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ABSTRACT

Results are reported from a continuing program of research into the physics and spectroscopy of heated stack plumes.
Simultaneous thermocouple and spectrometer measurements are used to study sideways-directed plumes from an
internal combustion engine and a propane-burning plume generator. A previously-reported result, that the ratio of
optically thin signals from two CO, transitions can be used to determine plume temperature, is confirmed by comparison
of thermocouple and spectrometer measurements over a wide range of temperatures. The basic physics of molecular
emission and absorption of radiation is discussed and is used to calibrate the relationship between the spectroscopic ratio
and plume temperature. The result is a spectroscopic plume temperature diagnostic that contains no adjustable
parameters, and can be calibrated by use of published absorption spectra. Data relating to the accuracy of the technique
are discussed.
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1. INTRODUCTION

Spectroscopic observations of stack plumes can, in principle, provide useful information about the identities,
concentrations, and mass flow rates of the effluent gases. However, because infrared emission from molecules is a
function of both temperature and concentration, the intensities of spectral features cannot be related to plume parameters
in any simple way. If a reliable spectroscopic technique for temperature determination could be developed, however,
these functional dependences could be unraveled. Remote determination of temperatures and molecular concentrations
in plumes would then become much simpler.

The plume temperature estimation problem has been discussed in a number of published papers. Several of these
publications report that, with the aid of certain assumptions regarding pixel uniformity and background clutter,
temperature-emissivity separation algorithms can be used successfully with data cubes from imaging spectrometers."
Unfortunately, these algorithms require multiple pixels and so are not useful in conjunction with data from hand-held
spectroradiometers. The alpha emissivity method has been applied to plumes,’ but provides only relative emissivity with
respect to a reference channel.* Existing techniques for single-spectrum determination of plume temperature generally
require fine spectral resolution,”®”®? prior knowledge of plume emissivity and geometric factors,'®"! or optically thick
wavelengths.'?"® There is still a need for a reliable temperature diagnostic under realistic field conditions.
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In previously-reported work, the authors developed a new temperature diagnostic for plumes.'* It was noted that the ratio
between spectral intensities at widely-separated, optically thin wavelengths should depend on gas temperature in accord
with well-established equations from molecular spectroscopy. Since the ratio between two optically thin measurements
is independent of gas concentration, density fluctuations in the plume are normalized out by this technique. A further
advantage is that fine spectral resolution is not required. This technique, already well-established in plasma diagnostics,"
is a good candidate for field measurements on stack plumes. Preliminary experimental data indicated that this approach
to plume temperature determination is both feasible and useful.
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This paper provides further validation of this new temperature diagnostic over a wide range of gas temperatures. It also
explains how the temperature diagnostic can be calibrated with the use of published library spectra. A companion paper
discusses how absorption by plume gases and the intervening atmosphere affects the shapes of observed molecular
spectra, and how these spectral contours can provide information on the thermal structure of plumes.'®
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2. THEORY OF PLUME SPECTROSCOPY

The widths and shapes of individual molecular emission bands are relatively temperature-independent over the
temperature ranges found in stack plumcs.l7 However, the ratio between emissions from two different transitions shows a
temperature dependence that can easily be observed with field spectrometers. This section describes the physics that
underlies the development and calibration of this temperature diagnostic. CO, transitions are emphasized, since the data
presented in this paper involve this molecule.

2.1. Wavelengths and Energies of Molecular Transitions

Molecules exist in quantum states that correspond to various amounts of oscillatory or rotational energy. A molecule
such as CO, can vibrate by bending or stretching. The molecule can also rotate about its center of mass. Each of these
modes of motion is associated with an amount of energy that can be calculated by the well-established techniques of
quantum mechanics.

As a linear triatomic molecule, CO, has two stretching modes: symmetric, in which the central carbon atom does not
move, but the two oxygen atoms oscillate in and out; and asymmetric, in which all three atoms move. In addition, CO,
has one bending mode. Figure 1 displays the vibrational energies of the CO; transitions of greatest interest in this
study.'® As seen in the figure, vibrational energies are typically on the order of hundreds or thousands of cm’'. The
wavelength of the radiation emitted in transitions between pure vibrational states is related to the vibrational energy AE,;,
by
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where c is the speed of light and 4 is Planck’s constant. As shown in Figure 1, wavelengths of vibrational transitions
typically fall in the infrared part of the spectrum (tens of microns or less).

In addition to these vibrational modes, the spectrum of the CO, molecule is influenced by rotational energy, given in
terms of the angular momentum quantum number J as

E,, = BhcJ(J +1) ‘ )

where B is a rotational constant inversely proportional to the molecule’s moment of inertia. Differences between
adjacent molecular rotational energy levels are considerably less than vibrational energies. However, for high J values,
such as those relevant to this research, the total rotational energy can be comparable to the vibrational energy of the
transition.

Molecules can vibrate and rotate at the same time. Spectral emissions from molecules in the near infrared generally
involve changes in both the vibrational and the rotational quantum states. As a result, each of the vibrational levels
shown in Figure | actually consists of a large number of finely-spaced rotational sublevels. The situation is illustrated in
Figure 2, which shows a magnified view of two of the vibrational levels, along with some of the associated rotational
sublevels. Each sublevel corresponds to a different J value. The rotation-vibration spectral lines correspond to transitions
in which the vibrational quantum number v changes by x1, and J changes by —1, 0, or +1. Transitions in which the AJ
between the lower and upper states is equal to —1, 0, and +1 are referred to as the P, Q, and R branches of the spectrum,
respectively.

As an example, Figure 3 displays a high-resolution library spectrum of CO, in the vicinity of the 4.26 um vibrational
transition.' The figure shows the R and P branches; due to constraints on allowed quantum transitions, this transition
has no Q branch.?® As shown, the R and P branches flank the wavelength (4.26 um) corresponding to the vibrational
energy, and appear as a series of closely-spaced lines. Each of these lines corresponds to a different rotational ground
state (J vazllue). Due to the nuclear spin statistics of the CO, molecule, only even-numbered J states appear in the
spectrum.
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Figure 1. Vibrational energy levels of CO,. Energies and wavelengths correspond to transitions near line centers (i.e.,
transitions between states with small values of angular momentum). Sublevels due to rotational effects are not shown.
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Figure 2. Rotation-vibration energy transitions. Energy levels are not to scale.

The spectroradiometer used for these measurements has insufficient spectral resolution to observe the fine lines caused
by individual rotational transitions. The fine structure of the R and P branches is smeared out, allowing only the contours
of the branches to be observed. This resolution limitation is not an impediment to the spectroscopic temperature
diagnostic discussed in this paper.
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Figure 3. Details of CO, (001) — (000) spectrum. The lower J values of a few of the transitions are shown.

For a rotational-vibrational transition, the total energy difference AE,,,,; has a vibrational and a rotational part:

h
AEtotal = AEvib +AErot = Zﬁ"' th‘l(] + 1) (3)

where J is the wavelength corresponding to the vibrational energy difference (approximately equal to the wavelength of
a low-J transition). If the lower state of the transition is not the ground state, its rotational and/or vibrational energy must
be included in AE,,,;. To a good approximation, the wavenumber of a transition is given by*

V=0, +(B'+B")m+ (B~ B")m* @)

where v, is the wavenumber of the line center (derived from the difference in vibrational energies of the upper and lower
states), B’ and B” are the rotational constants for two states, and m = -J for the P branch and (J + 1) for the R branch.

The rotational constant of a molecule is inversely proportional to its moment of inertia. Since vibrational and rotational
motions change the spacings between atoms, the moment of inertia depends, to a certain extent, on the vibrational and
rotational quantum numbers. Such high-order corrections are small, however,? and in the energy calculations of this
paper B’ = B” is assumed. The rotational constant can be determined by measuring the wavenumbers of the lines in
Figure 3 corresponding to various J values and obtaining a fit to Eq. (4). For the purposes of this paper the rotational
constant of CO, can be taken to be

B=B'~B" =038 cm’ 5)

2.2. Intensities of Molecular Transitions

Knowledge of the energies of molecular transitions allows one to compute the populations of the various excited states.
However, the intensity of spontaneous emission at a given wavelength also depends on the intrinsic strength of the
transition, which is not amenable to calculation from first principles. Fortunately, these intrinsic line strengths can be
calibrated by use of readily-available laboratory spectra. Since such spectra are invariably taken in absorption rather than
emission, it is necessary to understand the relationship between absorption and emission spectra.
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2.2.1. Emission

The intensity (J/s) of spontaneous emission is*

! = Nzl’lvle ) (6)
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where v, is the frequency of the radiation emitted in a transition from state 1 to state 2, N, is the population of the upper
state, and the probability of a molecule undergoing a spontaneous emission is given by the Einstein coefficient
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where & is the permittivity of free space and ), is the transition dipole moment. The population of the upper state is
given by the Boltzmann factor

N, = Nog exp| — Emml (8)
0 kT

where Nj is the total number of molecules, Q is the partition function, g is the degeneracy (the number of quantum states
with energy E,,.,), k is Boltzmann’s constant, and T is the temperature. The degeneracy of a molecular J state is

g=J(J+1) )

The dipole moment factor in Eq. (7) is directly proportional to J. Therefore, the emitted intensity is
E
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This expression gives the signal obtained in a (presumed constant) interval do about v;,. However, the spectrometer data
discussed in this paper are expressed on a wavelength scale. Eq. (10) can be converted to wavelength using

dv =—cdA/ A* with the result
E

The ratio of signals emitted at two wavelengths, associated with two different vibrational transitions, is (assuming
optically thin conditions at the wavelengths 4, and 4,)

6
et - F( 4 J (g_]( 5 ]( expl- E,(,,(,“/kr)] .
/1] 82 J2 exp(— EroralZ /kT)
The normalizing factor F appears because the emission depends on direction cosine matrix elements that cannot be

computed without a detailed quantum-mechanical analysis of the dipole moment factor in Eq. (7). For practical
purposes, therefore, Eq. (12) must be normalized empirically, as described in the following sections.

2.2.2. Absorption

The F factor in Eq. (12), which depends on the intrinsic intensities of the two transitions in question, can be determined
most easily by empirical means: finding the intensities of the two transitions at a known temperature. However, one
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