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(ABSTRACT) 

A current version of the NASA band model was used to calculate the errors in the weak- 

line and strong-line band absorption limits for a wide range of temperatures, pressures, 

path lengths, and species concentrations. |The weak-line limit is valid under the 

condition 2u/8 « 1. The strong-line limit is valid under the opposite conditions of the 

weak-line limit, i.e. 2u/8 » 1. These two conditions are not always easily related to 

physical parameters such as temperature, pressure, path length, and _ species 

concentration. Therefore, the band model was used in a parametric study to calculate 

the weak-line limit and strong-line limit errors as a function of the temperature (100 K - 

3000 K), pressure (0.0001 - 10.0 atm), path length (1 cm - 10 km), and species 

concentration (0.00033 - 1.0) for atmospheric and jet-exhaust-plume conditions. The 

results were generated in the form of spectral graphs (500 - 5000 cm”) of the limit error 

superimposed with the general-case absorptivity, and as contour graphs of the band- 

integrated limit error. The error in the contour graphs was plotted versus temperature 

and pressure for a given path length and species concentration. The contour graphs were 

generated for the 2.7 »m and 6.3 um H,O bands, the 2.7 um and 4.3 nm CO, bands, 

and the medium wave (3.0 - 5.0 ~m) and long wave (8.0 - 12.0 wm) bands. In the 

spectral graphs, the greatest error in both limits tends to occur in the core of the 

absorption bands when the absorption bands are small and in the band wings when the 

bands are relatively wide. The weak-line error generally occurs in localized pressure-



temperature regimes in the contour graphs. The error is generally small at low and high 

temperatures and pressures, but can be significant at intermediate pressures and 

temperatures. The weak-line error also increases steadily with path length. The strong- 

line error, on the other hand, was not nearly as predictable as the weak-line error. At 

short path lengths, the strong-line error exhibits a linear behavior with respect to 

pressure. However, at longer path lengths, the strong-line error appeared saddle shaped 

as a function of both pressure and temperature.
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1 Introduction 

Radiation heat transfer plays an important role in many of today’s engineering 

applications. One important class of problems is that of predicting the transmission of 

infrared radiation through the atmosphere. Examples of this include calculating 

atmospheric heating from long-wave radiation for use in weather prediction models [1,2], 

determining the heating of solid surfaces in combustion chambers, and predicting the 

performance of infrared imaging systems [3]. 

The process of calculating the propagation of infrared radiation through a gas 

involves the use of a mathematical model. Such a model is used to describe how the rate 

of transmission (or absorption) of radiation varies as a function of wavelength and the 

properties of the gas, including temperature, pressure, and species concentration. The 

purpose of this thesis is to study the limiting forms of a particular absorption model, the 

Statistical band model. The two limits to be studied are the weak-line limit and the 

strong-line limit. The statistical model and the importance of the two limits will be 

explained in detail in later sections. 

1.1 Physics of Absorption and Emission of Energy 

The atoms, ions, and molecules comprising a gas each have various energy levels 

associated with them. These particles form dynamic systems involving either atoms and 

electrons in the case of molecules, or just electrons in the case of individual atoms. 

These systems all have a number of possible excitation modes, each of which has a 

corresponding energy level. The zero energy level is assigned to the ground state, with 

Introduction 1



the higher bound states being at positive energy levels. The term “bound" is used 

because these positive energy levels are associated with discreet quantized states 

corresponding to specific excitation modes of the molecular or atomic system. 

There are several possible types of transition between energy states in a molecule 

or atom that can occur as a result of the absorption or emission of a photon. These 

include bound-bound, bound-free, free-bound, and free-free transitions. A bound-bound 

energy transition occurs when an atom or molecule changes from one quantized energy 

state to another. These transitions involve discreet energy changes since they occur only 

between quantized energy levels. The energy of a photon is related to its frequency by 

the expression e = hv, where e is the energy of the photon, / is Planck’s constant, and 

v is the frequency of the photon. Therefore, since bound-bound transitions can involve 

only discreet changes in energy, only photons of specific frequencies can be absorbed or 

emitted in this type of transition. It is for this reason that the absorption/emission 

spectrum for bound-bound transitions is a sharply peaked function composed of many 

individual "lines," each corresponding to a specific discreet energy change. These lines 

have a finite width due to several broadening effects. For example, collisions between 

molecules (Lorentz or collision broadening) and thermal motion (Doppler broadening) 

both contribute to line broadening. 

A bound-free transition occurs when an atom or molecule absorbs a photon with 

enough energy to cause ionization. Since the resulting ion and electron are free to 

assume any kinetic energy level, there is a continuous range of allowable changes in 

energy states of the atom or molecule and electron. The only limitation is that the 

change in energy be large enough to cause ionization. The reverse of this type of 

transition is a free-bound transition. This occurs when an ion captures an electron and 

a photon of energy is released. The energy of the resulting atom drops to that of a 

discreet energy level. This process also produces a continuous range of possible 

transition energies, as the combining particles can have any kinetic energy. These two 
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types of transition produce a smooth absorption/emission spectrum since both have a 

continuous range of allowable energy changes. This corresponds to a continuous range 

of frequencies of absorbed and emitted photons. 

The free-free type of transition occurs when a free electron passes near an ion and 

interacts with its electric field. The electron can then either emit or absorb a photon, and 

in so doing either change to a lower or higher energy level. Since the free electron is 

not restricted to discreet energy levels, this type of transition also produces a smooth 

absorption/emission spectrum, known as the "continuum". 

In a molecule, the internal energy states can be rotational, vibrational, and 

electronic; for atoms they can be electronic. The vibrational energy modes are always 

coupled with rotational modes. The rotational spectral lines superimposed on the 

vibrational lines appear as a band of closely spaced spectral lines. Together these groups 

of lines are known as a vibration-rotation band. Rotational transitions within a given 

vibrational state are associated with energies at long wavelengths, approximately 8 to 

1000 ym. Vibration-rotation transitions are at infrared wavelengths of about 1.5 to 20 

pm. Electronic transitions are at short wavelengths in the visible region of 0.4 to 0.7 

pm, and at portions of the ultraviolet and infrared spectrums on either end of the visible 

spectrum. At typical industrial temperatures, the emitted and absorbed radiation is 

principally from vibrational and rotational transitions; at higher temperatures (above ~ 

2000 K), it is the electronic transitions that are important. 

1.2 Equation of Transfer 

The differential change in monochromatic intensity, di,, along a path length dx 

is a result of absorption, emission, and scattering by the participating gas. If scattering 

is assumed to be negligible, then the change in intensity can be written as 

di, =di,,+di,, , (1-1) 
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where the subscripts "a" and “e" represent absorption and emission, respectively. An 

extension of Beer’s law can be invoked to describe the absorption of radiation, 

di,, = -K,,i,de . (1-2) @,a 

This expression states that the absorption of radiation is proportional to the intensity of 

the radiation at that point. A similar expression can also be written to account for the 

emission of radiation, 

di ,=K*,,i.,a& , (1-3) 
@,¢é 0,e W,b 

where i, ,, represents the blackbody emission from the gas. The coefficients x, and x... 

are the respective proportionality constants relating the absorption and emission of 

radiation to the intensity of radiation at that point. If it is assumed that the gas is in 

radiative equilibrium, then Kirchoff’s Law states that the amount of energy absorbed is 

equal to the amount emitted, or x,, = Kye = «, Using this result and substituting 

Equations 1-2 and 1-3 into Equation 1-1, the change in intensity can be written as 

di, = —K,i,dx + K,i, ,dx , (1-4) 

or, as a differential equation, 

di 
=z = -K, [i (0,2) - i,,(0,%)] - (1-5) 

Equation 1-5 serves as a definition for the absorption coefficient, x,. This equation can 

be solved using an integrating factor, 

’ (1-6) 

where 

u, = [x @ a , (1-7) 
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Integrating along the path, the equation of transfer can be written as 

i, (w,L) = i, (w,0)e “e™ + f i, .(@) Ke be ~Ha)] ty ; (1-8) 

This equation states that the intensity of radiation leaving a volume of gas of path length 

L is equal to the intensity of the radiation entering the volume and attenuated along the 

path plus the radiation emitted by the volume of gas, itself attenuated between the point 

of emission and the observer location. If it can also be assumed that the properties of 

the gas are constant along the path, then the equation of transfer can be easily integrated, 

yielding 

i,(@,L) = i,(o,0e“™ + i, .(@) [1 - oO] . (1-9) 

The gas transmissivity and emissivity, respectively, can be defined as 

t =e * and € =1-e”. (1-10) 
a ® 

The equation of transfer can now be written in terms of the emissivity and transmissivity, 

i,(@,L) = t,i,(@,0) + €,i,,(0,7) . (1-11) 

Note that since radiative equilibrium has been assumed, the emissivity in Equation 1-11 

can be replaced by the absorptivity, a,. The limiting forms of band absorption can 

indirectly affect the use of the equation of transfer by reducing the time involved in 

calculating the emissivities and transmissivities. For the rest of this work the w subscript 

will no longer be used for the sake of simplicity, although it is still implied. 

1.3 Absorption/Emission Models 

In most engineering applications involving gaseous radiation, it is generally 

desirable to use a mathematical model to describe the absorption and emission of energy 

by the participating medium. The most accurate method is the line-by-line model, which 
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describes each absorption-emission line that exists in the wavenumber interval of interest. 

This type of model, while very accurate, is also very time intensive since it typically 

involves hundreds of thousands of lines. Line-by-line models are typically used when 

high accuracy is required at any expense, or when reference data are generated. A more 

common approach than the line-by-line model is to use averages over a number of lines 

or a given wavenumber interval. For example, in the narrow-band model the average 

absorption properties are determined for each sub-interval of the absorption spectrum. 

These sub-intervals generally range in size from 2.5 to 50 wavenumbers. A less detailed 

type of band model is the wide-band model, which is used to calculate the absorption by 

complete bands (1.e., an entire vibration-rotation band). The least sophisticated type of 

model, and also the easiest to use, is the total emissivity model. The total emissivity is 

an appropriate average over the entire thermal spectrum (or a broad subinterval) and is 

used to describe the total absorption properties of the participating medium. 

1.4 Limiting Forms of Band Absorption 

There are a number of simplifying assumptions that can be made about how 

radiation is absorbed and emitted by a gas. As an example, under certain conditions the 

absorption lines in a band overlap so much that it is not possible to distinguish between 

individual lines. This results in the band absorption being only a function of optical 

depth, and not of the line structure. 

There are several reasons why one might be interested in these limiting forms of 

band absorption. One reason is that since these limits are generally independent of 

specific theoretical and experimental models, it is possible to use the limits as a method 

of validation. Therefore, these limits can be used to determine whether or not newly 

developed models approach the proper limits under the appropriate conditions. A second 

reason is that these limits greatly simplify the expressions for the absorptivity. In 

general, the relationship between the absorptivity and the parameters describing the 

absorbing medium involve fairly complex expressions. The exact form of these 
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expressions will depend on the specific model used. However, when it is possible to 

invoke one or more of the limiting forms of band absorption, the expression for the 

absorptivity can be greatly simplified, and may even be independent of the specific model 

used. 

Perhaps the most important use of these limits involves the weak-line and strong- 

line limits [4]. The weak-line limit occurs when the line structure is smeared out by 

overlapping lines and the absorption of radiation is only a function of the optical depth. 

The strong-line limit occurs when the peaks of individual lines are saturated (completely 

absorbing) and the absorptivity is solely a function of the product of the optical depth and 

a line-broadening parameter (to be explained later). For a given set of conditions the 

weak-line and strong-line limits allow calculation of the absorption coefficient and line- 

broadening parameter from measurements of the absorptivity of the gas. This procedure 

is typically done while assuming that the weak-line limit and strong-line limits are valid 

for very short and very long path lengths, respectively. However, there are situations 

for which it is not correct to make these assumptions. Therefore, it is desirable to know 

when these two limits are valid as a function of gas pressure, temperature, composition, 

and path length. It should be noted at this point that there are several other methods that 

can be used to determine the absorption coefficient and the line-broadening parameter 

[5,6]. 

1.5 Thesis Objective 

The purpose of this thesis is to study the weak-line and strong-line limits of band 

absorption in order to determine under what conditions they are most applicable in terms 

of physical variables. The two limits will be studied for mixtures of H,O, CO,, and N,. 

The first two gases have been selected because they are among the most active gases in 

the infrared spectrum for applications involving the atmosphere and aircraft exhaust 

plumes. Nitrogen has been included in cases where the atmosphere is modelled because 

it’s concentration in the atmosphere is larger than any other gas. Nitrogen acts as a 
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foreign gas broadener, even though it is inactive in the infrared spectrum. 

Typically the weak-line and strong-line limiting forms are expressed as being 

valid when certain nondimensional parameters are either much greater than, or much less 

than, unity. While these conditions are useful mathematically, it is difficult to relate 

them to the relevant physical variables of path length, temperature, species concentration, 

and pressure. For example, the weak-line limit is generally assumed to be valid when 

the line-broadening parameter is much greater than unity. This parameter is typically a 

function of temperature, pressure, species concentration, and wavenumber. Instead of 

specifying when the weak-line assumption is valid in terms of the broadening parameter, 

it would be more practical to know at what temperature, pressure, etc. it is possible to 

use this assumption. Or, from another point of view, it would also be very useful to 

know how much error is introduced when one of these assumptions is made for a given 

set of physical operating conditions. 

Plass [7] performed an exhaustive study of the available band models in the late 

1950’s. As part of that study, the regions of validity for certain useful approximations, 

including the linear and square-root limits (see Chapter 2 for details of these 

approximations), were considered. The technique used by Plass to perform this study 

was to expand the mathematical expression for the absorption of the statistical and 

regular band models into appropriate convergent, alternating power series. Since the 

error in retaining a finite number of terms of the series is always less than the magnitude 

of the first omitted term, it was possible for Plass to determine the regions of validity of 

these approximations by studying the first and second terms of these series. Plass 

presented his results in tabular form, showing the regions of validity of the linear and 

square-root approximations as a function a line-broadening parameter and a line-strength 

parameter. 

In a later paper, Plass [8] expanded upon his previous work by establishing a 
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method for extrapolating beyond experimental data through the use of the weak-line limit, 

the strong-line limit, and the nonoverlapping-line limit. These three limits provide a 

reliable method for extrapolating experimental absorption data to values of pressure and 

path length not easily reproduced in the laboratory. These limits are also worth using 

because they are much simpler than the general expression for the absorption. In order 

to properly use these limits, Plass mapped out the regions where they are applicable. 

Plass’ maps took the form of regions of validity of the three limits plotted as a function 

of a line-broadening parameter and a line-strength parameter. One of the drawbacks of 

Plass’ work is that it is difficult to relate the results to physical variables such 

temperature, pressure, and wavenumber. 

Ludwig et al. [9] performed a limited parametric study of the weak-line limit for 

the 2.7 wm and 4.3 ym bands of CO, for temperatures ranging from 300 K to 1500 K. 

Their results took the form of absorptivity plots of the general case superimposed with 

the weak-line approximation. The study did not consider H,O and presented only limited 

spectral regions of CO,. 

The objective of this thesis is to perform a more complete parametric study 

comparing the weak-line and strong-line limiting forms of band absorption with the 

general expression for band absorption predicted by the NASA band model (described 

in Chapter 3). This is done in order to determine when it is most appropriate to use 

either limit in terms of temperature, pressure, path length, species concentration, and 

wavenumber. The gases considered are CO, and H,O, since they are the most active 

atmospheric and combustion gases in the infrared spectrum. Nitrogen is also included, 

but only as a foreign-gas broadener, and not as an active emitter-absorber. 
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2 Limiting Forms of Band Absorption 

The limiting forms of band absorption can play an important role in gaseous 

radiation calculations. They can greatly simplify the expressions for the absorptivity, as 

well as provide information useful in experimentally measuring the radiative properties 

of gases. Therefore, it is important to know when these limiting forms of band 

absorption are valid. In this chapter, the limiting forms of band absorption for the 

Statistical narrow-band model are derived, along with the conditions under which they 

are valid. 

2.1 Single Line Absorption 

The first step towards modeling the limiting forms of band absorption involves 

studying a single absorption line. A very commonly assumed line profile is the Lorentz 

line shape. The absorption coefficient for line i with a Lorentz shape is 

  

5:7 
K(@) = —— , (2-1) 

n{(o -@,)" + Yh 

where S; is the integrated absorption coefficient, 

S, = f«,(@) d(w-a) ; (2-2) 

and x; is the monochromatic absorption coefficient for line i. Also, y,,; is the Lorentz 
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line half-width and w is the wavenumber. The half-width is defined as one-half the line- 

width at the line half-height. The Lorentz line profile takes into account collision 

broadening, which is the most prevalent type of broadening under typical atmospheric 

conditions. A more general line profile is the Voight line shape, which takes into 

account Doppler broadening in addition to Lorentz broadening. Doppler broadening is 

the increase in a line’s width due to random molecular thermal motion. When the 

Lorentz and Doppler line shapes are compared for a given line intensity, the Doppler line 

has a much taller peak while the Lorentz line has much wider wings. The band model 

used in this study (to be discussed in detail in Chapter 3) uses the Voight line profile, 

while the limiting forms of band absorption are derived in this chapter by assuming only 

Lorentz line shapes. Using the Lorentz line profile in this manner is possible in the 

weak-line limit because the line-structure is smeared out (see Section 2.3.3), and 

therefore it does not matter what line profile is used. In the strong-line limit the line 

peaks are saturated and transmission can only occur in the line wings (see Section 2.3.6). 

Therefore, the Voight profile approaches the Lorentz profile in the strong-line limit since 

the Doppler effects are wiped out by the saturated peak [10]. It is preferable to use the 

Lorentz profile in the derivation of the limiting forms of band absorption since it is very 

easy to manipulate mathematically. 

The nondimensional line-broadening parameter, the nondimensional wavenumber, 

and the mean absorption coefficient can be expressed as 

Z = 2n—, andx=—-f xdo ; (2-3) 

respectively, where Aw is a wavenumber interval and d is the line spacing. The Lorentz 

line profile can now be written as 

KZ) = —————_ (2-4) 
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The absorption coefficient at a given wavenumber is the sum of all lines which contribute 

to the absorption coefficient at that point [11], 

K(@) = D7 K(o) (2-5) 

The parameters 8 and y in Equations 2-1, 2-3 and 2-4 have had the subscript L, referring 

to Lorentz line-broadening. For the sake of simplicity, this subscript is not used for the 

rest of this chapter, although it is still implied. In the next chapter this subscript comes 

into play again since the effects of the Doppler line shape will be discussed, which will 

require the use of a D subscript to differentiate from the Lorentz line profile. 

Defining L as the path length, the spectral absorptivity of a single line can be 

written as 

a(w) = 1-e 9" . (2-6) 

Using Equation 2-5, the spectral absorptivity at a given wavenumber w taking into 

account all neighboring lines is 

a(w) = L-e rE . (2-7) 

Finally, it is convenient to define the mean absorptivity over a wavenumber interval Aw 

as 

- 1 _ 9 -*w)L - ay = Zo ie eXOEldy , (2-8) 

2.2 Band Absorption 

As mentioned in Chapter 1, absorption lines are often grouped together in bands 

as a result of interacting rotational and vibrational transitions inside the molecules 

comprising the gas in question. Numerous methods are available to model these bands, 
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but perhaps the most widely used are the so-called “narrow-band" models [12]. These 

models are used to predict the absorption of radiation within a relatively small 

wavenumber interval, Aw. The application of any model to a particular case depends 

upon the nature of the absorbing and emitting molecule. For example, one model may 

agree well with experimental results for linear molecules, but it may fail completely for 

asymmetric and spherical-top molecules [12]. The model studied here, the statistical 

narrow-band model, is described in the next section. 

2.3 Statistical Narrow-Band Model 

The statistical band model can be used to predict the absorption and emission of 

gases such as CO,, H,O and other relatively complex gases. A statistical band model is 

one where the line intensities and line arrangement are described with a statistical 

probability distribution function. Another model widely used in the past is the regular 

band model. In this case, the line intensities are constant and are regularly spaced. 

Carbon dioxide is a difficult gas to model over a wide temperature range using either the 

regular or the statistical band model. At relatively low temperatures, CO, has few active 

emission lines, and can therefore be modeled well by the regular band model since these 

lines are generally uniformly spaced. However, at higher temperatures a great many 

more lines become active, such that the regular band model is no longer the proper 

model to use. In this case, the statistical band model should be used. For this work, the 

Statistical model is used to model CO, for all temperatures. The statistical band model 

is also required for H,O, which has a complex and irregular line structure. 

2.3.1 Randomly Arranged, Identically Sized Lines. A statistical band model 

is one where it is assumed that the arrangement and intensities of the lines in a given 

wavelength interval can be adequately specified by a probability distribution function. 

This type of model was initially developed by Goody [13]. It is most common to assume 

a completely random distribution function for the line position since the variation in 

spacing is small compared to the variation observed in the line intensities. The 
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derivation of the statistical model is now described (see Reference 11, page 158). First 

consider an array of N identical randomly arranged lines in the interval Aw = Nd, where 

d is the mean spacing between lines. If the spectral transmissivity is defined as 7 = 1 - 

a, where a is the absorptivity, then an expression for the transmissivity at a given 

wavenumber in the interval Aw as the sum of all lines in the interval can be written 

N N 
t(@) = en 52 (ood = TT exp(-K,()Z) - (2-9) 

i=] i=1 

The probability that a given line from the interval Aw lies in the sub-interval dw, is 

dw/Aw = dw/Nd. The joint probability that each of the sub-intervals dw,, dw, ..., dwy 

contains an individual line is 

dw N 
—!. 2-10 aa (2-10) 

If all possible arrangements of the N lines are considered, the mean transmissivity over 

the interval Aw is 

N f ( poe 

LL {. exp(-*,)— 
i=1° 4° ue Nd Taw =   (2-11) 

@ 
N dw, 

IT lena 
i=l 

Since the denominator of this expression is unity, and the N integrals are identical, the 

mean transmissivity over the interval Aw can be rewritten as 

_{1 Ddol 2-12 Try = Hal nat ) o| . (2-12) 
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or, 

_ 1 N . Tao = : ” Wa aol - exp(-rD))do| . (2-13) 

Using the limit 

1 N 

ki - a =e*, (2-14) 
N-co N 

the transmissivity can be written as 

try = exo [2d -exp(-xD) ao (2-15) 

Note that the limits of integration have been changed to -co and +o in order to evaluate 

the limit as the number of lines gets very large. If the mean line spacing remains 

constant, then the interval must also increase. The total absorptivity of a single line is 

obtained by integrating Equation 2-6 over all wavenumbers, 

A, = [ [1 -exp,D]do , (2-16) 

Equation 2-15 can be rewritten as 

Tao = ox“ ’ (2-17) 
d 

which states that the mean absorptivity of an array of randomly arranged identical lines 

is a function of the total absorptivity of a single line and the line spacing. 

2.3.2 Randomly Arranged, Randomly Sized Lines. For the next step in the 

derivation of the statistical band model, consider a wavenumber interval Aw containing 
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an array of N randomly sized and randomly arranged lines, with mean line spacing d. 

Also, each of the N lines belongs to one of N arrays containing M identical, randomly 

arranged lines with mean line spacing D. While each of the N arrays contains lines of 

identical intensity, each array is characterized by a unique intensity. From Equation 2- 

17, the mean transmissivity of one of these arrays is 

A Saag = 2-4) 2-18) 

where A, is the total absorptivity of one of the lines in the j" array. The mean 

transmissivity of the combination of the N arrays can then be calculated by multiplication 

of the mean transmissivities of each of the N arrays, 

N N A, 
t. =I Treg = en -S | . (2-19) 

jel j= D 

Such a combination of lines represents an array of randomly arranged, randomly sized 

lines. This result is different from that of the previous section which considered an array 

of N randomly placed, identical lines. Next, the mean total line absorptivity is calculated 

by averaging the total line absorptivity over all N arrays, 

A -— A . 8 2-20 

=1 

When Equations 2-19 and 2-20 are combined, the mean transmissivity over the interval 

Aw can be written as 

Cho = cxf MA) . (2-21) 

Since the mean line spacing D is arbitrary, it can be set equal to the wavenumber interval 
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Aw. Thus, from the definition of Aw, 

D=Aw=Nd. (2-22) 

When Equations 2-21 and 2-22 are combined, the mean transmissivity over the 

interval Aw can then be written as 

t,5 = ex-4) . (2-23) 
d 

The problem of determining an expression for A still remains. In the previous 

section it was possible to calculate the total line absorptivity because all lines were of the 

same intensity. Now that the line intensities are randomly distributed, an appropriate 

probability distribution function for the line intensities, P(S), must be chosen. This 

distribution is defined such that P(S)dS is the fraction of lines having intensities between 

S and § + dS. The line profile function f() can be defined such that 

K(@) = Sf(w) - (2-24) 

From the definitions of the line intensity distribution function and the line profile, it is 

then possible to integrate over all possible values of S to determine the mean total line 

absorptivity, 

A = fi “P(S)A(S) dS = [7 PO) [701 - exp(-SLf(o))]do ds , (2-25) 

where A(S) was obtained from Equation 2-16. A common distribution used for the line 

intensities is the exponential distribution function, 

= | exp{ -* . P(S) 5 ex 5 | ; (2-26) 
o oO 

Limiting Forms of Band Absorption 17



where S, is the mean line intensity over the interval Aw. This expression is purely 

empirical and is used only because it closely approximates many real line distributions. 

When the order of integration of Equation 2-25 is reversed and the expression for the 

exponential distribution function is substituted, the mean total line absorptivity can be 

  

  

written as 

_ S Lf(w 
a- fi[ SMO 1a, (2-27) 

1+ S,Lf(o) 

Substituting the Lorentz line profile, 

fo) = —-—_ , (2-28) n{w? + 7] 

where +y is the mean line half-width, into Equation 2-27, A can be written as 

Sib 7 2 
A = lo + yd lao (2-29) 

1 +S p—_+__ 
nw? + 7] 

This can be reduced with a little effort to 

f _ Qu? (2-30) 

p 

where u = xL = S,L/d is the mean optical depth over the interval Aw, and 8 = 27y/d 

is the mean line-broadening parameter for the interval Aw. Now A can be substituted 

into Equation 2-23 to give the expression for the transmissivity, 
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-kK , = exp) —*_] . (2-31) 
“a onl - a 

From this, the mean absorptivity over the interval Aw can be written as 

» ~1- ex 4 . (2-32) 

“A (5 + — 

2.3.3 Weak-Line Limit. The weak-line limit occurs when the line peak 

absorptivity is significantly less than unity. From Equation 2-7, this is equivalent to 

requiring x(w) « 1 at w = w;,, where w; is the wavenumber at the center of the i® line. 

When this is combined with the Lorentz line shape, Equation 2-4, the weak-line condition 

may be expressed as 

2u 
—<<1. (2-33 B ) 

When this condition is applied to Equation 2-32, the mean absorptivity can be written as 

a, =l-e%. (2-34) 

The result is that the absorptivity is solely a function of the optical depth, and not of the 

line-broadening parameter. This is because the line structure is “smeared out" in this 

limit. Equation 2-34 is often referred to as Beer’s Law. Note the similarity between 

Equations 2-34 and 2-7. Since u = kL, it may be concluded that x is exactly equal to 

the spectral absorption coefficient x; when 2u/8 « 1. Figure 2-1 shows a typical spectral 

absorptivity for an interval Aw over which the weak-line limit is valid. 

2.3.4 Linear Limit. The linear limit occurs when the optically thin condition 

is invoked with the weak-line limit. When u « 1 is applied to Equation 2-34, a,,, 
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Figure 2-1. Example of the Absorptivity 
in the Weak-Line Limit. 
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approaches the linear limit, 

2 
u —+..=h, (2-35) 
2 

@,. =l-1lt+u- 

where the higher order terms are not significant. Figure 2-2 shows an example of this 

limit. 

2.3.5 Optically Thick Limit. For the optically thick condition, the optical path 

is large (u » 1) and Equation 2-32 reduces to 

a*l-e"=1. (2-36) 

This limit implies that the gas is completely absorbing over the interval Aw. Figure 2-3 

shows this limit. 

2.3.6 Strong-Line Limit. This limit is defined as occurring when the peaks of 

individual lines are saturated. From Equation 2-7, the saturated peak condition is 

equivalent to requiring x(w)L » 1 at w = w,, where w, is the wavenumber at the center 

of the i® line. When this is combined with the Lorentz line shape, Equation 2-4, the 

strong-line condition may be expressed as 

Bed. (2-37) 

When this condition is applied to Equation 2-32, the argument of the exponent reduces 

to 

2, (2-38) 
1+24 

B 
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Figure 2-2. Example of the Absorptivity 

in the Linear Limit. 
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Figure 2-3. Example of the Absorptivity 
in the Optically Thick Limit. 
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and the strong-line limit of the mean absorptivity can be written as 

@. =1- onl - x8) . (2-39) 

This equation is referred to as the strong-line limit for the statistical band model. Since 

this limit depends on absorption lines being saturated at their peaks, it is implied that 

individual lines will not be smeared out by excessive overlapping. This means that the 

line structure plays an important role in the absorption process, and hence it is expected 

that the strong-line limit will have a different form for other narrow-band models which 

assume different line structures. Figure 2-4 shows an example of this limit. 

2.3.7 Square-Root Limit. The square-root limit is a special case of the strong- 

line limit. It requires non-overlapping lines in addition to the strong-line conditions, 

which allows the mean absorptivity over the interval Aw to be expressed as the sum of 

the absorptivities of all lines in the interval, i.e., 

Caw = » Ciao . (2-40) 

The mean absorptivity of a single line over the interval Aw, a;,,, can be expressed as 

Cine = io no tit , (2-41) 

where a; is obtained from Equation 2-6. In order for Equation 2-40 to be valid, the 

integrand of Equation 2-41 for any line 1 must not be allowed to overlap with that of 

other lines. This requires that Equation 2-6 approach zero when w - w, ~ O(d). From 

the Lorentz line shape, Equation 2-4, this may be expressed as 

2UB ee. eB? (2-42) 
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Figure 2-4. Example of the Absorptivity 
in the Strong-Line Limit. 
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It should be noted at this point that if we were to allow 6 » 1, then Equation 2-42 could 

be expressed as 

2u 22] , (2-43) 

which is in direct violation of the condition for the strong-line limit, Equation 2-37. 

Therefore, 6 « 1 is required as an additional condition for the square-root limit. Using 

this new condition, Equation 2-42 may now be expressed as 

2uB <<1. (2-44) 

The three conditions for strong non-overlapping lines are 

> >> 1, B << 1, and 2up <<1. (2-45) 

Note that the first condition, 2u/6 » 1, is from the strong-line limit. When the two 

additional non-overlapping line conditions are applied to the strong-line limit, Equation 

2-39, the final expression for the square root limit can be written as 

_ {us , (2-46) 

Figure 2-5 shows an example of the absorptivity in the square-root limit. 

2.3.8 Limit Summary. The limits and conditions for the statistical band model 

may be summarized as follows: 

General: 4 = 1 - exp} _—“_]. (2-47) 

1+24 
B 
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Figure 2-5. Example of the Absorptivity 
in the Square-Root Limit. 
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2u 
Weak-line: a, = 1-e™, 3 << 1. (2-48) 

. 2u 
Linear: Gry =U; BS <<1, u<<l. (2-49) 

Optically thick: a, = 1, “>> 1. (2-50) 

Strong-line: Gi, =1- eal «0 > >> 1, (2-51) 

uB 2u 
Square-root: ®ro => . >> 1, B<<1, 2uB << 1. = (2-52) 

2.4 Significance of the Strong-line and Weak-line Limits 

The weak-line and strong-line are generally considered the most important of 

these limits. The weak-line limit is important because the absorptivity is only a function 

of the optical depth (and, therefore, of the absorption coefficient, since the optical depth 

is defined as the product of the absorption coefficient and the path length), and not the 

line-broadening parameter. This means that, as long as the weak-line limit is valid, the 

absorption coefficient can be determined for a given configuration by simply measuring 

the absorptivity of the gas. The strong-line limit is similarly important because the 

absorptivity is a function of the product of the optical depth and the line-broadening 

parameter. Therefore, if the absorption coefficient is known from measurements in the 

weak-line limit, then the line-broadening parameter can be determined by measuring the 

absorptivity in the strong-line limit. 
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The weak-line and strong-line limits allow the calculation of the absorption 

coefficient and line-broadening parameter for a homogeneous gas at a given temperature, 

pressure, and species concentration. Many researchers have used the weak-line limit as 

a means of calculating the absorption coefficient of a gas [4, 14, 15, 16, 17]. As was 

noted in Chapter 1, there are other methods that can be used to determine the absorption 

coefficient and the line-broadening parameter [5, 6]; however, the use of the weak-line 

and strong-line limits is generally the simplest method. While the weak-line and strong- 

line limits are often assumed to be valid when the path length is short or long, 

respectively, there are situations for which it is not correct to make these assumptions. 

Therefore, it is important to know when these two limits are valid as a function of the 

pressure, temperature, species concentrations, and path length. 
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3 Modified NASA Band Model 

The narrow-band model used in this research is strongly based on the original 

NASA band model [9]. A computer code employing the fundamental equations of the 

original NASA band model, but utilizing updated data tables, has been used in this study. 

A listing of the source code appears in the Appendix. The updated model will be 

referred to as the modified NASA band model. The key features and terminology of this 

model are described in this chapter. 

The original NASA band model was written to calculate the radiation emitted 

from rocket exhaust plumes. It is a statistical band model which takes into account both 

Doppler and Lorentz line broadening. The curve of growth is defined as the absorption 

of radiation as a function of the amount of absorbing gas. In the NASA band model, the 

curve of growth for the Lorentz lines is based on an exponential line distribution, while 

the curve of growth for Doppler broadened lines is an approximate expression for a 

random distribution of lines of equal strength. A functional expression is then used to 

combine the Lorentz and Doppler effects. The primary difference between the original 

NASA band model published in NASA SP-3080 and the band model used in the current 

research is that the data tables for the absorption coefficients and line spacing have been 

updated with more recent experimental and theoretical results from the NIRATAM 

atmospheric transmission model [18]. The updated NASA band model can be used over 

a temperature range from 100 to 3000 K and a wavenumber range from 400 to 5000 

cm’. Also, while the NASA band model is capable of handling many different gases 
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(including CO, NO, CN, OH, HCI, and HF), only H,O and CO, have been incorporated 

into the current model. This was done because these two gases are among the most 

active in the infrared spectrum, and because they are both present in the atmosphere and 

in jet exhaust plumes. Other gases were not included in part to reduce the complexity 

of this study, and in part because they are not as important as H,O and CO, in many 

applications. Nitrogen (N,) is also included in the current research, but only as a 

foreign-gas broadener and not as an active emitter-absorber since it is not active in the 

infrared spectrum. 

3.1 Line-Broadening Parameter 

The Lorentz and Doppler line-broadening parameters, 8, and Bp, respectively, are 

both calculated for all constituents present in the gaseous medium. They are defined for 

each species i as 

Y Y 
BL, = ae{ 2) and Bp, = 19{2] ; (3-1) 

where the factor 1.7 in the second expression is purely empirical. The line half-width 

+ and line spacing d are discussed in the next two sections. The Lorentz and Doppler 

line-broadening parameters are a measure of the overlap between adjacent lines. A value 

of 8, or Bp much greater than unity means that the line-width is larger than the line 

spacing and, therefore, there is significant overlap between neighboring lines. 

Conversely, a small value of the line-broadening parameter means that adjacent lines are 

isolated and there is little overlapping of lines. 

3.2 Lorentz and Doppler Line Half-Widths 

The half-width of a line is defined as one-half the width of a line at the line half- 

height. The Lorentz line half-width for species i, y,,, is calculated while taking into 

account self-broadening and foreign-gas broadening. The self-broadening is divided into 
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two components: resonant and nonresonant self-broadening. The nonresonant component 

can be treated as foreign-gas broadening with little loss in accuracy. An expression for 

the Lorentz line half-width for species i, broadened by a series of other gases j, can then 

be written as 

ij 

T 

  

T.\" T.\" 
Yni = S Vis? 7: + Vii? 7) , (3-2) 

j 

where ‘y,; is in units of wavenumber (cm"), T, = 273 K is a reference temperature, P, 

is the partial pressure of constituent j (atm), and ,; and +,; are the foreign-gas and 

resonant self-broadening reference line-widths (cmatm"), respectively. These reference 

line-widths are tabulated in the NASA band model [9]. The exponents 7; ; and 7;; are 

temperature correction factors and are assumed to be 0.5 and 1.0, respectively [9]. 

For Doppler broadening, a purely empirical expression is used to relate the gas 

temperature, molecular weight M, and wavenumber w to the line half-width: 

Vp, = (5.94x10-°) 2 | 2 (3-3) 
HN T. 

An important assumption made in these calculations is that the line-widths, which are 

wavenumber dependent, can be treated as band averaged values. This means that the 

wavenumber dependence of the Lorentz and Doppler line-broadening parameters for 

species i, 8, and Bp; is accounted for in Equation 3-1 through the tabulated values of 

the line spacing, d, where d = d(w, T). 

3.3 Absorption Coefficient and Line-Spacing Parameters 

The absorption coefficient, x,, and line spacing, d;, are tabulated for each species 

i. The absorption coefficient is tabulated as a function of wavenumber (400 to 5000 
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cm'') and temperature (100 to 3000 K) at a reference density, p,. The reference density 

is determined at standard temperature and pressure. Therefore, in the calculation of the 

optical depth for gas 1, 

u, = *,L— , (3-4) 

the path length L must be multiplied by the ratio of densities, p,/p,, where p; is the 

density of the i® gas. The line spacing of the i* constituent, d;, is also tabulated as a 

function of temperature and wavenumber. 

The tabulated values of the absorption coefficient and line spacing for a number 

of important gases are based on those published in the original NASA band model [9]. 

For many gases, the absorption coefficient and line spacing data were updated by more 

recent experimental and theoretical work. According to [19], a theoretical line-by-line 

model was used to provide data at a higher resolution and over a wider range than that 

found in the original NASA band model for temperatures less than 600 K. For 

temperatures higher than 600 K, experimental data were used to update the original 

NASA band model. The data published in the original NASA band model were tabulated 

at a spectral resolution of 25 cm", while the updated values are listed at a resolution of 

5 cm’, 

3.4 Combined Lorentz and Doppler Effects 

The transmissivity of each gas i is calculated by the expression 

x, = exp(-/1-¥;"%u) » G-5) 

where Y; is a function used to relate the Lorentz and Doppler effects. This expression 

can be written as 
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2 -2 xX 2 -2 

u; u, 

where X, ; takes into account the Lorentz broadening effects, 

Qu -0.5 

Xr i = u,|1 + a ’ (3-7) 

Li 

and Xp; takes into account the Doppler broadening effects, 

u. \ 
Xp; = Bp, ,| Ini + F ; (3-8) 

D,i 

The transmissivity of the mixture of gases is then determined by taking the product of 

the transmissivities of all constituents: 

tic = [Dt (3-9) 

The absorptivity of the mixture is then simply 

wo. =1l-t.,. (3-10) 
mex mix 

3.5 Band Model Limitations 

There are a number of limitations inherent in the NASA band model which carry 

over into the model used in this research. As originally published, the NASA band 

model is capable of predicting the absorptivity of gases composed of H,O, CO,, CO, 

NO, CN, OH, HCl, and HF. Since the current research is concerned with mixtures of 

H,O, CO,, and air, only H,O and CO, have been included in the current band model. 
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If it were ever desired to include other gases from the NASA band model, it would be 

relatively simple to do so. 

The range of allowable temperatures and wavenumbers is 100 K to 3000 K and 

400 to 5000 cm", respectively. These limitations are inherent in the data tables since the 

absorption coefficient and line spacing data have been tabulated only within these 

temperature and wavenumber ranges. The parametric study in this research was 

performed within these limits. 

3.6 Band Model Validation 

The NASA band model has been in general use for a number of years in several 

different forms. It is a well developed model and a number of researchers have 

published comparisons of the NASA band model with experimental results. For 

example, Sukanek and Davis [20] compared the original version of the NASA band 

model with numerous experimental results. They noted that the results for CO, were not 

as good as those for H,O. They found typical agreement between the NASA band model 

and experiment to be approximately 20 percent for both H,O and CQ,. In order to 

validate the modified NASA band model used in the current research, similar 

comparisons have been performed. From the experience of previous comparisons it is 

not expected that the model will agree exactly with the limited experimental data 

available. The experimental data available are not considered definitive and, therefore, 

should not be considered the ultimate test of model validity. However, the band model 

results are expected to be of the same magnitude and in qualitative agreement with the 

experimental results. 

In addition to comparisons of the modified NASA band model with experimental 

results presented by Sukanek and Davis [20], comparisons have also been made with 

experimental results cited by Weiner and Edwards [21]. The original source of these 

experimental results was a Master’s thesis [22], which is not readily available. Two 
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different comparisons have been made for each of four primary absorption bands: the 2.7 

and 6.3 um bands of H,O, and the 2.7 and 4.3 4m bands of CO,. The eight test cases 

are summarized in Table 3-1. 

3.6.1 The 2.7 hm H,O Band. The 2.7 ym absorption band of H,O was 

compared with results from Sukanek and Davis [19]. Comparisons were made for Cases 

1 and 2, representing a range of conditions. The results of these comparisons are 

presented in Figure 3-1. In the first case, it appears that the predicted absorptivity peaks 

are approximately 20 percent greater than the experimental peaks, while in the second 

case the predicted results are between 10 percent and 30 percent less than the 

experimental absorptivity. Thus, the model predicts the magnitude of the absorption to 

within approximately + 20 percent for this band at these conditions and the basic line 

structure is clearly evident. 

3.6.2 The 6.3 ~»m H,O Band. The 6.3 um absorption band of H,O was 

compared with results from Weiner and Edwards [20]. Comparisons were made for 

Cases 3 and 4, with the difference being in pressure and concentration. The results of 

these comparisons are presented in Figure 3-2. In both cases, the predicted results are 

lower (by as much as 50 percent) than the experimental results at most wavenumbers. 

In this band the model shows more detailed line structure than the experiment. 

3.6.3 The 2.7 »m CO, Band. The 2.7 um absorption band of CO, was 

compared with results from Sukanek and Davis [19]. Comparisons were made for test 

Cases 5 and 6, and results are presented in Figure 3-3. The cases differ in species 

concentration. The first figure shows a very good correspondence between the predicted 

and experimental absorptivities, while the second shows a predicted value almost 10 

percent less than the experimental at the peaks of the band. One reason that the first test 

case shows better agreement than the second is probably because the former is saturated 

(absorptivity equals maximum of 1.0), while the latter is not. When the absorptivity 
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reaches the point of saturation, neither the predicted nor the experimental absorptivities 

are as sensitive to error. 

3.6.4 The 4.3 nym CO, Band. The 4.3 ~m CO, band was also compared with 

results from Sukanek and Davis [19]. Comparisons were made for test Cases 7 and 8 

(different concentrations) and can be seen in Figure 3-4. These two comparisons also 

show good agreement between experimental and predicted results, except for the right 

edge of the band in the first test case where the predicted absorptivity is less than the 

experimental. As with the previous two cases, the very good agreement can be attributed 

in part to the fact that the absorptivity in each case is almost completely saturated across 

the entire band. If conditions were not saturated, it is speculated that the difference 

between predicted and experimental absorptivities would be similar to that seen in Figure 

3-3b. Other test cases involving nonsaturated CO, bands were not performed because 

of the lack of experimental results available. 

In the eight comparisons made in this section, the difference between experimental 

and predicted absorptivities is within 10 to 50 percent and it is notably better for CO, 

than for H,O. Although a limited number of comparisons have been performed, they are 

thought to be representative of a wide range of conditions. There is no basis for 

knowing whether the band model or the experimental results are more accurate. 

However, the fact that the agreement is typically better than 20 percent is encouraging. 

Furthermore, the locations of the main peaks and line structure in the absorption bands 

_correspond very well; only the magnitudes of the H,O peaks are significantly different 

between the present band model and experimental results from the literature. 

Modified NASA Band Model 41



° o 
° wm 

    Ab
so
rp
ti
vi
ty
 

- 

      
     

o u 

  Predicted 
wn---- Experimental [20] 

e
n
a
 

s 
e
t
e
 

° N   

° —
_
 

  

90.0 TTT rroqred rregq Fred Le ee | Treg vTYrTt 

2100 2150 2200 2250 2300 2350 2400 2450 
Wavenumber (cm 

Figure 3-4a. Case 7. 

     
  Predicted ‘ 
seeeeee Experimental [20] ’ 

f 
’ 

’ 
t 

t 
é 

4, 

0.7 

° a 
°o ‘p

 
o
 

on
 

Pi
nt

er
 
t
i
r
r
e
r
i
g
r
p
r
 

to
rr

ie
 
t
a
s
r
r
i
s
r
r
r
t
e
s
s
r
 

t
e
s
s
a
 
t
r
e
s
 
i
r
e
 
r
e
l
 

Ab
so
rp
ti
vi
ty
 

o uw   2 i 
2° 

0.0 
2100 2150 2200 2250 2300 2359 2400 2450 

Wavenumber (cm_ ) 

  
Figure 3-4b. Case 8. 

Figure 3-4. The 4.3 um CO, Band. 
Case 5: T = 297K Case 6: T = 297 K 

P = 0.129 atm P = .129 atm 

L = 100m L = 100m 

Xmo = 0.0, Xco. = 0.904 Xo = 0.0, Xco. = 0.045 

Modified NASA Band Model 42



4 Parametric Studies 

4.1 Weak-Line and Strong-Line Error 

The weak-line and strong-line absorptivity limits were calculated as described in 

Chapter 2. The calculations of the two limiting forms and the general form of the 

absorptivity were all based on the data tables in the modified NASA band model. The 

computational procedure is summarized in Figure 4-1. The absorption coefficient and 

the line spacing were first determined from the data tables for each species at the current 

temperature and wavenumber. Next, the Lorentz and Doppler line widths were 

calculated for each species at the current temperature. The optical depths were then 

calculated for each species. As discussed in the Chapter 3, the optical depth was 

calculated as the product of the absorption coefficient, the path length, and the ratio of 

densities p;/p,. The parameter p; is the density of the i® gas, and p, is the reference 

density at which the absorption coefficients and line spacing data are tabulated. Next, 

the Lorentz and Doppler nondimensional line-broadening parameters, 8, ; and Bp ;, were 

calculated from the Lorentz and Doppler line widths, +, and yp, and the line spacing, 

d: 

BL, = 2n{ and Bp, = 19(22 (4-1) 

The next step was to calculate the transmissivities (not the absorptivities) of each species 

in the two limits and the general case. The relationship between the absorptivity and 

transmissivity is very simple; i.e. ~ = 1-7. The following expressions from Chapter 2 
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Calculate x; and d; at current 

temperature and wavenumber 

for all species i. 
  

    

Calculate Lorentz and Doppler 
line widths, y,; and yp; 

for all species i. 
  

    

Calculate optical depth, u,, 
’ for all species i. 
  

      Calculate Lorentz and Doppler 
line-broadening parameters, 

B,; and Bp.     

  

    

Weak-line transmissivity, 
species i: Ty; 

    

  

  

Strong-line transmissivity, 

species i: T.; 
  

  

Weak-line transmissivity, 

mixture: Ty = Wty; 

    

  

  

Strong-line transmissivity, 

mixture: 7, = Irs; 
  

  

Weak-line absorptivity, 

mixture: ay = 1 - 7, 
  

    

Weak-line error: 

Ey = aw - a   
    

Strong-line absorptivity, 

mixture: a, = 1 - 7, 
  

        

Strong-line error: 

Es; = as-a@       

    

General transmissivity, 

species i: 7; 
  

    

General transmissivity, 

mixture: 7 = Iz, 
  

      General absorptivity, 

mixture: @ = 1-7     

Figure 4-1. Flow Chart of Band Model and Limit Error Computations. 
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were used to calculate the limiting forms of the transmissivity: 

Weak-line limit: =e (4-2) tT Wi 

‘ a, u.B,, - Strong-line limit: ts; = a a (4-3) 

The general form of the transmissivity for each species was calculated as described in 

Chapter 3. Note that the limiting absorptivities were calculated with the Lorentz line- 

broadening parameter, as discussed in Section 2.1. 

The next step was to calculate the transmissivity of the mixture. This was done 

by taking the product of the transmissivity of each species. The absorptivity of the 

mixture was then calculated using the relationship a = 1-7. The error for each limit 

was calculated by taking the difference between the limiting form of the absorptivity and 

the general case of the absorptivity; i.e. Ey = aw - a and Ey = ag- a. Note that the 

error as it is defined here is an absolute value (not relative). It would have been 

misleading to use relative error, such as a percent difference, because the absorptivity 

approaches zero. When this occurs, the relative error approaches infinity and is difficult 

to interpret. 

The exclusion of Doppler line-broadening has no effect on the calculation of the 

error when either of the limits is valid, since the absorption lines have the Lorentz shape 

under these conditions. However, when neither limit is valid, the Doppler line- 

broadening is important under certain circumstances. For example, the Doppler line- 

width may be significant compared to the Lorentz line-width at intermediate optical 

depths with low pressures or high temperatures [11]. It is not clear how much 

uncertainty is introduced in the limit-error calculations by not including Doppler 

broadening effects. However, most of the situations modelled in the parametric study 
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are not at low pressure or high temperature where Doppler broadening is most 

significant. 

In order to determine when the strong-line and weak-line limits are valid as a 

function of temperature, pressure, path length, and concentration, it was necessary to 

study the weak-line and strong-line error as these parameters were changed. For this 

research, two types of parametric study were done. The first involved plotting the error 

in the weak-line and strong-line limits as a function of wavenumber for a number of 

different temperatures, pressures, concentrations, and path lengths. The second type of 

parametric study involved generating contour plots of mean values of the weak-line and 

strong-line error Over a given wavenumber interval versus temperature and pressure for 

several different path lengths and species concentrations. 

The types of gaseous mixture of primary interest in this research are those found 

in the atmosphere and in aircraft exhaust plumes. In these two regimes, temperatures 

can range from approximately 200 K in the upper atmosphere to 3000 K in the core of 

an exhaust plume. Pressure can vary from a fraction of an atmosphere at high altitudes 

to pressures on the order of 10 atm in the exhaust plume. Atmospheric concentrations 

of CO, and H,O are assumed to be 0.00033 and 0.001, respectively. The remaining 

fraction of gas in the atmosphere is assumed to be N,, whose only contribution to the 

absorptivity is foreign-gas broadening. Note that water concentrations can vary quite 

significantly under various weather conditions and that a concentration of 0.001 is 

assumed to be an average value. A typical path length of interest in the atmosphere can 

be as long as several kilometers, while in an exhaust plume it may be as short as a few 

centimeters. 

4.2 Spectral Error Figures 

The benefit of the spectral error plots is that it is possible to observe the spectral 

variability of the weak-line and strong-line errors. The drawback is that a separate figure 
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must be generated for each desired combination of temperature, pressure, concentration, 

and path length. Therefore, only a limited number of such plots were made because of 

the large data files associated with a single spectral plot. 

For the spectral error plots, a limited number of baseline data sets where chosen 

about which the temperature, pressure, and path length were varied individually. A 

listing of the conditions for each baseline is given in Table 4-1. For Baselines 4, 5, and 

6, the temperature was not varied since this would have duplicated the work done in 

Baselines 1, 2, and 3. The species concentration was not varied for each baseline in 

order to reduce the number of degrees of freedom in the parametric study. However, 

three different combinations of species concentration were studied by defining the 

baselines with different concentrations. For the baselines involving atmospheric mixtures 

of H,O and CO,, the following parameter variations about the baselines were used: 

Temperature: 300, 600, 1200, 1800, 3000 K 

Pressure: 0.05, 0.5, 1.0, 5.0, 10.0 atm 

Path length: 10 cm, 1 m, 10 m, 100 m, 1 km. 

For pure concentrations of either H,O or CO,, a different set of values was used for the 

pressure and path length, while the temperature range remained unchanged: 

Pressure: 0.0001, 0.001, 0.01, 0.1, 1.0 atm 

Path length: 1 cm, 10 cm, 1 m, 10 m, 100 m. 

Note that the first three baselines involve atmospheric concentrations of H,O and 

CO,, pure H,O, and pure CO,, respectively, with a reference temperature of 300 K. 

This temperature was chosen since it is a typical atmospheric temperature. The last three 

baselines are identical to the first three, except that the reference temperature has been 

increased to 2400 K, a temperature representative of many jet exhausts. These two 

temperatures were also chosen since they are reference temperatures at which the 

absorption coefficients and line spacings are tabulated in the NASA band model data 

tables. 
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The spectral plots were generated showing the weak-line and strong-line errors, 

along with the absorptivity in the general case. The absorptivity was plotted as a solid 

line, and the error lines were plotted as dashed lines. Thus, it is possible to observe how 

the error varies as the absorptivity changes. Since the error is calculated as the 

difference between the limiting absorptivity and the general absorptivity, it is possible 

for the error to range from -1.0 to 1.0. 

The highest wavenumber resolution possible in the band model used in this 

research is 5 cm. This is the resolution at which the absorption coefficient and line 

spacing data are tabulated. When spectral figures are made which contain several plots 

(i.e., absorptivity, weak-line error, and strong-line error) at a resolution of 5 cm’, it 

becomes difficult to distinguish between the plots because of the spectral richness. 

Therefore, it was appropriate to reduce the resolution to 20 cm" in order to make the 

figures more readable. This was done by averaging four 5 cm” intervals to produce one 

20 cm" interval. Figure 4-2 shows representative sample plots of the general 

absorptivity, weak-line error, and strong-line error for a range of spectral resolutions. 

From these figures it is apparent that a resolution of 20 cm’ is a good compromise 

between readability and spectral detail. Consequently, all other spectral figures were 

plotted at a resolution of 20 cm". 

Note that all spectral figures are in terms of wavenumber (cm"') and not 

wavelength (um). This was because the absorption coefficient and line spacing were 

tabulated as a function of wavenumber. By definition, wavenumber is the reciprocal of 

wavelength. It would have been difficult to convert the data tables to wavelength because 

the two scales are not related linearly. Figure 4-3 shows a scale relating wavelength and 

wavenumber, and also shows the locations of the major H,O and CO, absorption bands. 
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4.3 Contour Error Figures 

The second parametric study involved averaging the weak-line and strong-line 

errors across specific wavenumber intervals. This mean error for the weak-line and 

strong-line limits was then plotted in the form of a contour plot versus temperature and 

the logarithm of pressure. Each plot was generated for a given path length and species 

concentration. Generally the error was plotted at intervals of 0.05. However, in the few 

cases where the peak error was less than 0.05, a smaller interval was used. In these 

cases, dashed contour lines were used instead of solid lines. This type of figure has the 

benefit of covering a wide range of pressure-temperature combinations. The drawback 

of the contour plots is that the spectral variability inside the wavenumber interval is lost. 

The contour error plots contain wavenumber-integrated information which complements 

the spectral error plots. 

A grid size of 15 temperature and 16 pressure data points was used to produce 

the contour plots. This grid size was chosen since it provided reasonable resolution 

without requiring excessive computational time. Figure 4-4 shows the effect of grid 

refinement for a representative case. This figure was done for the weak-line limit of the 

6.3 um H,O band at a path length of 10 m and for pure H,O at resolutions of 15 

temperatures x 16 pressures and 30 x 31, respectively. Note that the 15 x 16 grid shows 

all major features and that very little information is lost by using the less refined grid. 

Two types of contour graphs have been generated. The first type was for 

individual absorption bands of a specific gas. These include the 2.7 um and 6.3 pm 

bands of H,O and the 2.7 wm and 4.3 ym bands of CO,. In these cases, since only a 

single species was considered, a pure gas sample was modelled. The wavenumber 

interval for each band was chosen to be wide enough to include all spectral activity 

within the band when at its spectrally widest condition (which usually occurred at large 

optical depths). The values and ranges for all variables for these contour plots is 

summarized in Table 4-2. 
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Figure 4-4. Example of the Effect of Grid Refinement on the Weak-Line Error for the 
6.3 ym HO Band (L = 10 m, X,5 = 1.0) 

Parametric Studies 53



 
 

  
 
 

  
  

 
 

  
  

  
  

W
O
T
-
W
o
T
 

| 
WOT 

-woT 
| 

W
O
T
-
 
WoT 

| 
W
O
T
 

- WoT 
| 

W
Y
O
I
-
W
O
T
 
| 

W
I
O
l
-
w
o
l
 

7T 

OT 
OT 

0°0 
0°0 

€£000°0 
€£000°0 

COO*%K 

0°0 
0°0 

OT 
OT 

100°0 
100°0 

O
c
 

101 
. 

O
T
 

0
1
 

~ 
OT 

OT 
- 

sO 
101 

“ 
s-Ol 

{01 
~ 

sO 
{01 

> 
O
T
 

(Wye) 
d 

O00E 
- 00Z 

|
 

OODE- 
007 

| 
ONDE 

- 00% 
| 

ODDE 
- 00Z 

O00E 
- 00Z 

OOOE 
- 00Z 

(HD) 
L 

OOLZ 
- OSLI_ 

| 
0007 

- OOTE 
| 

OOSZ- 
OOOT 

| 
OOPY-0OSZ 

| 
OSZI 

- 
SEs 

EECE- 
0007 

| 
G.Wd) 

eV 

wi 
op 

wi 
1°z 

wi 
¢°9 

wi 
1°z 

(wi 
ZT 

- 8) 
(um 

¢ 
- ¢€) 

pueg 
s
a
r
 

pueg 
s
A
e
M
 

“OO 
OH 

Zuo] 
WINIPey| 

  
 
 

"SOINSI 
INOJUOD 

JO} 
sosuey 

s[qeueA 
°*7-p 

Iqul 

54 Parametric Studies



The second type of contour plot is for the medium-wave and long-wave bands, 

typically defined as occurring over the intervals 3333 to 2000 cm" (3.0 to 5.0 ym), and 

1250 to 835 cm" (8.0 to 12.0 um), respectively. The short-wave band, 10000 to 3333 

cm" (1.0 to 3.0 wm), was not covered because the data tables used by the NASA band 

model are limited to the wavenumber interval from 400 to 5000 cm" and therefore do 

not include the complete short-wave band. Conventionally, the terms "short," 

"medium," and “long” refer to the wavelengths (not wavenumbers) at which these 

intervals occur. The long-wave band is useful because there is very little spectral activity 

in this region. It is often referred to as a “window" since it allows the transmission of 

infrared energy to pass with negligible attenuation through the atmosphere. The medium- 

wave band is also often used as a window, even though it is more difficult to do so 

because it contains the 4.3 ym CO, band. Since the medium-wave and long-wave bands 

are not specific to any particular species, atmospheric mixtures of CO, and H,O were 

modelled in these two intervals. The ranges for each of the variables for the medium- 

wave and long-wave bands are tabulated in Table 4-2. Note that the species 

concentration has not been varied for the contour plots. This was done primarily to 

reduce the complexity of the parametric study. 

It should be noted that since all work was done in terms of wavenumber, the 

integrated error shown in the contour figures is also weighted with respect to 

wavenumber. If this research had been done in terms of wavelength, the results would 

have been weighted more heavily towards the error occurring at smaller wavenumbers. 

The mass of species i per unit area along the path length, m,, is a measure of the 

amount of absorbing material along the path length for a given species. This can be 

calculated from the product of path length and the density of the i species, 

m =o =.=. (4-4) 
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The same range of mass per unit area along a path was used for both the pure-species 

contour plots and the atmospheric-mixture contour plots to facilitate comparisons between 

the two. Note that the ideal gas equation of state is used to relate the temperature and 

pressure to the density, and that the partial pressure is assumed to be equal to the product 

of the total pressure and the i® species concentration. Since the same temperature and 

pressure ranges are used in both types of contour plots, the path length is the only 

variable remaining that can be adjusted to make the absorber amounts equal. For the 

pure-species contour plots, the species concentration is 1.0, while for the atmospheric- 

mixture contour plots the concentration is on the order of 0.001. Therefore, the path 

lengths used in the latter plots must be 1000 times greater than those used in the former 

plots in order to assure that the absorber amounts are about the same. For the pure- 

mixture plots, the path lengths range from 1 cm to 10 m; therefore, for the atmospheric- 

mixture plots they must range from 10 m to 10 km. 

The results of both the spectral and contour parametric studies are presented and 

discussed in detail in Chapter 5. The behavior of the weak-line and strong-line errors 

is described as a function of temperature, pressure, path length, and species 

concentration. Afterwards, this behavior is explained based on simple theory. A 

complete compilation of all figures from the spectral and contour parametric studies can 

be found in Chapter 5. 
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5 Results and Discussion 

The complete results of the spectral and contour studies are presented in Sections 

5.1 and 5.2. In Section 5.3, the errors in the weak-line and strong-line limits are 

discussed as a function of temperature, pressure, path length, and species concentration. 

In Sections 5.4 through 5.6, explanations based on theoretical considerations are offered 

for the behavior described in Section 5.3. 

The behavior discussed in this chapter is that which occurs over a given spectral 

interval, which may or may not include a number of absorption bands. The particular 

gases included in this study are H,O and CO,. (As already pointed out, N, is also 

included, but only as a foreign-gas broadener.) Therefore, the results of this research 

are only applicable for mixtures of these gases. 

5.1 Compilation of Spectral Figures from the Parametric Studies 

A limited number of baseline data sets where chosen for the spectral plots about 

which the temperature, pressure, and path length were varied individually. A listing of 

the conditions for each baseline is given in Table 4-1. For the baselines involving 

atmospheric mixtures of H,O and CO,, the following parameter variations about the 

baseline were used: 

Temperature: 300, 600, 1200, 1800, 3000 K 

Pressure: 0.05, 0.5, 1.0, 5.0, 10.0 atm 

Path length: 10 cm, 1 m, 10 m, 100 m, 1 km. 

For pure concentrations of either H,O or CO,, different values were used for the pressure 
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and path length, while the temperature range remained unchanged: 

Pressure: 0.0001, 0.001, 0.01, 0.1, 1.0 atm 

Path length: 1 cm, 10cm, 1 m, 10 m, 100 m. 

Note that the first three baselines involve atmospheric concentrations of H,O and 

CO,, pure H,O, and pure CO,, respectively, with a reference temperature of 300 K. 

This temperature was chosen since it is a typical atmospheric temperature. The last three 

baselines are identical to the first three, except that the reference temperature has been 

increased to 2400 K. These two temperatures were also chosen since they are reference 

temperatures at which the absorption coefficients and line spacings are tabulated in the 

NASA band model data tables. 

The spectral plots were generated showing the weak-line and strong-line errors, 

along with the absorptivity in the general case. The absorptivity was plotted as a solid 

line, and the error lines were plotted as dashed lines. Thus it is possible to observe how 

the error varies as the absorptivity changes. The error was calculated as the difference 

between the limiting absorptivity and the general absorptivity; therefore the error ranges 

from -1.0 to 1.0. 
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§.1.1 Baseline 1. The first baseline is centered about a temperature of 300 K, 

a pressure of 1.0 atm, a path length of 10 m, and an atmospheric mixture of H,O and 

CO,: Xypo = 0.001 and Xo, = 0.00033. In Figure 5-1, the temperature varies through 

the range 300, 600, 1200, 1800, and 3000 K. In Figure 5-2, the pressure range is 0.05, 

0.5, 1.0, 5.0, and 10.0 atm. In Figures 5-3, the path length range is 10 cm, 1 m, 10 m, 

100 m, and 1 km. 
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Figure 5-1. Temperature Variation from 300 to 3000 K for Baseline 1. 
P=1.0atm Xj, = 0.001 
L=10m Xo, = 0.00033 
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5.1.2 Baseline 2. The second baseline is centered about a temperature of 300 

K, a pressure of 1.0 atm, a path length of 10 m, and pure H,O. In Figure 5-4, the 

temperature varies through the range 300, 600, 1200, 1800, and 3000 K. In Figure 5-5, 

the pressure range is 0.0001, 0.001, 0.01, 0.1, and 1.0 atm. In Figure 5-6, the path 

length range is 1 cm, 10 cm, 1 m, 10 m, and 100 m. 
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Figure 5-4. Temperature Variation from 300 to 3000 K for Baseline 2. 
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Figure 5-5. Pressure Variation from 0.0001 to 1.0 atm for Baseline 2. 
T = 300 K Xipo = 1.0 

L=10m Xeon = 0.0 
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Figure 5-6. Path Length Variation from 1 cm to 100 m for Baseline 2. 

P = 1.0 atm Xco2 => 0.0 
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5.1.3 Baseline 3. The spectral figures for the third baseline are centered about 

a temperature of 300 K, a pressure of 1.0 atm, a path length of 10 m, and pure CQ). 

In Figure 5-7, the temperatures varies through the range 300, 600, 1200, 1800, and 3000 

K. In Figure 5-8, the pressure range is 0.0001, 0.001, 0.01, 0.1, and 1.0 atm. In 

Figure 5-9, the path length range is 1 cm, 10 cm, 1 m, 10 m, and 100 m. 
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Figure 5-7. Temperature Variation from 300 to 3000 K for Baseline 3. 
P = 1.0 atm Xip0 = 0.0 

L=10m Xco. = 1.0 

Results and Discussion 68



  

      

  

  

1.00 + 1 1.0 > 
0.75 - mm Fe 
0.50 ; , ! \ p OBS 

0.25 ‘A 4 9.6% 

£ 0.00 * t+} ant E © 

uj 70-25 ; -~ - Weak line 0.4 
—0.50 - s=---- Strong line —— Abdsorptivity Fg 9-2 

-0.75 : Fe 
$1.00 Spent TTT Te Tart 0.0 

500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3fe0 3500 3750 4000 4250 4500 4750 5000 

Wavenumber (cm 

Figure 5-8a. Pressure = 0.0001 atm. 

1.00 ' 1.0 

0.75 " D4 Fr > 
0.50 Ht if wa p 0.8 = 

4 i r =— 
& 0.25 ny jo fret r- 0.6% 
2 0.00 3—~.--> ti! Lvs FG 
uy 70.25 --- Weak fine pA & -0.505  srrere Strong line —— Absorptivity Fg 9-8 

—-0.75 FE <     500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500 4750 5000 

Wavenumber (cm ) 

Figure 5-8b. Pressure = 0.001 atm. 

1.00 ; 1.0 
0.75 ° sn \ nm mr Fy Be 
0.50 \ ‘ t ‘ 0.5 — 

~ od! ‘ yy py Fe 
On ad ‘ 7 ‘ a ‘ pos o 
  

    
t 0.00 4 r a 

uj 72.25 : ~-- Weak fine p 0.4 o 
“O50 fF) 2 2  crrree Strong line — Absorptivity F 92-0 

-0.75 rT Et 
-1.00 refrertcrt- 0. VET ETT TT ELE TT TTT YT IT TUE TT ITT IT TT ye T Ve T ee yey esa r ey rer rere Tp Tee rye VOT y VOT e SUT ey per ese very reves rirey err yy THVT TUT TITTY IT Te TEV ITS v Ieee rey yyy iri rt _- 0 

500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 5790 3500 3750 4000 4250 4500 4750 5000 

Wavenumber (cm 

  

Figure 5-8c. Pressure = 0.01 atm. 
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Figure 5-8. Pressure Variation from 0.0001 to 1.0 atm for Baseline 3. 
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Figure 5-9. Path Length Variation from 1 cm to 100 m for Baseline 3. 
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5.1.4 Baseline 4. The fourth baseline for the spectral figures is centered about 

a temperature of 2400 K, a pressure of 1.0 atm, a path length of 10 m, and an 

atmospheric mixture of H,O and CO,. In Figure 10, the pressure range is 0.05, 0.5, 

1.0, 5.0, and 10.0 atm. In Figure 11, the path length range is 10 cm, 1 m, 10 m, 100 

m, and 1 km. 
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Figure 5-10. Pressure Variation from 0.05 to 10.0 atm for Baseline 4. 
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5.1.5 Baseline 5. The spectral figures for the fifth baseline are centered about 

a temperature of 2400 K, a pressure of 1.0 atm, a path length of 10 m, and pure H,O. 

In Figure 5-12, the pressure range is 0.0001, 0.001, 0.01, 0.1, and 1.0 atm. In Figure 

5-13, the path length range is 1 cm, 10 cm, I m, 10 m, and 100 m. 
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Figure 5-12. Pressure Variation from 0.0001 to 1.0 atm for Baseline 5. 
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Figure 5-13. Path Length Variation from 1 cm to 100 m for Baseline 5. 
T = 2400K Xipo = 1.0 
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5.1.6 Baseline 6. The sixth baseline for the spectral figures is centered about 

a temperature of 2400 K, a pressure of 1.0 atm, a path length of 10 m, and pure CQ,. 

In Figure 5-14, the pressure range is 0.0001, 0.001, 0.01, 0.1, and 1.0 atm. In Figure 

5-15, the path length range is 1 cm, 10 cm, 1 m, 10 m, and 100 m. 
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5.2 Compilation of Contour Figures from the Parametric Study 

The second parametric study of this research involves integrating the weak-line 

and strong-line limit errors across specific wavenumber intervals. This mean error was 

plotted in the form of contour figures where the error was plotted versus temperature and 

the logarithm of pressure. Each figure was generated for a given path length and species 

concentration. Generally the error was plotted in intervals of 0.05. However, in the few 

cases where the peak error was less than 0.05, a smaller interval was used. In these 

instances, dashed contour lines were used instead of solid lines. The contour figures 

have the benefit of covering a wide range of pressure-temperature combinations. The 

drawback to these figures is that the spectral variability inside the wavenumber interval 

is lost. However, unlike the spectral figures, the contour figures provide a quantitative 

means of determining the weak-line and strong-line errors for any given spectral interval. 

Two types of contour figures were generated. The first type was for individual 

absorption bands of a specific gas. These include the 2.7 4m and 6.3 um bands of H,O 

and the 2.7 um and 4.3 xm bands of CO). In these cases, since only a single species 

was considered, a pure gas sample was modelled. The wavenumber interval for each 

band was chosen to be wide enough to include all spectral activity within the band when 

at its spectrally widest condition (which usually occurred at large optical depths). The 

values and ranges for all variables for these pure-species contour plots were summarized 

in Table 4-2. 

The second type of contour plot was for the medium-wave and long-wave bands, 

typically defined as occurring over the intervals 3333 to 2000 cm’ (3.0 to 5.0 xm), and 

1250 to 835 cm" (8.0 to 12.0 zm), respectively. The short-wave band, 10000 to 3333 

cm” (1.0 to 3.0 zm), was not covered because the data tables used by the NASA band 

model are limited to the wavenumber interval from 400 to 5000 cm, and therefore do 

not include the complete short-wave band. Since the medium-wave and long-wave bands 

are not specific to any particular species, atmospheric mixtures of CO, and H,O were 

Results and Discussion 80



modelled in these two intervals. The range of variation for each of the parameters for 

the medium-wave and long-wave bands are also tabulated in Table 4-2. Note that there 

are no variations of the species concentrations with the contour figures. 

In order to facilitate comparisons, the same range of mass per unit area along the 

path was used for both the pure-species figures and the atmospheric-mixture figures. 

Since the same temperature and pressure ranges was used in both types of contour plots, 

the path length is the only variable remaining that can be adjusted to make the absorber 

amounts equal. For the pure-species contour plots, the species concentration is 1.0, 

while for the atmospheric-mixture contour plots the concentration is on the order of 

0.001. Therefore, the path lengths used in the latter plots must be 1000 times greater 

than those used in the former plots in order to assure that the absorber amounts are the 

same. For the pure-mixture plots, the path lengths range from 1 cm to 10 m; therefore, 

for the atmospheric-mixture plots they must range from 10 m to 10 km. 
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5.2.1 The 2.7 »m H,O Band. The weak-line and strong-line errors for the 2.7 

um H,O band were integrated over the interval 2500 to 4400 cm" for pure H,O. The 

weak-line error is shown in Figure 5-16, and the strong-line error in Figure 5-17, as the 

path length varies through the range 1 cm, 10 cm, 1 m, and 10 m. 
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Figure 5-17. Strong-Line Error for the 2.7 um H,O Band. 
Xio = 1.0 
Xcq2 = 0.0 
Aw = 2500 - 4400 cm’! 
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5.2.2 The 6.3 H,O Band. The weak-line and strong-line error for the 6.3 ym 

H,O band was integrated over the interval 1000 to 2500 cm" for pure H,O. The weak- 

line error is shown in Figure 5-18, and the strong-line error in Figure 5-19, as the path 

length varies through the range 1 cm, 10 cm, 1 m, and 10 m. 
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Figure 5-18c. Path length = 1 m. Figure 5-18d. Path length = 10 m. 

Figure 5-18. Weak-Line Error for the 6.3 4m H,O Band. 
Xio = 1.0 
Xco. = 0.0 
Aw = 1000 - 2500 cm"! 
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Figure 5-19. Strong-Line Error for the 6.3 ym H,O Band. 
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Xco2 = 0.0 
Aw = 1000 - 2500 cm'! 

Results and Discussion 87



5.2.3 The 2.7 CO, Band. The weak-line and strong-line limit errors for the 2.7 

pm CO, band were integrated over the interval 3100 to 4000 cm" for pure CO,. In 

Figure 5-20 and Figure 5-21, the weak-line and strong-line errors are shown as the path 

length varies through the range 1 cm, 10 cm, 1 m, and 10 m. 
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Figure 5-21. Strong-Line Error for the 2.7 ym CO, Band. 
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5.2.4 The 4.3 »m CO, Band. The weak-line and strong-line limit errors for the 

4.3 wm CO, band were integrated over the interval 1750 - 2700 cm" for pure CO,. In 

Figure 5-22 and Figure 5-23, the weak-line and strong-line errors are shown as the path 

length varies through the range 1 cm, 10 cm, 1 m, and 10 m. 
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Figure 5-23a. Path length = 1 cm. Figure 5-23b. Path length = 10 cm. 
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Figure 5-23. Strong-Line Error for the 4.3 um CO, Band. 
Xiwo = 0.0 
Xcon = 1.0 
Aw = 1750 - 2700 cm! 
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§.2.5 The Medium-Wave Band. The weak-line and strong-line limit errors for 

the medium-wave band were integrated over the interval 2000 to 3333 cm" for 

atmospheric concentrations of H,O and CO, (Xyo9 = 0.001, Xe. = 0.00033). In Figure 

5-24 and Figure 5-25, the weak-line and strong-line errors are shown as the path length 

varies through the range 10 m, 100 m, 1 km, and 10 km. 
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5.2.6 The Long-Wave Band. The weak-line and strong-line limit errors for the 

long-wave band were integrated over the interval 835 to 1250 cm™ for atmospheric 

mixtures of H,O and CO, (Xipo = 0.001, Xoo) = 0.00033). In Figure 5-26 and Figure 

5-27, the weak-line and strong-line errors are shown as the path length varies through 

the range 10 m, 100 m, 1 km, and 10 km. 
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Figure 5-26. Weak-Line Error for the Long-Wave Band. 
Xiwo = 0.001 
Xeo2 = 0.00033 
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Figure 5-27. Strong-Line Error for the Long-Wave Band. 
Xipo = 0.001 
Xeo2 = 0.00033 
Aw = 835 - 1250 cm! 
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5.3 Regimes of Validity of the Weak-Line and Strong-Line Limits 

The primary objective of this research was to map out the regimes where the 

weak-line and strong-line limits are valid. In order to undertake this effort, a large 

number of test cases was performed. This involved both spectral plots of the error and 

contour plots of the band-integrated error. In this section the weak-line and strong-line 

errors as a function of temperature, pressure, path length, and concentration are 

presented and discussed. This is done for the spectral figures of Baseline 1 and the 

contour figures for the 2.7 1m H,O absorption band. Only these two specific test cases 

are discussed in detail because the spectral and contour plots for all other cases show 

similar trends. 

5.3.1 Weak-Line and Strong-Line Errors as a Function of Temperature in 

Spectral Plots. Figure 5-1 is an example of results for temperature variation in the 

spectral plots for atmospheric concentrations of H,O and CO, (Xyoo> = 0.001 and Xeo, 

= 0.00033). The gas temperature ranges from 300 K to 3000 K. As the temperature 

increases, the absorptivity steadily decreases over most of the spectrum. In these figures, 

it can be seen that at lower temperatures (300 and 600 K) the weak-line error is 

Significant near the major absorption bands. At very high temperatures (over 1200 K), 

there is virtually no weak-line error across the entire spectrum. As is discussed later, 

the decrease in the weak-line error is a result of the increasing line-broadening with 

increasing temperature. 

The strong-line error, in many respects, follows a trend opposite to the weak-line 

error. Again referring to Figure 5-1, the strong-line error steadily increases with 

temperature. This behavior is a result of the increasing optical depth with temperature 

(this is discussed in Section 5.6.2). As with the weak-line error, the strong-line error 

is most pronounced around the absorption bands, although at higher temperatures there 

is significant error even in the regions between bands. 
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5.3.2. Weak-Line and Strong-Line Errors as a Function of Pressure in 

Spectral Plots. Figure 5-2 shows the weak-line and strong-line errors as the pressure 

is varied from 0.05 to 10.0 atm for typical atmospheric concentrations of H,O and CQ). 

At low pressures, the only significant weak-line error is for the 4.3 4m CO, absorption 

band (2325 cm). As the pressure increases, the weak-line error also increases in the 

region of the major absorption bands until a pressure of 1.0 atm, after which the error 

begins to decrease with increasing pressure. Note also that as the absorptivity in the 

centers of the bands becomes saturated, the error in the core goes to zero while the error 

remains significant in the wings. This is because the two limits are also both predicting 

a saturated absorptivity in the core. At very high pressures the weak-line error becomes 

small across the entire spectrum with increased pressure-induced line-broadening. 

Pressure has little effect on the weak-line error at high temperatures because of the very 

significant temperature-induced collision line-broadening already present. In other 

words, the high temperature has increased the line-broadening to such a degree that the 

weak-line limit is still valid even at low pressures. This can be seen in Figure 5-10. 

Referring again to Figure 5-2, the strong-line error only starts to become 

significant at intermediate pressures, and then only in the band wings. The strong-line 

error becomes very significant as the line-broadening increases at higher pressures. At 

a pressure of 10.0 atm, the strong-line error is present to a large degree over most of the 

spectrum. When the pressure is varied at very high temperatures, the strong-line limit 

error is present to a much larger degree (see Figure 5-10). In this case, even at low 

pressures the strong-line limit is still in error over the 4.3 pm CO, band at 2326 cm’. 

5.3.3 Weak-Line and Strong-Line Errors as a Function of Path Length in 

Spectral Plots. In Figure 5-3 is a set of spectral figures for path lengths ranging from 

10 cm to 1 km at atmospheric concentrations of H,O and CO,. The weak-line limit error 

appears only to be significant in the wings of the absorption bands after the bands have 

become well developed. When the core of the bands become saturated at longer path 
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lengths, the smearing out of the line structure causes the weak-line error to drop to zero 

in the core. 

It is difficult to detect any general trends with the spectral figures in the strong- 

line limit error as a function of path length. The strong-line error appears to be present 

to some degree at all path lengths, although for certain conditions it is not always 

significant. At longer path lengths, however, there daes appear to be greater strong-line 

error as the absorption band wings increase in width. The behavior of the two limits as 

a function of path length is much clearer in the contour figures. 

5.3.4 Weak-Line Error in the Contour Graphs. The weak-line error 

integrated across the 2.7 1m H,O band can be seen in Figure 5-16 plotted as a function 

of temperature and the logarithm of pressure while the path length ranges from 1 cm to 

10 m. Note that in this case the H,O concentration is 100 percent, while the spectral 

plots in the previous sections were done with atmospheric concentrations of H,O and 

CO,. It is very obvious in these figures that the weak-line error increases with path 

length and generally occurs in well defined "islands" of error. In Figures 5-16a and 

5-16b, the contour lines are drawn with dashed lines to signify that the peak values are 

less than 0.05 (the interval used for the majority of the contour plots). Contour intervals 

of 0.002 and 0.01 respectively are used. At a path lengths of 1 cm and 10 cm, the 

weak-line error is localized to a small region of low and intermediate temperature and 

intermediate pressure. At a path length of 1 m, the maximum error is 0.10 around a 

temperature of 1000 K and a pressure of 0.8 atm. The region of significant error 

extends to much higher temperatures (up to 2500 K) while also spreading somewhat to 

both higher and lower pressures. For a path length of 10 m, the island has continued to 

spread to higher temperatures and lower pressures. The maximum error of over 0.25 

is centered near a temperature of 1400 K and a pressure of 0.06 atm. 

The weak-line contour error plots for the other bands studied (6.3 nm H,O, 2.7 
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pm and 4.3 pm CO,, and the medium-wave and long-wave bands) behave very similarly 

to the 2.7 »m H,O band described in the previous paragraph. The primary difference 

between the 2.7 nm and 6.3 wm H,O bands is that the peak value of the error at each 

path length for the 2.7 1m H,O is approximately twice that for the 6.3 zm H,O band (see 

Figure 5-18). The two CO, bands show slightly different behavior (see Figures 5-20 and 

5-22). In these cases, the integrated weak-line error is shifted to much lower 

temperatures. For the 2.7 wm and 4.3 ym CO, bands, significant errors do not extend 

above 1200 K and 1700 K, respectively, and the maximum errors are 0.15 and 0.10, 

respectively, at a path length of 10 m. The medium-wave band displays a peculiar 

behavior with the weak-line limit error (see Figure 5-24). At intermediate path lengths 

(100 m and 1 km), the error has two peaks. At low and high path lengths (10 m and 10 

km), the error exhibits a single peak. The magnitude of the error for this band is similar 

to that of the 2.7 zm H,O band. The long-wave band, on the other hand, is similar to 

the 6.3 um H,O (see Figure 5-26). The primary difference with the long-wave band is 

that at short path lengths, the error peak is shifted to higher temperatures. 

5.3.5 Strong-Line Error in the Contour Figures. The strong-line error 

integrated across the 2.7 »m H,O band is shown in Figure 5-17 as the path length ranges 

from 1 cm to 10 m. The most obvious trend in these figures is that the strong-line error 

decreases with path length. Another noticeable general trend is the different behavior 

at short and long path lengths. At a path length of 1 cm, the error is almost solely a 

function of pressure, changing very little with temperature. At this path length, the 

maximum error is 0.75 at a pressure of 10 atm. At pressures below about 0.1 atm, there 

is virtually no strong-line error. Ata path length of 10 cm, the peak error has decreased 

to 0.60 and shifted to a lower pressure, 1.3 atm. Ata path length of 1 m, the maximum 

error is a little over 0.35 and is centered at a temperature of 3000 K and a pressure of 

0.5 atm. For the longer path lengths, the strong-line error behaves differently than at 

shorter path lengths. The strong-line error now has an error peak at both low and high 

temperatures. Ata path length of 10 m, the error at the first peak is 0.15 and it is 
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located at about the same location as the one for the 1-m path length. The second peak 

an error of about 0.15 occurring at a temperature of about 200 K and a pressure of 10 

atm. It is apparent from these figures that the error may still be higher at temperatures 

and pressures beyond the range of these plots. 

The strong-line contour error plots for the other bands considered in this study 

will be discussed in less detail than for the 2.7 »m H,O band presented in the previous 

section. Only the differences between the other bands and the 2.7 nm H,O band will be 

discussed. The behavior of the 6.3 um H,O band (see Figure 5-19) is very similar to the 

2.7 um band described previously. The peaks occur under similar conditions, but the 

magnitude of the error is smaller by about 0.05. The contour plots for the two CO, 

bands are different than for the 2.7 zm H,O band. For the 2.7 »m CO, band (see Figure 

5-21), the peaks at all path lengths are shifted to slightly lower pressures. The peak 

error for the longer path lengths is greater than that of the 2.7 um H,O band by about 

0.05. The peak error at the shorter path lengths are smaller than that of the 2.7 um H,O 

band by 0.05. The peak values at the shorter path lengths for the 4.3 pm CO, band (see 

Figure 5-23) are about one half those for the 2.7 um H,O band. As with the 2.7 um 

CO, band, the peak locations are also shifted to lower pressures. The most noticeable 

difference between the 4.3 4m CO, band and the 2.7 7m H,O band is that the strong-line 

error for the 4.3 wm CQ, band occupies a much larger area at longer path lengths than 

does the error for the H,O band. Another difference between the two H,O bands and the 

two CO, bands is that at shorter path lengths the strong line error is not solely a function 

of pressure; it is also a function of temperature. For the medium-wave band (see Figure 

5-25), the behavior is similar to that of the 2.7 um CO, band, except that some of the 

peak values are slightly lower. The long-wave band (see Figure 5-27) is also similar to 

the 2.7 CO, band, except that at long path lengths the strong-line error occupies two very 

distinct regions. 
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5.4 Error Trends with Respect to Optical Depth and Line Broadening Parameters 

In the next three sections, explanations are given for the results and behavior 

described in Section 5.3. In Section 5.4, the weak-line and strong-line errors are related 

to the optical depth and line-broadening parameter via the theory described in Chapter 

2. In Section 5.5, the optical depth and line-broadening parameter are related to the 

temperature, pressure, path length, and species concentration. In Section 5.6, the results 

of Sections 5.4 and 5.5 are combined to relate the weak-line and strong-line errors to 

temperature, pressure, path length, and species concentration. Finally, comparisons are 

made with the results from Section 5.3 as a means of explaining the observed trends. 

5.4.1 Weak-Line Limit and Optical Depth. The effect that the optical depth, 

u, has on the error in the weak-line limit can be found in the expression for the validity 

of the weak-line limit. In Chapter 2, it was derived that the weak-line limit is valid 

under conditions where 2u/6 « 1. Therefore, it can be predicted that the weak-line error 

increases as the optical depth increases. Note that since the weak-line validity condition 

2u/B « 1 is used here, only the trends in the error can be predicted since this equation 

is an inequality expression. 

5.4.2 Strong-Line Limit and Optical Depth. The effect that the optical depth, 

u, has on the strong-line limit was derived in Chapter 2. It was determined that the 

strong-line limit is valid under the condition 2u/6 » 1. Therefore, the error in the strong- 

line limit decreases as the optical depth increases. As expected, this is opposite to the 

trend predicted for the weak-line limit as a function of optical depth. 

5.4.3 Weak-Line Limit and Line-Broadening Parameter. The effect of the 

line-broadening parameter, 6, was also determined from the weak-line limit validity 

condition, 2u/8 « 1. The weak-line error can be expected to decrease as the line- 

broadening parameter increases. 
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5.4.4 Strong-Line Limit and Line-Broadening Parameter. As was mentioned 

in Section 5.4.2, the strong-line limit is valid when 2u/B » 1. The effect of the line- 

broadening parameter on the strong-line limit is the opposite of its effect on the weak-line 

limit; the strong-line limit becomes more valid as the line-broadening parameter 

decreases. Therefore, the error in the strong-line limit decreases as the line-broadening 

parameter decreases. 

5.5 Trends in the Optical Depth and Line-Broadening Parameter with Respect to 

Temperature, Pressure, Path Length, and Concentration. 

The primary thrust of this research is to determine how the error in the strong-line 

and weak-line limits vary as a function of temperature, pressure, path length, and species 

concentration. In Section 5.4 the error trends were discussed as a function of the optical 

depth and the line-broadening parameter. In this section, the trends in these two 

parameters as a function of temperature, pressure, path length, and concentration are 

presented. 

5.5.1 Optical Depth and Temperature, Pressure, Path Length, and 

Concentration. In the NASA band model the absorption coefficients are tabulated as — 

a function of wavenumber and temperature at a constant reference density. Therefore, 

it is necessary to multiply the tabulated absorption coefficient by a ratio of densities in 

order to obtain the absorption coefficient for the actual gas conditions. This can be 

written as 

(5-1)   

where the subscript o refers to the reference density and the subscript i refers to the i® 

species. If the gas is assumed to behave as an ideal gas, then Equation 5-1 can be 

rewritten as 
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i. 
= K, ——. 5-2 = eis (5-2) 

Recalling that the optical depth is defined as the product of the absorption coefficient and 

the path length L, and that P, can be written as PX,, where X; is the i® species 

concentration, then the optical depth can be written as 

! 

T. 
XL. ) 5-3 — F (5-3) 

   

  

From Equation 5-3 it is evident that the optical depth is linearly proportional to the total 

gas pressure, species concentration, and path length; and that it is inversely proportional 

to the gas temperature. Therefore, an increase in the optical depth corresponds to an 

increase in pressure, concentration, and path length, and to a decrease in temperature. 

5.5.2 Line-Broadening Parameter and Temperature, Pressure, Path Length, 

and Species Concentration. Determining the effects of temperature, pressure, path 

length, and species concentration on the line-broadening parameter is more difficult than 

determining their effects on the optical depth. However, if a number of simplifying 

assumptions are made, it is possible to determine what general trends can be expected. 

Recall that the line-broadening parameter is defined as B = 2ay/d. If only Lorentz 

(collision) line-broadening is assumed, then a simplified expression for the Lorentz line- 

(5-4) 
~ Lop rity Lop P| ix, 

This assumption is not unrealistic, since the spectral lines generally assume a Lorentz line 

width can be written 

profile under the conditions where the weak-line and strong-line limits are valid [10]. 

Results and Discussion 107



For the sake of simplicity, foreign-gas broadening is not taken into account. This 

assumption would impact the conclusions when there are multiple gases present, such as 

in atmospheric mixtures. As the foreign-gas component of the broadening is ignored, 

the line-broadening is decreased, which in turn causes the weak-line limit to be less 

valid, and the strong-line limit to be more valid. Thus, the effect of not including the 

foreign-gas broadening for such gas mixtures is that the predicted weak-line error is 

overestimated and the predicted strong-line error is underestimated. The magnitude of 

the foreign-gas broadening effect is not such that it would significantly alter the trends 

discussed in the following paragraphs. 

In NASA-SP 3080 [9] a simple empirical expression is given for the mean line 

spacing for H,O: 

d = exp(-0.001067 + 1.21) ; (5-5) 

for T in kelvins. The line spacing for CO, is expected to follow a similar type of 

equation as a function of temperature. When Equations 5-4 and 5-5 are substituted into 

the definition for the line-broadening parameter, the result is 

T 
B = 2, 65%, E exp(0.001067 - 1.21) ° (5-6) 

Equation 5-6 is plotted in Figure 5-1 as a function of temperature for a number of 

different pressures. From Equation 5-6 it is apparent that the line-broadening parameter 

varies linearly with pressure and species concentration and is not affected by path length. 

However, temperature affects the line-broadening parameter in a different manner. At 

relatively low temperatures, the line-broadening parameter decreases with temperature, 

while at higher temperatures it increases. 
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Figure 5-28. Line-Broadening Parameter as 
a Function of Temperature and Pressure. 
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5.6 Error Trends as a Function of Temperature, Pressure, Path Length, and 

Concentration 

The results of the previous two sections are presented in Tables 5-1 and 5-2. 

These results are now combined to show how the errors in the weak-line and strong-line 

limits are expected to vary as a function of temperature, pressure, path length, and 

species concentration. 

5.6.1 Weak-Line Limit and Temperature. The weak-line limit error decreases 

as the line-broadening parameter, 8, increases (Section 5.4.3). Therefore, by studying 

Equation 5-6 and Figure 5-28, it is apparent that the weak-line error will tend towards 

a maximum at intermediate temperatures since this is where the line-broadening 

parameter 6 is a minimum. The temperature can also affect the weak-line limit error 

through the optical depth. From the discussion in Sections 5.4.1 and 5.5.2, it can be 

expected that the weak-line error would tend to decrease steadily with temperature. In 

Figures 5-16 and 5-18, the temperature effect through the line-broadening parameter is 

apparent. The error is a peaked function with respect to temperature, with the maximum 

error at intermediate temperatures. 

5.6.2 Strong-Line Limit and Temperature. The strong-line limit error 

decreases as the optical depth increases and as the line-broadening parameter decreases 

(Sections 5.4.2 and 5.4.4). According to Equation 5-3, the optical depth is inversely 

proportional to temperature and, as mentioned in the previous paragraph, the line- 

broadening parameter is a nonlinear function of temperature. These two trends in the 

optical depth and line-broadening parameter combine to determine how the strong-line 

limit error changes with temperature. If the optical depth trend dominates, the error in 

the strong-line limit would increase steadily with temperature. On the other hand, if the 

line-broadening parameter trend dominates, then the strong-line error would exhibit a 

minimum at intermediate temperatures. Considering the model results in Figure 5-17, 

it can be seen that at short path lengths the optical depth trend dominates since the error 
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Table 5-1. Error Trends as a Function of 

Optical Depth and Line-Broadening 

  

  

  

Parameter. 

Line- 

Optical Broadening 
Depth Parameter 

Weak-Line Error 

Increases as Increases Decreases 

Strong-Line Error 
Increases as Decreases Increases           

Table 5-2. Trends in the Optical Depth and Line-Broadening Parameter as a 
Function of Temperature, Pressure, Path Length, and Species Concentration. 
  

  

  

          

T P L x 

Optical Depth 

Increases as Decreases Increases Increases Increases 

Line-Broadening Increases/ 
Parameter Increases as Decreases” Increases N/A Increases     

* See Section 5.3.2. 
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in the strong-line limit increases steadily with temperature (even though the slope is 

small). However, at longer path lengths, the trend of the line-broadening parameter 

becomes more evident because the error is smallest at intermediate temperatures. 

5.6.3 Weak-Line Limit and Pressure. Pressure can affect the weak-line limit 

through both the line-broadening parameter and the optical depth. The effect of pressure 

through the optical depth is to cause the weak-line limit error to increase with pressure. 

The weak-line error increases with optical depth which in turn increases with pressure. 

For the line-broadening parameter, the weak-line limit error is expected to decrease as 

the line-broadening parameter increases with pressure. When these two effects are 

combined, the weak-line error appears to be a peaked function with respect to pressure 

with the maximum error occurring at intermediate pressures and the smallest errors at 

low and high pressures. This type of behavior can be seen clearly in Figure 5-16. 

5.6.4 Strong-Line Limit and Pressure. The validity of the strong-line limit is 

determined by 2u/6 » 1. Both the optical depth, Equation 5-3, and the line-broadening 

parameter, Equation 5-6, are linearly proportional to pressure, and so the influence of 

pressure on the strong-line error cannot be readily determined since it cancels out of the 

validity criterion. However, the model results, Figures 5-17, show a very discernible 

trend in the strong-line limit error with respect to pressure. At shorter path lengths the 

error appears to increase steadily with pressure. In this case it would appear that the 

strong-line limit error is dominated by the trend of increasing line-broadening with 

pressure. At longer paths lengths, the relationship between the strong-line error and 

pressure is more complex, the strong-line limit error shows a maximum at high pressures 

and low temperatures, and at intermediate pressures and high temperatures. This 

behavior at long path lengths is almost exactly opposite to that of the weak-line limit. 

This can be seen by comparing Figures 5-16d and 5-17d, and 5-26d and 5-27d. 
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5.6.5 Weak-Line Limit and Path Length. The path length does not affect the 

line-broadening parameter, but it obviously does affect the optical depth. From the 

predictions of Sections 5.4.1 and 5.5.1, the weak-line limit error is predicted to increase 

with path length. This behavior is seen clearly in all weak-line error figures. 

5.6.6 Strong-Line Limit and Path Length. The path length affects the strong- 

line limit directly through the optical depth. Since optical depth is proportional to the 

path length, and the condition of validity for the strong-line limit is 2u/6 » 1, the strong- 

line error decreases with an increase in path length. This trend is obvious in the strong- 

line error contour figures where the strong-line limit error drops significantly as the path 

length increases. 

5.6.7 Weak-Line and Strong-Line Limits and Species Concentration. The 

effect of species concentration on the weak-line and strong-line limit errors is difficult 

to predict. It appears in both the optical depth and the line-broadening parameter, 

Equations 5-3 and 5-6, and therefore cancels out of the validity conditions for both 

limits. Also, because of the limited number of species concentrations considered, it is 

not possible to determine how it affects the error in either the weak-line or strong-line 

limit. 
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6 Summary and Recommendations 

6.1 Summary 

The objective of this research was stated to be the determination of the regimes 

of validity of the weak-line and strong-line limits for band absorption. These two limits 

are important for a number of reasons. They allow simplified expressions for the 

absorptivity to be used instead of the more complex general expression. They are also 

useful in the measurement of the absorption coefficient and the line-broadening 

parameter. Under conditions where the weak-line limit is valid, it is possible to calculate 

the absorption coefficient solely from a measurement of the absorptivity. Once the 

absorption coefficient is known, it is possible to calculate the line-broadening parameter 

from measurements of the absorptivity when the strong-line limit is valid. The weak-line 

limit is valid under the conditions 2u/8 « 1, and the strong-line limit is valid under the 

exact opposite conditions 2u/6 » 1, where u is the optical depth and £ is the line- 

broadening parameter. It is often difficult to relate these parameters to physical 

parameters such as temperature and pressure. Therefore, in order to overcome this 

problem, a parametric study was performed in which the errors in both the weak-line and 

the strong-line limits were studied as a function of temperature, pressure, path length, 

and species concentration. 

In order to perform this study, an existing band model was used to calculate the 

nonlimiting form of the absorptivity and the two limiting forms of the absorptivity so that 

the weak-line and strong-line limit errors could be calculated. The chosen model was 

an updated version of the NASA band model. The updates include a more 
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comprehensive and accurate set of data files for the absorption coefficient and line- 

spacing parameters. The output of the band model include the absorptivity in the general 

case, the absorptivity in the weak-line limit, the absorptivity in the strong-line limit, and 

the error in the two limits. 

The weak-line and strong-line limit errors were presented with two 

complementary types of figures. Spectral figures of the error in each limit were 

generated where the error was plotted as functions of wavenumber for a range of 

temperatures (100 K - 3000 K), pressures (0.0001 atm - 10.0 atm), path lengths (1 cm - 

10 km), and species concentrations (0.00033 - 1.0). The wavenumber interval was quite 

large, 500 to 5000 cm™. The general form of the absorptivities were also plotted in these 

figures. This type of graph is useful in observing the spectral characteristics of the error 

with respect to the major absorption bands. One of the drawbacks of the spectral graphs 

is that a unique graph is required for each condition, thus making it difficult to generate 

figures for every combination of interest of temperature, pressure, path length, and 

concentration. Another problem with this type of figure is the difficulty in quantifying 

the average error in a portion of the wavenumber spectrum because of the large spectral 

variation in the error. The second type of figure used in this research, the contour plot, 

addresses these deficiencies. The contours are lines of constant band-integrated error and 

are plotted as a function of temperature and pressure. (Note that the integration is 

occurring over wavenumber.) Separate figures were generated for the weak-line and 

strong-line limits. This type of figure covers a range of temperatures and pressures. 

Each graph was generated at a given path length and species concentration. The main 

drawback of the contour plot is that spectral resolution is lost. The absorption bands 

considered for the contour figures include the 2.7 zm and 6.3 «4m H,O bands, the 2.7 

pm and 4.3 wm CO, bands, and the medium-wave (3.0 - 5.0 xm) and long-wave (8.0 - 

12.0 xm) bands. 

In the spectral plots, the greatest error in either limit tends to occur in the core 
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of the absorption bands when the bands are narrow and in the band wings when the 

bands are relatively wide. In the troughs between bands there is generally very little 

error, except under conditions where the absorptivity is fully saturated across large 

portions of the infrared spectrum. 

The weak-line limit error generally occurs in very localized regions in the contour 

figures. This limit is defined as being valid when 2u/B « 1, where u is the optical depth 

and @ is the line-broadening parameter. The weak-line error increases steadily with path 

length because of the increasing optical depth which in turn increases the number of non- 

weak lines in the wings of the major absorption bands. The weak-line limit error is a 

peaked function for both temperature and pressure. The error is a maximum at 

intermediate temperatures and pressures. The maximum weak-line error noted in the 

entire contour plot parametric study was 0.55 for the long-wave band at a path length of 

10 km for atmospheric species concentrations. 

With the strong-line limit, the error is not as localized as it is with the weak-line 

limit. The strong-line limit is valid when 2u/6 » 1, where u is the optical depth and 6 

is the line-broadening parameter. The strong-line limit error generally decreases as the 

path increases. This is due to the increasing number of strong lines in the band wings 

at higher optical depths. Also, at short path lengths, the strong-line limit error exhibits 

a very linear behavior with respect to pressure: large error at high pressures and small 

error at low pressures. However, at long path lengths, the strong-line limit error 

unexpectedly follows a very nonlinear function with respect to both pressure and 

temperature. The maximum strong-line limit error found in the contour study was 0.80 

for the 2.7 7m H,O band at a path length of 1 cm in pure H,O. 

6.2 Recommendations 

There are a number of recommendations that can be made concerning further 

work in this area. For example, only three species concentrations were considered: pure 
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H,O, pure CO,, and a typical atmospheric air mixture. Concentration can play an 

important role in infrared absorption. Therefore, it would be very useful to include 

variations of the species concentration in the spectral plot and contour plot parametric 

studies. 

The present study concentrates only on the weak-line and strong-line limits, but 

other interesting limits exist. For example, the linear limit, the square-root limit, and 

the optically thick limit are also commonly encountered. While the weak-line and strong- 

line limits are often considered the most important limits, there may be applications 

which favor the use of another limit. Therefore, it is important that the behavior of the 

other limits also be studied. 

In this study, the properties of the gases were assumed to be uniform along the 

path length. In many real-world applications, this is not the case. For example, in an 

aircraft jet exhaust there are strong gradients in temperature, pressure, and species 

concentration along the path length. Another application is the determination of vertical 

variations in temperature and species concentration from spectral satellite observations. 

In these cases the weak-line and strong-line limits may behave differently than when 

conditions are uniform along the path length. Therefore, it would be worth investigating 

the sensitivity of the change in the weak-line and strong-line limit errors as a function 

of gradients in temperature, pressure, and species concentration. 

The present study concentrates primarily on two gases: H,O and CO,. These two 

gases were chosen because they are among the most active molecules in the infrared 

spectrum and because they are both present in the atmosphere and in jet exhaust plumes. 

However, there are a number of other gases which contribute significantly in the infrared 

spectrum. These include CO, NO, HCl, and OH, among others. Since many of today’s 

band models include these gases, it is important to understand the behavior of their weak- 

line and strong-line limits. 
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Appendix 

Modified NASA Band Model Source Code Listing 

program lfoobar 

Limiting 

Appendix 

FOrms Of Band AbsoRption 

Program to calculate the error involved when assuming that either 
the weak or strong line limit for band absorption can be applied for 
a given set of conditions. 

c 
c 
c 
c 
c 
c 
c 
c Nomenclature: 
c 
c aD(i) ~ Doppler broadening parameter 
c alpha - Nonlimiting form of the absorptivity for the mixture 
c alphaS ~ Strong line limit of the absorptivity for the mixture 
c alphaW ~ Weak line limit of the absorptivity for the mixture 
c beta(i)- Nondimensional line broadening parameter (2m1/d) (l=line 
c width) 
Cc aH20 - Line density data for H20 (cm) 
c dco2 ~ Line density data for CO2 (cm) 
c dco - Line density data for CO (cm) 
c da(i) - Line spacing (cm*-1) for H20, CO2, and CO at temperature T 

c and wavenumber wv. 
c etaij - Foreign gas broadening correction factor 
c etaii - Resonant self-broadening correction factor 
c errW - Weak line error 
c errs - Strong line error 
c gamC(i)- Collision line width (cm*-1) 
c gamD(i)- Doppler line width (cm*-1) 
c gamF - Foreign gas broadening line width (cm*-1 atm*-1) 
c gamR - Resonant self-broadening line width (cm*-1 atm*-1) 
c kH20 - Absorption coefficient data for H20 (cm*-1) 
c kCO2 - Absorption coefficient data for CO2 (cm*-1) 
c kCO - Absorption coefficient data for CO (cm*-1) 
c k(i) - Absorption coefficient (cm*-1) H20, CO2, and CO at 
c temperature T and wavenumber wv. 
c Lold - Path length (cm) 
c L(i) ~ Corrected path length (cm) 
c M(i) - Molecular weight 
c out - Flag: If out = 1, then print output to main data file 
c P - Total gas pressure (atm) 
c PO ~ Standard pressure (1 atm) 
c PP(n) - Array of input total pressures (atm) 

c PPnum - Number of input pressures 
c Px(i) - Partial pressure of species i (atm) 
c r ~- Averaging interval (must be a factor of 100) 
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rent ~ Average interval counter 
rnum ~ Number of ‘averaged’ intervals 
Savg - Mean value of the strong line error over the entire 

interval 
T ~- Gas temperature (K) 
TO ~ Standard temperature (273.15 K) 
TT(n) -—- Array of input temperatures (K) 
TTnum - Number of input temperatures 
tau(i) - Transmissivity for species i (nonlimiting form) 
tauS(i)- Strong line transmissivity for species i 
tauW(i)- Weak line transmissivity for species i 

taumix - Transmissivity for mixture (nonlimiting form) 
tauSmix- Strong line transmissivity for mixture 
tauWmix- Weak line transmissivity for mixture 
u(i) - Optical depth for H20, CO2, and CO 
w - Wavenumber index: wavenumber = 400 + (w-1)*5 (cm*-1) 
wl - Wavenumber initial index 
w2 - Wavenumber ending index 
wav - Wavelength (pm) 
Wavg - Mean value of the weak line error over the entire interval 
WV - Current wavenumber = 400 + (w-1)*5 (cm*-1) 
wvl - Beginning of wavenumber interval (cm*-1) 
wv2 - End of wavenumber interval (cm*-1) 
X(i) - Concentration of species i 
Y¥{i) ~ Combined collision and Doppler line widths (See NASA 

SP-3080) 

O
u
 

W
D
 

Appendix 

real*8 aD(1:3), alpha, alphaav, alphaS, alphaSav, alphaw, 

alphaWav, beta(1:3), betamix, betaavg, d(1:3), errS, errSav, 

errW, errWav, gamC(1:3), gamD(1:3), k(1:3), L(1:3), Lold, P, PO, 
PI, PP(1:75), Px(1:4), ravg, Savg, T, TO, tau(1:3), tauS(1:3), 

tauW(1:3), taumix, tauSmix, tauWmix, TT(1:75), u(1:3), uavg, 
umix, uob, wav, wavavg, Wavg, wv, wvavg, wvl, wv2, X(1:4), XX, 

Y¥(1:3) 
integer i, Lcore, m, n, out, PPnum, rent, rnum, TTnum, w, wl, w2 
character yn, fcore*6, fname*12, Pname, Tname 

external absdat, clear, widthcC, widthD 

PI = 4.d0*datan(1.d0) 

call clear 

Read NIRATAM data file (absorption coefficient & line spacing) 

call absdat 

Enter information 

write (*, *) 
write (*, * 
write (*, *) ‘ Enter core file name (at least four characters): ’ 
read (*, ‘(a)‘) fcore 
Leore = index (fcore, ‘ ‘) - 1 
fname = fcore(1l:Lcore) // ‘err.dat’ 

write (*, *) 
write (*, *) ‘ Send results to main data file (y/n):‘ 

read (*, ‘(a)’) yn 
out = 0 
if (yn.eq.‘Y’.or.yn.eq.’y’) out = 1 
write (*, *) 
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write (*, *) ‘ Enter number of temperature inputs:’ 
read (*, *) TTnum 
write (*, *) 
write (*, *) ‘ Enter temperature (K) array:’ 

read (*, *) (TT(n), n = 1, TTnum) 
write (*, *) 
write (*, *) ‘ Enter number of pressure inputs: ’‘ 
read (*, *) PPnum 
write (*, *) 
write (*, *) ‘ Enter logarithm of pressure (atm) array:’ 
read (*, *) (PP(n), n = 1, PPnum) 

do 4 n= 1, PPnum 
PP(n) = 10.d0**(PP(n)) 

4 continue 

5 write (*, *) 
write (*, *) ‘ Enter H20 concentration: ’ 
read (*, *) XX 
X(1) = XX 
write (*, *) 
write (*, *) ‘ Enter CO2 concentration: ’ 
read (*, *) XX 
X(2) = XX 

c write (*, *) 
write (*, *) ‘ Enter CO concentration: ’ 

c read (*, *) XX 
X(3) = 0.d0 

a 

Concentration check Q 

if ((X({1) + X(2) + X(3)).gt.1.d0) then 
write (*, *) 

write (*, *}) ‘' The concentrations inputed add up greater than 
11.01!" 

write (*, *) ‘ Please re-enter concentrations. ’ 

goto 5 
endif 

Calculate N2 concentration from inputed concentrations 

q
a
q
a
 

X(4) = 1.d0 - (X(1) + X(2) + X(3)) 
if (X(4).1t.0.d0) X(4) = 0.d0 

write (*, *) 
write (*, *) ‘ Enter path length (cm):’ 
read (*, *) Lold 

write (*, *) 
write (*, *) ‘ Enter wavenumber interval (cm*-1):’° 
read (*, *) wvl, wv2 

a Enforce wavenumber upper and lower limits (400 cm*-1 & 5000 cm*-1) 

if (wv1.1t.400.d0) then 
wvl = 400.d0 
write (*, *) ‘ Lower wavenumber limit enforced to 400 cm*-1’ 

endif 
if (wv2.gt.5000.d0) then 

wv2 = 5000.d0 
write (*, *) ‘ Upper wavenumber limit enforced to 5000 cm*-1’ 

endif 
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write (*, *) 
write (*, *) ‘ Enter averaging interval (cm*-1):’ 
write (*, *) ° (between 5 and 100, and a factor of 100)’ 
read (*, *) ravg 
if (ravg.1t.5.d0.or.ravg.gt.100.d0) goto 8 
if ((100/int(ravg)).ne.int(100.d0/ravg)) goto 8 

Round off to nearest ravg cm*-1. 

wvl 

wv2 

adble(int((wvl + ravg/2.d0)/ravg))*ravg 
dble(int((wv2 + ravg/2.d0)/ravg))*ravg 

Standard temperature (K) and pressure (atm) 

TO 

PO 

273.15d0 
1.d0o 

Open contour data file 

open (unit = 3, file = fname, status = ‘new’) 

Write header for error contour data file 

write (3, 603) ‘" Temperature range: ‘, TT(1), ' ~ ‘, TT(TTnum), 
€ K‘ 

write (3, 604) ‘" Temperature grid size: ‘, TTnum 
write (3, 605) ‘" Pressure range: ‘, PP(1), ‘ - ‘, PP(PPnum), 

‘ atm’ 
write (3, 604) ‘" Pressure grid size: ‘, PPnum 
write (3, 601) ‘" Path length: ‘, Lold, ‘com’ 

write (3, 602) ‘" H20 fraction:’, X(1), ‘- ‘ 
write (3, 602) ‘" CO2 fraction:’', X(2), ‘- ' 
write (3, 602) ‘" CO fraction: ‘, X(3), ‘~ ‘' 
write (3, 606) ‘" Wavenumber interval: ‘, wvl, ' - ‘', wv2, 
write (3, 610) ‘" Averaging interval: ‘', ravg, ‘cm*-1’ 
write (3, *) 
write (3, * 
write (3, *) ‘" T Log(P) Weak Strong‘ 
write (3, *) ‘" --+---------------------------- ‘ 

Start main outer double loop over pressure and temperature 

write (*, *) 
do 6 m = 1, TTnum 

do 7 = 1], PPnum 
T = TT(m) 
P = PP(n) 
write (*, 500) ‘ Temperature = ‘, T, ‘, Pressure = 
format (2x, al6, £6.1, al4, £7.4) 

V
o
u
s
 

Create file name for current temperature and pressure 

if (out.eq.1) then 
Tname = char(m + 64) 
Pname = char(n + 64) 
fname = 

Open output data file and write header 

open (unit = 2, file = fname, status = ‘new’) 

‘om*-1° 

‘7 P 

fcore(l:Lcore) // ‘T’‘ // Tname // ‘P’ // Pname 
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write (2, 600) ‘" Temperature: ‘, T, ‘K ¢ 
write (2, 600) ‘" Pressure: ‘“, P, ‘atm’ 
write (2, 601) ‘" Path length: ‘, Lold, ‘om’ 
write (2, 602) ‘" H20 fraction:’, X(1), ‘- ‘° 
write (2, 602) ‘" CO2 fraction:’, X(2), ‘- ‘% 
write (2, 602) ‘" CO fraction: ‘, X(3), ‘- ‘% 

write (2, 606) ‘" Wavenumber interval: ‘, wvl, ‘ - ‘°, wv2 
1, ‘om*-1’ 

write (2, 610) ‘" Averaging interval: ‘’, ravg, ‘cm*-1’ 
write (2, *) 

write (2, *) 
write (2, *) ‘"| Wave | Wave !° 
write (2, *) ‘"|number!} length} Absorptivity | Error 

1 
write (2, *) ‘"lem*-1 | um fgenrilweak |strng!/weak {str 

ing Beta | U iu/Beta |° 
write (2, *) ‘“=------------------------------------------ 

1 ww ome wee ee ee me ee ee ee ne ne os es es es ee es ee es es ee os e 

c 
600 format (1x, al5, 1x, £8.3, 1x, a3) 

601 format (1x, a1l5, 1x, £10.2, 1x, a2) 
602 format {1x, a1l5, 1x, £10.5, 1x, a3) 

603 format (1x, a21, £5.0, a3, £5.0, a2) 
604 format (1x, a25, i3) 
605 format (1x, a21, E6.1E2, a3, E6.1E2, a4) 
606 format (1x, a23, £5.0, a3, £5.0, 1x, a5) 

610 format (1x, a22, £3.0, 1x, a5) 

endif 
c 

if (T.1t.100.d0) then 
write (*, *) 
write (*, *) ‘Temperature can not be less than 100K!’ 
write (*, *) ‘Temperature set to 100 K.’ 

endif 
if (T.gt.3000.d0) then 

write (*, *) 
write (*, *) ‘Temperature can not be greater than 3000K!’ 
write (*, *) ‘Temperature set to 3000 K.’ 

endif 

c 
c Calculate partial pressure from species concentration 
c and total pressure 
c 

Px(1) = P*X(1) 
Px(2) = P*X(2) 
Px(3) = P*X(3) 
Px(4) = P*X(4) 

c ; 

c Adjust path length by multiplying by the ratio of actual to 
c standard density since tabulated absorption coefficients and 
c line density are at standard density. See NASA SP 3080, page 
c 218. 
c 

do 10 i=1, 3 
L(i) = Lold*(Px(i)/PO)*(TO/T) 

10 continue 
c 
c Call subroutine ‘widthC’ to calculate the collision line 
c widths for H20, CO2, and CO. 

c 
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call widthc (Px, T, gamC) 

Initialize weak and strong mean error variables 

Wavg = 0.d0 

Savg = 0.d0 

Determine beginning and ending wavenumber index numbers 

wl 
w2 

(int(wvl) - 400)/5 + 1 
(int(wv2) - 400)/5 + 1 

Calculate the number of ‘average’ intervals 

rnum = (w2 - wl + 1)/(int(ravg)/5) 

Loop over average intervals 

wl = wl - int(ravg)/5 
do 15 rent = 1, rnum 

wl = wl + int(ravg)/5 
w2 = wl + int(ravg)/5 - 1 

Initialize averaging variables 

alphaav = 0.d0 
alphaWav = 0.d0 

alphaSav = 0.d0 

errWav 0.d0 
errSav = 0.d0 
wvavg = 0.d0 

wavavg = 0.d0 

betaavg = 0.d0 
uavg = 0.d0 

Loop over wavelength interval 

do 20 w = wl, w2 

Calculate the values of the absorption coefficient and 
the line spacing at the current temperature and 
wavenumber. 

call interp (d, k, T, w) 

Calculate the Doppler line width. 

call widthD (T, w, gamD) 

Calculate the mean optical depths for H20, CO2, and CO 
at the current wavenumber (u = k*L) 

do 25 i= 1, 3 

u(i) = k(i)*L(i) 
if (u(i).1lt.1.d-12) u(i) = 1.d-12 

if (u(i).gt.1.d12) u(i) = 1.da12 

continue 

Calculate the nondimensional line broadening parameters 
for collision (beta) and Doppler broadening (aD). 
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do 30 i= 1, 3 
beta(i) = 2.d0*PI*gamC(i)*d(i) 
if (beta(i).eq.0.d0) beta(i) = 1.d-12 
aD(i) = gamD(i)*d(i) 
if (aD(i).eq.0.d0O) aD(i) = 1.d~-12 

30 continue 

Calculate the weak line limit for the transmissivities 

of H20, CO2, and CO. 

do 35 i= 1, 3 
tauW(i) = déxp(-u(i)) 

35 continue 

Calculate the strong line limit for the transmissivities 

of H20, CO2, and CO using the statistical band model 
formulation with collision broadened line profile. 

do 40 i=1, 3 
tauS(i) = dexp(-dsqrt(u(i)*beta(i)/2.d0) ) 

40 continue 

Calculate the general form of the transmissivity of H20, 
co2, and CO using the NASA SP 3080 band model with 

Voight line profile. See equations 5-25 through 5-31 in 
NASA SP 3080. 

do 45 i=l, 3 
write (*,*) w, i, beta(i), u(i), aD(i) 

Y(i) = (beta(i)/2.dO0/u(i) + 1.d0)**2 + 
1 (1.dO - (1.7d0*aD(i)/u(i))**2 * 
2 dlog(1.d0O + (u(i)/1.7d0/aD(i))**2))**(-2) - 1.d0 

write (*,*) w, i, Y(i) 
tau(i) = dexp(-u(i)*dsqrt(1.d0O - 1.d0/ 

1 dsqrt(Y¥(i)))) 
45 continue 

Calculate the transmissivities of the mixture for the 
weak line limit, the strong line limit, and the general 
form. 

tauWmix = 1.d0 
tauSmix = 1.d0 
taumix = 1.d0 
do 50 i=l, 3 

tauWmix tauWmix*tauW(i) 
tauSmix tauSmix*tauS (i) 
taumix = taumix*tau(i) 

50 continue 

Calculate the line broadening parameter for the mixture 
Average weighted by the amount of active absorbers 

betamix = (Px(1)*beta(1) + Px(2)*beta(2) + 
1 Px(3)*beta(3))/(Px(1) + Px(2) + Px(3)) 

Calculate the optical depth for the mixture 

umix = u(1) + u(2) + u(3) 

Calculate the absorptivities from the transmissivities 
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alpha = 1.d0 - taumix 
alphaW = 1.d0 - tauWmix 
alphaS = 1.d0 - tauSmix 

Calculate errors in the weak and strong line limits 

errwW 

errs 

alphaW - alpha 
alphaS ~- alpha 

Calculate wavenumber and wavelength 

wv = 400.d0 + dble(w - 1)*5.d0 
wav = 10000.d0/wv 

Sum up averaging variables 

alphaav = alphaav + alpha 
alphaWav alphaWav + alphaW 
alphaSav alphaSav + alphas 
errWav = errWav + errW 

errSav = errSav + errs 
Wavg = Wavg + dabs(errW) 
Savg = Savg + dabs(errS) 

wvavg = wvavg + wv 
wavavg = wavavg + wav 
betaavg = betaavg + betamix 
uavg = uavg + umix 

continue 

Perform averaging 

alphaav = alphaav/(ravg/5.d0) 
alphaWav = alphaWav/(ravg/5.da0) 
alphaSav = alphaSav/(ravg/5.d0) 
errWav = errWav/(ravg/5.d0) 
errSav = errSav/(ravg/5.d0) 
wvavg = wvavg/(ravg/5.da0) 
wavavg = wavavg/(ravg/5.d0) 
betaavg = betaavg/(ravg/5.d0) 
uavg = uavg/(ravg/5.da0) 
uob = uavg/betaavg 

Output to data file 

if (out.eq.1) then 
write (2, 700) wvavg, wavavg, alphaav, alphaWav, 
alphaSav, errWav, errSav, betaavg, uavg, uob 

endif 

continue 

format (2x, £6.1, 2x, £6.3, 1x, £5.3, 1x, £5.3, 1x, 

£5.3, 1x, £5.2, 1x, £5.2, 1x, e8.2, 1x, e8.2, 1x, e8.2) 

Average strong and weak line mean error variables and output 

Wavg 
Savg 

Wavg*5.d0/(wv2 - wvl) 
Savg*5.d0/(wv2 - wvl) 

write (3, 740) T, dlogl0(P), Wavg, Savg 
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if (out.eq.1) then 
write (2, *) 
write (2, *) ‘ Integrated weak and strong line error:’ 
write (2, *) 
write (2, 750) ‘Weak line: ‘, Wavg 
write (2, 750) ‘Strong line: ‘, Savg 
format (2x, £6.1, 2x, £5.1, 2x, £5.3, 2x, £5.3) 
format (2x, al3, £6.4) 

Close data file 

close (2) 
endif 

continue 

continue 

close (3) 

Perform another run? 

write (*, *) 
write (*, *) 
write (*, *) ‘ Perform another run (y/n)?’ 

read (*, ‘(a)‘) yn 
if (yn.eq.‘Y’.or.yn.eq.‘y’) goto 2 

end 

subroutine clear() 

Subroutine to clear screen by printing 25 CRs. 

integer i 

do 10 i= 1, 25 
write (*, *) 

continue 

return 

end 

subroutine absdat() 

Subroutine to read in the basorption coefficient and line density 
data for H20, CO2, and CO from the data file ‘molplume. for’ 

real*8 wv 

integer w 
character fname*12 

real*8 dcCO, dCO2, dH20, kCO, kCO2, kH20, Tdat 

common /nirdat/ dC0O(922, 8), dCO02(922, 8), GH20(922, 8), 
1 kCO(922, 8), kCO2(922, 8), kH20(922, 8), MTdat(1:8) 

Set up array with temperatures at which the absorption coefficient 
and line density are tabulated. 
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Tdat(1) = 100.d0 
Tdat(2) = 200.d0 
Tdat(3) = 300.d0 
Tdat(4) = 600.d0 
Tdat(5) = 1200.d0 
Tdat(6) = 1800.d0 
Tdat(7) = 2400.d0 
Tdat(8) = 3000.d0 

c . 
c Open data file 
c 

fname = ‘molplume.dat’ 
open (unit = 1, file = fname, status = ‘old’) 

c 
write (*, *) ‘ Please wait...reading in absorption coefficient and 

1 line spacing parameters: ‘ 
write (*, *) 

c 
c Read H20 absorption coefficients 
c 

write (*, *) ‘ H20 absorption coefficients’ 
read (1, 4) 

do 100 w= 1, 921 
read (1, 5) wv, kH20O(w, 1), kH2O0(w, 2), kKH2O0(w, 3), kH20(w, 4), 

1 kH20(w, 5), kH2O(w, 6), kH2O(w, 7),kH20(w, 8) 
100 continue 

c 
c Read H20 line density parameters 
c 

write (*, *) ’ H20 line densities’ 
read (1, 4) 

do 200 w= 1, 921 
read (1, 5) wv, dH20(w, 1), dH20(w, 2), dH20(w, 3), dH20(w, 4), 

1 dH20(w, 5), GH20(w, 6), GH20(w, 7), dH20(w, 8) 
200 continue 

c 
c Read CO2 absorption coefficients 

c 
write (*, *) ’ CO2 absorption coefficients’ 

read (1, 4) 
do 300 w= 1, 921 

read (1, 5) wv, kCO2(w, 1), kCO2(w, 2), kCO2(w, 3), kCO2(w, 4), 
1 kCO2(w, 5S), kCO2(w, 6), kCO2(w, 7), kCO2(w, 8) 

300 continue 
c 
c Read CO2 line density parameters 
c 

write (*, *) ‘ CO2 line densities’ 
read (1, 4) 

do 400 w= 1, 921 
read (1,5) wv, dcO2(w, 1), dCO2(w, 2), dCO2(w, 3), dCO2(w, 4), 

1 adcO2(w, 5), ACO2(w, 6), ACO2(w, 7), ACO2(w, 8) 
400 continue 

c 
c Read CO absorption coefficients 
c 

write (*, *) ‘ CO absorption coefficients’ 
read (1, 4) 
do 500 w = 1, 921 

read (1, 5) wv, kCO(w, 1), kCO(w, 2), kCO(w, 3), kCO(w, 
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1 kCO(w, 5), kCO(w, 6), kCO(w, 7), kCO(w, 8) 
continue 

Read CO line density parameters 

write (*, *) ‘ CO line densities’ 
read (1, 4) 
do 600 w = 1, 921 

read (1, 5) wv, dcO(w, 1), dcO(w, 2), dCcO(w, 3), aco(w, 4), 
1 acO(w, 5), dCO(w, 6), aCO(w, 7), aCO(w, 8) 
continue 

format (////) 
format (1x, £6.1, 1x, 8(e9.3)) 

close (1) 

return 

end 

subroutine widthc (Px, T, gamC) 

Subroutine to calculate the collision line widths for H20, CO2, 

and Co. 

integer i, j . 

real*8 etaF, etaR, gamC(1:3), gamF(1:3, 1:4), 

1 gamR(1:3), Px(1:4), T, TO 

H20, CO2, and CO data from Table 5-19 in NASA SP 3080, page 223. 

Active molecules (i) 
H20 co2 co 

data gamF /.09d0, .07d0, .O6d0, $H20 
1 -12d0, .09d0, .07d0, !CO2 Broadening molecules (3) 
2 -10d0, .06d0, .06d0, !Cco 
3 -09d0, .07d0, .06d0/ !N2 
data gamR /.44d0, .01d0, .0d0/ 

etaF 0.5d0 
etaR = 1.d0 

TO = 273.15d0 

Calculate collision broadened line half widths 

do 10 i=1, 3 
gamc(i) = 0.d0 

Foreign gas broadening component 

do 15 3 = 1, 4 
gamC(i) = gamC(i) + gamF(i, j)*Px(j)*(TO/T)**etaF 

continue 

Self-broadening component 

gamC(i) = gamc(i) + gamR(i)*Px(i)*(TO/T)**etaR 
10 continue 
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return 

end 

subroutine widthD (T, w, gamD) 
c 
c Subroutine to calculate the Doppler broadening line width. 
c . 

real*8 gamD(1:3), M(1:3), T, TO, wv 
integer i, w 

c 
TO = 273.15 
M(1) = 18.015d0 
M(2) = 44.01d0 
M(3) = 28.011d0 

c 
wv = 400.d0 + dble(w - 1)*5.da0 
do 10 i= 1, 3 

gamD(i) = 5.94d-6*wv*dsqrt (T/TO/M(i)) 
10 continue 

c 
return 
end 

subroutine interp(d, k, T, w) 
c 
c Subroutine to interpolate the absorption coeficients and line 
densities 
c for H20, CO2, and CO at the current temperature and wavenumber. 

c 
real*8 d(1:3), k(1:3), T 
integer TT, w 

c 
real*8 dCO, dcCO2, dH20, kCO, kCO2, kH20, Tdat 

c 
common /nirdat/ dcO(922, 8), dCO2(922, 8), AH20(922, 8), 

1 kCO(922, 8), kCO2(922, 8), kH20(922, 8), Tdat(1:8) 
c 
c Find the first temperature index above temperature T. 
c 

do 5 TT = 2, 8 

if (T.le.Tdat(TT)) goto 10 
5 continue 

10 continue 
c 
c Interpolate H20 absorption coefficient and line density at 
c temperature T and wavenumber wv. 
c 

k(1) = (kH20(w, TT-1) - kH20(w, TT)) / (Tdat(TT-1) - Tdat(TT)) * 
1 (T - Tdat(TT)) + kH20(w, TT) 

c 
d(1) = (dH20(w, TT-1) - dH20(w, TT)) / (Tdat(TT-1) - Tdat(TT)) * 

1 (T - Tdat(TT)) + aH20(w, TT) 
c 
c Interpolate CO2 absorption coefficient and line density at 
c temperature T and wavenumber wv. 

c 
k(2) = («C02 (w, TT-1) - kCO2(w, TT)) / (Tdat(TT-1) - Tdat(TT)) * 
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1 (T - Tdat(TT)) + kCO2(w, TT) 

d(2) = (dCO2(w, TT-1) - dcO2(w, TT)) / (Tdat(TT-1) - Tdat(TT)) * 
1 (T - Tdat(TT)) + dco2(w, TT) 

Interpolate CO absorption coefficient and line density at 
temperature T and wavenumber wv. 
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k(3) = (kCO(w, TT-1) - kCO(w, TT)) / (Tdat(TT-1) - Tdat(TT)) * 
1 (T - Tdat(TT)) + kCO(w, TT) 

d(3) = (dCO(w, TT-1) - dCO(w, TT)) / (Tdat(TT~1) - Tdat(TT)) * 
1 (T - Tdat(TT)) + dCO(w, TT) 

return 

end 
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