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Table 1 Polarization ellipse characteristics for the three forms presented
I 1

Forms I + - Linear Circular
E, 0.649 0.658 0.147 0.15 0.74
E, 0.855 0.868 0.112 0.58 0.74
8, deg —-81.2 —81.2 98.8 0.0 90.0
a 0.868 0.880 0.150 0.595 1.096
b 0.632 0.641 0.109 0 1.096
o 52.8 deg 52.8 deg 37.2 deg 74.6 deg _
i 75.6 deg 75.6 deg 165.6 deg 75.6 deg o
X —36.1 deg —36.1 deg 36.1 deg 0 deg _
p 0.944 1.0 1.0 1 1

normalization of the Stokes vector elements. Estimates of er-
rors caused by non-normal surfaces and careful CP alignment
are in the order of 0.1 and 0.3%; respectively. The retardance
angle error, determined by the manufacture, does need to be
less than 2 deg. This largest source of error is based on the
fact that the CP produces elliptical near-circular polarized en-
ergy and is component quality dependent (cost).

For the prototype instrument discussed in this note, prelim-
inary test runs on sources of known polarization indicate the
errors, as described by Holman,'® in the magnitudes of the
Stokes vector components are at the most in the order of
#+10%. While this is not an enviable error band, it was deemed
satisfactory based upon the cost of the instrument.

Conclusions

A prototype Stokesmeter [possibly the best commercially
available Stokesmeter is offered by Gaertner Scientific Cor-
poration for approximately $19,000 (LS-1 Stokesmeter)] was
built to measure output intensities enabling the calculation of
quantities associated with incident partially polarized radiation.
An example was presented to demonstrate that the original
partially polarized beam could be split in various ways into
completely and unpolarized components.

Further, the mechanism enabling these measurements to be
made consists primarily of a circular polarizer and a Geneva
wheel. The other components are stock items or can be pro-
duced in any machine shop for a total cost of approximately
$500.

Finally, a third degenerate form of the Stokes vector repre-
senting a partially polarized elliptical beam was presented.
This form is novel in that the completely polarized components
are of the most elementary forms (linear and circular) and the
unpolarized portion indicates the insufficiencies of the incident
beam to produce the elementary forms.
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Ignition of Propane—Air Mixture by
Radiatively Heated Small Particles
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Taejon, 305-701, Republic of Korea

Introduction

ROM the view of fire safety, it is highly desirable to pre-
dict the critical conditions under which a reactive homo-
geneous or two-phase mixture ignites and produces a heat re-
lease. Ignition phenomena are usually governed by the heat
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transfer modes of conduction, convection, and radiation, as
well as by the inherent heat generation process pertaining to
each mixture.

The thermal ignition of a single homogeneous medium,
which contains absorbing and emitting gases, soot, and parti-
cles between isothermal and reflecting walls, was studied by
Smith et al.' Baek® analyzed the thermal ignition of a two-
phase mixture comprised of radiatively active combustible par-
ticles and air that is exposed to nonflaming conduction as well
as to radiation.

A mixture state can be formulated such that solid inert par-
ticles are suspended in an ignitable premixed gas mixture. If
this combustible mixture is in direct contact with a hot thermal
source, the gas can be ignited by conductive heat transfer from
the hot source. However, given a proper radiative thermal
source, the gas is still inherently dangerous, although the gas
is transparent to radiation and there is no thermal source in
direct contact with the gas. This results from the fact that the
particles absorb thermal radiation and are subsequently heated.
The heated particles transfer energy to the gas, resulting in an
exothermic reaction. Typical application of this scenario re-
sides in a safety problem in coal mining and petroleum pro-
duction industries. This type of potential hazard is briefly dis-
cussed in a previous paper using a suspension comprised of
inert particles and hydrogen-air.’

As a further investigation, this study considers a mixture of
propane, air, and inert particles. The ignition characteristics of
propane—air and the effects of other important parameters,
such as mixture equivalence ratio and incident radiation, are
discussed. The fundamental physical features are considered
through a simplified mathematical formulation so that a basic
understanding of the induced ignition phenomena of a pre-
mixed combustible gas mixture is acquired.

Mathematical Formulations

Figure 1 schematically illustrates a two-phase mixture of
inert aluminum oxide particles and propane—air contained be-
tween two transparent parallel walls. The total length of the
mixture is L. At x = 0 and x = L, the mixture is subject to
external radiation ¢* = o7} and ¢~ = oT"?, respectively, where
7T, and T, are the right-hand side (RHS) and left-hand side
(LHS) blackbody radiative heat source temperatures. The mix-
ture is uniformly distributed one dimensionally and remains
quiescent. The volume occupied by the spherical particles is
neglected in comparison with the gas suspension volume.

The species mass conservation equation for species i, where
i = 1 to I, with I denoting the total number of species, is then

dy; az)’i
ng=PgDa—xz+wi 1)

where ¢ and x are the time and spatial coordinates, p, is the
gas density, y; is the mass fraction for species i, and o, is the
production rate for species i. The multicomponent diffusion
coefficient is D.

Only a negligible amount of product gases, such as water
vapor and carbon dioxide, are generated before ignition. Fur-
thermore, the partial pressure of water vapor and carbon di-
oxide in atmosphere is 0.155 and 0.116 atm. Their total emit-
tances for the conditions given are about 0.025 and 0.035, so
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Fig. 1 Schematic diagram of physical system.

that the effects of gas radiation by those species are neglected
here. The energy equation for the gas phase then becomes

&T,
ax®

o,
ot

I
pC, =2 =2, £ — nQ — > AHu, )
i=1
T, is the gas-phase temperature, and A, and C, are the thermal
conductivity and specific heat at constant pressure of the gas
mixture, respectively. The enthalpy of formation for species i
is AH,. The particle number density is denoted by n. The heat
transfer between the gas and a single particle is

Q = DT, — To) 3

where D, is the particle diameter and A is the convective heat
transfer coefficient. Because the mixture of particles and
propane-air is stagnant, the convective heat transfer coeffi-
cient k is estimated using

Nu=hD/A; =2

To predict the precise ignition delay time of the propane—
air mixture, an accurate estimation of total heat release for all
of the species involved in Eq. (2) is needed. The chemical
reaction model considers a total of 31 species (C;H;, O,, OH,
H, O, N;, H,, H;0O, HO,, CO, CO,, CH,, CH;, CH,0, HCO,
C,H,, C,H;, C,H,, C,H,, C,H,, CH,CO, CH,, CH, C,H, HCCO,
C,H,(I), C;H,(N), C;H,, CH;HCO, H,0,, CH;CO), and 123
elementary reaction steps. The reaction scheme and the cor-
responding rate constants used are ones in Djavdan et al.* The
CHEMKIN subroutines® are exploited to calculate the reaction
rates w;.

The inert particle properties are assumed to vary spatially
as well as temporally. The particle property at a local position
takes a value averaged over some neighborhood. From this
point of view, the size of the neighborhood must be larger than
the average spacing between particles. This averaging concept
allows for a superposition of the solid phase computational
domain over the gas phase one. The energy equation for the
solid phase is

oT, aq,
oC.—=nQ — %4
ot ax

@
where o, and C, are the concentration and specific heat of solid
particles, respectively; 7. is the particle temperature; and g, is
the net radiative heat flux that is expressed in terms of ¢* and
q~ in the forward and backward directions, such that

@=q9 —q (5)

The governing equations for ¢ and ¢~ are derived using a
two-flux gray radiation approximation. By integrating the
equation of transfer for radiant intensity over the hemisphere,
they are obtained as follows:

d +

—dq; = —2(a + s)g" + 2s¢" + 2aoT* 6)
dg~ _ . .

-a; =2(a + s)q” — 2sq" — 2a0T; (@)

where a and s are the absorption and scattering coefficients of
aluminum oxide particles.

For the previous formulations to be physically plausible, a
model is necessary for the absorption coefficient for aluminum
oxide particles. The extinction coefficient (a + s) for the alu-
minum oxide particles is 0.257nD?2Q; as given by Brewster.®
But in this work this value is assigned to the absorption co-
efficient without scattering, i.e., s = 0 to examine the maximum
ignitability of the gas mixture by aluminum oxide particles.



J. THERMOPHYSICS, VOL. 10, NO. 3: TECHNICAL NOTES 541

The Rosseland mean particle extinction efficiency Qy is set to
1 for 10 < wD./8 < 100, where & is wavelength.

The boundary conditions are g*(x = 0, ) = 0T}, ¢ (x = L,
f) = oT?. The dy;/dx and dT,/dx are all zero at x = O and L.
The initial conditions are T(x, 0) = T.(x, 0) = 300 K. The
initial mass fraction y,; for species i is dependent upon the
initial mixture equivalence ratio ¢.

Because the species conservation Eq. (1), the energy Eq. (2)
for the gas phase, and the thermal Eq. (4) for solid phase, with
supplementary Eqgs. (6) and (7) for the radiative heat fluxes
are nonlinearly coupled to one another, a numerical method is
adopted to solve them simultaneously. Equations (1) and (2)
with given initial and Neumann boundary conditions are
solved in dimensionless form by implementing an implicit,
central difference scheme with a tridiagonal matrix solver.
Then, the solutions are recast into dimensionless forms. The
time step and spatial differencing used are 107" s and 5 X 1073
m. No appreciable improvement in the solution was observed
with more refinement in time step and spatial differencing.

Results and Discussion

Unless otherwise specified, all of the calculations are carried
out for the following conditions: the equivalence ratio of the
propane—air mixture is ¢ = 1, the particle number density is
n = 10° m™, the total length of the mixture is L = 0.05 m, the
aluminum oxide particle diameter is D, = 100 um, and the
external heat source temperature at x = 0 is 7, = 0 K.

The transient solution for both the gas mixture and particle
temperature proceeds until ignition is detected. Figure 2 shows
a temporal variation of particle and gas temperatures at x = L
for external blackbody heat source temperature 7, = 2500 K.
Because there is no external heat source other than radiation,
the particles initially warm up by way of absorption of radia-
tion. The gas mixture is heated by the particles through con-
ductive heat transfer, thereby creating a temperature difference
between the two phases as seen in Fig. 2. As the ignition takes
place, the gas temperature exceeds the particle temperature.
The onset of ignition is, therefore, defined here as the time
required for the two temperature curves to cross each other.
According to this definition, the ignition delay time is 51.1 ms
in the figure for the conditions given.

Spatially, the temperature of the radiatively active particles is
higher than that of the gas mixture before the onset of ignition,
as a result of the effects of radiation. Consequently, the radiation
is found to play a considerable role in the rapid heating of the
particles and resulting indirect ignition of gas mixture.

Using the definition of ignition mentioned previously, the
ignition delays are plotted in Fig. 3 on both linear and loga-
rithmic scales vs the inverse of the external source tempera-
ture. The ignition delay time increases with decreasing 7, and
varies almost linearly on the logarithmic scale. This form of
representation is typical of systems governed by an exothermic

" 1200
1 xL
1000 { T=2500K
& 4 L=0.05m
=~ 1 D100 pm
g 800 7 =109 m3
1=
o 600 4
2 E
E ]
= 400 —e— Particle
] —o0— Gas
200 T T e L
4 10 20 30 40 50 60
Time (ms)

Fig. 2 Temporal variation of particle and gas mixture tempera-
ture at x = 0.05 m for ¢ = 1.0, L = 0.05 m, D, = 100 pm, n = 10°
m™, T, = 2500 K, and Nu = 2.
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Fig. 3 Calculated ignition delays for ¢ = 1.0, L = 0.0S m, D, =
100 pm, n = 10° m™>, Nu = 2, and T, = 1500, 1700, 1900, 2100,
2300, 2500, and 2700 K.
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Fig. 4 Effect of the gas mixture equivalence ratio, ¢ on the ig-
nition delays for L = 0.05 m, D, = 100 um, n = 10° m>, T, = 2500
K, and Nu = 2. .

reaction of the Arrhenius type, which is represented by the
overall activation energy.

The effect of the equivalence ratio of the gas mixture on the
ignition delay is shown in Fig. 4. In the range of 0.5 < ¢ < 3,
the ignition delay decreases somewhat as ¢ increases, and then
there is no obvious change, even if ¢ increases up to 4. There-
fore, it is considered that the equivalence ratio has only a mi-
nor effect on the ignition delays for 0.5 < ¢ < 4.

When the particle number density decreases from n = 10"
to 10° to 10* m™* with fixed particie parameters, the absorption
coefficient as well as the particle concentration decreases.
Therefore, the radiation plays a smaller role, and the ignition
delay increases from 37.9 to 51.1 to 142 ms as n decreases.

When T, is increased from 0 to 1000 to 2000 K with a fixed
value of T, = 2500 K, the ignition delay decreases from 51.1
to 50.7 to 44.6 ms, respectively. Therefore, as long as the RHS
external heat source is strong enough for ignition, the ignition
delay seems to be comparatively less influenced by the change
in the LHS external heat source for the optical thickness of
0.393. '

Conclusions

In this study, time and spatially dependent results are ob-
tained to study the indirect thermal ignition of combustible
gases by inert particles. A one-dimensional geometry has been
used together with a detailed chemical kinetics. The external
thermal radiation originated from a blackbody source main-
tained a high temperature. The ignitable premixed gases were
comprised of propane and air, and the inert aluminum oxide
particles contained in the mixture are considered to absorb and
emit radiation. Based on a standard two-flux radiation model,
the parameters include the external radiation source tempera-
ture, mixture equivalence ratio, and particle number density.
The numerical results revealed that the aluminum oxide par- -
ticles heated by absorbing the radiant energy could ignite the
propane—air mixture in less than 350 ms for the range of ex-
ternal blackbody temperature of 1500 < 7, < 2700 K. There-
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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), diw
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
thermal conductivity of the fluid phase
thermal conductivity of the solid phase
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)

a = empirical constant in Eq. (1)
YVars Yays Vo = all,, all,, and bil,, respectively
Ve = 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, CCLF, 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 < i { aA
e [ PA{ —————————
k (1 +A) a — mB(l — A2

21 + A(1 — )] .

a — 7B(1 — A)/4} tiraAd - ]> D
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 @ 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 ¢ (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



