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COMPUTER PROGRAM FOR CALCULATION OF A GAS TEMPERATURE

PROFILE BY INFRARED EMISSION - ABSORPTION SPECTROSCOPY
by Donald R. Buchele

Lewis Research Center

SUMMARY

A computer program to calculate the temperature profile of a flame
or hot gas is presented in d_e_La}I Emphag;&is on profiles found in jet
engine or rocket engine exhaust streams containing H20 or CO2 radi-
ating gases. The temperature profile is assumed axisymmetric with an
assumed functional form controlled by two variable parameters. The
parameters are calculated using measurements of gas radiation at two
wavelengths in the infrared. The program also gjves some information
on the pressure profile, A method of selection of wavelengths is given
that is likely to lead to an accurate determination of the parameters. .
The program is written in FORTRAN IV language and runs in less than
60 seconds on a Univac 1100 computer. . : .

INTRODUCTICN

Infrared emission and absorption measurements at two or more
wavelengths provide a means of determining a gas temperature profile
along a path through the gas by using a radiation source and receiver
located only at the ends of the path (ref. 1).. :In;the case of a jel engine
or rocket engine exhaust stream, the instrumentation may be outside of
the stream. The method has been termed the '*spectral-scanning
method. '' Practical instruments that permit use of this technique are
described in references 1 through 4. , :

- Tests of the method with heated pure gases in a furnace of 60 cm
path length (ref. 2), and then with flames over a 22 cm path length



(ref. 3) gave good results. An analysis in reference 5 showed the effect
of radiometric errors on the accuracy of the computed profile. The
analysis assumed the partial pressure of the radiating gas was a con-
stant over the entire path, with the constani determined from radiometric
measurements. More recently, the feasibility of using only emission
measurements and an estimated gas composition to determine industrial
furnace temperature profiles over a 10-meter path length at atmospheric
pressure has been shown (ref. 6).

The computer program presented herein involves an iterative,
¢yclic computation in which an initial assumed (arbitrary but realistic)
temperatui ¢ profile is altered in shape until the computed emission and
absorption that it would yield agree as closely.as possible with the actual
instrumental measurements of emission and absorption. The procedure
requires the use of a large-scale computer. These procedures have been
outlined in principle in previous publications; but this report presents an
actual program that has been found to produce useful results.

The present work also extends the work of reference 5 by providing
greater latitude in the temperature-prcfile shape that can be treated and
by relaxing restrictions on the shape of the associated pressure profile.
Thus, whereas previous studies have principally treated profiles with a
substantial temperature difference over the cptical path, the present
study also includes the equally important case of a1 almost isothermal
profile; and whereas the work of reference 5 has assumed constant
pressure over the path, the present work allows an additional degree of
freedom in the descripticn of the pressure profile.

The program presented provides a means cf determining temperature
from experimental measurements of emission and absorption at two or
more wavelengths. But it also provides a means, before any experiments
are performed, of selecting those wavelengths whose use will lead to the
best attainable accuracy. This prior selection is very important, because
a poor selection of wavelengths may lead to unacceptably high uncertainty
in the temperature and may even lead to an erroneous solution of the
equations. The existence and avoidance of this incorrect solution for the



temperature profile is demonstrated. Thus, this report provides the
potential user with a means of determining whether th1s method will be
sufficiently accurate for his particular application, as well as providing
a means of finding the solution if the n.ethod is adopted. Symbols are
listed in appendix A.

MATHEMATICAL ANALYSIS
Method of Determining Temperature and Pressure Profiles

The method is iterative with each iterative step consisting of three
principal parts:

1. With current profiles of temperature and pressure, compute the
gas radiance and transmittance at each wavelength of measurement,

2. Record the difference between computed and measured gas radi-
ance and transmittance at each wavelength of measurement.

3. Correct the current profiles in (1) to reduce the differences in
(2) to zero.

Functional forms of the temperature profile T(x)and the partial
pressure profile p(x) of the absorbing gas are assumed in advance. The
temperature profile is expressed in terms of two unknown parameters, ;
and the pressure profile in terms of one unknown parameter. A minif-a
mum of one set of measurements, at each of two wavelengths, is required
to yield a solution for the unknown parameters, each set actually in-
volves four radiometric measurements (i.e., four instrument readings).
The computational program then determines, from the simultaneous
solution of equations containing actual radiometric measurements, the
values of these parameters that make computed values of radiance and
transmittance equal to measured values.

Additional wavelengths of measurement may improve accuracy, in
such case, a least-squares method of solution is employed. The results
obtained are the values of the parameters when the ‘'residual‘**, which
is the sum of the squares of the differences between measured and com-
puted values of radiance, is a minimum.



The functions used in this program may be modified as desired for
a particular application. However, tests during development of the
program have shown that it is impractical to characterize the tempera-
ture profile by more than two unknown parameters because the accuracy
of the solution becomes unacceptably low.

The profiles. - In the present program, the profiles are taken to be
axisymmetric, with shapes chosen to resemble the transverse pressure
and tempcrature distributions often found in ducts. The functions are
expressed in terms of values of the dependent variable at the axial, or
centerline, position (subscript c)and at a wall position (subscript w),
and the value of a shape parameter My OF 1y, for temperature or pres-
sure, respectively.

1. When the temperature profile is far from isothermal, it is taken
as

T()=T, - (T, - T,)|y| /7T 1)

where
y=02x/L)-1 0=x=s1L

It is assumed that TW is measured independently. Parameters TC
and Ny are determined by the computational program. They are then
termed the dependent paraineters. This family of curves is shown in
figure 1(a).

2. When the profile is nearly isothermal, except for a thin boundary
layer at each end, the temperature profile is taken as

1/
T(x) = T, - (Tc - T\";V)lyl T (2a)

where

y = (2x/L) - 1 X =x = L-x4



! H
and

T(x) = Ty + (Ty - Tw)z + (mxy + Ty - Tq)2(z - 1) 0=z=1 (2b)

where

z=x/x1 for 0 =x=3x
z=(L-x)/x1 for L-x; =x=L
Ty = T(xl) = T(L - Xq)
m = (dT/dX)x=x1 =2(T, - T;)/|np(L - leﬂ

This definition of T(x) provides continuity of both temperature and tem-
perature gradient at x = Xy andat x=1L - X4 This family of curves
is shown in figure 1(b). Using this definition, np and x, are preassigned
some reasonable values and the computational program determines Trv
and Tc as the dependent parameters. T is assumed that TW is meas-
ured independently.

3. The partial pressure profile of each absorbing gas is assumed
to be of the form
1/n
p(x) =p, - (0, - p|y] P (3,
where

y=2x/L)-1 0=x=1L

The profile is shown in figure 1(c). Different initial values may be assumed
for parameters Per Py and U for each gas. The choice of th initial
values of the parameters may be aided by a computation of the partial
pressure of the reaction products. These pressures can be computed for

a range of reaction product temperatures and a range of partial pressures



and reactant composition using the computer program of refercnce 7.
From these data a choice for initial values of the pressure parameters
can be made. (The program of ref. 7 may be obtained from its authors,
on written request, by sending a magnetic tape at least 1200 ft long and
by specifying the type of computer. Parts of the program not used in
this application may be removed after the program has been trans-
ferred from tape to cards.)

Tests during the development of the program for computing temper-
afure and ,.cessure profiles have shown that only one dependent pres-
sure parameter can be determined with acceptable accuracy. This 18
best done by designating the parameter Pe,1 of the principal absorbing
gas (subscript 1) as an independent parameter. The wall pressure
pW 1 is selected to be directly proportional to the center pressure, and
the shape parameter n 1 is chosen judiciously and held constant.
Assumed parameters for all other absorbing gases (subscript k) and
all nonabsorbing gas es (subscript j) determine the initial pressure pro-
files [p, (x)], and [p (x)],-

Next, these prof11es are made dependent on the profile pl(x) The
absorbing gases initially have profiles that determine ratios
[_pk(x)/pl(x):lo. Then, as pl(x) is changed by the program, these other
profiles are also changed by the linear relation

x)[By (x)/p ()], (4)

After the absorbing-gas pressure profiles are determined, the non-
absorbing-gas pressure profiles pj (x) are adjusted to make the sum of
all gas pressures equal to the measured s.atic pressure Pg which is
assumed to be independent of x, so that

Py = 2 Py () +E pj(;c)
k j

An additional constraint is to maintain the relative amounts of each non-
absorbing gas as given by the initial profiles, that is, in the ratio



[pytx)/ E pyx)],
]
Thus the pressures of the nonabsorbing gases are given hy

p; (%) = [Pg - ;\ Py ()] [p;(x)/ E p;(x)], (5)
¢ ]

The residuals. - Initial values of all parameters of the profile func-
tions are tabulated, and the resultant sets of values of gas radiance Ny,
and transmittune Ty, are computed for two or more wavelengths from
radiometric equations. The comput~d quantities are denoted by CNL
and CTL. The corresponding measured quantities at the same wave-
lengths are denoted by mNL and m’TL. The difference beiween the
computed and measured quantities is called the ''residual.'' The re-
sidual for gas radiance may be expressed as a fractional value

RN = (CNL - mNL)/mNL (6)

It is preferable to use gas absorptance oy = 1- Ty, in place of trans-
mittance L for the transmittance residual because o, is more nearly
proportional to the gas pressure and to the gas absorption coefficient.
The residual for gas absorptance is defined as

ROZ = (CaL - maL)/maL = (mTL - CTL)/(]- - mTL) (7)

The solution. - The solution is reached by reducing the residuals to
an acceptably small value by appropriately changing the two variable
parameters in the equation for the temperature profile and the one vari-
able parameter in the equation for the pressure profile. This is done
iteratively using the Newton-Raphson method (ref. 8, p. 175) because
the equations are nonlinear. For two wavelengths of measurement each




iterative step involves the solution of the following three simultaneous
equations for the increments ij to the current value of the three vari-~
able parameters represented by yj,

*°N )
1 Ay L
my 2y, J Ay
J AI’L J
*°N
\ Ao, Li
(2) 1 2 Vay =R, x ! (8)
~ \My oy ] 2°
] AZ’ L J
/ o ‘\
A, L
1 1 -
(3)2\1‘11 ay‘ ij - BAI;OZ
i\ j / )

Note that only one wavelength is needed for R>\1 o to determine one
Y

pressure parameter. The derivatives in equation (8) are obtained numer-
ically. The final value of the residuals is zero.

There are cases where there are more measurements than there are
variable parameters. For these cases, where the final values of the
residuals are not necessarily zero, a damped least-squares modification
of equation (8) is used to find a solution at which

2 2 )/ -
Ril’ . +E RAi,N = R =a minimum 9)
i

where there are as many residuals RN as there are i wavelengths,
and there is only one residual R " The damped least squares method
is used in this program. Iis derivation is in the second part of appendix B.



In addition to the solution for the profile parameters, at. :stimate
is made of the error in the parameters that would be caused by stated
random errors of radiometric measurements and tabulated absorption
coefficients. (Typical orders of magnitude for these errors are 1 per-
cent in radiation and 5 percent in absorption coefiicient. ) The error
equation is derived in appendix B.

Measurement of Gas Radiance and Transmittance

The actual gas radiance NL and transmittance Ty, are derived
from measurements of detector (radiometer) output voltage V that is
assumed to be proportional to incoming radiant power. The factor of
proportionality (calibration factor) of the detector includes the effect of
all optics between the radiometer element and the gas, but it need not
be known explicity if it remains constant for all measurements. The
optics include, in addition to windows, lenses, and stops, a monochro-
mator of bandwidth AX centered on wavelength A. The following
measurements of detector output voltage V a-e made:

() Vo, where a calibrated source of radi' 1ce No is placed at the
gas location, in place of the gas.

(b) V4, due to radiation from the gas.

(c) Vo, where a stable comparison source radiates through the
gas path, but the gas is absent.

(d) Vg, when the comparison source radiates through the gas path
in the presence of the gas.

By chopping the radiation from the comparison source at a unique,
distinctive frequency, voitages V1 and V3 are distinguished from each
other, and voltage V3 aoes not include gas radiation (ref. 1, p. 28).

These four measurements yield

vy Vg
Np, =N, —; 7, =— (10)
Vo Vy
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Computation of Gas Radiance and Transmittance

The gas radiance, integrated over a narrow wavelength band AX
centered at A and over a path length L, is

L
¥ fd ,
NL=‘V/()“ NA(EXI)dx (11)

where N; is the Planck radiation function

Co/AT
" e - 1)

N =1 (

A5
and 7 is the gas transmittance over the path from 0 to x. The de-
tailed justification for equation (11) is presented in reference 5.

The gas transmittance for a band AM is described by a band-model
formulation for a nonisothermal gas based on equation (5) of reference 9,
This formulation has been justified and applied in reference 2, and sum-
marized in reference 10. For profiles with a large variation in tem-
perature, the formulation as modified in references 3 and 11 is adopted.
Other band-models can be found in the literatvre (ref. 12).

The transmittance 7 for a single gas is a function of the dimen-
sionless optical depth u and is griven by

5
r = exp e 1/2> (12)
G

For a mixture of q absorbing gases the combined transmittance is the

product
T=ﬁ’7‘l (13)
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The optical depth of a path length x is

' X U]
e L k<ﬁ_) dx (14)
Be 0 Be

where k is the absorption coefficient at local temperature T and par-
tial pressure p of the absorbing gas and 7 is an interpolation param-
eter. The parameter B is the local value of the line overlap parameter
and is given by B =2ry/d where 7y is the average line width, and d is
the average line spacing. The definitions of u and 7 given here differ
slightly in form from those of references 3 and 11 for reasons of compu-
tational expediency.

A modification in references 3 and 11 replaces the constant average
Be of reference 2 (Bav of ref. 4) by a cumulative average produced by
weighting B(x) with the absorption coefficient, so that

X
0

The interpolation parameter 7 is given by one of two formulas

Be(x) =

u+A1 T
’]7: u>A5
u.+A2
$ (16)
uAg

N = —— U,SA5
Ag +uAy J

where

Ay =1+0.185 (8/8,) (17)
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Values for Aq, Az, A3, A4, and Ag are listed in table I in terms of
(B/Bg)-

The computation for the initially assumed profiles T(x)and p(x)
first determines all values of k, B3, and Be, as functions of x from
the band model data and equation (15). For example, tabulations of ke
and (‘)/d)s for H20, COz, and CO may be obtained from reference 13
or, for HZO’ from references 14 and 15. (The subscript s here de-
notes the value at standard temperature and pressure.) Values of kS
in the tables are denormalized to the local gas temperature and partial
pressure by

k =k p 203 (18)

T

where p is in atmospheres and T is in kelvin. Similarly, the tab.-
lated values of (7//d)s = BS/(Zn) may be used to obtain the local value as
it is affected by the line-broadening effect of all gas componenis in
accordance with the formula

B = BSCD ao + ) ) o pj> (19)
k i

where pJ » Py ai‘e the partial pressures, and a}‘,

ing coefficients for the k absorbing gases and j nonabsorbing gases. ,
For the absorbing gas, values of a™* are given in reference 16 and are
listed in table II.
The path length 0 = x = L is divided into increments Ax; =x, - Xi 1
(i=2, ...)and the values of k, B/Be, B, are determined at each
station. Then, starting with the values 7 10,1y =0, and 74 =1 at
x = 0, the following sequence of computations is made for each successive
increment of path:
(1) Find u; =u;_q + Auy with equation (14), using K, (B/'Be)]. (ﬁe)i’
and Ny-1°

al"{‘ are the broaden-
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(2) Find n; Wwith equations (10) and (11), using u;. Linear inter-
polation in table I is used to find A1 to A 4 since the computation is
relatively insensitive to these quantities. Equation (11) is used to find
Ag.

(3) Find 7; with equation (12) using u, and (Be)i.

i
For the numerical computation, equations (14) and (15) are written

N7-1
u; = 1 klfi Ax, (14a)
) 2_2: 6

- l
! n
-1
kl<ﬁ—) Axl
1=2 Pe l
(Bg), =— (15a)
1
kl AxZ
l=2

Accuracy of the Solution

There are several sources of error that affect the accuracy of the
solution. First there is the basic limitation of the functional forms
assumed for the temperature and pressure profiles. Obviously not all
situations encountered in practice can be accommodated by these func-
tions with acceptable accuracy. For those cases other functional forms
must be used. This basic limitation is demonstrated in the section
"*Application of the Program to an Experiment'' where an example is
worked out for a temperature profile that cannot be matched exactly by
the assumed functional form for the temperature.

Another source of error is generated by the nature of the set of
iteration equations for the parameters, equation (8). On the left side,



14

the matirix of derivatives may be poorly conditioned. The conditioning
of the matrix is affected by the selection of the wavelengths of meas-
urement. Proper selection of the wavelengths is treated in the next
section.

The residuals on the right side of equation (8) are not exact quan-
tities due to errors in their components cNL, C'rL, mNL, and m’rL.
The measured quantities mNL and m’TL contain an experimental
random measurement error and the computed quantities cNL and CTL
are in error because of uncertainties in the tabulated gas parameters
Bs and ks' There are also errors due to deficiencies in the band
model used in the gas transmittance calculation. These deficiencies
in the model are covered in the references cited in the previous section
and will not be covered further here. Thus, even if the computer pro-
gram succeeds in finding a solution that reduces the residual values to
zero, the computed parameters are still in error due to the residual
errors. By using equations (6) and (7) it can easily be shown that the
residual errors at the solution, GRN and OR o aregiven by

6°N, TN
5Ry = L. L (20a)
°N my
L L
m m (]
T o T o~
oR,, = L L__L (20D)
1. m m c

where 5CNL, 5™

c

NL’ 6CTL’ and GmTL are the errors in CNL, mNL,

77, and mTL, respectively.

To proceed further it is necessary to specify the errors in the
measured and computed quantities. It will be assumed that all meas-
urements have the same probable error given by |5mV/mVl and that
the computed values for NL and TL bave random errors due to the
uncertainty |5ks/ks| in published k values.
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The uncertainty in the value of BS will be neglected. Thus, only
two random errors will be considered, |6™Vv/™v| and |6ks/ks|.

Using equations (10) and the definition maeL =1- m'rL it can be
easily shown that

m 2 2
0N m

L =<.6_._Y> (21a)
mNL My

2

5™ m 2

L =2<9__V> (21b)
m'rL My

\2
6Mq T 2/ m 2
L =2< L ><5 v (21c)
m 1-7 m
oy, L A%
To estimate the random errors in the computed quantities, assume a

simplified transmittance equation given vy C’TL = exp(-kpL). It can
then be shown that

2

2
6N 6%q T In T 2
L [~ L) (L L (fik) (21d)

C
Ny, ay,

The above quantities when substituted into equations (20a) and (20b)
give for the squares of the random residual errors

2 2
m Ty In T 2
GRZN =C5 V> +<L L> (95) (222)

ORIGINAL PAGE IS
OF POOR QUALITY
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2 2
T m 2
SR? = L 2 (V) , (In 'J'L)2 (-5—15) (22D
a 1 = TL m ' k

\'

The random residual error GRIZ\I (eq. (22a)) depends on the error
6k/k. An alternative form that eliminates this dependence is to substi-
tute for equation (6) the expression N

where _ﬁL is an apparent radiance defined by

By repeating the previous procedure it can be shown that

) 2
— T m
6RZ = |1+ 2 (—L s (25)
N l-7 m
L Vv
2

The quantity GﬁN is less than 5Rl?(I whenever

2 2(sMy /My 2 26)
(5k /)2

Because experience has shown that Gﬁf\} is less than 6Ri2\1 in most

(In L

practical situations, the computer program presented herein uses EN
given by equation (23) instead of Ry given by equation (8) for the re-
siduals in equations (8) or (9).

Equations (25) and (22b) give a measure of the uncertainties in the
zero values for the residuals at the solution. These expressions are
used in the computer program following the procedure outlined in ap-
pendix B to compute the random errors in the temperature and pressure
profile parameters.
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Selection of Wavelengths of Measurement

The wavelengths differ principally in their associated gas absorp-
tion coefficients. Figure 2 shows the absorption coefficient k for the
2.7 um band of H20. At wavenumbers near the center of the band
(3704 cm'l), k decreases with temperature; at the wings, k increases
with temperature. Substantial differences in k exist, especially at a
low temperature. Another difference due to wavelength is caused by a
greater increase of the Planck-function radiance with temperature at
the shorter wavelengths. Since the variation of k with wavelength is
the phenomenon that enables the profile to be determined, large differ-
ences would be expected to be favorable.

The wavelengths are selected to maximize accuracy of the solu-
tion, and equally iwnportant, to avoid an incorrect second solution that
can exist. This preliminary selection i1s performed through an auxil-
iary computer program WAVES. The selection procedure will be illus-
trated with both modes of the temperature profile function, equa-
tions (1) and (2).

Avoiding an incorrect solution. - The WAVES program uses the
following procedure: For assumed values of the two variable temper-
ature parameters in equations (1) or (2), as applicable, and one variable
pressure parameter in equation (3), the quantities C_N'L and CTL are
computed for each wavelength. These computed quantities are substi-
tuted for presumed error-iree measurements mﬁL and m'rL of the
assumed profiles. Then, taking one wavelength at a time, one param-
eter w of the temperature profile is assigned a value different from
that assumed. The quantities CﬁL and c'rL change. Then, new
values of the other temperature parameter and the pressure parameter
are found by iteration that restore the equalities CFIL = mﬁL and
c"rL = m'TL. This procedure is repeated for a number of assigned
values of the temperature profile parameter w, and the results are
tabulated by the program.
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For each wavelength, the tabulation can be plotted as a curve with
the independently varied parameter w as abscissa and the dependent
temperature parameter as ordinate. The intersection of any two curves
is a two-wavelength solution for a temperature profile.

As an example, assume a path length of 100 ecm, hydrogen-air
combustion at 1 atm total pressure having H20 pressure parameters
P, = 0.35 atm, Py = 0.30 atm, and n_ = 0.5. Computations are made
for wavelengths in the 2.7 yum band of H20. Results are plotted in
figure 3 for the profile of figure 1(a) with ny. as the independent param-
eter and Tc as dependent, and in figure 4 for the profile of figure 1(b)
with T:;v as the independent parameter and Tc as dependent, with no
wall boundary layer (Xl = 0). To facilitate plotting and to emphasize
differences in the curves, the ordinate Y of the graph is tabulated by
the program as a function

Y=Z+f;’(w-wo) (27)

where 7 is the dependent parameter, w is the independent parameter,
W, is the originally-assumed value, and ¢ is chosen by the program
as describea in appendix C. All curves intersect at the true solution.
Some pairs of curves intersect at a second point that is an incorrect
solution. For example, in figure 4, wavenumbers 3500 and 3100 cm~
intersect at approximately T:‘V =2200Kand T, = 1840 K. A solution by
the computer program converged to T;"V = 2223 K and Tc = 1873 K from
a starting point T} =2300 K and T, = 1800 K. To assure convergence
to the true solution, a pair of curves should have increasing separation
with distance from the true solution. Accuracy is greatest when there

is a large difference of slope between a pair of curves. Where two
curves become parallel, accuracy approaches zero.

Inspection of figures 3 and 4 show that no single pair of wavelengths
is satisfactory for all profiles. Acceptable pairs of wavenumbers in
figure 3 are (3100, 3550 cm-l) and (3100, 3775 cm-l). The 2000 K
almost-isothermal profile that led to figure 4 shows an acceptable pair

1
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(3500, 3100 em 1) for TX below 2000 K, and an accepiable pair
(4100, 3400 cm” )for T* above 2000 K,

Tests of the pressure profile when the two pressure parameters
o and P, were assumed to be variables, and only TC was vari-
able, gave curves nearly alike for all wavelengths., Thus, poor ac-
curacy of the computed pressure profile makes this technique unac-
ceptable; it is therefore necessary to limit oneself to only one variable
pressure parameter. The reasons for this pcor accuracy are (1) that
radiance and absorption coefficient usually vary more strongly with
temperature thsn they do with pressure and (2) that the measurement
of 7y, equation (10) which is the principal source of information about
the pressure, is sensitive only to the integral of pressure over the
path and not to local velues of pressure, whereas NL (which is the
principal source of information about temperature) is sensitive to local
temperature.

Maximizing accuracy of the solution. - The program that led to
figures 3 and 4 does not provide an estimate of the error for pairs of
wavelengths. This estimate is provided by the main program PROFIL
(MODE=1). The error estimate is made by pairing one principal
wavelengtlh with each of all the other wavelengths to be tested. For
each dependent profile parameter, the program tabulates the error in
the parameter due to assigned errors of the radiation-measurement
voltages V and the tabulated absorption coefficient ks’

As an example, such tabulated values are plotted in figure 5 for the

parameter Tc with the profiles and some of the wavelengtas of figure 3.
The assumed errors were 1 percent in V and 5 percent in ks‘ Another
example with the same assumed error is plotted in figure 6 for T c

with the profiles and some of the wavelengths of figure 4. ‘These errors
are for profiles with Tc = 2000 K, and the range of values covered by
the abscissa parameter. The errors are consistent with the slope -
difference of curve pairs in figures 3 and 4. The error is minimized

in figure 6 with wavenumber pairs (4100, 3400 cm™ 1) above 1950 K,

and (3500, 3100 cm” 1) below 1850 K. -
G
ORIGINAL PA
OF POOR QUALITY: Y
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All four of these wavenumbers have been used simultaneously in a
least squares solution by the program PROFIL (MODE=3). The result-
ing error also plotted in figure 6(b), shows improvement at all values
of T:‘N. The effect of path length on the error at va = 1200 and 2000 K
is listed in table I, for this four-wavelength combination The error
varies approximately as the inverse square root of the path length, in
this example.

PROGRAM DESCRIPTION

The accuracy of the temperature profile found with measured data
is dependent on the pressure and temperature profiles, path length,
and wavelengths selected for measurement. It is desirable as a pre-
liminary step to assume realistic values for the path length and pres-
sure and temperature profiles for the absorbing gas, and then to select
wavelengths and estimate the accuracy of the temperature profile
parameters as was illustrated in the Selection of Wavelengths of Meas-
urement section.

A separate main program WAVES (describe¢d in f'Avoiding an incor-
rect solution'') is designed for the selection of wavelengths. Using these
wavelengths, a principal main program PROFIL gives results in three
modes of operation:

MODE-=1: This program computes the error in the dependent pro-
file parameters that would be caused by assigned random errors of
radiometric measurements and tabulated absorption coefficients. For
given values of all profile parameters, gas radiance and transmittance
are calculated and the parameter errors are computied as in appendix B.
Actual radiometric measurements are not required. The estimate may
be made for any pair of wavelengths consisting of one "'principal’' wave-
length and any one of up to seven others.

MODE=2: This program computes values for the dependent profile
parameters using the iterative procedure described previously. Limits
are assigned to the dependent parameters by the user; if a limit is
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reached during the iteration, that parameter becomes fixed, and the
iteration proceeds for the remaining dependent parameters. When a
least-squares solution is used, the magnitude of the final root-mean-
square residual R (eq. (9)) is also provided. In addition, usmg the
same procedure as in MODE=1, the error in the dependent parameters
that would be caused by assigned random errors in the radiometric
measurements and tabulated absorption coefficients is computed.

MODE:=3: This program is used to find the change of temperature
profile that would be caused by a change 1n one of the independent pro-
file parameters. A secona set of data cards 1s required that incor-
porate the change. Starting with an assumed profile and gas-property
data, the resulting radiance and transmittance that would be measured
are calculated. The second sel of data cards 1s then introduced to
change one of the independent profile parameters, and the computation
in MODE-2 is performed using the previous radiance and transmiitance
values to yield a revised profile. This process is useful in 1dentifying
independent profile parameters to which the temperature profile is
unusually sensitive.

The flowchart for program PROFIL is figure 7 After reading input
data and calculating some initial conditions, the main program calls
subroutines TEMP that calculates profiles, and TRANS that calculates
gas transmittance and radiated flux. The subroutines are principally
a computation using equations presented in the text, The equation
numbers appear on comment cards in the lislings.

The test result DONE=1 is obtained when (1) the number of iterations
reaches a presct number, or (2) when the root-mean-square sum of all
residuals is less than 10'4, or (3) when the fractional change of the
variable parameters per iterative step has become less than 10'4 for
TW and TC, and less than 10"3 for Po and e Criterion (3)is
needed when there are more residuals than variable parameters, be-
cause the residuals then reach a nonzero minimum.

A subsidiary loop of moderate complexity determines the variable
parameter increments and tests the parameters for exceeding their
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limits. The loop contains a control index number KEY that manipulates
the index of FORTRAN DO statements as follows. The variable profile
parameters in equation (1) are Nrpy To» Pe T;‘V. They are represented
by a FORTRAN subscripted variable PA(K) that is controlled by a DO
index K=K1, K2, K3. An index initially K=1, 3, 1 seclects parameters
Np, Tc’ Pe for the profiles of figure 1(a) and K=2, 4, 1 selects param-
eters T, D, T;"V for the profiles of figure 1(b).

Any parameter in either profile can be fixed when it reaches an
assigned limit by changing the index parameters K1, K2, K3. This is
done by setling K1, K2, K3 equal to the subscripted quantities
KEYI(KEY), KEY2(KEY), KEY3(KEY) that can be manipulat~d. The
subscript KEY can select any combination of numbers for K1, K2, K3
as shown in table IV. The variable parameters for each KEY are also
listed. By designating the profiles of figure 1(a) as PROF=1 and the
profiles of figure 1(b) as PROF=2 the table is valid for PROF=1 and
PROF=2 when subsequent additions are made, K1=K1-1+PROF, and
'K2=K2-1+PROF. The initial profile with no limits reached is KEY=1.

Before entering the loop, KEY=1, and K1, K2, K3, are set as in
the table. This frees the currently fixed parameters to return inside
their limits during every iterative step. Thus, on first entering the
loop, all three parameters (corresponding to KEY=1) are incremented
and compared with their limits. If the K'th parameter is within its
limit, a limit-indicating variable LIM (K4)=0 where K4-K-PROF+1
(to be valid for PROF=1 and PROF=2). If the K'th parameter is outside
the limit, LIM(K4)=1. The value of KEY is a number from 1to 8
given by

KE Y=1+4* LIM(1)}+2* LIM(2 +LIM(3)

If this new value of KEY is not 1 or 8 the preceding procedure of this
paragraph is repeated only once from the start of the loop with the
new value of KEY, and the corresponding K1, K2, K3 to find new
parameter increments and tentative new parameter values. The loop
is then exited, the tentative new parameter values are then accepted,
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and the iteration proceeds. At the solution the error of the profile
parameters is estimated. The program listing with a FORTRAN symbol
list is appendix D. The subroutine listings are appendixes E and F.

The flow chart for program WAVES is figure 8. After reading the
input data, the program (following the procedure described in Selection
of Wavelengths of Measuremeit) first sets mNL a4 ONL and mTL - CTL
for the initial profile. Then fcilcy three aested loops. An outer DO
loop for selecting each given waveiength, a DO loop for assigning given
values to one independent variable profile parameter; and an itcration
loop like PROFIL that finds the other two dependent variable parameters.
If a variable parameter reaches a limit during iteration, the iteration
is ended. After completion of the two DO loops the results are tabu-
lated. The program listing, with FORTRAN symbols not used in pro-
gram PROFIL, is appendix G.

Successive problems in the same run may omit input data that is
nol changed. (Both PROFIL and WAVES programs.) The READ data
is omitted by not putting IRE/.D=1 in the NAMELIST data. In the
NAMELIST, the data-input parameters of temperature, 'I‘W, T(,, and
N, and pressure, Py Do and np are given starting values that are
not changed by the program because they are replaced by different
internal symbols for ermputation. After computation the values of the
internal symbols are printed, but with the corresponding symbols of
the initial data-input parameters.

PROFIL PROGRAM USE
Input

The input consists of four types of data: (1) computer program con-
trol constants (2) measurements of gas radiance and transmittance at
selected wavelengths (3) tabulations from the literature of gas trans-
mission parameters at selected wavelengths and (4 independently deter-
mined or estimated profiles of partial pressures of the gas reaclion
products.



24

The collected input data are read in with a FORTRAN NAMELIST
for single-subscript quantities, followed by a FORTRAN READ
STATEMENT for multiple-subscript quantities. An example in
appendix H shows this input data in the same format as punched on
cards, for MODE=1, five wavenumbers, and two gases, HZO and Nj.
The data conform to the following specifications.

NAMELIST DATA. - The following list gives the FORTRAN symbol
with its subscripted maximum dimension and e uivalent 2lgebraic
symbol, in the NAMELIST sequence.

FORTRAN symbol Algsbraic Description
_&ymbol
MODE MODE=1 finds error estimate

of pairs of wavenumbers con-
sisting of the firsl wavenuiuber
pairec with each succeeding
wavenumber

MODE:=Z finds solution to given
measurements, with error
estimate

MODE=3 finds gas radiance and
transmittance for given input,
then requires NAMELIST re-
peated that may have changes
from the first NAMELIST, and
finds solution the same as
MODE =2

PROF PROF=1 profile figure 1(a), var-
iable parameters TC, PC,
NT. PROF=2 profile fig-
ure 1(b), variable parameters
TW, TC, PC, with given bound-
ary layer wall temperature TWB,
thickness X(JB)



FORTRAN symbol

IREAD

PATH

I1 (8 maximum)

WAVE(8)
MRL(8)

MTAUL(8)
ERRV

ERRBK

T™W

TC
NT

TWB
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Algebraic

symbol

w Tw

Description

IREAD=1 requires READ data
for GAS, ALPH, KTAB, BTAB.
With IREAD=1 omitted, READ
data must be omitted

Test section path length, cm

Number of wavenumbers for com-
putation (when IREAD=1, I1
must equal number of data
cards for KTAB and BTAB)

Wavenumber cm~ 1

Measured radiance W, cm™ !

2 ster™ ! (eq. (10))

Measured transmittance (eq. (10))

cm

Percent error of radiation meas-
urement

Percent error of tabulated ab-
sorption coefficient

Gas temperature, K, at wall.
For PROF=2 with boundary
layer, T;“V approximates free
stream temperature near the
wall

Gas temperature, K, on axis

Gas temperature profile equation
exponent

Gas temperature, K, at wall for
PROF =2 with boundary layer



FORTRAN symbol

JB (minimum is 1 at wall)

UPLIM(4)

BOTLIM(4)

L1 (3 maximum)

L2 (6 maximum)

PS

PC(6)

NP(6)

PW(6)

NK (8 maximum )

TKTAB(8)

NB (8) maximum)

TBTAB(8)
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Algrbraic
symbol

Description

Index for X(JB) giving distance
x from wall where boundary
layer ends, for PROF=2

Upper limit of profile param-
eters TW, TC, PC, NT

Lower limit of profile param-
eters TW, TC, PC, NT

Number of absorbing gases

Number of absorbing plus non-
absorbing gases

Gas static pressure, constant
along optical path

Partial pressure of each gas, on
axis

Pressure profile equation ex-
ponent of each gas

Partial pressure of each gas,
at wall

Number of tabulated values of
KTAB read in for data

Temperatures at which values
of KTAB are tabulated in
READ data

Number of tabulated values of
BTAB read in for data

Temperatures at which values of
BTAB are tabulated in READ
data



27

FORTRAN symbol Algebraic Description
symbol
J1 (41 maximum) Number of stations along optical
path. Must be odd. Omit if
J1=21 in DATA-statement of
program is acceptable.

Z(J) Station distance ratio, from wall
to center, as fractional value
O0to i. Omit if list in DATA-~
statement of program is
acceptable. Maximum
J=(J1+1)/2

ITER Maximum number of iterations
READ statement data. - The following list gives the FORTRAN sym-

bol with its subscripted maximum dimension, the format of each card,
and the equivalent algebraic symbol.

FORTRAN Format  Algebraic Description
symbol symbol
GAS(6) 6A6 Names of all gases
ALPH(3, 6) (12F6.0) a* Broadening factor for up to 3 ab-

sorbing gases by up to 6 total
number of gases. Card se-
quence is one card for each L1
absorbing gases. Each card
lists the broadening factor for
each of L2 gases.
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FORTRAN Format  Algebraic Description
symbol synibol /
KTAB(S8,3,8) (12F6.0) k, Absorption coefficient at S, T. P.

for up to I11=8 wavenumbers,
L.1=3 gases, NK-=8 tabulated
points. Card sequence is one
set of cards for each of L1
absorbing gases. Each set has
I1 cards corresponding to the
wavenumbers in NAMELIST.
Each card lists absorption ¢ oef-
ficients corresponding to tem-
peratures TKTAB in NAME-
LIST.

BTAB(8,3,8) (12F6.0) By Line-broadening coefficient at
S.T.P. for up to I1 =8 wavenum-
bers, L1=3 gases, NB=8 tabu-
lated points. Card sequence
same as for KTAB above, Each
card lists broadening coeffi-
cients corresponding to temper-
ature TBTAB in NAMELIST.

The two gas transmittance parameters KTAB and BTAB depend on {
temperature. For H20 and COz, they are tabulaied in references 10 |
to 12 with KTAB and BTAB normalized to S. T. P. The program inter-
polates between tabulated values to find a tabulated value at local tem-
perature, then denormalizes to obtain KK and BB al local temperature
and pressure in accordance with equations (18) and (19). Linear inter-
polation is used. If the profile temperature is outside the temperature
range of the tabulation, KK and BB are limited to the extreme tabulated '
value. It is thus desirable to prepare the tabulation with a temperature
range running from the lower to upper limits appearing on olther input
cards for the profile temperatures TC, TW, and TWB.
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Output

An example of the output shown in appendix H for MODE =1 and
PROF=2 consists of four parts:

1. The input NAMELIST and READ data.

2. Estimated error of the profile parameters caused by the re-
siduals, equations (“0) and (25), due to the errors of measurement
ERRYV and of absorption coefficient ERRK. The example has ERRV=1
percent and ERRK=5 percent. The example shows four wavenumbers
3100, 3400, 4100, and 3000 cm'1 successively paired with the first
wavenumber 3500 cm'l. The first pair have residuals ﬁN =2.0and
3.2 percent at 3500 and 3100 cm™ !, and R, = 4.4 percent at 3500 cm™ L.
Thes e residuals cause the listed three errors for each parameter, and
their rms total.

3. Transmittance at each wavenumber.

4. Temperature and pressure profiles.

An example shown in appendix I for MODE=3 was in the same run
and followed the preceding example. The READ statement data and most
items in the NAMELIST were not changed. Thus, only two data cards
were required. The first four wavenumbers were used in a least squares
solution. Appendix I shows the input data in the same format as punched
on cards. The first NAMELIST has MODE=3 and I1=4. The required
second NAMELIST has a change in the nonvariable pressure parameter,
Py = 0.36 replacing Py = 0.30. The output consists of four parts.

1. The first input NAMELIST and the second NAMELIST that differs
by the new Py, = 0.36 and an interna’ change to MODE=2. Because
IREAD=1 was omitted, the READ data were not required or printed out.

2. Each iteration step lists the parameters, the residuals FN for
each wavenumber, the residual R o for the first wavenumber, the rms
total residual, and a step size that is the total fractional change of the
variable parameters. In this example the 20 percent change of Py
from 0.30 to 0. 36 caused errors 6Tc =1.2 K or 0.06 percent, ('Spc =
-0. 019 atm or 5.4 percent, and 5TW =14 K or 0.5 percent. Because
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four wavenumbers were used (I1=4) the iteration was terminated by the
small step size, as the residuals became stationary and remained
nonzero.

3. Estimated error of the profile parameters caused by the residuals
5RN and 5Ra' The percent errors are 5Tc = 3.5 percent, Op, =
7.1 percent and 6TW = 6.6 percent. These errors are much larger than
those listed in (2) above caused by the change of Py

4, Temperature and pressure profiles,
The output in MODE=2 is the samr as MODE =3 withcout the first NAME-
LIST.

WAVES PRMGRAM USE
Input

The input includes all quantities listed for PROFIL. Three additional
quantities in the NAMELIST select the independent temperature param-
eter and assign values to it that differ from the initial value. The inde-
pendent parameter is determined by index K4 of PA(K4), where K4=1
for ng, K4=2 for Tes and K4=4 for Tw“ The program selects the
dependent parameter in accordance with the profile, either PROF=1
or PROF=2,

FORTRAN symbol Descriplion
K4 Index of independent variable temperature parameter
PA(K4)
NPA Number of values of PA1l to be used, up to ten.
PA1(10) Values that may be assigned to PA(K4).
Output

An example in appendix J shows the input data in the same format
as punched on cards for four wavenumbers and two gases, HZO and N2.
The output has four parts:
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1. The NAMELIST aad READ data

2. Temperature and pressure profiles

3. At each solution found by iteration, the four variable profile param-
eters, wavenumbers, number of iterations, final rms residual

4. Tabulations of dependent parameter against independent parameter
for each solution in (2), with the dependent parameter modified for
plotting by equation (27) with the constant ¢

Examples of plotted tabulation are figures 3 and 4.

DIAGNOSTICS

A warning is printed each time:

1. The pressure of all absorbing gases exceeds the static pressure
at any point on the pressure profile.

2. During iteration when a variable parameter reaches the assigned
upper or lower limit.

APPLICATION OF THE PROGRAMS TO AN EXPERIMENT

Three steps are used to determine whether this method will be suf-
ficiently accurate for an application. These steps will be summarized
in this section, and an example of an application will be given, The steps
are:

1. Estimates of the temperature and pressure profiles are made,
and the profile equations are selected.

2. Some wavenumbers for measurement are selected. and then com-
pared using graphs of the output of the WAVES program. This was
demonstrated in figures 3 and 4.

3. Accuracy of the dependent profile parameters is determined for
the best pairs of wavenumbers selected from graphs in step (2). This
was demonstrated in figures 5 and 6. Tests with the PROFIL program
in MODE =3 may be run with a perturbation of an independent profile
pai'ameter. The resulting change of all dependent profile parameters
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may be judged acceptable or excessive. This is demonstrated in ap-
pendix L.

based on the results of steps (2) and (3), it can then be determined
il there exists a pair of wavenumkers that lead an acceptably low level
of random error in the computed parameters. The experimental meas-
urements are then made at the wavenumbers chosen and the results
serve as inputs to the PROFIL program in MODE =2 for determining the
temperature and pressure profiles.

An example of the PROFIL program is given to illustrate the limita-
tion of the assumed functional form of the temperature profile as de-
scribed by two variable parameters. An assumed profile with a high
temperature core 1> shown in figure 9. This profile carnout be matched
exactly by equations (1a) or (1b). The pressure profile is the same as
used in other examples; hydrogen-air combustion at 1 atm, parameters
Py, =0.30 atm, b, = 0.35 atm, and n, = 0.50.

By following steps (1) to (3) given at the beginning of this section ‘it
was found that wavenumbers of 3100 cm'1 and 3500 cm"1 were suitable
for use. The radiance and transmittance of the assumed profile were
calculated at these wavenumbers to represent error-free measurements.
With these measurements as input data, the PROFIL program in MODE =2
found the profiles with equations (1a)and (1b) that are plotted in figure 9.
The profiles in figure 9(a) and (c) use an independently determined wall
temperature Tw = 1100 K that was made 100 K lower than the assumed
profile Tw = 1200 K. This represents an error of Tw‘ The difference
between the assumed and computed profiles is an error of approximation
due to limitations in the ability of the profile functions to assume an ar-
bitrary shape. This may be compared with the error band that is due to
an assumed radiance measurement error of one percent and a tabulated
absorption coefficient error of five percent.

The PROFIL program data cards and output for figure 9(a) are shown
in appendix K. The output format is the same as shown and described for
MODE=3, appendix I, without the first namelist.
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CONCLUDING REMARKS

All of the examples presented in this report were for hydrogen-air
combustion at a pressure of 1 atmosphere with a path length of 100 cm.
These reactants produce H20 as the absorbing gas. IL was shcwn in
table III that the random error in the computed profiles decreases with
increasing path length. It can also be shown that the random error in
the profiles will decrease with increasing pressure or by using a gas
with greater absorptance such as COz, However, in applications where
the path length, gas pressure, and gas type are all fixed, a user of this
computer program has only the chuice of the wavelengths of measure-
ment at his disposal in order to attempt to bring the computed profile
errors within acceptable bounds.



R (subscripted)
OR (subscripted)
R (subscripted)
6R (subscripted)
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APPENDIX A
SYMBOLS

matrix of first derivatives
coefficients in eqs. (16)and (17)
element of A

matrix of second derivatives
element of B

average spectral line spacing
gas absorption coefficient, cm” 1

total path length of profile

exponent in equation for temperature profile
exponent in equation for pressure profile
actual gas radiance

temperature-gradient, eq. (2)

radiance by Planck function

apparent radiance defined by eq. (24)
partial pressure of absorbing gas

static pressure

number of absorbing gases

total residual, rms value; also column matrix of

residuals
residual, eq. (6) based on Ny, and L
residual errors, eqs. (20a) and (20b)
residual, eqs. (23), based on —I\TL

residual error, eq. (25)
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T temperature

T¥* temperature parameter in temperature profile, eq. (2), fig. 2(b)
u dimensionless optical depth

\'A detector output voltage

w independently varied parameter

Xy boundary layer thickness

X distance along profile or optical path
y dimensionless nath-length ratio, eq. (1) or variable parameter,
eq‘ (8)0 (Bl)

graph-plotting ordinate, eq. (27)
Z dependent parameter
Z dimensionless path-length ratio, eq. (2)
ay, absorption factor of gas

a*  spectral line-broadening coefficient

B spectral-line overlap factor, band model parameter
¥ average spectral line width

n interpolation parameter

A wavelength

P gas density
1, transmittance

¢ graph-plotting constant, eq. (27)

Subscripts:
c centerline of profile
s standard conditions

w ends of profile (wall)
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P pressure

T temperature

N radiance

e effective value
L total path length
a absorptance

A wavelength

0 initial conditions
Superscripts:

¢ computed

m measured

Running indices:

path length; also wavelength in eq. (6)
absorbing gases
nonabsorbing gases; also dependent parameters in matrix solution

intermediate index for path length
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APPENDIX B
PROFILE PARAMETER ERROR ESTIMATE

In order to use matrix notation and FORTRAN coding, the four vari-
able parameter symbols Tc, 'I‘W, Pes and N are replaced by one sub-
scripted symbol yj. Only three of these are treated as dependent vari-
ables at any one time.

Due to random errors in the measured and computed terms that
form the residuals RN and R o’ there will also be a random error
5yj associated with each parameter y.. The random errors in the re-
siduals are denoted by 5Ri (see eqs. (20) and (22)).

When the number of equations is equal to the number m of unknowns,
the errors Gyj /y]. are a solution of m equations in m unknowns,

m oR, 5y.
E > i, y3>=5Ri i=1,m (B1)
L/ 30y;/v;) \Y;

or, in matrix notation,

A(QX>= 5R (B2)
y

The elements of A are partial derivatives in equation (B1) that are founr.
by numerical differentiation in the computer program.

When the number n of equations is greater than the number m of
unknowns, the least squares method is applied to give the equation

ATA <5L> - ATsR (B3)
y

where AT is the transpose of A. This can be written as
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8y _ [(ATA)' IAT]GR (B4)
y

which 18 equivalent to the set of n equations, and m unknowns,

n
§ ;8(53'-/3'-) Oy,
I M M OR; = (B5)
-1 Ry Y

Each term in equation (B5) isolates the contributions of 6Ri to the
total error of each variable parameter. Since the sign of 5Ri is
equally likely to be plus cr minus, the rms total for all n terms gives
the estimated error for each j parameter.

Damped Least Squares Method

Where an iterative method of solution is used to deduce the profile
parameters from experimental measurements, the profile parameter
fractional increments are 5yj /yj for an iterative step. The increment
size is determined by the residuals R; which are to be minimized.
These residuals are: Ryp equation (23), at each wavelength A Ry
equation (7), at wavelength A;- The least squares method, equation (B3)
minimizes R by reducing ‘ATR to zero. Near the solution where
—ATR becomes zern, darzmng is required to prevent oscillation of the
variable parameters about tf.c solution (refs. 17 and 18). When a damp-
ing factor is selected in accordance with equation (11) of reference 19,
equation (B3) becomes

.
.

[ATA + (p/ q)Q] 87 - -ATr (B6)
Jy

The elements of matrix A are first derivatives of the residual, given
by

aij = Yj(aRi/an) (BT)
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where R is by definition a fractional value. The transpose of A is
AT The damping increases the principal diagonal of ATA by a factor
1+ (p/q) where Q is a diagonal matrix whose elements are the
principal-diagonal elements of ATA. The number q is the length of
the principal-diagonal vector of ATA whose elements are qi,i so that

1/2
a-(p o i> (88)

\i

The number p is the length of a vector given by the matrix product
BTR, whose elements are p;, S0 that

1/2
p {E pii> (B9)
1

The elements of B are second derivatives of the residual given hy

2082 2
bij = y]' (2 Ri/an ) (B10)
Finite differences are used to find s and bij' First treat the profile
parameter y, as follows fcr all wavelengths:

(a) Calculate current values of Ny, and 7q
b) Increase Y1 by multiplying it by 1.01

d) Decrease y; by a factor ’0. 99/1.01
e) Calculate new values NL b and TL b

(f) Restore ¥ to its startmg value by multlplylng it by 1/0. 99
The first der1vat1ves for the ith wavelength, jth parameter are

(
(
(
(

)

c¢) Calculate new values NL o and L, a
)
)
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C C m
a5 = N, - NL’a)/[O. 02(1 - ™'N )]

(B11)
. _ (C _c _m
the second derivatives are
_ _(C ¢ _oC 2,y _m
by = ~("Np, o+ °Np, 1, - 2 Np)/[0.01%(1 - ™ny )]
(B12)

c c c 2 m

Next, repeat the procedure (steps (b) ttrough (f)) for the succeeding pro-
file parameters yj.
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APPENDIX C
DETERMINATION OF ¢ IN EQUATION (27)

The WAVES program involves the determination of how wavelength
A affects the relation between a dependent temperature profile param-
eter Z and an independent temperature-proifile parameter w. At the
initial value S the value of Z(wo) is invariant with wavelength. How-
ever, Z{w, 1) changes slightly with wavelength when w # w,. The
temperature-profile determination depends on these small changes. A
graph of Z against w on an ordinary sheet of graph paper would show
curves of considerable slope, so that differences between curves for
various values of A would not be readily apparent. To exaggerate
these differences, the ordinate is changed from Z to Z + ¢(w - w
The value of { is determined as follows.

Let the range of the independent parameter be

8

W, S WS W
Among the values of Z(w) for all the wavelengths which are tried in
the computation, there will be a maximum value Zmax(wn) and a mini-

mum value Z w Similarly, there will be a maximum value

min( n)'

Zmax(wm) and a minimum value Zmin(wm)' The value of ¢ is taken
as
£ _1 Zmax(wn) * Zmin(wn) + 2 maxWm) * Zmin(wm) (C1)
2 2(Wn - WO) Z(Wm - w,)

The total span of ordinate values is thereby reduced severalfold.
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APPENDIX D
PROFIL PROGRAM
Program Symbols

The following FORTRAN symbol list includes symbols in the sub-
routines of appendixes E and F. It does not include symbols defined
for NAME LIST and READ data in the section PROFIL. PROGRAM USE,

FORTRAN symbol D¢ cription

A(5,5) Condensed matrix of first derivatives

B(4) Condensed matrix of second derivatives
BB(8, 3, 41) Denormalized and broadened BO

BE(8, 3,41) BB weighted by KK

BO(8, 3, 21) Interpolated local value of BTAB

CP(6, 41) Constant of pressure profiles; ratio of each

absorbing gas pressure to first absorbing
gas pressure; ratio of each nonabsorbing
gas pressure to the total pressure of non-
absorbing gases

Cl1 Constant of pressure profile of first absorb-
ing gas, PW(1)/PC(1)

DAMP Damping constant for diagonal of least
squares matrix

DEL(4) Fractional change of variable parameter
for derivatives (in data statement)

DPA(4) Variable parameter increment for iteration
step

DPAPA(4) Fractional value of DPA



FORTRAN symbol
DPV(3)

DTAU(S, 41)
DUM

DUM1

DUM2

DX (41)
ERR(10)
ETA(8, 3, 41)
G(10, 6)
GSAV(8, 4)
GV(9,5)

H(9,5)

HV(9,5)

IA

IB

ITER1

12

JTMIR

J2

J3
KO(8,3,21)
KEY

43

Description
DPA in condensed matrix

Increment in transmittance

Dummy to prevent overflow or underflow
Dummy to prevent overflow or underflow
Dummy to prevent overflow or underflow
Distance between stations X along path
Residual caused by errors ERRV and ERRK
Interpolation parameter

First derivatives for least squares matrix
Dummy variable equal to G

Dummy variable equal to G in condensed
matrix

Second derivatives for damping least squares
matrix

Dummy variable equal to H

Index parameter equal to I

Index parameter equal to Il

Iteration counter

Wavenumber index parameter I+1

Index for reflection of profile about center
Path index parameter (J1+1)/2

Path index parameter J1+1

Interpolated local value of KTAB

Selector for variable parameters



FORTRAN symbol
KEY1(8)

KEY2(8)
KEY3(8)
KK(8, 3, 41)
KV

KV?2

K1

K2

K3

LX

L3
MAX

NEWLIM

NP1

NTEST

P(6, 41)

PAERR(4, 10)

PA1(4)

PSUM

44

Description
Index paramecter (data statement)

Index parameter (data statement)

Index parameter (data statement)
Denormalized KO

Index of condensed matrix

Index parameter KV+2

Index parameter for variable parameters
Index parameter for variable parameters
Index parameter for variable parameters
Index parameter for error array

Index parameter for gas type

Largest absolute value of all DPAPA for an
iteration step

Controls number of tests for upper and low
parameter limits

Equals pressure profile equation exponent
NP(1)

Diagnostic indicator of absorbing gas pres-
sure being greater than static

Pressure of each gas at each station along
path

Error of variable parameter caused by a
residual ERR

Tentative value of new PA for an iterative
step

Sum of pressure of all absorbing gases along
path



FFORTRAN symbol

R(8,41)
RA(8)
RAB(8)
RB(8)
R1(8)
R2(8)
STEP

T(41)

TAU(S, 4, 41)
U8, 3, 41)
WAVOUT(10)
X(41)

Y(21)

45

Description
Gas radiance

Equals CRL during numerical differentiation
Equals CRL before numerical differentiation
Equals CRL during numerical differentiation
Constant of Planck equation
Consiant of Planck equation

Sum of fractional changes to variable param-
eters for an iteration step

Temperature at each station along path
Transmittance at each station along path
Optical depth at each station along path
Wavenumbers in sequence for printout
Actual path lengths Z- PATH/2

Dummy equal to Z, the normalizc< path
length



Luing
L0120}
toldl
wbigl
Lc191
10171
Luing
Loloy
L0109y
Lo1as
ug19s
sulodb
ue10h
L1l
Loln?
coiny
auin?
L3111l
Litlo
wilt?
Lvul2e
uo123
Lul2e
LL13u
Lolal
ML
ul171
L0174
Lul7y
tu20u
Lu203
ta2e
pu21l
to2le
ag21y
upezl

1e

b1
he

b

T%

Aw

9%
13¢
11
1?¢
13
14
16¢
16%
17%
1Re
19¢
20w
21%
22¢
23e¢
24%
25%
26%
27¢
2Ry
29%
30«
k334
320
13
J4e
15¢
36

6"C

th

X
67

46

PROFILE Program Listing

CCUMON PROF ¢ Tb,
X PAU)CTRULIB) $LRL
X DTAULK,U1),RLE,441)

L1 d
(
[
X T4TARL 81, KTAR(H
]
y

.JZ.J‘,CIgPSU“.Jﬂ.Rl(F)yﬂ?(“)vX(“ll'
("l)yﬂXl“l)yVK,VE'PS.°ATHvL2' Y121 )4L3y
JH1),PLE LY ALPHE3,8),
).KU(“'3'?1),KK(5'3|H1).IGTRR'8)'
X BTAu(B,5,8),80(b,3 [}
X UtBy3ylll TAULA, U,y 1,
REAL KK NTAB,KG4NPL
INTEGER PROF,DONE
DIMENSION DPAPA(“)'WAEQ“).DPAIHI.K[Vl(e).KEYZ(B)'KEY3IE).DEL(“)v
X Pk(&)|QB‘B).E(“)yDPV(B)'PAl(“)aBolLl“(Ql.UPL!H(“iyLI”(“)v"?L(&)'
X HYAUL(R)qulD‘ﬁl,H(?yS),GV(Q.SI.HV(?qS\,&(B.Sl'PAERR(U,lFD
X ,SASlb).UAVE(b’oZ(ZI)viﬂ“(lu’.UAVOUT(IU)'GSAV(B,Q),PNlb).HF(L)v
X PC(6)
EAL MTAULHRL MT NP HAX
VAME LIST/VAHII“ODE,PROF.IREA?.PATH,I!'UAVE,HQL,HYAULq
¥ EQRVyFQRK.YH¢1C'NY.YH9.JB.UPLIH.“DTLIM,LI,LZ,PS.DC,“P,Pu,NR,
% TRTAD ND,TETAB,J1 42y 1TER,TX
AATA KEVl/“#X12.2'3'3/'KEV2/31293'1-3;2,3.3/.KCY3/]yl.Zo“*lyD/
X .DEL/“‘-FI/.JI/ZI/,Z/D.,001.-DZ,.OS,-1:.2..3'-H'.51-7'1-.13¢1-/
1FEADED
FLADEBINAMYHENDZT9)
[F(IRFADLFO.D)GO TO 67
FEADLG 4BV IGASIL ) LZ1,56)

3

p

8'3.01),RE(G.J,“I).ETA(B,S,“l),

1
B
£
4
2
1 1A 1B NTEST,TX

1
)T
Pib
3.4
1),
YN

FEANIS, A1) ({ALPHILLLYLLE1,8 bylal,ll)
?[ﬂD(ﬂoPl)(((KTﬁuthL.N).N=l'F).l:l.[lleil.Lll
?EAD(SyBl)(((BlﬂBlI.L'Nl.N=1,Fl.I:l,ll)vL=l.Ll)

30 65 L1yl

ALPH{L, LY=L

20 65 I=1s11

20 6B NEL.NK

TFARTABLI L N)WLT, JIE=C61KTAT (I, L NIz a2k =0k
90 66 NT1,NE

[FIRTABIL LyN)aLT, JIE=DBIBTARLT 4L yN)Zo1L =26
CONTINUE

WRETELH,90)

WRITE(B,NAM])
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Loursy
Lnardy
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LLne2
LouL~u?
LGNyl
wbun 43
utttne?
LNuill
UPhulub
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LOu1s
uflu 160
Lrelse
uhatel
Liulsl
LRt Ul
wdu 30

Lna2uy
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(327
WLLSTs
[N Py
w0324
“L101
LoIne
N
L334
L0317y
LOIT
ug3nzy
La3l)
Lea
wily
Co31y
ul3le
(L3117
.332.
(6323
uli32u
ul32y
uil?e
LL327
w3te
wlt?y
n3337
Lltu
[ DY
Lo3y2
{C34y
LU3u?
(NiRIAT
ub3cl
Lr3ce
(40354
LJ3s7
GL3s?
Lalel
w362
L3685
w37
uLiny
Wb372
LL374
Cu3re
ug37e
Gounu
Luao1

7%
e
104
ud=
hie
uze
436
Hys
46
LT-14
yTe
.1
494
a0e
G514
LI
£3e
546
55¢
H6%
574
sa%
59%
hOe
61¢
bL2#
£3e
kU
654
Lbe
67
[0
69
Ce
Tle
72¢
TIs
Tue
75¢
T6¢
T1%
78¢
79%
BO¢
8le
a2¢
83%
8he
85¢«
86%
R7s
RBs
89¢
9%
91
92¢
93s

eno

5
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56
53
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IFUINFAPLFOLSILD TO 622
ARTTEL O 6) LGASIL) L2 ,¢)
WETTELO BT IEALPHIL JLL) yLL =1y R),L=1,yL )
NETTEMG o8 b L CKTAR LY L N NS, 8),121,10),058,L4)
WETTECAgBR) LOIBTARIT L N) o NZ 84 T21, 100,020,030
ENETEAL CONDITIANS

NTESTEC

1az]

Tez1l

JCeNER"

[1ER]EN

Jaupzn,

1221194}

JIzdlel

J2stal+ly/2

IS RS

Cl=Puild/ecily

PALYY=NT

PALNZTC

PAL3)ZPCIY)

PAINIITH

A0 64 K=1,4

IPAPALKYIZN,

ICALRIZD.

CTAULIK)Iz",

CTAULIK+1)=D,

30 6w IT1,1D

AAVOUTLINZN,

ERR{I)=A,

Sily8020,

SUL,512D.

PAERRIL, 1 )=(.

aC 53 1I=1,11
TF{MODPELECLLICO TO 6S
AAVOUTEL IowmAVERLT)
WAVOUTI{IC)ISWAVELY)

5 311V L119090~11 ewhVE(T) =S4}

RACTIZLUTBERWAVELT)

2C 51 J=1,J2

JMIRZ Y3~y

XE{JIzPATHRZ2EII)/ 2,

Yt4)1=2703)

X(JUIR)ZPATH-X{J)

20 5% Jz2,J1

IXCII XSV ~X(J=1)

PRESSURF PROFILF INITIAL PRGFILES
NF1zNR{1)

90 52 J=1,J2

20 53 L=1,L2
JUMIZARSIPCIL Y =PwiL))
PILyJITPCL)
TF(CUMIWE0eGeusDPeUeEDLJ2)I560 T2 53
UMzl =viJ)
JUM22ALNL(DUMI)I+ALOGIDIM)/NPIL)
IFEDUM2,LY, ~EU.)GO TO 53

Pl I ZPLIL Y= {PCULI=PW (LI oDUMO L1, /NF L)}
CONTINUF
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IFEL14EQ0 36D TO 55

IRESSUIF PROFILF RATIO FACTONS CPIL,J}
30 E4 L=2yL1E

CHILJYERP L JI/P L] )

TFL{L2.F2.L200 10 52

quMz3.

20 556 LTL7,L2

JUMZOUMIPLL,J)

20 87 LG, L2

CPIL,JYZP L, )/ nuM

CONTINUF

[F{UIDF,ENL2)00 TD 721

CALL TEUP

CALL TRANS

IC 63 121,11}

MRLILIZCRLIT)

MTAULETIZCTAJLITY}

TFLMINELEQL1ILD TO 731

M0%€=2

56 TG 603

ARTTETG 91V (PALT) I51,4),PWll)yNPLL)
2E5INV 1TLRATION LOOP

CALL TEMP

CALL TRANS

IF(NTEGT TR 1 )WPITE(G,77)

NIESTEN
FIND RESTSUALS, TEST FOR SOLUTION Ok MAXTHUM I TLRATION NUMRER
WS51I:27

TAJAWSCYAULLL)

201 I=1,11

ARLIY=CRLATY

3L 9)ZCRLITI/MRLETI=1,
AFESTIHIRFSTDOGE] L) an?
IFE¥INE«t Qe 100L0 TO 436

SUISy SIS UMTAJL I =CTAULEL) I/ 1 e=HTAUL LYY
FLSIUTSCITIRESINen(12,5)8w2)

STEP=T,

0 2 JIl.7,2
SISPIQIFPARSILPAPACIIYS .Y
STERZCTIFI+ARS{,PAFALI+]))

TFEITERL AT o () o ANDtSTER LT ool e Mol TLRIECITFRLORWIRESTNWLT,

X W21 r0nNEs]
ARITECBSTI(OPACT) 4120t} ITET ) AESTUWSTER IPALIT),I21,44),
X (G010 121, 8 ) (WAVOUTITI) ¢ 121,4S)
TTERLISTITERL#L
JFRAIVATTIVFS ELIRPLL, 312)
4fyYzi
A1TKEYILAFY)=]14PRDF
2% KFYP(MEY)=1RR0F
4ICKREYILATY)
JL.01¥Z.31/PALL)
G 3 ATL]L,K2,K3
DA(K)=PAIK)IW (1. +0FLIK))
ChL TEYP
CRLL TRANC
30w 121,11
FACLIZCRLATY

LNuALD
LOukll
wuk12
whak2l
Louh2d
ulubdb
LrOgFS2
LOuéu2
LhLEbl
utuksl
wuhel
LUk60
LLhb
ullures
LNGaT?2
Louere
FIAR LY B
LNCATE
vaLTUl
LTLTL3
LouTLS
[ Nl 3
LAG73
LNu7el
uNatel
LNu7T3s
Lou733
VNuT3Y
LoLT3s
wnL el
LAWTHE
LPu?u6
w3791
LTt h
LI760
Lhu766
Lru77%
La1nul
Lringl
LIInGu
[5al Rop ¥ 1]
tmme
Lninyy
{01nal
[P Rk B
w1
b Sl 1
LI1NTA
[ R IVR
WRliL?
vl
L1734
witel
P8 B 'L
Wt1ou?
w1264
[Pab Rl
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BN 151 TAJAZECTAULIY) Lnibe
U 1629 PALK)IZPALK)IS L LawDELIRK)) /() ooulL (X)) L0
by 163+ Sheo TEWD LINe?
ety 1fus ChoL TRANS WL
[ ANTH 1653 205 131,11 Wt T
BALLY] 165¢s S RFLTITCROLTY L1170
L 1574 TAURSCTAULIY) [ I ¢]
LAky {6Re DALATEDALW )2 L) =0EL LKD) [0 IV
LLEEY 1¥9¢ 20 6 T21,11L LTy
T 1eDe SUTANS (SALII=RBII I/t oDEL LK) OMELL)) Ltrine
LT 1nte DEAVIT G RITGLI WK Lr1yr
Lhhe 1R2% oAl (AL R =D RAREIN) Z{DEL LW Y BeDOvRLIT)) [Sa
THhY 1+3% STy M) I TAUN=TAUA) /(24 #DELIKI#(LamMTALULIL)Y) wbl1133
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cwh 171% T2 LIMtky=En w01n30
N7 170¢ C FOI 40uFz)y SECUENTIALLY SHIFT "tRIVATIVES ABDVE Iz2 10 [=2 Lnia3g
W1 171 JCowal wlzgynd (ALK
Lenfu 1704 TRE80TNTL 10 T 600 wllup)
HER 1760 =3 Lniuad
T 17¢¢ WAVOUTIY ) ZwAVIHT) LNlups
A U9 177 AAVLUTE )T wAVE LML) Wilug?
Luhll 1789 AAVUUT(T CwAVE () CLIlury]
inte 179 [D 472 KTK1yKeyn3d [ R
L]t 1874 FARETLR ISR S KD I 3 LfIc
Lut e 18] W50 GH244)8R5AVIM] ) ILEY]
NV 1% 5me SONTINUF wTIELE
WE2. 1p 10 < CTHANGE MEXIVATIVE VARIARLLS 1A CONDENGE AWRAY KIZK1, KD K3 T0 KZ],hy LR L
A 18us AV=D Lnisye
while pure I 7 KSRL W K24k3 (el RIS ]
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SUXN 1928 6 K HZlyky M I T
Lk 1970 All 4020, WRlALY
Luhla 194¢ RIVER-IENE-S IPS 94 AL
wolul 196% A ALTyKIZALT oK) 4LV IJKIAGV (4T LULRLE
th? 19%% TFOUOME st Ged 0O TD 423 [ L
P 197¢ C ILSTOUAL VECTOR UT==R ECIRA) ANM NAUBING VECTIOR O F7ids) 1E2T
LabsY 15R0 AV2z4Yen WOl
ALY 199¢ 6 9 Wzl Ky VIS LT
LURE] 273 A{L 4 4V2¥2N, VAl ROFTH
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[ X0 232¢ 20 9 J=1,7T2 [Nab L -
kb el T AL AVZIZALU ZHY D) =GV LU R B0 1 U,5) LNLhLe
L uhbT 2048 KAETE R L E S RTINS SRS NI COLEGE
L6T,. ?0ce Jeupzn, N S ¥
LA7, ALl TFUT2.EQ KV IR JOGNELEC, L0 TP 12 [ELo8 BV
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18

14

60

2122,

7250

20 1J K3l,Ky

DIZDLIAAIR K I uw?

P CRIN RS ET H

DAMPLIECATID2/D1)

2C 11 K=leky

AlXgA)S AlK KIB[Lso(AMP)

CONTLNUE

INVERSE JF LEAST SQUARES MATRIX AT-=p
[FELUAD]

20 13 Izl4KV

A0 14 JT],KV

ACJyN0YED,

AfT NQIZL,

AIvaAL, 1)

20 1% Jzl,NQ

ALL,J32 A(T,J)/01V

Ju 18 UL KY

TFIT4FR44)G0 TO L&

FACZALY, 1)

35 17 KilyNG

AL A)ZACI K)=A(T KISFAC

CONTINUE

26 1w JslyKY

ALy 1YSALUWNG)

CONTINUE

TFEOONELENG 1o ORWMOTECEDSL) GG TO HOW
SCLVE FOR PARAMFIER FRACTIONAL INCRFMENTS A~INVERSE#AT«=R
AC 19 T2lyKY

SeviIIzrn,.

10 19 KI1ykY
WVETIZNPY L) sACI KIBAIK,KV2)

SXPAND INDEX TG O~IGINAL PARAMETER INDEX A=K}, K2,%3
qyz?

A0 20 KEAL K2 KT

{VIKV+l

APAPAIKISTRPV(IKY)

DFALANZ OPAPA(RIGPALK)
SEIPIITIINALLY REDULF PARAMETRR STEP SIZE FOR LARGESY STEP ,)1ePA
IR «1 FI3 PALL)

UAX IO

NG 21 K K1, K2,KY

JUASARSICDAPA LK) )
TFLKWFQe L IDUMSARS{DPALL))

TFIDUM LT MAX)IMAXEDUM

TFIMAX LTyl )MAXZ,])

I0 22 KA1 . H2 4K

PLI{A)ZPALK :+PPALK )N, 1/YAX

TEST FOP TEN:ATIVE PARAMTIERS QUTSIDE LIMIT
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SALLHNY UL IMIR)
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APPENDIX E

TEMP SUBROUTINE LISTING

SUBRCUTINE TEMP
COMMIN PR9F,TWE, L1yJ1yJ2yJ3,C1 4PSUMJB,RLIBIR2(B) 4 XIHL),
FALY Yy CTAULIR) oCRLEBIpTHULY,DNLU1) yNK)NB,PS,PATH, L2,y (211,13,
LTAULA 1) 4Rl 1) CPUAY UL PIBYUL) ALPHIZ, 8D,
THTARY B)  KTAB(B,3,R)KOIR,3,21) ,KK(B,3,41),T3T8R18),
PTASIR,3,8),POUE,3,211,uBtBy3,41),RELB,y3,41))ETA(B43441),
UCR T80 ) TAULR, 4,41 )y NPLyIAZIByNTESTTX
REAL KK KTAB,KU,NPY
INTEGER PROF
TEMP AND PRINCIPAL PIESSURE PROFILE EQ(L1 4,24 3)
PWLZPA(Z)aCL
JUMIZARS(PA(2)-PALY))
JUMRZARSIPALI)-PR LD
20 1 J=1,J2
JMIRZJ3=J
T2 =PAL2)
Juvzl=Y(d)
IF(DUML4EQeDssOReUJsEQadR)IGO TO 11

DUY3=ALOGIDUML) +ALOSIDUM) /PAL])
TF{DUM3.LT~BLIGO TO 2
TUJIZPA{2)={PA{2)-PALU} }YRDUMBK(L/PALL))
IF(Y(J)obTs o511 TUJIET(J)#TXE(SINIZLLUT6XIVIUI=ah)))RR2
TIIMIRIZT LU

P{1,J}EPAL3)

JFIOUMZ.EQ.Tae0ReUsEQ.d2)IGO TN L
DUM3IZALOGIDUM2) +ALOGIDUM) /NP)
IF{OUME,LT,~BB,IG0 YO 1§
PUlyI=PAL3)I~(PA(3)~PH] JROUMEd (1, /NPL)
P(l,J%IR)ZP(1,J)

PRESSURE PROFILE OF OTHER ABSORBING GASES
10 3 J-1442

JMIRZ U3~y

PSUHZN,

TF(LL1.EQ.YIBD TO 4

00 5 Lzz,Ll

Pl yJIZPL 1 JYHCPIL U}

2ULyJUIRIEP (L, J)

PSUMZPSUM+P {L 4 )

PSUMZPSUM4P (1 ,4J)

PRESSURE #RQFILE OF NOM ABSOR3IING GASES
[FIL2,EQ.LLIGC TO 3

DUMZPS=PSUM

IF(DUM.LT.0.)DUMEG,

70 7 L=L3,L2

DL,y JIZNUMECP (L, J)

7 S{LyJMIRIZPIL )

IF(PSUM,GT,PSINTESTZY

TEMPERATURE 30UNDARY LAYEIR,WALL TEMPERATURE TWH
IF(JBsLE.1+0R.PROFL.EQ.11G0 TO §

3¢ B J=1,J8

JMIRZJ3~J

JUMZITLIZ)-THJBI ) /(PRI ILa=Y(JB)))
DUMREY LI /Y LJB)
TIJ)ZTWP+{T(JR)~TWBIXGUMD + {DUMEYIIBY+ TUR=T (JB) ) eLUMISIDUMD -1 )
T{JMIRYZT (J)

FADIAMCE ORQOFILF FOR 1  WAVELENGTHS,PLANCK FUNCTION
30 13 J=1,J2

JMIRZJ3=0

20 12 1-1A4I3

JUMZR2(I)/T(S)

IF(ABS(PUY) «GToRIWIDUMTPRT

AT, =TI/ LEXP{OUM) =1,

RITHJUIRYIZR{T,J)

FETURN

END
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APPENDIX F

TRANS SUBROUTINE LISTING

SUKRIUTINE TRANS

COMMON PRNF L Twd, L1,014J2,J7,C1,PSUM,UB,R1(8),R2{B),X{N1),

X BAL4)FTAULIRY G CRLUBE TUUL),MX (41}, NK NByPS5,PATH, L2, YI21),L3,
X OUTEJUF ud )kt 1), CP{6,U1),P 6,410 ,ALPH 3,8,

X TLTARY B) ) RTARIB,3,8) KO{Ry3,21),KKIS,3,41),T3T8B(8),

X ETASHB, 3,81, 80068,34200,5R(6,7,41) ,BE1B,3,41),ETA(B,3,41),

X UCRy 7 ULy TAU(P 4841 ) NP1, TA, IR, NTEST,TX

REAL KX KTAB, KD NP1

INTFGFR PROF

JTMENCION BBETARLT) A7) A2UTY A3(7) JAU(T)

JATA SBETAB/Dey?yy50910092001520y100074A1/-068,~0%7446093.19,9.12,
X 290l 1054/ A2/ ,462y301519025922eR4574192094/943/455,471,.97,
X 1aloyleb® 207694005/ 48H7,07)e834079,143042¢264405647.09/

IAND MODEL PARAMETER PROFILE RY TABULAR INTERPOLATION

70 1 1=14,18

20 1 LElyLl
20 2 Js1,J2
JMIRZ J3-y
INTERSOLATE FOR KL AND A3, OENOGRMALIZE K3 TO XK, ED(14.1)
9¢ 3 N2, K
LFETEU) BT, TRTABY NI AND N, NELNKIGE TO 3
AGUT Ly ) KTAB T Ly N=1) 4 (KTABCL L N =KTAR (T L, NoLY)
XE(T(I)-TRTARY N-11 I/ CTRTALS NI =THTAK( N=1)1

lF(T(J)..T.TKTﬂ“lX))KL(I,L,J):KTA“(I.L,U
TRETES) o OT o TRTARENM ) PRI (T gLy JIZKTABI L 4Ly NK)
50 12 4

CONTINUE

AFLT Lo d)ZhCIT Lo d)#273,02P (L, J)/T(J)

ARET Ly JMIRISKKITI L od)

INTEXPQLAYE FOR @0,

90 1 J. 7,42

PRI

T74THYa LT THTAR NY o ANDNoNEJNBIDO T B
AZEI L ¢ J)FBTARLIT gL N=1 )+ (PTAGIT L NY=RTARIT,L ,N=1))
Xo{T{d)wTy TARY Bel))/(1eTARY Ny-TpTAZ( N-1))
PEATUS) o u T T2TAR LI IALIT Ly J)ZRTAR(II,L,1)
IFETUY LT o T TATUAK I B UL 4Ly JISRTARET JL oK)
STy

CONTINUE

CONTINUE

INE TMRIAMENING AND JENOKMALIZE 39 TO BR EQ(14.2})
26 6 Jz1,42

JUIRZJ2=y

6 6 L=1,L1

Juvz].

J0 7 LL=i,L2

JUUZOUMHALPHIL ,LL)%PILL,J)

16 6 T=74,18

3BUI Ly J)=RO(TL,J)aDUM

BB Lo JMIRIZIBIT L)

3t E3412)

20 8 I=1A,IB

20 8 L=1,L!

BECL Ly 1ISRBIT, L, 1)

S1=3.

§2=0.

SAVISKNAL 4L, 1 uPBLT ,L,]1}

¢ R Jz7,41

SAV2SKK (L L yJIaRHITI,L,J}
S1ZSI4{KRET L yu=LI+RK (T sLed)IRIX1Y)
S52TSRHLSAVIASAV? ) wDX ()

SEV1zSAYS

BELTI,Lyd1752/51)

CONTIVUF

OPTTICAL OFPTH U EQ(11)y AND £7A Z0S(13),(14)
36 9 T=1A,IB

20 9 L=I,L1

ETatI,L,10=0.

NED SIS S R

S1zC.

SAVIZHK(T,L,1) ORIGINAL PAGE IS
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20 9 J=2,J1

3BE=BAIT, Ly N /BF (T4l d)

IF(BBESGT+100.)RBE=100,

SAV2ZHKIT Ly JISRBEXSETA(L L 4J=1)

SIZS1+(SAVI+SAV2)aDX(J)}*.5

SAV1=SAvVZ

JIT,L 2 J)2S1/BECT, L, )

20 1] Nz2,7

IF(BBE«GT+BBETARIN)4AND.NJNELT)GO TO 10
RATIO=(BBE~BBETAB(N-1))/(BBETABIN)~RBETABIN-1)

AS5Z1.+.1B5%B3E

TFUUGT Ly J)eGT oS ETALT Ly dZtUCL Ly d)+RALIN= "¢ (ALINI=ALIN=1))
XERATION/Z{UST 4Ly JI*(A2(NI-AZI(N=1))2RATIO+A2IN=1))

TFQUCT Ly J)aLEASIETAIT WLy JIZHUCT Ly JIBLATIN-LI+(A3(N)I-A3IN-1))
XARATION)/ZUASHULT, Ly J) &l (AU (NI =AUIN-T1))SRATIO+AL(N=1)))

60 To 11

1L CCNTINUE

<

14
13
12

15

CONTINUE

CONTINUE

TAU FOR L1 GASES, EQ (9),(1D)

20 12 Y=14,13

20 13 Jz=1,J1

TAUCT 4440021,

20 1y L=1,L1

TAUEL oL JVZEXPU~ULT yLyJISBECTyLoJ)/SURTI1e4145708%U(LLsJ) )}
TAULL 43 J)CTAULT 4, )2TAUIT,L,yJ)

CONTINUE

CTAUL(I)=YAULT 4,0

3AS RADIANCE CRL EQ8)

DC 15 I=14,IB

CRLIIN=D,

J0 15 J=2,J1

ATAUNT,ISTAULT W4y J-10=TAUIT 44, 0)

CRLETIZCRLITI DS (PIT 4 JI*R(1yU=1))4DTAUCT yJ)¢45/014~CTAULLT)Y
RETUIN

END
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APPENDIX G
WAVES PROGRAM

Program Symbols

The following FORTRAN symbol list is limited to symbols not in the
PROFIL symbol list, APPENDIX D, and not in the NAMELIST data in the
section WAVES PROGRAM USE.

FORTRAN SYMBOL DESCRIPTION

AMAX Maximum value of dependent profile parameter %o
determine ZFETA

AMIN Minimum value of dependent profile parameter to
determine ZETA

XKEY Selector for variable profile parameters’KEY=Kh+
PROF -1

KEYY (5) Index parameter (data statement)

K5 Index parameter to select dependent variable profile
parameter

NPB Index parameter NPA-1

PASAV (8,10) Dependent variable parameter after correction by
ZETA

PASAVE (k) Saves initial value of independent variable parameter

ZETA (11) Graph-plotting constant (APPENDIX C)

ORIGINAL PAGE 18
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APPENDIX G

WAVES PROGRAM

COMMON PROF TWE, L1yJ1yJ2907yClyPSUMMJURLIIB) W RT(A) WX (U],
X PA(H) o CTAULEB) JCRLEBY (TUBLII NXIU1Y N K, N3 PS,PATH, L2y Y(21),L3,
X CTAUIB,H1)4REEU1)CPI6,UL) PLE,ULY)ALPHIS,8),
X TATAR{ B)  KTAR(B,3,R) 4 KU(R, 3,21}, KKIB,3,41),TBTABLE),
X BTABIR 3481y B0(8,3,21) B3 1) REIBy3,41),ETA1B,3441),
X ULBe20641)  TAUIB, U U1 ) 4yNP1 1A, IB,NTEST

REAL KK KTAB, KU NPL

INTEGER PROF

DIMENSION DPAPA(“),WAB(R),DPA(U),DEL(prRA(B)|U°V13)v°Al(10)v
X BOTLI"(H).UPLlMl“).MRL(b).NThUL(ﬂ)'G(9.b),GV(?,S),GAS(&).NAV[(q)v
X Z(21) o RBUB)PASAVIB, 100 PASAVE(U) JNAMEIH) JZETACLY) JKEYLLIS),
X KEY215),KEY3(5),KEYU(S),PUlb) NP{6),4PCI6)

REAL MTAUL ML NT (NP, MAX

VAME LISY/NAML/TREADPROF yPATH, 11 ,wAVF,

X TWTCHNT, TRByJP UPLIM ROTLIM, LY L2yPSePCyNP P HyNK,
XTKTAB NRA,TBTAB K4 NP&,PAL,J1,7,ITER

JATA DEL/ZUSeD L/ ¢NAME/ZZHNT JUHTC yKy6HPC o ATH UHTW K/ J1/21742400y001,
XeO21e0Gyalye2yatpaligoSealylogldolasKEYI/2414340,7/74KFY2/3434,
X Dy3/ KEY3/ 142,140,417 REYU/Z2y14HyD0y2/

IREADZD

FEADIS NAML,ENDZ999)

TFCIRFADCFIII0LO TO 11D

ICADLS,30)16ASELY,L21,6)

READUS,RLYCLALPHIL LLI LLZ1,8 JyL=14L 1)

REBDIS,BI) LUERTAGIT Ly NI NTL, R}, 171, 100,L21,L1)

EADIS,B1) (LIBTABIT Ly NIy NZ1,2),121,110,L21sL1)

00 66 L=1,L1

ALPHIL L) =1

DO 65 Iz1,I1

DO 68 NZ1,4NK

IF(KTABI{I,L N aLTs J1E-D6IKTARLI,L,N)ZeLE-Db

20 66 N=T1,NB

IF(BTABILI L eNJoLTe «1E-26)1BTAB{I,L,N)=1E~06

ARITET6,90)

WRITETGyNAYL)

WRITE(6,86) (GASILIsL=1461)
WRITE(G,6T)LLALPHIL yLLY WLLZ14R1 LT3, 1)

WRITE(G,88) CLUKTAB (T, LyN),NZ1,8),121,11),L=1,L1}

WRITE(64B89) ({(BTARII,LyN}4NZ148),I=1,T1)yL=1sL 1)

INITIAL CONDITVIONS

IF(HULEQ.1IPROF=L

IF{KUEQ.UIPIOF=2

KEYZKU+PROF-1

K1ZKEYLLAEY)

coaruo
Lnuro
cpuruo
[V I uils]
weungo
uluNLo
Lhonul
Lounol
uhynul
093001
onrunLl
Loanal
Lrutut
Liurul
cronol
Lrurcl
Lououz
co4na2
Lhuiue
whatae2
Leunee
taone?
cnuntl
coJany3
coune?
Cea1L3
Loutyy
[T
Lou1s50
orG1e0
L0310
COL1s61
Loulel
Louau0
[Falrdil
tnu210
Lpp2se
Louzp2
Loaize
[Malsk¥]-]
Lou3ss
0N360
LunNL3LSs
Lnui3Tl



Q02717
Q0300
co30}
00302
00333
o030y
00305
10336
3a307
03312
00314
003t2
(13 1 1]
Co3l4
03318
0032¢
ub32y
00322
00323
0326
Qo327
00330
0033}
wo33e
0333
L3336
00337
Qo3ud
0034}
Ca349%
00350
00381
00353
00356
3357
Uo3ey
00364
00363
0366
00366
00370
uos7y
Q0374
uo377
00400
nouoy
ooun3
w0u04
[s]L1:}]
uges7
uoniu
oonl2
waele
uosle
uaug?
a2l
uou23

57

11 42ShEVR2IKEY)

460 A3SKEYILREY)

470 ASZHEVUIREY)

upe NTEST=0

uoe 1asy

Qe 18231

5is J3zJie}

s2¢ Jesqdielyz2

53¢ L33Lie}

She CizPuilI/PEty)

$5¢ PALYIENY

560 PAL2)27C

57 PAL3ISPCLL)

58¢ PALU)STY

59e DO 64 HZ)ok

60¢ IPAPALKIZO,

61 DPAIX)S0,

62¢ PASANECK)ISPALR)

63¢ DO 64 I21,6

(17 GEKyEI3Ds

65 GlReu,292n,

66¢ 6i9e203%

67¢ FASAVIKRIe0)20,

60 DASAVIKOU T ou =D,

69¢ DO 84 wzl,u4)

73 VAUETO2¢KyMIZCe

71 S1T %120,

72¢ CPITIMIZD,

73 64 COVTINUE

74e 20 5 121,13

75¢ 4TI JIIGDFE1L #WAVE(L)on]

766 €0 R20I)21,43B00WAVELY)

77 20 51 Jsl.J2

700 JMIREIZ=y

798¢ KEJISPATHEZ (Y /2,

80 YiJ1s2t9)

Bls 51 NEJMIRISPATH=X{J)

82 90 59 J22,J1

a3e 9 IXCJISNCJI=XTd=1)

84ys PRESSURE PROFILE INITIAL PROFILES

854 NPLZNPIY)

869 00 82 Jz)yJ2

87s 20 53 L=1.L2

0ge QUMLSABSIPCILY=PUILD)

89 PLLyJIZPLLL)

90e TFEDUMLLEQsCo e OReJeEQWU2)G0 TO 53

91s DUMZLe=Y( )

92e DUMZEALOGIDUM) I *ALOGEOUMI /NP L)

93¢ IF(DUMZ.L T, 83,4160 10 §3

946 58 PULyJIZOCILI=(PCILI=PuIL)ISDUMONL]2NP(L))

95% 53 CONTINUF

26¢ IFC(L1.EQe1IG0 TO 55

97s DRESSURE PROFILF RATIO FACTORS CPELJ)

o8¢ DO 54 Ls2,L1

908 54 CPULyJISPIL,JI/PLT,J)

1000 55 IF(L2+EQeL1)GO 1O S2

LA DUv=0.

8gIGNAL PAGE IS

R i L AT 4 . M T LR R aamaineaeme o L e LR LY LT L gt R % wa ¥ Al Iy —

003374
oNus?6
onuLgo
000u02
ongunl
000405
00uup?
uguul 1
00ou) 3
onpuss
000620
orbege
onouae
co0626
LOousS
Gooues
000655
0pdus6
[di LT 1
000u6H
000464
000465
000466
0067
Lopur2
o0gu72
Logur2
000473
Gous?
cnuss?
002517
000523
0ous32
uope32
ones3s
000543
9 LTh ]
un0ss3
L00S53
CN0ss53
000656
L00S6S
000605
u006QS
o00s10
000632
oroel?
uaok2l
Lopa33
000636
uboes6
00G656
00U656
000660
000666
003672
00G6Ty




00424
sou2?
0043}
00434
00436
T
1YY
Go%e2
AT
T
00450
WYY
ST
01T
00470
00473
cou7e
00675
00533
00501
6h8l2
00502
00503
00534
00505
00510
00512
00511
nesie
00583
00534
00515
00518
Q0sle
00520
00522
60521
0cs22
035625
00526
00827
00530
00531
Cns32
G533
00534
6535
00536
D537
20540
00543
00562
0nSha
60545
00565
(LYY
0C567

102
133

1460
147
148e
169¢
153e
151¢
152
153e
154e
155
1560
157
1500

58

0 56 LEL%i2
86 DUMSDUMSPIL )
20 57 LsL3yL2
57 CPULyJIZPIL yJI/DUM
52 COVTINUE
CALL YEWP
CALL TRANS
20 63 151,18
qaLeLIscRLel)
63 UTAULIDIZETAULIN)
RETECO S8 MIGASILI oL 06D o 0RM0N T EIN o 1P40,3UD012046) 020y J8)
WRITELG,90)
WRITE(G,91)
¢ IVDEPENDENT VARJAQGLE PARANETER PA(NYG)
00 602 131,12
1433
1053
D0 602 1PAS)NPA
PALKGISPALLIPA)Y
ptER1I=0
f23] 1
€ BEBIV JTERATION LOOP
700 CALL TEWP
CALL TRANS
TFINTESY.EQeLINRITEI6,7D)
NTEST=0
4 FIND RESIDUALS, TEST FOR S50LUTION OR MAXTMUM JTERATION NUMRER
TAUABECTYAULLL)
RABL1ISCALIT)
GeTyBIZCRLITIZHRLESY=E,
SEI2o50SUMTAULITI=LTAULITII/Z (Lo =NTAULIS))
RESIDZSORVOMICRLITI/MRLITISL D020 (NTAULITI=CTAULIZII/Z§0=NTAULIS)

X y1ee2)
TREELYERLGToD)oANDotITERLSEQCIYERGORORESIDOLT 443210960 TO 634
TYERISITER e}

¢ DERIVATIVES €0(ALL  B12)

DELISIZ401/PAIDY

DO 3 MzH) yH2,u3

DAINI:PAIK)IOLLLODELIND)

CALL TEWP

CALL TRANS

AAITIZCRLIT)

TAUAZCTAULIT)

PALK)SPAIKIOLLo=DELINDIDIZIL o4DELEAY)

SALL TEwS

CALL TRANS

RBEIASCRLITY

TAURSCTAUL L LY

PACKISPRERI/ZNILe=DELIKDD

SULondIR0CII-RBITIIIZIDELEIKIOMRLITIS2,)

BOI2oHIZCTAUB=TAUA)ZCDELIK DOIT ooMTAULTIT)) ®24)

CONTINUE

CALL YEMP

CALL TRANS

[4 22!:55 DERIVATIVE VARIABLES VO CONDENSE ARRAY KSHIK2,K3 YO K2l,kV
DO 7 K2Hi K243

“w

o0uT00
000710
ong7s7
Gour1?
000726
000726
000730
0nd 732
000740
BOO7u s
000744
008770
000775

003037
001N4}
oninGgl
003051
o0ins2
003054
001066
001061}
001065
001068
001075
o026
001126
001131
IR LR
001153
001156
omilen
B0l162
001164
001166
oniies
0031177
003201
003203
001205
ooj2ie
oni220
o01227
onj227
603231
0oa23y
001233
001240



217
218e

220¢
22%e
222¢
223
224e
225
2266
227
228¢
229s
230¢
231
232¢
233
234s
235¢
236s
237

59

dysiyel
DO 7 Tu=t,d2
BVITNGHVIZSGET N, M)
SOLVE FOR PARAMETER FRACTIONAL INCREMENTS MITH OETCAMINANT
DENOMZOVIR 3I0GVIT242026V 142000V I3201)
DPYELIS(=011,0)00ViT2,2000VE1,2000 (12,8))7DENOM
OPVI2ISta0VIT 1086 $32,500063,8)00VE22,10)/70EN0N
CK'SNU INDEXN YO ONIGINAL PARAMETER INDEN HESH1, H24K3
&z
DO 20 KEnlM244)
4VSKYe}
OPAPALKIZOPYLKY Y
2C DPAIK)IE DPAPALHIOPAIK)
PRIPINTIONALLY REDUCE PARANETER STEP £312€ IF LAWOESY STEP ENCEEDS
eJOPAL2) OR PALUNy AND »1 FOR PALL) OR PA(I3)
[JIEr
00 23 HSKI,H2 K3
DUMSABSIDPAPAINY)
EPIdoEQelIOUNZABEIDPALL Y
IFENeCOe3IDUMSABSIDPAIIN)
21 JFIDUM BT HAXINAXZDUM
SFIMANGLTY o3 IRANE,}
DO 22 KSH)H24K3
22 DA (MISPALRIOOPALRYO L IMAY
TESY FOR DARAMETER JUTSIDE LINEY
DO 23 K214
TFIPA (RDDELBOTLINIKIIGO Y0 24
30 10 695
24 TF(PA (WD) oLEUPLIMLKIIGO 1O 2%
2 30 Y0 608

CONTINUE
50 ¥) 700
605 JRIVE(G,84) NAMEIK)
6500 WATTECH (B2 PAIKE W RZL U NAVESIY9ITERYHRESID
PASAVLT IPANSPALIKS)
PSYN=0,
DO b9 LZl,Ld
69 PSUNSPSUMIPIL yu?)
TREPSUNGYPSIuASTE16,7)
602 COVTINUE
MAX AND MIN OF DEPENDENT PARAMETER 10 DETCAMINE 2E74
NPBZNPA-]
DO BD2 1PAZ) NPANPD
AMINZLSEDE
AMANZD,
00 823 I1z),118
TFOPASAVITLIPA)  oLVLANINDAMINSPASAVITIPA)
8035 IFUIPASAVIT, IPA) GV AMAXDAMANZPASAVIY (IPA)
800 ZETALIPAIZIAMINGANAND®,S
ZEVACLIEIDCIZETALL)=2ETAINPAYI/Z(PALINPAYDALIL))
20 832 1:1,18
00 832 IPAZL,NPA
802 PASAVEIT IOAICPASAVIT g IPA)O2ETALILISLPALLLPAY=PASAVEIHRGUY)
HRTTEIbyBDIINAMEINS) g2ETO L) o NAMELHUD o IPAJEU) 421,300,
X CglVE‘é&.(?lSlVClleO’lel:l.l”o!:loll’
30 1) 6
70 FORMAT (52H ABSORBING GAS PRESSURE GREATER THAN STATIC PRESSURE )
8L FORMATLIGALY
B3 FORMAY | BFb,0)
82 ?O;ﬂglllﬁﬂ.lﬂhPARAHEVERS PAYED 5 9F0,2)F045,F0,2,F0.0,7X,1249%
% EP
A4 FOAVATCIHOOHPARMMETER (263 ABy35H OUTSIOE LIMIT )
B6 FORMAT(IND5H GASZ 4 6(UXeAG))
BT PORMATIIHD,SHALPHS 4BF 8Ds2/7¢6X,8F10s2))
P8 FORMATEIHD SHHTABS 4BF L4 /2(6X¢8F10e4))
89 FORMATIINN G SHBTABS 8F 30, 3216X,6F30.3))
90 FORMAY(IH)
O3 FORMATIIHL g 7% o THPROFILE o 5X ¢UHTEMP (UK JEHARTAL y4X (SHAXTAL ¢5X yUHWALL ¢
X /Ry JOHPARAMETERS 93X JBHEXKPONENT ¢ SR oUHTENP o 42 o SHPRESS y BX ,UHTENP,
X 2Ky JONNAVENUMBER ¢SX oUMLAST y 8K SHRNS 7 21N g 2HNT X o UHTC o yuK 4
K GAPCYATHIUX g UHT W oK oW g GHETICHD o 3Ny THTYERATION 45X (BHRESIOUAL )
351 FORMATIING,J9HTEMPERATURE PROFILE, SX,38HPARTIAL PRESSURE PROFILES
X EACH GASoATM .  Z4XaUHXCHoUX GHTEMP WK 468 3X o SAGIAZ 131N, FT42,F1002
Kyb6F9etsYINND
803 FORMATIIHD, 1942 HDEPENDENT PARAMETER 485, 13H WITH Z2ETAZ,
KEBe2/ MY o3y Ao N0 IFID a3/ 1IN WAVENUMBER 73Xy6HCL/CHI /41K oF6 4D
XoUNo10F30435/))
999 ST0P
END

-3

ORIGINAL PAGE I§

POOR QUALITY
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0032642
d0l2s0
001250
001266
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003273
gnl1273
003302
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oniIRy
003334
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001363
001368
(13 8111
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0031378
003404
003403
001ube
uoguly
[ ILT§Y
0014}
003423
003436
[JLTT/
003452
003462
pniess
003473
GoL4Y3
pnLaTs
S01478
gniss2
co03513
L0516
gn1sie
Lo1%23
0n1533
Y- LYY
0015855
[+{:} 3311
0015855
[ 311
[1:38-2°7 1
aniel?
G062}
gniez2l
onleey
001621
00lee}
o0je21
00162}
001623
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onie2t
p01623
phie2)
001621
001621
LETPS
onlezl
on1R21
onie2l

© 001621
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APPRNDIX B
EXANPLE OF PROTILE PROORAM DATA CARDS AND OUTBUT [N WODE » 1

Data Cords With Dats For Pive Wave Muabers (1t » 8,
Proflie PROP = 8, Gases HyO and Ny

i'.”". SREA0TS (PATHEL000 0 5180 WAVES 50T+ 08000 4300040

413009333%0430
.'."llﬂ.il|o'0“'oﬂn'G"nalo|~'l.u|VUQl'uJ.l.u

U’I.lllﬂn)ﬂ” olu"“oolﬂtﬂloﬂhnﬂcullpl"nl.llhtllh’lﬂa
PCEoIBreb800000sNPEeroBoboNesPUSDseTo 000 o NNEE THYADRGDD:9)00D s
1800092000029 no..nn..n..u.mu.unonu..un-.uao..uoouuu..
3000099044240 1ERELD

H20 N2

e 1
w68 o030 JI93 L3S L3200 J208
0008 o137 D372 «08MY o333 1RV

cll“ 2500 2359 307 L300
+328 #3395 «0808 40810 o090
000‘! 'Qﬂ'm .030! D863 48780 L0808
o) oJUb  J3D0 003 .30 204
ai’l o183 ul’l o$5) 208 10,0
2106 o182 o320 H603 JeS0 Y030
olI3 o357 WB00 o783 1488 Se2)
s0Th 2398 107 LUB) 2407 10e8
Printout of Soput Dels

INany

HOOL 3 4.

a0F z 2]

Meap 3 *l

::'H 3 0"‘003000!09:

t

[11/3 z +350020038 020, « 310000008404, « 34u30030¢8 000, +41000320E 604,y
+300030Ca%edby  4NDODOONOES00, o ODDYDDINCEN0,  +DODODOODE #N0

LIS : 300220032033, 423230390C¢33,  L033333IIE430,  #H5IDIINIFND,
+J08090C0E *00, +CODDDDNOESDD,  #0DUYI0IIE0Ny  +60000000LS0D

LTI S 0333230008030,  ¢70000000E€00,  +O0CTBOINC#20,  »3UDOODODE o0G,
«30003500€33, +0DODODNAGESDD,  +NI00230ITCe0N,  +30300322C 00

hay s +100039C0E 001

(11} 1 +523230738 934

¥ s 2370332030 30

1€ s * 200030005 ¢34

NY 13 52220203433

':B s «300GIN00L 3D

J s "

UsLIN = +132230030e31, 4330300030030, ¢12233303€421, 4 300000N0F6NS

:g'll" 2 clUOQ’MW!":: «£000J000C¢03, « 20030030E=01 +60000G00C 903

N .

L2 : *2

(4] s «30022000%3)

144 1 + 380038031400, +H5000DR0L 5D, +0BO20IVE 400, +00303000E400,
+33033003€033 09’0’03!’9!",

Hp & +50003000L #20, 00000NNE* 0D, + 00030000830, +00000000L #00,
. 430, OQQOEOIIDUCOUD

'] ] 322333030033,  473020000L ), oD0322293E30, - #D33033000LeN8,

" « 200 .‘021 «"00000N0C 08

" B .

Wias = +603000C0E33,  L30DDOODDESOY, 435030023436, L 2DI0222DE 4,

. n!SﬂOﬂ!UD(’!:o «300000N0C 008,  403333039€¢30,  L0DI0000DEsOD
: .

Tetan +6000ID0Ce3Y, < 100D0000COCR, o} Wy o2 0Een4,

a 075093505!03:' * 30000000 04y +00373032¢€ 30, «00300300¢+00
s .

2 H «000030CDEe30, o+ 300GOONDE~0], +20070000E=01,  +S0NCOQOOE~DS,
+10003000230, +20000000E000, o 30020030¢+00, 403000005000,
053320030033y «72030003E433,  ,13333337Le31, *32300930€01,
+108033000¢L 81, «$0000000E02 +30030030£+01 +10000010¢8 ¢33,
10333700 033, « 1000000UE* 01 +300N3003¢021, #+1000000NDEeDY,
+10003703¢8 03}

1ren H 10

™ H +30393060¢030

SEND

[ 1144 Ho N2

LT 1.03 020 +00 3 e »J3 3.2

atans »2560 +4390 3930 3350 +2880 +2650 0000
»004s G137 372 22064 3383 + 1293 «3I3)
23540 o2140 « 3090 +3290 «3370 «3982 L
2286 0211 +0398 +0503 +3610 «0710 «0000
*3338 373 «J203 NITY 20782 #0085 »0000

8tap:s 2807 3111 «309 +6%0 14360 24890 +000
+090 113 0236 550 24050 10,000 +N00
[y L1 2102 «320 o68) 14842 30233 000
[3%% 337 3% 2780 14950 54230 +N0Q
078 +J% o187 o480 2,270 16,300 «N032



PROFILE
PARAHETERS

PARAMETER ERR0R
PERCENY

s TOTAL

PARAVETER EWNG’
PERCENT

RHS TOTAL

PARAMETER ERNRON
PERCENY

AMS TOTAL

PARAMETER ERROR
PERCENTY

AnS TOTAL

WAVENUMIERIL/ZCM) S
TRANSHITTANCE S

TEMPERATURE PROF]
| 114 TEHO )

G0 170C.00
50 170597
1.00 1711408

2e5N 172525
500 1757,20
13.3) 1838433

15,00 1853,30
2300] 1892433
2543 1925400

35+00 197320
S0.00  2300.00
£502) 1973.23

75400 1925,20
83433 1892402
85,00  1853,30

90,00 1808,00
95400 1757.20
97.50 1729425

99,00  1711.08
99450 1725497
132,33 173323

Profiles and Computation
1Cup (33118 ANTAL WatL
EEPONENT  TEuP PRESS Teue
NY AT PCyATH Yo e
«SC030 2000.20 L 35000 1700.00
WAVENUMBERT S /ZCW)
+J8 (31} X3} (1% 3630,
o0 346 *1s1 59 33230,
3] s 7,0 o2 3500,
It ¥ «d oft Oy
o0 o0 N o0 Oe
o0 (Y] 7ol 8,2 Ce
WAVENUNBERE)/CH)
o8 =97 249% 19, 4% 3500,
o0 10+7 =31 194 36400,
o0 »0 7.8 o0 3500,
.’ .: .3 .D L[]
«0 o0 «0 0 fa
o2 1L o2 274 0
WIVENUMBER( L/CH)
+08 »2e2} 08 5¢9% 35004
Y] Web )3 L TY ] 4120,
] ) 70 o3 3500,
o3 ) o2 of) [L 1Y
03 'o .a .o n'
»0 542 72 123 B
MAVENUMLEREL2CW)
o8 =lelis 58 4rd 3500,
o Heb “lel *84s6 3000,
) L Z} ) 70 o2 3500,
o Y} «0 o0 Do
o0 Y] 0 o0 Ne
3] e 2 97 De
3533, 3133, 3680. 4133 %222, e
o578 o822 +602 oB54 [Y-11] +000
LE PARTLAL CRESSURE PROFILES EACH GASATH
120 N2
«3300 *»7000 «0000 0007 «0200
#3313 »5990 2000 «0322 <2320
+3320 «6980 +00090 «00039 +2000
03269 26951 «333) +»0231 +2200
3395 5905 +5000 +0Q029 +2000
+3183 06820 +0000 «0000 +0300
#325% 5TH5 «0000 « 00023 +0000
3320 #5680 «0000 «0000 +8300
#3375 06625 +0003 + 0000 «N00D
23458 25545 «0003 + 0002 «0J00
03500 6500 +0000 «0000 «0000
+3455 06545 #2333 «02) +0000
«3375 06626 +»0000 +0000D #0200
«3323 «6600 20000 «0ponN +0000
03258 26745 +0000 +0032 «+0300
3182 6820 +0000 + 0000 +0300
+3295 06905 «333) +030) «3220
<3349 v595) +0000 +000) «3000
+3323 598D «3333 «032) «3320
«3319 5990 «0000 +0029 +3000
23332 « 700D +0000 + 0000 +3300
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WALl (114 13

PRESS  ENSONENY
O ATH NP
30000 LE000D

RESIDUAL o PERCENT
2.08
2
Yol
«0
«0
«0

RESIOUAL PERCENT
2,08
23
Yok
]
o0
o0

RESIDUAL yPERCENTY
2408
L)
Yol
o0
o0
0

RESIOUAL yPERCENTY
2008
0ed
Gk
«0
0
o0

Je Qs
«0u0 «000

«0000
«3303
+0000

#3009
» 0000
+ 0000

RIGINAL PAGE IS
+2000 ?,F POOR QUALITY.

«0Q00

+uo00
+0000
+ 0000

+0000
+000G0
#0200

<0800
+3303
+3000

»3303
«00C0
«0000




APPENDDE 1
EXAMPLE OF PROFILE PROGRAM DATA CARDS AND OUTPUT IN MODE = 8
Data Cards Continusd From Cards of APPENDIX H, With Data For
Four Wave Numbers (11 =4), Profilc PROFs= 3

MODE*3,11e4 §
&% PHe.36,.60,4%0, §

Printout of Input Data

(LT3

WOOE s .3

PROF H 2

IREAD s (]

PATH s -lODBODﬁDtOB:

Il H .

WAVE = +363330C3E 34, +31030003E00u, ¢ 34333333E ¢4 +41000000E*06,
«300020008 ¢34, +0000000E+00, +000200J3€420, +00000000£ 00

HRL H «37609726E-02, +37728009€-02, s 37566070E02, + 30739278802,
37332037832, «NBDJIVODIE 3D +02332320€¢30 +33303230E00

HTAUL = 259633 320E 000, 0822385716400, +6029908%E40D, o05369933€400,
o88U0)335E33, +030J0D00E*00, +00000030€«00, +00000V0DE 00

ERQY s +10000000E 2}

[411] 2 +500000008 0}

W ] +17022003¢8434

1c s +20000000€24

Nt = +50003000E 00

1:’ s alDJJlDE!E'Sg

Jl H .

upLIM = +10002009€ 018, « T0000000E 04 » 310030000808, +30000000€404¢

:OYL!M H .za:::ocnc-ni. «60000300E2 3, e 233332326~ +50300300E¢03

1 H .

L2 s .2

PS s +30303J003E+28

PC - + 353000008430, +65000000E+00, + 00UI302VE 2D, +00009329E e,
+0000ICO0E*2D, +00000000E*00

NP H «5303I0CIE I3, +50030000€3) +0332332%€+20, +J33200330€ 00,
+J000J00IE20, «0D0DOUNIE 00 :

L] H +30003000E 30, »70D00G0O0E+00, +0DUNDOJIDEID, «0000000DE 0D,

‘ «J0003000€+30, +BI0JIDIDIE+ID

N s *

THTAR H «6000000E+) 3, »10000000E«0u »15023030€ 004, +20000000L ¢ 014y
0253332C3E 304, « 3303080926434, 003333232620, +33203373C0)

NB H (Y3

ITAR s +6C000000E 023, » 10000G0GE*0U » 15000030E«J4, 20000000 ¢Nu,
.25053000;03:. + 30030003 ¢34, ¢03333222€+39, 033303323¢Ee02

Ji s <

2 H «333320L2EDN, «13030300€-31 ¢ 023333030E«01 ¢ «500000N0E=N},
+100030002+20, +2D000000E+ 2D, + 30330030¢20, +40000000E NG,
«50003000€9+30, +«70000000£+00, +10030009€+01 +10000000E¢01,
+10033000E 31, o 100J0NCE+IL «30332320¢€21, +10000070E D1,
«1000I0ON3E D], +100000N0E+0], +10033000E 018, «100000N0Ce 03,
#1333)0U0E 3}

1TER S *10

"W H +J000JC00E+ND

SEND

%

9

RV B

PE

R TS




{

e e e

TuTap

e
faran
Ji

tren
1} ]

SEND

LR L LI T 1

SF S0 20 0 B0 09 B 0% 20 M0 08 ¥ e R

" " " "

"

o2
o2

)
.looo:ococoa:
.

35002000434,
+30O0IDBOE 4 DM,
+37829724¢-32,
237332037802,
o59a31 3288000,
+8B48I338E 003,
+ 100038002401
«53332000¢43)
«17032000¢ 30
+2D002DDDE #30
+8333)303¢+22
+300030002 420

o}
+13333302L 33,
aZBOO!ODﬂ!-z:.

2
« 400930008023
+ 383332038020,
+33233313€ 33,
+500830C2E 00,
+ 800030008428,
0363320038033,
+ JCONINCE 000,

.

6
+&0003000£433,
»2800INCIL e Ju,

o

«6 00020008 ¢33,
v 250030032004,

2}
+3C00ADG0E 3D,
«10003000E+30,
053333003800y
«1000300038+91,
»310323010840),
+10008INCE 3}

0
«2333300224)3

ORIGINAL PAGE IS
OF POOR QUALITY

«3100C0N0E e Ok,
«2000DDOE 0D,
+ 37720009032,
«20000000E 00,
v82238671€C000,
«C000OUNDE 20D,

« 330000038 ¢34,
«SN0CDONDF DS,

+65040GN0E 23,
+73020000L))
+£0000LOGESQD,
«H0BBDUNLE LD
LI FELFIES D IS
+"0000CN0ES 0D

+ 10000000E 00,
+200000N0DF e QU

+ 10000000ES QU
»3DULOO0DEe DN,

v 100COUCOE=DD,
+20000000E+ 00,
e 138233236 +3),
+ 10000000E00)
« 100DECNOE*DY o

+ JU02000%¢E 0 34,
+002%3022¢E 10y
e 375004 E2D,
+ 000MI0I0E e 00,
o 80279885E420,
«Q031203%¢E e 50,

+10333330¢E 04,
+203232338 21,

2 00333923E 030,
«QLON00INERIN,
202333233k 020,

*15373023€20,
000N %¢E e,

» 45070030t +30,
+003%303%¢20,

«200N00206=03
¢ 30UIB0IDEAH0,
¢133333)3¢c021,
« 100700304218,
«J0UN0D3DE2L,

Hi000IIL e,
000000 eny
23675927¢C.02,
o+ 0C00NLONEeng
853049880 eny,
WD33030D2E e

«300000N0E N4
s 5020030 603

2020052 0EeN0,
«NGI0DINOT o0,
03303573Ee7),

0223033080004,
003025908 e 00

$2LD0OIINDE er
(IR U-FRi £ 20

o 500000 DE-NY,
24000DUNDE SN,
0133032336421,
+100000N0F 0N,
ol OROOUNpE N,



Compitation and Profiles
PROVILL tewe NS, AuTAL [ 1IN WALl 14333 1 .
PARSWITLAS  LUPOAENY YEwp LIT4YY roNp L4123 TP ONENT
Nt 1. L atn Tk SeATH NS
RO 20DM, PO L THT0D 730405 #36330 60060
INSAUMENTS JPR WITLD o YL 2 JTERATIONS O BUE QESTUUALS (39931 STEPz 40N
VARAMETERS B4 oRIBHY N 238700 100,00 BEBIDUALSE  =ollleofl =oTU9ef2 oy jfital))  =,892e=72 s 3400
WAVENIMBIRJ/EM) S 3800 3100e 3ub0, uyun, 3%GL.
INCREMENTS OPA L2000 Vel  wo0irde 120062 TIERATION: § RS HESIDUALE o36N=N2 SGTEPE ,)2601
PANAMETERS  PA WRIDL)  223%412 W33876 17 Y4u2 RISIDUALSE  »o629-08  J4i2=Dy  »,631003  LA20=N3 411702
dAVENUMBER (L /CHES 3504 3100, 3ubd, aLehy 3500,
INCRENENTS P8 232203 =181  =eD32003 LYY TIERATIONS 2 RUS RESIDUALE (826=03 STCPT 31)=52
PARANETERS P4 83203 2035429 033122 1713498 AESIDURLES = iDwD8 =, 372403 =,2283) LuuBeNl3 e 59%N4
WAVENUNBER(LICHYS IBuNe 3100, 3uQ0, w300, 3500
INCREMENTS DPA 03063 - 05 P DO0G3 13 IYERATION: 3 aNS RESINUALS (62%=03 SIFP: ,113e43
PARAMETERS  PA (8320) 230423 #3V1I5 RTM6R03 RESIDUALSE  L2bD"ny = 3785%33  #,234=03  (W53eD3 -, 70905
AAVENURRERLL/EMY S 3533, 3%, 3uLe, (319 2% 3510
INCREMENTS 3P4 33531 236 S ELRLD +03 ISERATIONS W NS RESTUUALE o623°03 STEPS 92%+U6
PARAMETERS  PB W5I0LD 2021423 L33126 17144004 PESIDUALSE o 707+34 w 37523 =42)0303  LHE3eD3 ey 821e08
WAVENUMGER LI /Z7CMY 3 S5ule 3139 3400, 4300, 3500
PARAMETER CAAOR WAVENJMBERIS/C4)  RESLINUALLPEREENS
PERLENT 14 ~1e30 U8 3a2% 3530, T8
oJ 24b -p? L TY] 3130, 342
« =e? ot o8 3500. 2.0
[y tad "4 1Y) #1370 b
oJ g e} (Y 3500, (7Y ]
R¥S 10TAL o0 345 T3 beb [+Y o0
WAVENUMIEREI/ZCRIS  3E3), 3143, 36D0s 41T N2 Je Je %

TRANSHITIANCES 538 o822 o032 e853 020 «000 «000 3004

TEWPERATURE PROFILE PARTIAL PRESSURL PROFILES CACH GAGyATH
Kol TEHP K 429 N2

432 17144d4 3437 6593 #1000 +00U2 N300 » 0000
+50 1719478 34056 5595 +0000 « 0041 #2300 #0302
1,00 1725441 #3928 5597 20007 +0333 Jano U202

2050 1742.94 v3308 W0602 « 0000 + 2002 #2000 #0000
2480 1760468 23389 260611 +330 02322 +2900 «2207
10,00 181 7.4% 3373 6627 20000 +Q032 2000 +0000

15,2 1863453 «3359 Y LIS *333) s0333 +7300 «5307
20400 - 1897.84 3387 05653 «0008 + 0003 9200 + 0000
29433 1925.43 03336 6664 +2000 «0000 2300 +0000

35,00  197%.38 3321 sHATH » 2000 + 0030 #3300 0000
Suel0 - 2008423 #3318 s0h87 +0000 +« 0000 «3300 «0900
65,00 197%.38 332) 079 #2333 WBIM 30D «2303

75,00 - 1925.43 3336 +6B64 «0000 «0037 + 3000 +0000 -
8Ja33  )89740 3307 +6653 #3333 #0327 »0000 +0000
85400 1860453 +3359 +05041 «ONtY « 0038 +8300 +G000

93400 - 1817443 +3373 26627 «0000 s 00D" «0300 +0000
© P8,00 1768460 «3389 1133 23322 +033) 2300 «3303
97.50 174200 $ 3308 6602 +0000 «002) +2000 +0000

89400 1725441 3403 +6397 22333 #0332 #3300 +3300
950 1719475 3405 05599 #2000 «003% «2300 «u000
133303 1715430 43437 o659 3 #1000 « 0OON «0300 +0000
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APPENDIX 3
EXAMELE Op WAVES PROGRAM DATA CARDS AND ouvrpur
Data Carde wity Data Fur poue Wave Numbers (11 = 4), Ganes Hy0 and Ng

NAwy -»nr=x.1:::0::.Pavaaxno..za;a.uAVL:Slnn..ssoa..!rrs..ulun..uta..
2 2%

1 'H
JF:’.UPL3"330035350Q203’UQO.'PO'Ll”:oQZpOODoqcD?Q002'
L1z} .L?:?.’S:Io .PCE..‘SQ.“.U‘D. "”5!5"509‘90 ""303.00 'D!.."'O
N“:i;!(!l&?bb’op lﬂ)’uolsiﬁoc
2000, 2529, 13330442, ,3, .va:b.vanﬁ:mn..lonn. v 4800, .3030..250{7”
Jn:;S.tléslo““=l.~.‘=.071l=055o01,olio‘?oo!oo“pc!.l‘.‘;l'tﬂ?lﬂ ]

T o2
oNLus ,oyvy 3372 DGy L3133 0129
w258 oli3e o393 L3518 2288 245
124 ,19p 2489 L1418 o115 L1y
WOung 20211 49395 *N53% L0140 o710
39 443 2336 ,b8) 2048 1a,p
L I TT 0309 oh%) 5,34 2409
333 264 237 .8 $e4) be2p
13,187 345,93 leng fo2}

Printout of Input pata
INAY]
IREan o (2}
PRDF H *]
::In H 010003003!005
H *
wAYg H -!lODOBODE’J“. .!SODDCFDCOO“p .37750033!03bg .Qlﬂﬂ?!?ﬁi'““o
uUDDDlODGEOlO. oHOUDQDOUEODG. -003535:3(090. .ODJDObﬁuKCPC
W H +1003380 3435
114 s .20093000!'00
Nt H .25003000!030
Tid H #32333003¢43)
e s s}
UPLIM s .IOODSOCDEOJI. 0350000005000. o?&UGSOJOEOJl' +30000un0E e ne
BorLIn = .23393003!-3!. .690300535033o -2321)233(-31. o?ﬂﬁb)J!J?-Bl
Y] H (3]
L2 2 *2
(41 H olDDOJDOOEOJl
Pe : n!SﬂﬂJQDOiOSD. .bﬁﬂDODDUEOOOp -QOJDJDJJEOSD. -OODOUDSDEOOU,

.3333390350339 cPUDJDOﬂDtOQJ
L1 B oSOODJOOQE‘UO' -EDOOOOUUFOOD; oOOOﬂDBQUC‘J”. oDODOODHUEOﬂO,
vOBOU)GCJE'QU. .OOOUOO"OEOOJ

Pw H |333755032'33. .7:0;50535'3,' 003133339£0J?y 033303333[0ﬁ30
0000030003’020 oODDDOOﬂDE'Oﬂ

LL H .

Tuvar - 0530530035033' QIQUDQUOUE‘OOQ ol5333935£’90' o?ﬁﬂﬁ””!’ﬂ“p

Na 0250090005‘3:9 OHOOOUDCUCOO“' nUUQUJDJQE‘DOQ +0000BLNOE o ng

H .

T8¥an obOOUQOUDE‘JJ. olDDODDDDfOOUp -lSD?QD!OE’Q“. o?OOOUﬂOUf‘ﬂ“o
025003503503“. 03000000350000 0303”“5335030' 013000305!000

L] z *

L1 d] H *8

pay : 0530030005'3‘1 t,OOOUOODE’UUu -353333335’30. oZODDﬂOﬂOE‘nﬂg
03933’30350”0 '“3333333[0339 0533’33335‘330 -6333:333!0339

. -60003009202?. oGOOQODBCf‘DU

J H )

2 5 0300939935'7:, 010000000?‘31' -?03333335‘3‘0 0595033735'910
nIUDUJDDQE'JU’ o?OUUDUﬂDE‘UD' -3033#0395’05, n“OQOﬂDOUf‘DO.
uSDQJQDCUE'Jﬂo 370030000503Jv 0‘533“333[‘3]. nlﬂ:ﬂQDOOE‘ﬂl,
nlﬂﬂﬂQOﬂJE'ﬂlo nlUODDOﬂOC’UI' olﬂaﬂﬂoﬂﬂﬁ‘ﬂip 0100000005001.
olUODQﬂDUS'Q}' olUDODUﬂQfQUIo 6!00333335‘3!0 -JODDDUOD!‘UIq
tlUODﬂﬂDOE'ﬁI

1844 H *10

LEND

Gass H2D Ne

AL 2 .00 W20 «00 00 (1] e 00 08 00
Y8z «J048 0137 2772 «1804 i 133 v 1293 »2333 ¢33
2589 (X231 03930 3150 4.1 #2552 #3002 « D000
#1243 1220 3190 15153 od150 +1092 (00D « 000D
LR TTY 0211 G095 «0503 LY «071) G000 «032)
4rasg: 09y o113 0238 550 24450 154003 00 +300
0167 o145 309 . 469D letep 24890 000 «300
0233 0254 ey 653 o693y 6e28) 000 000
sily o157 0345 0760 1s88p S$e210 » 002 «000

i . < e
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Profites and Computation

PARTIAL PRESSUPE PROFILES EACH GASWATHM
Had N2

TEMGERATURE PROFILE
XoCH TEHPY”
+00 1220620 «3200 ¢ 2000
53 1)39.42 3303 06990
1.00 1377463 3322 4960
2450 135419 03349 05953
5400 1343490 23395 06935
10,00 159Us 4D #3180 6820
1527 1769492 032558 «b745
20,09 1873440 »332) ob680
2543) 193745) 3378 26625
345400 1991,90 3455 o545
5323 23LCe00 03507 6500
65400 1991.90 ¢3455 5545
75400 1937.50 #3845 5625
LYk 1870440 3323 6682
85,00 1759.90 #3255 +57645
03,3 1693443 3183 +bR2D
95,30 1343,90 03395 5705
97452 1185409 23309 595}
99,00 1377.63 03329 o5980
9950 1039440 *3333 b 990
100,00 1000.20 #3309 7738
PROFILE TEMP axyey
PARAMETIRS ENPONENT TEHD
Ny TCyu
PARAVETERS PA 205000 1934,37
PARAMETERS  PA *1300) 1928485
PARAMETERS pPA «15003 1951498
PARAMETERS P4 ¢23000 1976.28
PARAVETYERS PA «3J000 2021.18
PARAMETERS P& LudD0D 2053,31
PARAMETERS Pp e5JA0] 2136449
1 A

+000

2 «0032

«0000 + 0000
«0000 + 000N

»000
322
#0000

)]
+00D
+000

»000
«000
ek b

»000
Pebk]

0 aluslsd
d #0223
[} « 00232
b1 0033
9 #0092
i} « 0009
0 « 0037
0 « 0000
3 «0333
0 « 0000
b} #0333

«0800 «0033

¢33)

b} 0237

+3000 « 1033
«00DD » 0002

«000
#0500
222

AXYAL
2
233732
» 34025
»34395
34659
+ 35003
s 34800

«34832

3 «0GUD
<] « 000N
) #0333

wali

«0000
+0300
<0000

+0J00
«J300
+0000

230D
+0300
+0300

+2300
3000
#3300

$00P0
3320
3000

«2200
«3200
3370

»2390
«23N0
«J300

TEMP  WHAVENUMBER

Ti K
1000,00
1333.90
1000.60
1000.00
1033,30
1099,30
1333,30

11/7¢y
3120,
3130,
3120,
3100
3120,
3100,
3120,

s 0000
«0008
0200

#0000
¢330
+G000

#3202
«0000
+0000

+»0000
«00200
03300

»0000
«3202
0000

#0303
+DR00
«0000

#0000

+0000
«2203

LAST
ITERATION

3

woN N wN

w

o

;

=, > {

RYS
FESIDUAL

2996437
«126~06
89407
«996-27
33224

022535
«767 =04

gﬁaawwammm—meuﬁ
oS
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PARANETERS PA 83300 2144,8) «340936 1000,00 NI 2 243704
PARAMETENS Pa #0500 te3u,y" s +36708 1000400 3590, 3 o 722+0%
" PARAMETERS PA #0000 1080,00 360068 31033,30 3500, 2 013835
PARAMETERS PaA +15C00 1925.00 «365%66 1000,90 3590, H «251=06
PARAMETERS PA 22003 1963.77  ,35223 1333.30 3530, 2 V16008 .
PAQAMETERS PA 33003 2031.58 W34620 1D00,00 3500, e o 54504
PARAMETERS P +43000 2D91,55 + 34038 1000.,00 3500 2 272205
PAGAMETERS 4 453000 2150,02 33688 1033,30 3500, 2 265735 ;
PARAMETERYL P4 60000 220%.47 «33833 )002.30 3330, H «287-2% i
PARAMETERS PA vI5000 1839494 + 35545 1333.30 3778, 3 027104
; PARAMETERS PA +13000 1883.20 «35%84 1000,00 3778, 2 023008
PARAMETERS PA «15000 1923.17 e 35244 1000400 3775, 2 63007
PARAMETERS P& «23000 1962.40 »36107 1027,30 3776, 2 «684=37
PARAMETERS PA +33000 2034,.1% + 34650 1000,00 3775, 2 0117-24
; PARAMETERS P& +03303  209%5.30 e 36027 1333.30 3775, 2 65305
5 PARAMETERS PA  ,53000 2162+45  +3356] 1000.00 3775, 2 278+05
PARAMETERS PA 60000 2222474 «33276 1000.00 3778, 2 41 =06
PARAMETERS PA +05000 1882,2¢6 «3u533  103%,30 4100, 3 17134
PARAMETERS Pa «130C0 $012,02 «34667 1007,20 4130, 2 W$689+37 !
PARAVMETERS Pj o150P0 39ulel? 034788 1323.30 4130, 2 +134«0p i
PARAMETERS PA 23303 1970,.48 + 34898 1323.20 4120, 2 s 54407
PAQAMETERS PA 032003 2028486 o+ 34942 1000,00 4100, 2 «508=Dy é
PARAMEYERS PA «4J00D 2086402 «34R15 1000.00 4100, 2 +966=00 '
PARAMETERS Pa «SI0DD 2342423 «34760  1222,30 4100, 2 26UB )b
PARQAMETERS PA «620C0 23198428 «34756 1009%.90 4102, 2 42006 i
DEPENDENY PARAMETER TCoM WITH 2ETAZ =457¢03 l
u‘vz;uui;a 0852 «100 180 +200 «300 «400 +500 «620 600 o600 }
ti/eMy
3100, 2038459) 23144517 2009.089 2204.835 19924628 19774652 1962,72) 1944.929 3701 +000
35230, 19494232 19690660 19824106 19924329 2333.023 2335.885 2D0%7.253 20050589 YLl +LD0
. 3775, 195443161 19684863 198D.276 1990.,654 22054631 2013.6%4% 2019,719 2022.863 2000 + 0G0
"?i 41004 1996476 19974681 39984276 19994234 233).308 éb?ﬂo!bl 19994428 1996,399 +ON0 « 000
.
oFIN

»

') ORIGINAL Pagg 15
OF POOR QuALITY j

o g T
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APPENDIX K
EXAMPLE OF PROFIL" WITH HIGH-TEMPERATURE CORE
Data Cards With Measured Dats, Two Wave Numbers, Profile FROF = 2
No Boundary Luyer, Gases HgO and Ny

TNAM] MODEZD,OROFZ2,IREADZLWPATHIIOC 91122, uaVER350T443100446004,
WL:.H.'HS,.DO!M!!.6‘3.'“'luL:-u!lb.cBH?.&tﬂu
E?ﬂV:l-'CDOI:S.|7H=lLJ3o.1C=l!59-'N7=-53.‘dB=ll3c.;gb=§;UpL;"::;o553000

1m0 B0TLIMEeN2160000002960Pegl3sl gl 252¢PS2 esPlSedBy0bby o
NSi20n0rued oonedsnTeae)s Wb e TATARTLID0 e 19300 905300020000 0250000
SQOO..205..N3:6,'5'lb:5030.lcﬂco015530.2000"?500'0'393092‘00’

U3225025%00 000 0020 elBpelpe2padpoligaboctyeTyetyPole,

TYERSID, TX2003. 8

H20 N2

1. o2 N f
0d%58  Su38 4393 2315 ,2°8 4265
WNLHE oD137 J3372 oD66Y 4133 L129
326 o525 1413 2413 336 4,35
dUBU L1133 4236 455 2445 18,0

Printout of Input Data

(LT L3}
MOOE H 2
PROF H o2
1READ s (3]
PATH H 0102320038433
1 <z *2
wAVE H ©350JINCDE U, ¢ 310000NUE* D6, «033320JJ€+00, «00000DUD0ESND,
0133333002423 +TIDININIEID #01333330€39, +30363J00¢E+N0
MRL H 0311330002 -02, »3433C000£-02, «00022020E 20, «00000UN0EeNT,
»000B30UDE -0, +200000DDE +03, +IBONJDIBE D, »30000U00E NN
LAEY'IN H sU33620CIE472, «43520000E]3, »03312223€¢22, 033303272€402,
+J0DBINCIE D0, «NOLCOCOUE.DD, »003320230€+20, +000000UN0ESND
(2E]" H «103223L2E+38
(LT H «50003000E 31
™ 2 212000000504
7C H «1853)000E«34
NT H «500030008+30
Tus 2 »11003000E 34
JB H (271
upLIM H 210002000E+21, +30050000E+04, «103700J0€¢01 «300033302+04
BOTLIM = +20733000ED1, «60000CN0ES D3, «203000230€~-01, «50000000E003
Ll H (3}
L2 = 2
PS 4 « 10002003231
PC = #35333JLIEID, #65030203E42) «033332I0E 420, «00000LDOE+DO,
»J000306G0E 20, «N0000000E«0D
NP = «SPO0JNGIEID, «500C0000E+00, +«N0J3J0JI0ED0, «00C00000E N0,
0300232000E+20, «23030U0JE¢))
Py H +300020022+430, «70000LO0E.0D, +00LD0020E 00, -00000000E+ 00,
022323000E 430, «J0CCCLN0E«QD
NK : 0
TKTAR B +6C00I000E+23, « 10000002E+04, +15J32J0J0€04, 0 200G0000C¢0U,
#253J33C3E+24, «30030002€J4, o033323ITE 00, «D0000SNDE+QD
NB z +6
TBYAR H «6C00I0C0E+D3, «1000000CE*00, «150000J0E+0u, +20000G00E+0U,
02533I20IC 4y +333333D3E424, «DJJI3333E420, «33303330€+03
Ji = 426
2 = +CUCDOIDNOE D0, +1000000CE=0DL «20432020€=01 4 +50000Q000E-01,
» 100029002432, « 20030003243, «33233320E20, «431033JDE+0D,
+500330008 02, +600000NUESDD, «70333023E 400, «5000040DESND,
«1333220L3E+21, « 13030000001, ¢ 10000030E+31y «10000000€E+0],
«1000300C05+2), «10000000E+0}, «10003030E+31, 2100G0J30Een},
«10303D03E421
ITER H +1)
\£] H «200020CIE+22
$END
GAGS HeO N2
ALPHEZ 1.0 «20 «0o0 «a0 «J0 <00 [ PR
KTABS «25832 24380 «3930 +3150 «2RBO0 02652 »0000 + 0000
«JCu8 0137 72 LT 0173) «129) #2327 #0333
BTags 36 525 1.100 2.180 34353 4,38) ¢3203 322

« J94 o113 »236 ¢550 24453 184003 »302 «J00

e
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Computation and Profiles
SROPILE TEND MY TAL AXIAL VALL WALL PRESS
PARRMETERS EXPONENT 1eup PRESS TEup PRESS EXPONENT
NTY TC o8 PCoATM LT P ATH L 14
e5003C 185000 «35000 3200000 + 30000 «50000
INCREHENTS 2Pa «030c0 «Q0 «00000 «00 ITERATION: @ RN RESTOUALS 34230 STEP2 43N]
PARANETERS P4 +53003  1859.00 +35000 3200,00 RESIDUALSE  =02700N0  »,206¢30 +165+0) « 000 «00Nn
wAVENUMBERES/CM) S 3630, 3103, 3500 De
INCREMENTS DPA +3300) 42066 =« 00047 120.00 TTERATIONS § RUS RESIDUALZ 220000 STEPS 432300
PARAMEYERS PA 53000 1892,606 3U943  1320.00 RESIDUALSE  ~,176430 «,132+)) 013201 fag +300
JAVENUHBERIL/CH)S 3500, 3102, 3500, N
INCREMENTS JPA 03003 56015 =4 00019 132,00 STERATIONS 2 RMS RESINUALS +64B-0) STFPS 130400
PARANETERS PA +33000 194R.8) 030926 1u52.00 AESIDUALS:  =,513-0) «.392-)} 23102 o000 «000
SAVENUMBERIB/CHMY 2 3830, 3103, 3500 Qs
INCIENENTS DPA +33002 24e® +00De6 7439 ITERATIONG ¥ RS RESIOUALS +982-03 STEP: ,455-01
PARAMETERS PA #5000 1973,70 034991 1499419 RESIOUALSE «T4T7e03 06)6=33 01908403 [3:1s1] «000
WAVENUMBERIL/CM) S 3son, 3100, 3500, 0.
INCREMENTS JPA ¢33302 sl 2 «00030 =52 ITERATION: MG RESIOUALS 4992-07 STEPS ,5R6eC3
PARAMETERS PaA 53000 1973,29 + 35000 1498467 RESINUALS: +596-07 suy7+37 =, 655407 +000 +D00
WAVENUMBER(L1/EM) = 3500, 3103, 3500 0,
PARAVETER ERROR WAVENUMBERI1/CY) RESIOUAL JPERCENT
PERCENT 8 .78 25 3,.5% 3530, 1.68%
o 2e8 o0 7.0 3120, 3.3
[ el &l +b 3500, Tl
3] o3 o0 of) Re o0
o0 o0 o0 0 Qs o0
aMs TOTAL *d 249 6e3 7e8 [N o0
WAVENUMBER(L/CM) = 383). 3133, Je 3o Je Js e O
TRANSHITTANCES 32 *835 +000 «020 «020 »000 «000 +000

YEWPERMIURE PROFILE
XoCW TEWP ot

<00 1160,.00
50 1185419
1.00 1262432

2450 144Se28
$¢33 1586485

10.00 1669453
15430 1740673
20.00 1802443
25.00 1854463
30400 189735
35,00 1930.%57
4343) 1954.30
$0.00 1973.29
63432 1954430
65,00 193G457
70.00 189735
7500 1854463
80.00 18U2443
85.00 1740,73
90+00 1669453
95011 1588.8%
97.50 1445428
99433 1262432
99,50 1185419
10G.00 1100.00

PARTIAL PRESSURE PROFILES EACH 3859ATH
20 N2

#3200 « 7000 «0000 «0Qun 2500
+331) 25990 #037) «00)) «03730
+3323 »6980 «0333 #0332 <0200
+3349 6951 +0003 »0037) «0000
3395 «6905 20332 «+002) «0000
«3180 «6820 +0000 « 0000 +0000
3255 +b745 «0000 + 0000 #0290
3322 5660 #33)) +0332 «0300
»3375 5625 «0000 «0007 <0000
3623 +6580 «033) +02) «0300
3455 6505 «0000 «0022 «3000
#3482 6520 «0000 « 0000 +0200
«35C0 +6500 20000 + 0002 «0000
«34637 «b520 «0009 «0000 +0J00
»3485 #6545 « 0000 20333 «0J00
3423 6580 «0000 « 0000 «0000
3375 05625 +333) 0322 2000
»3320 5680 +0000 +0000 «0800
3255 «674S #0333 +003) «DJ00
3180 5820 «0000 #0032 «0000
+339% 6935 «Q000 + 0000 +0000
3049 +6951 +0009 « 0009 +0000
«322) 25960 «0000 «0000 «0300
#3312 +5990 «0000 «0033 «3200
#3302 «7000 «0000 « 0000 #0300

0000
#330)
«3003

+0200
« U000
+0000

<0000
#3200
«0000

+2302
+0000
oquoo

«0000
+»0000
+3200

+0000
+2203
+0000

+2062
«0000
+0000

«0000
»0000
#0300

+0000
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iABLE I. - COEFFICIENTS TO BE USED IN EQUATION (16)

72

B/Bq Ay A, Ag Ay Ag
(] -0. 68 -0.35 | 0.55 | 0.07 1. 00
2 -.87 | e 71 .43 1.37
5 .60 3.15 .90 .79 1.93
10 3.19 9.256 | 1.15] 1.30 2. 85
20 9.10 22. 8 1.63 | 2.26 4.70
50 29.1 67.1 2.78 | 4.56 | 10.25
100 | 105 209 4.05 | 7.09 | 19.50

TABLE II. - SPECTRAL LINE BROADENING COEFFICIENT,

a* (FROM REF. 16)

Absorbing gas

Broadening gas

Hy0|CO, | CO| CHy | Ny | H, | O,
H,0 1 |0.77 0.20] 0.1
Co, 1 77| 1.17{ 0.81
co 1|1.12] .95 .85
CH, 1.25 1 .75

4

e et

TR SR
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TABLE IIl. - ESTIMATED PERCENT ERROR OF T, AND T:‘v

AND TRANSMITTANCE FOR VARIOUS PATH LENGTHS
FOR PROFILE OF FIGURE 1(b)

[Measurement wavenumbers 3100, 3400, 3500, and 4100 cm™ 1;
T, = 2000 K, Dy = 0.5, P, = 0.35 atm, p,, = 0.30 atm,
n, = 0.5. Errors caused by one percent error of radiance
measurement, and five percent error of tabulated absorp-
tion coefficients:_]

Percent errcr in Tc
Tg,, Path length, cm
K
50 100 200 400
1200 3.0 2.1 1.4 1.0
2000 11.5 6.3 4,2 3.2
Percent error in T:,
1200 14.1 9.7 6.5 4.4
2000 20.0 9.8 5.7 3.8
Transmittance at 3500 cm'1
1200 0.703 0.591 0. 465 0.333
2000 .713 .602 . 476 .343
AL PAGE IS

‘OF POOR QU
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TABLE IV. ~- PARAMETER INDEX CONTROL

KEY|KEY1(KEY)| KEY2(KEY) | KEY3(KEY)| Variable parameters
K1 K2 K3 Fig. 1@), | Fig. 1(b),
PROF=1 | PROF=2
%
1 3 1 N Tc Pe 'l‘c Pe Tw
2 1 2 1 np T, Te Pe
3 1 3 2 N Pe Te T{kv
4 1 1 1 N Tc
5 2 3 1 T, Pe Pe T;',
6 2 2 1 T. Pe
7 3 3 1 Pe T:;,
8 0 0 0 None None

NASA-Lewis~Com’|
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Figure 1. = Assumed profile functions.



Wavenumber,
cm'T“

)

3400
3500
3550

3100
15
4050

2000
== 4100

001 ] | ] | |
%00 1000 1500 2000 2500 000
Temperature, K

Figure 2. - Absorption cosfficiant for H,0,

00—
Wavenw{mer,

3000, 3100
/ﬁr‘ 4100

T - 570 (ny- 0.25), K
]

1900 | | | 1 | |
' Exponent, ny ' ' .

Figure 3, - Test of waveriumbers for profile of figure 1(a) with "
1000K, p. »0.35 atm, py =0.30atm, ny = 0.50, path length
100 ¢cm ﬁydrogen-air combustion at 1 gt
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1900 4100
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[}0200 1400 1600 1800 - 200 2200 00
Temperature, Ty, K
Figure 4, = Test of wavenumbers for profile of flgure 10) with ny»
g. 5, pg = 0, 35.atm, p,, » 0,30 atm, " = 0,50, path length 100 cm,
Hydrogen-air combustion at 1 atm,
2 Wago
number,
10— cm.!
g
o
£
B
=

0 1 .2 .3 4 .5 .6
Exponent, ng

() Principal wavenumoer 3775¢m"L,

Figure 5, - Estimated error In .T. due solely to errors in radiomster ORIGIN AL ?AGE ]S

and tabulated absorption coefficients, Profile-of figure 1a), with
Te = 000K, T, =1000K, p »0.35atm, p, =0.65atm, n, *0,%0, OFPOOR QUALI'N
path length 100 cm, Hydrogen-alr combustion at 1 atm, Error of :
;ad!ometry 1 percent, error of tabulated absorption coefficient
percent.
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Error in T, percent

Wave-
WU nucn%b_ '
3%

3500
3400

0 | | | o
(@) Princlpal wavenumber 4100 cm”L.
W 3000
- £~ 3175
12 31 2050"
10 10
8 =
6 _
~-4-wavenumber least-
4 squares computation
with wavenumbers 3300,
2 3100, 3400, 4100¢m ®
0 L | I | | |
1200 1400 1600 1800 2000 2200 2400

Temperature, Ty; |
) Principal wavenumber 3500 cm”L,

Figure 6, = Estimated error in T, due solely to errors in radiometry
and In tabulated absorption coefficients. Profile of figura 1) with
Tc * 200K, ny = 0.5, pe = 0.35atm, p =0, 30 atm, ny = 0.50,
path length 100 cm. Hygrogen-alr com“'ustlon at 1 atm. Error of
radiometry 1 percent, tabulated absorption coefficient 5 psrcent,
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ORIGINAL PAGE IS
OF POOR QUALITY,

“Ifest for solution and\

Figure 7, = Flow chart for PROFIL,
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@
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and transmittance
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TEMP, TRANS)
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ERROR=-FREE
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(subroutines
TEMP, TRANS)

Test for sojution

and max, iteration

If YES, DONEs]

O
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Matrix of derivatives
for one waveriumber

(subroutines
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increment

Parameter
outside
limit

100 continue

Write
results

Next iteration
step

Next
problem

Figure 8. ~ Flow chert for WAVES.
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Temperature, K

2000

1800

/| em——— Assumed profile, T, = 2000K, T,, =1200K
1200 0 e — Computed profile, T = 193K, ny =014
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{a) Profile of figure 1(@) with T, = 1100 K.

200
2000
1800
1600
ks’ Assumed profile, T, = 2000K, Ty, = 1200 K
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-~~~ Computed error band
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(b) Profile of figure 1{) without boundary
layer. ny=0.5.
2200
2000

1800

1600

1400

~—— Assumed profile, T, = 2000K, Ty =1200K
——-— Computed profile, T, =1973K, Ty, = 149K

1200 -== =~ Computed error band
1 l l | |
10000 .1 .2 .3 .4 .5

Path length, x/L

{c) Profile of figure 1(b) with boundary layer.
np=0.5 Ty = 1100 K.

Figure 9. ~ Example of profile with high-
temperature core, Wavenu mbe[f of

measurement 3500 and 3100 cm ™. ORIGINAL PAGE IS
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