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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 < 5/im 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 I

INTRODUCTION

Among the advances in current aerospeice 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

apphcations, 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 opportimity 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 grormd testing has become more important as the inventory

matures.

The complicated high-pressure cycle of rocket engine propellant path, which



includes cryogenic hydrogen and oxygen, provides many opportunities for external

propellant path leaks while the engine is rimning. 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 lealcs of both cryogenics and

hot gases. In most cycles the hot hydrogen will contain water vapor from the pre-

bumer 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 H2 and O2 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 //m band. The condensed water droplets on the outer edge of the

pliune also scatter the backgroimd radiation. One additional detection method,

impingement cooling, may provide excellent detection of cryogenic lealcs 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 rocdcet engine pro

tection system. The high-tech IR detection techniques may be used to replace

the existing conventional thermocouple based system for lealc 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.



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 mediiun. 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 sohd 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 quantiim-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 tahen 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 imdertaken 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 literatme 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.

^ 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 difficvdty encountered in studying radiation within absorbing and emitting

media is that spectral effects axe 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

assiunption will restrict the applicability of these analyses only to gray gases or to

gases that axe optically thin at all wavelengths of interest.

Earlier attempts to take into accoimt 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 axe restricted



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 temperatme. 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 coefiicient will be

denoted simply as a;^[T(5'), 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 ax. In theory, the ex

pressions for ax can be derived from the applications of quantiim and statistical

mechanics. The complexity and the many necessary approximations involved in

the theoretical determination of ax support the experimental determination of ra

diation transport properties. Many experiments have been developed for infrared

measiurements 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, Jalcob [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-raxiiate, as it must imder steady state conditions.

By ignoring the emission of the gas, Jakob circiunvents 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 me£isurements 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 beise 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, fiuidized 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



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 shoiild 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 2.0-0.6i 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 assiunption of isotropic scattering may be made with Uttle 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 imknown refractive indices, analytical determination of the

scattering function may be impossible. However, because of the random nature of

the clouds, the scattering was considered aodally 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 mediiim 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 mediiun. 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 geises axe 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 fimdamental concepts axe introduced for radiant intensity

within a medium, and for the effects of absorption, emission, and scattering on

radiant propagation. The following drivations axe 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 resvdt, 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 sohd surface) so the sohd 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 accovmt 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 groimd state (lowest energy

bound state), with the higher bound states being at positive energy levels. The

energy Ei m Figure 3.1 is the ionization potential, that is, the energy required

to produce ionization from the ground state. Energies above Ej denote that

ionization has taJcen 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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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 bovmd state E3 down to bound state E2 in Figure 3.1, a photon is

emitted with energy E3 — E2 = hv. The frequency of the emitted energy is then

u = (E3 — E2)Ih 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 boimd 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 groimd state in Figure 3.1 may absorb photons

with frequencies {E2 — Ei)/h, or {E3 — Ei)/h, or {E4 — Ei)/h and imdergo a

transition to a higher bound energy level. Photons with other frequencies in the

range 0 < u < Ej/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 boimd-

bound absorption or emission (see processes a and b in Figure 3.1). The atom or

molecule moves from one quantized botmd energy state to another. These states

can be rotational, vibrational, or electronic in molecules, and electronic in atoms.

Since bound-boimd 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 — lOOO^m.

Vibration-rotation axe at infrared energies of about 1.5-20 /xm, 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 caiise ionization. The resulting ion and

electron are free to tahe 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 hu 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-boimd 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 ffied. 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 /) 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 tahen 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, cTsx, 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 einy 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 dX aroimd a single wavelength and will be given by i'^.

The subscripts denote that one wavelength is being considered and the prime de

notes that radiation per imit sohd 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 aroimd the wavelength A, per imit elemental pro

jected surface area normal to the (6, (f) direction and into a unit elemental solid

angle centered aroimd the direction (0, <j>)(see Figure 3.2).

' ~ dAdudX ' '
Where the third-derivative notation emphasizes that emitted energy Q is a

fimction of three differential quantities.
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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'), = -Kx{S)i'xdS. (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 coeffi

cient is composed of two parts, an absorption coefficient ax{\, T) and a scattering

coefficient agx{X,T)

Kx = KxiX, T) = axiX, T) + (t,a(A, T). (3 - 3)

/  -Tr = - Kx{S*)dS* (3-4)
Ji'AQ) U Jq

Integrating (3-2) over path length S gives

^  fS

where i^(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

rS

ji(S) = >i(0)"P Kx(S')dS' (3-5)

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
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Figure 3.3 Intensity incident normally on absorbing layer

of thickness dS.
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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 coefficient 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

rS

'0

niS)= rKx{S*)dS*, (3-6)
Jo

so that (3-5) becomes

US) = iUO)exp[-rA(S)]. (3 - 7)

The quantity tx(S) is the optical thickness or opacity of the layer of thickness S

and is a fimction 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

fimction 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 tx is a convenient dimensionless parameter that

will occur in the solution of radiation problems.

3.3.2 The Absorption Coefficient

The absorption coefficient ax(^,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 axe very tedious and require many simplifying

assumptions.

Dealing with spectral line emission and absorption is one of the computational

difficulties encoimtered 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 Coefflcient

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 ax- 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 imstable

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 foimd 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 aJ(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

rS■>(■5) = 'ACjeip - ̂  aJ(S*)<iS' (3-8)

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

aJ(A,T) for a gas with refraction index n=l as

ax{\,T) = 1 - expi-^) <.+(A,r). (3-9)

Examination of Eq. (3.9) shows that, because of the negative exponential

term, aj will always be larger than ax.
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 ax- 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 XT. Thus ax

and are nearly equal except at large values of XT (long wavelengths and/or

high temperatures). The values axe within 1% for XT less than 3120 fim.°K and

within 5% for XT less than 4800 fim.°K.

3.3.4 The Scattering Coefflcient

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

5. 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 ^ of the incident

intensity to the intensity i')^ of the incident beam is equal to the ratio of the

apparent projected scattering area (PAgx occupied by all scattered peirticles 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 encoimters the

scattering area dPAgX
d^ (PAsx (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^Asx = sxNgdV = sxNgdAdS (3 - 11)

where Ng is the number density of the particles, sx is the average scattering cross

section of the particles, and dV is a differential volume of the particle containing

cloud as shown in Figme 3.4. Inserting (3-11) into (3-10) gives the change of

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

=  ̂ (3 _ j2)
I'j I'j dA

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 i';^(0):

= 4(0)eip (- / 'xNi.dS' j . (3 - 13)
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The portion of the incident intensity that was scattered away along the path

is thus

^■a(0) - i'x(S) = e'x(O) 1 — exp u: sxNxdS' (3 -14)

The scattering coefficient <t,a is defined to be

(Tsx = sxNx, (3-15)

so that (3-13) becomes

= i'xiO)exp^- a,\{S*)dS* . (3-16)
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 aJ(A,T) 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 dAs location on dV from

an element dA on the surface of the enclosure is,

i'x(O) = (3 -17)

The change of the intensity as a result of true absorption in dV is

di'x = -iA(0)[l - eip(-a|d5)] = -i';^j(A, T)[l - exp(-a^d5)] (3 - 18)

Since the true absorption coefficient has been used, this does not include induced

emission. Let dV be small enough so that a'^dS is suflBciently small to allow the
approximation

< = -i«(A,T)|l - exp(-a}dS)J -ii,(A,r)a+<iS (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 dAs from this incident radiation is

<^Q'x,a = -di'xdAsdXdu (3 - 20)

Where djuj — ̂  and dAs is a projected area normal to i';^(0). Substituting (3-19)

in (3-20) results in

d^Q'\,a = T)aXdSdAsd\du}. (3 - 21)

The energy emitted by dA and absorbed by all of dV is foimd by integrating over

dV; that is,

d'QXa = / d'QX. = ati'xtiX, T)dVd\<Lj (3 - 22)
JdV

where duJ 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

= aliU\,T)dVd\ f dw
J  J 47r

= 47ra+i';vj(A, T)dVdX = 4a+eA5(A, T)dVdX (3 - 23)

where 6^6 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 svuroundings is

^Qk>= T)dVdX. (3 - 24)

This result includes both spontaneous emission and emission induced by the

incident equilibrium radiation field. For only spontaneous emission, the coefficient

ax 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

"'•a r) = ^ _25)
'  ̂TTaApUA TT

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,

'IS = &)•

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 duJi 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

di'x,s = <^,,xi'xdS (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:

As shown by Figure 3.4, the scattering energy produces an intensity distribu

tion as a function of angle 0 measured relative to the forward direction and the

circumferential angle (f>. A phase function ̂ (0, <f>) will be defined to describe the

angular distribution of the scattered energy.

The scattered intensity in any direction (0,4>) is defined as the energy scattered

in that direction per unit solid angle of the scattered direction and per imit area

and solid angle of the incident radiation:

j-/ tn i\ — spectral energy scattered in direction{0,<f>)dtx,s{^,<P) = dwsdAdwidX ~ dusdAcLjidX
(3 - 28)

The directional magnitude of di')^^^(0,(j)) is related to the entire intensity di'^ ̂

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

4.) = (3 - 29)

To better understand the phase function, note that the spectral energy per imit

dX, dwi, and dA scattered into dug is di')^ J0, <f>)du:s, and hence that scattered into

all diDa is g{0,4>)du}a. However, the scattered energy per unit dX,du>i,

and dA, is di')^ ̂  from (3-27) so that

di'^..= [ di'^..(«,4>)du. (3-30)
Ju, =4ir

Using (3-29) to eliminate di')^ ̂  gives the phase function as
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Thus, <f>) 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 it becomes evident that is a function normalized such

that

^  ̂{e,4>)duj, = l (3-32)— f
Jui,=4ir

3.5.2 Augmentation of Intensity bv 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 i'x{S), consider the radiation incident at angle {$,(j>) as shown

in Figure 3.6. This radiation has intensity , and in the process of going

through the volume element dV it will pass through a path length dS/cos9. Prom

Eq. (3-29) oriented with respect to the present coordinate system, the intensity

scattered from i'x(B, <f>) into the direction of is

J.-/ _ .•/ ./I .o ooN

47r ^ ^

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

da;,-, and per unit area normal to the incident intensity. This is area normal to

i'x(B, <f>), which is dA cos 6. Then the spectral energy scattered into the S direction

as a result of i'x(B, (^) is, by iise of (3-33),

d^Q'x,a — di'x^gduduidXdAcosB

= (Tgxi'x(B, (i>)—^—^^^diodjjJid\dAcosd
cosd 47r
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Figure 3.6 Scattering of energy into S direction.
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d^'Q'x s = <l,)dS^^4^dujdwid\dA
'  47r

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

direction is then

=  (3-34)

To account for the scattering contributions by the incident intensities from

all direction, one integrates over all duJi to obtain

I  (3-35)Ju>i=4ir dAdujdX 47r Ju}i=4ir
The scattering particles have been assumed randomly oriented so that the

scattering cross section (7s,x is independent of the incident direction. The aug

mentation of intensity in direction S by incoming scattering is then

^ ̂  (3-36)
do 47r

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), accoimts 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 i'x{S) within a region of absorbing, emitting,

and scattering medivun (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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Figure 3.7 Geometry for direction of equation of transfer.
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decrease due to absorption as

=-ax(.S)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

= a,{S)i',,,iS)dS (3 - 38)

From Eqs. (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

rf'i,. = -<'.x(S)i'^{S)dS + [ .'US, W, w,)d^i (3 -
47r

39)

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

about the direction of S,

^ = -axii(S) + - t.mUS) + ̂  /
dS 47r

(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:

^ = -KxUS) + aAAS) + ̂  f (3-41)
dS 47r Jui=4ir

where K\ = 0^-1- is the extinction coefficient and is a function of position S.



34

The albedo for scattering, from Ref.[29], CIq, defined as the ratio of the scat

tering coefficient to the extinction coefficient:

SJoj = (3 - 42)
<''X + Ca\

For scattering alone Q,o\ —*■ 1, while for absorption alone ftoA 0.

Dividing both sides of Eq. (3-41) by K\ and using Eq. (3.42) yields

= -i'xiS) + il-%x)US)+^ { (3-43)Kxdb 4X yu>,=47r

The final two terms in (3-43) axe combined into the source function /^(5, u) defined

as

Jl(s,a-) = (1 - n„A)i«(S) + ^ / (3 - «)
47r Jui=4K

This is the source of intensity along the optical path from both emission and

incoming scattering. For anisotropic scattering the is a fimction of u> (that is,

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

di'^ + Kxi'x{S) = Kxr^(S,ux) (3 - 45)

This is an integrodifferential equation since is within the integral of the source

fimction.

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 ^jf KxdS gives

exp {i: KxdS di'xiS)
dS

-exp

S  ' F 5 '/ KxdS KxUS) = expU KxdS KxI'x(S,u,)

(3 - 46)
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The first two terms can be combined together as

d_
dS

Integrating over a distance from S=0 to S=S gives

-
' r fS

i'x{S)exp / KxdS = exp 1 KxdS
Jo [do

KxI'x{S,oj) (3-47)

i';,(0) = KxdS*'i')^{S)exp J K\dS

Dividing through by exp gives

KxI'x{S*,u:)dS* (3-48)

i'xiS) = i'xi^)exp \i: i^AdS'l + exp — J KxdS

X J exp J KxdS (3 - 49)KxI'x{S\<^)dS*

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, r, and the albedo parameter. The optical depth or opacity when

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

r^(S) = Kx{S*)dS* = [\ax + (rsx)dS* (3 - 50)
Jo Jo

where S* is a dtimmy 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.

= (1 - ̂ox)i'xb{'^>d + j ̂A('''A)'*'i)^('^,w,Wi)du>j (3 - 51)

(3 - 52)
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i'x(T) = »A(0)ea:p(-T) + / " Ta)]<^^a (3 - 53)
Jo

where drx = Kx(S)dS is the optical differential thickness.

Equation (3-53) is interpreted physically as the intensity being composed of

two terms at optical depth tx. The first term is the attenuated incident radiation

arriving at tx (including, however, the contribution of induced emission along the

path). The second term is the intensity at tx 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

and the location rx-

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 within ].

Temperatiure distribution is also needed to determine the absorption and scat

tering coefficients so that the local optical depth tx{S) can be computed from

(3-50), and the physical coordinate S thereby related to the optical coordinate

Tx- The temperatme 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

fimction equation to yield compatible temperature and scattering distributions.

The source function equation is foimd by inserting (3-53) into (3-51) to eliminate

and obtain an equation for I'x- The resulting equations axe sufficiently complex

so that numerical solutions are almost always required.
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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 tmity. The infrared detector, a thermal

imaging system, has a wavelength range of 2 to 5 fj-m. The lenses for the scanner

of the IR detector are antirefiective coated, therefore, all the incoming radiation

energy is transmitted through the lenses without being refiected, in the specified

range of wavelength.

The physical coordinate system is also described in Figvure 4-1.



du
j

Ba
ck

gr
ou

nd
 p
la

te

■'I
 

ti &

Ap
pr

ox
im

at
e 

pl
um

e 
ge

om
et

er
y

P
lu

m
e 

of
 g

as
D

e
te

ct
o

r

Fi
gu

re
 4

.1
 S

ch
em

at
ic

 il
lu

st
ra

tio
n 

of
 th

e 
pr

ob
le

m

C
O

0
0



39

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°A 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.
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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 5 or r 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 assiuned.

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 t\{x) is now defined along the x coordinate as

^A(a:)= / Kx{x*)dx* (4-1)
Jo

The radiation between optical positions along 5 and x direction is given by
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=  r Kx(x*)dx* = (4 - 2)cos6 Jo cosd

Then, with dT\(S) = ̂33^, the equation of transfer (3-53) becomes

^ ■^a('"a(®), 0) (4 - 3)

where depends on 6 because of the angular dependency of the phase function

$ on anisotropic scattering.

A convenient substitution is to let /z = cosd; then (4-3) becomes

+»a(^a(x),/z) = Ii(TA(x),/x) (4-4)"rfr

—Ta^aC'^a,/^) = i'x{0,fi)exp{ ) -f / I'x{Tl,n)exp
^  JQ

dr*
(4-5)

A(x)

Integrated form of eq.(4-4) is

The range of 6 is between 0 and j so that p, 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 imder the assumptions

that have been previously stated.

4.4 Equation for Source Function

The source function I'Jjxix), fx) which was defined in (3-51) can be written

as

=  + ^ J iA(TA,w.)$(A,u;,a>,)dw,- (4-6)
For isotropic scattering the phase function $ becomes equal to unity. The som-ce

function (4-6) reduces to

= (1 - ̂ ox)i'xb{Tx) + ^ J «A(^A,w)dw (4 - 7)
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where it is no longer necessary to use the subscript i on a;. The is independent

of u} 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)

du: =
dAcos6

52
(4-8)

where dA = dydz] for xmit length in z direction, dA = dy. Substituting (4-8) into

(4-7) yields

cosO
■aCa.";

'Ay
/Kta) = (1 - fi<,A)i'A»(TA) + ^ /

52
■dy (4-9)

Directional spectral intensity cos^, and S are constant for small Ay,

thus

^a(^a) = (1 - ̂ o\)i'xh{T\) +
47r

cos6 .
'A(''A>«)-5r^!' (4 - 10)

Inserting Eq.(4-5) into Eq.(4-10) to eliminate and obtain an equation for J^, for

an element of area, dA = dy

I'xM = (1 - ̂ ox)i'xbiTx)

i')^{0,lx)exp(-^) + I'xirl, fi)exp[ -(^A-rjO dr;
/X fi J

(4 - 11)

This equation is sufficiently complex so that numerical solution is required.
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4.5 Boundary Conditions

The boundary value of the intensity 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 sovurce 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

i'{S) = j\'),iS)dX (4-12)
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 fioA —^ 0, reducing the source function, Eq.(4-ll) to

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

Planck's law,

^A6(A) =
2Ci

A5

-1

(4 - 14)

The constants are defined as Ci = hcQ and C2 = hco/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, /i approaches one. The intensity

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

at r„

i'xiO) = iM) (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

= (1 - aoA)i'«(rA)

i'^{0,n)exp(—^)+ f Ixirl, fi)exp[
^  Jo

(4 -11)

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

NUMERICAL MODELING

Numerical results axe very important since they axe 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 H2O 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 nm.

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 imit solid angle in a single direction has
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been eliminated. But keep in mind that the calctdation will be done based on a

single direction.

The optical thickness, equation (4-1), can be expressed by standard nmnerical

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

>=i

(5-1)

where

— |Ax, for 3 = \ and j = J,

= Ax, for j ̂ 1 and 3 ̂  J,

3 = 1,2,..., J, —, JL.

and

JL is the number of stations employed in marching from 0 to x and Ax is the step

size, X / JL-1.

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

Kx{x*)dx*T r * s r-[TA(a;)-TA(a:*)]"/  h{rx,tj)exp
Jo A*

i=i

Kjxij)
(5-2)

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

i(®i,j) = i(xi^i)exp
A^

'^/3jl{xi,j)exp
i=i

A^

-f

A^
(5-3)
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The source function, /, in equation (5-3) with the help of equation (4-11) can

be written as

+  Aa:.j)exp
i=i

y-

(5-4)

The source fimction, equation (5-4), will be evaluated for all values of A

(denoted by subscribe i) and all sequence of abscissas Xi_j, Xi^ji^ which

axe spaced apart by a constant step Ax. After all values of I(xij) are evaluated,

the values of out going intensity from the plume can be calculated.

The integral term of the intensity leaving the plume boimdaxy 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

i{xi,jL) = i{xi^i)exp
-T{Xi,JL)

JL

i=i

'-{r{xi,jL - Tjxjj))

P
(5-5)

where

7j = Ax, for j = 1 and j = J,

= 2Ax, for j ̂ 1 and j ̂ J, J odd,

and 7j = 4Ax, for j ̂  1 and j ̂ J, J even.
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5.2 Absorption Coefficient Data to be Used

The absorption ax and scattering coefficient asx 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 ax-

The absorption coefficient is also needed to determine the scattering coefficient

and to compute the local optical thickness tx{S).

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 fine 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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la X If

Figure 5.3 Straight line technique for numerical calculation
of absorption coefficient.
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straight line, then the coordinate values of a and b axe read. The equation of the

line is evaluated, thus at any point between a and b the absorption coefficients axe

calculated from this equation. The comparison restilts from this techniques with

the actual cvurves axe shown in figures 5.2a-g.

5.3 Temperature Distribution

Evaluation of local spectral intensity requires the temperatme distribution in

the medium to be known. The temperatvure distribution is also needed to deter

mine the absorption coefficients so that the optical depth tx{x) 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 temperatme 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 plxune.

The shape of the pliune has been assumed to be cylindrical, thus the equation

for temperature profile varies with the radius, r, of the pliune cross section. The

equation for the Gaussian temperature profile is

T(r) = Tmaxexp
^  *max .

(5-6)

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 temperatmes of the plate, plume centerline {Tmax)i

plume edges {Tmin) 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 eveduate

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
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(START^

fCALL ABSCOF
r  ̂

/ R, Tmin, Tmax, Tp/
I

-»<D0 1 IY=1, IYLAST>
T

-K' DO 2 1=1, NP >

i
C DO 3 J=l, JLAST >T

CALL TEMP

CALLINTPOL

I
CALL OPTHIC

CALL BBINT

CALL PLATINT

p-)^,DO 4 J=l, JLAST >
I

CALL BIGINT

CALL SOURCE

CALL SIMPCOF

I
CALL SIMPSON

I
CALL INTENSITY

WRITE RESULTS )

' STOP I
D

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. Eaeh 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 coefiicients. When the exact values

of the absorption and scattering coefficients axe 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.
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JL

R

Figure 5.6 Temperature distribution across the hot plume
at different radii (Ti = Tmax Tjl — Tmtn)
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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, Ui j, is calculated in this subroutine. The

temperature and A 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 soince 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 7j. These coeffiecients axe defined in

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

5.4.7 Subroutine PLATINT

Intensity entering the plume boundary , i(xi,i), is calcvilated 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 boimdary, 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.
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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 hmited 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°A" at at

mospheric pressure and wavelengths of 2 to 5 fim.

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 Figme 6.1. The plume cross section

for niunerical 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 F = 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 F = 0 and maximum value at F = A, 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 jx 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/.t 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 3.2//

and some in the wavelength range of 4.52 to 5.0 [x. 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 cm diameter. The effect of emission is clearly shown at A = 2.7// 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(//) < 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 temperatmes. The ambient integrated
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intensity is shown in the interval of —15.0 < Y(cm) < —12.0 and 15.0 > y{cm) >

12.0. The observed value of plate integrated intensity is shown for —12.0 <

y(cm) > +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 F = 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(/i) < 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(/i) < 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(/i) < 2.86 than for the case of 2.0 < A(/i) < 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(/x) < 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 <

^{l^) ̂  b.O, the percentage of integrated intensity reduction is only about 30% at

the same value o{ 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 fj, 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 gets plume against several different background radiation sources.

Figures 6.14a-6.14e 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°Jif) 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 vaJues of albedo,

The albedo for scattering is defined as the ratio of the scattering coefficient, (X^x,

to the extinction coefficient, Kx = Gsx + ox,

(6-1)

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

equation for scattering coefficient which is

flox
^s\ ax (6 - 2)

1 — fiox.

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° and

wavelength interval of 2 to d/x

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 blackbody
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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 F = 0.

Figures 6.18a and 6.18b are similar to the Figures 6.17, but for diff'erent 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 floA is shown in this figure. Increasing the values of the fioA will expand the

wavelength band which means incoming intensity will be reduced much more for

the ̂ oA =0.9 than for Qqa =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 /i. In

wavelength range of 2.0 to 2.36 fj, and 3.56 to 4.4 //, 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 F = 0. These intensity variations are for the case of hot gas

at temperature of 1200°/^^ 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 fioA = 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 f^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 floA=0.9.

The effect from the increase in temperature of the background radiation becomes

more noticeable for Tp > 800°K. At plate temperature of SOO°K, the plot for

fioA=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 f7oA=0.0 absorption overcomes the

emission in most of the wavelength band and for noA=0-5, the emission is being

somewhat effected by combination of absorption and scattering of the media and
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for noA=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"/^ and gas temperature of 120G°/\. 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 (Ooa > 0.8) the

scattering effect dominates emission effect. Increasing (Iqa will decrease the peak

value of the emission at 2.7 /i. Figure 6.22e (floA—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 floA 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 floA =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 hquid rocket engine propellant path

leak detection. The experimental analysis was imdertaken 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 medivun. The

feasibihty 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 soiurce converter, standard

video cassette recorder (VCR), and a standard television.

7.1 Thermovision® System

The scarmer 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 1 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 1 15 V dc. The Display Unit is coimected to

a VCR and a standard television by a similar connections. These interconnections
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1

o

i

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 briefiy explained.

7.1.1 The Scanner Unit

The infrared scarmer 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 imit 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 axe 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 fom 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 imit 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)

movmted 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 |xm.

7.1.3 The Interchangeable Lenses

Lenses are fitted to the scanner imit in the same manner as photographic lenses

with bayonet fitting. All lenses are anti-refiective coated, therefore, all the incom

ing radiation energy are transmitted through the lenses without being reflected.

The scanner imit of Thermovision® 870 can be fitted with any one of four

different standard lenses with field of view varying from 1° to 40°. The standard

20° lens is used for the present investigation.
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7.1.4 Obiect Field Data

Table 7.1 and figure 7.4 give the dimensions of the scanned field sirrrounding 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.

AU 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 -f500°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)
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Lens d 0.3 0.5 0.8 1.2 2 3 5 10

w 0.13 0.22 0.34 0.59 1.2

TxT + 0.04 0.12 0.30 1.2 4.6

— 0.04 0.11 0.25 0.7 2.4

w 0.13 0.23 0.42 0.65 1.1 2.1

12°x 12° + 0.05 0.13 0.41 0.83 4.2 cc

•

— 0.04 0.10 0.29 0.62 1.6 4.7

w 0.13 0.22 0.37 0.68 1.0 1.7 3.5

20° X 20° + 0.05 0.16 0.45 1.9 12.1 CC cc

— 0.04 0.11 0.25 0.6 1.3 2.8 7.1

w 0.17 0.34 0.59 0.82 1.6 2.4 4.0 8.2

40° X 40° + 0.05 0.29 1.9 CO CO cc zc CO

— 0.03 0.12 0.3 0.6 1.3 2.2 4.1 9.0

NOTE: All measurements are in metres.
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Scanned field

Depth of
focus

W

Scanned field at 10m

7°-1.2m

12°-2.1m

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

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

the screen.

7. Normal — This position selects a normal thermal image display, where the

hotter object temperatures appear as white and the cooler as black.

8. Inverted — This position is used to invert the display representation, i.e.

warm = black, and cool = white.

9. Black — This position causes only isotherm levels to be displayed while sup

pressing the gray tone image ( used in conjimction with the Isothermal Level

and Width control.

10. 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).

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

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

displayed on the vertical scale.

7.1.7 Video Cassette Recording (VCRl

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 perceptible

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 nm. 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 appHcation. The experimental analysis was imdertaken 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



129

°K. The unit consists of a heated plate and a four position temperature switch.

The top plate ( 23 x 23 cm ) 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 plirnie against the warm backgrormd 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 backgroimd 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 backgroimd 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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Figure 7.6 Thermal image of the cold plume in front of

warm background radiation source
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Figure 7.7 Thermal image of the weum background radiation

source without the plume at TJ, = 460"/!'
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Figure 7.8 Thermal image of the weirm background radiation

source with the cold plume



133

The width of the shaded area represents the size of the plume. Figures 7.9 and

7.10 axe 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 fiame in front of the warm background

plate is shown in Figme 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 backgrovmd radiation sovirce. 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 Experiment£d Results

Figure 7.12 is sketch of Figure 7.7 provided to explain the figures in a easier

marmer. 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 maximimi intensity). The line (b) shows a fixed z

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 7J, = 485°/!'
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Figure 7.10 Thermal image of the warm backgrotmd radiation
source with the plume
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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 temperatme from

environment at 300 "K to the plate temperature of 460 (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 figiures. 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(/x) < 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 imiform, 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 < X{fi) < 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 nmnerical 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
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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 leahs 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 backgroimd radiation

source at Tp = 485''ii!'
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Figure 7.16 Thermal image of the impingement cooled
plate at Tp = 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 /x 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.Q/x 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 backgroimd 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 < 2.3/i and 3.4 < A < 4.4// can be used to detect the

sudden siurface temperature change of the paxt 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, backgroimd 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 < 5//)

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 lealc size.

The experimental results obtained in this investigation confirm that a suitably

selected infrared detector and band width filters axe 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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