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Abstract--- Generalized expressions for the calculation of the emissivity, absorptivity, and other relevant 
radiation properties of molecular gases are given. New rational correlations for the properties of H,O, C02, 
CO. NO. SO, and CH, are shown to be readily applicable to combustion gas radiation problems. Hand 
calculations are shown to be easily made for any arbitrary mixture of the above gases. and a simple com- 
puter routine for high-speed computation is described. Tabular and graphical aids giving the engineer 
physical insight into the radiation heat-transfer characteristics of the gases considered are presented and 

explained. 

NOMENCLATURE 

total band absorption ; 
rotational constant ; 
pressure broadening parameter ; 
band absorption correlation constant : 
speed of light ; 
line spacing, 
fractional function 
(external fraction) ; 
statistical weight ; 
Planck’s constant ; 
spectral directional 

of the first kind 

intensity ; 
Boltzmann constant ; 
path length, mean beam length; 
number of gases ; 
number of bands ; 
total pressure of mixture; 
broadening pressure effective on the 
ith species ; 
partial pressure of the ith species ; 
heat flux ; 
mean line intensity ; 
temperature ; 
vibrational quantum number ; 
a dimensionless grouping defined by 
equation (7) ; 
mole fraction of species i. 

Greek letters 
integrated band intensity ; 
spectral absorptivity ; 
total absorptivity ; 
line width parameter ; 
gamma function ; 
vibrational transition ; 
emissivity ; 
total emissivity ; 
line effect integral, equations (28) and 

(31); 
line width to spacing ratio ; 
polar angle between ray and normal ; 
absorption coefficient ; 
micron, lo-* cm; 
wavenumber ; 
line intensity integral, equations (27) 
and (30) ; 
3.1415927 . . . ; 
density of the mixture ; 
density of the ith absorbing gas ; 
Stefan-Boltzmann constant ; 
transmissivity ; 
optical depth at band head or most 
intense spectral location ; 
temperature dependent function for 
line width parameter ; 
azimuthal angle ; 
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YY, temperature dependent function for 
integrated band intensity ; 

W, bandwidth parameter. 

Subscripts 

e, 

“;I, 
i, j, 
k 
1, 
mix, 

n, 

“d, 

Q? 
s, 
T, 
u, 
2, 
* 7 

-3 
V, 

equivalent or effective ; 
center ; 
head or center of the band ; 
ith gas ; 
jth band ; 
kth vibrational quantum number; 
lower ; 
mixture ; 
pressure broadening exponent ; 
standard or reference state ; 
Planck ; 
from spectral quadrature ; 
surface ; 
total ; 

upper ; 
coordinate ; 
representing a dimensionless band 
absorption ratio ; 
negative direction ; 
spectral. 

INTRODUCTION 

HEAT transfer at high temperatures is effectively 
carried out by thermal radiation without the 
necessity for concurrent mass and momentum 
transfer required by Reynold’s analogy for a 
turbulent convective heat-transfer process. For 
example, combustion gases in fossil-fuel fired 
power plants may be cooled in a radiative 
section without excessive slagging of the transfer 
surface and without significant pressure drop. 
Heat radiation is not only an effective mode of 
energy transfer. It may be a revealing mode of 
information transfer as well. Information about 
the amount, composition, and temperature of 
combustion gases can be inferred from radiation 
measurements. Both sorts of application have 
relevance to pollution control as well as to the 
aerospace, heat-power, and chemical process 

industries. For example, the rate of formation 
of nitric oxide in burner flames is affected by 
the temperatures at which combustion is carried 
out, which in turn can be affected by radiation 
heat transfer. In order to employ creatively 
thermal radiation for either heat or information 
transfer, it is necessary to know the radiation 
characteristics of combustion gas mixtures. 

Mixtures of carbon dioxide and water vapor, 
the predominant products of fossil-fuel com- 
bustion, can be treated on a total basis using the 
emissivity charts of Hottel and the H20-C02 
mixture correction chart (e.g. [ 11). The possibility 
of treating a multi-component mixture by such a 
method is precluded by the lack of other mixture 
correction charts. The complex form which such 
charts would have to take for multicomponent 
mixtures makes such an approach dubious. For 
C02-H,O mixtures one can also carry out spec- 
tral calculations using detailed information about 
the mean line intensity and mean line-width-to- 
spacing ratio at each spectral location (perhaps 
every 5 cm- ’ wavenumbers from 100 to 10000 
cm-‘) for each gas. Much spectral data exists 
for Hz0 and CO2 (e.g. [2,3]). A third alternative, 
which can be employed for a variety of gas 
mixture components, is to use wide-band absorp- 
tion relations as shown by Hines and Edwards 
[4]. Empirical band absorption correlations for 
several gases have appeared and were sum- 
marized in a previous paper [S]. 

It was recently pointed out [6] that previous 
band absorption correlations have not been 
based upon a rational prediction of mean line 
width to spacing ratio. The existing empirical 
correlations for band absorption are thus some- 
what questionable, particularly for extrapolation 
beyond the range of conditions pertaining to 
the measurements. 

It is the purpose of this paper to present new 
rational correlations for band absorption of 
several combustion gas products, to show how 
the new correlations compare with existing 
data, and to show how they may be readily used 
to find radiation characteristics of combustion 
gas mixtures. 
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THEORY 

Molecular gas radiation properties are com- 
plex due to the many orders of magnitude of 
variation in the spectral absorption coefficient 
with wavenumber over the infrared spectrum 
associated with heat radiation at combustion 
gas temperatures (say wavenumbers from 100 
cm-l to 10000 cm- ‘, that is, wavelengths from 
as long as 100 microns to as short as 1 micron). 
In regions of intense absorption, called absorp- 
tion bands, the radiation is attenuated by e- ’ in 
a millimeter or less while a hundred or two 
wavenum~rs away, in regions called windows, 
a distance of kilometers may be required. 
Moreover, even within the absorption band 
variations of an order of magnitude or more may 
occur over as short a spectral increment as one 
or two wavenumbers. The selectivity manifested 
by the wide bands is due to interaction of the 
infrared radiation with vibrational modes of 
energy storage by the molecules. The selectivity 
within the bands is due to interaction with 
rotational modes of energy storage giving rise 
to line structure in the vibration-rotation band. 
Account of the line structure can be taken 
approximately by use of a narrow band model, 
for example, the Goody model [7]. The absorp- 
tivity of a homogeneous gas path of length L 
is for the ith species andjth band 

where {S/~~i~ j is the mean intensity to line 
spacing, pi is density of the absorber, pi,j is A 
times the mean line width to spacing ratio for a 
dilute mixture at one atmosphere pressure, and 
P,,i is an equivalent broadening pressure in 
atmospheres. The quantities (S/d) and j3 are 
imagined to vary with wavenumber v only 
slowly over the extent of an entire band and not 
from line to line. The equivalent broadening 
pressure is written 

(2) 

where P, is one atmosphere, P is the total 
pressure, Pi is the partial pressure of the absorb- 
ing gas in question and bi is the self-broadening 
coefficient, somewhat greater than unity for 
COz, CO, etc., and up to 5 or more for HzO. 

For overlapping bands the transmissivity 
1 - CI, is very nearly the product of the trans- 
missivities of each band [4]. 

a Y, mix a-fi fi(l- %, i. jl- (3) 
i=* j=l 

The product is over all bands of a11 species. 
A wide band model may then be used to 

prescribe how (S/d)i,j and Pi,j vary with wave- 
number v. An exponential band model LSJ has 
been used successfully when a,, i,j is of secondary 
importance to the band absorption 

Ai,j ~ Sam a,.i,j dv. (4) 

In the exponential model three crude band 
shapes are allowed, one for a symmetrical band 
with center v,, i, j, 

another for a band with an upper wavenumber 
head at v,, i, jr 

(Sl4,i.j = 07 V ’ “u,i,j3 

(S/d),,i,j = 2 exp [I(vu,i,j - v)/wi,j] 3 (5b) 
I3J 

and the third for a band with a lower wave- 
number head at vf, i, j* 

(St’& ,i,j = 0, ” < vf,z,jt 

(S/d), ,i,j = 2, exp [-(V - Vl,i,j)/wi,j] * (5CI 

LJ 

v > vf,i,j. 

An exponential band absorption correlation is 
then simply a prescription of values of Ui,j, 
/Ii,jand Oi,j . t vs emperature. The parameter a is 
the integrated band intensity, the integral of 
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(S/d),,i,j over all v, and was formerly called C, 
[8,5]. The band width parameter w is the width 
of the spectral interval in which S/d is greater 
than l/e of its maximum value. The parameter 
w was formerly called CJ, and the grouping 
[4ao/?]* was called CZ. These former designa- 
tions were for simplicity in application and to 
emphasize the entirely empirical nature of the 
correlations then made. 

Consider a vibration-rotation band arising 
due to transitions in the energy states of species 
i. The vibrational state before absorption of a 
photon of thermal radiation is described by the 
set of vibrational quantum numbers (II~, Q, . . . , 
l)k, . . . , II,,,). After absorption of the photon it is 
(II1 + a,, 212 + 6,, . . . , uk + 6k, . . , /I, -& 6,). A 
set of 6’s (and associated algebraic signs) there- 
fore describes the transition giving rise to thejth 
absorption band of species i. For simplicity in 
notation the i, j subscripts are temporarily 
dropped. The integrated intensity is the sum of 
all those transitions of the jth type. Approxi- 
mating the molecular behavior with harmonic- 
oscillator type wave functions gives the following 
general expression for a(T). 

L1 - exp (- i k Ukdk)]y(T) 

a(T) = a0 
k=l 

_ 

r1 - exp (- k$l * %,k~k)]yY(~) 

(6) 

where 

uk = hcvk/kT 

U,,k = hcvk/kTo 

(To = 100°K for convenience) 

(7) 

The statistical weight gk is unity for non- 
degenerate vibrations, 2 for the u2 mode of C02, 
2 for the u2 vibration of CH,, and 3 for the ug 
and uq modes of that molecule. The value of 
11~,$ is zero if a plus sign is associated with & in 
the upper state (rlt + 6,, . . . , ok + &, . . .) 

I 
L-’ 300 

r F 
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P;L= I ATMOS - METER 
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GAS TEMPERATURE.OK 

CO, AND CO 

P, L c I ATMOS METER 

20 - 

8’ 1 I / 1 1 
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GAS TEMPERATURE, “K 

FIG. 1. Optical depth parameter. 

(a) H,O (b) CO, and CO. 

and is 6, when a minus sign appears. The asso- 
ciated algebraic sign is to be used with 8k in 
equation (6), but only the absolute value in 
equations (8) or (11). Note that equation (8) is 

m m cc kk + gk + 8k - I)! e-“~“r 

(Sk - l)!u,! 
y(T) = k”J’“=“Ot 

(8) . _ 
kk + gk - I)! e_ukor 

bk - l)! uk! 
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more general than previously published relations band which consists of three overlapping bands. 
[9]. For example, an error was made in [lo] Here the aj., for each type of transitionj’ = 1,2,3 
when uk was summed from 0 to a instead of is computed according to equations (6H8) and 
from tiO,k in the numerator. The quantity CQ, summed. Valueq of /?if are likewise computed 
must be determined experimentally for each of according to equation (10) and (ll), and 
the j bands of each of the i species. averaged as follows : 

For a rigid rotator it has been shown [8, 111 
that the bandwidth parameter is approximately 

o k 09r2(3/4)(2kTB/hc)” = o,,(T/T,)+ (9) 

where B is the rotational constant. There are 
thus grounds for taking w proportional to T*. 
Again the constant of proportionality is best 
determined from experimental data for each 
i j combination. 

The line width parameter B may be calculated 
in the strong line limit as [12] 

Table 1 shows newly recommended values of 
a(T), p(T) and o(T) for the major absorption 
bands of several species present in fossil fuel 
combustion products. Figures 1 and 2 show how 
Q, and fi vary with T for some of the more 
important bands. The quantity z, is the optical 
depth at the head or center of the band in the 

where 

Q(T) = 

’ 2 

1 (uk + gk + hk - l)! e-ukDk 

(gk - l)! u,! II 
kk + gk + 6k - l)! ,-ukvr 

(gk - I)! ok! 
(11) 

Note that the summation goes from tig,k to CC 
in both the numerator and denominator. Equa- 
tion (11) is a more general expression than that 
given previously in [12] for gk = 1 and Ug,k = 0. 
One would expect that PO would vary with 
species i and band type, that is, several but not 
necessarily all bands of a given species may 
have the same value of PO. 

Two particular bands of H,O require special 
treatment. One is the pure rotational band of 
H,O (6, = 0; k = 1, 2, 3). It is believed that a 
theoretical solution cannot be recommended at 
this time, although some progress has been made 
[13, 141. The older empirical correlation forms 
have been retained. The second is the 2.7~ H,O 

most intense region of absorption according to 
the band model employed 

cli jPiL 
Z,,i,j = 1 

wi,j td’ imensionless). (13) 

In the case of the pure rotational water vapor 
band zH at v = 500 cm-’ is graphed. If this 
value is larger than 3, the infrared from 0 to 
500 cm- ’ is regarded as black, and the tail of the 
band is treated as a separate band with a lower 
limit at 500 wavenumbers. 

For purposes of calculating band absorption 
and total emissivity or absorptivity, a universal 
band absorption curve of growth is presented 
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Vibrations 

Table 1. Exponential wide band model parameters 
-- __- 

Bands Pressure parameters Spectral location Band absorption parameters 

Gas (c$( ‘) (c: ‘) (cn? 1, (cm- ‘zrn m- ‘) 
Al @Jo 

(cm-‘) 

1. H,O 

VI 6,.6,,... n -b 
(cm- ‘) (T* = KWK) 

t?, = 3 1. Rotational 
Y, = 3652 1 fM(T,/T)+ + (35 
v2 = 1595 ww 
vj = 3756 2. 63 p 8.6(T,/Tf + 0.5 
Y1 = 1 O,l,O 1 
92 = 1 3.2,? p 
$3 = 1 0,2,0 

1 m 1 8+(T*/T)+ + 05 

O,O, 1 
4. 1.87 p 1 86(T,/T)* + 05 

O,l,l 
5. 1.38 p 1 84(T,/T)* + 05 

0* 52000* 0.14311’ 28.4* 

1600 41.2 009427 56.4 

3760 

5350 

7250 

2. co2 m = 3 
Y, = 1351 
v2 = 667 
v3 = 2396 
91 = 1 
$2 = 2 
83 = 1 

667 

3. co 

4. NO 

m=l 
vt = 2143 
91 = 1 

m =i 
v, = 1876 
Cl1 =I 
m =3 
VI = 1151 
“2 = 519 
vj = 1361 
91 = 1 
g2 = 1 
93 = 1 

l,O,l 
1.15 p 

O,l,O 0.7 
2. 10.4 {I 

-1,OJ 0.8 
3. 9.4 p 

O,-2,lf 08 
4. 4.3 p 

O,O,l 08 
5. 2.7 p 

1,w 0.65 
6. 2.0 p 

2,0,1 0.65 
1. 4.7 p 

1 08 
2. 2.35 p 

2 08 
1. 5.34 Jl 

1 065 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1.1 

1.0 

1.0 

960 

1060 

2410 

3660 

5200 

2143 

4260 

1876 

19.0 a06157 12.7 

2.41 x 1O-9 0.04017 13.4 

2.48 x 10-9t a11888f 101 

1100 a24723 11.2 

4.0 al3341 23.5 

a066 a39305 34.5 

209 007506 25.5 

a14 016758 200 

9.0 0.18050 200 

5. SO, 

6. CH, m =4 
v1 = 2914 
vz = I526 
vg = 3020 
vq = 1306 

91 = 1 
92 = 2 
93 = 3 
94 = 3 

1. 19.27 /.I 
O,l,O 0.7 

2. 8.68 p 
LO,0 07 

3.7-35 J.l 
0,OJ @65 

4. 4.34 p 
2,0,0 06 

5. 4.0 p 
l,O,l 0.6 

1. 7.66 p 
O,O,O,l 0.8 

2. 3.31 f_l 
O,O,l,O @8 

3. 2.37 p 
l,O,O,l 08 

4. 1.71 p 
l,l,O,l 08 

1.28 519 4.22 a05291 3308 

1.28 1151 3-674 005952 2483 

1.28 1361 29.97 a49299 8.78 

1.28 2350 a423 a47513 16.45 

1.28 2512 a346 a58937 1a91 

1.3 1310 28.0 a8698 21.0 

1.3 3020 46.0 a06973 56.0 

1.3 4220 2.9 a35429 600 

1.3 5861 a42 a68598 45.0 

a19 
2.30 

22.40 
3.0 

2.5 

a13219 600 

008169 43.1 

al 1628 32.0 

*For the rotational band of H20, a(T) = a,, and /3(T) = @i(T&)-*, 
Otherwise a,, w0 and /&, apply to equations (6), (9) and (10) respectively. 

!’ Because of Fermi resonance between the vI and 2v, levels, the P and 6 functions for the 1060 cm- 1 band are to be those 
of the 960 cm- 1 band ; i.e. use the set of b’s for the 960 cm- I band to get ‘P and @ for either band. 
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FIG. 2. Line width parameter. 
(a) H,O (b) CO, and CO. 

in Fig. 3. The curves are A* = Ai,j~oi,j VS. z,, i,j 

for various vi, j = pi, jP,,i. They are not exact 
values from equation (4) but are rather those 
for the 4-region closed form approximations [8] 
to equation (4) as shown on the figure. Figure 4 
may be used to identify the region in which 
each approximation applies. The values of a, 
fi and w given in Table 1 are recommended for 
use with the Cregion expression. 

Czerney and Walther [15) present the frac- 
tional function of the first kind f( T/v), 

The total absorptivity of a gas at temperature T 

for source temperature T, is, in the “block” 
approximation, 

cci(T, 7;* PL pII = 1 [ftvI,i, j/T,) 

i 
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For the case of a nonoverlap~d band one 
wavenumber, if prescribed, is known and the 
other found from 

v u,i.j - “Li, j = Ai, j (164 

or, if v,, i, j is prescribed, both wavenumbers are 
found from 

v~, i, j = I’,, i, j + Ai, ji2 ; vi, i, j 

= v,,~, j - Ai. j/2. (16b) 

When overlapping is discovered, that is, when 
one or both of (v,,;,~~ v,,~,J for one band were 
found to lie within the interval v,,i’,j, < v 
< v,,~‘,~~ for another band, the minimum v[,,,~~ 
is taken and the maximum v,,,,,, and the other 
values of V, and v,, are discarded. Then equation 
(15) is employed: An example given later will 
illustrate this procedure. 
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3 

2 
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*a 

6 
c 

0.2 t 
;: 
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c 

z! 
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1-03 
:: 0.04 I 

2 0.2 

I 
I 

i 

3 0. I 
9 0.02 4 0.05 

2 
5 0.02 

0.0 I 6 0.0 I 

0.004 

0.002 

0.00 I L! I 
0.001 0.01 0.1 I .o 10.0 IC LO 1000.0 

OPTICAL DEPTH PARAMETER, T” = a,oLlw 

- ftvu, i, j/T,)] . (15) Fit;. 3. Universal band absorption. 
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1.00 1.03 1.26 1.15 1108 1.06 
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+ 
1.28 1.06 
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FIG. 4. Chart of the ratio of the four-region expression for 
band absorption to the spectrally-integrated band 

absorption. 

Table 2. Comparisons with empirical correlations 

rms discrepancy 
(cm- i) rms error t “‘) I) 

Number of Temperature 
Gas Band data points Investigators range (“K) Old corr. New corr. Old corr. New corr. 

HzG Rotational* 24 Cl6.171 30&1111 23.0 18.7 15.2 15.7 
6.3~ 48 [16,17,18,19] 300-2750 23.3 23.5 18.5 18.8 
2.7~ 48 [16,17,18,19] 300-2750 262 207 12.7 12.6 
1.87~ 42 [16,17,18,19] 30&2250 26.5 19.3 22.5 19.9 
1.38~ 41 [16,17,18,19] 300-2250 29.7 16.6 29.9 22.9 

CGZ 15ou 95 [18,20,21] 300-1390 14.25 11.5 21.6 25.2 
104u 51 [::I 300-1390 3.8 3.4 39.2 306 
9.4u 49 30&l 390 7.2 3.0 32.7 28.0 
4”3P 94 [18,20,21] 30&1390 18.3 17.1 14.2 11.7 
2.71 84 
2.ou 52 p;,20,211 

300-1390 32.5 203 15.7 14.0 
300-1390 8.9 24.2 

co 4.7p 82 [22,23,24] 300-2700 18.2 16.8 22.5 15.6 
2.35~ 14 c231 300-1500 3.0 1.7 11.7 100 

NO 5.3u 178 [25,29] 3OCkl200 - 12.1 16.7 
CH, 7.66~ 56 [18,26,27] 300-1000 19.0 15.0 13.5 11.5 

3.31u 76 
[;z ;;127,281 

3t%1140 707 62.5 261 23.3 
2.37~ 50 

C261 
3Ock1140 28.0 11.8 

1.71u 15 304k 856 32.8 - 22.5 

* Experimental values were reported only for wavenumbers above 500 cm- ‘. Therefore, comparisons were made using 
vi = 500 cm-’ and a(T) = a,, exp [ - 17.6 (T/T-,)-f], where a, is given in Table 1. Both new and old correlations are 
empirical of the form shown in Table 1. 
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DISCUSSION 

Comparisons with measurementsfor single species 
Table 2 presents root mean square dis- 

crepancies between measured values of A,, j 
and results obtained from the new correlation 
parameters. The correlation procedure is simply 
to minimize the root-mean-squarediscrepancy of 
a number of data points. The RMS-discrepancy 
is a function of three independent variables, aO, 
fl,, and oO. As shown in Table 2 up to 178 data 
points for various temperatures, pressures, and 
path lengths are correlated by fixing only the 
three parameters. For comparison, values of 
RMS discrepancy and error calculated using the 
empirical parameters are shown. A modest 
improvement is seen to result over the previous 
empirical correlations in nearly all cases. 

Comparisons with measurements for mixtures 
Total emissivity values are compared with 

experimental values reported in [4] for HzO- 
COZ mixtures. In order to make this comparison 
two types of calculations were made, a band 
model “spectral” calculation and a “block” 
calculation. The former was too lengthy for 
hand calculation and was accordingly pro- 
grammed for digital calculation. The latter was 
easily accomplished by hand. 

The spectral calculation is simply carried out 
using equation (3) to find CI,, mix and numerically 
summing to find the total absorptivity, 

H,ix (7’2 Ts, xi, ‘7 ‘) 

‘1 
= \ 

,O 
%,mix U-3 xir b PI df(vlT,) (17) 

a,iX (T, T,, xi, L, J’) 

= m$, %_, mix (7’9 Xi, k PI Afm(~m/JTs) (18) 

where xi denotes the set of mole fractions 
describing the mixture. 

A computer program TaTAL was written in 
FDRTRAN IV to compute the total emissivity 
and absorptivity. Inputs are the gas temperature, 

total pressure, path length, and mole fractions 
of gases numbered l-6 as in Table 1. In pre- 
liminary steps, it calculates for each gas i in 
succession the mass length piL and for each 
band of each gas Olij, Oij and fiij and P,, i, j. The 
quantities Ai,j and A,, i,j are calculated, and the 
values of Ei,j, Oi, j and Pi, j are corrected for 
the reasons explained below. In these pre- 
liminary calculations a subroutine GAS is 
employed which supplies the CI, o, and /I values 
using the information contained in Table 1. The 
main loop in the program chooses a wavenumber 
and computes the transmissivity of each gas 
band and takes the product over all i and j. One 
minus this quantity is the mean spectral absorp- 
tivity which is weighted by Af, and summed 
over the spectrum from 0 to 8500 cm-‘, using 
the trapezoidal rule for simplicity. 

When approximate spectral calculations are 
made (approximate because the model shape 
is an idealization of the true band shape), it is 
necessary to account for the fact that the values 
of CI~, PO and o. given in Table 1 are meant to 
be used with the approximate4-region expression 
for A* given in Fig. 3. The values of ao, PO and 
o. were extracted from the data using the 4- 
region expressions, because it is desirable to 
have values which yield good results with the 
4-region expressions. They are more convenient 
to use, whether in a hand calculation or a machine 
one. The 4-region expressions are analytically- 
derived upper limits to A,, the band absorption 
found by spectral quadrature according to 
equation (4). As shown in Fig. 4, A, is often 20 
per cent lower than the 4-region value of A. 
If it is desired to make a spectral quadrature and 
obtain a value of A, in agreement with A and 
hence in agreement with the data, it is necessary 
to use adjusted values. The easiest procedure is 
to take the following values, which leave rsH and 
/? invariant : 

ab = cl0 A/A, (194 

Pb = PO (19b) 

ob = w. A/A,. (19c) 
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Note that a gas band well within the linear infrared rotational water vapor band to be 
region of Fig. 4 requires no adjustment. only 0.01 or less. 

In [4] and [30] there are reported band 
absorption values for mixtures of gases. Total 
values were calculated from these. To compute 
total emissivity or absorptivity from the data, 
experimental values of band absorption for the 
mixture were used in the block calculation as 
explained above. The overlapped 2.7l.t H,O and 
CO2 band was centered at 3710 cm-’ for the 
calculation. Values of absorptivity for T, = 

22OO”R = 1220°K from previous computations 
were given in [4] and were recomputed for 
comparison with Cl,ix calculated according to 
equation (18). A temperature of 1220°K is 
sufficiently high for the contribution of the far 

The comparison shown in Table 3 indicates 
that the hand “block” calculation gives a result 
which differs little from the computer spectral 
integration or from experiment. Table 4 shows 
spectrally calculated results compared with 
experimental values. In both Tables 3 and 4 the 
calculated and experimental results agree within 
approximately 10 per cent. 

Sample block calculation of total emissivity and 
absorptivity of a mixture 

To illustrate concretely the use of the new 
correlations for a combustion gas mixture, 
consider the following situation : A furnace gas 

Table 3. Comparisons of total emissivity and absorptivity 

Emissivity 

Gas Gas 
Temperature Pressure 

(“K) (atm) 

550 la98 
550 1.140 
550 1.093 
550 1.042 
560 1.170 
820 1.178 
820 1.070 

Mole fraction Computed from 
of Hz0 and CO, From [4] band present results 
(remainder N,) absorption 

experimental Spectral Block 
Hz0 CO, measurement method method 

a051 a249 a203 a202 a20 
a101 a099 a256 a230 a24 
a241 0046 a348 a300 a30 
a258 a254 a368 a330 a33 
a752 a248 a526 a523 a51 
a100 0098 a191 a199 a20 
a250 a249 a285 a284 0.28 

Absorptivity 
1220°K black body source 

Computed from 
From [4] band present results 

absorption 
experimental Spectral Block 
measurement method method 

al38 
a157 
0196 
0238 
a330 
0146 
a209 

a130 a13 
a140 a14 
0180 018 
0.205 0.20 
a322 a31 
0.148 a15 
a214 0.21 

--________ 

Table 4. Comparison of total band absorption for overlapped bands of a homogeneous mixture 

Gas Gas 
temperature pressure 

(“K) (atm) 

550 1.098 
550 1.140 
550 la93 
550 la42 
560 1.170 
820 1.178 
820 1.070 

Mole fraction of 
water vapor and CO2 Band absorption, 2.7~ 

in H,O-C02-N, mixture ~ 
Expt. Calculation 

HZ CO* r41 equation (3) 

a051 a249 241 216 
0101 a099 256 224 
a241 0046 241 301 
0258 a254 434 350 
a752 0248 618 555 
a100 0098 236 231 
a250 a249 324 354 

_____ 
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at T = 1400°K with a mean beam length 
[31,32] of L = 3 m and a total pressure of 1 atm 
radiates to a surface at T, = 1100°K. The 
furnace gas has the following mole fractions: 
O-18 H20, O-06 CO,, O-03 CO, 0.005 CH,, 
0002 SO,, 0001 NO, and the remainder N,. It 
is desired to know the total emissivity cr.(T) and 
absorptivity ~(7; T,) of the gas mixture. 

Figures 1 and 2 give rH,i, j and pi, j for the 
major species. The value of rH read from the 
figure is multiplied by x,(PLIP,L,), since the 
figure is for P, = 1 atm and L, = 1 m. For any 
case not shown in the figure, the parameters LY, 
/I and o are obtained with the aid of Table 1, 
and z~,~, j is found from equation (13). The 
values Of Bi, j are multiplied by P,, i from equation 
(2) to obtain vi, j 

Table 5. Also shown in the Table are the upper 
and lower limits for a simple block calculation 
using the values of v,,~, j given in Table 1 and 
equation (16). With these values, blocks of 
black bands are established as described below 
equation (16). Referring to Table 5, the interval 
v = 0 to 771 cm-’ is treated as black. The 
CO, band is likewise treated as black from 
565 to 770 cm-’ and is therefore regarded as 
completely overlapped. The SO, band treated 
as a block from 512 to 526 cm-’ is similarly 
overlapped. The next block is found to be from 
955 to 965, the next from 1055 to 1065, the next 
from 1145 to 1157, and the next is a major one 
from 1277 (CH,, 7.7 u) to 1919 (HzO, 6.3 u). The 
remaining blocks are similarly located as shown 
in Table 6. 

Figure 3 yields Ai, j/<~i, j from the known values With the values of v bounding the blocks 
of rH, i. j and vi, j, and the band absorptions are located, values of hcv/kT and hcv/kT, are 
found. The values so obtained are shown in computed, and tables [15] used to determine 

Species 

i Gas 

1 H,O 

2 co2 

3 co 

4 CH, 

5 so2 

6 NO 

Table 5. Band absorptions for a gas mixture 

Band 

j Region 

1 Rotational 
2 6.3~ 
3 2.7~ 
4 1.87~ 
5 1.38~ 
1 15p 
2 10.4p 
3 9.4p 
4 4.3p 
5 2.7~ 
6 1.9p 
1 4.7p 
2 2.35~ 
1 7.lp 
2 3.3p 
3 2.4~ 
4 1.7p 
1 19p 
2 8.7~ 
3 7.3p 
4 4.3p 
5 4v 
1 5.3p 

Band 
absorption 

A I., 

771 
638 
590 
171 
131 
205 

10 
10 

260 
220 

8 
89 

4 
58 
96 

8 
2 

14 
12 
70 

2 
2 
7 

Lower Upper 
limit limit 

“1.c.j 1’..1.1 

0 771 
1281 1919 
3465 4055 
5265 5436 
7184 7315 

565 770 
955 965 

1055 1065 
2150 2410 
3550 3770 
5196 5204 
2098 2187 
4258 4262 
1277 1335 
2972 3068 
4212 4220 
5860 5862 

512 526 
1145 1157 
1326 1396 
2349 2351 
2511 2513 
1873 1880 

@18 H,O, 006 CO,, 0.03 CO, 0.005 CH,, 0002 SO2 and 0001 NO 
P = 1 atm, L = 3 m, T = 14WK 



36 D. K. EDWARDS and A. BALAKRISHNAN 

Table 6. Contributions ofspectral blocks to total emissiuity and absorptivity of a gas mixture 

Block location Emissivity (T = 1400°K) Absorptivity (T, = 1100°K) 

“I “” kT kT 

(cm-‘) (cm- ‘) hcv, hcv, 
fi f. Af 2 2 fi f. Af 

I ” 

0 771 1.2617 1.000 0.98 1 a019 a9913 lx)oo 0965 a035 
955 965 I.:19 1+X)8 0.967 0.966 0001 a& a792 a939 0938 0001 

1055 1065 a922 a914 a957 0956 aool a725 0.718 a922 a921 a001 
1145 1157 0850 Q841 0948 0946 a002 a668 0.661 0906 0.903 a003 
1277 1919 0762 0.507 a931 a824 a107 a599 0398 a878 a714 a164 
2098 2410 0464 0.404 0789 a721 a068 0364 a317 a663 a574 0089 
2511 2513 a388 0.387 0699 a698 aool a305 0.304 0546 0.545 a001 
2972 3068 a327 0.317 a595 a574 a021 0.257 0.249 0.424 a401 a023 
3465 4055 0281 a240 a488 0.373 0.115 0.2206 0.1886 0.312 0208 al04 
4212 4220 a2310 02306 a345 a344 Oaol 01815 01812 0.186 0185 aool 
4258 4262 02285 a2283 a337 a336 0001 0.1795 a1794 al79 al79 aooo 
5196 5204 01873 01870 a204 a203 aool a1471 01469 a086 a085 OJlol 
5265 5436 al848 al790 al963 al777 a019 al452 01406 0081 a070 a011 
5860 5862 al660 01560 a1380 al379 aooo a1305 a1304 a049 a049 aooo 
7184 7315 a1354 a1330 a059 a054 a005 0.1064 al045 a015 a013 a002 

ET = a362 cfT = 0436 
- 

al8 H20, a06 Cot, a03 CO, a005 CH,, a002 SO2 and a001 NO 
P = 1 atm, L = 3 m, T = 1400°K 

fi and f.. The differences in f are summed to 
obtain the total emissivity and absorptivity as 
shown in Table 6. 

In this example Hz0 acting alone in the 
amount present would have an emissivity of 
026, over 70 per cent of the mixture emissivity 
of 036. The Hz0 and COZ acting together in 
the amounts assumed would have an emissivity 
of 90 per cent of the 036 value. In the example 
selected, neglect of CO, CH,, SO2 and NO 
would lead to an undercalculation of total 
emissivity by 10 per cent. 

Treating gas absorption bands as black blocks 
in hand calculations is convenient for finding 
not just total properties but also total heat 
transfer rates. Because, as we have seen in the 
above example, most of the emission and 
absorption by fossil-fuel combustion gases is 
due to strong bands, little error is introduced in 
treating the gas transmissivity of a band as zero, 
particularly when the walls have low reflectances. 
Interreflections within spectral regions blocked 
out by the gas are attenuated. For example, 

under the assumption of black bands, the net 
transfer per unit area between the gas and a 
gray wall in the above example (T= 14WK, 
T, = 1100°K) is 

qT = ET(T) Q,,(T,, T) oT4 

For such a wall with a 075 emissivity, aT,S 

(T,, T) = E~,~(Y&) = O-75. We have found for the 
gas &I(T) = 0362 and c+,.(T, T,) = 0436. There- 
fore, we would have qT = 3.20 x lo4 W/m’. 
Accounting for interreflections introduces a 
multiplying factor of l/(1 - p,z) where z for a 
single strong band is approximately w/A [33]. 
In the example the gas mixture radiation pro- 
perties are strongly dependent on the 63 p 
water vapor band parameters, and for this band 
under the given conditions o/A = 033. A 
better estimate of the transfer is therefore 
obtained by multiplying by l/(1 - 025 x 033) 
to yield qT = 3.5 x lo4 W/m2. 

Alternatively, a machine spectral calculation 
can be made as described earlier in the pre- 
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sentation, below equation (18). In this case the 
corrections indicated in equation (19) are made. 
The result from T@TAL is sT(T) = 0.369 and 
~L~(T, T,) = 0449. These values are seen to be 
only 2 and 3 per cent higher, respectively, than 
the hand calculated values. The “block” method, 
while approximate, appears to give total values 
in good agreement with both more exact 
calculations and experiment as pointed out in 

r41. 

Sample calculation for an inhomogeneous gas 
mixture 

A final sample calculation shows the use of the 
new correlations for a nonisothermal gas mix- 
ture (nonhomogeneities in composition and 
pressure may be similarly accommodated). The 
net flux into the boundary of gas whose bound- 
ing temperatures match those of an enclosing 
black wall may be written as follows in terms of 
an effective directional emissivity [34-361. 

2n n/2 

where 

cos 0 sin 0 de d& (20) 

E effective (0, &) = 
m n[~i,(4 4) - Iout 

s 
aT4 (21) 

max - aT4 dv 
0 

and 
0 

~i.(t? 4) - Iout = WJ ~,VJ 

L 
dzv 

+ 

ji 1 

- - B,(r) dr - B,(O) (22) 
dr 

0 

where B, is the Planck black body intensity 

B = 2hc2v3 
Y 

eWkT _ 1 
(23) 

and the direction ($4 fixes the total path length 
L and the relation between the local path 
length r and absolute position coordinates. 
For example, for a parallel plate duct with 

separation distance 6, L = S/cos 0 and y = 
rjcos 8, where y is measured normal to the plate 
at which the net flux is desired. 

If equation (22) is integrated by parts and 
substituted into equation (21) the effective 
directional emissivity becomes 

2 L 

71 
E effective = 

aTi,, - aT; ss 
W 

0 0 
dB dT 

x ---J-drdv 
dT dr (24) 

for an isolated band scaled values of c(, /I and 
o can be obtained from the local values, and the 
double integral transformed to a single one 
[37-391. However, for a gas mixture with 
overlapping bands, it appears that direct numeri- 
cal integration is necessary. 

Two alternatives present themselves [40]. 
One is to compute 2, as follows : 

(25) 

T,,i,j = eXP 
5v.i.j 

- 
[l + 5,2,i,j/cv,i,jl+ 

(26) 

where 

5v, i, j = [ (S/dv, i, jPi dr (27) 

(28) 

If narrow band data is not available for the 
gases of concern (as is presently the case for 
most of the gases in Table l), equations (5a-c) 
are used to obtain (S/d),, i, j, depending upon the 
band type. 

The other alternative, which offers some 
computational savings at the expense of a slight 
loss in accuracy, is the equivalent line method : 
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where 

In either alternative the problem of correcting 
the 4-zone correlation parameters tl, o, B to 
account for the A/A, effect must be faced. The 
prescription given in equations (19a-c), while 
simple and adequate for isothermal gases, 
is not applicable to nonisothermal gases. Lack- 
ing a recorrelation of the data themselves with 
A, rather than the 4-zone A expressions, it is 
thought that oi,j alone can be adjusted according 
to equation (19~) using (A/AQ)i,j from Fig. 
4 based upon scaled values [39] of (TH,i,j) and 

<Vi,j> 

L 2 

tl r 
b 

+H,i,j) = 1’ 

r,, 1 

,‘.‘Ty) (32) 

m,,Ja,,JPr r 

5 Vi,,ui,jai,jPi dr 
(?i,j) =O 

1 coi, jai, jpi dr 

(33) 

The local value of Oi,j is multiplied by the single 
value of (A/A,)i,j according to equation (19~) 
and this adjusted local value is used along with 
the local values of ai, j and pi, j in equations 
(5a-c), (27), (28), (30) and (31). 

A temperature profile corresponding closely 
to experimental run 12-10 of [40] was selected 
to compare the two alternative methods. Mole 
fractions of H,O, x1 = +, CO,, x2 ,k &, and 
CO, x3 = jg, were taken. These vafues might 
result from the incomplete com,bustion of 
methane in oxygen. The temp&ature was 
assumed as follows: constant at 464°K from 
r = 0 to 27 mm, linear to 1059°K at r = 90 mm, 
constant at 1059°K to r = 126 mm, linearly 
decreasing to 753°K and 420°K at r = 342 mm 
and 459 mm respectively, and constant at 420°K 

until r = 486 mm. The results for Eeffective for 
the two calculations were 0101 and 0100, 
respectively. But the former required 9.48 s of 
IBM 360/90 computing time, while the equiva- 
lent line method required only 7.22 s. 

SUMMARY AND CONCLUSIONS 

New rational correlations of band absorption 
parameters were presented and compared 
with existing experimental data for six species. 
It was shown that band absorption para- 
meters modified by A/A, may be used in 
approximate spectral calculations for either 
homogeneous or inhomogeneous gas mix- 
tures. Comparisons with existing data for 
mixtures showed good agreement. 
It was shown that hand calculations may 
be readily carried out for homogeneous 
gas mixtures. Such a calculation was pre- 
sented for a HzO-C02-CO-CH4-S02-NO- 
Nz gas mixture. 
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RAYONNEMENT THERMIQU~ DANS LES GAZ DE COMBUSTION 

R&II&- On donne des expressions g&&ah&es pour le calcul de l’emissivit& de l’absorptivitt et d’autres 
proprlbts des gaz moltculaires. De nouvelles lois relatives aux propri%s des gaz HrO, CO,, CO. NO, 
SO2 et CHI sont directement applicables au probleme du rayonnement des gaz de combustion. Des 
calculs a la main sont executes aisement pour un melange arbitraire des gaz ci-dessus et on d&it une 
procedure simple de calcul automatique a grande vitesse. On presente et explique des tables et des 
graphiques qui donnent aux ingenieurs une connaissance des caracteristiques du rayonnement thermique 

des gaz consider&s. 

THERMISCHE STRAHLUNG VON VERBRENNUNGSGASEN 

Zusammenfassung Es werden allgemeine Gleichungen zur Berechnung des Emissions- und des Absorp- 
tionsvermiigens und anderer wichtiger Strahlungseigenschaften von molekularen Gasen angegeben. 
Gezeigt wird. dass neue rationale Beziehungen fit die Eigenschaften von H20, CO,, CO, NO, SO2 
und CH, sich ohne weiteres auf Probleme der Strahlung von Verbrennungsgas~ anwenden tassen. 
Einfache Berechnungen kiinnen leicht fur beliebige Mischung~ der obigen Gase gemacht wet-den. Ein 
einfaches Computerprogramm fur schnelle Rechnungen wird beschrieben. Tabellarische und graphische 
Hilfsmittel werden angegeben und erkllrt. Sie geben dem Ingenieur Einblick in die Charakteristiken der 

Wlrmetibertragung durch Strahlung fur die betrachteten Gase. 

‘l’EIIJIOl3OE Mi3JIYYEHHE TOIIOT-IHblX I‘ABOB 

AHHOTaulas-IIl)lluO~flTCn 0606IlJeHHbIe Bbtpa~eHnH ,qnfr pawreTa H3JIyWTeJlbHOfi H 

rrornarqaTenbHoii cr1oco6~oc~rf, a Tarwe HeuoTopbIx ~pyrnx pa~kfawfokfnnx CB~~~CTB 

MOJeHyJfEpHbIX I'a:IOB. nOlia:EiHO, qT0 HOnbIe paL(SfOHaJIbHbIe COOTHOUIeHff~ .I(JfFi CBOkTB 

HaO, COa, CO, NO, SO, II CIi, MO~YT 6bfTb ffcnonb3oBaffbI npll peuiezufcl aaEas 

if3JiyYeHHK &RFI TOllOVHbIX faROR. PaWeTbI MOF~T 6bITb SIeI'KO BbIl'IOJfHeHbI &%? nto6ot 
npO~3BO~bHO~ CMeCIl y~a3aHHbrX fa30B. KpOMe TOrO,On~IC~BaeTC~ IIpOCTatr npOr~aM~a~~~ 

GbfCTporo paweTa rfa 3~Ifffc~~Te~bHo~ gauche. ~p~Be~eHH~e ~36~~f~~ II rpa~~~ff gaIOT 

~~3~Ko-~fH~eHepHoe nr)e~CTa~~eH~e 0 Xapa~Tep~cT~iKax ~y~ffcTor0 nepeHocaTe~~a 3 aTBx 

fa3ax. 


