-dimensional cubes
model studied earlier.’ In the range of 1 < ki/k; < 10°, the
effective thermal conductivity k.,/k, is dominated by the layers-
in-series mechanism, whereas for k,/k; > 10°, the thermal re-
sistance because of touching becomes dominant. The case of
Y.y = 1 corresponds to a stack of screens composed of perpen-
dicular touching bars. Figure 3b shows the results of k. /k;
calculated from Eq. (3) for equal spacing bars with y,, = ¥,
varying from 0 to 1.0. For comparison purposes, Van Sant and
Malet’s eight experimental data points® with porosity corre-
sponding to vy, = 0.34-0.41 are also presented in the same
graph. It is shown that the calculated results based on Eq. (3)
with y. = 0.1, ¥, = /74, and v,, = v, = 0.3 are in reasonably
good agreement with experimental results.®

IV. Concluding Remarks

In this Note, algebraic expressions for the thermal conduc-
tivities of wire screens are obtained based on the lumped pa-
rameter method. The stack of wire screens is modeled as al-
ternative layers of parallel solid bars aligned perpendicularly
to each other. The three-dimensional unit cell consists of two
layers of parallel bars perpendicular to each other with four
independent spacing parameters ¥, Ya» Ye» and 7y, A com-
parison of the predicted thermal conductivity of wire screens
(in the direction perpendicular to the wires) based on the pres-
ent model with existing data shows that they are in reasonably
good agreement.
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Nomenclature
A, B, C,, K = equation constant
1 = liquid puddle length
0 = volumetric flow rate
Qiet = volumetric jet flow
t = ribbon thickness
U. = liquid velocity
|4 = substrate velocity
w = ribbon width
a = ejection angle, measured from vertical axis
8l = boundary-layer displacement thickness
v = kinematic viscosity

Introduction

MORPHOQOUS metallic alloys, sometimes called glassy al-
loys, are useful materials that have attractive properties
that include good corrosion resistance and high fracture
strength. Methods that are utilized in producing amorphous
metals include vapor condensation, sputtering, ion implanta-
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tion, and chill-block melt spinning. Chill-block melt spinning
is a relatively simple process whose origin dates back into the
1800s. It is widely used in the mass production of a variety of
products (i.e., amorphous superalloy brazing alloys, solders,
glassy transformer core alloys, and other ferromagnetic prod-
ucts). Pond' patented a process that involved ejecting a jet of
liquid metal onto the surface of a rotating drum. In chill-block
spinning, the material is melted in a crucible and a stream of
melt is ejected by pressure through a small orifice onto the
circumferential surface of a rotating drum. A liquid puddle
forms at the base of the jet and the ribbon is extracted from
its underside. Kavesh® analyzed the melt puddle in a chill-
block melt spinning process by assuming that the viscosity of
the liquid outside the solidified layer is constant and that no
thermal resistance exists at the liquid melt/substrate interface.
He showed that the thermal boundary-layer thickness was three
to nine times thicker than the momentum thickness. Hillmann
and Hilzinger’ studied Fe,NiyP14Bs and found that at a con-
stant ejection pressure the height of the puddle was of second-
ary importance and that the dimensions of the ribbon could be
determined by the length and width of the puddle. Licbermann*
developed an experimental relation and found no significant
effect of melt superheat on the geometry of ribbons produced
from Fe,NiB,, and FegB,sSi,. Vincent et al.® calculated the
rate of the propagation of the solid front by assuming a heat
transfer coefficient and found that the solid front velocity was
too low to account for the final ribbon thickness. They con-
cluded that the solid ribbon thickness is related primarily to
the propagation of the momentum. Vincent et al. presents a
discussion supporting momentum control as being dominant
in the chill-block melt spinning process.

Pavuna® experimentally studied chill-block melt spinning
over a wide range of volumetric flow rates for a melt with an
approximate dynamic viscosity of 965 mm?%s. For flow rates
up to 4 cm®/s Liebermann’s® relation is supported, whereas for
higher flow rates (from 4 to 7 cm®/s) the data agree with the
relations of Kavesh.” Pavuna® concludes that ribbon width is
primarily controlled by the normal component of the volu-
metric flow rate and that the injection angle may influence both
ribbon width and thickness.

Anestiev and Russeo’ proposed a relationship between the
puddle length, volumetric flow rate, surface velocity, impinge-
ment angle, and nozzle diameter. Anestiev® presented a system
of equations that uses casting parameters and several physical
properties of the melt to predict ribbon thickness. These results
show good agreement with experimental data, but require the
use of a series of equations to obtain results. In a later study,
Anestiev® considered the existence of a heat transfer resistance
on the puddle-substrate contact area and the latent heat of fu-
sion separation on the liquid-solid interface. Finally, Taha et
al.'® graphically investigated the variation of ribbon geometry
as a function of substrate velocity, injection pressure, substrate
thermal conductivity, melt superheat, nozzle/substrate height,
and nozzle diameter.

Proposed Relations
The present study proposes two empirical relations that pre-
dict ribbon thickness for a wide range of volumetric flow rates
(where Q@ = Vwr). The first relation is based on experimental
data, whereas the second uses a momentum transport control
analysis. Since ribbon formation is complex in nature, it is
difficult for a simple relation to describe a wide range of con-
ditions. Based on the form of previous works, the general form

of the proposed relations can be taken as

t~ QYv° 1)
w~ Q4P ()

Pavuna® reported that both Kavesh’s® and Liebermann’s* re-
lations could not describe the entire range of his experimental



