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Pressure Effect of the Nondispersive Infrared Gas Analyser
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Based on the Elsasser model, a formula for the mean absorption applicable to the pressure effect of the non-
dispersive infrared gas analyser has been derived. The formula is generalized by removing the assumption in
the Elsasser model that the total absorption coefficient, the half width and the spectral distance are constant.

In previous papers,'? a formula was given for the
mean absorption corresponding to the screening percent
for the infrared ray due to the null balance shutter
of the analyser as a function of the partial pressure
of absorber p,, the total pressure P and the cell length
[. Many similar formulas, often empirical, have
been reported,®~® but it is difficult to determine the
coefficients in the formulas either experimentally or
theoretically. There are two theories concerning the
derivation of the formulas: total absorption by Laden-
burg and Reiche,” and mean absorption by Elsasser.®)
The Lorentz type absorption coefficient is assumed
in both theories. However the method for approximate
evaluation of the following integral,

[{1—exp(—k()0)}dr

viz. total absorption, is different.

The Elsasser theory is based on the three assump-
tions that the following are constant: i) the total
absorption coefficient «,,, ii) the half width of the
line 4, and the spectral distance of the vibrational
rotational line d,,. When assumption i) was removed,
it was possible to obtain a good quantitative com-
parison between the theory and experiment.?) In
this paper, the formula is generalized by removing
the remaining assumptions.

Apparatus

The apparatus and the principle of measurement
have been reported.?

Theoretical

Half Width of Absorption Lines. According to
the classical kinetic theory of gases, the collision width
of the line is given by?

1 11 \]we
d = _47t—$ Ni(Da,i)z[[2ﬂkT< +—“):| (1)
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where N, is the number density of a molecule of the
gas of ith type, D, ; the sum of the optical collision
diameters of the absorbing molecule and the molecule
of the ith type, m, the mass of the absorbing molecule

and m; the mass of the ith type of molecule. For
binary mixtures, Eq. 1 becomes
8 = - ey Ny, 0o -2}
= g T ) a( a,a)2<m—a>
my -+ my, 1/2
+ Mo, ety @

It is not necessarily correct that the half width is
common to all the lines according to Eqgs. 1 and 2.

It was found that each line differs slightly in half
width.?? From quantum mechanics!® the half width
of the line is not constant since the colliding molecules
exert different interaction due to the intermolecular
force on each vibrational rotational energy level of
the absorbing molecule.

Taking the above situation into consideration, it
is better to express Eq. 2 as follows.

1 J 2\
Om = —E(2nkT)1/2l:Na(Da,a)m<—;—>

+ MDY )
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where the subscript m is the number of the line. (D,,,),
and (D,.,),, should be determined quantum mechanical-
ly. The first term of Eq. 3 explains the effect the
collisions between absorbing molecules exert on the
half width of the mth line, and the second the effect
the collisions between the foreign and absorbing mole-
cules exert on the mth line. Expressing N, in term
of partial pressure, Eq. 3 becomes

1/2
- —‘—(2—”) [(Cara)mPu+(Caro)mPi]

m An \ kT
1 / 2m\/2 Cab)m
- g(i) Gon[Prgamal @
where
(Ca.a)m = (Dq,a) n(2/my)Y/?
and
(Ca,b)m = (Da,b);(ma‘}‘ml:v/mx!tmb)l/2 (5)
Here the notation §,,, is defined by
l 2 1/2
tm = {1 Conle (6)

Ogm is the constant independent of pressure if the
temperature is constant. Though it is not necessarily
obvious that the ratio of (D,,,),, to (D, ), is constant,
its ratio is assumed to be constant according to the
method in the previous papers.’»? Then the fol-
lowing relation can be assumed

el (I Y Dl )

= B(=const)

where B is the so-called self-broadening coefficient.
As a result, the half width of the line can be expressed
by

Om = OomPe (7)
where P, is the effective pressure defined by
Po = pa + (1/B) py- 8)

The difference in the half width of each line is taken
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consideration by Eq. 7. Namely é,, should be under-
stood for § of Eq. 2 to be extended. The theoretical
expressions obtained in the previous papers,!+2) however,

1 (27 \V
must not be altered, except that 6(,(:? 7:7) (C,,_,))

in the definition of £, is simply replaced by &, of
Eq. 6.

Total Absorption Coefficient of the Line, o,. The
total absorption coefficient of the mth line is deter-
mined by means of the integral of the absorption
coefficient which is ordinarily approximated by the
following Lorentz type function in the infrared region.

_ 4nN. N Sm
km(v) = 3hC rmlﬂml (V—vm) 2+ 00 9)

where #,, is the matrix element of the dipole moment.
The total absorption coefficient is, therefore,

Xy, = fwkm(v)dv
0

- °°47'Na,,| |z___6_"‘_____d,,
= Jo 3RC ™l et o

It is evident that «g, is proportional to the number
density of absorber N,. N, is rewritten by the partial
pressure p, and we have

(10)

(11)

oty is directly related to the Einstein transition pro-
bability except for the numerical constant.

By substituting N,=p,/kT into Eq. 10, «,, is ex-
pressed by the molecular constants as follows.

% = OgmPa.

A% | im]®

Fom = TSR AT (12)

It was assumed that a,=const in the Elsasser model.
However, «,, is not constant in this paper.

Extension of the Definition of k,, and the Approximate
Expression for the Parameter t Determinable from the True
Slit Function. If we denote the product of o, and

60m bY lOm
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domBom = lyms (13)
it is determined from Egs. 6 and 12 with use of the
molecular constants as follows.

1 / 27 \/2 12 0 m | pm |
= S 2 Yp S A L L
bn = () (Dewi@m)y ol
On the other hand, ¢ is approximately connected with
the maximum extinction E,, as follows.?

En = t(tmdnl)¥?/a (15)
where a is the slit width in cm~! and !/ the cell length.
For the simple component of the absorbing gas, Eq.
15 becomes

Eq = t(ogmOoml)/*Py/a.

From Eqgs. 13 and 16, we have
= aE,,
 (om)¥?Ps
Here the quantity £, should be defined by

kom = En/{4(dm/a)*Pil} (18)
which can be evaluated from the maximum intensity
of the absorption spectrum corresponding to the condi-
tions of measurement. d,, is the spectral distance of
the mth line. k,, was defined with use of the mean
spectral distance instead of d,,.1'¥ From Egs. 17 and
18, the parameter ¢ can be determined by the following
approximate relation.

(14)

(16)

17

(19)

Theoretical Extension of the Mean Absorption to the
Molecules with Two Absorption Regions. The mean
absorption of the molecules with a single absorption
region should be extended to the molecules with weak
bands such as the combination or the overtone band
other than the fundamental one. In this case, the
intensity of the infrared source I, and the mean spectral
distance differ between both band regions. The
expression for the mean absorption to be evaluated
is as follows.

Ipnd’ +1In'd”

x corresponds to the screening percent of the incident
light due to the null balance shutter of the infrared
gas analyser. v, u’, v"' and '’ are v,+4d'/2, v,—d'[2,
Vu'+d”[2 and v,'—d"”’[2. d’ and d” are the widths of
rectangles in each region by which the shape of absorp-
tion lines of the condenser microphone detector is
approximated. By putting I, /I,=r (the ratio of the
intensity of the infrared source in both regions) and
n=n’, the following expression is obtained for the
high pressure near atmospheric pressure.

©o

2 (—Paw)/n!-{{kom/D?) ™D gy +1{(kom'[D'®) "oy }

X = n=0

147
21
where @D
1D = (t)-(dld"), 1D’ = (2/t)-(dJa"),
¥ =rd”’[d" and w=p,l (22)

(20)

kom and kg, are determined with use of the mean
spectral distance d over both regions.

kom = En/{4(d[a)?p,l}
and
kom' = En/[{4(d|a)pal}.

{ >,s denotes the normal average over m or m’.
When d'=d"”, Eq. 20 is simplified as follows for the
low pressure,

‘= 2( GA (1 i :ﬁ){") )Pel S/

and for the high pressure in the exponential form,

x=1— exp[— (2n/D?) ( <k0m>avl+—'_ffk°m'>“ )Pew

n (2r/D?)* {( CkimPav + ki Dav >

(23)

2! 1+r
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+2( <kom>av1+—:ikom Dav ) } (Pow)? + ++oees :1 .
Egs. 23 and 24 explain the mean absorption of the
molecules with two absorption regions, and are reduced
to the expressions for the single absorption region if
r approaches 0.

Extension to the Case in which the Assumption that the
Spectral Distance is Constant is Removed. The present
study is based on the Elsasser model. However the
spectral distance is actually assumed to vary quadrati-
cally according to the number of the line m. Taking
this situation into consideration, a more precise expres-
sion for the mean absorption is obtained as follows.?

3 [ (1 —exp(—km(e)0)
y= T (25)

(24)

where v is v,+d,/2, and u is »,—d,/2. With use
of the extended mean fractional transmission

L (en/n)bn
Tu= - f exp{ o z}dv, (26)
y is given by
2 Tmdnm,
R T
=1—LTw (27)

where {T,) should be interpreted as >7T,d,/>d,,.
For the region of low pressure, T, is

T =1 — 2(0ndnl)/?dp (28)
and then
_ o D(amdnl)/?
R 7
2\1/2
n
Thus y is reduced to the normal average. On the

other hand, we have for the region of high pressure
_ 2 exp(—2namdml/dn) -dm

r=1 Sdm
S (2o mdnlldE) — (2B lfd2)2 4}
= Sidn (30)

Thus the value of y can be obtained when the following
expressions are calculated

S emdmldn){Ddm, Z(tmdm/dn)?dmn/>dm; etc.
For the sake of convenience, g,, is defined by

fom = %gmOym
om — :
on

31)

Zgom 18 a constant characteristic of each line. gy, is
connected with kg, of Eq. 18 by the relation

&om = (2/t)%kqm.
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With use of g;,,, Eq. 30 becomes

=1 - cxp|-2gomPur

2 2
+ L2 iy e (Pu)?
2 3
= L gy~ K>+ Ktom?) (Puo ]
(33)
where
o 28omdm
<g0m> = -Zd—m (34)

Eq. 33 was obtained without the three assumptions
in the Elsasser model.

Application to the Infrared Gas Analyser. The
above method can immediately be applied to the
infrared gas analyser. The shape of the spectral
lines of the condenser microphone detector is ap-
proximated by the rectangular lines with unit height
and the width d,’, which is not necessarily constant.
The following expression corresponds to the absorp-
tion intensity of the sample gas in the nondispersive
infrared gas analyser, and is of the same form as that
of mean absorption.

[T r0-exw(= BntiH1—exp(= SHmI )

X =

ﬁ) " L{1 —exp( _mﬁzlkm'(»)r) )

(35)
According to the above approximation, x is reduced
to Eq. 25 if d,, is regarded as d,,’. x becomes
x = 2 gon*Y P *w/? (36)
for low pressure, and
x =1 — exp{—2n{gn>Pew
(27)* gray (g N (Pa)?
=+ 2! (<g0m>_<g0m> )(Pew) }
(2m)? ' 3 2N/ o ! N3 3
— 82 — B gy + 2on)?) )+ - |
37
for high pressure, where
o otgmOom iaN > gomdm
Som = ——d,,: 2 and  {gn) = __“"“Zd”: . (38)

Usually g'y,, can not be calculated if the value of d’,,
is not known. However, g'y,, can be calculated if
d',|d,=const. If we put (d',/d,) (¢/2)=D, x agrees
with the results?» which are obtained when r approaches
0 in Egs. 23 and 24.

When d,,'/d,, is not constant, x can not be expressed
with use of the correction factor D because of the
following relation

- ondn om(dmldn)2d,,
gy = Eéd,; _ & (24": )
D273 kindn

Sdn
It is possible to extend Egs. 36 and 37 to the cases

of molecules with more than two absorption regions
if {g'on™ is regarded as

(39)
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, S gomdnt+ 1 gomt dms -+
n) = ; - 40
& = S (#0)
where
" 2T, I
o = —l;%”‘— (41)
Conclusion

It was found that the original expressions? hold
good even if the assumption that §, is constant is re-
moved. However kg, (=aq, 6,/d?) should be regarded
as oy, 0cn/d®. The ambiguous parameter ¢ was
approximately determined in the explicit form with
use of the molecular constants. It is concluded that
the molecules with more than two absorption regions
have the same pressure dependence as the molecules
with a single absorption region. A more general
formula was obtained for the mean absorption with
use of tke constant g, without the three assumptions
in the Elsasser model. It can be concluded that in

[Vol. 50, No. 2

general x can not be expressed with use of a correction
factor D.
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