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Fig. 3 (C/>)ave and (CW)DSMC vs U for several values of Kn. The symbols
are DSMC results: solid = H2O, open = CO2.

as the inverse of molecular weight, at a given U\ hence, CO2
has the lowest CD, and H2O the highest.

Figures 2 and 3 show that the agreement between (CD)DSMC
and (Q>).1VC is quite good at velocities of 500 and 1000 m/s;
however, at 100 m/s the agreement degrades slightly. (CD)uve
underpredicts (C^)DSMC by up to 15% at U = 100 m/s, Kn
= 0.5.

Drag in Multicomponent Gas Mixtures
The drag on a particle in a mixture of gases can be written

as

= S P,U2ACDi (8)

where / represents the gas. The drag can be written in terms
of mass fraction as

(9)

to give the total drag on the particle in a mixture of gases.
Thus, since the drag correlations represent the CD of the
individual plume gases, they can also be used in situations
involving gas mixtures.

Conclusions
(CD)ave gives good overall agreement with the (CD)DSMC for

CO, N2, CO2, and H2O gases at representative solid rocket
plume temperatures. Hence, (CD)avc can be used in engi-
neering applications to plumes. In applications in which it
might not be feasible to use (Q>)ave, the Hermsen drag cor-
relation can be used since it is the most accurate of the four
empirical correlations.
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Two-Parameter Wideband Spectral
Model for the Absorption Coefficients

of Molecular Gases

K. Kamiuto*
Oita University, Oita 870-11, Japan

Introduction

L OW-RESOLUTION spectral models for the absorption
coefficients of IR gases are needed to perform efficient

spectral computations of radiative transfer in real gases1 or
in gas-particle composite media.2

The Edwards model1 and modified Edwards model3 derived
from the Elsasser regular band model with the exponential
band-envelope have been utilized for this purpose. These
models can be generally represented in the following form:

(i)
Here, a is the integrated band intensity (cm~Vgm~2), co is
the bandwidth parameter (cm"1), 17 is the line-overlap pa-
rameter, and K{ and K2 are the parameters. Furthermore, A^
is defined as follows: A*/ = vu — v, for an asymmetric band
with upper limit vtn A^ = v — vh for an asymmetric band
with lower limit vh and A*/ = 2| v - vc\, for a symmetric band
with center vc. In the expression for A^, v is the wave number
of radiation (cm"1).
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Table 1 Obtained values of tf, and K2

Pressure,
Total

CO, 0.2
0.2
0.2
0.2
0.2
1.0
1.0
1.0
1.0
1.0
10
10
10
10
10
15
15
15
15
15

H,0 0.2
0.2
0.2
0.2
0.2
1
1
1
1
1
10
10
10
10
10
100
100
100
100
100

bar

Partial
0
0.05
0.1
0.15
0.2
0
0.25
0.5
0.75
1.0
0
2.5
5.0
7.5
10.0
0
3.75
7.5
11.25
15.0
0
0.05
0.1
0.15
0.2
0
0.25
0.5
0.75
1.0
0
2.5
5.0
7.5
10.0
0
25
50
75
100

K,
0.9956
0.998
1.000
1.002
1.0043
1.0488
1.0512
1.0534
1.0554
1.0573
.1106
.1122
.1136
.1149
.1162
.1194
.1212
.1229
.1246

1.126
0.859
0.8881
0.9141
0.9341
0.9502
0.9883
1.0226
1.0460
1.0622
.0736
.1205
.1045
.1005
.0985
.0974
.1224
.1059
.1012
.0989
.0976

K2

5.5901
7.1451
5.503
6.6786
6.4763
4.6764
4.6382
4.6024
4.5686
4.5366
4.2156
4.3203
4.4518
4.6173
4.8276
5.7663
6.7666
8.3905

10.636
13.194
6.1383
5.9935
5.5642
5.198
4.895
4.1752
3.5598
3.123
2.8148
2.5878
1.5392
1.0858
0.7808
0.6092
0.4994
0.1733
0.1076
0.0777
0.0608
0.0499

Standard
deviation, or*
5.424 x 10~2

5.424 x 10~2

5.233 x 10 -2

5.148 x 10~2

5.069 x 10~2

3.585 x 10"2

3.517 x 10"2

3.455 x 10"2

3.399 x 10~2

3.346 x 10~2

2.389 x 10- 2

2.399 x 10~2

2.409 x 10-2

2.421 x 10~2

2.433 x 10~2

2.468 x 10^2

2.49 x 10~2

2.513 x 10-2

2.538 x 10~2

2.564 x 10~2

9.267 x 10~2

6.822 x 10-2

5.808 x 10 -2

5.218 x 10~2

4.817 x 10~2

4.95 x 10 2

4.504 x 10 -2

3.393 x 10~2

3.147 x 10-2

3.012 x 10~ 2

2.937 x 10~2

3.372 x 10~2

3.456 x lO-2

3.498 x 10- 2

3.522 x 10-2

3.229 x 10- 2

3.433 x 10-2

3.490 x 10- 2

3.517 x 10~2

3.533 x 10"2
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Fig. 1 Total emissivity of carbon dioxide at a total pressure of 1 bar
and 0 partial pressure.
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Fig. 2 Total emissivity of water vapor at a total pressure of 1 bar
and 0 partial pressure.
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Table 2 Approximate expressions of Kt and K2 for 0.2 < PT < 100 bar

' ° ' . ' ' 0.5089727
j,,l/7.) - 1.U1UO j + 2 137272P,,:,«,44,3

0.01126122
"̂  '' 1 + 0.377223 IP":4**"7

If _ hff>\-L.Jt{J}\v
/*."> — "oV.' "/'/ I* \\* '/')•*
b~(PT) = 3.62321(Py710)-°111936

- 0.5 exp X cf,(P7yiO)"
L'.=o J

c() - 2.032745, c, - 0.2009378
c2 = -0.439998, c3 - 0.333206

5

bi(Pr) - 0.5 2 dn(Pr/W)"

(Py < 4.72 bar)

(Pr > 4.72 bar)

A:, - an(PT) + a,(P7.)j

fl«(Py.) - 1.122405 -
0.313022

1 + 1.550566PV-"443

fl,(P7.) - -0.02304255 + 0.1154725
0.07313106P2,:616

4 = -0.4030279, d, - 1.693137
</, = -7.537328, </3 - 2.091479 x 10
d4 = -2.421177 x 10,</ s - 1.077053 x 10

K2 = bn(PT) + MP/)* + &2(P'/>2

£0(P/) = 0.5 exp

c() - 2.126875, c, - -3.41882 x 10~'
c, - -7.164437 x 10~2, c3 = 3.080315 x 10~ 2

c4 = 1.162493 x 10~2, cs = -1.081961 x 10 2

c6 - -6.205409 x 10-4^ c7 - 9.787767 x 10"4

c8 - -1.137662 x K)~4

bt(PT) = 0.5 |) d,,(/,,PT)"

for 0.2 < P7 < 7.599 bar
J() = -5.436538, d, - -2.208452 x !()-'
d, = 1.598175, </, = -7.490206 x 10'2
d4 = -2.302853 x 10"',̂  = 0

for 7.599 < Py < 100 bar
4, - -4.355628 x 10, d{ = 8.39472 x 10
d-y = -6.6183 x 10, £/3 - 2.437998 x 10
</4 - -4.203552, Js - 2.749994 x !()- '

= 0.5 ^,(/, P7.)"
for 0.2 < P7 < 5.04 bar

ett = 2.061174, et = 5.52477 x 10 '
e, = -1.77187 x 10 ', e-, = -8.598428 x 10 2

e4 = -4.141947 x 10 ', e, = 2.978506 x 10 2

eh = 8.341235 x 1()~2

for 5.04 < Py < 100 bar
en = 5.480294 x 10,^, - -1.052001 x H)2

e-y = 7.792057 x 10, e, - -2.717683 x 10
e4 = 4.496212, e, = -2.851368 x K) - '

The Edwards model is defined by Eq. (1) with K{ = 1 and
K2 —> oo, while the modified Edwards model is represented
by Eq. (1) with K{ = 1 and K2 = 2. These models, however,
involve some defects that need to be improved: e.g., the
Edwards model was originally assumed to be only applicable
to the overlapped-line case, whereas the modified Edwards
model systematically underpredicts the absorption. Recently,
the author4 revised these models by optimally adjusting values
of K{ or K2 and found that the improved modified Edwards
model works comparatively well, even in the nonoverlapped-
line region, but, in the overlapped-line region, this model is
reduced to the Edwards model with Kl = 1 and is less accurate
than the Edwards model with optimally tuned Kl. This result
suggests that the two-parameter wideband spectral model in
the form of Eq. (1) can be more accurate than the previous
ones.

The purpose of this Note is to establish this model for
carbon dioxide and water vapor. The two parameters involved
in this model are optimally adjusted so as to obtain better
agreement between the total emissivity of an isothermal layer
of the gas computed directly from its definition and that eval-
uated from the exponential wideband model for given total
and partial pressures. The obtained values of K{ and K2 are
represented in the form of a polynomial of total and partial
pressures. The parameter optimization is made utilizing the

Marquard method5 within a wide range of the gas temperature
TJ and the partial pressure-path length product (P,,L)y.

Parameter Optimizations
Optimal values of K{ and K2 are determined so that the

total emissivity of an isothermal gas layer calculated directly
from its definition

(2)

with R being the gas constant agrees well with the total emis-
sivity evaluated from the wideband absorption Ak, i.e.,

r,, (PaL)j\ = 77 2 AkIhVk/aTf (3)

/,,„ represents the blackbody intensity at the wave number v,
while 7/n,A denotes the blackbody intensity at a representative
wave number vk of a /cth band. The objective function a is
defined by

47-,, (PaL),} - ew[T,, (P..L),}
————
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where the values of K} and K2 are determined by the following
conditions:

10

dK = 0 and TIT = 0dK~> (5)

T,- is varied from 250 to 3000 K in increments of 50 K, while
(PaL)j is assumed to be 0.1, 0.3, 1, 3, 10, 30, 100, 300, or
1000 bar-cm. Thus, / = 56 and J - 9. The objective function
of Eq. (4), which was first utilized by Smith et al.6 for eval-
uating coefficients for the weighted sum of a gray gas model,
is more appropriate than the objective function based on an
absolute error because the optimization is made for the ranges
of the gas temperature and the partial pressure-path length
product where the total emissivity varies over several orders
of magnitude. The bands considered in the calculations are
the 15-, 10.4-, 9.4-, 4.3-, 2.7-, and 2.0-^tm bands of carbon
dioxide and the rotational, 6.3-, 2.7-, 1.87-, and 1.38-/xm bands
of water vapor. The wideband model parameters are taken
from Ref. 7. The optimal values of K} and K2 are determined
by varying the total pressure from 0.2 to 100 bar and by
changing the partial to total pressure ratio from 0 to 1.

Results and Discussion
Several of the determined values of K{ and K2 are shown

in Table 1, together with the standard deviation defined by
o-* = Vcr/(7 x /). Detailed inspection of Table 1 reveals
that, for a given total pressure, the obtained values of Kl and
K2 can be approximated by a polynomial of the partial to total
pressure ratio jc, and the resultant expansion coefficients can
be expressed as a function of total pressure PT alone. The
obtained approximate expressions are summarized in Table
2. Typical results for the total emissivity computed by making
use of the expressions in Table 2 are shown in Figs. 1-4,
together with the exponential wideband correlation.

Figure 1 illustrates the total emissivity of carbon dioxide at
a total pressure of 1 bar and 0 partial pressure. This figure
shows that the present wideband spectral model yields fairly
accurate results in predicting the total emissivity. It should
be noted that, as seen from Table 1 and also as suggested by
Smith et al.,6 the partial pressure has a negligible effect on
the emissivity of carbon dioxide for the considered total pres-
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Fig. 3 Total emissivity of water vapor at a total pressure of 10 bar
and a partial pressure of 10 bar.
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Fig. 4 Total emissivity of carbon dioxide and water vapor mixture.
The partial pressures of carbon dioxide and water vapor are 0.1013
bar, while the total pressure is 1.013 bar.

sures. Although Table 1 shows that at PT — 15 bar, the values
of K2 strongly depend on x, the value of tanh K2rj becomes
unity under this condition, and therefore, the partial pressure
does not affect the absorption. This is generally the case for
PT > 15 bar and the value of Kl is asymptotic to 1.1344 at
PT-*™.

Figure 2 depicts the total emissivity of water vapor at a
total pressure of 1 bar and 0 partial pressure, while Fig. 3
indicates the results for the total emissivity of water vapor at
a total pressure of 10 bar and a partial pressure of 10 bar.
The agreement between the total emissivity computed directly
from Eq. (2) and the exponential wideband correlation is
satisfactory over the whole region of pressure-path length
product.

Finally, Fig. 4 shows the results for the total emissivity of
carbon dioxide and water vapor mixture at Pc = Pw = 0.1013
bar and PT = 1.013 bar. Here, Pc and Pw denote the partial
pressures of carbon dioxide and water vapor, respectively.

Conclusions
The two-parameter wideband spectral model for the ab-

sorption coefficients of IR gases has been proposed. The free
parameters involved in the model are optimally determined
for carbon dioxide and water vapor over the wide range of
total and partial pressures, and approximate expressions for
the determined values of K{ and K2 are obtained. The pre-
diction for the total emissivity by the proposed model agrees
well with that by the wideband correlation. The present wide-
band spectral model is expected to be utilized for solving
various radiative transfer problems in real gases or in gas-
particle media.
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Effective Thermal Conductivity of a
Saturated Porous Medium

H. E. Imadojemu* and L. H. Portert
Pennsylvania State University at Harrisburg,

Middletown, Pennsylvania 17057-4898

Nomenclature
k — thermal conductivity, W/m K
Q' = heating rate per unit length of wire, W/m
T = temperature, °C
t = time, s
a' — dimensionless heat capacity to normalize the

properties of the heated wire
A = ratio of solid-fluid conductivities kjkr
r = Fourier's number

Subscripts
eff = effective

= fluid
= solid
= evaluated at the wire
= initial condition

Introduction

P OROUS material such as sand, crushed rocks, or gravel,
with the influence of local pressure difference, migrates

and transfers heat energy. This phenomenon can be encoun-
tered in the petroleum and geothermal industries. Convection
currents in mineral fluids embedded in the Earth crust or
convection of heavy fluids in the Earth mantle next to the
Earth crust are examples of practical situation in the petro-
leum industries. In this situation the transport phenomena
can be modeled as porous medium and the effective thermal
conductivity must be measured in order to correctly predict
the convective characteristics of the different grades of the
fluids. Heat and mass transfer in porous media also have a
wide range of applications in energy storage systems, insu-
lation materials, cores of nuclear reactors, soils, and material
handling processes, such as resin transfer molding (RTM) and
structural reaction injection molding (SRIM).

A few experimental methods to determine the effective
thermal conductivity has been reported in the literature. A
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review of theoretical models for calculating the effective ther-
mal conductivity of porous medium is provided by Kaviany.'

In this investigation, a nonintrusive transient hot wire tech-
nique is used to measure the effective thermal conductivity
of saturated porous media. We measured the effective thermal
conductivity of a porous material saturated in four different
fluids and studied the effects of the thermal conductivity of
the fluid on the resulting effective conductivity of the porous
matrix. Glass beads of 1.0 and 5.0 mm diameter were utilized.
Various fluids, such as air, water, engine oil (SAE 30), and
ethylene glycol (commercial antifreeze) were used as the sat-
urating fluid.

Experimental Method and Theory
The theory of heat conduction from a line source in an

infinite medium will be employed. For large values of r, and
neglecting the contact resistance between the wire and me-
dium, the temperature of the wire is given by Carlslaw and
Jaeger2 as

Q' 4r
1.78117

[(«' - 2)
I 2ra'

4r
1.7811/J (1)

This applies directly to the needle probe method, but for this
investigation, the heated wire will be mounted on an insulating
block. The wire and block are placed against the medium
being investigated. Perfect insulator assumption means the
heat transfer from the wire can only be through the uninsu-
lated-half of its surface. This will cause the wire temperature
to rise twice as fast as in the infinite medium case. Thus, the
model described by Eq. (1) must be corrected for this ex-
perimental approach by multiplying the actual Q' by a factor
of 2. For large values of r that will occur with the passage of
time, the model predicts the temperature of the wire will
approach an asymptote and increase linearly as a function of
the /»(t), as follows:

Tw = [Q7(277*)]/,,(4T/1.7811) (2)

It follows that the effective thermal conductivity of the sat-
urated porous medium can be calculated from the slope of
this line by

k = [Q'l2ir(T - Tn)]/*(t/t0) (3)

The experiments were performed using the apparatus shown
in Fig. 1. The probe in this investigation consisted of an in-
sulating mounting foam block (2.5 cm thick, 7 cm wide, and
10 cm long), heated nichrome wire, and thermocouple. The
nichrome wire was mounted on one face of the polystyrene
foam block to provide a 5-cm-long line source of heat. The

Thermocouple

Fig. 1 Experimental layout.


