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ABSTRACT

Measurements have been made of the integrated intensities and
spectral absorption coefficients of water vapor in the L 384y, 1. 87y,
2.74, and 6.3 regions at temperatures up to lOOOOK, using sufficient
self-broadening to remove the rotational fine structure. The
experiments were performed in a specially designed, isothermal
high-pressure absorption cell supplied with vapor from a liquid
water reservoir submerged in a constant temperature oil bath.

In addition, theoretical calculations of the spectral absorption
coefficients of water vapor at elevated temperatures have been
performed using a just-overlapping line model and the results have
been compared with the experimental dala.

The spectral absorption coefficients of liquid water have been
measured in the wave number regions from 2200 to 3000 crn_l and
from 3700 to 7600 cm-1 at temperatures of 27, 89, 159, and 209°C.
From these data, the integrated intensities of the absorption bands
at 1. 454 and 1. 93y have been determined. The experimental data
have also been used, in a highly simplified analysis, for the determi-
nation of hydrogen bonding in liquid water on the assumption of
clusters containing only zero, one or two hydrogen bonds per molecule.

The change in the infrared absorption of gaseous and liquid
water has been further investigated by measuring the transmission of
infrared radiation through equal optical depths of liquid water and

of water vapor near the limits of saturation.
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CHAPTER 1

INTRODUCTION AND APPARATUS

A. INTRODUCTION

Quantitative knowledge of the infrared absorption of gaseous
and liquid/water is of importance in the fields of meteorology and
astrophysics, as well as in certain military and aeronautical
problems. It has also proved to be useful in the attempts to
elucidate the structure of the water molecule.

There have been many investigations of the infrared absorption
of water vapor. However, only a small number have dealt with quanti-
tative measurements of band strengths and very few reliable values
exist. For example, estimates (ranging from 100 tu 200 e % atm”
at 3000K) have been given for the \)3—fundamenta1 band (centered at
3655. 8 cm ') based on a comparison of measured data with total
emissivity calculations for water vapor (scc Tables 11-13 and 11-14

2

of Ref. 1), on partially resolved absorption spectra, on rocket

burner exhaust measurements, o and on the strength of the resolved
line at 3806.9 cm“l. > Reliable quantitative data are necessary
in order to do a priori emissivity calculations from theoretical band

models at elevated temperatures. A fairly complete bibliography

of the experimental and theoretical work on the infrared absorption



by water vapor has been given by Gray.

In this study, measurements have been made of the integrated
intensities and speclral absorption coefficients of water vapor in
the 1. 38y, 1. 87u, 2. 7., and 6. 3u regions at temperatures up to
IOOOOK, using sufficient self-broadening to remove the rotational
fine structure. The experiments were performed in a specially
designed, isothermal high-pressure absorption cell supplied with
vapor from a liquid water reservoir submerged in a constant
temperature oil bath.

In addition, theoretical calculations of the spectral absorption
coefficients of water vapor at elevated temperatures have been
performed using a just-overlapping line model and the results have
been compared with the experimental data.

The near infrared absorption spectrum of liquid water has been
studied by a number of investigators. Infrared transmission
measurements on ice were reported by Boc'ie7 as early as 1909 and,
more quantitative studies, by Plyler8 in 1924. Coll:‘.n:s9 studied
the change of absorption in the spectral region from 0. 70 to 2. 1u
for the temperature range from 0 to 100°C; Ganz10 confir med
Collins' observations on the bands at 0. 771 and 0. 84y:; Curcio
and Petty11 investigated the spectral absorption coefficient from

2
0.70 to 2. 1y at 20°C; and Plyler and Acquista,1 performed



transmission studies on liquid water from 2 to 42u. A complete
bibliography and summary of the experimental work on liquid water
up to 1940 is given by Dorsey. 13

In recent years, spectroscopic measurements on liquid water,
ice, and on a variety of water solutions have been performed by a
number of investigators in order to elucidate the structure of
water and to describe quantitatively the extent of hydrogen bonding

and the structure of clusters in the liquid phase. 14-18

A good
account of modern ideas on hydrogen bonding and the structure of
liquid water is giver
by the authors referred to in this article.

In the present study, the spectral absorption coefficients
of liquid water have been measured in the wave number regions,
from 2200 to 3000 cm“1 and from 3700 to 7600 cm_l, at temperatures
of 27, 89, 159, and ZO9OC. From these data, the integrated in-
tensities of the absorption bands at 1. 45u and 1. 931 have been
determined and used to compare the infrared absorption of gaseous
and liquid water. The data are then used, according to the method
of Buijs and Choppin, 18 to draw some quantitative conclusions on
hydrogen bonding if water can be adequately described by clusters
containing non-bonded, singly-bonded, and doubly-bonded hydrogens.

A more complete program for the utilization of spectroscopic data

in structure deter mination is also indicated briefly.
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In addition, the difference between the infrared absorption of
gaseous and liquid water has been investigated by measuring the trans-
mission of infrared radiation through equal optical depths of liquid water

and of water vapor near the limits of saturation.

B. THE WATER MOLECULE

l. Normal Coordinates- In order to analyze the energy levels of a

molecule, the elcetronic motion and the nuclecar motion are scparated
by using the Born-Oppenheimer (adiabatic) approximation. 20 The
electronic energy levels are calculated for stationary nuclei and the
nuclear motion is then added as a perturbation. Since the reanlting
Schrodinger equation is usually too complex to solve exactly, it is
customary te assume that the force law between the nuclei is known
and to fit the calculated energy levels to experimental data.

In order to study the vibrational and rotational motion of the
nuclei of a molecule in a semi-classical way, it is convenient to set
"up expressions for the kinetic and potential energy, and to transform
these expressions by using a suitably chosen coordinate system, and
then to study the resultant motion,

It has been found that useful sets of coordinates for studying
the motion of a system of nuclei are the f’ollowing: the translational
motion is described by using the three cartesian coordinates of the
center of mass of the molecule; the rotational motion is described by
using the three eulerian angles of a rotating system of cartesian

coordinatcs , the axcs of which coincide with the principal axes of



inertia of the undistorted molecule; the vibrational motion is described
by using a system of coordinates coinciding with the equilibrium position
of the atoms and fixed with respect to the rotating coordinates. This
last coordinate system is a convenient choice because it allows the
vibrational motion to be studied without consideration of the rotation

and translation of the molecule.

Normal coordinates are generally used to describe the vibrational
motion; the normal modes of vibration of the system of particles arc
immediately apparent in a set of normal coordinates. Normal co-
ordinates form a complete set; that is, the configuration of the system
of particles can be described at any time as a sum of displacements
of the normal coordinates. The potential and kinetic energies of the
system can be expressed in terms of sums of the normal coordinates
squared [pz] and of the time derivatives of the coordinates squared
[(dp/dt)ﬂ , respectively; the matrices describing the potential and
kinetic energies are diagonalized by a transformation to the normal
coordinates. The resulting equation of motion for a vibrating system
reduces to that of a single harmonic oscillator in each of the normal

coordinates.

In studying the vibration of a polyatomic molecule, we shall
use the theory of small oscillations; " that is, the amplitude of

vibration of a nucleus from a point of equilibrium will be assumed

to be small compared to the internuclear distance.

" A more detailed discussion of this analysis may be found in Refs.
21 and 22.
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For a molecule with n nuclei, there are 3n degrees of freedom.
Of these, three correspond to a translation of the molecule as a whole
and two (for linear molecules) or three (for nonlinear molecules)
correspond to rotational degrees of freedom. Consequently, there are
3n-5 (for linear molecules) or 3n-6 {for non-linear molecules)
vibrational degrees of freedom.

In the following discussion, small letters q, c, and p are used as
vectors (n x 1 column matrices) and their elements are designated as
9;s C and P;» respectively. Square matrices are represented by
capital letters A, B,C, etc., and their elements by a,., bij’ etc. The

1]
transpose of a matrix is identified by a superscript tilde (qij=q a, .=a..,

ity T
etc.). The unit matrix is denoted as E(Eij: ?_ij) and A\ is a diagonal
matrix (A ij: Kiéij)' The letters U and T represent the potential and
kinetic energies, respeétively, in coordinate and in matrix notation.

In a cartesian coordinate system, the coordinates of each nucleus
of a molecule in the equilibrium position are denoted as X (where
i=l, 2,...,3n for n nuclei with i=1, 2 and 3 corresponding to the first

nucleus, etc.); the deviation from the equilibrium position is q; for

the coordinate X, 0 Thus the ith coordinate is

w =x ot (7L 2,..., 3n). (1)

The potential energy may be expanded in a Taylor series about
the equilibrium position, viz.,

3n 3n
U(x) = U(xe) + Z (SU

i=l e i=l e
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Close to the equilibrium positions, the higher terms are negligibly
small because the quantities q, are small. Since the choice of the

zero of potential energy is arbitrary, we set U(xe) = 0. Furthermore,

(8U/8xi)e= 0 in view of the definition of the equilibrium point as a

minimum of potential energy. Therefore, the potential energy reduces

to 3n 2 3n
U =5 ), |gm—| 9953 ) b
X) =3 sxox | %572 i3 9:%;
i, j=1 J e i, j=1
or, in matrix notation,
_1~ 3
U == 4qBq, B=(bij)- (3)
In first approximation, the kinetic energy is
3n
T(x) = 1 ..
¥ =7 215 44 9
i,j=1
or, in matrix notation,
T =414 A A =(a,.) (4)
) q q, - (aij .

Because U and T may be expressed in quadratic form, they may

k
be diagonalized simultaneously by the linear transformation

q=Cp. (5)

In addition, C may be normalized so that

CAC = E . (6)

* See Ref. 21, Section 10-2 for details.



The congruent transformation of the potential energy is
CBC = A = () (7)

also

Cp=pC . (8)

From Eqgs. (4), (6) and (8) it now follows that

3n
1 oo . 1l &~ _. 1 2
T=5p(CAC)p=5D Ep =5 Pj - (9}
j=1
From Eqgs. (3), (7} and (8) we find that
3n
1~ e~y 1 2
U=33@EBCp=55Ap=7 ) Ap°. (10)
j=1

In view of Lagrange's equations of motion, Eqs. (9) and (10) yield the
differential equations

'1:'>j + ijj =0 (11)

which correspond to simple harmonic motion in each of the new

coordinates, viz.,

p = c; expli/k't) (12)

The eigenvalues Xi may be found by using Lagrange's equations

of motion and Eqs. (9) and (10) to derivc the expressions

(CAC)p + (CBC)p = 0 (13)

" See Ref. 21, p. 141



where p(l) is the eigenvector corresponding to the ith eigenvalue }”i'

From Egs. (11) and (13) it is evident that

(CBC)p = A (CAC)p . (14)

Qr
BC = A AC . (15)

Hence the 3n eigenvalues are the solutions to the secular equation

B-1A| =0. | (16)

There are 3n-5 (for linear molecules) or 3n-6 (for non-linear
moleculeg) non-zero eigenvalues Xi, each corresponding to a different
frequency of vibration. The zero eigenvalues correspond to the trans-
lational and rotational degrees of freedom. The zero eigenvalues could
have been eliminated if the constraints of no translation or rotation
had been imposed on the original set of 3n equations.

Equation {15) may also be written* as

Bc = A Ac (15a)

where the 3n eigenvectors (c(l)) correspond to the columns of the
congruent transformation matrix C. There is one eigenvector c(l) for
each value of A = A ;- The normalization condition given in Eq. (6)
becomes (s .
e @ aclt) oy, (17)
Because the motion is simple-harmonic in each of the new
coordinates, the molecular motions may be written as the sum of

simple harmonic osciilations. The amplitudes and phases of the

" See Ref. 14, pp. 322-3.
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oscillations are contained in the eigenvectors.

If any of the roots of the secular equation are repeated, then
the modes are said to be degenerate; that is, there are two independent
normal coordinates which have the same frequency of oscillation. Any
linear combination of degenerate normal coordinates is, of course,

also a normal coordinate.

2. Normal Coordinate Analysis of the Water Molecule - Water is a

non-linear triatomic molecule and therefore has nine degrees of
freedom (three translational, three rotational and three vibrational
degrees of freedom). The equilibrium position of the water molecule
is shown in Fig. 1.

Let d; and q, be the displacements from equilibrium of the
bond distances AB and AC respectively and %a be the change from the
equilibrium bond angle 2a. The first order expression for the potential

energy is assumed to be

f
2 2 : 2 ,
(a;" +a, )+ = (6a)”, (18)

c
H
ol =

‘where f is the stretching-force constant and fa is the bending force

constant.

It is convenient to introduce the symmetry coordinates

1
s; = — (a7 + q;);
1 N 1 2
s, = Lba, _ (19)
and
1
53 :—"—(ql _qz)

N2



Figs 1, Equilibrium position of water nuclei and
small displacements {rom equilibrium.

Fig. 2. The normal vibrations of the water molecule,
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In terms of these coordinates, the potential energy becomes
2 2 a 2 2 b4 p
20 = f(s1 t 5, )+ — 8, = b11 s; f bzzs‘2 + b3383 . (20)
The problem now is to express the kinetic energy in terms of

these coordinates. The kinetic energy is
. 2 2 2 2 2 2
_ s - . . . 54
2T - M( XA +0yA)+ m(GXB +6yB +6xc+ Y ), (21)

where M and m denote the mass of an oxygen and hydrogen nucleus,

respectively, and 8% , represents the velocity of the displacement

A
from the equilibrium position of the oxygen atom in the x-direction,
etc.

From the geometry of Fig. 1, it is readily observable that small
displacements from equilibrium can be expressed as

_.1 - - 3 -
5 ——L-[(GXB 6XA) sin ¢ -(8x

. :-ESXA) sin a

C

—(éyB—éyA) cos a —(6yc-6yA) cos a| ,

(22)

q; = (6xB—6XA) cos a —(ByB— GVA) sin a,
and

q45 = (ch—SxA) cos a | (5yc—6yA) sin a .
From Eqs. (19) and (22), the symmetry coordinates equal

1 .

Sy —-,\7—‘; {(SXB—F éxc-ZéxA) cos a -(6yB-6yC)s1na} ,

5y :.JE_ {(SXB' 8x) cos a-(Sypt by -28y,)sin aj] ) (23)
and

55 = -(GXB+ 6XC—ZGXA) sin a—(GyB-()yC)cos a .
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In order to solve for the six unknowns 6xi and 5Yi (i=A, B, Q)
in terms of the three symmetry coordinates, the conditions of no
translation of the center of gravity and no rotation are introduced,
viz.,

— 8
M6AA + 111(6xB . uxc) -0,

M@yA+m(6yB+ 6yc):0, (24)
and

(6XB - ch) sin a + (6yB+ 6yc) cos a = 0.

The last equation is easily obtained by equating the moment of the
center of gravity before and after the displacement.
By combining Egs. (21), (23) and (24), the kinetic energy is found

in terms of the symmetry coordinates to equal

. 2
2T= (m) M+ 2m sin"a A 2 N Mm -832

M+ 2m 1 M+2m sinza

+ +2

M+ Z2m 2 M + 2m 51

m M+ 2m cosza 2 2 3/2 mzsinacosa
2

éz+a 'sz+a 'sz+Za s

1 22 52 33 °3 12 Sz - (25)

172

Applying Eqgs. (20) and (25) to Eq. (16), the secular equation becomes

byp-rapy ~hap, 0
- - =0.
hag, b2.2 Las, 0 (26)
0 0 b33—>\a33
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The eigenvalues are

)

b

by = Eii (27)

33

and

2y byt (ayby) £ (ay by, +a,,b) - 4b b, (a) a,,-a 2y

A Pagtlaghby 11°22 1222”1 11°22'%11%227%12 ),
1,2 2(a,,a,,-a 2)
Tl 22 12

where aij and bij are defined by Eqgs. (20) and (25).
The three vibrational frequencies correspond to the square roots

of the eigenvalues. From the factoring of the secular equation, it is

3
different type. The normal modes are found by applying Eq. (27) to

seen that Sy and 55 have the same type symmetry while s, has a

Eq. (15a), yielding

@_, @ _q

(b A.a 1 1212 S5

21 ©

-

(b (1) _ 0. (28)

33™ 13333) C3

(1) (1) _
“hagp € (bpa-hiass) et = 0,

(i) th

where ¢, is the jth component of the eigenvector belonging to the i

eigenvalue }\i.

Fori=3, hy= b33/a33 and the only way that Eqs. (28) can be
Br-c Bl

satisfied is for ¢

c, The unnormalized eigenvector is

therefore
0
c(3) = 0
e
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and the normalized eigenvector is

0
(3) 1 '
‘2= 0] . (29)
Y333\,
Likewise, it ig found that
(1.2) 1 ! 1
2(b -h -a) [b.<h, .a )% 1Z|b.-1. .a
1M, 2%1 1171, 2% 11741, 2211
ant X 15 = 222 | O e
1,2 “1,2%12 “1,2%12

0
From the form of the normal modes expressed in terms of the

symmetry coordinates in Eqs. (29) and (30), it is evident that the
thiird vibration is due ouly to bond stretchinog while the [irst and
second modes are combinations of bond stretching and bending. The

three normal vibrations of the water molecule are shown in Fig. 2.

3. Vibrational Energy Levels- From the classical expressions for

the potential and kinetic energy of vibration in terms of the normal

1,23-25

coordinates, the harmonic oscillator approximation can be used

to give expressions for the vibrational energy levels,

3n 3n
(v) _ }Z: (v) _ E: 1
E = Ek = (vk+ Z) h\)k s (31)
k=1 k=1
where Vi is the vibrational quantum number (vk: 0,1,2,...) associated

with the kLh classical normal mode of vibration Ve
Because of symmetry, there may be several of the normal

coordinates for which the frequencies will necessarily be identical



16-

and degeneracies will exist. If fa is the multiplicity of the frequency

\)a , then the vibrational energy levels become

eV =Z {va 4 (%)fa} by, (32)

a

f
a

where v, = Z Vieg " These degeneracies are usually removed when

k-1
the anharmonicity of a molecule, which introduces terms of higher
order than quadratic into the Hamiltonian, is taken into account. Tt is
then no longer possible to resolve the vibrational motion into a number
of normal modes with the vibrational energy being the sum of indepen-
dent terms, corresponding to the different normal modes. The
vibrational energy expression must now include terms containing the
vibrational quantum numbers of two or more normal vibrations. For
a nonlinear triatomic molecule, such as water, the vibrational energy
o 26-28
is given by

E(vl, Vs V3)
hc

) 1 1 1
= (vt 5) + (vt S)+ Wo(vat )

1.2 1,2 1.2
+ xll(vl+ E) + xzz(vz+ -2—) + x33(v3+ E)

1 i 1 1 1 1

+ x5Vt SHv,t )+ %53Vt vt =)+ X 3Vt )V gt 7) . (33)
where Xij are vibrational constants.

From Eq. (33) and values for the vibrational constants found from

2 . . .
spectroscopic data, 7 the wave numbers of the vibration-rotation band
2

centers were computed. ? The results, along with the relative in-

tensities for the bands in each spectral region, are presented in Table L
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Table 1. Vibrational Transitions of HHO'® at T = 300°K
Region | Transition w * Relative Intensity AK
(cm™])
6.3u | 000-010 1595. 0 1.00 + 1
010-020 1556. 4 9.6 x10"% + 1
010-100 2056. 7 1.9 x 1072 + 1
010-001 2160. 6 9.6 x 107> 0
3.20 | 000-020 3151. 4 1. 00 1
010-030 3073. 4 4. 8 x 1074 1
2.7 | 000-001 3755. 8 1. 00 0
000-100 3651, 7 10 + 1
010-011 3737.0 4.8x10°% 0
010110 3630.0 4.8 x 10'5 +1
1. 874 | 000-011 5332.0 1. 00 0
000-110 5225 2.0 x 10”2 +1
000-030 4668. 4 6.7 x 107> +1
010-021 5279. 0 4.8x 1074 0
010-120 5166.0 9.6 x 1070 + 1
010-040 4551, 0 3.2x107° + 1
010-101 5656. 6 4.8 x 10”4 0
010-200 5593, 1 3.8x10°° + 1
010-002 5847. 2 5.8 x 107> + 1
1. 384 | 000-101 7251. 6 1. 00 0
000-021 6874 1.0x 107} 0
000-120 6761 1,3 x 1074 + 1
000-040 6146 4.3x10°° +1
000-200 7188, 2.5x 101 + 1
000002 7442, 2 2.5%x10 " + 1
010111 7212.0 4.8x10° % - 0
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R

Region Transition U Relative Intensity AK
(cm )

1,38y | 010-031 6769 4.8x107° 0

(Cont.) | 010-130 6663 6.2 x107° +1

010-050 5990 z.1x]o'6 + 1

010-210 7148. 1 L2x10* + 1

010-012 L2x107% + 1

ale
b

{33) using the following vibrational constants of Darling and Dennison

(all in cm™ ):

w, = 3825. 32, w, = 1653. 91, Wy = 3935, 59,
X)) = -43, 89, X557 -19. 5, X34 = -46. 31,
X, = -20.02, X 5 = -155. 06, Xyq = -19. 81,
| Y |: 74. 46, where Y is the perturbation constant appearing in the

matrix element

7402. 6

L

The wave numbers of the band centers were computed from equation

for HZO' The constants of Darling and Dennison were obtained by

fitting Eq. (33) to experimental data.

have been given by Nielson.

30-32

Slightly different constants
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4. Rotational Energy Levels- The expression for the rotational

energy levels of an asymmetric top molecule such as water vapor is
1 . . . .
very complex.”  In view of this complexity, we shall use a simpler

3
"'nmearly symmetric top'" representation in the form

%@_ = NBC J(J+1) + (A- N BC')KZ, (34)

where J is the total angular momentum quantum number, K is the
gquantum number measuring the projection of J on the symmetry axis,

and A, B and C are rotational constants inversely proportional to the

1-
three principal moments of inertia of the molecule (A >B >C). The

degeneracies of the energy levels are 83K™ 2(2J+1) for K #0 and

g1k = 2J + 1for K = 0. For the ground state of the water molecule,

the following numerical values apply: A = 27. 8 cm-l, B = 14. 5 cm_l,

and C = 9. 28 cm_l. !

5. The Infrared Spectrum of Water Vapor. The infrared spectrum

of water vapor is composed of spectral lines corresponding to
transitions between different vibration-rotation energy levels. The
frequency of a spectral line is determined by the difference between
the sum of the vibrational and rotational energy levels of the final and
initial states.

Selection rules governing the allowed transitions for a triatomic,

* See Ref. 1, Eq. (7-123).
1-

For symmetric top molecules, B = C.
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asymmetric molecule such as HZO’ are given by Herzberg. 25 The

rotational selection rules, AJ=0, + 1, always apply. In addition, two
types of rotational transitions are allowed: AK= 0 and AK= = 1
corresponding to the so-called parallel and perpendicular transitions
of a symmetric top molecule, respectively., The vibration-rotation
bands of water vapor, composed of one of these types of transitions,
will approach, as limits, the parallel or perpendicular bands of the
equivalent syuunelric top molecule, and will have the same general
structure. The K-transition for each of the bands of water vapor is

also given in Table 1.
C. EXPERIMENTAL METHOD

1. Definitions - Consider a hemisphere of radius £, filled with a

gas at thermal equilibrium at prcssure p. A spectral absorption
coefficient is defined so that the emitted radiancy from the base of

the hemisphere, in the wave number range between W and & + dw, is
o
Rwdw = Rw [1-exp(-Pwp£)] , (35)

where R, is the black body radiancy at the wave number & . The
product pf is known as the optical depth and is usually expressed in
cm-atm.

The expression [l—exp(-Pwp.e )] is the hemispherical spectral
emissivity and, at thermal eqﬁilibrium, is equal to the spectral
absorptivity by Kirchoff's law. Therefore, radiation passing through

a layer of gas at thermal equilibrium, of length £, and at pressure p,
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will be attenuated sco that

o
Iw = Iw exp(-Pwpl), (36)

where I’J.) and I; are the transmitted and incident spectral flux densities,
respectively.
For a liquid absorber of length £, it is convenient to define a

linear spectral absorption coefficient kw , by

o
Iw = Iw exp(-—kw £) . (37)

The integrated intensity of a gas, «, for an absorption band

located between the wave numbers wl and wz, is defined as

2
o =f P, d, - (38)

Wy
Likewise, the integrated intensity for an absorption band of a liquid,

¢!, is defined as

a! = f kwdw- (38a)

When analyzing the experimental data, one must take into account
the finite resolution of the instrument and the resulting slit distortions.
We define an instrumental slit function g(l Ww-w' Lb', c') for the effective
spectral width of the exit slit between W- Aw%< and @+ Aw*; w is the
actual wave number setting of the instrument while b' and c' are

parameters dependent upon the slit geometry. If the normalization
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condition
wt Aw'"
jﬂ g (lw-w'l, brLen dw ' =1 (39)
w - Awﬂ:

holds, the slit function gives the fraction of energy at the wave number
w' which the detector senses when the instrument is set at . The
apparent spectral flux density, IZ’ detected by the instrument when it

is set at w, is therefore

sk
w'l' Aw
I = f I .8(|w‘w'l: b',c') dw' . (40)
* w :
w=Aw
Representative slit functions are triangular for prism instruments and

gaussian for grating instruments.

2. The Wilson-Wells-Penner -Weber (W3P) Method -~  The effect of the
slit function in determining the integrated intensity and spectral
absorption coefficient can be eliminatéd if certain experimental con-
ditions are satisfied. The absorption data were analyzed according to

the W _,P method described by Penner. L

3
The method necessitates the smearing out of the rotational fine
structure of a vibration-rotation band by means of sufficient pressure
broadening. This may be accomplished either by maintaining an

adequately high pressure of the absorbing gas (self-broadening) or by

pressurizing with a foreign, non-absorbing gas (foreign-gas broadening).
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In order to obtain the integrated intensity, we define a parameter

65 , which equals the integral over the band region of the natural

logarithm of the ratio of apparent spectral incident intensity Io’ a, to
the apparent spectral transmitted intensity IZ , loe.,
i wk Ag* ]
(o]
W2 o.a *2 Ty gllumw'l, b, efdur
f Iw [ w- AW
@ = in = dy = In= e dw. (41)
“ v “1 f I 8w-w'] b, cdy!
L weAwk
Since Iw, = I(;), eXp(—PWX), where X = optical depth = pf, it follows
that, if the incident spectral flux density Iw? , is constant over the
wave number interval between ¥= Ay* and gt Aw*, then
4
Wt Agy*
- - {1 1 1 1
w, [eXP( Pw.X)] g(|w-w'|, b, cNdw
- g WAWw*
® - j‘ I R dw  (42)
Y1 f gllw-w' [, b, cdy!
W~ Aw*
L )
and .
/
whA w* 1 ‘
W, Py [exp(-Pw.X)J gl | w-w'] b1, ety
d _ w-Aw*
ax" - [ 2 WrAW ¥ ? duy. (43)
w1 [exp(-Pw 'X)jl gl] w-w'], b, c)dw
w-Aw*

\

From Eq. (43) we see that the integrated intensity is
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a = ‘/' Pwdw:_d_'.@ ) (44)

as long as Pw, can be considered constant over the wave number range
of the effective slit width 2AW* . This condition is satisfied by sufficient
pressure broadening.
In a similar fashion, we find that if sufficient pressure broadening
is achieved
i 0,a,.a
den(I’ ; /Iw )

P, = I : (45)

Equations (44) and (45) are the desired results.

3. Analysis of Data - A sample of the experimental data showing

the absorption of 1. 22 cm of water vapor at 200°C and 5. 18 atm is
shown in Fig. 3; the signal was recorded on 0 to w log paper. The
experimental data, along with the calibration curve of the mono-
chromator prism, was input to an IBM 7090. * The computer was
programmed to perform the integration designated by Eq. (41), and
to execute a least square fit of the resultant values for (® to Eq. (44)
in order to determine the integrated intensity. In addition, the
computer carried out a least square fit of the experimental points to
Eq. (45) in order to determine the spectral absorption coefficients.
The computer printed oﬁt the determined values of the integrated

intensity (from Eq. {44) ), the experimental and fitted values of @ along

ok
" The author is indebted to M. Thomas for writing the program.
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with the percent error for each point, the experimental values of
{,n(lwo’ a/IUUB') at previously designated wave number intervals, and
the slope-determined values of the spectral absorption coefficients

(from Eq. (45) ) at the same wave number intervals.

D. EXPERIMENTAL FACILITIES* AND PROCEDURES

1. Introduction - An overall view of the apparatus appears in Fig. 4.

Situated on the table, from left to right, are the constant temperature
bath, the potentiometer with ice bath, the control panel containing the
electrical switches and meters, the thermocouple selector, and the
pressure gage. DBelow the table are the oven temperature control
unit, the 220 volt switch, and variac. At the right are the vacuum
tank, spectrometer, and recorder.

Figure 5 is a view of the inside of the vacuum tank containing the
- globar, chopper, mirrors and oven; a schematic diagram of the

apparatus is shown in Fig. 6.

2. Vacuum System - The 2-ft. diameter by 5-ft. long vacuum tank,

which can be seen in Figs. 4 and 6, contains the absorption cell, light
source, chopper, oven, and associated optics. A pressure of 50uwas
achieved in the tank by using a CEC Type MCF-60 oil diffusion pump

backed up by a Kinney Model KC-8 mechanical pump. This system was

" The apparatus used in the present studies is an improved version of
equipment first assembled by D. Weber and subsequently modified
by U. P. Oppenheim and A. Guttman.
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also used to evacuate the gas supply lines and absorption cell.

3. Optical System - A water-cooled globar was used, operated at

about 14000K, as an infrared light source. Stable radiation output was
accomplished by placing a number of 10 - 25 Amperite ballast tubes

in series with the globar, and supplying the voltage from a Sola
constant-voltage transformer; regulation of the voltage was achieved
by using a variac.

The radiation was modulated at 13 cps by a Perkin-Elmer chopper
(see Fig. 6), passed through the absorption cell by using a parabolic
mirror (Ml) and focused onto the exit slit of the monochromator with
the aid of another parabolic mirror (MZ)' The light beam left the
vacuum tank through a 2-inch diameter by 1/4-inch thick sodium
chloride window.

The signal was measured by a Perkin-Elmer Model 98 spectro-
meter with a 13 c¢cps amplifier, and put onto a L.eeds and Northrup
Speedomax Type G recorder; logarithmic chart paper No. 578, supplied
by Technical Charts Incorporated, was used.

Standard procedures were used to calibrate the monochromator.
The calibrations for the LiF and Na Cf prisms are shown in Figs. 7

and 8, respectively.

4, Heating Unit and Temperature Measurement - The oven was made

with a Norton cylindrical refractory core (inside diameter 2 3. l-inch,
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length 2< 20-inch) and Jelliff Alloy K resistance wire. Water-cooled
copper tubing surrounded the oven. Current was passed through the
heating coils from a 220-volt A. C. source, regulated by a variac.

An oven temperature of 1200°K was easily achieved with a current of
about 16 amperes. Temperatures were kept within + 2°C of the
desired value (% 1°C below 210°¢) by controlling the oven current with
a Leeds and Northrup Speedomax Type H temperature — control unit,
which monitored the absorption cell temperature through an alumel-
chromel thermocouple. Precise measurement of the cell temperature
was accomplished by a second alumel-chromel thermocouple and a

Leeds and Northrup N. 8657-C double range potentiometer.

5. Gas Supply and Constant Temperature Reservoir - The water vapor

was supplied from a stainless steel liquid water reservoir, submerged
in a constant — temperature oil bath. A cross-sectional view of the oil
bath is shown in Fig. 9. Tim current through the copper heating
elements was controlled by a Cenco-DeKhotinsky DPST, Bimetallic
Thermoregulator and a SPST, Non-Induction Load Relay obtained from
Central Scientific Company; the oil used was Mar-Temp Oil No. 2,
purchased from E. F. Houghton and Co. Temperatures up to 215°c
could be held in the bath with an accuracy of + 0, 5°C. Water-cooled
copper tubing was submerged in the bath so that the oil temperature
could be reduced in a reasonable amount of time (without cooling, the
0il temperature decreased IOOC/hour). The temperature of the oil
bath and reservoir was measured by an alumel-chromel thermocouple

connected to the potentiometer through a thermocouple selector switch.
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The gas supply lines were made of 1/4-inch stainless steel
tubing, kept at about 80°C by heating tapes to reduce condensation,
connected with stainless steel flare fittings; the valves were 1/4-inch
Circle Seal plug valves. A pressure of less than 1M could be pulled

in the gas lines and absorption cell.

6. Pressure Measurement - The water vapor pressure was measured

with an Ashcraft 0 to 400 psi pressure gage, which was calibrated using
both a dead weight tester and static pressure tests of the water vapor
pressure above liquid water at a known temperature.34The resulting
calibration, shown in Fig. 10, was accurate to + 1 psi.

Vacuum pressures were measured with a Pirani tube and gage

(0 to 2000p), supplied by Consolidated Electrodynamics Corporation.

7. Absorption Ccll with Variable Spacers’.‘— A view of the absorption

cell with variable spacers is shown in Fig. 1ll. The cell was used in
two ways. In the preliminé,ry experiments cmawater vapor absorption
(Chapter II), and in the experiments on saturated water vapor absorp-
tion (Chapter V), the vapor was supplied from a liquid reservoir
attached to the cell and placed in the oven with the cell (see Fig. 12).
With this setup, the water vapor pressure in the cell corresponded to
the vapor pressure above liquid water at the cell temperature, as long
as liquid remained in the reservoir, and pressure equilibrium was
achieved.

For the experiments on liquid water (Chapter IV) and in the

* This cell' was built by A. Guttman.
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experiments on saturated vapor (Chapter V), the water vapor was
supplied to the cell from the liquid reservoir submerged in the constant
temperature bath outside the vacuum tank (see Fig. 13).

Because of the teflon O-rings, the cell could only be used to a
temperature of 210°C. Thicknesses of available spacers ranged from
0. 002 to 0. 750-inches. The thermocouples were attached by means
of spring clamps silver-soldered to the body of the cell and to the self-

contained liquid reservoir.

8. High-Temperature Absorption Cell - An absorption cell {see Figs.

14 and 15) to hold pressure at 1000°K was specially designed and built
with the help of Instra-Tech Seals in Pasadena and Neel Industries in
Northridge, California. The material used was Hayncs-25, a high
cobalt alloy which resists oxidation and carburization up to 130 OOK;
it was obtained from the Haynes Stellite Company of Kokomo, Indiana.
The portion of the 1/4-~inch tubing that was exposed to the high tem-
perature was also made of the Haynes-25 alloy. The assembled cell
consisted of nine pieces: the two end pieces; the center spacer; the
adapter seal; the adapter with the tubing arc-welded to it; two platinum
O-rings; and two optical windows, as well as 8 bolts, washers and nuts.
The pressure seal between the adapter and the center spacer
was achieved by tightening down the adapter screw to squeeze the
adapter seal. The platinum O-rings were made inour laboratory from
0.020-inch platinum wire and No. 1500 platinum solder. A seal was
formed between the spacer and windows by squeezing each of the

O-rings to a width of 0. 010-inch by means of the eight equally spaced
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Fig. 14. High-temperature absorption cell.




l
~
<

I

-1192 uonidrosqe oanjezrodwo}-y81y 213 JO MmaTA JRUOTIDAS-ss03) "6 "Jif

G2-S3INAVH :1VIHILVIN

(NMOHS 3NO ATINO)

HONI 3NO

F—

(dA1)S1708 A30vdS —S3031d ON3- —HIHSYM !
A11VAD3I LH91D | . \ \ — 1NN
\ N
A NN
— N . 20
: NI
: ("dAl) NN
SONIY-0 WNANILYd - — -
N\
(dALl) SMOONIM N .- AN
xo:._.r__lw x "¥1Q,0 SCAIT S IIOITY
\
4IOVdS HILNID A #_ \\\odalomq/
A 43Ldva “oNignL ¥
a13IM-08v-/ ( v .._

I . - IV3S ¥31Ldvav
V-V NOILDJ3S




-473-

belts. The geometric length of the gas was £ (see Fig. 15) plus twice
the thickness of the squeezed O-rings {= 0. 020-inch). For the cecll
used, £+ 0,020 x 2. 54 was 1. 22-cm.

The cell held a pressure of 250 psi at 600°C with two l-inch
diameter by l/4-inch thick sapphire windows. The pressure seal
failed above this temperature because of the large difference between
the coefficients of expansion of the Haynes-25 and sapphire, 17. 7 x llf)"6
and 8. 4 x 10_6J cm/fcin- -Oc, respectively., Pressure tightness was
achieved up to 1100°K (tested with 200 psi) by using magnesium oxide
windows, which have a coefficient of expansion of 13. 8 x 10_6 cm/cm-2C.

After exposure to temperaturcs above 1000°K for five days, the
cell was covered with a dark green residue, probably cobalt anc nickel
oxides. DBut the residue was not found on the windows, and there was
only a slight reduction in the transmission through the windows during
the five-day period.

The thermocouples were attached to the cell body by using an

extra nut and two washers on one of the bolts,

9. Elimination of Atmospheric Absorption - The strong atmospheric

absorption due to water vapor and carbon dioxide was eliminated by the
50u pressure in the vacuum tank, and by continuously flushing the
monochromator and the short tube between the monochromator entrance

slit and vacuum tank window, with high-purity, dry nitrogen.

10, Standard Operating Procedure for Absorption Experiments:

1) The cell was placed in the oven and connected to the supply line.
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2) The vacuum tank and absorption cell were evacuated to a
pressure of about 50p,

3) The cell was heated to the desired temperature.

4) With high-purity, dry nitrogen being flushed through the
monochromator, the background radiation was recorded.

5) The constant temperature oil bath was hecated to the desired
temperature; for the water vapor experiment, the temperature
cor responded to the vapor pressure desired; for the liquic water
experiment, the bath temperature was held above the cell
temperature to insure condensation in the cell.

6) The transmission spectrum was automatically scanncd.
During the 20 to 30 minutes of this operation, we monitored the
cell temperature and vapor pressure constantly.

7) Either the cell temperature or the vapor pressure was

appropriately changed anc the transmission spectrum rescanned.



CHAPTER I

APPROXIMATE MEASUREMENTS OF THE INTEGRATED
INTENSITIES OF WATER VAPOR BETWEEN 125 AND 200°C

A. INTRODUCTION

A preliminary investigation on the integrated intensities of the
L 384, 1. 874 and Z. 7u bands of water vapor at temperatures between
125 and 200°C has been performed, using sufficient self-broadening

to smear out the rotational fine structure.

B. APPARATUS AND PROCEDURE

The experimental facilities are described in Chapter I; the
variable spacer absorption cell with the self-contained liquid reservoir
(see Fig. 12) was used. Variation of the optical depth was accompligshed
by using spacers of 0.060, 0,150, 0,250, 0.375, 0.500, and 0. 750-
inches; the pressure was assumed to be the vapor pressure above
liquid water at the temperature of the cell. This technique for
monitoring the vapor pressure was previously employed for
NOZ—N204 mixtures found above NZO4; 35, 36 it appears to be
particularly useful for the type of studies performed ir the present
investigations.

After liguid water was put in the reservoir, the cell was
evacuatec by closing needle valve (2) and connecting needle valve (1)

to the vacuum pump; needle valve (2) was opened for a moment to

remove the atmospheric pressure from the reservoir. The cell was



—46-

then placed in the oven and the vacuum tank pressure reduced to 50 .
The background radiation was recorded before the cell was heated;
no measurable absorption was found in the background record.

After the cell and reservoir were heated to the desired tempera-
ture, pressure equilibrium in the cell was assumed when repcated

scanning of an absorption peak showed no change in absorption.

C. RESULTS AND DISCUSSION OF RESUL'T'S

The parameter (B (see Eq. (41) ) is shown in Figs. 16 to 18 as
a function of spacer thickness at temperatures between 125 and 200°C
for the 1. 38, 1. 87 and 2. 7u bands of water vapor, respectively., It
can be observed that there is a large scattering of the experimental
points when fitting the results to the straight line designated by Eq. (44).

A summary of the values of the integrated intensities of water
vapor determined from Figs. 16 to 18 and Eq. (44) is presented in Table
2. Because of the error due to the uncertainty of measuring the cell
temperature, with the resulting uncertainty in the vapor pressure,
and the large scattering of experimental points evident in Figs. 16 to
18, the uncertainty of the values for the integrated intensity is
estimated at £ 20%.

Reference to Chapter V shows that the absorption spectra of
saturated water vapor is different from that of water vapor below the
saturation pressure. Because of the experimental setup in this
investigation, the water vapor is at a saturated or near-saturated
condition; this introduces a definite source of error and may partially

explain the large scattering of the experimental points.
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Fig. 16. & plotted as a function of spacer thickness for the 1.38u
band of water vapor at 125, 150, 170, 185, and 200°C.
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Fig. 17. 1S plotted as a function of spacer thickness for the 1 87u
band of water vapor at 125, 150, 170, 185, and 200°C.
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Table 2. Approximate Values for the Integrated Intensities

of Water Vapor Between 125 and 200°¢C (£ 20%)

a (cm_z-atm-l) for the band region near

Temperature | Pressure 1. 38u . 1. 87y 2. T
(°c) (atm) ¥l a® | ° |a «®
125 2.29 13.3 17. 7 17.8 | 23,6 | 136 180
150 4. 70 12. 2 17. 3 16.4 | 23.1 | 144 | 203
170 7. 82 12. 8 18.9 17.2 ] 25.4 | 132 195
185 11.08 11. 6 17. 7 15,7 24.0 - -
200 15. 34 1i.7 18. 5 15. 2 24.0 | 126 199

%k

Integrated intensity at temperature of experiment.

Integrated intensity normalized to 300°K assuming inverse
relationship with temperature.
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CHAPTER III

MEASUREMENTS OF THE INTEGRATED INTENSITIES AND SPECTRA L
ABSORPTION COEFFICIENTS OF WATER VAPOR BETWEEN 200 AND
727°C

A. INTRODUCTION

- Measurements have been made of the integrated intensities
and spectral absorption coefficients of water vapor in the 1. 38y,
L. 874, 2. 7u and 6. 3 regions, at temperatures between 200 and
727°C, using sufficient self-broadening to remove the rotational fine
structure. In each spectral region, several bands contribute to the
absorption, but usually only one or two of the bands are of dominant
importance. By using estimates of the relative intensities of the

29,37

bands in each region, individual f-numbers can be calculated
for each of the bands from the integrated intensities found in our

experiment.

B. APPARATUS AND PROCEDURE

The apparatus is described in Chapter I. The 1. 38y, 1. 87u
and 2. 7u bands of water vapor were studied with the high temperature
absorption cell (see Fig. 15); two l-inch diameter by 1/4-inch thick
sapphire windows were used for the measurements at 200, 400 and
6000C, while magnesium oxide windows were used for the study of
the 2. 7u band at 1000°K. The 6. 3u band of water vapor was studied
with the variable spacer cell (see Fig. 13) using a 0. 500-inch spacer

and two silver chloride windows. With slit widths varying between
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100 and 1000y, the resulting resolutions were about 50, 20, 15, and
200 cm-1 tor the L. 38u, L 874, 2.7u, and 6. 3u bands, respectively.
Water vapor, at known pressures, .Was supplied to the cell from
the liquid water reservoir outside the vacuum tank. The optical depth
was varied by raising the water vapor between 2.5 and 18 atm. Smear -
ing out of the rotational fine structure was accomplished by self-
broadening, which is achieved for water vapor at a pressure of 3 atm.
at 3000Kl; the pressure required for self-broadening should decrease
with temperature because of the increased number of bands and lines.

The computer was programmed to print out the values of the

spectral absorption coefficients at 5 cm_l intervals.

' C. EXPERIMENTAL RESULTS

Figures 19 to 22 show 68 (see Eq. (41) ) as a function of optical
depth for the 1. 38u, 1.87u, 2. 74, and 6. 3y regions of water vapor,
respectively, at temperatures of 200, 400, 600 and 727°C. The
integrated intensities of the bands determined from Eq. (44) and
Figs. 19 to 22, are given in Table 3 in units of (:1rn_2-a.tm-1 and
g_l—cm. Table 3 also includes the values for the integrated intensities
normalized to 300°K, as suming an inverse relationship with
temperature, and the integrated intensities found by numerically
integrating the graphs of the s‘pectral absorption coefficient Pw as

a function of wave number. The latter values agree within 2% with

the integrated intensities determined from Figs., 19 to 22. Plots o
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Flg 19. © plotted as a function of optical depth for the 1.38u

band of water vapor at 200, 400, and 600°C.
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Fig. 20. & plotted as a function of optical depth for the 1.87u
band of water vapor at 200, 400, and 600°C.



_55-

1500 |—
1250
000 +—
£
oA
& L
0-200°C
0-400°C
2-600°C
500 9-727°C=I000°K
250 —
o] | | | | |
o) 5 10 15 20 25
OPTICAL DEPTH,X(cm-atm)
Fig. 21.

G plotted as a function of optical depth for the 2.7u
band of water vapor at 200, 400, 600, and 727°¢C.
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Table 3. Integrated Intensities of Water Vapor (+ 10%)
* T 3 0 Py
Band |Temp- a a a a
Region |erature slope num. slope slope
Near | o @ . - 2, -1 -1 hormalized to 300°K
C cm -atm  |cm -atm |g -cm -2 1 ’
cm “-atm
200 10. 2 9.9 22,000 16. 1
1. 38u | 400 7.3 22, 300 16. 3
600 5.5 21, 800 16.0
200 13.7 13. 9 29, 600 21. 6
1. 87w | 400 9.7 9.7 29, 800 21, 8
600 7.7 7.7 30, 500 22.3
200 123. 125, 266,000 194,
400 82. 4 83.3 253, 000 185.
2T | 00 67. 3 67.6  [268,000 196.
727 61.6 62. 1 281,000 206.
6. 3u | 200 143. 143. 308, 600 225,
% 5 1ope determined using Figs. 19 to 22 and Eq. (44).
t a determined from numerical integration of the plots of P
num. W

as a function of wave number (Figs. 23 to 33).

e ate
b

a is a
slope slope
variation of integrated intensity with temperature.

. o . .
normalized to 300 K assuming an inverse
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the experimentally determined values of the spectral absorption
coefficient of water vapor (from Eq. (45) ) as a function of wave
number, are shown in Figs. 23 to 33; the theoretical values of the
spectral absorption coefficients, which were calculated by using a
just-overlapping line model, are also shown on these figures.
Details of the theoretical calculations are described in Chapter VL
The integrated intensities of water vapor (in cm—z—atm_l) are
plotied in Fig. 34 as a function of temperature. If we assume that ¢
varies as Tx, the values of x derived from Fig. 34, for the 1. 38u,

1. 874, and 2. 7u bands of water vapor, are -0.99, -0.93 and -0. 93,

regspectively.
A table of the experimentally determined values for the spectral
absorption coefficients of water vapor at 5 cm intervals is given in

Appendix B; graphs showing ﬁn(IwO’ a/Iwa) as a function of wave number

for all the experimental conditions is given in Appendix A,

D. DISCUSSION OF RESULTS

The cell spacer was measured with an uncertainty of £ 1%; the
uncertainty of thé pressure was about + 2%. Small sources of error
were also contributed by the reading of the data, the slight variation
of the background, the uncertainty of + 2°C in the cell temperature,
and the fitting of the experimental points to a straight line, as designated
by Egs. (44) and (45). With regard to the latter uncertainty, reference

to Figs. 19 to 22 shows that the points determine a straight line, well
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within the uncertainty due to the optical (iepth and the reading of the
data, even though most of the straight lines do not pass through the
origin. This behavior is known to be produced by a slight malalign-
ment of the monochromator but may also result when inadequate
pressure-broadening is achieved and the low-pressure data are
weighted too heavily. The integrated intensities obtained by using only
the data at the highest pressure varied from the values determined
from the slope method by less than 5%. In evaluating the integrated
intensities and spectral absorption coefficients, no corrections were

made for gas imperfections, which introduced a maximum variation

(a3

1.7 and 0. 5%

of the density, for the highest precsure runs
at 200, 400, and 600°C, respectively.

A conservative estimate for the overall uncertainties in the
integrated intensities and spectral absorption coefficients is + 10%.

The values of x taken from Fig. 34 show that the simplified
theory, according to which the integrated intensity for a band varies
inversely with temperature because of the change of density, is
approximately correct for the 1. 384 band but that some deviations
may be present for the 1. 87y and 2. 74 bands.

The value for the \)3—fundamenta.l band strength at 3000K,
calculated from the data in Table 3 and using estimated relative band
intensities, 29 ie 177 + 18 cm—'z—atm—l. This value is consistent with
the results mentioned in Chapter I, Section A and agrees, in particular

with the estimate of Jaffe and Benedict5 of 192 + 28 cm—z—atrn—l.

2
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Figure 35 shows the values of the integrated intensity of the 2. 7u
region, delermined by several investigators, at various temperatures.
The values have been normalized to 300°K by assuming an inverse
variation of integrated intensity with tempera;.tur e. There is general
agreement for the normalized value of the integrated intensities within
the acknowledged experimental uncertainties. The data of Ferriso
and Ludwig, 4 and of Bur ch and Grynak, 38 are slightly lower than that
obtained in the present investigations. This deviation is to be expected
because of the difficulty of achieving adequate pressure-broadening
in their experiments.

Ferriso and Ludwig4 stated that the normalized integrated
intensity for the 2. 74 region is approximately constant at 180 cm—z—
a.'crn_l between 300 and 2200°K. Our results are in agreement with

ey -1
this observation, but give the value of 195 + 20 cm &—atm at 300°K.
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CHAPTER IV

MEASUREMENTS OF THE SPECTRAL ABSORPTION COEFFICIENTS
OF LIQUID WATER BETWEEN 27 AND 209°C

A. INTRODUCTION

The spectral absorption coefficients of liquid water have been
measured between 2200 and 3000 cm—l and between 3700 and 7600 cm-l
at temperatures of 27, 89, 159, and 209°C. The integrated in-
tensitics for the entire spectral regious exlending from 4600 to
5900 cm—l and from 5900 to 7600 cm-1 have also been determined
at each of the specified temperatures. Following Buijs and Choppin, 18
the experimental data have been used, in a highly simplified analysis,
for the determination of hydrogen bonding in liquid water on the
assumption that water consists of clusters containing only zero, one
or two hydrogen bonds per molecule., We have also indicated briefly
a more complete analysis of the experimental measurements in which

the full range of results on spectral absorption coefficients as a

continuous function of frequency is properly utilized.

B. APPARATUS AND PROCEDURE

The experimental facilities are described in Chapter I. The
variable-spacer absorption cell was used with 1/4-inch thick sapphire
windows for the present investigations (see Fig. 13).

Liquid water was introduced into the cell from the external
liquid water reservoir which was submerged in the constant tempera-

ture oil bath. By raising the temperature of the oil bath above the
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temperature of the cell, liquid water could be made to condense in
the cell. The liquid was kept in the cell during the absorption runs
by maintaining a higher vapor pressure in the supply lines than in the
cell. The slit width of the Perkin-Elmer model 98 monochromator,
which was used with a lithium fluoride prism, was set at 100y with
a resulting spectral resolution of 5 to 50 cm_1 for the 5.0 to 1. 3u
spectral regions, respectively.

The data wcere analyzed according to the method described in
Chapter [; the optical depth was varied by using spacers of 0.00508,
0. 0132, 0.0264, and 0.0391-cm. A least square fit of the four experi-
mental points was performed to Fq. (45) with the aid of an IBM 7090
and the spectral absorption coefficients were printed out at 10 <:1rn—1
intervals. By using suitable reference points to superimpose the
backgr ound (observed with a non-absorbing gas pressure ‘of 50u in
the absorption cell) and absorption records, the effect of window
reflection was eliminated. The reference data were measured at
10300, 9750, 9250, and 8850 cmnl, where the absorption was too small

to be discernible with the spacers used.
C. EXPERIMENTAL RESULTS

. . . . s o .,
A normalized linear spectral absorption coefficient kw , is

defined by
-————Iu'J = exp(-k 020) (46)
o P W ’

w
where Iw and Iwo refer to the transmitted and incident spectral flux

density, respectively, and 1° is the geometric thickness that the
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absorbing liquid would have at 300°K. Thus

1°=——1y, (47)

where £ is the geometric thickness of the absorbing liquid, and p and
p© are the densities of liquid water at the temperature of the absorption
run, and at 300°K, respectively. It is apparent that kwo is directly
proportional to the absorptive power per unit mass.

Figure 36 shows the normalized spectral absorption coefficients
for liquid water in the spectral region from 2200 to 7600 crn—1 for
temperatures of 27, 89, 159 and 209°C. Reference to Fig. 36 shows
that strong absorption is localized in the regions between 2500 and
4600 cm—l, between 4600 and 5900 cm-1 (region I) and between 5900
and 7600 cin L (region II). Figures 37 and 38 show details of the
normalized absorption coefficients, and indicate more clearly the
variations with temperature. The linear spectral absorption coefficients
in Figs. 34 to 36 are expressed per precipitable cm of liquid water
at 27°C. They may be converted to mass spectral absorption
coefficients by dividing by the water density at 27OC of 0.9965 g/cm3.

The quantity B (see Eq. (41) ) is plotted as a function of spacer
thickness in Fig. 39 for regions I and II. The integrated intensity of
the normalized spectral absorption coefficient |

¢ glope - f kwo dw, (48)
band

has been determined from the slopes of the "best'! lines through the

points shown in Fig. 39. The values of a: are presented in Table

lope
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Fig. 36, The normalized spectral absorption coefficient of
ligquid water, kwo, as a function of wave number at temperatures
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Fig., 37. The normalized spectral absorption coefficients of
liquid water, kwo, in region 1(4600-5900 cm-l) at tempera-
tures of 27, 89, 159, and 209°C.
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4, along with the values of the integrated intensity obtained by inte-
grating Figs. 37 and 38 numerically.

Reference to Figs. 36, 37 and 38 shows that liquid water absorbs
strongly in some spectral regions where water vapor at moderate
optical depths has uo measurable absorption. There is no evidence of
rotational fine structure with the spectral resolution of 5 to 50 cmﬁl.
In addition, the infrared absorption of liquid water has a strong
dependence on temperature which is different for different spectral
regions. Furthermore, as the temperature is raised, there is a
displacement of the absorption band centers to higher frequencies;
kwo increases at the absorption peaks; the absorption peaks move
toward higher frequencies; kwo decreases strongly between absorption
peaks; the absorption bands become narrower, especially on the low
frequency side of the bands; and weak absorption peaks (for example,
at 3900, 5500 and 6100 cm—l) may tend to disappear. A summary of
the location of absorption peaks, and of the corresponding values of
kwo, is given in Table 5; the peak absorption in the 2500 to 4600 cm_1
spectral region was too great to be measured with the spacers used.

A table of the experimental values for the normalized linear

spectral absorption coefficients of liquid water at 10 cm“1 intervals

is given in Appendix C.

D. DISCUSSION OF RESULTS

There are small errors introduced in measuring the spacer

thicknesses, in superimposing the background and absorption runs,
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Table 4. Integrated Intensities of Liquid Water Bands (cm-z)

For Various Temperatures

Region I (4600-5900cm )

Region II(5900-

7600cm™))
Temperature 2 o’ a® T a® a®
P slope num. slope num.
(o} O
C
27°c | 1.000 |52,000 52, 000 22, 600 23,000
89°C | 0.9694 |51, 800 51,300 |21, 600 21, 600
159°c | 0.9117 |48, 500 49, 200 19, 700 19, 700
209°c | 0.8543 |47, 100 49, 000 20, 200 20, 100

% o
a =
slope

[kodw calculated by using Eq. (44) and the data

band ¥

shown in Fig. 39.

t o
a =
num.

ku()) dw determined by direct integration of the data

band

shown in Figs. 37 and 38,
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and in analyzing the data. We estimate the uncertainty of the spectral
absorption coefficients and the integrated intensities to be + 10%.

This experiment was done in conjﬁnction with the experiments
on the infrared absorption of water vapor (Chapter III) and saturated
vapor (Chapter V). Comparison of the results shows that, as the
water vapor condenses, the rotational fine structure is smoothed out,
the absorption bands become much wider and are displaced to lower
freque.ncies, and absorption occurs in regions where the water vapor
has no measurable absorption. But, as the temperature of the liquid
water is raised, the absorption spectra of liquid water more closely
approximatcs the absorption spectra of the vapor.

The new experimental measurements confirm and, to some
extent, amplify previously reported infor mation on the relation
between absorption spectra of water in the liquid and vapor phase.
For example, the frequency shifts of the absorption peaks for unbonded
molecules in the liquid phase relative to those in the vapor phase may
be determined18 from the following rule: -60 cm—1 for Vi, 30 cm_l
for Voo and -150 cm™ for V3 Thus the liquid water band in region I
peaks at 5220 .::rn_"l at elevated temperatures (see Fig. 37) whereas
the corresponding absorption maximum in the vapor phase occurs at
5340 crn-l (see Chapters III and V), as is to be expected for the
(\J2 + v3)-band; similarly, the (vl + v 3)—band has an absorption peak
at 7050 cm-1 at elevated temperatures in the liquid phase (see Fig. 38)

whereas the corresponding vapor phase maximum lies at about 7260 cm-1

{(scc Chapters III and V).
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The abrupt change in the character of the spectral absorption
coefficient near 6900 crn-1 between 27°C and 89°C is in accord with
- previously reported discontinuities in suéh parameters as the rate
of change with temperature of refractive index, viscosity, thermal

18, 39-41

expansion, etc.

o}

Refer ence to the data listed in Table 4 shows that ¢ slope

decreases about 10% in region I and about 13% in region II as the
temperature is incrcased from 27 to 209°C. The integrated intensities
for water vapor at 200°C are 30, 000 c1'r1"2 and 22, 400 (:rn—2 for regions
I and II, respectively (see Chapter III). The corresponding values for
liquid water at 209°C are seen to be 47,100 cm™ % and 20, 200 cnq"z,
respectively. Thus the integrated absorption in region I is much more
strongly affected by a phase change than the integrated absorption in
region II.

Table 5 shows the positions and magnitudes of the absorption
coefficients at the absorption peaks. The position of the absorption
peak at 6880 cm_1 agrees with that observed by Collins9 (at both 27°C
and 890C) and also with that of Curcio and Pet:ty;11 the position of the
peak at 5175 cm_.] agrees with that of Curcio but is about 50 c1rn"1
higher than the peak observed by Collins. In general, the spectral
absorption coefficients of Cur cio and Petty are about 15% lower than
the estimates derived in the prescnt study, while the data of Collins

are about 10% lower, except in the 1. 75 to 1. 904 region, where both

the present investigations and Curcio's data show lower absorption
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coefficients by 10 to 30% than Collins. It should be noted that Collins9
and Curcio and P’e‘cty11 used single spacers to determine the absorption
coefficients in each spectral region, whereas a variety of spacers was
employed in the present investigations. The presence of a ''shoulder"
on the 1. 93l absorption band at 5550 cm™! was found by Curcio and
Pettyll but not by Collins. ? As the temperature is increased, this
'""'shoulder!' tends to disappear.

1he quantitative variation of spectral absorption coefficients with
wave number (W) and with temperature (T) provides important infor -
mation on the change in hydrogen bonding with temperature. Following
Duijs and Choppin, 18 we may use the new experimental results to
estimate the mass fractions (YO, Y1 and YZ) of unbonded (SO), singly
hydrogen-bonded (Sl)’ and doubly hydrogen-bonded (SZ) water molecules
in the liquid phase on the assumption that these species arc sufficient
to explain the quantitative variati ons of kwo with W and T. Thus we
select the wave numbers ®ys wl’ and wz at which the spectral absorption
coefficients for the unbonded, the singly hydrogen-bonded, and the
doubly hydrogen-bonded species have their respective maxima. We
then identify W, with the location of the absorption peak in the liquid
phase at the highest temperature for which we have experimental data,
choose w, equal to the wave number at which the corresponding

2

absorptlion coefficient in ice has a maximum value, and assume that
the ratio (wl—wo)/(wz—wl) is the same in regions I and II as for the
1. 20y band studied by Buijs and Choppin. 18 Next we consider the

following set of four simultaneous equations:
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(0) (1) (2) _ . 0

Ky Yot Ry ¥yt Y - .y

k Dy tx My 1 @y o (49)
Wy 0 Wy 1 Wy 2 Wy !
(0) (1) (2} _ 1 ©

Ky Yotk Y+ Ky Yo=Ky

and

Yo+ Y, +Y,=1,
(1)
J . o o) o .
wave number wj. The quantities k . , kwl , and sz are read directly
from Figs. 37 and 38 and Appendix C (after the necessary correction

where k is the spectral absorption cuellicient of the ith species at

for the background absorption from the 3 region is taken into account);
(2) ) kw(z) and k (2)
0 1 Y2

absorption coefficients for ice at Wy, Wy, and w5, respectively. We

the values of k represent previously determined7’

0
assume that the term kw( )YO is negligibly small because the unbonded
2
(0)

species has a strongly peaked absorption maximum and the value of kw

2
decays rapidly for large values of w - Wy we also assume that
L)

1)
w,, Wy

absorption coefficient which is nearly symmetric and has decayed to the

» 1. e., that the singly hydrogen-bonded species has an

same value at u)O and at UJZ. It the absorption coefficients are assumed

to be independent of temperature, 18 there are sixteen unknowns (kw(o) s
0
k (1) = k (1), k (0) , k (1); and Y., Y, and Y., at each of the four
W w, Wy W, 0 1 2
temperatures) and 16 non-linear equations (Eqs. (49) at each of the four
temperatures) for each of the two regionsf': A set of values was found

for the unknowns that satisfied all 28 equations to better than 10%,

i. e., within the experimental limits of uncertainty. The rcsults for

“Since the values of Y., Y;, and Y, must be the same in the two chosen
spectral regions, only four of the“equations Y,+ Y.+ Y, =1 (one at each
of the four temperatures) are independent and the problem therefore
reduces to 28 non-linear equations in 20 unknowns.
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the spectral absorption coefficients are listed in Table 6 and those
obtained for the mass fractions are presented in Table 7, together
with the values extrapolated from the dala of Buijs and Choppin18
(who performed their experiments between 6 and 720C).

If ice is assumed to have 100% hydrogen-bonding, the fraction
of hydrogen honds at any temperature is YH— 1. O—YO—O. 5Y1; the
values of YH defined in this manner are also presented in Table 7.
The mass fraction of bonded hydrogen is seen to decrease from 60
to 20% in the temperature range 27 to 209°C. Extrapolation of the
data allows 68% hydrogen bonding in liquid water at 0°C. Reference
to the data shown in Table 7 indicates that our results show a much
stronger dependence of the mass fraction of unbonded species on
temperature than do those of Buijs and Choppin. However, the
values of YH are seen to be in fair agreement.

Following Buijs and Choppin, 18 we assume that the following
equilibria obtain:

5,7 SO with k1 = YO/Yl )
S2 =5 with kZ = Yl/YZ , (50)

and

k

ili

3 Skik, =Y, /Y, .
The heats of reaction may then be derived from plots of 4n ki vs. 1/T
(see Fig. 40). The resultant enthalpy changes do not agree well with

those of Buijs and Choppin, whose estimates are identified by the

subscript BC, viz.,

for S1 = SO’ we find AHI: 3.0 kcal/mole whereas AHIIBC: 1.1 kcal/mole;
for S2 = Sl; we find AHZ: 2.0 kcal/mole whereas AI—IZBC: 1.6 kcal/mole;
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Fig. 40. The quantity 4n k. plotted as a function of (1/T) for

the equilibrium between various species of water molecules

in liquid water.
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for Sz?—’ SO, we find AH3= 5.0 kcal/mole whereas AH3

BCS 2. 7 kcal/mole.

Since we had to introduce some rather arbitrary assumptions, in
addition to the model of Buijs and Choppin, the differences in the
calculated heats of dissociation are not surprising. Furthermore,
because our experimental data cover a much wider temperature range,
the assumed constancy of the kw(i) may lead to larger discrepancies.

Again following Buijs and Choppin, 18 we may make an estimate
for the heat of fusion by using the heats of reaction and the relation
AH'= Y (0°C) aH’t Y (0°C) AH®. The result is identical with that
of Buijs and Choppin, namely, l. 36 kcal/mole compared with the
experimental value of 1. 44 kcal/mole. 34

Turther discussion of our data on hydrogen bonding would
follow closely the work of Buijs and Choppin, 18 except for the
changes in the numerical estimates of YO’ Yl’ and Y2 at various
temperatures {see Table 7).

The discussion of the implications of our measurements on
water structure is not definitive because of the inadequacy of the
model used and because of the rather arbitrary nature of some of
the assumptions made by us. In this connection, it should be noted
particularly that our method of data analysis, like that of Buijs and
Choppin, 18 is incomplete since full utilization was not made of the
wealth of experimental informé,tion that is provided by the fact that
spectral absorption coefficients are measured as continuous functions

of frequency. Thus it is apparent that we could assume band contours

for the unbonded and for the hydrogen-bonded species in water and
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then use the available data on kwo to construct concentration estimates
for the five unbonded and hydrogen-bonded species of water that have
been considered, for example, by Némethy and Scheraga. 19 We defer
this ambitious programme of data analysis to a later date when more
exhaustive measurements will have been performed, particularly on

ice and on liquid water under saturation conditions.
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CHAPTER V

INVESTIGATIONS OF THE ABSORPTION BY SATURATED WATER
VAPOR AT 209°C

A. INTRODUCTION

Measureme.nts have been performed in the wave number range
between 3600 and 7600 crn-l on the transmission through equal optical
depths of liquid water and through water vapor near the limits of
saturation. This experiment was carried out at 209°C, because a
high water vapor saturation pressure was required in order to obtain

equal optical depths of liquid and gaseous water.

B. APPARATUS AND PROCEDURE

The apparatus is described in Chapter I. The transmission
spectra of liquid water was studied with a 0.0052-inch spacer in the
variable spacer absorption cell (see Fig. 15); the liquid was introduced
into the cell from the constant temperature liquid reservoir outside the
vacuum tank as described in Chapter IV.

Two absorption cell setups were used to investigate the trans-
mission through water vapor near and at saturation. The first
employed the variable spacer cell (spacer = 0. 500 inch) with the vapor
supplied from the liquid water reservoir outside the vacuum tank
(see Fig. 13); the vapor pressure was held constant (+ 0.5 psi) at a
value below the pressure at which condensation occurred, while the

absorption spectra was scanned. The e asured nominal saturation
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pressure was slightly above 277 psi at 209 = 1°C. This value is some-
what larger than the known vapor pressure of 27l. 2 psi at .2090(3;34
however, the observed discrepancy is within the limits of uncertainty
corresponding to the accuracy of the temperature measurements in
the cell. Scannings of the absorption specira were taken with vapor
pressures of 271, 276 and 277 psi. The fact that condensation or
droplet formation did not occur was deter mined by visual observation
of the windows (from outside the vacuum tank) and by continuous
observation of the signal.

The second setup used the variable spacer absorption cell
(spacer = 0. 500-inch) with the vapor supplied fr om the self-contained
liquid reservoir (see Fig. 12); the procedure was the same as that
described in Chapter II, and is assumed to have given saturated water
vapor. Two l-inch diameter by 1/4-inch thick sapphire windows were
used in all the present investigations.

The background was recorded and superimposed to the absorption

spectra in the same way as described in Chapter IV,

C. RESULTS AND DISCUSSION OF RESULTS

TFigure 41 presents the fractional transmission through the liquid
water and near saturated vapor in the wave number region between 3600
and 8000 cmnl; the data shown in Fig. 41 refer to a fixed amount
(0. 0108 g/cmz + 59%) of precipitable water in the light path. They may,
therefore, be used directly for illustrating the dependence of infrared

transmission on the proximity to saturation conditions.
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Reference to the experimental data shows that the vapor phase,
at a pressure which differs from saturation conditions by a micro-
scopic amount, has a transmission spectrum that is noticeably
different from that of the liquid phase. It is interesting to observe the.
rather abrupt change iu lrauswmission just before saturation conditions
are reached; the transmission spectra of water vapor at 271 and 276 psi
are almost completely identical in the spectral region studied, but
differ markedly from the transmission spectra of the two conditions
considered to be at, or near, saturation (277 psi and self-contained
reservoir runs). As condensation occurs, the remaining rotational
structure (which is observed with about 10 to 50 crn_1 resolution)
disappears, the absorption peaks are notably shifted, and the absorption
coefficients are markedly increased in some spectral regions, and
decreased in others.

The observed experimental results are consistent with the view
that molecular aggregates in liguid and gaseous water, at the highest
vapor pressures which we were able to maintain without condensation,
are significantly different. Further discussion on this subject is

presented in Chapter IV.
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CHAPTER VI

APPROXIMATE CALCULATIONS OF THE SPECTRAL ABSORPTION
COEFFICIENTS OF WATER VAPOR BETWEEN 200 AND 727°C

A, INTRODUCTION

The basic spectroscopic constants for water vapor, required for
an a priori calculation of spectral absorption coefficients, have been
measured and are described in Chapter III. ')'I‘hornson42 was able to
correlate the total emissivity data of water vapor, in terms of a
just-overlapping line model in the temperature range between 333 and
1666°K, by assuming ''reasonable! values for the integrated intensities
of the various bands. In addition, Gray6 used the same model, with
approximate values for the integrated intensities of water vapor, to
correlate emissivity data at lllloK. Therefore, it appears justified
to employ a just-overlapping line model, combined with the quantitative
data of Chapter III, in order to perform approximate spectral absorption
coefficient calculations,

The just-overlapping line model assumes that there is sufficient
pressure-broadening to smear out the rotati‘onal structure of the band.
For water vapor, this occurs at room temperature at a pressure of
3 atm; the pressure required for self-broadening should decrease with
temperature because of the increased number of bands and lines. This
condition was satisfied in obtaining the data in Chapter IIL

Calculations of the spectral absorption coefficients of water vapor

have been performed for all of the experimental conditions in Chapter III
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and the results have been compared to the experimental data.

B. THEORY

>k
The integrated intensity of an individual spectral line is given by )

3
S 8m “U,Qu N 2 hcwﬂu-’

fu” 3hcp q IR£u| eXP(“EE /KT) | l-exp |- .._ETI‘___I—] , (51)

where N is the number of molecules per unit volume, QT is the total

partition function, Wy is the wave number of the transition, Rﬂu is
the electric dipole matrix element corresponding to the transition
and EE is the sum of the vibrational and rotational energies of the
lower (initial) state; the other symbols have their usual meanings.
For an asymmetric top molecule such as water vapor, the
matrix element Rlu cannot be expressed explicitly in terms of '"good"
1,43, 44

quantum numbers. If the approximation of a symmetric top

is assumed, Eq. (51) becomes

3
8w N ov' Z E(J, K)
S5 TFhe _p‘ 81K eXP[ ~kT |’ (52)

where QR is the rotational partition function. With Eq. {52), we are

assuming that most of the molecules are in the ground vibrational

state, and that the induced emission term [l-exp(-hcw/kT)] is

* See Ref. 1, Eq. (7-125).

f See Ref. 1, Eq. (11-137).
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appr oximated by unity at infrared frequencies.

For a '"nearly symmetric top", the rotational energy is given

by Eq. (34) (see Chapter I, Section B. 4),
E(J,K) = hc [J(J+l) N BC+ (A-NBC )KZJ s (34)
where the degeneracies are g1Kk= 2(2J+1) for K # 0 and g1K™ 2J+1
for K =0,
Using Eq. (34), we may write
J r
Z L oxp L E(J, K)J {47 oxp [ heVBC f _ he(a- '\/BC') de},
KT T kT
K=0 0
(53)

where the summation has been replaced by an integral. Letting

Yy = hc N BC' /kT,
B=(ANBC -1), (54)
and u! = 2vyJ,
Eq. (53) becomes
J , 2. u'/ 2y
Z g7 RS*P {_ ng K)}z \;‘ exp | - Y [ exp -Y BK ] (55)
=0 0
*
or,
1 1
2 2 2
E(J, K)} [ = \ {:u' J (u'/ﬁ)
g1 €XD u' exp |- —— | erf | = (56)
Z TK L kT A | Ty
ES
2 x

Since erf(x) :ﬁr f exp(-—t)zdt.
0
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The rotational partition function can be appr oximated by>'<
i/2 |/ \1/2
_ T

= ) (57)
| (y3(1+ B) ) -

R | hc ABC

Combining Eqs. (52}, (56) and (57), the integrated intensity of the Jth

line in the vibration-rotation band is given by

/2 2 1/2
1 14 pl ! u' | B
SJ—--Z-au'(——ﬁ——} exp [- T-Y—J' erf = 1y (58)
where 3
8w (1)0 N 2
¢ T%y' " 3hc P lROV" (59)

refers to each branch of a vibration-rotation band consisting of P and
R branches, and the wave number has been approximated by W the
wave number at the band center. For a vibration-rotation band, the

mean line spacing is

5 =2¢BC ; (60)
it follows that
hclw-wol
u' =2y7J :—_—k_f———— . (61)

From Eqgs. (58), (60), and (61), the average spectral absorption

coefficient, 1—5w, equal to S, divided by the mean line spacing, becomes

J
% 1
2 ' z
§w = " ch u'(l_;ﬁ) exp [‘- u4y J erf %—(g} . (62)

* See Ref. 45, p. 208.
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C. CALCULATIONS

The infrared absorption of water vapor at room temperature is
due primarily to vibrational transitions from the ground state; as the
temperature is raised, higher vibrational states become populated. In
order to perform an accurate calculation for temperatures above
1000°K, hundreds of vibrational transitions must be taken into account
and would necessitate using a computer.

For this reason, our calculations, at temperatures up to IOOOOK,
used the band cemters and relative band inteunsities calculated for 3000K,
given in Table 1* and the approximation, valid only for diatomic

molecules, that

Z ] (vl, Vo v3"vl+Av1, V., tAV

5 2 V3+AV3) ~ ¢ (0,0, O—*Avl, AV, Av3).

V1 Vi V3

(63)
In addition, the assumption was made that the integrated intensity
variation with temperature is due primarily to the change of population
of the ground state caused by the density variation; that is,

T
o

T

a(T) = E_(TOL (64)

This assumption was made even though the experiment (see Chapter III)
showed the variation of the integrated intensities to be proportional to

=0.99  p-0-93 1 na 7% 2 for the 1. 38y, 1 87uand 2. 7y regions,

T
respectively (see Fig. 34).

With these approximations, and using Eq. (62) and the integrated

™ The calculations also neglected the band shift to lower frequencies
with increasing temperature. This follows from the fact that the
vibrational constants 'Xij in Eq. (33) are negative.
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intensities at 200°C given in Chapter III, the spectral absorption
coefficients for water vapor have been calculated for all the experi-
mental conditions. The re sults are shown in Figs. 23 to 33, along

with the experimental results.

D. COMPARISON WITH EXPERIMENT

Reference to Figs. 23 to 33 indicates that the theoretical
equations provide a crude fit to the data. The theoretical band. contours
are most obviously deficient in that thcy cannot account for the
presence of the Q-branch in the perpendicular bands, and in failure
to include the multiplicity of combination bands which contribute in

a given spectral region.
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APPENDIX A

Graphs Showing ﬂn(Iwo’ a/Iwa.) as a

Function of W for Water Vapor Bands
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APPENDIX B

Tables of the Experimental Values of

Pw as a Function of W for Water Vapor
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Tables of the Experimental Values of

kwo as a Function of W for Liquid Water
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