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ABSTRACT

A radiation heat transfer model was developed to simulate the transfer of
radiative energy in the infrared region 2 < A < 5um through an emitting, absorb-
ing, and scattering plume of water vapor. The model makes use of the spectral
features of the water vapor absorption coefficients to yield information on the
spectral regions more sensitive to the absorption of a known background radiation
source. Scattering was incorporated into the model by varying the albedo param-
eter from 0 to 0.9, representing all possible situations from no scattering to nearly
full scattering. The radiation transport model was used to evaluate and estimate
the wavelength sensitivity of infrared sensors for detection of hot and cold leak
plumes. Experiments were carried out using an IR image recording and processing
system to validate the results of the model. The conclusions of this investigation
substantiate the use of IR thermal imaging systems to monitor cryogenic and hot

gas leaks in systems such as the Space Shuttle Main Engine (SSME).
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CHAPTER 1

INTRODUCTION

Among the advances in current aerospace technology, there has been a sig-
nificant growth of research activities in various aspects of radiation heat transfer.
The complicated and interesting phenomena associated with the study of energy
transfer through participating media that can absorb, emit and scatter radiation
has received increased attention in the past three decades and significant advances
have been made in the treatment of radiative transfer in the presence of partici-

pating media.

The problem of computing the radiation transfer through participating me-
dia came into the focus of attention because of various new practical engineering
applications, such as rocket propulsion, nuclear explosions, plasma generations
for nuclear fusion, and combustion at high pressures and temperatures. The safe
operation and testing of a high pressure liquid rocket engine, in particular, the
Space Shuttle Main Engine (SSME) is among these applications that has intro-
duced a new opportunity in which the prediction of the radiation transfer through

participating media plays an important role in preventative diagnostics.

The development, qualification and reliability improvement testing of a liquid
rocket engine can (and has) result(ed) in the loss of a significant number of engines
and associated resources including project time. Each qualification or component
improvement engine represents a critical program resource which includes the ac-
cumulated cost of all test time on the hardware. Protection of high time fleet
leader engines during ground testing has become more important as the inventory

matures.

The complicated high-pressure cycle of rocket engine propellant path, which
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includes cryogenic hydrogen and oxygen, provides many opportunities for external
propellant path leaks while the engine is running. This mode of engine failure may
be detected and analyzed with sufficient speed to save critical engine test hard-
ware from destruction. The leaks indicate hardware failures which will damage or

destroy an engine if undetected.

High pressure staged combustion rocket engines operation on cryogenic hy-
drogen and oxygen have potential propellant path leaks of both cryogenics and
hot gases. In most cycles the hot hydrogen will contain water vapor from the pre-
burner thus providing a strong emission signal. If the hot hydrogen burns in the
surrounding air the emission intensity will be very high requiring a large dynamic
range on the sensors. Cold leaks of oxygen and hydrogen can only be detected
indirectly since Hy and O; do not absorb radiation. All atmospheric cryogenic
leaks are surrounded by condensed water droplets which have strong absorption
in the 2.5 to 2.9 um band. The condensed water droplets on the outer edge of the
plume also scatter the background radiation. One additional detection method,
impingement cooling, may provide excellent detection of cryogenic leaks which

impinge on the engine hardware causing sudden surface emission changes.

An advanced propellant path leak detection technique by using state-of-the-
art technology of infrared (IR) thermal imaging systems combined with computer,
digital image processing and expert systems is proposed for a rocket engine pro-
tection system. The high-tech IR detection techniques may be used to replace
the existing conventional thermocouple based system for leak detection to pro-
vide a non-intrusive, high response gas-leak detection system for safe shut down
of the engine. The IR equipment enables us to measure and record the image of
temperature distribution over the exterior surface of the engine hardware and to

determine whether the engine components are functioning properly.
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The objectives of this investigation can be categorized in four parts: (1)
develop a theoretical radiation transport model including emission, absorption and
scattering; (2) develop a computational model to calculate radiation heat transfer
in a participating media; (3) apply this numerical code to a simple leak model
to evaluate infrared sensor sensitivity to engine and plume radiation patterns; (4)

validate the model results with laboratory scale experiments.

Theoretical study of the radiation heat transfer in an absorbing, emitting
and scattering medium is complicated due to the following characteristics of the
medium. In a participating medium , absorption, emission and scattering of en-
ergy occurs not only at the system boundaries, but also at all locations within
the medium. A complete solution of the energy exchange problem requires the
knowledge of temperature, radiation intensity, and physical properties at every
point within the medium. The mathematics describing the radiation model is
inherently complex caused by the non-homogeneity of the temperature field. In
addition, the highly non-gray spectral effects of gases are often much more pro-
nounced than for solid surfaces, and a detailed spectrally dependent analysis is
required. Most of the simplifications introduced in gas radiation problems are

aimed at dealing with one or both of these complexities.

Numerical results are very important since they are the basis for confirming
or predicting results from an experimental model. The useful information from
numerical results provides excellent guidance to select the best wavelength range
for infrared detector, filter wavelength, and equipment set up for generation of
better experimental data. From observation of the numerical data and analysis
of the available information one can select a more realistic experimental model.
Numerical solution of the models is cost effective and timely in assisting in build-

ing the experimental set up and avoiding the purchase of high cost experimental



equipment.

Absorption and scattering coefficients are required for calculation of radia-
tion heat transfer in participating media. The absorption of radiation by the
gas depends on the radiative properties of the gas. Analytical determination of
the absorption coefficient requires quantum-mechanical calculations. Penner ![1]
presented a detailed analytical study of quantum-mechanics for the calculation
of absorption coefficients. In the present investigation the absorption coefficients
have been taken from Ref. [2] which is based on a combination of experimental
data and analytical results.

The feasibility of the infrared detection scheme was evaluated on subscale
simulated laboratory plumes to determine sensitivity, signal to noise ratio, and
general suitability of IR imaging system for a liquid rocket engine propellant path
leak detection. The experimental analysis was undertaken with the objective of
testing simple models to predict the amount of radiation coming from a radiation
source passing through an absorbing, emitting and scattering medium.

A review of the pertinent experimental and analytical literature is presented in
chapter II. In chapter III, the fundamental radiation transport relations in partic-
ipating media are presented. In chapter IV the physical and geometrical problem
is defined, and in chapter V the numerical solution to the transport equation is
described. Discussion of the numerical results are presented in chapter VI. The
laboratory experimental set-up and the experimental results can be found in chap-

ter VII, and finally chapter VIII presentes the conclusions and recommendations.

1 Numbers in brackets refer to similarly numbered references in the bibliog-

raphy.



CHAPTER II

LITERATURE REVIEW

Review of literature in the area of gas radiation reveals that most previous
researches have studied a one-dimensional problem of parallel plate enclosures [3-
8]. One difficulty encountered in studying radiation within absorbing and emitting
media is that spectral effects are often much more pronounced in gases than for
solid surfaces and accordingly, a more detailed spectrally dependent analysis is
required. However because of the complicated analytical nature of the problem,
most of the solutions have been obtained by adopting what is called the gray-gas
model [1,9].

In the gray-gas assumption, the radiation properties such as absorption and
emission coefficients are considered to be independent of wavelength and local ther-
modynamic conditions such as temperature and pressure. For a medium contain-
ing undissociated molecules, this assumption is invalid and may lead to significant
errors in calculation of radiative transfer due to the highly wavelength dependent
contribution of molecular bands to emission and absorption coefficients. In ad-
dition, the final solution is often given in terms of a mean absorption coefficient
over the whole spectrum. The impacts of averaging radiative properties have been
examined in the studies of atmospheric and astrophysical radiation [10,11] and
in the treatments of engineering radiative heat-transfer problems [1,9,12]. This
assumption will restrict the applicability of these analyses only to gray gases or to

gases that are optically thin at all wavelengths of interest.

Earlier attempts to take into account the non-gray behavior of real gases in
the radiative heat-transfer analyses have been reported in [13-16]. These methods

required elaborate and time-consuming calculations, and the results are restricted
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to the specific gas and geometric considerations. When the gas is neither gray
nor optically thin at all wavelengths of interest, it is customary to apply the
monochromatic transport equation at a sufficiently large number of wavelength

ranges to enable calculation of integrated intensity by a numerical technique.

The radiation properties of water vapor are strongly depend on wavelength
and temperature. In order to include the dependence of radiation properties on
temperature, which often varies greatly in media of practical interest, it is nec-
essary to acquire a knowledge of the absorption coefficient of water vapor as a
function of temperature. In general, the absorption coefficient of a gas is a func-
tion of temperature and pressure. In most systems of engineering interest, the
temperature variation is relatively more significant than the pressure by compar-
ison. Consequently, it is assumed that the non-homogeneity along the gas path
will be due to the temperature variation alone. The absorption coefficient will be
denoted simply as a)[T'(S), A] where T is the temperature, S the path length and

A the wavelength.

The determination of the radiation transfer through such a medium requires
knowledge of the monochromatic absorption coefficients ay. In theory, the ex-
pressions for ay can be derived from the applications of quantum and statistical
mechanics. The complexity and the many necessary approximations involved in
the theoretical determination of a) support the experimental determination of ra-
diation transport properties. Many experiments have been developed for infrared
measurements of gases at moderate and high temperatures. Extensive data for the
monochromatic absorption coefficient of different gases obtained theoretically and
experimentally have been reported in the literature [2,11, 17-19 ]. In the present
study, the spectral infrared properties of water vapor have been taken from Ref.

[2]. These properties were obtained by curve fitting of the equations from quantum



and statistical mechanics and experimental investigations.

Review of literature related to radiation in a parallel plate enclosure reveals
that researchers have given inadequate consideration to the role of radiation when
high temperature gases are present. For example, Jakob [20] computes the absorp-
tion in a gas layer as radiation energy passes from a hotter to a colder wall. But,
the gas is not permitted to re-radiate, as it must under steady state conditions.
By ignoring the emission of the gas, Jakob circumvents the problem of computing
the temperature distribution of gas; and as a consequence, his analysis does not
permit a complete computation of the net heat transfer. A practical procedure
has been proposed by Wohlenberg [20] for computing the net heat transfer in a
gas-filled parallel plate enclosure. He ignored the local absorption-emission pro-
cesses, supposing the gas to be isothermal and to radiate as a whole according
to Stephan-Boltzman’s law. Quantitative thermal measurements of a gas plume

require understanding of radiation in the absorbing and emitting media.

An important engineering approach in the study of non-isothermal radiating
gas bodies has been made by Hottel and Cohen [21]. They provide interchange
factors between finite-sized rectangular gas volumes situated at various orientation
with respect to one another. Similar information is also given for surface-to-volume
radiation. Such factors are useful when a radiation problem is formulated by
subdividing the gas body into a group of finite volumes elements, each of which
possesses a uniform temperature different from its neighbors. The approach of
the present analysis differs from Hottel and Cohen in that the temperature is

permitted to vary continuously throughout the gas.
Geometries of more practical interest have received relatively little attention.

Sparrow, Usiskin and Hubbard [22] have considered radiation heat transfer in an

absorbing and emitting non-isothermal gray-gas confined within spherical enclo-
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sure. Tien and Abu-Romia [23] have examined radiation energy transfer to the
outer base region of a semi-infinite cylindrical isothermal gas body. Desoto [24]
has developed a method to determine the radiation heat flux to the base region of
a gas system with an axisymmetric geometry and axisymmetric property distribu-
tion. Einstein [25) has considered radiation heat transfer in an absorbing emitting
non-isothermal gray-gas confined within a black-walled cylindrical pipe. Heaslet
and Warming [26] and Kesten [27] have developed an analytical and numerical

method for predicting radiation transfer in a homogeneous cylindrical medium.

Many of the heat-transfer studies have been concerned with the solutions
which were limited to radiation in one-dimensional systems to better understand
the results. The astrophysical studies have also emphasized one-dimensional anal-
yses because multidimensional phenomena are of secondary interest when inter-
preting astronomical observations through the plane, parallel, terrestrial atmo-
sphere. The solution of the transfer equation in two- and three-dimensional slab,

cylindrical and spherical media has been presented by Uesugi and Tsujita [28].

In the computation of radiation heat transfer through media containing local
inhomogeneities, such as small particles, consideration should be given to the
effect of energy scattering. Such media include smoke, dust clouds, fluidized beds
of particles, fogs, and low density insulation.

Heat transfer by simultaneous conduction and radiation in thermal radiation
absorbing, emitting, and scattering material has been investigated theoretically
by Viskanta [3]. The one-dimensional system consisted of two diffuse, non-black,
isothermal parallel plates which were filled with an isotropically scattering ma-
terial. Love and Grosh [4] presented an approximate method for analyzing the
problem of radiation heat transfer in an isothermal plane-parallel system of parti-

cles which absorb, emit, and scatter energy. Numerical results have been published
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for various particle size to wavelength ratios and refractive indices. The scattering
effect has been studied extensively and in most cases, the investigators have been
interested in particle identification.

It should be pointed out that scattering includes the combined effects of re-
flection, refraction, diffraction, and transmission of the radiation by the particle.
The results of the analysis from Love and Grosh gave an interesting insight into
the effect of scattering on radiation heat transfer. Their computation have been
made over a range of spherical particle sizes having complex indices of refraction
of 1.25-1.25i and 2.0-0.61 and compared with the results for isotropic scattering for
wall emmisivities of 0.9. These refractive indices correspond roughly to iron and
carbon, respectively, in the visible wavelengths. Their results indicated that, for
small optical spacings and for small values of particle size parameter, the effect of
anisotropic scattering is closely approximated by the isotropic case. This would
suggest that the assumption of isotropic scattering may be made with little error
for many systems.

Another interesting result was that infinite clouds of particles which scatter
radiation, such as carbon particles may not be considered black. Since most clouds
of particles may be composed of various sizes and shape of the particles with ran-
dom orientation and unknown refractive indices, analytical determination of the
scattering function may be impossible. However, because of the random nature of
the clouds, the scattering was considered axially symmetric and the above analysis
would be used with experimentally determined scattering function.

In the present investigation, geometry of the plume has been assumed to
be a cylindrical shape and the computation of infrared radiation heat transfer
through participating media has been accomplished with absorbing, emitting and

scattering medium which is a non-gray and non-isothermal gas.
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CHAPTER III

FUNDAMENTALS OF RADIATION IN ABSORBING,
EMITTING, AND SCATTERING MEDIA

Theoretical study of the radiation heat transfer in an absorbing, emitting,
and scattering medium is complicated due to the following characteristics of the
medium. In a participating medium, absorption, emission and scattering of en-
ergy occur not only at the system boundaries, but also at all locations within
the medium. A complete solution of the energy exchange problem requires the
knowledge of temperature, radiation intensity, and physical properties at every
point within the medium. The mathematics describing the radiation model is
inherently complex caused in part by the non-homogeneity of temperature field.
In addition, the highly non-gray spectral effects of gases are often much more
pronounced than for solid surfaces, and a detailed spectrally dependent analysis
is required. Most of the simplifications introduced in gas radiation problems are

aimed at dealing with one or both of these complexities.

In this chapter, the fundamental concepts are introduced for radiant intensity
within a medium, and for the effects of absorption, emission, and scattering on

radiant propagation. The following drivations are based on derivation in Ref. [29).

3.1 Physical Mechanisms of Absorption, Emission, and Scattering

3.1.1 Absorption and Emission

The mechanisms of radiation in absorbing, emitting and scattering media
must be treated accordingly. The gas properties generally exhibit very irregular

wavelength dependencies. As a result, the absorption or emission by gases is
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significant only in certain wavelength regions, especially at temperature levels
below a few thousand degrees kelvin.

The radiation emitted from a solid actually originates within the solid (i.e.,
not at the solid surface) so the solid can be considered an absorbing and emitting
medium similar to a gas. The differences in emission spectra are caused by the
various types of energy transitions that occur within the medium. A gas has
different types of transitions, a fact which leads to a less continuous spectrum
than that for a solid. The energy transitions that account for radiation emission
and absorption will now be discussed.

A radiating gas can be composed of molecules, atoms, ions, and free electrons.
These particles can have various energy levels associated with them. In a molecule,
for example, the atoms form a dynamic system that has certain vibrational and
rotational modes. These modes have specific energy levels associated with them.
A schematic diagram of the energy levels for an atom, ion, or electron is shown in
Figure 3.1. The zero energy level is assigned to the ground state (lowest energy
bound state), with the higher bound states being at positive energy levels. The
energy E; in Figure 3.1 is the ionization potential, that is, the energy required
to produce ionization from the ground state. Energies above E; denote that
ionization has taken place and free electrons have been produced.

It is convenient to discuss the radiation process by utilizing a photon or quan-
tum point of view. The photon is the basic unit of radiation energy. Radiative
emission consists of the release of photons of energy, and absorption is the capture
of photons by a particle. When a photon is emitted or absorbed, the energy of
the emitting or absorbing particle is correspondingly decreased or increased. Fig-
ure 3.1 is a diagram of the three types of transitions that can occur. These are

bound-bound, bound-free, and free-free.
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Figure 3.1 Schematic diagram of energy states and transition

for atom, ion, or electron.
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The magnitude of the energy transition is related to the frequency of the
emitted or absorbed radiation. The energy of a photon is hv, where h is Planck’s
constant and v is the frequency of the photon energy. For an energy transition,
say from bound state E3 down to bound state E, in Figure 3.1, a photon is
emitted with energy E3 — E; = hv. The frequency of the emitted energy is then
v = (E3 — E;)/h so that a fixed frequency is associated with the transition from a
specific energy level to another. Thus, in the absence of other effects, the emitted
radiation will be in the form of a spectral line. Conversely, in a transition between
two bound states when a particle absorbs energy, the quantum nature of the
process dictates that the absorption is such that the particle can only go to one
of the discrete higher energy levels. Consequently, the frequency of the photon
energy must have one of certain discrete values for the photon to be absorbed.
For example, a particle in the ground state in Figure 3.1 may absorb photons
with frequencies (E; — E;)/h, or (E3 — E;)/h, or (E4 — E;)/h and undergo a
transition to a higher bound energy level. Photons with other frequencies in the

range 0 < v < E;/h cannot be absorbed.

When a photon is absorbed or emitted by an atom or molecule and there is no
ionization or recombination of ions and electrons, the process is termed a bound-
bound absorption or emission (see processes a and b in Figure 3.1). The atom or
molecule moves from one quantized bound energy state to another. These states
can be rotational, vibrational, or electronic in molecules, and electronic in atoms.
Since bound-bound energy changes are associated with specific energy levels, the
absorption and emission coefficients will be sharply peaked functions of frequency

in the form of a series of spectral lines.

The vibrational energy modes are always coupled with rotational modes. The

rotational spectral lines superimposed on the vibrational line give a band of closely
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spaced spectral lines. If these are averaged together into one continuous region,
it becomes a vibration-rotational band. Rotation transitions within a given vi-
brational state are associated with energies at long wavelength, ~ 8 — 1000um.
Vibration-rotation are at infrared energies of about 1.5-20 um, and at portions of
ultraviolet and infrared near the visible region.

Process c in Figure 3.1 is a bound-free absorption (photoionization). An atom
absorbs a photon with sufficient energy to cause ionization. The resulting ion and
electron are free to take on any kinetic energy; hence, the bound- free absorption
coefficient is a continuous function of photon energy frequency v as long as the
photon energy hv is sufficiently large to cause ionization. The reverse (process d
in Figure 3.1) is a free-bound transition (photorecombination). Hence an ion and
free electron combine, a photon of energy is released, and energy of the resulting
atom drops to that of a discrete bound state. The free-bound emission produces a
continuous spectrum, as the combining particle can have any initial kinetic energy.

In an ionized gas, a free electron can pass near an ion and interact with its
electric filed. This can produce a free-free transition. The electron can absorb a
photon (process e in Figure 3.1) thereby going to a higher kinetic energy, or it
can emit a photon (process f) and drop to a lower free energy. Since the initial
and final free energies can have any values, a continuous absorption or emission

spectrum is produced.

3.1.2 The Scattering of Energy

Scattering is taken here to be any encounter between a photon and one or
more other particles during which the photon does not lose its entire energy. It may
undergo a change in direction, and a partial loss or a gain of energy. In any of these

cases, the photon is said to have been scattered. The scattering coefficient, oy, is
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the inverse of the mean free path that a photon of wavelength A will travel before
undergoing scattering. The scattering can be characterized by four types of events:
elastic scattering in which the energy (and, therefore, frequency and wavelength) of
the photon is unchanged by the scattering, inelastic scattering in which the energy
is changed, isotropic scattering in which scattering into any direction is equally
likely, and anisotropic scattering in which there is a distribution of scattering
direction. Elastic-isotropic scattering is the most amenable to analysis without
resorting to sophisticated analytical or numerical techniques. Most scattering
events of importance in engineering are elastic, or very nearly so, and the analysis

given here will consider only the elastic case.
3.2 Definition of Radiation Intensity

The radiation emitted in any direction will be defined in terms of intensity.
Radiation intensity is a convenient quantity for use in problems dealing with radia-
tive transfer through absorbing, emitting and scattering media. This convenience
arises chiefly because of certain invariance properties. The spectral intensity refers
to radiation in an interval d\ around a single wavelength and will be given by 1.
The subscripts denote that one wavelength is being considered and the prime de-
notes that radiation per unit solid angle in a single direction is being considered.
The emitted spectral intensity is defined as the energy emitted per unit time per
unit small wavelength interval around the wavelength A, per unit elemental pro-
jected surface area normal to the (6, ¢) direction and into a unit elemental solid

angle centered around the direction (6, ¢)(see Figure 3.2).

Q"
dAdwd)

Where the third-derivative notation d® emphasizes that emitted energy Q is a

3-1)

i =

function of three differential quantities.



Figure 3.2 Spectral emission intensity from black surface.
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3.3 The Attenuation of Energy by Absorption and Scattering

Consider spectral radiation of intensity i, impinging normally on a layer of
gas of thickness dS as in Figure 3.3. As the radiation passes through this absorbing
medium, its intensity is reduced by absorption. The change in intensity has been
found experimentally to depend on the magnitude of the local intensity. If a
coefficient of proportionality K, which depends on the local properties of the

medium is introduced, the decrease is given by
di, = —K(S)i\dS. 3-2)

The K is the extinction coefficient of the gas in the layer; it is a physical
property of the gas and has units of reciprocal length. It is a function of the
temperature T and wavelength A of the incident radiation. The extinction coefhi-
cient is composed of two parts, an absorption coefficient a)(A, T') and a scattering

coefficient 0,1 (A,T)
Ky = K,\()\,T)=a,A(/\,T)+U,,\()\,T). 3-3)

Integrating (3-2) over path length S gives

ih(S) g1 s
/ dZT’\ = —/ K,(S*)dS* (3-4)
ih(0) 0

where 7)(0) is the intensity entering the layer, and S$* is a dummy variable of

integration. Carrying out the integration on the left side of (3-4) yields

S
13(8) = #3(0)ezp l— /0 Kx(S")dS*] (3-9)

Equation (3-5) is known as Bouguer’s law; it shows that, as a consequence of the

proportionality in (3-5), the intensity of monochromatic radiation along a path



Figure 3.3 Intensity incident normally on absorbing layer
of thickness dS.

i, + diy T
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is attenuated exponentially while it passes through an absorbing medium. The
exponent is equal to the integral of the local extinction coeflicient over the path

length traversed by the radiation.

3.3.1 Optical Thickness

The exponential factor in (3-5) is often written in an alternative form by

defining the dimensionless quantity
s
(S) = / K,(5*)dS*, (3-16)
0

so that (3-5) becomes

12(§) = 13 (0)ezp[-7a(S)]- B-7)

The quantity 7,(S) is the optical thickness or opacity of the layer of thickness S
and is a function of all the values of K between 0 and S. Because K is a function
of the local temperature T and wavelength A, the optical thickness becomes a
function of all these conditions along the path between 0 and S.

The optical thickness is a measure of the ability of a given path length of
gas to attenuate radiation of a given wavelength. A large optical thickness means
large attenuation. The quantity 7 is a convenient dimensionless parameter that

will occur in the solution of radiation problems.

3.3.2 The Absorption Coefficient

The absorption coefficient ax(A,T) usually varies strongly with wavelength
and often varies substantially with temperature. Considerable analytical and ex-
perimental effort has been expended in the determination of ax, which requires

detailed quantum-mechanical calculations. Except for the simplest gases, such as
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atomic hydrogen, the calculations are very tedious and require many simplifying
assumptions.

Dealing with spectral line emission and absorption is one of the computational
difficulties encountered in analyses of radiant energy transfer through gases. Inci-
dent radiation at wavelengths near a line center will be strongly absorbed, while
radiation of only a slightly different wavelength may experience almost no at-
tenuation. Integrating line absorption coefficients with respect to wavelength to
obtain band or total absorption coefficients is generally tedious. These averaged

coefficients are used in certain calculation methods of radiation transfer.

3.3.3 True Absorption Coefficient

Bouguer’s law in the form of Eq. (3.5) gives the attenuation of a beam of
radiation upon passing through a volume of non-emitting non-scattering gas along
a path of length S as would be observed by detectors of incident and emerging
radiation. Such observed information could be used in determining a). Actually,
as radiation energy passes through a gas, not only is absorbed, but there is also
an additional phenomenon in that its presence stimulates some of the gas atoms
or molecules to emit energy. This is not the ordinary or spontaneous emission.
Spontaneous emission is the result of the excited state of the gas being unstable
and decaying spontaneously to a state of lower energy. The emission resulting
from the presence of the radiation field is termed stimulated or induced emission
and is a negative absorption.

The induced emission constitutes a portion of the intensity that is observed in
the beam emerging from the gas volume. Consequently, the amount of energy that
is actually absorbed by the gas is greater than that found by taking the difference

between the entering and leaving intensities. This is because the observed emerging
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intensity is the result of the actual absorption modified by the addition of induced
emission along the path of the beam. The actual absorbed energy should be
calculated using a true absorption coefficient a} (), T), which is larger than the
absorption coefficient ax(A,T) calculated by using observed attenuation data and

Bouguer’s law. The “true” law for absorption along path S is then

S
i\(S) = #\(0)ezp [—/0 a:{'(S*)dS*] . (3-138)

Statistical-machanics considerations give the relation between ax(A,T) and

at (X, T) for a gas with refraction index n=1 as
= (1= eap= 2y ot _
ax(A\,T) = |1 —exp( )| (A T). (3-9)

Examination of Eq. (3.9) shows that, because of the negative exponential
term, a'{ will always be larger than aj.

Because the induced emission depends on the incident radiation field, it is
usually grouped together with the true absorption, thereby yielding the absorp-
tion coefficient a). The emission term in the equation of radiation transfer then
includes only the spontaneous emission and consequently depends only on the local
conditions of the gas.

The exponential term in (3-9) is small except at large values of AT. Thus ay
and a:{' are nearly equal except at large values of AT (long wavelengths and/or
high temperatures). The values are within 1% for AT less than 3120 um.°K and
within 5% for AT less than 4800 um.°K.

3.3.4 The Scattering Coefficient

The extent of scattering can be viewed in terms of the scattering cross section

S. This is the apparent area that an object presents to an incident beam insofar as
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the ability of the object to deflect radiation from the beam is concerned. In addi-
tion, depending on the particle size, the scattering cross section may depend upon
the shape and material of the scattering body and the wavelength, polarization,
and coherence of the incident radiation.

The scattering cross section can be determined experimentally by measuring
the amount of radiation in a beam that is able to penetrate through a cloud
of scattering particles. The ratio of the scattered portion di} , of the incident
intensity to the intensity i of the incident beam is equal to the ratio of the
apparent projected scattering area d2A, occupied by all scattered particles to
the cross-sectional area of the incident beam dA. This gives the following for a
beam traveling a differential distance within a medium in which it encounters the

scattering area d? A,

(3 - 10)

The apparent scattering area presented by a group of the scattering particles

is related to the average scattering areas of the individual particles by
d*A,\ = s)N,dV = s\N,dAdS (3-11)

where N, is the number density of the particles, sy is the average scattering cross
section of the particles, and dV is a differential volume of the particle containing
cloud as shown in Figure 3.4. Inserting (3-11) into (3-10) gives the change di) of

the intensity as a result of scattering from the incident beam:

di', di\, s\N,dAdS
_T’fz i; =2 (’;A = sAN»dS. (3-12)

By integrating (3-12) over a path from 0 to S, the intensity is found at S as

a result of attenuation by scattering from the beam with original intensity ', (0):

S
i\(S) = i\(0)ezp (—/0 s,\NAdS*) . (3-13)
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Figure 3.4 Scattering of intensity into direction (6, ¢)
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The portion of the incident intensity that was scattered away along the path

is thus
s
i3 (0) — #4(S) = 4(0) [1 — ezp (—/ s,\NAdS"> . (3-14)
0
The scattering coefficient o,) is defined to be

U,,\ESAN)‘, (3—15)

so that (3-13) becomes

s
i\(S) = i5(0)exp [—/ U,A(S')ds*} . (3-16)
0

This is the pure-scattering from of Bouguer’s law.
3.4 The Emission of Energy

Consider an elemental volume dV of gas as shown in Figure 3.5 The true
absorption coefficient within volume is af(),7) and is considered constant over
dV. Let dV be placed at the center of a large black hollow of radius R at uniform
temperature T. The space between dV and the sphere wall is filled with a non-
participating medium. The spectral intensity incident at dA g location on dV from

an element dA on the surface of the enclosure is,
i5(0) = i5,()\, 7). (3-17)
The change of the intensity as a result of true absorption in dV is
dit, = —i3(0)[1 — ezp(—a} dS)] = —i),(A\, T)[1 — ezp(—a} dS)] (3-18)

Since the true absorption coefficient has been used, this does not include induced
emission. Let dV be small enough so that atdS is sufficiently small to allow the

approximation

dity = ~i% (A, T)[1 — ezp(—a}dS)] ~ —i%(), T)a} dS (3-19)
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Equation (3-19) is also evident from the differential form (3-2). The energy ab-

sorbed by the differential subvolume dS dA g from this incident radiation is

d®Q)\ . = —di\dAsdAdw (3-—20)

Where dw = 44 and dAg is a projected area normal to ¢} (0). Substituting (3-19)
in (3-20) results in

*Q\, = iy (X, T)at dSdAsddw. (3-21)

The energy emitted by dA and absorbed by all of dV is found by integrating over
dV; that is,
d4Q'A,a = / dSQC\ o« = afih (A, T)dVdAdw (3-22)
v

where dw is the solid angle subtended by dA when viewed from dV. To account
for all energy incident upon dV from the entire spherical enclosure , integration is
carried out over all such solid angles to give

BQra = / d*Q) , = afily(A, T)dVdA | dw

4r

= 4ratify (A, T)dVdA = 4atexy(A, T)dV dA (3 - 23)

where ey is the blackbody spectral emissive power.
To maintain equilibrium in the enclosure, dV must emit an amount of en-
ergy equal to that absorbed. Hence, the energy emitted by an isothermal volume

element in equilibrium with its surroundings is
daQ,\’c = dsQ,\,a = 4ai(/\, T)e)u,(/\, T)dVd/\ (3 - 24)

This result includes both spontaneous emission and emission induced by the
incident equilibrium radiation field. For only spontaneous emission, the coefficient

a) would be used. The shape of the element dV is arbitrary; however, its size
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must be small enough to justify the approximation (3-19) and small enough so
that energy emitted within dV escapes before reabsorption within dV. Further,
the gas must be in thermodynamic equilibrium with respect to its internal energy.

When the spontaneously emitted intensity is the same for all directions the
radiation intensity emitted spontaneously by a volume element into any direction
is

dsQ,\,e _ aA(/\,T)e,\b()\,T)dS
47rdApd/\ - T

dif (A, T) = = ax(\, )ik (A, T)dS (3 — 25)

Where dAp is the projected area of dV normal to the direction of emission, and
dS is the mean thickness of dV parallel to the direction of emission (that is,

_ 4V
dS = #1=)-
3.5 Incoming Scattering

The scattering relations in sec. 3.3.4 were concerned with the portion of the
intensity in an incident beam that is lost as a result of being scattered away along
a path. One also needs to know how much the intensity can be increased by the
scattering into a path from other directions. To calculate this , the directional
distribution of the scattered radiation is needed; this is in terms of an angularly

dependent phase function.
3.5.1 The Phase Function

Consider the radiation within solid angle dw; that is incident on area dA in
figure 3.4. The portion of the incident intensity that is scattered away in dS is
given by (3-12) and (3-15) as

dil, , = 0, 2i3dS (3 — 26)
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The di}, , is the spectral energy scattered within path length dS per unit incident

solid angle and area normal to the incident beam:

4 !
d A8

dw;dAd) (3-27)

n' —
dl)\,a =

As shown by Figure 3.4, the scattering energy produces an intensity distribu-
tion as a function of angle § measured relative to the forward direction and the
circumferential angle ¢. A phase function ®(6, ¢) will be defined to describe the
angular distribution of the scattered energy.

The scattered intensity in any direction (8, ¢) is defined as the energy scattered
in that direction per unit solid angle of the scattered direction and per unit area

and solid angle of the incident radiation:

spectral energy scattered in direction(6,¢) d° &,,(9, )
dw,dAdw;d\ T dwsdAdw;d)
(3—28)

di,/\,s(gs ¢) =

The directional magnitude of di} ,(6,¢) is related to the entire intensity di} ,

scattered away from the incident radiation by the phase function, such that

: . 20,9 4 28,0
dlC\,s(ev ¢) = ll)‘,,'(4—7r)’ = O'A,l'AdS—(ll—W—)- (3 - 29)
To better understand the phase function, note that the spectral energy per unit

d), dw;, and dA scattered into dw, is di, ,(6, #)dw,, and hence that scattered into

all dw, is fw‘ di), 4(6, #)dw,. However, the scattered energy per unit d),dw;,

=47

and dA, is diy , from (3-27) so that

&, = / il (6, 8)deo, (3 - 30)
We=4T

Using (3-29) to eliminate di), , gives the phase function as

di) ,(6,9)
(1/4”) fw,=4ﬂ- dii\,a(e’ ¢)dw,

®(6,¢) = (3-31)
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Thus, (0, ¢) has the physical interpretation of being the scattered intensity in a
direction, divided by the intensity that would be scattered in that direction if the
scattering were isotropic. For isotropic scattering, then, & = 1. By integrating
(3-31) over all dw,, it becomes evident that (6, ¢) is a function normalized such

that
1

4r

/ (6, ¢)dw, = 1 (3 - 32)

3.5.2 Augmentation of Intensity by Incoming Scattering

The local intensity along a path will be enhanced by radiation scattered into
the direction being considered. To compute the scattering from all directions into
the direction of ¢)(.S), consider the radiation incident at angle (6,4) as shown
in Figure 3.6. This radiation has intensity 1 (6, 4) , and in the process of going
through the volume element dV it will pass through a path length dS/cos. From
Eq. (3-29) oriented with respect to the present coordinate system, the intensity
scattered from t)(8, ¢) into the direction of ¢} is

45 8(6,4)

di,’\” = a"\i"\"’(e’lb)cosO 47

(3 - 33)

However, from (3-28), ¢} , is an intensity defined as energy in the scattered
direction per unit dA, per unit scattered solid angle, per unit incident solid angle
dw;, and per unit area normal to the incident intensity. This is area normal to
i5(8, ¢), which is dA cos 6. Then the spectral energy scattered into the S direction
as a result of i) (0, ¢) is, by use of (3-33),

Q) , = dil, ,dwdw;dAd Acost

: dS ®(6,¢)
= ! —_— T .
= g, (0, ¢) — i dwdw;dA\dAcosb
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Figure 3.6 Scattering of energy into S direction.
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d°Q) , = g (6, ¢)dS£(Z—7’T-¢—)dwdw,-d,\dA

The contribution of this scattered energy to the spectral intensity in the S

direction is then
dsQA s
dAdwd/\

To account for the scattering contributions by the incident intensities from

asxix(6, ¢)¢(0 ¢)dw ds. (3 — 34)

all direction, one integrates over all dw; to obtain

é°Q\, _dS ,
/w,.=4,, dAdwd) ~ 4n " /u . (6,9)2(6, ¢)de (3 — 35)

The scattering particles have been assumed randomly oriented so that the
scattering cross section o, ) is independent of the incident direction. The aug-

mentation of intensity in direction S by incoming scattering is then

di’ s y

3.6 The Equation of Transfer

The equation of transfer in a medium will now be derived. This will describe
the intensity of radiation at any position along its path through an absorbing,

emitting, and scattering medium.
3.6.1 Derivation

Bouguer’s law, Eq. (3-5), accounts for attenuation by absorption and scatter-
ing. The equation of transfer is an extension to include the contributions to the
radiation intensity by emission and incoming scattering along the path.

Consider radiation of intensity )(.S) within a region of absorbing, emitting,
and scattering medium (Figure 3.7). Attention is directed to the change of inten-

sity as the radiation passes through a distance dS. Using Eq. (3-2) gives the
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decrease due to absorption as
diy , = —ax(8)i\(S)dS. (3-37)

Assuming the radiation along the path is in local thermodynamic equilibrium,
the spontaneous emission contribution by the medium along the path length dS

to the intensity in the S direction is given by Eq. (3-25) as
dif , = ax(8)i) 5(8)dS (3—38)

From Egs. (3-12), (3-15), (3-36), and Figure 3.5, the sum of the attenuation by

scattering and the gain by incoming scattering in direction S can be written as

dily , = -, (5)i\(S)dS + ds;“ / (S, wi)B(\, w, w;)dw; (3 —-39)
wi=4m

Adding (8-37)-(3-39) gives, for the change in intensity with S in the solid angle dw

about the direction of S,

di! X . .
DA _ gy (8) + axih 4(S) — oaair(S) + =2 / i(S, wi)B(\, w, w;)dw;
dS ’ 4r wi=4n

(3 - 40)
The first term on right hand side of Eq. (3-40) is the loss by absorption(including
the contribution by induced emission). The second term is gain by emission (not
including induced emission). The third and forth terms are loss by scattering and
gain by scattering into S direction respectively.

The two terms represent decrease by absorption and scattering are combined

to give the equation of transfer for absorbing, emitting, and scattering media:

d’ . . Os
23 = —Kil(8) + aise(S) + 5

/:4 i (S, wi)B (), w,w;)dw; (3—41)

where K = ay, + 0,) is the extinction coefficient and is a function of position S.
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The albedo for scattering, from Ref.[29], Qo, defined as the ratio of the scat-

tering coefficient to the extinction coefficient:
o
Qor = —2— (3 — 42)

For scattering alone Q) — 1, while for absorption alone {25 — 0.
Dividing both sides of Eq. (3.41) by K, and using Eq. (3.42) yields

di’ Qo

A - q} oA 4 . . . —
A = —i5(5)+ (1= Aun)iu(5) + /w BSR4

The final two terms in (3-43) are combined into the source function I} (S, w) defined

as

L(50)= 1=+ 32 [ BEe)swwdds  (3-44
wi=4r

This is the source of intensity along the optical path from both emission and
incoming scattering. For anisotropic scattering the I3 is a function of w (that is,

the direction of S). The equation of transfer then becomes

!
di),

S + K)\Z’)‘(S) = K,\II\(S,w) (3—45)

This is an integrodifferential equation since 7!, is within the integral of the source

function.
3.7 Integration by Use of Integrating Factor

Equation (3-45) is a first-order linear integrodifferential equation, and an
integrated form can be obtained by use of an integrating factor. Multiplying
through by exp [ fos K ,\dS] gives

S q]
erp [/ K,\dS] di\(5) +ezxp
0

ds

S S
/ K,\d.S] Kxi\(S) = exp [/ K,\dS} Ky\I\(S,w)
0 0
(3 — 46)
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The first two terms can be combined together as

s s
% [ii\(S)exp [/0 KAdS” = ezp |:/0 K,\dS] Ky\I\(S,w) (3—47)

Integrating over a distance from S=0 to S=S gives
S S *
i5(S)ezp [/ K,\dS'] i (0) = / exp [/ KxdS** | K\I4(S*,w)dS* (3 —48)
0 0 0

Dividing through by ezp [ fos K AdS] gives
s s
5(S) = i\(0)ezxp [/ KAdS'] + exp [—/ K;‘dS'}
0 0

S S
X / erp [/ KAdS] Ky\I,(S*,w)dS* (3 —49)
0 0

where S* and S** are dummy variables of integration.

It has been found convenient by other authors ( Siegel and Howell [29] and
Love [30] ) to use the non-dimensionalized equation of transfer (3-49) in terms of
optical thickness, 7, and the albedo parameter. The optical depth or opacity when

both scattering and absorption are present was defined in Eq. (3-6)

S S
(8) = /0 K(5*)dS* = /0 (ax + 052)dS” (3 — 50)

where S* is a dummy variable of integration. Introducing (3-50) into (3-44), (3-
45), and (3-49) gives the non-dimensionalized form of source function, equation of

transfer, and the integrated form of equation of transfer respectively.

) Q )

L(m,w)=(1- Qox)ixy(Ta) + —4-(7)%/ (T, wi ) (A, w, w;i)dw; (3-51)
diy | . '

=2 +i3(1) = [}(ma,w) (3 —52)

dry
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i4(7) = i5(0)ezp(~7) + /0 " B(rpexpl—(rs - r§)ldr} (3—53)

where dr), = K(5)dS is the optical differential thickness.

Equation (3-53) is interpreted physically as the intensity being composed of
two terms at optical depth 5. The first term is the attenuated incident radiation
arriving at 7, (including, however, the contribution of induced emission along the
path). The second term is the intensity at 7 resulting from spontaneous emission
and incoming scattering in the S direction by all elements along the path, reduced
by exponential attenuation between each point of emission and incoming scattering
7x and the location 7.

The equation (3-52) or (3-53) cannot be used itself to obtain the local in-
tensity because it contains the unknown temperature and scattering distributions
that are in the source function [ the temperature is in the i};(A, T) within I} ].
Temperature distribution is also needed to determine the absorption and scat-
tering coefficients so that the local optical depth 7A(S) can be computed from
(3-50), and the physical coordinate S thereby related to the optical coordinate
7x. The temperature distribution depends on conservation of energy within the
medium, which in turn depends on the total absorbed radiation in each volume el-
ement along the path. This total energy will be obtained by utilizing the intensity
passing through a location and integrating over all incident solid angles and all
wavelengths. The energy equation should be solved in conjunction with a source
function equation to yield compatible temperature and scattering distributions.
The source function equation is found by inserting (3-53) into (3-51) to eliminate
#) and obtain an equation for I}. The resulting equations are sufficiently complex

so that numerical solutions are almost always required.



CHAPTER IV

ANALYSIS
4.1 Statement of Problem

Due to the compact and complex propellant path configuration of the rocket
engine,the leak plume shape and resulting temperature distribution will be difficult
to predict. Significant plume impingement on other components will result in
solid surface radiation as well as gas plume radiation. Since the leak flow field
is extremely complex, a simple physical model of a leak plume was developed for
evaluation analytically, numerically and experimentally.

The physical problem is illustrated schematically in Figure 4-1, which consists
of a background plate, gas plume, and an infrared detector. The background plate,
a continuous and uniform radiation source, is an opaque (non-transparent) surface.
The radiant energy is taken to be diffusely incident upon a differential area of the
gas medium which is chosen to be water vapor, a tri-atomic gas, which absorbs
and emits significantly in the infrared wavelength range. This participating gas
medium is non-gray and non-isothermal which can absorb, emit, and scatter the
incident radiant energy.

The surrounding medium is considered to be air which is a non-participating
medium with refractive index equal to unity. The infrared detector, a thermal
imaging system, has a wavelength range of 2 to 5 um. The lenses for the scanner
of the IR detector are antireflective coated, therefore, all the incoming radiation
energy is transmitted through the lenses without being reflected, in the specified
range of wavelength.

The physical coordinate system is also described in Figure 4-1.
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Regions 1, 2, and 3 represent the air, gas medium, and air respectively.
4.2 Basic Assumptions

The opaque background plate is a continuous and uniform source of radia-
tion energy which is the base radiation for the present work. The plate is used
as a known radiation source and considered to be isothermal. The temperature
range used for numerical calculation is 300 ° to 2700 ° K, but for experimental
investigation the upper limit was up to 800°K because of limitation in available
commercial source of radiation. The participating gas medium is assumed to be

homogeneous, continuous and in local thermodynamic equilibrium.

The surrounding air is a non-attenuating and non-emitting medium with re-
fractive index equal to unity and has constant properties. Since air occupies the
distance between the radiation source and the plume, the directional intensity at
the boundary of the medium is the same as the intensity of the background source.

The interior of the gas volume is taken to be an absorbing, emitting, and
scattering medium. According to Ref. [30], scattering is defined as any change
in the direction of propagation of the photons. The process is physically due to
local inhomogeneities within the medium, and such inhomogeneities may result
from suspended solid particles or liquid droplets within the gas. Examples of
such situations include radiative heat transfer through dust, smoke, glass fiber
insulation, plastics or ceramics that contain bubbles or pigment particles. In such
media energy will be scattered as well as absorbed from a pencil of rays, resulting
in a change of intensity along a given direction. In general we may, however, expect
that only a part of the energy lost from an incident pencil of rays will reappear as

scattered radiation in other directions and that the remaining part will be truly

absorbed.



40

The scattering is assumed to be isotropic; thus, radiation is scattered uni-
formly in all directions. Based on Ref. [4], the justification for isotropic scattering
can be categorized as: 1) For small optical spacing and small values of particle
size parameter, the effect of anisotropic scattering is closely approximated by the
isotropic case. 2) For infinite clouds of particles which may be composed of various
size and shape of the particles with random orientation and unknown refractive
indices, analytical determination of the scattering function may be impossible.

The assumption of single scattering is also imposed. Because the radiation
transport equation is based on conservation or balance about a differential element,
dS, single scattering implies that a beam of intensity incident on an infinitesimal
element can undergo at most one scatter. This does not mean that a beam of
intensity can not be scattered many times as it travels through the medium; it
only means that scattering can occur only once in each differential element. In
passing through many dS elements, the beam may be scattered many times.

The intensity field is assumed to be one-dimensional, therefore, dependent
only on one spatial coordinate, namely the S or 7 coordinate, and the radiative
transport equation is based on conservation or balance on a differential element,

dS. Steady State and local thermodynamic equilibrium is also assumed.
4.3 Equation of Transfer in x - Direction

The arbitrary path S in figure 4.1 is at an angle 6 from the x direction. The

optical depth 7(z) is now defined along the x coordinate as

m(z) = /: Ky(z*)dz* (4-1)

The radiation between optical positions along S and z direction is given by

z* z*

)d(

() = /0 SK,\(S*)dS* = /0 EThm( )

cosf’ “cosf



/ K)(z*)dz* = (=) (4-2)

~ cosh ‘cosh
Then, with dry\(S) = 5:—;%2, the equation of transfer (3-53) becomes
di',
cosGdT ) +i5\(7a(2),9) = I3(7A(2), 6) 4-3)

where I}, depends on @ because of the angular dependency of the phase function
® on anisotropic scattering.
A convenient substitution is to let x4 = cosf; then (4-3) becomes

hh ({2 ) = B(ra(e) ) @4

Integrated form of eq.(4-4) is

) . -7 bl . —(ry — 15| d7¥
) = 50,0z 2) + [ Brg ey | T2 S s
0

The range of 6 is between 0 and 7 so that u changes from 0 to 1.

The transport equation (4-5) describes the spectral intensity field. This equa-
tion together with boundary conditions constitutes the basic mathematical prob-
lem to be solved for the description of the intensity field under the assumptions

that have been previously stated.
4.4 Equation for Source Function

The source function I}(7a(z), #) which was defined in (3-51) can be written

) Q2 )
If\('r,\,w) = (1 - Qo,\)li\b(T)‘) + -4—(;_&/ zi\(r,\,w;)é(/\,w,w,-)dw,- (4 - 6)

For isotropic scattering the phase function & becomes equal to unity. The source

function (4-6) reduces to

)= -faisa(n)+ 22 [ e @-1)
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where it is no longer necessary to use the subscript i on w. The I is independent
of w in this instance.

The following derivation is done for directional intensity of a single element
subtending a small solid angle dw. The solid angle dw is equal to (see Figure 4.2)

dAcosl

dw = 5

(4-8)
where dA = dydz; for unit length in z direction, d4 = dy. Substituting (4-8) into
(4-7) yields

cosf

. Q .
Iy(ma) = (1= Qoa)ire(ma) + 7407'\ /Ay i\(mx, )27 dy (4-9)

Directional spectral intensity ¢)(7x,#), cosf, and S are constant for small Ay,
thus
' s Qox | cosb
Ii(ma) = (1= Qoa)ize(7a) + = |1(7a, ) =7~ By (4-10)
Inserting Eq.(4-5) into Eq.(4-10) to eliminate ¢}, and obtain an equation for I}, for

an element of area, dA = dy

I(ma) = (1= Qoa)id(ma)

QorpAy |. —TA ™ * —(m2 —73),d%
et O meep(—2) + [ Bk weapl ==

(4-11)

This equation is sufficiently complex so that numerical solution is required.



Figure 4.2 Directional intensity through the plume.
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4.5 Boundary Conditions

The boundary value of the intensity 7 has to be specified in order to select
a unique solution from the family of solutions to the integrodifferential equation
(3-52). Generally the boundary could be walls, adjacent layers of the medium or
vacuum. The boundary value of the intensity ¢}, may consist of radiation emitted
by the boundary and radiation coming from an outer source and entering the
region through the boundary.

For the one-dimensional case treated here, it is easy to choose the reference
direction for 6. For plume geometries, the integrated directional intensity across

the plume is
5
i(S) = / i1.(S)dA (4—12)
2

In the search for a realistic numerical model several combinations of boundary
conditions were considered for the background radiation source and the partici-
pating media of gas plume. The two sets of boundary conditions employed were:
1. Blackbody radiation source with absorbing and emitting media.

2. Blackbody radiation source with absorbing, emitting and scattering media.

4.6 Blackbody Radiation Source with Absorbing
and Emitting Media

The black surfaces emit in a perfectly diffuse fashion, such that the radiation
intensity leaving a surface is independent of the direction of emission. For zero

scattering 2o, — 0, reducing the source function, Eq.(4-11) to

I = i(Ty) (4-13)
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The spectral intensity of the blackbody can simply be calculated by the

Planck’s law,

800 = 52 [eon 52 - 1] (419

The constants are defined as C; = hci and C; = hcg/k, where h is Planck’s
constant and k is the Boltzmann constant.

When distance between the plate and detector is large, compared with the
plate actual size, the angle 6 is very small, thus, u approaches one. The intensity

entering the participating media will be the same as blackbody intensity evaluated

at Tp

13(0) = ixp(Ty) (4-15)

4.7 Blackbody Radiation Source With Absorbing,

Emitting and Scattering Media

The source function for this case has been derived in section 4.4 which has
the final form of
I (7a) = (1 = Qoa)ide(m2)

(T)\ — T;) ] dT;
7

Q A . -7 iR . -
IR i (0, weap( )+ [ Ik e (4-11)

4mS?

The entering intensity into the plume has the same form of Eq.(4-15).
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CHAPTER V
NUMERICAL MODELING

Numerical results are very important since they are basis for confirming or
disqualifying any attempt at an experimental program. The useful information
from numerical results provides excellent guidance to select the best wavelength
range for infrared detector, filters and equipment set up for generation of better
experimental data. From observation of the numerical data and evaluation of the
available information one can make a more realistic experimental model.

The numerical radiation transport model is developed for a simple geometry
containing a background radiation source, a simulated leak plume model in the
form of cylindrical shape and a sensor location. Water vapor H,O was selected
as the molecule for evaluation of emission and absorption. The high absorption
of water vapor in the infrared wavelength region may be exploited for plume de-
tection. The models developed cover a temperature range of 300 ° to 2700 °K at
atmospheric pressure and wavelengths of 2 to 5 um.

The numerical solution of the radiation transport equation (4-5) gives the
local spectral intensity in the medium. In this chapter consideration is given to
the development of numerical solutions of the equation of transfer, (4-5). The
attention is limited to a plane source of radiation, incident on a cylindrical plume

of pure water vapor as a medium of absorbing, emitting, and scattering.
5.1 Numerical Form of The Equation of Transfer

The theoretical development of the equation of transfer has been derived in chapter
3, but the numerical form of the equation will be presented here. For simplicity

the prime which denoted radiation per unit solid angle in a single direction has
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been eliminated. But keep in mind that the calculation will be done based on a
single direction.
The optical thickness, equation (4-1), can be expressed by standard numerical

integration techniques. It is also the basic formulation for evaluation of the integral

terms in equations (4-5) and (4-11). One numerical approach among many, is the
Trapezoidal rule, which is one of the most used formula to evaluate an integral.
Figure 5.1 shows the equally spaced abscissas for computation of the integral
terms. Using this technique, equation (4-1) becomes
J
m(@im=a) = ) BiK(@is) (5-1)
j=1
where
ﬂ,-:%A:c,forj=1andj=J,
B = Az,for j#1and j# J,
j=12,...,J,..,JL.
and
JL is the number of stations employed in marching from 0 to x and Az is the step
size, x [ JL-1.

Similarly, the integral term in equation (4-5) can be expressed as

/OTA I\(3, n)ezp [_[T'\(x); T"(x*)]] K"(m‘:)dx* =

J
ZﬂjI(xi,j)exp [—[T(xi,-’) - T(xi,j)]] K(zi;) (5—2)

p p
Substituting (5-1) and (5-2) into (4-5) yields

i(z,7) = i(zi1)ezp [:_"i%_ﬂl] +

J
e Nepp | ZTEL) =T | Kij _
;ﬂJI( i) P[ p ] p (5-3)
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The source function, I, in equation (5-3) with the help of equation (4-11) can

be written as

. QipAy |. [ —7(x;,7)
I(:l:,',j) =(1- Q,’)lb'.”, + -74—7;—5-2— {l(.’t.’,l)exp T

! lr(ei) = 7(zis)] Kig e
+ZI(xg,j)ezp [ "J“ 2 l:” }

The source function, equation (5-4), will be evaluated for all values of A
(denoted by subscribe ) and all sequence of abscissas z; 1, ...., Ti, 7, ..., i, JL, Which
are spaced apart by a constant step Az. After all values of I(z; ;) are evaluated,
the values of out going intensity from the plume can be calculated.

The integral term of the intensity leaving the plume boundary can be eval-
uated by using the standard Simpson’s rule. The resultant equation is similar to
equation (5-3) with two differences. First, the equation will be evaluated at the
outer boundary of the plume ( j=JL ). Second, the integral term will be evaluated
by using Simpson’s rule rather than the Trapezoidal rule. The equation now can
be expressed as

W(zigr) = i(zi1)exp [iﬂ*“_)_]

JL
—(r(zigL —7(zij))] Ki;
+ ) vil(zij)ezp (5 - 5)
2 el

where

vj = Az, for j=1and j = J,

v; = 2Az, for j # 1 and j # J, J odd,

and v; = 4Az, for j # 1 and j # J, J even.
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5.2 Absorption Coefficient Data to be Used

The absorption a) and scattering coefficient o5y are required for calculation
of radiation heat transfer in a participating medium. The absorption of radiation
by the gas depend on the radiative properties of the gas medium. Analytical deter-
mination of the absorption coefficient requires quantum-mechanical calculations.
Penner [1] presented a detail analytical study of quantum-mechanics effect on a,.
The absorption coefficient is also needed to determine the scattering coefficient
and to compute the local optical thickness 7(S5).

The absorption coefficients of the water vapor for the present work have been
taken from ref. {2]. These average absorption coefficients were obtained by fitting
an equation, obtained from statistical theory methods, to experimental data. The
plots of average absorption coefficients versus wavenumbers at various tempera-
tures are shown in figures 5.2a-g.

The tabulated form of absorption coefficient is required for numerical solution
of the radiation transport equation to evaluate the directional spectral intensity
passing through the plume. In order to tabulate the values of absorption coeffi-
cient, a simple straight line approximation techniques has been used to convert
these plots to numerical data. In this technique, several points along the curve
have been chosen. Each two neighbor points have been connected by a straight
line.

Figure (5.3) represents the straight line technique. The following procedure
has been performed in order to find an equation for absorption coefficients in a

small portion of the line. Two points, a and b, on the curve is connected with a
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straight line, then the coordinate values of a and b are read. The equation of the
line is evaluated, thus at any point between a and b the absorption coefficients are
calculated from this equation. The comparison results from this techniques with

the actual curves are shown in figures 5.2a-g.
5.3 Temperature Distribution

Evaluation of local spectral intensity requires the temperature distribution in
the medium to be known. The temperature distribution is also needed to deter-
mine the absorption coefficients so that the optical depth 75(z) can be computed.

The temperature distributions for the non-isothermal participating gas media
have been assumed to have the form of a Gaussian distribution radially across the
plume. For the hot gas plume, the temperature profile has its maximum value
at the center of the plume and minimum at the edge of the plume. For the cold
gas the temperature profile has its minimum value at the center of the plume
and maximum at the edge of the plume. Figure 5.4 represents the Gaussian
temperature distribution for the hot water vapor plume.

The shape of the plume has been assumed to be cylindrical, thus the equation
for temperature profile varies with the radius, r, of the plume cross section. The
equation for the Gaussian temperature profile is

(r) = Tasez | (7 n(72) (5-6)

mazxr
With the above equation, the absorption and scattering coefficients at each point

in the medium can be evaluated, which will be used in calculating the local spectral

intensity.
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5.4 Numerical Procedure

The computer program for solving the directional intensity arriving at the detector
will now be discussed. The following procedure has been adopted to find the re-
duction or amplification of the intensity passing through the participating media.
This program generates the required input data and evaluates the intensity based
on the mathematical model described in section 5.1. A flowchart of the main pro-
gram is shown in figure (5.5). As shown in the flowchart, the main program first
calls subroutine ABSCOF to compute the absorption coefficient and then reads
the input data such as temperatures of the plate, plume centerline (Trnaz), and
plume edges (Trmin) and the plume size of under investigation. The calculation
of directional intensity is evaluated at each Y location and at each single wave-
length. Marching through the plume at a single direction, the main program calls
subroutines TEMP and INTPOL to compute the optical thickness and the black-
body intensity. The main program then calls several other subroutines to evaluate
the directional intensity at a single wavelength. The directional intensity for all
other wavelengths will be evaluated by repeating the above processes. The above
processes are done for evaluation of the directional intensity of a single element
subtending a small solid angle. Finally, repetition of the above processes will give
the directional intensity for the rest of the elements on the radiation source.

The detailed description of each subroutine used in the main program are

given in following sections.
5.4.1 Subroutine ABSCOF

This subroutine evaluates the curve fit value of the absorption coefficient at



[CALL ABSCOF¥]
/R, Tmin, Tmax, Tp/
——< DO 1 IY.=J1', IYLAST >
——— DO 2 I;=1J NP >

~» DO 3 J=1, JLAST )

[CALL TEMP ]

[CALL INTPOL]

¥
[CALL OPTHIC]

[CALL BBINT|

[CALL PLATINT |

(DO 4 J=1, JLAST »

[CALL BIGINT |

¥
[CALL SOURCE |

[CALL SIMPCOF]
!

[CALL SIMPSON |

[CALL INTENSITY|

2

1

WRITE RESULTS )

Figure 5.5 Flowchart of the Main program.
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temperatures 300, 600, 1000, 1500, 2000, 2500, and 2700 °K. In order to determine
these data, first it reads in the input values from seven input files. Each file
represents a set of data at a certain temperature. Each set of data contains the
coordinates of all the selected points on a particular curve. The slope of each
segment of the curve which is represented by a straight line is evaluated, then the
equation of that line is obtained. When all the equations of these lines are obtained,
the values of absorption coefficients as a function of wavelength can be determined.
The computed values of absorption coefficients are tabulated seperately for each set
of temperatures mentioned above. These data are called to subroutine INTPOL

to evaluate the scattering and extiction coefficients.
5.4.2 Subroutine TEMP

This subroutine computes the local temperature in the plume. The Gaussian tem-
perature distribution, equation (5-5), provides these data. This equation indicates
that the temperature is a function of radius, but has a constant value at a fixed
radius. Figure (5.6) shows the plots of temperature for several different values of

radius, also it indicates that when r increases, the value of temperature decreases.

5.4.3 Subroutine INTPOL

At each value of AS, the radius of that point is calculated prior to finding the tem-
perature of that point. After the temperature is calculated, it is necessary to find
the exact value of absorption and scattering coefficients. When the exact values
of the absorption and scattering coefficients are not known at this temperature,
an interpolation technique is used to find these coefficients. These interpolations

are done between the existing data points which have been calculated in section

5.4.1.




64

JL

@JJ

Figure 5.6 Temperature distribution across the hot plume
at different radii (Ty = Tmaz and TyL = Trmin)
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5.4.4 Subroutine OPTHIC

At each AS interval, the values of optical thickness are needed. This subroutine
evaluates the local optical thickness. The extinction coefficient at each A is given
as input data and optical thickness is calculated. The integral term in equation
(4-1) is evaluated using the Trapezoidal rule.

5.4.5 Subroutine BBINT

The intensity of blackbody radiance, i, ;, is calculated in this subroutine. The
temperature and ) are the input data for this subroutine. The spectral intensity of
the blackbody is calculated by the Planck’s law, equation (4-14). The calculated
values from this subroutine will be used in the evaluation of the source function

equation (5-4).
5.4.6 Subroutine SIMPCOF

To evaluate the summation term in equation (5-5), it is required to have the
values of the constant multiplying coefficient ;. These coefliecients are defined in

equation (5-5). These constants are generated in this subroutine.

5.4.7 Subroutine PLATINT

Intensity entering the plume boundary , #(z;,1), is calculated by this subroutine.
By knowing the plate temperature and using equation (4-15) or (4-23), the in-
tensity to the plume boundary is evaluated at each A. This is equivalent to the

intensity coming from the flat plate radiation source.
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5.4.8 Subroutine SIMPSON
The summation term of the intensity leaving the plume boundary, equation (5-5),

is computed in this subroutine. Simpson’s rule is used to compute this summation

term.
5.4.9 Subroutine BIGINT

This subroutine evaluates the summation term in the equation of source func-
tion equation (5-4). The calculated results from this summation term is used for

evaluation of the source function.
5.4.10 Subroutine SOURCE

The values of source function are computed in this subroutine. This subroutine
uses the output values from several different subroutines to evaluate the source

function at every A within the plume.



67
CHAPTER VI

DISCUSSION OF NUMERICAL RESULTS

The numerical radiation transport model was developed in chapter V. In this
chapter consideration is given to numerical solution of the equation of transfer.
Attention is limited to a plane source of radiation, incident on a cylindrical plume
shape of water vapor as the absorbing, emitting, and scattering medium . The
numerical models developed cover a temperature range of 300 to 2700°K at at-

mospheric pressure and wavelengths of 2 to 5 um.

6.1 Blackbody Radiation Source with Absorbing
and Emitting Media

The physical description of this case has been presented in chapter IV. Now
the numerical results will be discussed in light of the theoretical structure of the
model. The boundary conditions for this case are given by equations (4-20) and
(4-22). The schematic used in the radiation transport model for a simulated leak
plume with a cylindrical geometry is shown in Figure 6.1. The plume cross section
for numerical calculation of directional intensity is shown in Figure 6.2. This figure
defined the nomenclature used in this chapter.

Figures 6.3 and 6.4 are typical numerical results calculated for variations of
intensity at different Y locations. Figure 6.3 indicates that for a cold background
plate with hot gas plumes, the intensity has its maximum value at ¥ = 0 and min-
imum value at Y = R. The intensity peak values are different for each wavelength
due to the strong dependence of the absorption coefficients on wavelength. Figure
6.4 shows the minimum intensity at ¥ = 0 and maximum value at Y = R, for the

case of hot background plate and cold gas plume. Most of the incoming intensity
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will be absorbed by cold gas at the center line, where Y = 0 and S is maximum.
At larger values of Y the travel path, S, becomes shorter resulting in a reduced
absorption of the incoming energy.

The variation of intensity with wavelength is shown in Figures 6.5 and 6.6.
For the case of hot plate with a cold plume, Figure 6.5 indicates that most of
the incoming energy has been absorbed at wavelengths between 2.4 and 2.9 p for
different Y values, but for the case of cold plate with a hot gas plume, Figure‘
6.6 shows that most of the energy has been emitted by the hot gas. The results
from Figures 6.5 and 6.6 suggest the choice of a band filter of 2.4 - 2.9 for the
IR camera. This indicates that at this wavelength range, most of the incoming
energy has been absorbed or emitted by the gas plume.

Intensity variation as a function of wavelength for three different plume di-
ameters is shown in Figure 6.7. This figure indicates that the absorption effect is
significant even for very small plume sizes. The cold gas absorbs the incoming in-
tensity from warm background, mostly in the wavelengths between 2.36 and 3.2u
and some in the wavelength range of 4.52 to 5.0 y. The amount of absorption
depends on the actual size of the plume which reflects the increase of the plume
absoption depth. Figure 6.8 shows the similar effect for plume sizes from 4.0 to
6.0 cn diameter. The effect of emission is clearly shown at A = 2.7u which has its
maximum peak value at this wavelength.

The integrated intensity is defined by equation (4-12) which is equivalent to
the area under the curves in Figure 6.8. These curves are similar to the Figures
6.6 and 6.7. The integrated results for 2.0 < A(x) < 5.0 are shown in Figures 6.9
and 6.10. The integrated intensities as a function of the actual distance across
the plate geometry are plotted in these figures. These integrated intensities are

related to the ambient, plate, and plume temperatures. The ambient integrated
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intensity is shown in the interval of —15.0 < Y (em) £ —12.0 and 15.0 > y(em) >
12.0. The observed value of plate integrated intensity is shown for —12.0 <
y(em) > +12.0; it decreases in the center, due to the presence of the absorb-
ing plume. This decay of the integrated intensity is due to the combination of
absorption and emission of the plume. The reduction of the integrated intensity
for three different plume sizes are shown in Figures 6.9 and 6.10. The maximum
absorption effect appears at the center of the plume (at Y = 0) which is directly
related to the plume sizes. The value of the minimum of integrated intensity
decreases with increased plume diameter. The leak size is directly proportional
to the extent of reduction in the integrated intensity and this can be used as a
calibration technique for the leak size.

Figures 6.11 and 6.12 show the reduction of the incoming integrated intensity
from background radiation for a wavelength range of 2.5 < A(u) < 2.86. This
wavelength range has been chosen with the aid of Figures 6.7 and 6.8 which indi-
cates that most of the the background intensities will be absorbed by the plume
in this range. The results from these figures prove that for this narrow wavelength
band, the integrated intensity reduces much more than for the case of the wave-
length band 2.0 < A(u) < 5.0 indicated by Figures 6.9 and 6.10. One should notice
that even though the integrated intensity reduction is much more noticeable in the
case of 2.5 < A(p) < 2.86 than for the case of 2.0 < A(u) < 5.0, the integrated
incoming intensity is also reduced dramatically. This can be seen by comparing
the maximum values of the intensity on these figures.

The percentage of the integrated intensity reduction, due to the absorption
by the plume, as a function of the plume radius is shown in Figure 6.13. As it
appears, the percentage of the integrated intensity increases with the increase of

the plume radius. For the case of 2.5 < A(u) < 2.86, the percentage of integrated
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intensity reduction is about 100% at R = 10. Similarly for the case of 2.0 <
A(p) £ 5.0, the percentage of integrated intensity reduction is only about 30% at
the same value of R = 10.

These important results indicate that there is a distinct region of the spectra
that can be utilized to monitor the major types of gas leaks. The region from
2.5 to 2.9 p can be used to monitor leaks which are along the line-of-sight of the
optical system and hence are blocking the radiation emitted by the hotter surfaces
in the background. The significant reduction of the background radiation intensity
in this region is a very sensitive warning signal for leaks of this type.

The effect of emission is more pronounced in hotter gases, since the emission
of gases at low temperatures will be negligible compared to their absorption. To
demonstrate this phenomenon, the following set of results are presented for the
case of a hot gas plume against several different background radiation sources.

Figures 6.14a-6.14¢ show the effect of absorption and spontaneous emission for
a fixed plume temperature and a fixed plume cross section. These figures indicate
that the integrated incoming intensity increases mainly due to the emission from
the hot gas. When the temperature of the background radiation source increases,
the effect of the absorption will be more noticeable. The effect of the media
absorption is shown in Figures 6.14c-6.14e. Figure 6.14c indicates that with the
plate temperature of 700°K, the absorption effect can be seen near the edges of |
the plume, since the plume has its lowest value (300°K’) in that areas. Near the
center of the plume, where the temperature has its maximum value, the emission of
the gas becomes more significant than the absorption effect. Similar phenomenon

occurs for plates with higher temperature, as it shown in Figures 6.14d and 6.14e.
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6.2 Blackbody Radiation Source With Absorbing,
Emitting and Scattering Media

Numerical results for radiation transport in absorbing, emitting, and isotropic
scattering media will be presented in this section. The scattering coefficient is
needed to calculate the radiation transport equation when scattering is included
in the radiation calculation. The scattering coefficients have been calculated with
the help of the absorption coefficients and non-dimensional values of albedo, 2.
The albedo for scattering is defined as the ratio of the scattering coeflicient, o2,

to the extinction coeflicient, K = o4y + ay,

Qo,\ = (6 - 1)

Ky

where ay is absorption coefficient. This equation can be rearranged to give a

equation for scattering coeflicient which is

03,\=[ oy ]a,\ (6-2)

Since absorption coefficients are known at fixed temperatures and wavelength
intervals, scattering coefficients can be evaluated at a fixed albedo for those tem-
peratures and wavelengths. Figures 6.15a and 6.15b show the variation of ab-
sorption coefficient for albedos of 0.1 - 0.9 with plume temperature of 300°K and
wavelength interval of 2 to Su

The source function equation for isotropic scattering was developed in chapter
IV. For isotropic scattering, the source function equation (5-4) is coupled with the
local intensity in the media. This equation must be solved simultaneously with
the intensity equation (5-3). The effect of the source function versus wavelength
for different values of albedo is shown in Figure 6.16. This figure indicates that

for small albedo, the values of source function are very close to the biaclcbody
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intensity and for higher values of albedo these values become smaller than black-
body intensity.

Figure 6.17 is the comparison of source function as a function of distance, S,
through the plume at a single wavelength and fixed albedo. Presence of scattering
reduces the value of the source function across the plume cross section at ¥ = 0.
Figures 6.18a and 6.18b are similar to the Figures 6.17, but for different fixed
wavelengths. As is shown in these figures, for all values of A, similar profiles are
created but at different levels.

Variation of intensity with wavelength is shown in Figures 6.19 which indi-
cates that for low values of albedo and moderately warm background plates the
scattering effect is not very noticeable. The effect of scattering for higher values
of Qg is shown in this figure. Increasing the values of the Q) will expand the
wavelength band which means incoming intensity will be reduced much more for
the Qg =0.9 than for Qg =0.1. This effect can be understood because for higher
values of albedo the extinction coefficients become greater and so does the optical
thickness. The larger optical thickness means less energy can pass through the
gas, thus the wavelength range will be larger for this case. In addition, it can be
noticed that the emission at A = 2.7 is much more pronounced for low values of
albedo than high values of albedo which means that scattering effect is stronger
than emission.

Figure 6.20 is very similar to Figure 6.19 with the only difference being the
higher temperatures for this case. It is important to notice that even though the
plate temperature is much higher, since the gas is fairly cold, most of the spectral
intensities are absorbed and scattered in wavelength interval of 2.36 - 3.2 . In
wavelength range of 2.0 to 2.36 p and 3.56 to 4.4 u, these figures show that the

intensity is totally independent of absorption, emission, and scattering of the
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media. This important result indicates that at these wavelength ranges, the pres-
ence of the plume will not affect the incoming intensity which means the integrated
incoming intensity will pass through the plume without being affected. Hence the
background radiation can be readily monitored independent of scattering or any
other intervention by the plume media.

Figures 6.21a - 6.21e are the plots of the directional spectral intensity versus
wavelengths at Y = 0. These intensity variations are for the case of hot gas
at temperature of 1200°K and are presented for three different fixed values of
albedos of 0.0, 0.5, and 0.9. The albedo of 0.0 is for the case when no scattering
is present and the participating gas media is effected by absorption and emission
only. The extreme case of {lp» = 0.9 indicates that the media is predominantly
a scattering media and albedo of 0.5 is the value between these two extreme
cases. The plate temperature is the only variable in these figures. The effects of
absorption, emission, and scattering are shown in these figures. Figure 6.21a -
6.21c indicate that the emission from the gas strongly over-powers the absorption
effect for oa= 0.0. For albedo values of 0.5 and 0.9, the scattering effect is
stronger than the absorption and even the emission effect, specially for £254=0.9.
The effect from the increase in temperature of the background radiation becomes
more noticeable for T, > 800°K. At plate temperature of 800°K, the plot for
Q02=0.0, Figure 6.21d, shows the effect of combination of both absorption and
emission. This effect can be seen by intersecting of the intensity variation line with
the background intensity line. The portions of the curve under the background
intensity line indicates the absorption effect and those above this line indicate the
effect of emission. Figure 6.21e shows that for {x=0.0 absorption overcomes the
emission in most of the wavelength band and for §¢»=0.5, the emission is being

somewhat effected by combination of absorption and scattering of the media and



100

(wog = g Pup ‘}0008 = “™L ‘M,0051 = *"*“L)

-sum(d se joy Yym sarnjeradway oye(d JusISyIp e yjSuseaem "sa Ljisuajul e130adg  [g'g 2In31g
3,008 = 4L ®

(wrl) yi3uspeaepy

000°6G 00%° ¥ 008°¢€ 00C" ¢ 009°¢ 000°¢
=+ -\I.IA_T “ “.."...q__u_.“._\4_._.7+o.ﬂ

T TN 7 ]
ﬁ//,— \\—/\\.f\..v “
/J/ \\ ..\.. \_\N m

—/_ff\ \_-.. /: ! ln..l., moqm ku

I N ] 3

\ S __ ( B =

\ by ! ] 2.

\ [ __ ] 5

{ 1 &

,_ | ,__ : 9087 8

Vo 1 =

/\f__ N\ m ~<

(60=10)--~ R : n

(G0=10) ---- o T v0eL A

I 1 IS

(0o=v) —-- \ ] i
sed oN: “ et
+ 2096
1 00021




101

Mo009 = "L 'q

(wrl) yy3uspoaepy

000°§ 00%v " ¥ 008" € 00¢" ¢ 009°¢ 000°¢
[ ! ! 1 0T
T T T T —I\-'\ﬂ‘” T - ¥ T T T T T 1 ¥ ¥ r- T T T ¥ L] -“\—d Lo & X 1 \\\Q h i 4 T L] 4/“
- )/7 s\f/. \.“\ m
BN RN :
IR + 80ve
Ve } ! ] Q
/ ) _- \ __ ] m.l
\ Py ] 8
,_ I __ T 9087V 3
(. I . 2]
Y X 53
v ] T
| 1 3
(60=1)--- f AR *
(g0=0) ---- p m 1]
(0o=v) —-- ! ]
e of T 2096

000¢t




102

3 o00L =L
(wirf) yy3uatanepy

000°9 007" ¥ 008°¢ 00c"°¢ 009°¢ 000°¢
........_“......_-qnd_..-\~q-"_~d_._-_~“.44..~q OH
=z === T ll?./../}./v L \ ]
N m
"\ 1
el 1 sove
CoST ]
\ : { R
\ P ]
\ e b ] )
\ b -+ 9087V
\ | ﬁ__ 1
A ]
—. \:_ .h 3
I ]
(60 = 1) |/ ¥ + vozL
(co=0v) ' i
(00=0) j ]
sed oN _ + ¢096
1 00021

=) Aysuejut [e1gadg

M

FYRTE

(



103

000°S

35008 = °L P
(wr) yi3uapaaepy

00F " v 008° ¢ 00c-¢€ 009°¢ 000°¢
L] ¥ T T T ¥ T ¥ T “ T T T T 7 7 L St S | “ T T T LS T L T T T “ T E] T ¥ [} T -.- ~\“d L] T ¥ T ¢ T T ql OH
SRR v R
O A ;
Voo ! 4+ 80¥%<¢
RN ! ;
Ve, ! ]
Ny v ]
\ ,:_ [ .
by 1 908¥
{ by ]
\ ] 1y ]
Loy b ]
\ 0o 4 ] .
(60=1) YT ]
\l ]
(g0=10v) ' _:~
. — = e
(00 = 1) ; 1 z096
sed ON | .
1 000¢1

) Aysusqur peajoadg

'.u'wvt';w
M

(




104

Mo006 = % @

(wr) yyBusparep

000°§ 007" ¥ 008°¢€ 00c-"¢ 009 "¢ 000°¢
} | | |
e e O 1
:
Sceup :x 80¥ < mu
AN ./ / ] a
/,.r \ ] . m
N ! ] =
\ . 1 908y %
\ 0o ] 2
\ Fly ] = |
1 ~_. 1 . |
(60 =10) /_ “ _,_ 1 v0zL 3 ”
A 1 ] o |
(g0=1v) ,bu_c ] 3%
(00="1v) “\f ! : 1
— -
se8 oN | I 3 2096
___ w
1 goozt




105

for Qp5=0.9, the effect of scattering is strongly visible over the absorption and
emission.

The effect of absorption, emission, and scattering of the gas media over the
integrated intensity across the plume cross section at (Y = 0) are shown in Figures
6.22. These figures have been plotted for a fixed radiation source temperature of
700°K and gas temperature of 1200°K. The albedo will be the only variable for
these figures which cover the range of 0.2 to 0.9. These plate temperatures are
similar to those in Figures 6.14.

Figures 6.22d and 6.22e show that for large values of albedo (Qx > 0.8) the
scattering effect dominates emission effect. Increasing o will decrease the peak
value of the emission at 2.7 u. Figure 6.22e (£01=0.9) shows that the peak value
of the emission no longer exists. From a different point of view, it can be expressed
that the effect of scattering for this case is similar to the effect of absorption with
the difference that the incoming energy has been scattered rather than absorbed.

It can be seen from Figures 6.23 that for a hotter background radiation source,
the effects are somewhat different from the results shown in Figure 6.22. In Figures
6.23a and 6.23b, it is recognized that even at low values of {29 the effect of
scattering and absorption on the emission are significant from the hot gas. These
effects are more pronounced in Figures 6.23d and 6.23e. These figures show that
for Qx =0.8, 0.9, the scattering effect is strong enough to overcome emission,

totally. This can be easily distinguished in Figure 6.23e.
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CHAPTER VII

EXPERIMENTAL SYSTEM

The feasibility of the infrared detection scheme was evaluated on subscale
simulated laboratory plumes to determine sensitivity, signal to noise ratio, and
general suitability of IR imaging system for liquid rocket engine propellant path
leak detection. The experimental analysis was undertaken with the objective of
testing simple models to differentiate the amount of radiation coming from a radi-
ation source passing through an absorbing, emitting and scattering medium. The
feasibility experiments were completed using the Thermovision® system to obtain
images of both hot and cold plumes in front of a warm background plate.

The subscale laboratory experimental set-up shown in Figure 7.1 is composed
of a hot plate, an atomizer, and the Thermovision® system. Thermovision® is
a trade name for real-time infrared imaging system. In the present investigation,
Thermovision® 870 has been used. Thermovision® 870 represents a state-of-the-
art infrared system with a thermoelectrically cooled detector element. This system
consists of an infrared scanner, display unit, power source converter, standard

video cassette recorder (VCR), and a standard television.
7.1 Thermovision® System

The scanner is connected to the display unit via a single interconnecting cable.
The cable terminates in a plug which is connected to the scanner socket at the
rear of the display unit. Thermovision® 870 power requirement is * 15 V dc for
the display unit and the scanner. A power source converter is used to convert the

wall output (110 V) to the required * 15 V dc. The Display Unit is connected to

a VCR and a standard television by a similar connections. These interconnections




Figure 7.1 Experimental Arrangement
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are shown in figure (7.2).
In the following section the individual components of the experimental set up

will be briefly explained.
7.1.1 The Scanner Unit

The infrared scanner unit converts electromagnetic thermal energy radiation from
an object into electronic video signals. These signals are amplified and transmitted
" via an interconnecting cable to a display monitor where the signals are further
amplified and the resultant image is display on the display screen.

The scanner unit comprises the following:

(a) Electro-optical scanning mechanism

(b) Infrared detector

(c) Video interface

(d) Control electronics and microprocessor for data output

Electromagnetic energy radiating from the object being scanned is focused
by an infrared lens into a mirror. The mirror is oscillated by a dc motor. The
optical output from the oscillating mirror is focused by three fixed mirrors onto
a horizontal mirror polygon which rotates at 16000 rpm. Both the oscillating
mirror and the horizontal mirror polygon are controlled by the microprocessor.
The microprocessor provides horizontal and vertical trigger pulses to the display
unit trigger circuits.

The oscillating mirror and horizontal motors are synchronized in such a way
that four fields produce one interlaced frame, each having 100 horizontal scanning
lines. Of these, 70 are used as active imaging lines per field, or 280 per frame.
With a scanning rate of 25 fields per second, 25/4 completely interlaced picture

frames per second are thus produced.
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The reflected beam from the horizontal mirror polygon is passed through a
set of relay optics containing a selectable aperture unit and a filter unit and finally

focused onto a point detector (see figure 7.3).
7.1.2 Detector

The detector is entitled SPRITE- Signal PRocessing In The Element. Essentially
the detector is a strip of infrared sensitive material (mercury cadmium telluride)
mounted on a sapphire substrate.

If a small region of the detector chip is exposed to infrared radiation, excess
current carriers are generated in the region. The excess current carriers ’drift’
towards the readout region matched at the same velocity as the image which is
scanned along the strip. Therefore, the excess carriers are fed along the strip to-
gether with the infrared image, resulting in all the carriers arriving at the readout
at the same time. The result is an improvement in signal /noise ratio obtained by
an internal integration function from the detector itself. The SPRITE detector
operates at a temperature of -70 °C. This is achieved by using a 3-stage thermo-
electric cooler incorporated into the encapsulators. This single element SPRITE

detector is sensitive to radiation between 2 and 5 um.

7.1.3 The Interchangeable Lenses

Lenses are fitted to the scanner unit in the same manner as photographic lenses
with bayonet fitting. All lenses are anti-reflective coated, therefore, all the incom-
ing radiation energy are transmitted through the lenses without being reflected.
The scanner unit of Thermovision® 870 can be fitted with any one of four
different standard lenses with field of view varying from 7° to 40°. The standard

20° lens is used for the present investigation.
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Figure 7.3 Cutaway view of Thermovision scanner
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7.1.4 Object Field Data

Table 7.1 and figure 7.4 give the dimensions of the scanned field surrounding the
object at a set distance d, and using the four different lenses. The table also detail
the depth of focus within which a sharp picture of the object may be obtained.

All measurements are in meters.

7.1.5 Aperture Selection

The aperture control, located at the back of the scanner assembly, is an aperture
turret which has positions for three apertures, marked 0, 1, and 2. The apertures
are selected so that the object temperature covering the range -20°C to +500°C
can be measured. The smaller the aperture, the higher the temperatures that can

be viewed.

7.1.6 The Display Unit

The display unit houses all the operational controls for the Thermovision® 870

system, see Figure 7.5. Some of the controls and their functions can be described

as:

1. Gray Scale Brightness — This manual control increases or decreases the dis-
play brightness.

2. Gray Scale Contrast — This manual control increases or decreases the display

contrast.

3. Thermal Range — This nine position switch selects the thermal range of the
object being viewed. The switch is calibrated between 2 and 1000 isotherm
units.

4. Thermal level — This control adjusts the zero thermal level (as seen on the



Table 7.1 Scanned field (W) and depth of focus (+)

set at various distances (d)

2

Lens d 03 05 08 1.2 3 5 10
w 0.13 0.22 0.34 059 1.2

7°xX7° + 0.04 0.12 030 1.2 4.6
- 0.04 0.11 0.25 0.7 2.4

ow 0.13 0.23 0.42 0.65 1.1 2.1
12°x12° | + 0.05 0.13 041 083 4.2 ®
' - 0.04 0.10 0.29 0.62 1.6 4.7

w 0.13 022 037 068 1.0 17 3.5

20°x20° | + 0.05 0.16 045 1.8 121 % %
- 0.04 0.11 025 06 13 238 7.1

w |0.17 034 059 082 16 24 40 8.2

40°x40° | + [0.05 029 1.9 @ % * % %
- 1003 012 03 06 13 22 41 9.0

NOTE: All measurements are in metres.
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\\\ \ Scanned field at 10m
>\ 7°~1.2m
12°-2.1m

Scanned field ,\
w 1 20°-3.5m
40°-8.2m

Figure 7.4 Dimensions of scanned surfaces with various lenses
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vertical scale) of the thermal image.

5.
6.

10.

11.
12.

Picture Mode — This switch selects the type of image to be displayed.

Gray Scale — This position causes a continuous gray scale to be displayed on
the screen.

Normal — This position selects a normal thermal image display, where the
hotter object temperatures appear as white and the cooler as black.
Inverted — This position is used to invert the display representation, i.e.
warm = black, and cool = white.

Black — This position causes only isotherm levels to be displayed while sup-
pressing the gray tone image ( used in conjunction with the Isothermal Level
and Width control.

Isotherm Level (1) — This control is used to turn one of the two isotherm
functions ON and to adjust for identification of discrete thermal levels on the
object (shown as saturated white).

Isotherm Level (2) — See Isotherm Level (1)

Isotherm Width — This control sets the width of the 2 isotherm markers,

displayed on the vertical scale.

7.1.7 Video Cassette Recording (VCR)

A standard VCR can be connected to Thermovision® 870, but the scanning and

interlacing system have to be modified by utilizing a specially developed converter

called DISCON (Digital Infrared System for Coloration).

Using this system the recorded image together with the recorded Thermal

Level, Thermal Range, and Isotherm setting can be played back in black and white

using a standard television set. The image is presented in real time but can be

adapted to a frozen image by utilizing the FREEZE function on the DISCON unit.
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This is advantageous when studying an image in more detail or for photographic

recording.

7.1.8 Computer Systems

Thermographic images contain much information which is not always perceptiblev
to the human eye. By using a computerized image reduction or by subtracting one
image from another it is possible to enhance the differences. Using a computer, re-
sults are obtained quicker and usually with more accuracy. There are two methods

available for computer analysis of images that can be used with Thermovision®.
7.1.8.1 Thermal Image Computer System TIC

This system operates in conjunction with an IBM PC. The UTSI image processing
division has developed the interface and software which enables image analysis in
colors to be carried out on-line and in real time, using Thermovision®. Thermal
range and level setting are transferred automatically from the Thermovision® 870
display unit to the computer and from computer to the VCR and television screen.
This system includes a camera which enable the frozen image to be photographed

from VICOM, digital image processing system.
7.1.8.2 Temperature Readout Computer TRC

Thermovision® 870 can also be operated on line with a temperature readout
computer, which is a portable computer and is loaded with a special software
program developed for it. This ensures that it is possible to display immediately
on the computer screen both the temperature or the emissivites which correspond

to the two isothermal settings on the display unit.
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7.1.9 Atomizer

A general purpose atomizer was used to generate a water vapor plume consisting
of particles with mean droplet diameter of 2.0 um. This atomizer has six jets with
three on-off valves to control the jets and built-in dilution air flowmeter. These

features are useful for ranging the output particle concentrations.
7.2 Experimental Results

The feasibility of the infrared detection scheme was evaluated on subscale
simulated laboratory plumes to determine sensitivity and general suitability for
the application. The experimental analysis was undertaken with the objective
of testing simple models to differentiate the amount of radiation coming from a
radiation source passing through an absorbing, emitting and scattering medium.
The feasibility experiments were completed using the Thermovision® system to
obtain images of both hot and cold plumes in front of a warm background plate.

Planning was conducted for quantitative experiments with water vapor plumes.
These experimental results were used to validate the numerical radiation transport
model. In the following section several different experimental arrangements are

presented.

7.2.1 Cold Plume in Front of Warm Background Plate

These experiments were accomplished with the cold plume in front of a warm
background plate at several different plate temperature settings. The cold plume
was provided by the atomizer and a hot plate was used as a background radiation

source.

The heavy duty hot plate provided a temperature range from ambient to 755
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°K. The unit consists of a heated plate and a four position temperature switch.
The top plate ( 23 x 23 ¢m ) is heated by a resistance heater embedded in a
refractory material. The plate is made of cast iron to withstand heavy thermal
loads. The temperature of the plate is controlled by the four position temperature
switch. The switch is used to select varying resistive loads that will vary the watts
input.

Figure 7.6 shows a distinct cold plume against the warm background plate as
obtained by the IR camera and enhanced by the VICOM digital image processing
system. The thermal images of the background radiation with and without the
plume were stored on a VCR for later analyses. This image was enhanced using
computerized image analyser by subtracting the thermal images of the background
radiation with the plume from the thermal images of the background radiation
without the plume in order to enhance the difference.

The presence of cold plume reduced the incoming infrared radiation by ab-
sorbing the incoming thermal energy. This reduction of thermal energy by the
plume is identified by the green shaded area in Figure 7.6 and can be easily dis-
tinguished from the warm background radiation source.

Figure 7.7 shows the thermal image of warm background radiation source
without the plume at temperature of 460 °K. The integrated intensity variation
across the plate is also plotted in this figure. Figure 7.8 is the thermal image of
warm background plate with the plume of cold water vapor in front of it. These
images were stored on VCR for analyses. The integrated intensity across the image
of the plate with the plume was accomplished using the computerized images by
subtracting the image of the plate with the plume from the image of the plate
without the plume, in order to enhance the differences.

The cold water vapor plume creates a shaded area in the vertical, z, direction.
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COLD PLUME 1IMAGE

Figure 7.6 Thermal image of the cold plume in front of

warm background radiation source



Figure 7.7 Thermal image of the warm background radiation

source without the plume at T = 460°IC
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Figure 7.8 Thermal image of the warm background radiation

source with the cold plume
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The width of the shaded area represents the size of the plume. Figures 7.9 and
7.10 are similar to Figures 7.7 and 7.8 respectively. The only difference between
these figures is the plate temperature for this case was 485 °K. More detailed
explanation of these figures can be seen in section 7.3.

These important results have confirmed the sensitivity of the IR system to

low intensity signals.

7.2.2 Hot Plume in Front of Warm Background Plate

The hot plume for this experiment was created by burning pure hydrogen gas
in air. The thermal image of the hydrogen flame in front of the warm background
plate is shown in Figure 7.11. The emission energy from the flame is strongly
noticeable in this figure. The emission level from the hydrogen flame was much
more intense than the emission from warm background radiation source. The IR
camera easily distinguished the different between the warm background and the
hydrogen flame.

This result confirms the sensitivity of the IR system to high intensity signals.
7.3 Comparison of Numerical and Experimental Results

Figure 7.12 is sketch of Figure 7.7 provided to explain the figures in a easier
manner. The following discussion is valid for all the experimental figures in this
section. The line (a) represents the level of the integrated intensity with scale of
0.0 to 1.0 (1.0 represents the maximum intensity). The line (b) shows a fixed 2
location for which the integrated intensity variations were plotted. The line (c)
is the integrated intensity variation curve across the plate at z. The square (d)
represent the warm background plate with a circular area in the center of plate

which indicates the high temperature area; the intensity is higher in this region
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Figure 7.9 Thermal image of the warm background radiation

source without the plume at T}, = 485°K
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Figure 7.10 Thermal image of the warm background radiation

source with the plume



HOT PLUME 1IMAGE

Figure 7.11 Thermal image of the hot plume in front of

the warm background radiation source
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Figure 7.12 Sketch of a typical experimental result
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than the rest of the plate. The rest of the figure (e) represents the environment.

The intensity variation (line c) can be divided into smaller segments in order
to distinguish the representation of each line segments. The segment (f) represents
the uniform intensity of the ambient; (g) represents the stepwise jump of intensity
from the ambient to the warm plate due to sudden change of the temperature from
environment at 300 °K to the plate temperature of 460 °K; (h) shows gradual
increase in the integrated intensity level due to the nonuniformity of the plate
temperature; finally (i) indicates that at the center of the plate the intensity is
uniform.

The numerical results were obtained with the assumption of the plate being a
uniform source of radiation from side to side. Figures 7.13 and 7.14 are the com-
parison of the numerical and experimental results obtained at plate temperature
of 485 °K for plume diameter of 5.0 cm.

The integrated intensities as a function of the the actual distance across the
plate geometry are plotted in these figures. Figure 7.13 is for the case of no
scattering and Figure 7.14 is for the case which scattering is present with albedo
of 0.4. The plate integrated intensity is decreased in the center due to the presence
of the plume. This decay of the integrated intensity is due to the absorption of the
incoming intensity by the plume. The maximum absorption effect appears at the
center of the plume which is directly related to the plume size. The percentage of
the integrated intensity reduction (2 < A() < 5), from numerical results, is about
12% for Figure 7.13 and 14% in Figure 7.14.

The plate in the laboratory experiment was not a uniform source of radiation.
Although the radiation source is not uniform, the results can still be used to prove
the sensitivity of the IR detector for general purpose of this investigation. The

plate (see Figures 7.7-7.10) has two distinct uniform temperatures, a circular
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area in the center of the plate with a fairly uniform temperature and another

uniform temperature for the rest of the plate.

The experimental results indicated that the integrated intensity variation has
a profile similar to the numerical results where the integrated reduction appears at
the center of the plate where the plume is present. The percentage of the integrated
intensity reduction (2 < A(p) < 5), is about 11 % (from experimental result)
compared to the 12 % and 14% of the numerical results. The small differences
in the percentage of the intensity reduction can be explained in the following
manner. First, the plume diameter in experimental cases are not as uniform as
the numerical model. Second, the concentration of the water vapor for experiment
was a mixture of air and water vapor, but for numerical calculations were based on
the assumption of pure water vapor. Third, the experimental background plate
was not isothermal but the numerical calculations were based on uniform plate
temperature. Finally, the numerical calculations were accomplished for the cases
of little scattering and with scattering. The scattering effect in the experimental
cases could not be measured directly, but based on these comparisons it shows
that there is no scattering present in the laboratory simulations.

The overall comparison of the experimental and numerical show that the

experimental results generally validated the numerical radiation transport model.
7.4 Impingement Cooling

The complicated high pressure cycle of a rocket engine provides many opportuni-
ties for propellant path leaks while the engine is running. In such situations where
a cryogenic fuel leak develops, the leak may impinge on local surfaces cooling parts
of the engine which then result in sudden surface temperature changes in the areas

around the leak. Therfore, a leak detection method can be proposed that is based

o



on monitoring surface thermal radiation and its time-variations.

In order to verify the effects of impingement cooling on surface radiation for
leak detection, a simple experiment was performed. Figures 7.15 and 7.16 show the
results of these experiments. These experiments were done by impinging cryogenic
nitrogen on the hot plate. As it is shown in Figure 7.15, the plate temperature
was 485 °K before the cryogenic impinged on the plate. Figure 7.16 shows the
integrated intensity variation across the plate after cryogenic impingement on the
surface of the hot plate. This figure shows two important results caused by the
impingement cooling. First, the temperature was reduced from 485 to 445 °K and
second the integrated intensity dropped significantly in the area of impingement
cooling. The impingement cooling effect can easily be noticed by the darker shaded
area on the right hand side of the plate in Figure 7.16.

The result from this experiment confirms that a suitably selected infrared
detector is capable of detecting the cryogenic leaks that cause impingement cooling

which effects a sudden change of the surface temperature of areas around the leak.
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Figure 7.15 Thermal image of the warm background radiation

source at Tp = 485°K
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Figure 7.16 Thermal image of the impingement cooled
plate at Tp = 445°K
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

The feasibility of using infrared optical sensors for liquid rocket engine leak
detection systems was investigated by developing a radiative transfer model which
contains the effect of emission, absorption, and scattering of an intervening medium
on transmitted radiation in spectral bands. Various cases of spectral and in-
tegrated radiation were evaluated using this model to simulate many practical

scenarios in propellant path leak conditions.

The theoretical results indicate that there are two distinct regions of the spec-
tra that can be utilized to monitor two major types of gas leaks containing water
vapor and/or particles of water. The region from 2.5 to 2.9 g can be used to mon-
itor cool leaks which are along the line-of-sight of the optical system and which
block radiation emitted by hot surfaces of the rocket motor in the background.
In addition, this wavelength range can be used to monitor hot leaks containing
water vapor which are strong emitters of infrared radiation. These results suggest
the choice of a band filter of 2.5-2.9u for the IR camera used in leak detection.
The results of the study indicate that in this wavelength range, most of the in-
coming infrared energy has been absorbed or emitted by the gas plume. The
significant change of the background radiation intensity in this spectral region is
a very sensitive warning signal for leaks of this type.

For situations where a cryogenic fuel leak impinges on local surfaces, the
leak cools parts of the engine, which then results in sudden surface temperature
drops in the areas around the leak. Therefore, a second leak detection method
proposed in research study is based on monitoring surface thermal radiation and

its time-variations. It was found by theoretical modeling of the phenomenon that
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the spectral region 2 < A < 2.3u and 3.4 < XA < 4.4 can be used to detect the
sudden surface temperature change of the part experiencing the impinging leak.
The important result of the theory and experiment conducted in this study was
that at these wavelength ranges, cold plumes will not absorb the infrared signal
from the chilled parts. This means that the total incoming infrared signal intensity
will pass unchanged through the leak plume. Hence, background radiation from
hot surfaces can be readily monitored in wavelength bands that are unaffected
by absorption, emission, and scattering by the gaseous water vapor and vapor-
particulate plumes. The theoretical results also indicated that the value of the
minimum of integrated intensity over the entire relevant band width (2 < A < 5u)
decreases with increased plume diameter. This says that leak size is directly
proportional to the extent of the reduction in the integrated intensity signal, and
this can be used as a calibration technique for the leak size.

The experimental results obtained in this investigation confirm that a suitably
selected infrared detector and band width filters are capable of being set up to
detect hot and cold leaks as well as the cryogenic leaks that cause impingement
cooling of nearby hot parts of the liquid rocket engine and structures.

The results of this research provide a basis for developing and employing
intelligent leak detection systems in real-life complex environments. An impor-
tant step in developing such a system is the integration of IR sensor technology,
digital image processing, and expert systems into a real time leak-detection and
health-monitoring analysis system. It is recommended, however, that additional
laboratory simulations be conducted to further verify, extend and develop both the
theoretical method for infrared signal transmission with absorption, emission, and
scattering effects and also, the hardware (IR detector, vidicon, etc.) and software

for the practical leak-detection system.
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