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1.0 INTRODUCTION

During the past decade or more, considerable attention has been
di rected towards the character and intensity of infra-red emissions
from missile and other exhaust plumes. A considerable amount of
experimental data has been accumulate d on several systems such as
those invol ving liqui d and solid fueled rocket motors , turbo jet
engi nes and turbulent fl ames. This data has been incorporated to
varying degrees in several plume modelling programs whi ch evolve d
in the ‘70 ’s and have reached a level gi ving reliabl e pl ume
character prediction .

The main reasons for thi s interest have been to advance knowledge
of infra-red technology for the better prediction of radiant heat
energy and temperature fields from rocket exhausts to launch pad
Installati ons , and as an aid in designing effective infra-red
seeker systems for anti-ai rcraft and anti-mi ssile missiles and for
spoofing.

It is recognised , however , that exi sting plume models need improve-
ment.

Thi s report describes the resul ts of a research program under-
taken at the S.A. Institute of Technology, School of Chemical
Technology to study the infra-re d characteristi cs of high tempera-
ture gas pl umes containing particulate material .

The program invol ved:-

- a cri tical survey of the apen literature and identification of ~~ . -

signifi cant gaps in the data base, - I
• the design and constructi on of a hot gas test rig for investi- -

~~~

gating the infra-red characteristics of turbulent flames,

and prelimi nary experimental work to establish the reliability
of the rig.

The first part of the report contains the literature review. This
is then followed by the results of the preliminary experimental
program. A complete list of lite rature surveyed is gi ven in the
bibl iography.

/
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2.0 THEORETICAL MODELS

2.1 Introduction

An understanding of the infra-red characteristics of gas
pl umes implies an appreciati on of both emission and absorp-
tion spectra of the pl ume species. Strong core
emissions will be attenuated by the cooler absorbi ng gases
surrounding the plume. Thus both black—body and species
emitters (mo lecular , ions, etc.) in the exhaust will have
their radiant intensity modified in character by their own
enveloping cloud of exhaust gases. Furthermore, in situations
where high velocity exhaust species interact with the ambi ent
atmosphere the energy transfer can give rise to plasma
emissions which now originate in areas remote from the exhaust
core. Rocket exhausts are characteristically fuel-rich and can
generate long afterburning pl umes. This flame can be di s-
ti ngui shed from the primary combusti on zone occuri ng wi thin
the rocket chanter where most of the fuel-oxi dant reaction
occurs . Thi s work concerns itsel f with the exte rnal fl ame or
plume stage .

The probl em of descri bing the highly turbulent , sometimes two-
phase , flow which exists in rocket exhaust fl ames combines the

I . specialist knowl edge of several fields : compressible, high
temperature two-phase flow dynamics in whi ch solid and liquid
condensed phases may be present; combustion chemistry-involvi ng
fast kinetics and free radicle reactions; emission and abs~~p-
tion soectroscopy, particularly that related to the infra-red;
and numerical mathemati cs and computational procedures :-

In exami ning the plume structure it is customary to measure
axial distances down stream from the nozzle exi t plane. Axial
synmietry is assumed leading to two-dimensional or pseudo-
unidimensional simpl ifications . In exami ninq existi ng pl ume
models , they have been subdi vided into

a) Band models: used to descri be specifically the infra-red
cnaracteristics . and

b) Others : which includes other significant aspects of plume
modeling.

2.2 Band Models
/

If in a specifi c wavelength region, the physical state of an
absorbing or emi tting gas is known as wel l as the locations ,
Intensities and shapes of lines, it Is possible to calculate
the radiation emi tted by a specifi c sample of the gas. For
the gases associated with exhaust pl isnes , however, the absorp- •

‘

~

tion coefficient vari es extremely rapidly with wavelength and
an exact calculation Of radiant heat transfer would be diffi-
cult. By usina Band-Models it Is possible to replace these
detailed calculati ons over f requency by an averaae over
selected frequency Intervals. A band model is used to relate V

the properti es of a group of lines in the spectrum to the
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properties of individual lines . The use of band models
reduces considerably the computati onal time and compl exity
associated wi th estimating the physical properti es of the
turbulent exhaust gases .

In an early paper (H889/68), Huffaker described the main
features of the band models for describing infra-red radia-
tion from rocket exhausts . Band models may be said to
originate by Elsasser in 1938. The mean emissivity of a
band will depend on the parti cular shape for a single line ,
and the distribution of line intensiti es assumed in the
model . Originally, El sasser assumed an infinite space of V

equally intense lines. Another model by Mayer and Goody
assume d that the lines in a band were completely random.
This model is less dependant on the particul ar intensity
distribution chosen. These models lead to the following mean
emi ssi vity functions:

a) For random model , if the lines are weak

=
b) For random model , for strong lines

• (S 0)½ L.
g = I - exp[-2 ~ (P1.112)

where ~ = mean emissi vi ty - 
— 

-

U = optical depth
S = line intensity
P(S) = probability function

L 

(.
~
.) = line density

y = half-wi dth

A band model , used because it is more realisti c Is the random
model wi th exponential intensity distribution

.Q.tj
— 

d= 1 — e x p  -
V ( 1+~~2~.)½

irv

Huffaker used a modi fied Curtis-Godson approximation based on
two special spectroscopic concepts , namely: • .

~ 
-

1) The molecular band model, and

2) CurtIs-Godson approxf nmtion.
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The band model yielded an explicit , closed formula for the
molecu~ar radiati on within each selected spectral region ofinterest which used as input data the average line strength,
the average line spacing, and the average line half width .
The Curtis-Godson approximation was a method of combining the
parameters that appear in the band model formul ae in such a
way that the parameters needed for an inhomogeneous gas
calculation were obtained solely for homogeneous gas data .
The modi fied Curtis-Godson aoproximation was used in the
radiative heat transfe r calculations whi ch effectively ave r-
aged the band model parameters over the inhomoqeneous path .
This technique was shown to be accurate for strong gradients
in temperature and concentration.

Reardon (R288/70) studied the appl icati on of band models to
the predicti on of radiant heat transfer (Liqui d Propellants).
The prediction method used absorption coefficients correspond-
ing to weak line val ues wi th curves of growth developed using
a random (or statisti cal) band model representation. The
effective fine structure parameters used in the curves of growth
to represent both Doppler and Collision broadening were eval-
uated for an inhomoqeneous gas using a modi fi ed Curtis-Godson
approximation. In thi s application the approximation was
modified in the sense that it was applied to a spectral inter-
val rather than a sing le spectral line .

9 .
Carbon parti cles in the rocket exhaust were trea ted as a gas
since they were shown to be so small that scattering
coul d be neglected, without appreciable error, for a total
radiation calculati on. 

. 
- -

Band model parame ters were obtained both experi mentally and
theoretical ly. Collision broadened line half widths were
obtained from appropriate analytical expressions with coeff-
icients based on experimental or theoreticaj data . Doppler
broadened line hal f wi dths were obtained from a theoretical
expression as a function of wavenunter, molecular weight
and temperature. 

V

bDj 5.94 x 1O~ (273/T?~

I
where : mj Mol . wt. of ~~ species

b0 = Doppler broadened line hal f-wi dth
w wa venunter /

- -

The model here provi ded signi ficant increases In operating
capabilities and f lexi bility compared to previous models;
however a problem existed in obtaini ng gas property data .
Wi thout realistic gas property data, the accuracy of radia-
tion estimates remained uncertain.

Reardon later extended the above computer program to cover
radiation from the following species; H20, CO2 CO, HC1 ,
HF, and carbon (R288/14). In addition an uncoupled two-
phase program for radiati on from Al 203 was modi fied. The
modi fied program was seen to have some shortco mings . Improve-
ments recomended included,

V - 
• - — .•- 

~~~~~~~~~~
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1) a capability for using input data from a coupled
sol ution for the gas-parti cle flow ,

ii) a method for approxi mating a spectra l distribution
so total radiation coul d be predicted, and

iii) inclusion of some type of spatial integration.

A numerical infrared radiation bend model was devel oped by
• Harwell (H343/76,/77,/78) to predict the infrared spectral

and spacial radi ation intensity distributions in exhaust
pl umes. The model extended previ ous models which we re devel-
oped for CO2 from aircraft plumes to include water vapour
radiati on and the capability of treating high temperatures.

The computation of radiance from the plume was accomplished
by dividing the pl ume into sufficiently small incremental
blocks so that average condi tions coul d be assigned and the
blocks treated as homogeneous.

The plume was subdi vided i nto slabs parallel to the line of
sight. Each slab was then cut into horizontal stri ps along
the line of sight vector. The radiation from each of these
strips was computed by inteqration using the modi fied Curtis-
Godson approximation.

2.3 Scattering, Models

The approach by Freeman, et. al. (F855/79) was to use a V

scattering model in conjunction wi th the band model approach.
Analyti cal models were developed wi th coupled gas-parti cle
radiati ve transfer. The approach incorporated the fol lowing
capabilities : •

coupled emi ssion, absorption and scattering treatment

• mul tiple scattering wi th cylindrical geometry

three dimensional , non uniform, axi syriinetric medium

• arbitrary particle mi xtures and size distri buti ons

• arbi trary angular scattering phase function

line by line and band model treatments

alterna te levels of engi neering approximation.

The resul ts include d calculating for planar and cylindrical
media using 6-flux , fini te difference and Monte Carlo solu-
tion techniques . The calculations included the full range
of optical parameters : optica l depth, scattering albedo,
phase functi on , medi um geometr y ; and observables (trans-
missivi ty, reflectivity , emissivity; radiance and station
radiance versus posi tion and aspect).

______  - 
— . - -—  ~~~~~~~~~~~~~~ 
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The results demonstrated the importance of three dimensional
multiple-scattering effects and the relative ability of
di fferent physical models to provide an accurate simul ation .
It was found that additional work was required in the areas
of model optimi zation and application .

A survey of available optical parameters was made for particles
of interest. Con~lex inde x of refraction data were not avai l-
able for the following species : ZrC , B203, BN, BeO, Be2N2.

2.4 Gas Dynami cs Models

The mi xed supersonic and subsonic flow regions present in
exhaust plumes does not appear to be adequately modeled at
present. The usual approach is to comence wi th the consti-
tuative equations for conservati on of mass , momentum and
energy written in terms of turbulent flow using the accepted
Reynol ds ’ aoproach of mean pl us fluctuating component. An
appropriate equati on of state and turbulent shear stress
model is incorporated into the equations and the who’s solved
usually using a finite difference numerical scheme. Refined
models may incorpo rate a turbulent kineti c energy turbulence
model (H34 3/78) and consideration of chemi cal reactions
(J51/75). The di fference between the analytical solution and
the finite di fference equati ons is i nfluenced by the step
si ze of the mesh. This may need to be small to be stable and

• - convergent. One of the major advantages of the finite di ffer-
ence approach is that the problem is reduced to an initial
val ue problem with well defined boundary conditions . The main
di sadvantages lie in the requirement for a small step size
requi ring large computation times and computer memory, and
that the complete boundary must be defined as a function of
time . .
The appropriate equati ons of motion are:

continuity :

+ V .p = 0

momentum:
4.

+ (V.v)V] = -Vp + V~i

energy: -~ 4

= ~D(e 
+Y~Y.1

V 
= -V~(pV) + V•i.V - V. q

L~~~~~~~~~~~_~~~~VV ~~~•
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Equation of State:

H • e = e(T ,

Reynol ds’ Method:

Instantaneous va l ue, = mean + fluctuating
componen ts:

p = (~~~
+ p )

Laminar shear stress:

.r .. = AV• ~ 5. . + 2p(.~!i + ~ i)
13 13

The turbulent shear stress used by Harwell (H343/78) was
based on the eddy diffusi vi ty model of Donal dson and Gray
for compressibl e free mi xing of a pri mary jet wi th
quiescent air:

I . 
- — -

~~
—

~~
• —

• Tt 
= P U V  = K p L U 5 -~

• 
V Kis the mi xing rate factor, L is a typical local length scal e,

p is the local density and lJ~ a typical vel ocity di fference.

For axi symetric flow, the turbulent kineti c energy conser-
vati on equation is

-
~~~~~ 

-
~~~~~~~ 

p+ pv = 6k ~~

+ pc
t(~~~

)2 - a2

where ~ = ½[( u )2 + (v )2]

Ct = Tt /~
:
~~.F

4 /
Tt = a 1 p k

~rk 
= ~~Cp~~~

a1, a2 are Universal empiri cal constan ts and Lk a length
scale for the turbulent kineti c energy . 

V 

-

I
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3.0 PREVIOUS EXPERIMENTA L WORK

3.1 Introducti on

This review of existing experimental studies is limi ted to
infra-red radiation from rocket plumes . Although princi-
pally concerned wi th solid-fueled motors, some resu lts
from liquid fueled motors, especially hydrocarbon fueled
(RP-1) motors,have been included.

3.2 Species Involved ,IR Emission and Reactions

Habi cht (H116/67) reported that the fine resol ution , comon-
ly observed in the line emission spectra of excited mole-
cules , became smoothed wi th considerabl e overl ap of the
spectral curves due to the relati vel y long optical paths
encountered in exhaust pl umes.

Watson (W339/77) i denti fied the principle emitting gases in
the products of combustion of a solid metalized based prop-

V 
ellant as CO, C02, H20, (and HC1). These species were
typical of most solid and liquid propell ant systems studied.

Eisel (E36/72) outlined the spectral details of these corn-
bustion products. He found that the CO2 band occurred at
about 4.3 urn and 2.7 urn. These bands corresponded to the -
v3 parallel anti symetric stretching mode and a comination
of the v~ and \)3 parallel anti symmetri c stretching and first
overtone of the parallel bending mode.

H20 bands occurred at 3.2 urn, 2.7 urn, 2.5 u1fl, 1.9 um and
1.7 urn. These corresponded to the 2v2 first ha rmoni c of the
pa rallel bending mode, the v~ synrietric stretching mode , ‘v~anti symetri c stretching, 

~2 + ~ 3 combi nati on of fundamental
bending and anti synnietric stretchinq modes , and 2’~i2 +
combinati on of first harmoni c of the bending mode and anti-
syninetric stretching mode respecti vely.

He found that HC1 appeared at about 3.5 pm whi ch corresponded
to the fundamental stretching band. Finally it was found
that the fundamental and first harmonic CO bands occurred
at 4.6 pm and 2.3 pm.

Pal Verneker (P142/79) studied the reaction of amonium per-
chlora te (AP) aluminium mixtures.

The stoichiometri c equation used was as follows:

2. 0 NH~ClO~ + 3½A 1 + 2.0 HC1 + 3.0 H20 + N2 + 121

~Al 2O3

I’



- 1 3 -

The measured heat of combustion for the above reacti on was
2.39 kcal/g. The standard val ues of heats of formation of
AP , H20(t), HC1 used were 69.30, 68.32 and 22.06 kcal/mole
respecti vely. The heat of formation of A120 3 adopted was
400 kcal/mole. From the preceeding val ues, ~H va lues for
combustion were calculated.

He found , as expected, that the heat of combustion was seen
to increase as al uminium concentration increased to stoich-
iometrl c composition after which it decreased.

Pergament (P439/71) gave an extensi ve list of mechanisms for
afterburning in solid propellant pl umes wi th reconinended
fOrward rate coefficients .

As stated by McCaa (M121/68) when parti cles were present in
the exhaust plume , e.g. alumi ni um in solid propellant
rockets, continuum radiation occurs. He found that this
radiati on was a function of both the number concentration of
solid parti cles present and their temperature.

3.3 Effect on Infrared Radiati on of Al uminium Particles

• It was reported by Zirkind (282/66) that the addi tion of
aluminium in metallized-base propellants gave rise to con-
tinuum radiati on from the alumi ni um oxi de particles in the
exhaust pl ume. 

-

Al ong the same lines,Habicht (11116/67) stated that the radia-
tion emitted from aluminium oxide, or from the oxides of
other metals which may be present in a propellant , lay in
the ‘atmospheri c window ” region of the spectrum (7-15 mi crons)
where little absorption took place. In this region it was
also found that scattering decreased because the wavelength
of the radiati on was greater than the mean diameter of part-
iculate matter in the atmosphere.

Habicht al so noted that if a propellant contained alumi ni um ,
wi th a hi gh oxygen affini ty, then the oxygen available for
formation of H20 and CO2 was reduced relati ve to a non-metal-
ized propellant. A decrease In the amount of 1120 and CO2
forme d shoul d then be observabl e as a decrease in the energy
radiated in the 1120 and CO 2 bands of the infrared combustion
emission spectrum. To our knowledge this inference requires
experimental confi rmation.

/
Reiger (R554/79) reported measurements on the IR emission i-... -

intensity of alumi na particles in rocket exhaust gases. He
observed large discrepancies between the emissi vi ty of pure
macrosco pi c samples of alumina and corresponding particles in
the exhaust gases. He attributed this difference to incom- -~~

plete oxi dati on of the aluminium in the oxygen deffi cient •

combustion .

• - -
.
. - -

~~~ —
- 
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He found that earlier pl ume radiati on models used phenomen-
ologically determined and relatively large values of particu-
late emissivity in order to bring predictions into agreement
with data. Despite discussion of the physical mechanisme
responsible for producing these relatively large values there
Is no conse nsus as to the dominant mechani sm.
Reiger observed that much of the al uminium combustion took
place in large droplets (40-800 pm) of aluminium/alumi na
mi grating around on the propellant surface. This woul d resul t
in droplets of unburnt aluminium , some encapsul ated, being
injected from the chamber.

It was found that small amounts of alumini um (a few % by
volume) lead to relati vely l arge values for composite
emissivities. He concluded that small amounts of unburnt
aluminium contained in or on rocket exhaust alumi na would go
a long way to explaining the di screpancies between measured
pure alumina emissivi ty and the large amount of infrared
parti culate emissi on typically seen from alumi ni zed solid
propellant rocket pl umes.

Simi l ar observations by Worster (W931/75) were attributed to
changes in crystal structure and impuri ties in the alumi ni um.

3.4 Other Parti cles

Cohen (C678/71) confi rmed that the addition of 2% copperoxide
(I) to an alumi ni zed solid propellant was very effective,
since it improved the igniti on and combustion of the aluminium .

He di scovered that the addition of the copper oxi de

1) produced a hi gher regression rate of the burni ng face
than recorded wi thout the catalyst,

2) produced a faster i gni tion of the alumi ni um , and

3) created a marked loweri ng of the limiting combustion
pressure.

Cohen stated that the oxi dation of Cu20 yielded a considerable
amount of energy:

Cu20 + 
~~ 2 ~ 2CuO + 29.9 kcal/mol e /

He found that this energy fed back to the surface by conduc-
tion increasing the surface temperature and , consequently,
the burning rate.

Exami nation after combustion showed that more signifi cant
amounts of hydrogen chlori de and chlorine were formed. These
two gases promoted the igniti on of alumi nium. By breaking
down the thin oxi de coati ng on the aluminium particles .

_ _ _ _ _- 
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Cohen also studied the combustion of amonium perchlora te/
magnesium mixtures. He stated that magnesium , in contrast
to al uminium, was a volatile metal . He found that smooth
combustion occurred under less limi ting conditions than that
of AP/Al . For instance these mixtures were infact found to
burn smoothly at sub atmospheric pressures as well as higher
pressures .

Llinas (79 1/69 ) observed that in liquid hydrocarbon fuels
carbon particles produced a continuum emi ssion.

He found that measurement of the carbon parti cle sizes in
both full-scale and model engine exhaust pl umes indicated
that the mean carbon particle radius was ~2O nm and a carbon
particle mass fraction of 0.02 coul d be reasonably assumed.

3.5 Si ze Distribution of A1 203

Particle size and distri bution are important in determining
exhaust emi ssion levels.

Freeman (F855/79) noted that rocket exhaust plumes did not,
in general , consist of parti cles wi th only one fixed size.

• 
V He therefore stated that It was necessary to investigate the

characteristics of size distributions .

V Gany (G195/79) studied the combustion and agglomeration pro- •

cess of aluminium particles emitted from the surface on an
alumi ni zed double base propel lant. He found that the mach—
anism of Al/A1203 burning consisted of the particles forming
on the surface of the propellant, moving along the surface
and entering the flow field.

It was found that burning agglomerates and parti cles formed
two identi fiable particle distributions . The larger particles
being mostly in the 40-800 pm si ze range and the very small
particles generally smaller than 10 pm. He found that the
distribution of smaller particles , which included the A1203
smoke , tended to follow the gas velocity without lag. How-
ever , It was found that their di ameter in the flame coul d not
be determined with certainty due to the turbulence intensity
of the flame. Parti cle size was determined by trapping and
measuring the particles in the cooled exhaust.

Gany founci that the following parameters decreased with in- V

creasing chamber pressure : coll ision frequency on the surface, 
__

the agglomerate residence time on the surface, and mean
agglomerate size. It was also di scovered that increasing

~~~ the cross flow veloc ity al so caused a decrease In the mean
aggl omerate size.

The size of alumini um particles used In the solid propellant
was found to affect burni ng characteristics. The large alum- i~ium particles burned without the alumi ni um igniting or
agglomerating on the surface.
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Worste r (W93 1/75) reported that for rockets with throat diam- —

ete rs above 5 inches the mean-mass particle radius lay In - V

• the range 4-8 pm. It was found therefore that particle radius ,
r, was of importance because, as predicted by the well-
established MIE theory, emission at a gi ven wavelength , ~ was Y
inhibited by geometric consideration when 2wr/A’l. This was
not the case for the wavelengths of interest and the particle
distri bution encountered.

Vanderbilt (V288/76) stated that the scattering effects of
particles became important when the particle diameters were
equal to or greater than the wavelength of interest. Thi s was
the case for metalic oxides such as A1203 in solid propellant
combustion.

MIE parameter , = 2nr/A A = wavelength of
radiation

r = radius of part-
icles 

V

Particles for which e<<1 did not scatter appreci ably and adsorp-
tion (and emission ) in thi s region was adequately descri bed
by the Rayleigh theory where particles , are treated as a pseudo-
gas.

V 

When ~ was equal to (or moderately greater than) units , scat-
tering became important.

For solid propellant exhaust species r was typically in the
range 0.5 + 5.0 pm.

• When x<< 1 i rregularities in parti cle shape became comparable
to the wavelength 0f radiation , and the MIE theory broke down.

3.6 0/F Rati o and Choked Flow

Roux (R554 /78) measured radi ant intensity for a variety of
test cell and nozzle afterbody conditions including tunnel
Mach number (M ), contustor nozzle exit exhaust gas temperature
(TG), Fuel to air Ratio, and nozzle pressure ratio (NPR) which
is the ratio of combustion chamber pressure to free stream
static pressure .

V He found that the variation of nozzle pressure ratio and 
V 

/
nozzle exi t exhaust gas temperature produced a strong vari a-
tion in the radiance level and radiance distribution in the
exhaust plume. An Increase in TG from about 1500° F to 1800° F
resul ted in a six fold increase in radiance level . An Increase
in NPR caused a strong infl uence on the flow field Mach disc
structure ; this resul ted In a widely varying radiance distri-
bution and Intensity level .

I

Roux found that opposed to the strong Influence of nozzle
pressure rati o and nozzle exi t exhaust temperature on the rad-
iatlon field, the free stream Mach number change showed only -g 

~a weak Influence on the radiation field. He found that there
was only a slight increase in the radiance level at the first
Mach di sc as the free stream ~ ch number was increased.

- -
~~~~
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Rothschild (R847) studied the IR emission from hydrocarbon
exhausts . Fuels used were RP- 1, C2H~, CHk and C6H6 (corner-

V cial grade or better) . These we re burnt in a AFATL Rocket
wi th gaseous oxygen (coniiiercial grade).

He discovered that the peak speci fi c radiant intensity In
the 4.1 to 5.1 micrometer band increased as the fuel C/H
ratio increased and as the fuel ’s combustion efficiency
decreased. It was found that regardless of fuel type, the
most dramatic effect on specific radiant intensity was 0/F
ratio. The peak specific radi ant intensity was found to
occur at or near one-half the stoichiometric 0/F. The spec-
iui c radiant intensity decreased exponentially wi th increas-
ing 0/F and dramatically with decreasing 0/F relati ve to the
peak 0/F va lue.

He found that the spacial distri bution of plume radiation in
the 4.1 to 5.1 micrometer band was also dramatically infl u-
enced by mi xture ratio. Fuel-rich mi xture rations resul ted
in peak radiation intensities up to 60 cm downstream from the
nozzle exit. Oxi di zer-rich mi xture ratios had peak radiant

• intensities at or near the nozzle exit.

Rothschild found that plume spectral di stributions at oxi di z-
er-rich mi xture ratios showed characteristic vibrational-
rotational bands for H20 and CO2 as expected in hydrocarbon
flames. At fuel rich mi xture ratios , the infrared spectra
indicate d products of incomplete hydrocarbon combustion. For

• CH~ the fuel—rich spectra showed emissions at 3.3 to 3.4micrometers from unburnt CH~,. For C6H6 the fuel rich spectre
showed continuum emissions from soot. It was found that at ’
0/F ratio of 2.0 the continuum portion of the C6H6 became
important. At very fuel rich condi tions (0/F = 1.5) the C6H6
spectrum was dominated by continuum radiation. The IR spectra
of RP-1 and C2Hk did not yield clues to inc~omplete combustionproducts . However , visual observation did show incandescent
soot in the pl umes of all four fuels at low 0/F. -

. 
I

Rothschild stated that the above results could be interpreted
In terms of various effects on pl ume afterburning. He found
that the amount of combustible species for plume afterburning
Increased as 0/F and C efficiency decreased. However, there
was a point at whi ch further reduction in 0/F ratio, while
adding more combustible species, brought the pl ume flame
temperature below the flanmnability limits , which resulted in

V drastic decrease in afterburning. The variation in specific
radiant intensity wi th fuel C/H ratio could be explained in
terms of the CO2 which dominated the radiation in the spectral
band of interest. Higher fuel C/H ratios yielded more CO2

V 

which resulted In more radiation .

Rothschild stated that questions still ren~1ned unanswered about
the IR processes of hydrocarbon plumes.

1 
_ _ _ _ _ _ _ _ _ _ _ _  — 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- ~~~~~- ~~~~~~~~~ 

—

~~~~

- —

i~~~~~~

----- -- - - - 

~~~~~~~ 

—

-18 -

I
These incl uded

. What were the products of incomplete combustion and how
mi ght they be varied.

What role did soot play in the radiant transport processes
in the 4-5 pm range.

What were the mechanisms for soot production and oxidation .

What were the speci , temperature, and velocity distributions.

He concluded by saying that further experimentation was nec-
essary to clarify these questions.

Harwell (34 3/76 ) studied the infrared radiation characteri s-
tics of a hot gas generator: using a small kerosene/02 rocket.
He found that the character of the axial distribution of
radiation signifi cantly changed when the 0/F ratio was varied
from 2.0 + 3.0. At lower 0/F values the peak radiation occurr-
ed 7.0 to 12.5 nozzle radii downstream from the nozzle exit.

Within the pl ume it was discovered that although hot spots
• - existed, most of the radiation was found to occur in the after-

burning and/or mixing layer portion of the pl ume. He found
that at values of 0/F ratio greater than 3, the peak val ue

• of the radiation intensity was located imediately downstream
of the fi rst shock , usually within 5 .ffl of the nozzle exi t, V

however the majori ty of the total radiation was still from the
after-burning pl ume.

He determined that the total radiation from the whole exhaust
plume was qui te sensitive to the engi ne 0/ F.val ue. It was
observed that the radiant intensity had a pronounced maximum
at an engi ne 0/F val ue of 2.0 (the real val ue may have been
slightly higher because of entrained external oxygen.

Ebeoglu (E16/74) state d that the major parameter which con-
trolled the infrared radiati on from a plume was the 0/F ratio.
The radiant ene rgy (T) was expressed in normalized units
(watts /ste radian/gram/second) and was used to relate radiant
intensity (watts/steradi an) to the combined mass flow of the
oxi diser and fuel into the engine (g/sec). It was found that
maximum energy (J) was produced at an 0/F ratio well below
the stoi chiometric rati o of 3.4 for the kerosene/oxygen mi x- -:
ture. The value of 0/F ratio at which maximum J occurred
increased wi th altitude.

He concluded that afterburning was a major mechanism in the
creation of radiant energy. The combustion process in the
engine was found to provide only part of the oxidation required.
Maxi mum radiation was not produced when the engine was oper-
ating wi th a stoichi ometric mixture.

Maximum radiant energy was found to be produced when a fuel
rich mixture existing from the engine nozzle, reacted with
the oxygen in the air. Thi s was in agreement with Harwell ~

‘
~~~~

-

(H34 3/76).
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Ebeogl u (E16/74 ) also studied the effect of choked flow on
radiant intensity. He found that the Infrared intensity of
an exhaust plume changed drastically depending whether or
not choked fl ow existed.

Choked flow existed for supersonic flow (M>1) and the flow
was unchoked when subsonic.

The throat pressure drop for choked flow was gi ven by the
standard equation :

Pc/ Pe = 11 + 1j
~
i

Pc = chamber pressure V = specific heat ratio

Pe = ambient exi t pressure M = Mach number

He found that even though V varied with temperature and
pressure, an average val ue of 1.26 coul d be used wi thout
significant error . Thus when N = 1 the equation above re-
duced to Pc = 1.808 Pe.

It was found that when the engi ne chamber pressure fell be-
low this critical val ue the exhaust character and radi ant

• i ntensity of the plume changed qui te drastically.

Ebeoglu concluded that order of magni tude variations in pl ume
• IR intensi ty we re caused by two major parameters - oxygen to 

- V

fuel mixture rati o and the existance of choked fl ow .

3.7 Other Parameters Effecting IR Radiation 
•

From results obtained from a small kerosene/oxygen rocket
Harwell (343/76) found that the magni tude of the infrared
radiation varied in both axial and radial directions in the

• exhaust pl ume. The maximum value of the radiation , at a
fixed axial position in the radi al di rection, was found to
be at the jet centrel ine. He found that the radiation varied
in the axial di rection and the existance of radiating zones
(“hot spots ”) behind the shock wa ves was confi rmed experi-
mentally.

• It was discovered that experi mental measurements at higher
V 

chamber pressures woul d be needed to ensure that the nozzle
was completely filled. The spectral distribution 0f the
radiation indicated that the principle radiation was in the
4-5 ~ band from the hot carbon dioxi de and water vapor.

Ebeogl u (L16/74 ) experimentally showed that radiant intensity
V was d4r,~ cly proportional to total mass flow rate.

It was shown that chamber pressure was related to mass flow
rate as follows :

• 
• 

— 
-
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v = v = cha racteristi c velocity
Pc = chamber pressure
A = throat area “ 

- -

= mass flow rate V

From the equation it coul d be seen that Pc was directly
proportional to M.

These two parameters , of chamber pressure and the total mass I

flow rate, would therefore cause linear variations in radiant -

intensity. - .

Ebeoglu al so carried out experiments concerning exi t gas
velocity and thrust and their effect on JR radiant intensity . - ,

It was found that littl e variation in radiant intensity - -

occurred with variations in exi t gas velocity or thrust.

I
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4.0 PREVIOU S EXPERIMENTAL APPARATUS

4.1 Instrumentati on

Else ) (E36/72 ) used a rapid scanning spectrometer to fol low
concentrati ons and temperature of combustion products of
aninonium perchlora te (NHkClO~) - Polyurethane propellants .
The instrument was capable of scanning rates from 8 scan!
second. During the study it was operated in the 1.7 pm to
4.8 pm wavelength range and at 1.0 millisecond per scan.
Entrance and exi t slits were set at 0.5 rn.

In addition to the spectrometer, a radiation source uni t in
whi ch a silicon carbide globar was located, was used. It
could be controlled to within 4°C at temperatures from 1000°C
to 1225°C. This provided a means of doing absorption spectro-
scopy. The external radiation beam was interupted period-
ically in synchronization with the scanning of the receiver
to provide alte rnate emission and emission-absorption infor-
mation. The detectors used were solid state InAs and JnSb .

Harwell (343/76) in his study of the exhaust plume of a small
kerosene/oxygen rocket made use of several instruments In
detecting radiant energy.

The primary instrument used to obtain total radiati on inten-
si ty measurements was a radiometer. The spectral range was

V 2.5 to 5.1 pm and the detector used was liquid nitrogen
cooled InSb . —

Spectral data In the 2.6 to 5.4 pm range were obtained using
an interferometer spectrometer. This instrument had a 4 inch
cassegrain optical system, step vari able fiel d of view and
resolution settings and a cooled InSb detec,tor.

The instrument was pl aced 42 feet from the engine plume and
- boresighted to a 2X rifle scope whi ch was used for al ignment.

The interfe rometer was calibrated using a 600°C collimated
laboratory blackbody. A 16 nm recording camera system was
used to photograph the visible pl ume structure.

Klein (1(64/67) used a rapid scanning spectrometer to study
emissions from rocket exhaust plumes. It operated in select-
ed spectral regions from ultraviolet at 2500 A to infrared
at 15 pm. The spectrometer viewed the pl ume through a
sapphi re window located in a vacuum tank wall. The optical
path was flushed wi th dry nitrogen to elimi nate interference
from atmospheric CO2 and H20.
In the rapi d scanning spectrometer the wavelength scan was
accomplished by sweeping corner mirrors through a focal plane .
This design inherently provided for simultaneously scanning
two contiguous wa velength intervals. Two exit slits and two

• detector systems were used .

The short wavelength region covered was 1.6 to 3.2 pm using
an Indium Arseni de Detector cooled with dry ice. The long
wa velength region 3.0 to 5.0 pm was covered with a liqui d

— T~~
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nitrogen cooled InSb detector. Scan times varied from 100
to 1 msec. per scan.

Martin (M379/74 ) used an infra red imaging camera to obtain
measurements from exhaust plumes. The imaging and data
aquisition system consisted of an infrared camera interfaced
to a nine track di gi tal tape recorder.

The system incorporate d three subsystems :

1) infrare d camera ,

2) camera control monitor , and

3) di gital data aquisition .

The camera optical system utilized two moving flat mirrors . V

A rotating drum mi rror scanned the hori zontal field of view
and a tilting mi rror swept vertically. The sweep rates of
the two mi rrors di ffered by a factor of 94. Thus for each
vertical sweep of the tilting mi rror, there were 94 ful l
hori zontal sweeps by the rotating mi rror.

The radiation to be measured was refl ecte d by the scanning
mi rrors into a concave mirror whi ch focussed the source radia-
tion onto a photovol taic detector. This detector translated
inc ident ratiant energy to an electric vi deo signal that was V

representati ve of the source radiati on.

Roux (R554/78) used an JR scanning camera to measure radiance ~~~
— -

from a rocket plume . The instrumentation consisted of a - ‘

scanning infrared imagi ng camera, calibration bl ack body, and
CO2 spectral filter (4.21 — 4.41 pm). The JR camera system was
equipped with an InSb detector (sensitive in the 2-5.5 pm
region). Scanning was achieved by two rotaZing prisms . The
verti cal pri sm rotated at a rate of 2 hertz while the hori zon-
tal scanning prism rotated at 200 hertz. Each vertical scan
therefo re included 100 horizontal scans and consti tuted one V

complete frame of data.

Rothschild (847/76 ) used an infrared scanner system to measure
the infrared pl ume spacial distributions and integral pl ume
apparent radiant intensities of a smal l rocket exhaust pl ume.
The infrared scanner system consisted of an infrared camera
and camera control monitor with a digital data aquisition
system interfaced to a 9-track digi tal tape recorder as used
by Martin.

• A photovoltaic Liqui d N2 cooled InSb detector was used. The
plume was viewe d through a sapphi re window located in the
vacuum chanter.

The infrared plume spectral distributions were measured with
an Interfe rometer Spect rometer capable of two waventrter resol -
ution. The instrument used a mini computer for rea1 time data -

~~ -:
acquisition and fast fourier transform data reduction. Both V

an uncooled PbSe detector and a cooled (7PK) InSb detector
we re used for the spectral range of 2—5 micrometers . j
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4.2 Burner Design

Elsel (E36 /72) used a modified Burner. Instead of using fi xed
length Interchangeable burner bodies the burner was provided
wi th an infinitely vari able threaded section which was cal i-
brated and provided Continuous variation of free volume.

Windows we re installed on opposite sides of the burner to
allow both vi ewing of emi tted radiation and viewing of radia-
tion from the source unit from the opposite side of the burner.
The window material used was exclusively 3.17 m thick sapphire .
The transmissivity of the sapphi re over the wavelengths of
interest (1.7 - 3.5 pm) was determined experimentally.

Eisel found that it was necessary to provide a means of keeping
the products of combustion from condensing on the window
surface. A gas flushing system was used whereby gas at rela-
tively high pressure was introduced into a mani fold wi thin the
burner from which it flowed from an orifice on the upstream
side of each window and out into the combustion chamber. Air
wi th CO 2 and H20 removed was used.

Harwell (H343/76) used a kerosene/gaseous oxygen rocket engine
in his experimentation . The rocket engine consi sted of a water
cooled stainless-steel cylindrical chamber (0.78 inches diam.
x 1.620 inches long) wi th interchangeable nozzles. Mixing and
atomization of the fuel were accomplished using a premi x
injector. Gaseous oxygen was introduced into the injector
behind the kerosene and was used to drive the kerosene /gaseous
mi xture through a 0.055 inch di am. orifice to aid in mi xing
and atomization . Tungsten was used for the injector tip.
ignition was carried out by a spark plug i gni tion system.

The small rocket was capable of operating at chamber pressures
up to 200 psi and at oxygen mass flow rates in the 2 to 10 gm/
sec . range and kerosene mass fl ow rates of 0.2 to 4 gm/sec .

Klein (1(64/67) used a short duration test facility . These were
1 VV based on shock-tube techniques. Model rocket engines were

fired in an evacuated chanter which simulated high altitudes ,
and provided hot steady f low for approximately 5 msec. He used
two types of nozzles. A V 1 scale J-2 nozzle burning H2/02 at

an 0/F ratio of 5.5 and a ~~~~
- scale F-i nozzle burning ethylene!

°2 at an 0/F ratio of 2.25.

4.3 Ancillaries

To obtain the spacial distribution of radiant intensity in the
exhaust plume, Harwel l used a moveable shield and moveable
engine support. The moveable shield assembly, whi ch consisted
of a plate with a small diameter hole , was moved In the verti-
cal direction by a reversible drill motor. Thi s arrangement
permitted the small aperture to move In a vertical direction - ‘ - - 

V~

across the plume at a fi xed horizontal position downstream of
the nozzle.

Horizontal displ acement of the engi ne relative to the aperture
was accomplished by mounting the engine on a beam that could be
translated using a reversible dril l motor.
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5.0 AREAS WHERE FU RTHER RESEA RCH WOR K IS NEEDED

5.1 Particle Size

Difficulties and inconsistencies are apparent in determining
Al 203 particle size distribution in pl umes from metallized
soli d-fuel propellants . The size distributions reported seem
to be determined more by the method of particl e collection
and size analysis than by the size of the Al fragments in the
solid fuel . Observed particle sizes occur in the range 0.1
to 100 pm , with the greatest population in the decade 2 to
20 pm. This corresponds wi th the IR wavelengths of interest
(namely 3-14 pm) thus, according to the Mie theory, there is
maximum interaction between the electromagnetic radiation and
particle clouds when parti cle size approachs the wavel ength
of the radiation. Both attenuated and enhanced emission have
been observed under these condi tions. (D747/77)

It is thus important to i nvestigate and quanti fy the effect
of particle size on radi ant emi ssion . To this end a method
needs to be devel oped for sampling and measuring particle
size distributi on in the exhaust pl ume.

Other aspects of thi s work which meri t attention are

( i) the mode of combustion of the aluminium flakes in the
fuel , both in the mo tor and possibly in pl ume.

(ii) the factors determining alumi na (A1 2O3) -size and
distri buti on in the plume and any variation with position.

(iii) possibl e sintering, agglomeration, and fragmentation
effects within the motor and pl ume.

(iv) data on the optical properties of so~ie particulate sencountered in plumes are incomplete - such as complex
refractive i ndex for ZrC, 8203, BeO , BN and others.

5.2 Plume Composition

The bani models appear to be moderately successful in des-
cri bi ng radiant emission in the absence of particles . This
accuracy being limi ted either by the band width chosen -

as dictated by the computing power available - or by the lack
of knowledge of the concentration distribution of radiating
and absorbi ng species and their temperature. More serious
discrepancies ari se when particles are present in the plumewith both under - and over - prediction of intensities,
(particularly In 4-5 nm range ) occuring. The work by Jensen

L

and Wi l son (J51/75) is particularly encouraging — but their

model did not include the effects of shock waves or condensed
species . There was room for improvement in kinetic data ,
parti cularly In some of the initiation and recombination
reactions as wel l as In turbulence mixing parameters . More
accura te information on the dissipation term in the turbulent

- - -
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- kinetic energy (TKE) transport equation is needed for more
accurate predicti ons. A substanti al change in nozzle exit
temperatures is predi cte d wi th certain metal-containing- addi ti ves (e.g. Sn , K).

5.3 Flow Structure of Pl ume

Current plume models incorporate a treatment of shock waves
and are considered reliable in the absence of signifi cant
particle loading. Addi tional information is needed on tur-
bulent diffusi vi ties and the coupling between gaseous and
condensed phases .
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6.0 EXPERIMENTAL PROGRAM

In the light of the literature review, it was decided to concentrate
the experimental program on measuring the effect of alumi na particle
addition to a plume . The wavelength ranges of interest correspond
to high CO . CO2 emission coupled wi th low H20 absorption viz. 3-5 pm
and 8- 14 pm. Particle in plumes are in the t h e size range and can
have opti cal properties qui te di fferent from the usual black - or
gray - body behaviour of larger particles . (D747/77) Modi fication
of the IR signi ture by appropriate modification of the propellant
to produce condensed species is a possibility. In any case good
data are required to check exi sting plume models.

In view of the reported inconsistencies In measurement of particle
size distributi ons , It was thought advantageous to incorporate
provision for particle sampling for subsequent size analysis - with
a view to developing a reliable procedure for hot particle sampling.

6.1 Gas Flame Burner

The rig was designed to burn a hydrocarbon gas (either LPG or
N.G.) in air wi th provision for oxygen enrichment to boost
flame temperature as requi red. The burner desi gn required some
deve lopment. It was important to produce a turbulent combus-
tion flame to better simulate condi tions in an actual exhaust

V plume , this required premixing of fuel and oxi dant before
ignition . In addi tion, A1203 particles had to be added to the
unburnt gas stream in a uniform and controlled manner (i.e.
the system had to be “sti ff” and free from low frequency pul-
sati ons due to the sol ids addition). Further, the uniform
distribution of the solids in the mi xed gas had to be preserv-
ed on igniti on. Thi s latter requi rement ha’s only been part-
ially met in the latest burner design . The problem arises
when the sudden expansion of the mi xed gases at the burner mouth,
which is needed to reduce the gas velocity to below the flame
velocity for stable combustion , results in the particles
preferentially staying in the core region of the flame since
thei r inertia causes them to lag behind the gas expansion .
This fault is not considered a serious draw-back since it pro-
duces a two-phase flow not unlike that In the divergent section
of a rocket exit nozzle.

The burner shown In figure 1 is not the latest design . It was
used for the early preliminary work. All work to date has been
obtained wi th this burner. It incorporated a central air line
with a venture ‘T’ section for solids addition . Fuel gas was
not premixed wi th air prior to combustion but rather exi ted
from six holes in the face of the burner. Mi xing of the two
gas streams occurred in the annular combustion zone . This
thus gave rise to diffusion flames originating at each of the
six fuel ports, and a cold central core which also con tained
the bulk of the added particles. A modified du~p contuster(C552/80) is currently being fabricated which Is expected to

• 
overcome the shortcomings of the earlier burner. The new
burner incorporates an auger sol lJs feeder and premi xing of
solids , fuel , and air/oxygen streams prior to combustion. —

- ‘ V - V  - . - V~~~~~~~~~~~ - ’V
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6.2 Combustion Tube

Emissive intensity is temperature dependant. Hence heat loses
from the flame and particles must be minimi sed so that the
planned axial radiation Intensity profiles measured the extent
of the combustion reactions and interphase energy coupling and
not just radiant energy loss from the flame . A ceramic tube
of recrystallized alumi na was chosen to contain the flame,
having good high temperature stability. The tube was support-
ed in moulded cast ceramic saddles and the whole enclosed in
-fi re-brick. Warm-up time was of the order of 90 m m .  Once
the tube temperature exceeded the gas ignition temperature,
stable combustion resulted.
A viewi ng window was provided in the tube by cutting off a
short length and separating the break by about 5 mm . To ensure
that no flame or combustion gases escaped from thi s gap , (due
to the back—pressure of the remainder of the tube) an exhaust
extractor fan was used. The draw by the fan was adjusted to
ensure that flame had a constant diameter across the gap and
neither lost gases to the atmosphere nor entrained ambient air.
Profiles were obtained by moving the burner inside the contus-
tion tube and keeping the radiometer fixed. For temperature
profiles , the thermocouple was traversed .

6.3 Radiometer

A radiometer was chosen to measure infrared radiant intensity
using fi lters to Isolate the bands of interest. Due to del-
ays in del i very of the instrument (5 no.) a similar but super-
ceeded model was obtained on loan and used for the early work.
The borrowed instrument was uncalibra ted and lacked suitable
filters .

The Instrument now available is a Molectron PR200 radiometer
wi th lithium tantalate pyroelectric detector. Instrument
sensiti vi ty ranges from 2.0 pW to 200 n*l f s.d. Spectral
range of the detector is 0.2 to 20 pm (±3%) with an upper
limi t of 400 nm. Filters available are quartz, (.23-3.5 pm),
sapphi re (0.3-5 pm), and germanium (8-14 pm). The absorption
spectra of these filters measured in our laboratory are given
in figure 6, 7, 8.

The detector has a nominal field of view of 0.1 steradian
which is wi der than that requi red. To eliminate pick-up of
unwanted radiation, a blackened viewi ng tube with collimating
slits was used. Slit width was 2 mm. The tube was purged with
air to control temperature build-up . Behind the flame was a V .,

black-bo dy viewing target, air cooled as for the viewing tube.
Before flame ignition, the radiometer was zeroed on this tar-
get . Tube alignment was by line of sight thro the viewi ng
slits wi th the radiometer temporarily removed. When in place ,
an -Insulated enclosure surrounded the detector and chopper.

_____ ____________- - - 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ L .~~~~



- ~~~- - -
, 

-V - -
- 

~~~~ V_ 1 

— 

:1 k. 
~~~~~

-

~~~~~~~~~~
-

‘

~~ : J
‘- — - — - 

- _.~~~~~~~ --—-I g- , 
-

- - ‘ - - - I ,

-
~~~~ - 

_
~ I

ii i:—i
H— _ _ L .  ______

- —

~~~~‘V. _~~~~~~~ 

-

- - 
z~. .  - 

V

---—

~~~~~~~~~~~

—-
r — _

~~~~~~~ 
j_ - - I - - - 

I
c~ 

;
~
V__

~VVV V __ _ .~VV_ V___
~.VVV VVV_ r_ V_ -

I - -  -
~ ~~~~~~~~~

- - L - . .  - - V

- -— -- —
— - t .~ . 

~ 
- 

- 
- i 

~~
-

: . _  
V

V - V ,~~~~~~ 
-

_ V’V~V~~_ VV__VVV ~_ — 
, 

—‘V 0
T V  - I . .  

- 
V~ I , SVS 

‘V
V - 

~V .i I : -  - - ~ 
i_ _  - 

, 0
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

--V - 
- 

V 
V 

: . ;  - E_ ‘ V T ’ V _ :__
~~~~~

_ T _ . rV.
~~

_
~~ 

~~~~~~~~~~~~~~~~~~

_  ~1II2II1
L
I±11 

I

~~~ I
- - -- I

- 
I 

- - :L_ - -

-
- ‘.- - - I V V  - - ,

- - - I  C- .,-
- - -_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ .

~~~~~~~~
-_

~ ‘V U-.
I.— - 

- . - 
. - : . .  0

- 
- I - V - I (I) NI 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - .0 4-~ j
- V V 

~~~~~ - ‘  - 
~~~~

- < ‘V

~~ 

_ _

_ _

_ _  

_ _

- : 1  -~~~ .:~~~~~~:
‘
~ ; 

- i i  —

_ _ _ _  _ _ _

~ 
_j_ _ _

~
_ 

_ _ _ _  

/
________ 

1VVV_V•V~ V_SV~~~~...J

- 

V

_  
(

( .  ‘ V V _ V V •  I ’

: .

-

- ..

3
- -~~~~ ____________ 

- .  ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_
~ Ii~~~~ 

-



—

V 
-~ 

V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-VV 
~~~~~~~~~~~~~~~~~~ ..~ ~~~~~~~~~~~~~~~~~~ 

—.--
~ 

jS
~~~-

V J ‘V V _ V  ‘V V •VVi I  - ‘V 52-  .~~. - ~.1. ~~~~~~~~~~ . V~~ 5V~~V~~ V , . -

2 ~~~~~~~~ VV; ~ 
_~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
_V_~~

_ VV - — - — 

~1~_ _  
34~~~~~~~~~I 

I
= I —

: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~

: 
~ 

...

- 1 _
~

_ 
- -

~ 

-

~~

--

- 

I — 4_ _
I 

,

— 
I 1

— _ -
_ ; _ _ : - I -

___________ - ‘ 4  _.VV . ._ V.:...__ ._ .. .. ..

I 4 ——_________ 
— 

I

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~ ~ : 
~~- -

~~ - t - .:~~~~~
- t’- -I-

o - - —--- • VS_ V~VV ’V___~-V~VV —~~~-——,-—--—— ~—- 0— ~~. - ‘  
- - - : . :  .; ~~

-
~Lh- . V , . , , V  -

- —-V
) 4 - — ~ ~~~~~~ —

‘V 

_ _ _ _

- - : - ‘ - V - O I~~~
V - ‘V ~~. V V V V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _ - ‘V.-. - -  .,-

~. .,-I

- - --  —— — ---- — - —--—-  
- -  -- 

~~~~~~~~~~~~~~~~~~~~ - - - . . - - ‘V~ Wi- V V o i-~ V# - I - -- U ) ~~~
— V —_

_
V~~_ V _~ .~~~~~~~_~ _t_~~~~~~~~~~~~~~~ - . 

- 
- -

-
V 

-
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I

- 
- - ‘ ‘ -

~~ 

~ : , V -~~~~~~~~~~~~

- 
_

_ -V _ _V . - V~~~~~’V~. V _ V ~~~~~~~ - -

— J
•••’•

•’ 
. I ~5.

- - —-~—~~ - -—- -—-—- ---- — W I
- 1~ 

- 
- ‘-I

- : ‘  / ~~~

- - - - - - - -~~~~~~~~~~~~ - - - H.

- 

- 

: H  _ _ _ _  
C~ 1

- — 4 
— —

- 
I

- 

~ -~~H - 
_ _  

2 :
— - V V

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -
__-

__- 

I

I t

V - ‘ - V V

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _V_V
~~~~~~~~~~ Z 

.

- - - . - .--- -- . - V - - - — . - V - - . -- -  ‘V. -; 
- - - ---- - - -  - -

- -  - -  

- V V . V ’ V V  - - -

‘V 
— — 

- 
— 

— 
.~ ~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~
r ’—  ii ’V

~~’r



‘V 

- 

‘V

—-‘V ~~~~~~~~~~~~~~~~~ -

- 1-
~~ ~~~ -i 

~~~~ 
- 

I r)
~ 

f ’ V  
t’V i— .-_ __

1

1’r-:~~_ — —-1 ~
~
L L

~~~
L
~~
L r ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- -  

~~~~ I 
- -

~~~

::~ : : ‘  ~: —h--—— —~~
— - 4  ‘V - -_--

~
—t--

~
- - — V- V  

~~
‘V’- V

~~~~~

_  - — - -
~

‘~~ —
~~~~~

- ~~- I

t -
~.L- i~~I 

‘ ! . :
V - - ~ ~~~~~~~~ _ V_ ~~~_~ ’V’V’V T - ~~~~~t~~~~- - ~~~ V : - - : — - -  

- -

I 
- — C

- - .-
-. - I

5 • 
• 

.
— ____ I 

- : - 
- I

~~~
- 

~~~~~~
V - -

~~~
-- - -—-

~
---

~~~ 
--- ---------- --- --

~~~

V - - - L .
~ 

I

I I

- - : V : ;: 1
V-V.- - - - - - -— —- -------- *----4- ----- ,

- . I - ‘.

_ _  

I

f

-

- 

- - V  . _ ~~~~~t.U~’!v~~ 4 

--V _~~~~~i~~_ - _ .T_



i
-V 

‘V’V’VVV.~~~~V_’V ~ ’V__ - - - V .  V :.—-.. -1~
6.4 Flame Temperature Pro file

A technique for measuring flame temperature profiles along
the axi s was developed. This was used to estimate radial
heat loss from the flame and to serve as a comparison wi th the
radiometer readings. Thermocouples (Pt/Pt—Rh ) were mounted
in a protecting cerami c sheath and traversed from the down-
stream end of the combustion tube . The thermocouples were
calibrated at the tin m.p.

Care was taken to ensure that the thermocouples gave reliabl e
flame temperatures. It was recogni sed that radi ation from
the thermocouple beads and conducti on along the leads could
reduce thei r temperature significantly below that of the
surrounding gas. Tests wi th varying si ze beads , (.5-3 mm
dia.) both wi th and without radiation shields , showed that
the least uncertainty in temperature measurement oc’ij rre d wi th
the smallest bead (.5 mm dia.) unshielded. The small di ameter
wi re used (0.1 mm) made conduction losses negligi ble.

The results of the tempera ture profiles showed significant
heat losses from the combustion tube (Figure 9)

- - 

6.5 Profile Results

Preliminary work was carried out using natural gas (CH4) and
air. Figures 10-11 show the total radiation Intensity of the
flame without particles using the early burner design .
Profiles with particles were not reliable due to di fficul ties
in maintaining a uniform sol ids feed rate during the scan.

Figure 10 shows the effect of changing 0/F ,atio on radiati on
intensity and position of maxinum. The quartz window was used.
The presence of carbon and delayed combustion are evident.
The 6% rich flame developed instabilities.

Figure 11 shows the radiant intensity at stoichiometric 0/F
ratio for di fferent windows - quartz, sapphire and germanium .
These have not been corrected for relative window transmission .
The peaks in these curves can be compared wi th the thermo-
couple profile. I

* Figures 12 and 13 show the I.R. absorption spectra of samples - -  /of pure CO and CO2 obtained in our laboratories. These —identify the in-fra-red bands of interest, namely: V

CO 4.4 - 5.0 pm

CO2 2.6 - 2.8 , 4.1 - 4.5 , 13.4 - 17 pm

6.6 SolIds Sampling Probe

A solids sampling probe based on iso—kinetic principles has
been constructed - see figures 4,5. The system has yet to be
trialed, pending modi fication to the solids feeder/burner
assen~ly.

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ — — - —
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7.0 SUT~EARY

This report cove rs the work carried out during the period July 81 -
June 82 on the project “Infra-red Characteristics of ~as Plumes” .
It contains a review of the available open literature and Identi-
fies areas where existing rocket exhaust plume models are deficient.
Deficiencies were identi fied in modeling the turbulent structure
of hot gas plume s particularly with the turbulent diffusion effects.
Problems exist in estimating the spatial distribution of species
and their concentration - due to lack of data on the kineti cs of
radi cal formation and combinati on especially in the presence of
cati onic modi fiers such as K , Sn. The problem of particulate
emissions both from liqui d fueled motors (c) and metallized solid
fuels (typi cally A1203) has not been sol ved adequately. Lack of
opti cal parameters for some condensed species has hindered work
in this area however the data for A1 203 spheres is quite extensive .

An experimental rig has been designed , built and instrumented.
Preliminary work has established its ope rability . Probl ems in
burner design and pa rticle addition have largely been solved. A
system of solids sampling of the high temperature gas has not been
fully tried-out pen ding improvements to the particl e feeder.

This study shoul d be continued to obtain data on particle addi tion
to the flame , and the influence of particle size . Work on particle
aggl omeration/attrition in flames is warranted. -
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9.0 NOMENCLATURE

A = throat area

a 1, a2 = Universal empirical constants

bD = Doppler broadened line half width

Cp = specific heat at constant pressure

d = distance (cm) between adjacent spectral lines

E = Internal energy

K = mi xing rate factor

L = local length scale

M = Mach number

= mass fl ow ra te

m = molecular weight

- - Pc = chanter pressure

1’e = cxi t pressure

“rk 
= turbulent Prandtl number

P(S) = probability function

p = pressure

= heat flux vector

r = ra di us

s ‘ line intensity -:

T = temperature (K)

= time

U optical depth

U5 typical velocity di fference

u x velocity component

V a velocity vector

V a spec i fic heat rati o - -
‘

v a y velocity component

X • length vector

ii _ — - 
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= Mie parameter (= 2-n r/X )

= mean emissivi ty of spectra l band

= turbulent diffusivity

y = line half wi dth

= wave number

p = densi ty

-r = shear stress tensor

x = wavelength

= dynami c viscosity

7 -

1 - - - 

~ ~~~~~~~



A
.~~,, S -— — .  ~ - -~~~~~ 

-

i’. - .  
.

-V

. ’

- - -

Dw~~~~~~~~~~~~~~~~ 
- - - - - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— - — 1. .

- 

w hich appeared in- - - 
V 

.5 

- - -  

Thank you for t hi s cou~~ S~ -

Y our s $ince~~t Y .T . . V V V V

Se,~~~~~~~ th~~J
~

-S~A~ p~4~4l~~ ~~~~~~~~~~~~
- j~ ii ~IoI~~ ~

fi? ~~~~~~
..

V 
~4w *~~~ 

$.74F1..,~~.

- - -

V I - 

- —  -
- 

- •V

-V

~~*~‘ •
~

‘;: 
V.

V ::-

- -  
~~~ t~~~~~~~~~~~~~~~ -V:~~~~~~~~~~~~~~

- -

--



A

I


