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The Mission of AGARD

According to its Charter, the mission of AGARD is tv bring together the leading perscualities of the NATO nations in the fields
of science and technology relating to aeruspace for the following purposes:

— Rocommending effective ways for the member nations to use their rescarch and development capabilities for the
common benefit of the NATO community;

— Providing scientific and lcchn'ical advice and assistance to the Military Committee in the field of acrospace research and
development (with particular regard to its military application);
/
— Continuously stimulating advdhces in the acrospace sciences relevant to strengthening the common defence posture;
|

— Improving the co-operation among member nations in acrospace research and dzvclopment;
t
— Exchange of scientific and technical information:
— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

~ Rendering scientific and technical assistance, as requested, to other MATO bodies and to member nations in connection
with rescarch and development problems in the acrospace ficld.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed scnior representatives
from cach member nation. The mission of AGARD is carried out through the Pancls which are composed of experts appaointed
by the National Delegates, the Consultant and Exchange Programme and the Acrospace Applications Studics Prup.lmmc The
results of AGARD work are reported to the miember nations and the NATO Authorities lhrough the AGARD scries of
publications of which this is one.

Participaiion in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.
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Abstract

Requiretnents for missile guidance and stealth properties are changing and bécoming more stringent. There is no up-to-date
syathesis relating rocket motor plume prepertics to these-new requirements. The work performed and recently finished within
PEP WG 21 has formed the basis for this Lecture Serigs.

The scopie of the Lecture Series will be rockLt motor exhaust products and plumes in all their aspects. Plume properties will be
addressed and methods of numerical simulation and eXperimental assessment described.

i
Specifically, plume structure, atter-burning phenomena, primary and secondary smoke, plume radiation signatures and plume
mictowave interactions will be described in detail.

Operational aspects linked to these topics will discuss how ro. ket plumes influence mistile d:tection, guidance and tracking.
Ways in which plumes may be modified to reduce or eliminate this influence will be suggested.
/

Abregé

Les spécifications en matiere de guidage de missiles et de caractéristiques de furtivité évoluent et deviennent plus rigourcuses.
Or. il n'existe aucune éude de synthese récente qui permet de confronter les caractéristiques des jets des moteurs-fusées avec
ces nouvelles exigences. Les travaux entrepris par le groupe de travail PEP WG 21, qui viennent de s'achever, ont servi de base a
ce cycle de conférences. L

i
Les conférences couvriront tous les aspects des jets des moteurs-fusées et des produits émis par ceux-ci. Les caractéristiques des
jets de propulseur seront examinées et les méthodes de simulation numérique et d'évaluation expérimentale seront discutées.

En particulier, la structure des jets, les phénoménes de postcemnbustion, les fumées primaires et secondaires, les signatures par

rayonnement des jets et les interactions/jets hyperfréquences seront décrits dans le détail.
1

Les conséquences opérationnelles liées a ces sujets montreront Finfluence des jets des moteurs-fusées sur la détection, le
guidage et la poursuite. Des propositions seront faites pour la modification des jets afin de réduire ou d'éliminer cette influence.

\
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INTRODUCTION

R LAWRENCE

DRA OCffice
c/o Royal Ordnance
Westcott
Aylesbury
Bucks HP18 ONZ

Rocket plume technelogy has been a subject
of interest and study for many countrics cngaged
in missile design and manufacture. For successful
opcrational dcployment of missile systems it is
necessary to quantify the exhaust propertics of
the propulsion unit and its cflecls on missile
guidance, tracking and signature. AGARD
Lecture Scries 188 addresscs some major topics of
this subject. The Scrics stems from the work of
AGARD PEP Working Group 21 which
investigated the question of terminology in the
ficld of solid propcilant rocket cxbaust signaturcs
- with a view to agrecing and recommending a
common (crminology. Particular cemphasis was
placed on the ciassification of propellants in terms
of Primary and Sccondary smoke. The work
resulted in the submission of a I‘mnl report which
became AGARD Advisory chorl 287 cntitled
“Terminology and Asscssn.cent Mcthods of Solid
Propellant Rocket Exhausi Signatures®. Principal
subjects were Primary ard Secondary smokes,
smoke classification, plume radiation and
microwave propertics. These were preceded by an
introduction and comprchen,swe overvicw and
supported by appendices.

The recommended “Smoke Classification”

went forward to beccome a NATO standard.
{

With few exceptions the exhaust of a rocket
motor is scen as an cmbarrassment ta the missile
uscr. The nature of the cxhaust, characterised by
the very rapid flow of chemically reacting, high
temperature turbulent gascs, prescnts a problem to
the missile decsign tean having concern for
guidance, tracking and vulncrability to detection.

Where

electromagnetic  guidance and

!

a
]

tracking signals pass through rcgions of the
cxhaust they undergo losses and  distortion
depending vpon the local properties encountered
along the path through the piume and the
wavcelength of the interacting incident wavefront.

~ In the context of detection, a rocket exhaust
signaturc is regarded as that sct of propertics
which may enable an observer to detect, locate
and identify a missile. Millimetric, infra-red,
visible and ultra-violet radiations from an cxhaust
afford opportunitics for the passive detection and
identification of a missile. Propecllant chemical
specics contributing to a unique spectral pattern
may well provide this idcntification. Equully,
rocket cxhausts often produce “Primary smoke”
(originating in thc motor) or “Sccondary smoke”
(plume condensates) which may also be detected
by passive mcans. These form an observable
contrast of cxhaust smoke against background.
Aclive dctection is also possible where free
clectrons populalmg the turbulent fiowficld act to
present a radar cross seclion to an interrogating
radar.

To rcduce the risk of detection, the rocket
exhaust signature must be minimised and some
propellants offer distinct advantages over others
in this respcect. Double base propellants are often
favoured where sccondary smoke is likcly to causc
concern, without the formation of acid vapours in
the plume, condensation occurs only in ambient
conditions of extrcme temperature and humidity.
Impressive reductions in  plume signaturc are
witnessed when the exhaust is prevented from
burning and, in certain cascs, this can be achieved
by using onc of the double basc range of
propellants with a combustion suppressant added.

~
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This cuppression of buraing, whif: reducing
mitlimetric, infraved, visi ke farte, and some
ultra-viclet radiations, must not Bz at the expense
of incrensed smoke, itsell part of the overall

signature,

Over mony years, mensénmmas of plume
emitied radiations, of microwave prepagaticn and
back scatter have been unde rinken on [round level
open sites and, where apyroprinte, ‘n facilitics
simuloting missile forward velocity aid altitude.
These facilitics are expensive ‘and can 2ot provide
for on entire range of missiles or for every
operational situation. Fully instrumentcd, carcfully
planned and exccuted flight measurem :nts are the
ideal snswer, but again these are very expensive
and can come only at the post design stage, well
into the devclopment programme. Problems found
at this time are costly to remedy, with changes
strongly resisted. : (
|

It is not difficult to sce the attractions of
rcliable computational techniques for  the
prediction of (lowficld propertics where, carly in
system dcsign studies, ,calculation of these

propertics and their effect on a proposed system

can become available as input data to operational
assessment. In addition, such plume modclling
permits a rapid response 1o system problems and
provides opportunitics to make well |informed
predictions in situations where motors arc not
available, such as those of an adversary.
Diagnaostic value is also substantial when studying
the eflects of exhaust modifications, eg. flame
suppressants, signaturc reduction, etc.

Exhaust structures are co'u’np!ex. Working
from computed combustion processes inside the
motor and expansion of gascs through the nozzle,
an additional calculation devclops the plume
flowficld structure, a distribution in space of
temperatures, vclocitics, pressures, chemical
species concentrations and turbulence properties.
The exhaust propertics of interest, ¢g. infra-red
radialions, millimetric emissions, elc., are

evaluated by selecting the appropriate application

code to interface with the plume flowficld
structure. This is simply stated, but is in reality a
procéss posing a sévere challenge to theoretical
modelling skills as it attempts to describe the
turbulent niixing of exhaust gases and surrounding
ambicnt air streams, the many chemical reactions
occurring in the exhaust and the gas dynamic
features of shocks and recirculation.

A delinitive description of the plume
flovAdicld has yct (o be cstablished. Although
modelling techniques continually improve, the
singe has siol beea reached where they can be
reliably used without experimental validation. The
alms of o plume study group must be to perfect
these techniquer validated by expzriments. Rocket
exhaust technology is a field where, research and
project suppert can profitably proceed together in
commoa programmes of prediction validation and
ballistic trials.

The subjects of WG21 with strong emphasis
on exhaust Signaturcs were taken as a guide for
the Lecture Scrics and in doing so it was
recognised that two (urther subjects should be
included: that of propulsion in the context of solid
propcllant rocket motors for tactical wcapons,
with low cxhaust signatures as a major fcature,
and that of theoretical plume modeclling which,
from the foregoing, plays a prominent role in all
aspects of rocket exhaust studies. Only in exhaust
propertics rclated to microwaves has propagation
through the plume been considered. Traditionally
and to this day, microwave radar systcms have
played an important role in missile guidance and
tracking. With such prominence. propagation
aspecls merited inclusion. This is not to suggest
that other propagation wavclengths from the
clectromagnetic spectrum are not usced to good
cffect and .instance as an example, infra-red lascr
beam guidance.

Launch site blast and contamination cffects
cf the cxhaust and aircraft engine ingestion of
rocket exhaust products have not been included in
the lecture programme.

e TR T T TR
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PLUME PRIMARY SMOKE

J.C. Chastenet

S.N.P.FE. Centre de Recherches du Bouchet
BP 2. 91710 Vert-le-Petit . FRANCE

1E)

|
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ABSTRACT

The exhaust from a solid prép«llant rocket
motor usually contains condensed species.
Thesz particles, 2lso called,” Primary Smoke”,
are often prejudicial to léiaaille detectability
and to the guidance system . To avoid oper-
ational problems it is necesaary to know and
quantify the effects of particles on all aspects
of miscsile deployment. |

This paper first gives a bricf d!l‘eacription of
the origin of the primary smolie. It continves
with details of the interaction between par-
ticles and light as function of both particles
and light properties (natvre, size, wavelength,
etc). The effects of particles on plume visi-
bility , attenuation of an optical beam propa-
gated through the plume and the contribution
of particles on optical signatures of the plure
are alco described. Finally, various methods
used in NATO countries to quantify the pri-
mary smoke effects are discussed. |

1. INTRODUCTION'

The eithaust from a solid propellant rocket
motor are composed of gases and Iusunlly of
particles or material that could condense dur-
ing cooling of the combustion gases ! This
solid material creates, in the atmosphere,
downstream from the nozzle a smoke cloud
composed of small particles. This smoke is
called Primary Smoke in opposition to smoke
that could be generated, in particular climatic
conditions, by the condensation of the water
vapor contained in the exhaust and in the at-
mosphere.

Particles become important because they
generally exist everywhere downstream of the
nozzle and they remain a certain time. Ac-
cording to the quantity of particles created by
the motor, this trail can be easily detected vi-
sually and can reveal the missile trajectory or
the launch position from long distance. Also
attenation of laser guidance beama can occur
during transmission through these consider-
able lengths of exhaust plume smoke. ‘

Generally, primary smoke are prejudi-
cial, but unavoidable, to missile detectability ’
and to the guidance system . The objet of
this paper is to give descriptions of (i) the
origin of the primary smoke, (3i) their effects
on plume visibility and transparency and (iii)
various methods used in NATO countries to
quantify the primary smoke effects.

This paper is a review of the chapter pre-
pared by the french delegation of AGARD
WG 21 [1].

2. ORIGIN OF PRIMARY SMOKE

Particles have a variety of origins. Propel-
lant formulation is only one and among pro-
pellant ingredients, the main contributors to
primary smoke are :

e Burning rate catalysts : Ferrocene com-
pounds (catocene), lead oxides, lead salt
(lead resorcinate), copper salts (copper
chromate), iron oxides, etc

e Anti-instability additives : Zirconium
carbide, sirconium oxide, silicon carbide,
etc.

T TR



TECHNICAL LIBRARY




tE-2

[ECHNICAL LIBRARY \

o Aluminium or oth ;r m3cly edded to in-
crense the thermodynamic performances

e Afterburning suppresamv : Potessium

salts (K3SO4)

This list is not exhaustive.

Thermodynamic computaticns have shown
thot these products, mostly inetsl compounds,
are o be found in the exhaust sa raw metal
(Cu), hydroxides (K{OH) or move often 2s ox-
ideo, chlorides or fluorides. Some refractory
moterials (moatly anti-instability additives)
do not decompoee in the combustion cham-
ber ond are discharged as particlen through
the nossle.

Other than the propellant, nll motor parte
which are exposed to flame may pyrolise or
ablate and generate smoke. The main con-
tributors are : :

o liner

e inhibitor

o thermal insulation
¢ nozzle

Their contribution can be significant, typi-
cally in the form of soot (carbon), silica and
iron nxide, eepecially during and after burnout
of the motor. Finally, the igniter may also play
a significant role in the generation of primary
smoke. l

{
3. OPTICAL EFFECTS OF
PRIMARY SMOKE

Particles or particle clouds interact with
light in two ways, scattering and abzorp-
tion. Scattering of the ambient light can make
smoke highly visible and a major, contribu-
tion to missile signature in the visible spec-
tral range. Attenuation by smole can inter-
fere with a guidance system that should be
used between the launching platform and the
missile or its target. ' '

These phenomena depend upon various fac-
tors : :

e The size of the cloud or the optical path
accros the cloud

o Particle concentration
o The optical wavelength

o The optical properties of particles defined
by :

T"hcir complex dptical index
- Thelr size and nize distribution

- Thelf shape, roughness, etc

The ﬁrst two parameters are closely con-
nected with motor performance and particu-
larly the mass flow rate, thrust and combus-
tion time.

Since it is difficult to describe arbitrary
shaped particles, they are often considered to
be spherical in calculations.

3.1 Interaction between light and par-
ticle

" The interaction between light and a parti-
cle can be obtain by resolving Maxwell's equa-
tions with appropriate boundary conditions.
The light scattering theory generally distin-
guishes three different cases over each of tho
following ranges :

e When the particle diameter is far smaller
than the wavelength, the sacattering
is called Rayleigh scattering. Equal
amounts of fluxes are scattered into the
forward and backward hemisphere (fig.
1a) [2].

e When the particle diameier is greater
than about one-tenth of the wavelength,
the greater overall scattering and pattern
complexity (fig. 1b and 1c) requires that
the theory developped by Mie must be
used. Although Lhis theory is confined
solely to isotropic spheres, it is custcm-
ary to employ it even when the particles
may be somewhat irregular in shape as
those issuing from propeliant.
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» When the particle diaorwter i’vé very lorge
with respect to the wavelength, it is nec-
ecaary to apply laws of geometrical optics.

The porticles collected in rocliet exhaust
plumzn with various mes: flow rates chow that
equivalent diamreters of non aggrogate porti-
cles loy between 0.1 um tc 30.0 p'm. A large
rumber of small porticles with diamwters prob-
ably in the range 0.01 utr: to 0.3 {1 aleo ex-
ist, but they are dificult to quonti'y and their
sice precludes important scatteriiig over the
visible region of the elect romagnet-c spectrum

- (fig. 2).

Figures 3 and 4 show photographs of par-
ticles collected in plumes. The ccaumption of
spherical particles can be well <t less well ver-
ified. I

In the visible, near or mid(ﬂﬂ@: infrared, the
important scattering is generally described by
Mie’s theory. ' /

Following this theory, when a particle of
complex index m = n - ik is illuminated by
unpolarized light, at the wavelength A, repre-
sented by two electromagnetic vectors perpen-
dicular and parrallel to the plane of observa-
tion (fig. 5) but having no coherent relation-
ship, the scatterred light, in a direction mak-
ing a angle 8 with the direction of the incidént
light, consists of two incoherent components
(indexed 1 and 2) such that the total angular
intensity | at a distance d from the particle, ia

} i
A 2 :0(0) + ()

1(0) = Io (2'4) 2

where [j is the irradiance of the particle and
31 and i3 are the Mie functions, expressed by
Riccati-E sssel functions and Legendre polyno-
mials as functions of the dimensionless size pa-
rameter o0 = ’;" and f = ma where r is the
radius of the particle (sce [3] or [4] for more
information).

Figure 6 gives typical relative variations of
logs) and logs; versus @ for particles of Al304

v
l

and C (soot) when ¥ = 45° (deﬁne‘d in fig. 5).

Optical properties of particles are given in
the form of dimeusionless parameters. The in-
tensity "intercepted” [, (e.g. not transmit-
ted in the direction of the incident light) by
the particle is proportional to i) the intensity
of the incideént light, ii) the section of the par-
ticle and is written :

lege = IO"’Qut

The coefficient of proportionality Q. is called
the extinction coefficient..

The total :ntensity scatlered /,., by the par-
ticle is also related %o the same parameters :

liea = Iox "ano

and defines the scattering coefficient Q,.,. A
part of the intensity of the incident light can
be absorbed by the particle and is caracterised
by the absorption coefficient Q.., obtained
from difference :

Qats = Qest — Quca

In the op'tical pu'rametern of the particle, the
absorption properties are charaterised by a
complex refractive index (k # 0).

These coefficients can be calculated by Mic’s
theory, for exemple an expression of the scat-
tering coefficient, for unpolarized light, is :

Qrea = (E:_r)’/o'(.'.(o) + i(6) sin 046

Typical variations of Q,,, are given in figure
7. An example of the influence of the imagi-
nary part of the index on the acattering and
extinction coefficient is given in figure 8.

3.2 Attenuation

The radiation intensity loas d/ due to pri-
mary smoke is the consequence of the sacat-
tering and absorption by particles and can
be expressed according to the Eeer-Lambert-
Bouguer law for monodispersion :

AN

1E-3




TECHNICAL LIBRARY

’




1E-4

bt i kel a 5

Lihbiiidndnd W

TECHNICAL

dll = -Nxr’Qemdl |

}
where r is radius of the pariicles, N the
concentration of particles (number of parti-
cles/volume of mixture), Q.qs¢ the exiinction
coefficient and di optical path length.

With a constant exponent coefficient, the
transmittance 7, can be written :

3

T, =1/lop=e "=t

where Yozt = Nxr2Q..e and L the toial opti-
cal path length.

By replacing N by a function of Sauter
mean diameter (Volume-to-surface) Dy; and
volume concg ration of particles C, (volume
of particles /volume of mixture), this exr:es-
sion can by written :

3Q¢:CC0L

21)3, )

T, = exp(-

Since the monochromatic. beom crossing the
plume scatters from particles of varying num-
ber density and size, the equation must be
modified as :

Ini/lh= - /0 ’ [) ” N{l,r)xr2Q. pe(r)drdl

where N (I, r)dr represents the number of par-
ticles with radii between £ and r + dr per vol-
uine unit at the point | of the path.

The extinction coefficient can be predicted
as shown in previous paragraph in the limit of
single scattering. ' *

Calculation of the plul;le flowfield permits
the transmittance to interface with motor pa-
rameters such as mass flow rate or chamnber
prezsure by substitution of the parameters C,
and { in the formula.

LIBRARY

tigures 9 and 1U show the nature of par-
ticles in an original way. Two graphs, repre-
senting diffetent wavelengths, show the parti-
cle mass fraction inducing a transmission fac-
tor of 95 % acrcas a given particle cloud (op-
tical path= 1 m, dilution = 5. 1072) as a
function of particle size. The mass [ractinn
of condensed materials in a given propellant
plume at an equivalent dilution section must
remain under these curves in order to obtain
the specific transmission level.

Such rei)resemationa show that :

. Carb{me or goot ufe very absorbing,
whatever the wavelength.

e When the particle radius is not too large,
transmission is better in the infrared than
in the visible region of the electromag-
netic spectrum.

o Coppe: and lcad have similar scattering
features (but with respect to only the vol-
umetric fraction, lead is more transparent
than copper).

3.3 Particles emission

The scatterring properties of plume parti-
cles are at the origin of the signature in the
visible range. Scattering can also produce a

. emission in the other part of the electromag-

It is true for both the U.V
range and the I.R range where pzarticles can
scatter the radiation coming from the combus-
tion chamber by the nozzle throat.

netic spectrum.

Furthermore, solid particles emit continuum
radiation in approximate proportion to the
particle concentration and the fourth power of
their surface temperature obeying the Pianck
function. Specific details of size distribution
and optical properties of the particles signifi-
cantly affect this einission. So particles could
product an emission in the UV, visible and L.R
region of the electromagnetic spectrum espe-
vially in the hot part of the plume (afterburn-
ing region).

3.4 Smoke visibility




TECHNICAL LIBRARY

’




Bl S S g N

DRV o RTINS R gty AL [ 3 raren SPARETLIE SREUER PR SRS L e S L

TECH

r

The term visibility is generally used to de-
scribe the possibility of detectnon by an ob-
server without the aid of a &umlmry device.
Quantitatively, visibility is expressed as a
probability of detection for a given contrast
between the objet (the plume) and its back-
ground, in this case the sky. Ignoring chro-
maticity factors &s being less important than
luminance contrast, the plume-background in-
herent contrast Cy is definied by :

Ly, - Ly

Co =

P b

where L, and L, are the luminances of the
plume and the background with respect to a
given observation point in a given wavelength
band. The contrast tends to -1 for a ideal
black objet and may have a large positive value
if Ly > L. !

Calculation of contrast involves a detailed
knowledge of all radiation sources and trans-
port functions (sunlight, diffuse skylight, dif-
fuse light from ground, etc). The optical
transmittance T, appears in the contrast equa-
tion. For a given sunlight making a hypotheti-
cal angle of # with the direction of observation
(setting sun in the back of observer, plume
near the horizon), the transmittance appears
for example in the plume luminance expres-
sion (assuming single scatt.ering) :

Lp sun = E07,;E:)(1 - Tz)

T, being ezp(—7.n L), with L the plume di-
mension in the direction of observation and
Eq the irradiance.

Moreover transmission through the atmo-
sphere affects the plume background contrast
because of the angular scattering of environ-
" mental light towards the observer within his
cone of vision.

The transmittance is £o one of the more im-
portant parameters that permlta to evaluate
the visibility of the plume under! spécnﬁc envi-
ronmental conditions. P

i
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A direct measurement is often preferred to
numerical computation which depends upon a
large number of ill defined parameters. This is
particularly the case for optical indices found
in the litterarure for pure compounds at room
temperaturé. This is also the case for size
distribution. These data applied to particles
present in the rocket exhaust is highly ques-
tionable. Nevertheless, Mie's scattering cal-
culations are useful for interpreting results of
measurements and applying to the propellant
optimization and other aspects of rocket mo-
tor design.

4. DESCRIPTION OF VARIOUS
METHODS OF PRIMARY SMOKE
ASSESSMENT USED IN NATO
COUNTRIES

4.1 Opacity of primary smoke \

Opacity is a physical parameter that can be
directly measured and is independent of the
optical environment.

Accurate and validated models for opacity
prediction are still unavailable, but experi-
mental techniques have been developed and
used for years. From an engineer’s viewpoint,
transmission measurements is the only avail-
able way to assess primary smoke.

The U.S, the U.K., France , Germany and
Italy are performing plume transmission mea-
surements on static test, with the implicit
assumption that the result of a comparison
between two motors on a ground static test
should be qualitatively unchanged in flight.
An improvement in ground testing trans-
parency results is interpreted as an improve-
ment of transparency properties in flight. The
methodology to translate transmission mea-
surements from static tests into quantitative
flight predictions is not yet available, but it
could be developed with existing techniques.

Therefore, the practical application of
plume transparency measurements on static
firings is the comparison of propellants or mo-
tors, one with another. In some cases, the

ki S o oh S
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purpoze of these measuremento m‘hmlled toa
specific study - like t.he improvement of mo-
tor with respect to pnmary smokes, or the
assessment of new ingredients in a propellant
formulation; the experimental procedure can
be defined on a case by case basis. For more
general purposes, such as having a quantita-
tive method for comparing the smoke proper-
ties of broad range of solid rocket propellant
formulations, a widely accepted, standardised
procedure i8 required. '

In the following paragraphs more details
will be given on the instrumentation, exper-
imental procedures and interpretation of mea-
surements used in the U.S.A [5], the UK. [6]
and in France (7] for the assessment of primary
smoke transparency.

Three methods are curently used to deter-
mine the opacity of primary smoke ‘during test
firings :

e Firings in a closed chamber (U.S.
Army Signature Characterization Facility
(S.C.F.)) (fig. 11).

e Firings in a "smoke tunnel” ( UK. Royal
Ordnance Smoke Tunnel (fig. 12), French
SNPE "Fumimetre” (fig. 13)).

!

e Free jet firings ( UK Wyre Forest fa-
cility (fig. 14) and french SNPE "banc
opacimétrique” (fig. 15, 18) for exam-
ple). It seems to be the most widely used
type of nrocedure in the NATO (excepted

S,\) ;

The three techniques do not Ishare strictly
common usage. Free jet transmission mea-
surement is a technique adapted to evaluate
the complete motor ( propellant + inhibitor
+ etc). With some caution it can also be
used to rank propellant and inhibitors formu-
lations. The same use applies to smoke tunnel
tests but with more restrictions on the max-
imum thrust of the rocket motor. On the
other hand, the S.C.F. chamber is a facility
which primarily assesses propellant formula-
tio.. Because of test duration and environ-
mental control, this facility is better suited to

LIBRARY

carry more sophisticated experiments on pri-
mary smoke than those cf transmission mea-
surements : e.g. transmission spectrum, parti-
cle sizing &nd may be particle scat.t.ermg char-
acteristics.

4.1.1 Source and detector

The wivelengths of interest are in the
0.4 um to 14. um region, the most studied in
the visible range (human eye response). The
transmissometer source could be a wide spec-
trum lamp (France), a tungsten-halogen lamp
(U.S.) or quartz halogen lamp (U.K.) with
a suitable detector, silicon cell or radiometer
equiped with a suitable filter (photopic or nar-
row band filter).

For specific studies, the source can be a op-
tical laser (1.06 um, 0.63 um, 10.6 um).
France, the transmisson at 0.63 um (He-Ne
laser) is considered as a good estimation of
transmission in the visible range.

The system using the halogen lamp may be
preferable because it avoids the necessity for
precise alignment between source and detec-
tor, thereby being less succeptible to vibra-
tional disturbances during the motor firing.

Current systems employ continuous sources
but a chopped source is recommended to
counteract interference from scattered ambi-
ent light falling on the receiver.

The-detector shouid have a high frequency
response (like a silicon photodiode) which can
record the rapid fluctuations of the smoke
transparency and a spectral respons« in the
visible and near IR which spans the  nge of
source wavelengths.

The energy recorded by the transmissome-
ter involves both the direct flux and a small
portion of the forward-scattered flux. The
latter comes from a spatial volume, usually
of double-conical shape, which surrounds the
source to receiver axis and is defined by the
angular divergence of the source beam, the
angular field of view of the receiver and the
source to receiver distance. These factors, and
the receiver aperture area determine the to-
tal scattered flux received. Typically rececivers
with a small angular field of view (< 10°) and
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apertures of a few centimeters are :mployed in
measuring the nominally direct trunsmittance

(8].

1
|

|

Calibration is generally done‘ by intercept-
ing the beam with opaque material (Transmis-
sion=0%), various neutral density filters and
no filter (100 %). The delay between calibra-
tion and the firing should be minimized.

1
4.1.2 Measurements pat{ls

/

In general both transverse and axial mea-
surements are performed, each of which has
its associated advantages'and disadvantages.

Transverse measurements are Fparticularly
well suited to propellant ranking, inhibitor as-
sessment or the study of additive effects. They
are indeed reproducible, constant with time,
providing the burning surface area does not
vary during the firing period and tests con-
ducted near the nozzle exit not affected by sec-
ondary smoke. Furthermore, the limited vol-
ume of cloud viewed transversely gives an op-
portunity to undertake complementary optical
measurements. These measurements are car-
ried out at an angle of /2 rad to the motor
axis. The transmissometer axis must cross the
motor axis at a position dowstream of the af-
terburning flame. This can be achieved using
a constant distance for motors up to a certain
thrust level or by maintaining a set distance
downstream of the afterburning flame. The
relatively short path length associated with
transverse measurements will give transmis-
sions of 90 % - 100 % with low thrust, low
smoke, motors. At these smoke levels trans-
mission measurements may not be sensitive
enough to discriminate between motors. In
such cases the path length can be increased
by use of front silvered mirrors but great care
- must be taken to ensure that mirror surfaces
remains clean and that vibration of the mir-
rors is prevented during firings.

Axial measurements are realistic for amoke
asgesement in a missile guidance context and
allow discrimination between similar products

that produce near transparent smoke. These
measurements are performed over a long path
length with the transmissometer beam in-
clined at a shallow angle (typically 0.07 rad)
to the motor axis and intercepting the plume
axis at a set distance downstream of the motor
again beyond any possible afterburning flame
and usually at the position of the transverse
beam. '

4.1.3 Mof',or characteristics

In the U.S. Army MICOM S.C.F a 70 g case
bonded motor (50.8 mm diameter x 50.8 mm
long, center perforated, 6.4 mm web) with a
smokless igniter and no inhibitor is used. A
typical smokeless pyrogen igniter contains one
to three grains of N5 double base propellant.
Tests have shown that this amount is unde
tectable in the S.C.F.

In U.K, low thrust motors (up te 400 N)
can be fired in the Royal Ordnance (RO(S))
smoke tunnel. Higher thrust motor are fired
in an open range facility. To compare propel-
lants within a range of very different burning
rates, 1500 N thrust motors of 8 s burn type
with pyrogen (smokeless) igniters are normally
employed. The thrust is adjusted by varying
the diameter for end-burning grains. Adjust-
went in grain length can similarly produce a
¢onstant burning time. However, this is con-
sidered less important provided that reason-
able burning time is exceeded (at least 5 s).
For inhibition development and quality con-
trol, a standard test charge is used. This is a
150 mm cased SCB bi-propellant charge con-
sisting of boost and sustain propellants having
burning times of 6 s and 20 s respectively at
thrust levels of order of 1000 N and 300 N.
This charge can be produced in the required
inhibitor system and, when fired in an insu-
lated heavyweight test motor, provides infor-
mation on inhibitor smoke, at boost and sus-
tain burning rates and at those of transition
from boost to sustain. For propellant ingre-
dient trial the test charge is produced in a
»smokeless” inhibitor system. Using the range
of propellant burning rates available at RO(S)

‘.
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this charge can have a burmng time rungmg
from 4 s to 80 s at thrust level of 3 kN falling
to some 150 N using the lowest burning rate
propellants. :

In France, transmission mesgsurements are
primary not used to identify propéllants
for classification, but are limited‘ to the
task of studying specific propulsion systems.
The firing facilities "fumimétre” and "banc
opacimétrique” function primarily for the as-
sessment of smoke produced by inhibitors. For
such work, motors with end burning grains
(diameter 90 mmi) of identical propellant fox-
mulation are fired. -

They are now also used to compare different

propellant formulations and to assess the ef-
fect of including additives. These firings em-
ploy motors with radial burning grains with
a constant burning surface and a identical in-
hibitor; the motor thrust is typically between
2500 N and 5000 N.

4.1.4 Motor position

In free jet measurements, the height of
the motor axis from the ground should be
such that there is no mterference between the
smoke plume and the ground up to the posi-
tion of the transverse transmissometer. Ty pi-
cal distances of 1.3 meters have been used.

4.1.5 Climatic conditions during firing

Firings should not be carned out in rondn-
tions of mist or rain. Conditions of tempera-
tures and humidity should be such as to pre-
clude the formation of secondary smoke.

|

The much longer path length involved in-the

axial measurements perniits better ‘discrin}ina-‘

tion between low smoke motors. Howeve{,';"as
the patk length increases so does the influerice
of atmospheric conditior:s.

Recommended maximum crossw nd speed is
1. ms™! for axial measurements and 3. ms=!
for transverse measurements..

The results of smoke measurement trials
performed on open ranges will always be influ-
enced by atmospheric conditions. It is there-
fore recommended that control rounds of a
know.1 smoke level are included wherever pos-
sible and that successive motors are fired as
quickly as possible to minimise any changes
which may take place during the duration of
the trial.

4.1.6 Interpretation of the transmission
measurements

For transmission in free jet (fig. 17 - 18),
measurements are time average having before
eliminated the unsteady part of the record at
ignition and at the &nd of the firing. That re-
maining usually maintaihs a steady mean level
making the average value representatlwn of ex-
isting smoke conditions.

For transmission in closed chamber (fig.
19), the steady-state transmission measure-
ments must be done after full mixing of the
exhaust products and air. The plateau value
is interpreted as a charaleristic of the primary
smoke generated by the formulation. To en-
sure a good estimation of this plateau value,
transmission should be recorded cver a period
of time significally (typically 10 times) longer
than the mixing time. In the SCF cham-
ber, the mixing time is approximately 5 s to
30 s and measurements must be recorded over
300 s.

4.2 Smoke visibility

From an operational viewpoint, specifica-
tions for primary smoke visibility should be
defined in terms of whether or not a missile
will be visible to an enemy observer. Because
this factor is sensitive to the operational en-
vironment, one of a limited number of "typ-
ical” or "worst-case” environnmental condi-
tions should be defined for the missile, spec-
ifying the solar flux, the background, the at-
mospheric conditions or any parameter likely
to affect the visibility.

e
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Following the US Ariny Methodology, vis-
ibility can be defined in terms of the proba-
hility of missiles detection by unaided human
eye. The major physicul factors determining
visibility are the size and the shape of the
plume, its contrast with the background and
transmissivity of the atmosphere; they can be
derived from modelling plume flow and scat-
tering of solar flux. Detection probability is
related to natural variation in human eye re-
sponse between individuals.

Many well, and less well supported assump-
tions have to be made in the process. The

main weakness is thought to be the optical.

.

properties of particles.

The theory of interactions between light and
particles is approached in the paragraph 3.1.
It solves the Maxwell’s equations for the inter-
action between & monochromatic plane wave
and a spherical particle. It addresses both
scattering and absorption by particles, but re-
quires the knowledge of ill-known parameters
such as the particles size and their optical in-
dex. Furthermore the aasumpti(:)n of spherical
particle shape has to be made.

An experimental approach :has been at-
tempted in the U.K., with various methods of
measurement. It included measuring the in-
tensity of the reflected coﬁmponent from high
intensity sources impingiqh on a smoke cloud
and photographs of contrast scenez through
the cloud, either at the time of firing or from
cine or video records. All of these methods can
provide useful information'and differing smoke
levels can be detected. However no system can
provide all of the required information.

More complete information can be found
elsewhere (9] [10].

Smoke visibility is an area where the devel-
opment of measuring techniques is required.
It may euffice here to emphasize that a com-
plete and accurate assessment mechodology is
unfortunately not available but could be devel-
oped using present state of the art techniques,

i
}
'
!
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4.3 Particles sising measurement

Determining the size distribution of plume
particles is difficult, complicated by the prob-
lem of never being certain that all particules
have been measured or that the distribution
contains those important particles of interest.
In general the largest 10 % of particules rep-
resent 90 % of the mass.

In U.S Army Mitom S.C.F, particles mea-
surements are frequently obtained by using a
particle analyser system in the range 0.3 uym
to greater than 0. pm.

In France, collectings of particles are made
using a pa:rt.icle collector. After the firing,
the samples are analysed by electron micro-
scop and X-rays diffraction system. But in
fact, these measurements are only used quali-
tatively.

Caution is necessary when using calculated
particle size distribution for an other purpose
than which they were intended for. For ex-

mple, in rocket motor performance calcula-
tions in which the effect of particles on deliv-
ered specific impulse is of interest, only the
larger particles, with most of the mass and
drag, are of interest. Models that gives this
distribution are accurate enough [11] without
regard to the many smaller particles that may
be present. Such a distribution would be to-
tally unsuited for calculating UV or visible
light scattering (9], and might be inadequate
for accurate determinations of infrared scat-
tering as well since , for scattering radiation,
the important particle sizes are comparable to
the irradiating wavelength.

5. CONCLUSION’

Primary smoke effects depend on motor
characteristics (thrust, mass flow rate), mo-
tor conception (propellant, inhibitor, nozzle,
etc) and a lot of ill-known particles parameters
(quantity, nature, size, shape, optical prop-
erties, etc) but also on operational require-
ments and ambient properties (sunlight, back-
ground,etc). It is extremely difficult to define

tE-9
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standard conditions to characterise their ef-
fects. Each protlem ne xds specific considera-
tions.

Typically, the quantiﬁcation of primary
smoke effect is obtain by transmission mea-
surements. Some theoretical considerations,
generally based on Mie calculation, can help
in the interpretations of yresulta.

: ‘

Standard tests have been described ahd cho-
gen by AGARD WG 21’ in order to provide
a flexible and relatively inexpensive method
which would allow to obtaining quantitative
results characterizing primary smoke. It is
hoped that similar procedures to.those de-
scribed above will form a base that may be
adopted as standard among NATO‘ countries.

|
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Figure 1: Angular pattern of scattered intensity from particules of three sizes : (a) Small
particles, (b) large particles, c) larger particles (2]

CONDENSED PRODUCT FROM CONDENSED PRODUCT FROM
ALUMINIZED COMPOSITE PROPELLANT XLDD PROPELLANT
"- %
»
M 20
” "
o ©
g s
" - . — 0 B e
DIAMETRE ( MICRONS ) b N ®

DIAMETHE ( MICRONS )

r

Figure 2: Particle Size Distribution of Condensed Products Collected in a Rocket Exhaust
Plume. Analysed by Electro Microscope with X-rays Diffraction System. (SNPE)
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Figure 5: Geometry of Mie scattering. The
two vectors correspond to incident unpolar-
ized light. Line OD is the direction of obser-
vation and @ is the angle of observation. When
the incident light is polarized, ita electric vec-
tor is assumed to lie in plane POX, at angle
¥ to the plane of observation (2].

Figure 3: Particle Collected in a Rocket Ex-

R
Figure 4: Particle Collected in a Rocket
Exhaust Plume (XLDB Propellant with alu-
minium)
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Figure 8: Example of the influence of the imaginary part of the index on the scattering and

extinction coefficients. Sizé function @ = x D/A (UK Royal Ordnance).
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Figure 9: Mass fraction (Fm) of particles inducing a transmission facter of 95 % across a
given particle cloud versus the particle size.
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Figure 10: Maximum rate of alumina (mass fraction) in the combustion products for the
following specifications : smoke cloud diameter : 1 m, dilution : 0.05, transmission : 95 %.
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Figure 16: Free Jet Firing. Transmission at 0.63 um
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LES FUMEES PRIMAIRES

J.C.-Chastenet

S.N.P.E. Centre de Recherches du Bouchet
BP 2. 91710 Vert-l&-Petit . FRANCE

RESUME

Les produits éjectés par un moteur a
propergol solide contiennent souvent des
espéces condensées. Ces particules, aussi
appelées “fumées primaires”, sont souvent
préjudiciables & la discrétion et au guidage
du missile. Pour éviter des problémes
opérationnels, il est nécessaire de connaitre et
de quantifier les effets de ces particules dans
. toutes les conditions d’usage d’un missile.

Ce papier donne premiérement une rapide
description de I'origine des fumées primaires.
Il continue par le détail des intéractions en-
tre les particules et la Iumiéré en fonction
des caractéristiques de la lumiere et des
particules (nature, taille, longueur d’onde,
etc). Les effets des particules sur la visi-
bilité du jet, I’atténuation d’un rayon optique
a travers le jet et la contribution des parti-
cules aux différentes signa;tures optiques du
jet sont aussi décrites. Finalement, différentes
méthodes utilisées dans les pays de I’'OTAN
pour quantifier les effets des fumées primaires
sont commentées, i

]
1. INTRODUCTION

Les produits éjectés par un moteur a pro-
pergol solide sont composés de gaz et souvent
de particules ou de produits susceptibles de
se condenser lors de leur refroidissement. Ces
matériaux solides créent, dans I’atmosphére a
Parriére de la tuyére, un’' nuage composé de
petites particules. Ces fumées sont appelées
fumées primaires en opposition aux fumées qui
peuvent étre générées, dans des conditions cli-
matiques particuliéres, par la condensation de
la vapeur d’eau contenue dans les produits de
combustion et dans I’atmosphére. !

Ces particules ont un réle important parce
qu’elles existent partout en aval de la tuyére
et subsistent un certain temps. Selon la quan-
tité de particules générées par le moteur, ce
panache peut étre facilement détecté visuelle-
ment et peut révéler la trajectoire du missile
ou la position de la plate-formie de tir sur
de longues distances. De plue I'atténuation
d’un faisceau laser de guidage peut devenir
importante sur de grands trajets a travers ces
fumées.

Généralement, les fumées primaires sont
préjudiciables a la discrétion et au guidage du
missile cependant elles sont aussi inévitables.
Le but de ce papier est de donner une des-
cription (i) des origines des fumées primaires,
(i1) de leurs effets sur la visibilité et la trans-
parence du jet et (iii) des différentes méthodes
utilisées dans les pays de I'OTAN pour quan-
tifier les effets de ces fumées.

Ce papier est une révision du chapitre
préparé par la délégation frangaise du WG 21
AGARD [1].

2. ORIGINE DES FUMEES
PRIMAIRES

Les particules ont de nombreuses origines.
La composition du propergol n’est qu'une des
ces origines et parmi les différents ingrédients
du propergol les principales sources de fumées
primaires sont :

e Les catalyseurs de combustion : com-
posés ferrocéniques (catocéne), oxydens
‘de plomb, sels de plomb (résorcylate
de plomb), sels de cuivre (chromite de
cuivre), oxydes de fer, etc

1
¢
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o Les addmfé antl-mstablhtéo carbure de
girconium ; oxyde de sirconium, carbure
de slhclum; etc.

e L’aluminium ou autres métaux ajoutés
pour accroitre les performances thermo-
dynamiques

e Les additifs anti-lueurs : sels de potas-

sium (K:SO4)

Cette liste n’ést pas exhaustive.

Des calculs thermodynamiques montrent
que ces produits, principalement des composés
métalliques, se retrouvent dans les produits
de combustion so:3 la forme de. métaux purs
(C.), d’hydroxydes (KOH) ou le plus sou-
vent sous forme d’oxydes, chlorures ou fluo-
rures. Quelques matériaux réfractaires (prin-
cipalement des additifs anti-instabilités) ne se
décomposent pas dans la chambre de combus-
tion et restent sous forme de particules.

En dehors du propergol, toutes les parties
du moteur exposées a la chaleur sont suscepti-
bles de se pyrolyser ou de s ‘ablater et donc de

générer des particules. Parmi|les principales.

sources, on peut citer.:

o les lieurs

1
l

(

o les protections thernfiquea

e les inhibiteurs

e les matériaux de tuyere

Leurs contributions peuvent étre trés signi-
ficatives, typiquement sous forme de su’e (car-
bone), de silice et d’oxyde de fer, particulié-
rement lors de I’allumage et de I’extinction du
moteur. Enfin, I'allumeur peut jouer un role
important dans la génération de fumées pri-
maires.

3. LES EFFETS OPTIQUES DES
FUMEES PRIMAIRES

Une particule, ou un nuage de particules,
intéragit avec la lumi¢ie de deux fagons, par
diffusion et par absorption. La diffusion de
la lumiére ambiante peut rendre le'nuage trés

)
!
'
f
|

\.
\

visible et devenir une contribution majeure de
la signature du missile dans le domaine visible.
L’atténuation par les fumées peut interférer
avec le systéme de guidage pouvant étre utilisé

entre la plate-forme de tir. et le missile ou sa
cible.

Ces phenomenes dépendent de plusieurs fac-
tears :

e La taille du nvage ou la longueur du trajet
optique & travers le nuage

o la concentration en particules sur ce trajet
e La longueur d’onde du rayonnement

o Les propriétés optiques ‘des particules
définies par :

— Leur indice optique complexe

-~ Leur taille et leur répartition granu-
lométrique

~ Leur état (forme, rugosité, etc)

Le deux premiers facteurs sont intimement
reliés aux caractéristiques du moteur et en
particulier au débit, & la poussée et au temps
de combustion.

Comme °l est trés difficile de décrire des
formes quelconques, les particules sont sou-
vent considérées sphériques dans les calculs.

3.1 Intéraction entre la lumidre et une
particule

Les intéractions entre un rayonnement
et une particule peuvent étre obtenues en
résolvant les équations de Maxwell associées
aux conditions aux limites appropriées. La
théorie de 1a diffusion distingue généralement
trois cas :

e Quand le diamétre de la particule est
trés petit devant la longueur d'onde, la
diffusion est appelée diffusion Rayleigh.
Des flux égaux sont diffusés dans les
hémisphéres avant et arriére (fig. 1a) '2].
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e Quaad le diametre de ls particﬁle est
plus grand qu’environ un dixidme de
la longueur ‘d’onde, I’'sugmentation de
la complexité de la poleire de diffusion
(fg. 1b and 1c) nécessite I'utilisation
de la théorié développée par Mie. Bien
que cette théorie soit limitée & des
sphéres imtéopiques, il est habituel de
'utiliser méme pour des particules de
forme irrégu}iére comme celles issues de
la combustion des propergols solides.

e Quand le diamdtre de la particule est
trés grand devant ld longueur d’onde, on
utilise les lois de I'optique géométrique.

Les particules i'écupér;ées dans les panaches
de moteurs fusées de différents débits mon-
trent que le diamtre équivalent des particu-
les non aglomérées est compris entre 0.1 um et
30.0 ym. Un grand nombre de petites particu-
les dont le diameétre est probablement compris
entre 0.01 ym et 0.1 um =xiste, maisa elles sont
difficilement quantifiables. Leur taille laisse
- présager un role diffusif important dans le do-
maine visible (fig. 2).

Les figures 3 et 4 montrent des photogra-
phies de particules récupérées dans des jets.
On remarquera que I’hypothése de particule
sphérique est plus ou moins bierzl vérifiée.

Dans le domaine visible, le proche et le
moyen infrarouge, les effets. majeurs de la dif-
fusion sont généralement décrita par la théorie
de Mie. /

D’aprés cette théorie, quand une parti-
cule d’indice complexe m, = n — ik est il-
luminée par un rayonnement non polarisé,
de longueur d’onde A, représenté par deux
vecteurs électromagnétiques perpendiculaire
et paralléle au plan d’observation (fig. 5) mais
n’ayant pas de relation cohérente, le rayon-
nement diffusé, dans une direction faisant
un angle & avec la direction du rayonne-
ment incident, est constitué de deux com-
‘posantes incohérentes (d’indices 1 et 2) telle
que l'intensité angulaire totale, A une distance
d de la particule, est :

- Ay 01(0) +93(8)
10)=t (5 F
ol [y est 'intensité du rayonnement éclairant
la particule ét 1) et ¢3 sont les fonctions de Mie,
s’exprimant} a i’aide des fonctions de Riccati-
Bessel et des polynomes de Legendre en fonc-
tion du parametre de taille sans dimension
a = 22 et de § = ma ou r est le rayon de la
particule (voir [3] ou [4] pour plus de détails).

La figure 6 donne des variations relatives
typiques de log1; and log{z en fonction de 6
pour des particules Al303 et C (suie) quand
& = 45° (défini sur la fig. 5).

Les caractéristiques optiques des parti-
cules sont souvent données sous forme de
paramétres sans dimensions. L'intensité du
rayonnement “intercepté” [, (i.e non trans-
mis dans la direction du rayonnement inci-
dent) par la particule est proportionnelle & i)
I'intensité du rayonnement incident, ii) la sec-
tion de la particule et s’écrit :

Iz = [OW'JQut

Le coefficient de proportionalité Q.. est ap-
pelé coefficient d’extinction.
L’intensité totale diffusée I,., par la particule
s’exprime le la méme fagon :

© Iyea = IO""JQna

et définit le coefficient de diffusion Q,.,. Une
partie’du rayonnement incident peut étre ab-
sorbée par la particule et est alors caractérisée
par le coefficient d’absorption Q4s, obtenu par
différence :

Qabo = Qext — Qua .

Les propriétés d’absorption de la particule
sont caractérisées par une partie imaginaire de
I'indice complexe non nulle (k # 0).

Ces coefficients peuvent étre calculés par la
théorie de Mie, par exemple I’expression du
coefficient de diffusion , pour un rayonnement
non polarisé, est : ' '

IF-3
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Qoca = ('é%‘;)z /;'(‘.1(0) + "3(9) sin 0dé

Des variations typiques de Qs sont
données sur la figure 7. Un exemple de
I'influence de la partie imaginaire de l'indice
optique de la particule sur les coefficients de
diffusion et d’extinction est donné sur la figure
8.

3.2 Atténuation

La perte d'intensité du rayonnement in-
cident dI due aux fumées primaires est
une conséquence de la diffusion et de
'absorption du rayonnement par les parti-
cules. Il s’exprime, d’aprés la loi de Beer-
Lambert-Bouguer, pour un nuage de particu-
les sphériques identiques par :

{
5’[—’ = —Nxr?Qegd!

ou r est le rayon des ﬁz}l‘ticules, N la con-
cehtration en particules (nombre de particu-
les/unité de volume de mélange), Q.. le coef-
ficient d'extinction et dl la longueur du trajet
optique.

En considérant des coefficients constants le
long du trajet optique, le}coeﬁicifent de trans-
mission T, 8’écrit :

T, = I/Io = ¢ Testl
Ol Yert = NAr3G ez et L la longueur totale du

trajet uptique.

En remplagant N par son expression en:

fonction du diamétre moyen de Sauter (Vo-
lume & surface) D3z et la concentration vo-
lumique en particules C, (volume de parti-
cules/volume de mélange), cette expression
8’écrit : i

P
3ch¢CvL i

T' = exp (— 2D32 )

En fait, la concentration et la répartition
des particules varient le long du trajet optique.
L'expression doit donc étre modifiée et prend
la forme :

In 'I/Io = - /oL /;oo N(l,7)rr*Q ze(r)drdl

olt N(I,r)dr représente le nombre de particu-
les dont le rayon est compris entre r et r + dr
par unité de volume au point courant | du tra-
jet optique.

Le coefficient d’extinction peut étre prédit
dans la limite de la diffusion simple par
les méthodes explicitées dans le paragraphe
précédent.

Le calcul de la structure aérodymanique
du jet permet dc déterminer la transmission
en fonction des caractéristiques du moteur
comme le débit ou la pression de chambre en
substituant les valeurs de C, et de [.

Les figures 9 and 10 montrent la nature des
particules de fagon originale. Deux graphes,
relatifs a différentes longueurs d’onde, don-
nent la fraction massique de particules pro-
duisant une facteur de transmission de 95 %
A travers une nuage donné de perticules
(longueur optique=:1 m, dilution massique =
5. 107%) en fonction de la taille des particu-
les. La fraction. massique de condensé pour un
propergol donné et pour un facteur de dilution
équivalent doit rester sous la courhe pour ne
pas dépasser le niveau d’opacité spécifié.

Une telle représentation montrent que :

e Le carbone ou les suies sont trés ab-

sorbantes, quelle que soit la longueur
d’onde.

» Quand le rayon des particules n’est

pas trop important, la transmission est

meilleure dans le domaine infrarouge que
dans le domaine visible.

e Le cuivre et le plomb ont des propriétés
diffusives analogues (mais & méme frac-
tion volumlque, le plomb est plus trans-
parent). \
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3.3 Emission des particules

Les propriétés diffusives des particules sont
a l'origine de la signature du panache dans
le domaine visible. La diffusion peut aussi
avoir un effet sur d’autres domajines du spec-
tre électromagnétique. Cela est vrai dans le
domaine ultraviolet et dans le! domaine in-
frarouge ol le rayonnement issu de la chambre
de combustion A travers le col de la tuyére peut
étre diffusé et semble prcvenir du }px,at.

De plus, les particules émettent un rayonne-
ment continu approximativement proportion-
nel & la concentration en particules et & la puis-
sance quatre de leur température de surface
selon la loi de Planck. Les réparﬁitions gra-
nulométriques et les propriétés optxques parti-
culiéres des particules peuvent cepéndant mo-
difier cette émission. Les particules peuvent
donc aussi générer un rayonnement propre
dans le domaine U.V et I.R particuliérement
dans les zones chaudes du jet (zone de post-

combustion). ‘

. |
3.4 Visibilité des fumées

Le terme visibilité est généralement employé
pour décrire la possibilité de détection d’un
observateur sans I’aide de détecteur auxili-
aire. Quantitativement, la visibilité s’exprime
comme une probabilité de détection dans
des conditions particuli*res de contraste en-
tre Pobjet (le jet du missile) et e | fond,
généralement le ciel dans ce cas. En con-
sidérant les facteurs chromatiques moins im-
portants que le contraste en luminance, le con-
traste intrinséque du jet sur le fond Cp peut
étre défini par :

Co= Lj - Ly
L,

ot L; and L; sont les luminances du jet et
du fond pour un point d’observation et un
domaine spectral donnés.- Le contraste tend
vers -1 pour objet parfaitement transparent et
peut prend:e n lmporte quelle valeur positive
si Ly > Lyw ,\’

o ."

La détermination du contraste demande une
connaisance détaillée de toutes les sources
de rayonncment (lumidre solaire, lumiere dif-
fusée par le ciel, lumitre diffusée par le sol,
etc). Le coefficient de transmission T, ap-
parait dans l’expression du contraste. Pour
un rayonnerent solaire donné faisant un an-
gle de 7 radians avec la direction d’observation
(plagant le ciel derriére I’observateur et le jet
proche de l’horizon), la transmission apparait
dans I'expression de la luminance du jet (dans
I’hypothése de la diffusion simple) :

Eo 7d'f(")(l T2)

Lj soteit =
5. s0leil =
2 VYext

T, étant exp(—~~.ztL), avec L la dimension
du jet dans la direction d’observation et Fy
I’éclairement.

De plus, la transmission A travers l'at-
mosphére peut modifier le contraste par dif-
fusion de la lumiére ambiante dans le cone de
vigion de |'observateur.

La transparence est donc l'un des pa-
rameétres les plus importants pour évaluer
la visibilité d’un jet dans des conditions
d’environnement spécifiques.

Une mesure directe est souvent preéférable
a des simulations numériques faisant appel a
de nombreuses données mal connues. C’est
particuliérement le cas des indices comple::es
donnés dans la littérature qui correspondent
& des corps purs & température ambiante.
C’est aussi le cas des répartitions granu-
lométriques. Ces donnés appliyuées aux par-
ticules présentent dans le jet de propulseur
a propergol solide sont sujettes & caution.
Quoiqu’il en soit, les calculs de diffusion selon
la théorie de Mie sont trés utiles pour in-
terpréter les mesures et effectuer des optimi-
sations de la composition du propergol et de
tous les autres parametres du moteur.

1F-5
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4. DESCRIPTION DE
DIFFERENTES METHODES DE
CARACTERISATION DS FUMEES
PRIMAIRES UTILISEES IDANS LES
PAYS DE L'OTAI

4.1 Opacité des fuimées primaires

L’opacité est le pararaétre physique qui peut
étre directement mesur: et est inilépendant de
’environnement optiqu2; i

Des modéles viables et précis pour prédire
'opacité ne sont pas encore opérationnels,
mais des techniques expérimenta‘les ont été
développées et sont util.sées depuis des années.
Du point de vue de I'ingénieur, la mesure de

transmission est la seule voie valable pour ca-

ractériser des fumées primaires. i

Les US.A, le R.U,, la France , l’Al!emagne
et I'italie effectuent couramment des mesures
de transmission au banc statique, en sup-
posant implicitement que le résultats de
la comparaison de deux moteurs au banc
statique et aussi valable dans des condi-
tions de vol. Une amélioration de la

_transparence au banc est interprétée comme

une amélioration de la transparence en vol.
Une méthodologie permettant de traduire les'
mesures de transparence en tirs statiques en
des prédictions quantitatives en vol n’est pas
encore disponible, mais peut étre développée
a partir des techniques existantes.

Pour ces raisons, I’application pratique des
mesures de transparence en tir statique est
limitée & la comparaison de propergols ou
de moteurs entre eux. Dans certains cas, le
but de ces mesures est limité & des études
spécifiques - comme la réduction des fumées
primaires générées par un moteur donné,
ou [’évaluation des effets de nouveaux ad-
ditifs dans un propergol- et la procédure
expérimentale doit étre définie au cas par cas.
Pour des études plus générales, comme par ex-
emple disposer d’'une méthode quantitative de
comparaison des propergols solides, en termes
de fumées primaires, pour une large gamme
de formulations,une procédure'standardisée et

t
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largement reconnue est nécessaire.

Dans les paragraphes suivants, des détails
sont donnés quart & l'instrumentation, les
procédures expérimentales et les méthodes
d’interprétations des mesures utilisées aux
U.S.A [5], au R.U [6] et en France [7] pour
« 4valuation de la transparence des fumées pri-
. ires.

Trois miéthodes sont couramment utilisées
pour déterminer [’opacité des fumées pri-
maires dutant des tirs:

e Tir en chambre fermée (Dispositif de ca-
ractérisation de signature de I’'U.S. Army

- “U.S. Army Signature Characterization
Facility (S.C.F.)") (fig. 11).

e Tir dans un “tunnel & fumées” (Tunnel
a fumées du Royal Ordnance (R.U) (fig.
12), “Fumimetre” SNPE (France) (fig.

\

13)).

e Tir en jet libre (Dispositif de Wyre For-
est (R.U) (fig. 14), “banc opacimétrique”
SNPE (France) (fig. 15, 16)). Cette
méthode est, a priori, la plus utilisée par
les pays de 'OTAN (USA exceptés).

Ces trois techniques n'ont pas exactement
le méme usage. La mesure de transmission
lors d’un tir en jet libre est une technique
adaptée & I’ évaluation d’'un moteur complet
(propergol + inhibiteur + etc). Avec quelques
précautions elle peut étre utilisée pour classi-
fier les propergols et les inhibiteurs. Le méme
type d’application peut étre traitée au tunnel
a fumées avec tout dé méme des limitations
quant au niveau maximal de poussée admissi-
ble. D’un autre coté les mesures en chambre
fermée sont initialement prévues pour évaluer
les formulations des propergols. La durée du
test, le controle de I’environnement font que
ce dispositif est propice & des caractérisations
des fumées primaires plus sophistiquécs que de
simples mesures de transmission : i.e. mesure
de spectre de transmission, mesure de taille de
particules et éventuellement mesures directes
des rgé’ractéristiques optiques des particules.

Ve
L
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4.1.1 Source de rayonnement et détecteur

Les longueurs d’onde d'interdts  vont de
0.4 um & 14. pm, la plupart des éiudes con-
cernent le domaine visible (réponse de ’ceil
humain). Le transmissométre doit &tre cons-
titué d’une source de rayonnement adaptée
- une lampe 3 large spectre (Trnnce), une
lampe halogéne tungsténe (U.S.A) ou une
lampe halogéne & quartz (R.U) - et d’un
détecteur idoine - détecteur silicium ou ra-
diomatre équipé de filtre (filtre photcplque ou
monochromatique). .

Pour des études spécifiques, la source peut
étre un laser (1.06 um, 0.63 um, 10.6 um).
En France, la transmisson & 0.63 um (Laser
He-Ne) est considérée comme une bonne es-
timation de la transmission dans le domaine
visible. . '

Un dispositif utilisant une lampe halogéne
est préférable car il ne nécessite pas d’effectuer
un alignement rigoureux de la source et du
détecteur.De plus il est moins sensible au vi-
bration générées par le fonctionnement du mo-
teur.

Les systémes actuels emploient générale-
ment des sources continues mais il est recom-
mendé de chopper ce signal afin de corriger la
mesure du rayonnement ambiant et du rayon-
nement propre du jet.

Le détecteur doit avoir un temps de réponse
trés court (diodes silicium) pour enregistrer
les fluctuations rapides de la transparence des
fumées et une réponse spectrale dans le visi-
ble et le proche infrarouge correspondant a la
source.

L’énergie recue par le détecteur du trans-
missomeétre provient du flux direct et d’une
partie du flux diffusé. Ce dernier provient d'un
volume, généralement doublement conique,
qui entoure I’axe source-détecteur et est défini
par la divergence angulaire du!rayonnement.
issu de la source, par le champ angulaire
du détecteur et la distance de'la source au
récepteur. Ces parametres et l’ouverture
du récepteur déterminent - le flux regu to-
tal. Typiquement, des l(écepteurs a faible
champ angulaire (< 10°), et des ouvertures
de quelques centimétres sont utilisés pour

1F-7

mesurer la transmission directe (8]

La calibration est généralement obtenue
par interception du faisceau par un matériau
opaque (Transmission=0%), différents filtres
neutres et sans filtre (100 %). Le temps entre
le tir et la calibration doit étre minimisé.

4.1.2 Trajét optique de mesure

En général des mesures transverses et longi-
tudinales sont effectuées, chacune a ses avan-
tages et ses inconvénients.

Les mesures transverses sont particﬁlié-
rement adaptées au classement des propergols,
a P’évaluation des inhibiteurs et 1’étude des ad-
ditifs. Elles sont, entre autre, reproductibles,
constantes au cours du tir pour peu que la
surface en combustion ne varie pas et que la
mesure de transmission soit effectuée a prox-
imité de la tuyére pour ne pas étre affectée par
les éventuelles fumées secondaires. De plus, le
faible volume du jet pris en compte laisse de
la place sur le site pour effectuer des mesures
complémentaires. Ces mesures sont effectuées
perpendiculairement & l’axe du jet. L’axe
du transmissometre doit couper l'axe du jet
derriére la zone de post-combustion. Ceci peut
étre respecié en effectuant la mesure a une dis-
tance fixe pour des moteurs dont la poussée est
inférieure & un seuil donné ou en effectuant la
mesure a un distance fixe de la zone de post-
combustion. Le trajet optique relativement
court lors des mesures transverses donne des
transmissions de 90 % - 100 % pour des mo-
teurs de faibles poussées et peu générateurs de
fumée. Ces niveaux de transmission ne per-
mettent pas toujours de discriminer les mo-
teurs. Le trajet optique peut étre augmenté en
utilisant des miroirs cependaat il faut s’assurer
que les miroirs restent propres et ne sont pas
sensibles aux vibrations durant le tir.

Les mesures longitudinaicz sont plus réa-
listes pour I’'évaluation des fumées dans un
contexte de guidage du missile et permiettent
une discrimination pour des moteurs générant. )
des fumées de transparences analogues. Elles

.
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sont, par contre, beaucoup plus sensibles
aui conditions ambiantes (vent, humidité).
Cen mesures sont réalisées avec un transmis-
sométre légérement incliné par rapport & I’axe
du moteur (typiquement 0.07 rad) et coupant
cet axe derri¢re la flamme de post-combustion
gi possible & la méme distance que la mesure
transverse.

4.1.3 Caractéristiques du moteur

Les moteurs utilisés pour le dispositif U.S.
Army MICOM S.C.F sont des chargements
moulés-collés de 70 g (diamdtre 50.8 mm ,
longueur 50.8 mm, canal central cylindrique,
épaisseur 6.4 mr.) allumés a l'aide d’un al-
lumeur ne générant pas de fumée, aucun inhi-
biteur n’est utilisé. Un allumeur discret typ-
ique contient de un & trois grains de proper-
gol double base N5. Des tests ont montré que
cette quantité n'était pas détectable dans ce
dispositif,

Au R.U, les moteurs de faibles poussées
(jusqu'a 400 N) peuvent &tre|tirés au tun-
nel & fumées du Royal Ordnance. Les mo-
teurs de plus fortes poussées sont tirés dans un
dispositif ouvert. Pour comparer les proper-
gols sur une large gamme de vitesse de com-
bustion, des moteurs de 1500 N de poussée

et de 8 s de temps de combustion initiés & .

I'aide d’allumeur pyrogérique (discret) sont
normalement utilisés. La poussée est ajustée
en faisant varier le diamétre du bloc plein.
L’ajustement de la longueur du bloc permet
de régler le temps de co'mbuatibln bien que
cela soit moins importart pourvu que la durée
de combustion soit suffisante (au moins 5
8). Pour le développement d’inhibiteurs et le
contrdle, un bloc test standard est utilisé. I
s’agit d’un bloc de 150 mm & deux régimes -
accélération et croisiére - de poussées respec-
tives de 1000 N et 300 N ‘et de temps de com-
bustion respectifs de 6 s et 20 5. Ce bloc
peut étre produit avec 'inhibiteur voulu et
permet d’obtenir une évaluation des fumées
générées par P'inhibiteur pendant les phases
d’accélération, de croisidre et lors de la tran-
sition entre les deux phases. Pour la classifi-

cation des propergols, un systéme d’inhibage
“discret” est utilisé. Ce dispositif permet
de tester des propergols ayant des temps de
combustion compris entre 4 s et 80 s et des
poussées de 3 kN a 150.N.

En France, les mesures de transmission
n’ont pas été développées pour la classification
des propergols, mais dans le cadre d’études de
systémes propulsifs spécifiques. Les disposi-
tifs “fumimeétre” et “banc opacimétrique” ont
été développés pour 1’évaluation des fumées
générées par les inhibiteurs. Les blocs utilisés
sont des blocs pleins (90 mm de diamétre)
d’une composition donnée.

lls sont maintenant utilisés pour comparer
les propergols et étudier les effets des additifs.
Ces tirs emploient des blocs & canal central de
surface de combustion constante et de méme
inhibiteur. La poussée est généralement com-
prise entre 2500 N et 5000 N.

4.1.4 Position du moteur

Pour les mesures en jet libre, la hauteur de
I’axe du moteur au sol doit étre telle qu’il n’y
ait pas d’interférence entre le jet et le sol au
point de mesure de la transmission transverse.

.Une hauteur de 1.3 m est généralement con-

sidérée.
4.1.5 Conditions climatiques lors du tir

Les tirs ne doivent pas étre effectués par
temps de pluie ou de brouillard. Les con-
ditions de température et d’humidité doivent
étre telles qu'il n’y ait pas de formation de
fumées secondaires.

Un grand trajet optique pou: les mesures
longitudinales permet une meilleure discrimi-
nation des moteurs peu générateurs de fumées.
Cependant, un long trajet optique peut étre
facilement influencé par les conditicns cli-
matiques et rend les mesures moins repro-
ductibles.

Un vent transversal de 1. ms~!}

est une
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valeur maximale pour les mesures longitudi-
nales, 3. ma™! pour les mesures transversales.

Les résultats des mesures en champ libre
sont toujours influencés 1ptsur les conditions
climatiques. Il est recommandé d’effectuer
un ‘contrdle & un niveau ‘de fumibe connu &
chaque fois que cela est possible et de tirer les
différents moteurs aussi rapidement que possi-
ble pour éviter tout changement pouvant sur-
venir pendant la durée de 'essai.

i
4.1.6 Interprétation des. mesures'de trans-

mission
Pour la transmission. en jet libre (fig.
17 - 18), les mesures sont moyennées en
éliminant les parties transitoires correspon-
dant & l'allumage et a l'extinction du bloc.
La partie restante doit montrer un niveau

pratiquement constant faisant de|la valeur.

moyenne une quantité représentative des
fumées existantes. {

Pour les mesures en chambre fermée (fig.
19), le niveau de transmission doit &étre pris
aprés un mélange complet des gaz de com-
bustion et de 1’air. La valeur plateau est in-
terprétée comme une grandeur caractéristique
des fumées primaires générées par la formula-
tion. Pour assurer une bonne estimation de
cette valeur plateau, la transmission est en-
registrée pendant une durée significativement
plus longue que le temps de mélange (typique-
ment 10 fois). Dans la chambre SCF, le temps
de mélange est de ’ordre de 5 8 & 30 s et les

mesures sont acquises sur une durée de 300 s.

4.2 Visibilité des fumées

Du point de vue opérationnel, les spécifica-
tions de visibilité des fumées primaires sont
définies en terme de détectabilité visuelle du
missile par I’ennemi. Puisque cette caractéris-
tique dépend des conditions opérationnelles,
un nombre limité de conditiona d’environne-
ment “typiques” ou “extrémesa” doivent étre
définies pour le missile, précisant le rayonne-
ment solaire, 1’arri¢re plan, les conditions at-

’.'t.'» y "

‘mosphériques et tous les autres paramétres af-

fectant la visibilité.

D’aprés la méthodologie américaine, la vi-
sibilité peut étre définic en terme de proba-
bilité de détection par un oeil humain. Les
principaux facteurs déterminant la visibilité
sont la taille et la forme du panache, son con-
traste sur Darri¢re plan et la transmission de
I’atmosphére. Ces grandeurs sont accessibles
par la modélisation du panache.et de la dif-
fusion solaire. La probabilité de détection
est aussi reliée & la disparité naturelle des
réponses dés yeux humains d’un individu & un
autre.

Des hypothéses plus ou moins bien justifiées
sont nécessaires a cette évaluation. Les plus
hasardeuses concernent probablement les pro-
priétés optiques des particules.

La théorie de ’intéraction du rayonnement
et des particules est abordée dans le para-
graphe 3.1. Elle concerne la résolution\des
équations de Maxwell pour les intéractions en-
tre une onde plane monochromatique et une
particule sphérique. Elle fournit & la fois
les caractéristiques d’absorption et de diffu-
sion du rayonnement par les particules mais
nécessite la connaissance de paramétres mal
connus tels que la taille et I'indice complexe
de la particule. De plus, I'hypothése d’une
particule sphérique doit étre faite.

Une approche expérimentale a été tentée
au R.U a laide de différentes techniques
de mesures. Elle incluait des mesures
de la composante réfléchie de I'intensité
d’une forte source éclairant le panache de
fumées et des mesures de contraste & partir
d’enregistrements photographiques ou vidéo.
Toutes ces techniques Yournissent des infor-
mations utiles et permettent de distinguer des
niveaux de fumées détectables. Cependant au-
cun dispositif ne permet d’obtenir toutes les
informations désirées.

De plus amples informations peuvent étre
trouvées dans les références [9] (10].

1F-9
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La visibilité des fumées est un domaine od
le développement de techniques de mesure
est encore nécessaire. Il suffit d’insiter
ici sur le fait qu’aucune méthodologie n’est
malheureusement disponible mais peut étre
{ développée & pertir de 1'état-de-1’art actuel.

4.3 Mesure de taille de particules

Déterminer la répartition granulométrique
des particules présentes est trés difficile, com-
plexité accrue encore par le fait que ’'on ne
peut jamais étre certain que toutes les parti-
cules intéressantes ont été analysées ou que la
distribution obtenue englobe toutes les parti-
cules intéressantes. En général, 10 % des par-
ticules (les plus grosses) représentent 90 % de
la masse totale.

Dans le dispositif “S.C.F” de I’U.S Army, les
mesures sur les particules sont obtenues par
un systéme d’analyse couvrant la gamme de
0.3 um A plus de 10. um.

En France, I’analyse de particules se fait en
utilisant un récupérateur de particules dans
le panache. Aprés le tir, les échantillons sont
analysés par microscopie électronique et spec-
tromérie X. Mais en fait ces mesures ne sont
considérées que qualitativement.

Un avertissement est nécessaire quant a
I'utilisation de distributions gr'anulométriques
dans un but différent de celilﬁ pour lequel
I’analyse a été faite. Par exemple, pour le
calcul des performances d’un moteur fusée
dans lequel on s'intéresse aux effets des
particules sur l’impulsioz{ spécifique délivrée,
seules les grosse particules, qui ont la plus
grande trainée et la plus grende masse, sont
intéressantes. Des modéles donnant de telles
répartitions sont suffisamment précis pour ce
propos [11] mais ne considérent pas les pe-
tites particules qui peuvent étre présentes.
De telles distributions sont totalement insuf-
fisantes pour le calcul de la diffusion du rayon-
nement U.V et visible [9], et peuvent aussi
étre inadéquates pour la diffusion dans le do-
maiue LR. Pour ces phénoménes de diffu-

i
L :
{ ]
!
h

¥

LIBRARY

aién, la taille des particules importantes est
de l'ordre grandeur de la longueur d’onde.

¥

6. CONCLUSION

Les effets des fumées primaires dépendent
des caractéristiques du moteur (poussée, débit
massique), de la conception du moteur (pro-
pergol, inhibiteur, tuyere, etc), de beaucoup
de paramétres mal connus relatifs aux par-
ticules (quantité, nature, taille, forme, pro-
priétés optiques, etc) mais aussi des carac-
téristiques opérationnelles et des conditions
ambiantes (soleil, arriére plan, etc). Il est
extrémement difficile de définir des conditions
standards pour caractériser tous leurs effets.
Chaque probléme nécessite des considérations
spécifiques.

En pratique, la quantification des effets
des fumées primaires est obtenue par des
mesures de transmission. Des considérations
théoriques, généralement basées sur la théorie
de Mie, peuvent aider & Dinterprétation des
résultats.

Des tests standards ont été décrits et choi-
sis par le AGARD WG 21 dans le but
de fournir des méthodes simples, relative-
ment bon marché , permettant d’obtenir
des résultats quantitatifs caractéristiques des
fumées primaires. Il est souhaité que des
procédures similaires a celles décrites ici for-
ment une base qui puisse étre adoptée comme
un standard parmi les pays de 'OTAN.
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Figr _.cpartition angulaire de I'intensité diffusée par des particules de trois tailles :
(a) peutes particules, (b) particules moyennes, (c) grosses particules (2|
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Figure 2: Répartition granulométrique des produits condensés récupérés dans un jet de
propulseur analysés par microscopie électronique et spectrométrie X. (SNPE-France)
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Figure 3: Particules récupérées dans un jet

de propulseur. (Propergol XLDB au carbure prmme T VP
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Figure 4: Particules récupérées dans un
jet de propulseur.  (Propergol XLDB a
I'aluminium) SNPE

Figure 5: Figure géométrique de la diffu-
sion de Mie. Les deux vecteurs correspon-
dent au rayonnement incident non-polarisé.
La ligne OD est la direction d’observation et
0 est I’angle d’observation. Pour un rayonne-
ment polarisé, le vecteur électrique est sup-
posé dans le plan POX, faisant un angle ¥
avec le plan d’observation [2].
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Figure 8: Exemple de I'influence de la partie imaginaire de l'indice complexe sur les coeffi-

cientg.d’extinct\ion et de diffusion.

Paramétre de taille = x D/A (UK Royal Ordnance).
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Figure 9: Fraction massique|(I'm) de particules produisant une transmission de 95 % a
travers un nuage donné en fonction de la taille des particules.
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Figure 10: Quantité maximale d’alumine (fraction massique) dans les produits de combus-

tion pour les spécifications suivantes : diamétre du nuage : 1 m, dilution : 0.05, transmis-
sion : 95 %.
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s PROPULSBION
P.K. SHITH

ROYAL ORDMNAHNCE
Rocket Motora Division
i Summerfield
[ Kidderminster
i United Kingdom

1.0 SBUINARY ) .
Current requirements for :missile fiystems
increasingly stress the need for stealth
capability. For the majority of missile
systems and missions the ,exhaust plume
is likely to be the major contributor to
overall missile signature, especiélly
considering the recent developments in
low emission and low Raddr Cross Section
coatings for motor bodied. Thisa implies
the need for the lowest fossible rocket
exhaust signature over a wide range of
frequencies from the UV through visible
and IR to microwave and radio

frequencies. .

The choice of propellant type, Double
Base; Composite etc, plays a i
significant part in determining the ‘
exhaust signature of the rocket motor
as does the selection of inert materials
for liners, inhibitors and nozzles. It
18 also possible with certain propellants
to incorporate additives which reduce
exhaust esignature either.by modifying

the chemistry of the aftérburning plume
or more significantly by suppressing
secondary combustion and hence .
dramatically reducing plume temperature.

This lecture conciders the feasibility’
of plume signature control on the various
missions envisaged by the missile
designer. The choice of propellant type
and hardware components to give low
signature is discussed together with
performance implications. Signature
reduction results obtained over a wide
range of frequencies are also presented.

2.0 INTRODUCTION

Rocket motor plumes can exhibit dramatic
differences in visual signature ranging
from clean exhausts with secondary flame
and little or no visible smoke, to plumes
producing copious amounts of primary and
secondary smoke to such an extent that
the secondary flame becomes obascured or
even inviseible. In certain situations
fnecondary combustion or afterburning

can also be suppressed producing a
rocket motor which burns without flame
or smoke making it difficult to
determine purely on visual grounds

whether or not the motor is actually
firing.

The visible signature is however only a
very small part of the complet: Zlectro-
magnetic Spectrum. Guidance and detection
of missiles is practicable at wavelengths
ranging from the UV through visible and

IR to microwaves and radio frequencies.
Figure 1 shows atmospheric attenuation
over infrared and millimetric wavelengths.
Spectral regions of importance are those
in whict strong plume emissions occur {n
atmospheric windows where good long range
transmissions are poscsible. Commonly used
windows in the IR exist at 3-5 um and

=12 um and in the millimetric region at
3% GHz and 94 GH%.

If signature control is required from a
missile system then it is important that
this is recognised at the design stage.
The incorporation of, for example, flame
suppression at a later stage is not
necessarily an easy or satisfactory
solution to guidance or tracking problems
due to inference with other existing
components of the migsile. The objective
of this lecture is to consider the various
components of the rocket motor required
for different types of tactical missile
systems, explaining how stealth features
can be adopted, illustrating the problems
to be faced and the potential benefits

to be gained. .

3.0 FLAME SUPPRESSION

Throughout the lecture mention is made
of flame suppression techniques because
these are adjudged to be potentially
the most attractive method of signi-
ficantly reducing plume signature. When
afterburning occurs the temperature of
the exhaust plumes rises to a maximum
approaching the chamber temperature at
a distance of some 50 nozzle radii
downstream of the exit plane. With
flame suppression the nozzle exit

plane becomes the hottest region with
the temperature decreasing along the
length of the plume. ’
With smokeless solid propellant rocket
motors the fuel for secondary flame

is Hydrogen and carbon monoxide. This
mixes with atmospheric oxygen in the
recirculation region at the nozzle

exit plane resulting in a highly
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flammable mixture. Shock wavono in the
plume result in regions of proggoure
concentration and temperature rione

which lead to ignition. The temperature
lag of any hot particles in tho exhaust
can also act as an ignition eource.

In all but low thrust low energy motors
gecondary combuastion will take place
unless inhibited by chemical means.

The reaction in the flame is propagated
by free radicals Buch as H and OH.'
combustion of hydrogen in air results
in the formation of free radlcals’

4 i
202 H20 + H + OH .
Removal of these radicals is the éim
of combustion suppression. Potassium
salts introduced into double base
propellants as a small percentage of
the propellant mass can stimulate the
radical removing reaction processes.

H -

K ¢ OH + M -~ KOH + M

=% K + H,0

2

Extensive research work carried out at
ROS has optimised the use of potassjium
salts for secondary flame suppression
both in terms of the potassium salt
used and the method of addition to the
propellant. Both Sodium and Lithium
galts have been shown to be possible
but significantly less effective
suppressants. Examples of the benefits
of flame suppression are presented, later
in the lecture.

KOH + H

4,0 ROCKET PRINCIPLES

Solid propellant rocket motors are
often referred to as being relatively
simple devices requiring little or no
servicing and having no moving parts.
This is generally true dlthough in a
number of modern systems quite
complicated actuation devices for
thrust vector control are included in
the basic design,

A definition of a rocket motor is a
device for converting the thermo-
chemical energy of a probellant into
exhaust jet kinetic energy. The
propellant for a solid rbcket motur
is contained and stored directly in
the combustion chamber ahd can remain
there for periods of time which can be
as long as 20 years in some in |service
systems.

|

Figure 2 shows a typical solid '
propellant rocket motor with the
various design features indicated,
Selection of materials fbr the '
componente can have a lange influence
on the plume signature obtaiped.

e 8
o
Pt

4.1 CASE AND END CLOSURB$
The case and end closures ‘are thb
components which form the/preanube
vessel for the propellant charge.
The case also often acts as part of

the missile structure. Requirements

RN WWWWLZY“ ‘n e
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inclusion into the pyrogen igniter.

\RY

for the case include lowest possible
mass together with high pressure
capability. In many designs, such as
where the missile experiences high

‘s’ loadings, high case stiffness

is also necessary. Traditional case
materials include steel and aluminium
with various fabrication methods. Glass
fibre constructions have also been
extengively used but for applications
which require high stiffness the case
wall thickness and hence body weight
become problematical. More recent case
materiald include, steel strip laminate,
graphite fibres and Kevlar overwrapped
aluminium. External case insulation is
also used to protect certain motors
against derodynamic heating.

Case matérials are not normally exposed
during tHe motor burn and hence do not
contribute towards plume signature.‘

4.2 IGNITER

The purpdse of the igniter is to ignite
the wholé of the propellant grain as
quickly and uniformly as possible enabling
the motor to reach its operating pressure
in a reproducibly short time. Over and
under 1g§1tion across the motor operating
temperature range are to be avoided, as

is any igniter induced mechanical damage
to the propellant grain.

Two main categories of igniter exist,
pyrotechnic and pyrogen. Pyrotechnic
devices contain ingredients such as

Boron; Potassium Perchlorate and
Aluminium. They have the advantage of
being cheap to prodyce but have poor
signature characteristics in particular
high smoke levels. Pyrogen igniters are
essentially small self contained rocket
motors with only a very small amount of
pyrotechnic material to initiate the burn.
The propellant used in the igniter is
usually the same or similar to the main
propellant charge. The advantages of
pyrogen igniters include more reproducible
ignition across the temperature range and
the ability to produce smoke frece igniters
using AA category propellants as described
later. The main disadvantage of pyrogen
igniters is involved with production cosats
and complexity. A propellant charge has
normally to be manufactured for machining
to produce the pellets necessary for

The
pyrogen body has to act as a pressure
vessel during the burn of the igniter and
to achieve the correct operating condi-
tions has to have some form of choke
included in its construction. It is also
possible to reduce ignition flash by the
addition of flame suppressant materials

to pyrogen igniter compositions.

4.3 CHAYGE INSULATION/INHIBITION

Both charge insulation and inhibition
materials are important in that they
restrict the propellant from burning on
unwanted surfaces and prevent combustion
gases reaching and hence destroying the
case insulating materials and even in the
worst situation compromising the integrity

i G T
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of the case materials.

Rocket motors normally fall into one
of two categories either being
cartridge loaded or case bonded.
The advantages of cartridge load
systems are that they in general
_present less formidable material
aproblems. However in many cases these
advantages are outweighed by energy
considerations where the maximum
nossible propellant must be loaded
into the available volume. This can
usually only be achieved by cane
bonding, making this the only way of
achieving the required performance
from the available space envelbpe.
In cartridge load applications|the
case is insulated by a suitable
heat resistant/erosion resistant
material such as Butyl; EPDM or
chlorosulphonated polyethylene’
rubber. These are normally heavily
filled with materials such as silica
or refractory fibres to provide the
necessary temperature and erosion
resistance. The second part of the
cartridge load system is the charge
inhibition, This prevents the charge
burning on surfaces other than those
required and must bond adequateiy to
the charfge across the operating
temperature range. The inhibition
must also be resilient to:any shock
loading which the charge/motor may
experience. Historically for double
base propellants inhibitor mater;ala
such as ethyl cellulose of cellulose
acetate were used to form charge
inhibitors. However, these materials
relied on nitroglycerine absorption to
form a bond to the propellant., As the
propellants aged, more and more
nitroglycerine was absorbed by the

inhibitor. This modified the burn rate

of the propellant adjacent to the:

inhibitor and more importantly 1néreased

the amount of inhibitor consumed on
firing. The smoke signature from such’

inhibitors therefore increased with age.

The two more recent types.of materials
ugsed for charge inhibitore are either
heavily filled plastic or rubbers
designed to resist combustion, or.
polymeric materials such as acrylates
‘or polyurethanes which are capable of
burning but at a much slower rate . than
the propellant. It is possible with
these materials to achieve virtuaily
smoke free burning.

Some inhibitor formulations are self

bonding to the propellant whilst others

require the use of a bonding interface
layer.

The second category of btharge is the
80 called case bonded type where the
charge insulation bonds the liner to
the motor wall. In thih case the
inhibition, in addition-to its heat
resisting properties, nteds to possess
good mechanical properties over the
operating temperature range of the
rocket motor to accommodate the

fi 2

stresses .produced by the mismatch in
thermal expansion rates between the
propellant and case materials. 1his
normally limits the choice of material

to filled rubbers. Because of the higher
stresses bonding becomes more critical

in case bond appllications,

From the point of view of signature
control any particulate matter liberated
by the various insulation/inhibition
materials will form smoke in the rocket
motor exhaust. If refractory fillers are
used the particle size should be chosen
to minimise light attenuation and
scattering. Figure 3 shows the
scattering cross sections for a typical
refractory and it can be seen that to
achieve very low scattering coefficients
sub micron particles should be used. The
other chief source of smoke in charge
inhibitor formulations is due to unburnt
hydrocarbons w ere the oxygen/hydrocarbon
ratio of. the material is low. By the
addition of oxygen rich fillers to these

materials it is possible to achieve oxygen

balanced systems which give virtually
smoke free performance.

The presence of hot particles in the
exhaust plume generally leads to )
significant levels of radiation through-
out the Ultra Violet, visible and infra-
red spectral regions. These mechanisms
are discussed more. fully in the plume
radiation lecture but the important
parameters affecting plume signature are
particle size distribution, temperature
and concentration. Another important
effect in flame suppressed plumes is
particulate triggering of secondary
combustion due to the thermal lag of tho
exhaust particles. This can have serious
congsequences in certain configurations
where, for example, pressure changes
inside the motor can lead to the release
of relatively large pieces of inhibition/
insulation debris. This is especially
apparent in boost sustain motors where
the abrupt change in pressure between

the two stages can lead to noticeable
puffs of exhaust smoke, A similar effect
is often seen at motor burnout. For
these reasons it is preferable in
cartridge load situations, where end
burning charges are often used, to use

the oxygen balanced inhibitors rather than

erosjon resistant matertals. In case
bond situations the charges are likely
to be radial burning and therefore only
small regions of insulation are exposed
until cose to burnout, minimising the

particulate matter released. N
\

Rigid insulants are often used in the
extreme aft ends of radial burning motors
to provide better insulation and less
particle release from these highly
erosive areas. 4

4.4 RND CLOSURBS:BLASTPIPB AND MNOZZLES
Conditions in‘tbese regions which feature

high temperaturoé and gas flows are highly

erosive leadiné to the use of rigid
insulants: Tnd ‘materials used may have
fibrous inorganic materials added to
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improvo their insulating propartica
and leave a charred insulating layer
after the organic material hao boon
consumad. The most common of these
materials has traditionally boen !
asbestos. However, this 18 now being
phased out because of carcinoganic
effects and alternative materials

such as silica phenolic and carbon-
carbon materials are being devaloped.
Graphite or even Molybdenum. incerts
which minimise erosion are being used |
gpecifically in the highly eroonive ‘
choke area. The material require- |
ments for signature control are
consistent with low erosion having

the same constraints as for

insulation materials.

Secondary flame suppression imposes
particular restraints on nozzle .
design. The most favourable nozzle
design for flame suppression is a
fully expanded parallel flow nozzle
which minimises exit plane temperature
and pressure. Unfortunately this
design of nozzle becomes excessively
long for high pressure, boost motor
applications. 1In these cases simple
conical nozzles or Rao profiles are
often used. Table 1 shows comparisons
between conical, Rao and circular arc
profile nozzles where the exit plane
angle is progressively reduced from
15° through 7° to 0° whilst maintaining
the same exit plane diaméter and hence
temperature and pressure.

Three motors with each standard of
nozzle were fired. One cof these
contained no flame suppressing
additive whereas the other two
contained 0.5% and 0.75% respectively.
In each case the size and condition
of any secondary flame was assessed,

The results show the conical nozzles
to be substantially worse than the
other two types of nozzle in terms
of flame suppression and, incidently,
thrust losses. The differences
between the Rao and circular arc '
nozzles are less pronounced but|the
zero degree exit angle, circular arc
nozzles appear to be slightly 1

-

superior,

4.5 MWNULTINOZZLES

At high thrust levels exhaust plumes -
become large producing high emissions.
Flame suppression’ of these plumes
becomes more and more difficult
requiring high lesvels of additive to
be used producing, in some 'cases, an
unacceptably high smoke penalty.
Figure 4 shows the amount of additive
required to suppress typical CDB
motore at various thrust levels.

It can be seen that a level of
approximately 1.0% is required for

n thrust level of 24 KN, However.

Af the single nozzle on the motor|

is replaced by four nozzles canted
such that the plumes separate the!
thrust per nozzle drops to 6 KN

TECHNICAL

" swivel nozzle systems.
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and the additive level reduces to approxi- -
matoly 0.7% with o commoensurate drop in Cod
oexhaust omoka. It has been found that a .
cant angle of approximately 7.5° ie :
required to ongure separation. The axial ‘.
thrust losses vary as the cosine of the '
cant angle and therefore a thrust lose

of only approximately 1% is incurred.

Other penalties with multiple nozzles

include higher production costs due to

the increased complexity, and possibly

lower nozzle expansion ratios if the ’
maximum diameter at the exit plane is '
restricted to the missile body diameter

If a requirement exists for a minimum

signaturte motor having high energy and

high thrust, then the use of multi-

nozzles may be the only practical method

avajilable of obtaining flame suppression

without having to incorporate excessive

quantities of additive into the propellant

These would in turn degrade performance

and give an unacceptably higher smoke

signature.

4.6 THRUST VECTOR CONTROL

A number of different types of TVC systems
are commonly used on tactical miassiles.
These range from simple jetavator and
spoiler blade devicea to more complicated
All such devices
operate by deflecting the exhaust flow
relative to the motor axis. and by their
nature are likely to modify exhaust size
and plume properties., One such device

is a spoiler blade system which deflects
the plume by blade insertion at the nozzle
exit plane. These types of device produce
severe exhaust shocks and high recovery
temperatures. They are therefore likely
to produce high exhaust emissions and be
extremely unfavourable for flame
suppression except at very low thrust
levels. A further device the gimballess
swivel nozzle is typical of devices where
the whole of ‘the nozzle and choHle assembly
are moved. This type of TVC has little
effect on the exhaust plume except in
flight, where the angle of incidence of
the exhaust gases to the air flow is
changed. These devices are obviously the
mcst favourable ivor minimising exhaust
emissions and suppressing secondary
combustion.

5,0 PROPELLANTS

The two mein families of propellants,
composite and double base, are shown in
Table 2 and Table 3. The type of
propellant chosen and ingredients involved
have a profound influence on the rocket

‘motor exhaust signature.

5.1 COMPOSITE PROPELLANTS

Composite propellants consist of a fuel
and oxidiser held together in a rubbery
binder. The binder which can be inert or
energetic also acts sometimes es the
fual,

5.1.1 INGRDDIINTS

The moat widely used fuel is powdered
aluminium which is normally incorporated
into the propellants at levels of between
14-18%. Aluminium is cheap, readily
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- available and easily burns in cémbus-
tion chambers. Thé combustion
product, aluminium oxide, however
produces daonse primnary emoke andé also
causes problems dun to slag dopo-
sition on nozzles and end clocures.

A number of other metallic fuels
have been considered. These lnclyde
Boron: Beryllium and their Hydrides.
Boron has been used in some app%ica-
tions such as solid propellant
ramjets but ites high melting point
makes it a difficult material to
burn efficiently. Beryllium js’
unlikely Yo be used due to toxicity
and the hydrides present manufacturing
and storage problems.

Ammonium perchlorate is normally used

as the oxidiser in compositg

propellants being incorporated

typically at levels of around 70%.

The material is cheap; high energy and

produces propellants with low predgsure

exponents. Ammonium perchlorate on
burning liberates HCL which under,

. certain conditions can cause secondary

smoke. Certain other oxidisers can

be used. These include Potassium|

Perchlorate and Ammonium Nitrate.!

Neither of these materials ‘is as

energetic as Ammonium Perchlorate.

Potassium Perchlorate produces low

burning rate propellants and

Ammonium Nitrate, whilst smokeless

and possibly attractive for

insensitive munitions, presents

manufacturing difficulties due to

phase changes. Lo ;

A number nf different binder systems

are in use. . These include

Polyurethanes; Carboxy~Terminated

Polybutadiene (CTPB) and Hydroxy-

Terminated Polybutadiene (HTPB).

The most widely used binder system

is HTPB which is easily processed

and gives good mechanical properties

across the temperature range.

5.1.2 PROPELLANTS
IITPB based composite propellants J
‘ offer high energy coupled with
excellent mechanical properties and |
are extremely cost effective to [
produce.

A range of composite propellant

burning rates can be achieved by
varying the particle size of the
ammonium perchlorate and incorporating -
burning rate modifiers such as
Ferrocene derivatives. The propellants
produced are unplateaunised but can
have low burning rate exponents and
hence low temperature coefficients,
typically 0.2-0.4%/°C.

Composlte propellants containing

J aluminium fall into the AGARD
trecommended classification CC as
Afhown in Figure 5, However, reduced
smoke composite propellants can be
producod by removing the aluminium
from the propellant and replacing
with energetic fillers such as RDX

TECHNICAL .LIBRARY
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“and HMX. Hore both the filler and HTPB

binder act as tho fuel. .These propellants
fall into the AGARD recommended AC class
with small amounto of primary smoke but
high levels of secondary amoke under
certain conditions. Similarly minimum '
smoke propellants can be produced by

removing aluminium and most or all of

the Ammonium Perchlorate and replacing

with an energetic binder and RDX or HMX

fillcrs together with poseibly Ammonium

Nitrate. .Probloms however, arise with

the burning rate of such propellants

resulting in the use of small amounts of

Ammonium Perchlorate to increase the

range of avajilable burning rates. These
propellant fall into the AGARD recommended

AA or AB classification.

The addition of Aluminium to propellants
to increase energy also has the effect
of reducing combustion instability in
radial burning motors. 1In the absence
of Aluminium, materiais such as Zirconium
Carbide are added to provide particulate
damping. Careful choice of particle size
i8 required to minimise primary smoke.

5.1.3 PROCRSSING

Composite propellants are usually manu-
factured using a slurry cast, mould
filling, process but are also capable

of being extruded. The binder systems
commonly used bond readily to the motor
insulation or charge inhibition and so

both case bond and cartridge load designs
are easily produced.

5.1.4 PLUNB SIGMATURE

The major problems with composite
propellants are concerned with exhaust
signature. Figure 6 presents the results
of a firing trial carried out on two
Double Base, low thrust (1.5 KN), motors,
one without aluminium and one containing
2% aluminium. The results quoted are for
the attenuation of a visible beam normal
to the plume at a distance of some 16
metres from the nozzle. It can be seen
that the transmission falls from 100% to
approximately 50% for the aluminised
round. Therefore even small proportions
of aluminium will form dense clouds of
primary smoke and for low signature
exhausts all of the aluminium must be
removed. This implies that other N
particles such as zirconium carbide must
be added to prevent combustion instability
in radial burning charges. The major
source of smoke in composite propellants
is however, secondary smoke formed due to
the combustion of ammonium perchlorate
releasing HCL into the exhaust. This will
react with atmospheric water under

certain temperature and humidity condi-
tions forming dense clouds of secondary
smoke. A full discussion of secondary
smoke is presented in one of the following
lectures and will not be included here.
However, Figure 7 shows atmospheric
condition predictions for secondary

smoke formation for composite and double
base propellants, It can bec seen that

in certain climatic regions, the condi-
tions of low temperature and high relative
humidity necessary to produce secondary
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smoke in composites are likely

to be quite fraquent occurrencies.
Similarly Figure 8 shows that
secondary smoke is likely to ba
produced by composite motors nat

high altitude. Secondary flame
suppression of composite propellants
containing Ammonium Perchlorate has
been found to be ineffective due to
chlorine present in the comhustion
gases spoiling the action of the
afterburning suppression additives.
Low emission levels at all wavelength
from these motors are unlikely to

be achieved, although certain plume
properties such as Radar Attenuetion
can be improved by the addition of
materials such as Molybdenum Trioxide.

5.2 DOUBLE BASE PROPELLANTS

The double base family of propellants
generally use Nitrocellulose and
Nitroglycerine as the two bane
materials but other nitroplasticisers
may be used. Here the Nitrocellulose
and Nitroglycerine function as fuel,
oxidiser and binder with the Nitro-
cellulose absorbing and gelatinising
the Nitroglyrerine to form an
homogenous propellant grain.

5.2.1 INGREDIENTS

Double base propellants contain a
number of ingredients in addition

.to Nitrocellulose and Nitroglycerine.
Stabilisers are added to prevent the
decomposition of the nitroglycerine
and hence increase propellant storage
lives. Ballistic modifiers are added,
to control the burning rate.
Combustion instability can be |
controlled by the addition of‘particles
such as zirconium carbide and flame
suppressing potassium based materials
can be used.

5.2.2 PROPELLANTS

A wide range of propellant burning
rates can be achieved by the addition
of small amounts of ballidtic modifiers
based usually on lead and copper salts.
These modifiers produce super rate and
so called plateau burning where the
propellant burning rate becomes
independent of pressure having a

zero or even negative exponent over

a certain pressure range. Operating
on the plateau region of the curve
enables very low, or even sometimes
negative, temperature coefficients

to be obtained, typically £ 0.2%/°C.
This minimises variations in missile
performance over the temperature range.

All but the very high NC contatining
double base propellants can be
s'iccessfully case bonded allowing
"both cartridge load and case bond
motors to be produced. Traditionally
double base propellants gave very

poor low temperature strain capability
necessitating the use of mechanical
stress relief devices in motors
designed to operate at low temperatures.
This has been overcome in the newer

ciasses of double base propellant such

ag Crose Linkad Double Base (XLDB) and

Flastomer Modified Cast Double Base
(EMCDB). Figure 9 shows a comparison
between CDB and EMCDB propellants with
the latter showing a strain capability
of 20% at -40°C.

The energy level of double base
propellants is somewhat lower than
composites but the more flexible types
of propellants such as EMCDB contain
much higher levels of nitroglycerine
than conventional CDBR and are therefore
more energetic.

Aluminium and Ammonium Perchlorate can
be incorporated into double base
propellants if required resulting in the
Composite Modified Double Base class of
propellantas., The use of these
ingredients increases the energy of the
propellant, but it does s0 at the
expense of plateaunisation and hence low
temperature coefficient. Perhaps even
more importantly it increases energy

at the expensa‘of low exhaust signature.

Development has concentrated in recent
years on the incorporation of high
energy smokcless materials such as RDX
HMX into double basée propellants.
Propellants containing high levels of
threse materials have been produced in
bo~h XLDB and EMCDB, Up to 40% RDX has
been successfully incorporated into
EMCDB propellant without loss of
plateaunisation and retaining good -40°C
strain capability. At these levels of
RDX, propellant energies approaching
those of non aluminised composites are
obtained. Combustion stabilising and
flame suppressing additives can be
incorporated into Double Base
propeliants without destroying
plateaunisation.

5.2.3 PROCESSING

A number of manufacturing routes for
dout.le base propellant are in common
use. These include:

a) A slurry cast process to produce
XLDB propellant.

This process is s8imilar to the slurry
cast process for composite propellants
where all of the ingredients are mixed
together, a curing agent added and the
mix dispensed into suitable moulds.
Energetic fillers and other ‘required
materials such as instability
suppressants are added at the mixing
stage.

b) An extrusion process for Double-

* Base propellants.

This is the well established hot
rolling/extrusion process to produce ,
EDB propellant. A variety of fillers
such as RDX; HMX; instability
suppressants and plateaunising agents
can be incorporated at the compounding
stage.
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The extrusion process is most
suited for the production of rigid,
thin web, propellants used in
short burn time applications.

¢) A casting process for CDB and
EMCDH propellants.

The casting process uses a powder
grain normally based on’a 1 mm
cylinder containing Nitrocellulose

and Nitroglycerine which is poured
into a mould. The casting fluid
composed of desensitised nitro-
glycerine is passed thrdugh the

powder bed and under thé influence

of heat and pressure the casting
powder granules partially dissolve

in the liquid by a proceéss of .
gelatinisation of the nitrocellulose.
As a result the granuled swell and
conlesce to form a monolithic block

of propellant. Additives such as RDX;
ballistic modifiers; and combustion
stabilisers and flame suppressants can
be incorporated into the powder grains.
To achieve EMCDB properties elastomers
are added to the casting liquid.

5.2.4 PLUME SIGNATURE

Double base propellants are generally
much better than composite propellants
for exhaust signature. NC/NG based
propellants burn with extremely low
levels of exhaust smoke. Even with
the addition of Ballistle Modiflers
and combustion inastability and flame
supprzssants, propelliant primary smoke
is still low falling into the AGARD

AA class of propellants. Nitramine
fillers are also very low smoke
producing and the net effect of
nitramine filled propellants, becaune
of bellistic moditicr dilution, is
usually lower smoke. Secondar& smoke
from double base propellants is absent
except under very cold conditibns
(less than -40°C predicted).

The most significant advantagegof
double base propellants for plume
signature control is the ability to

incorporate flame suppressing additives.

Low levels of certain potassium salts
added to the propellant will suppress
secondary combustion with ‘only a small
increase in exhaust smoke! Careful
selection of the type of additive

and its method of incorporation into
the propellant minimise the effect

of the additive on the mechanical

and ballistic properties 6f the
propellant.

6.0 MISSION PRINCIPLES !

The fundamental requirement for a
missile system is that it should

have the highest possible probabilitfy
of successfully completing its mission.
This implies the missile either hitting
its target or approaching sufficiently
close to be within the lethality randius

of a proximity fused warhead.
* |

!
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The plume signature from the rocket
motor can reduce the mission capability
of the missile both in terms of its
interference with the missile guidance
and tracking systems and by increasing
the poasibility of detection of the.
missile sufficiently early in its ffight
to allow effective countermeasures to be
taken.

6.1 GUIDANCE AND TRACKING

The wavelengths involved in guidance
and tracﬁing vary from the Ultra Violet
through visible and IR to millimetric
wave raddrs. Favoured frequencies are
those whére atmospheric windows exist
allowing long range communication at low
powers. However, range limited
frequencies are sometimes used to
decrease the possibility of long range
detection.

Various guidance and tracking systems

are commonly used. These are more fully 1
discussed in Ref 1 Chapter 6 but include i
Beam Riding Command to Line of Sight

(CLOS): Semi Active and Active Homing.

In all cases, other than the autonomous

stage of flight in Active Homing, the

exhaust plume can have serious system

implications if the guidance or tracking

signal passes close te, or through, the

exhaust plume. Tris is particularly so

if the rocket motor is required to

continue burning up to maximum range.

A further problem with guldance and
tracking Is in psalvo opernticnn, Here
the exhaust plume of one missile may
seriously interfere with target tracking
or guidance of subsequent missiles.

A number of migaile solutions to exhaust
plume problemna are pousible, Thegse
include flight path offsets at critical
periods to avoif excessive signal losses
and the use of multiple antenae or
reflectors attached to wings etc to
remove propagation paths from highly
attenuating regions of the plumes.
Another possibility is to use a fully
Active Homing System without mid-course
guidance. All of these solutions add

to increased missile complexity and
hence cost. Reductions in plume
signature, where these are possible,

are much more desirable.

6.2 DETECTION

Exhaust emissions from rocket motor
plumes can become a means of detection
over a wide range of wavelengths
varying from the UV to microwave
frequencies. Again frequencies of
intcrest are those where atmospheric
windows occur muking long range
detection possible. Traditionally
detection has concentratned on the IR
regions of the spectrum where suitable
detectors operating in the atmospheric
windows make extremely long range
detection ponsible. Becaune of
problematical background behaviour in
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the infrareu, newly developed gensing =
devices in -the UV are gaining in
importance. [n the mid UV, or
solar blind region. atmospheric
attenuation limits measurements
to short ranges, but the availability
of exremely sensitive detectors ]
and the absence of natural sources
make this region artractive, Long
range detection is pessible in the
near UV but solar scatter is
prominent.

The only solution available to the
missile designer to delay or

avoid detection is "o minimise the
rocket motor plume.

6.3 MOTOR CONSIDERATIONS

The most powerful tooi available

to the rocket motor designer requiring
to reduce communica‘°ion losses and
minimise exhaust emissions is the
ability with certain families of
propellants to suppress secondary
combustion. Experi-~ntal rerfults
presented later show dramatic reductions
in plume emissions across the full

range of frequencies from UV through
vigible and IR to millimetric wave-
lengths. The use of certain metallic
compounds in none flame supprensed
plumes can decreasr microwave attenuation
but is much less cf‘ective than flame
suppressgsion,

It ta possible to u=n a number of
different flight pyntiles for a
migsile system, Fach of these has
implications for exhaust control.

The simplest of thes¢ is8 the boost
coast system where the missile i{a
accelerated to a suitable velocity

by a short burning rocket motor which
then burns out allowing the motor to
coast to target. This is taken to

the extreme in shoulder launched’
systems where the motor is all jburnt
before the misgsile lecaves the launcher
tube. The major advantages of |a boost
coast rystem is the absence of plume
during the coast phase removing any
problems of plume interference with
guidance and tracking, and making
detection in the coast phase difficult.
The disadvantages of such a system
include decreased range due to high
initial velocity and drag,/low intercept
velocity at target and the:inability
to use TVC systems during,the coast
phase. From plume signature consider-
ations, suppression of afterburning

in the higher thrust boost phase can
present difficulties.

A number of the protlems agaociated
with boost coast car be overcome|by
using boost sustain motors. Figure
10 shows a typical boost sustain'
thrust profile. Such motors can
have a significantlv longer range
for the same propellant mase and
are often used in snall antitank
systems where the boost phase

Ve

|
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accelerates the missile up to sonic

-velocities wnich are maintained during

the sustain phase. As well as increased
range these motors have the advantages
of higher. terminal velocity and higher
manoeuvreability because TVC devices

can be used throughout the fléight.

Flame suppression in the low firust
sustain phase is usually easily
accomplished with oniy a small penalty,
The boost phase presents the same
problems as:- boost coast, but because of
the much shorter boost burn time the
boost phase can be all burnt, in certain
situations, before the missile is
acquired by the guidance/tracking
system.

7.0 OPERATIONAL ASPECTS

A number of other problems exist which
can be alleviated by exhaust signature
control. .

7.1 LAUNCHER DAMAGE '

Hycdrochloric acid mists liberated during
the firing of composite propellants can
cause significant damage to launchers.
This necesgsitates the use of protective
materials. Flame suppressed exhausts,
being significantly cooler than
afterburning plumes will in general
cause less launcher damage. However,
interactions between the launcher
structure and the plume can initiate
afterburning.

7.2 IDBNTIFICATION OF LAUNCHER SITE
Exhaust trails formed from both primary
and secondary smoke can reveal the
position of the launch site. This {is
particular)y significant in still air
conditions where smoke clouds, especially
secondary smoke clouds, can persist for
relatively long times. Exhaust flash,
especially under low light or night
firing conditions, can illuminate and
reveal the position of the launch site.

7.3 JET ENGINE FLAMEOUT

This has been a problem with air
launched missile systems over the years
and various measures such as relocating
the missiles as far as possible tiom the
engine air intakes have been taken to
minimise the problem. However, if
exhaust flame suppression can be
accomplished this is a much more -
effective way of reducing the problem.

7.4 NIGHT BLINDNESS ¢

A problem which occurs on night firings
of missiles is that the intense exhaust
flash during launch and the early phase
of the flight can cause operator night
blindness. This may impair the
operators ability to carry out further
tasks such as guidance and tracking for
some seconds after launch. The visible
emission results of two night firings
are presented in Figure 11. The flame
on motor gives a continuously high
emission throughout the firing.
However, on the flame suppressed round,
only ignition flash and candling on
burnout are detected.

T T
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The ignition flash is very short and
is probably out of the field of view
of the operator. The candling would
be at extrume range ard unlikely to
occur in flight conditions. Night
blindness will obviously be much |
less of a problem with suppressed
plumes.

8.0 SIGNATURE REDUCTION IN SUPPRESSED
PLUNES.
Throughout this lecture the potential
benefits of exhaust signature control
and in particular exhaust flame
suppression have been ciscussed.
The following figures present the
results of a series of practical
trials carried out on experimentsl
CDB rocket motors to quahtify theé
gains achieved at various wavelergths.
Full details of the trials are
discussed in reference ¢ and the
rgsults presented here are a small
selection of the total results |
obtained. The results show as far
as possible a single pair of motors
operating with a thrust level f
approximately 7 EN. The propellant
used was high energy nitramine |filled
double base, the :irst motor béing
flame on and the second motor f{lame
suppressed.

Figure 12 shows the visual signature
of the two motors. Just a/trace of
secondary combustion is visible on
the suppressed round. ,
Figure 13 shows spectral radiant
intensity over the wavelength band
300~-36C nm the rcsults quoted being
the average of a number of scans
throughout the firing. The results
show a significant reducdtion in UV
emission with flame suppression.

t
Figure 14 shows whole plume radiant
intensity for the unsuppressed and
suppressed round in the 3-5 um IR
band. A reduction of roughly one
order of magnitude is obtained.

Figure 1% shows similar results for
the 8-13 um IR band. Again a i
significant but smaller reduction !
is obtained.

Figure 16 shows normalised long

range IR emission spectra for a pair
of similar thrust motors. Subetantial
reductions in peak Red Wirg and Blue
Spike emissions are obtained for the
suppressed motor.

Figure 17 and 18 show millimetric
altenuation of a pulsed radar beam
traversing the plume .in a two-way
path via a dihedral reflector. The
two pairs of plots are for the radar
positioned with the beam first normal
(Figure 17) and secondly (Figure 18)
at an angle of 30° to the plume.

The results show that the attenuation
..of the beam in the flame suppressed
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condition falls effectively to zero with
only ignition flash and motor burnout
detected. However in flame on
conditions high attenuations are
obtained which are proportional to the
beam path length through the plunme.

Rocket motor plumes also emit radio
frequency radiation at millimetric
wavelengths. Figure 19 shows plume
emissjions at 80 GHz for flame on and
flame suppressed motors. The results
are expressed as apparent blackbody
temperature in degrees Kelvin. The
flame on motor can be seen to be
emitting radiation as if it were a
blackbody raised to approximately S500°K
whereas the suppressed motor shows very
little increase in emission above
background.

Figure 20 shows tranverse transmission
measurements carried out on the smoke
signatures produced. These show a small
decrease in transmission 90% falling to
approximately 85% with flame
suppression.

3.0 CONCLUSIONS

The ability to control the exhaust
signature of Solid Propellant Rocket
Motors is of great benefit to the
missile designer increasing the
probability of mission success.

If stealth is of primary importance, it
is possible to select motor components;
propellant type and even missile flight
profiles with the objective of
minimising exhaust signature.

Dramatic reductions in plume emissions
and guidance beam attenuations can be
achieved by the suppression of
secondary combustion. Designs where
flame suppression techniques can be
adopted provide the optimum route to
minimum exhaust signature.
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Table 1

Nozzle Profile Trials (Nitramine Loadecd 7 KN Thrust Motor)

TRIAL NOZZLE SUPPRESSANT FLAME
NO LEVEL %
1 Conical 0 Continuous
2 Conical 0.5 Continuous - Detached
3 Conical 0.75 Continuous -~ Detached
4 RAQ - ] Continuous
5 RAO . 0.5 Flashes Only
6 RAO 0.7% Out
7 Cir Arc 0 Continuous
Cir Arc 0.5 Flashes Only
9 Cir Arc 0.75 Out

Both Rao anq Circular Arc nozzles gave complete suppression
at 0.75% additive. The circular arc nozzle gave a smaller
visible flame at 0.5% additive.

b

Table 2 MAIN FAMILIES OF SOLID PROPELLANT
Additives ¢less than 5'B)
Propetiant Propeilant Maio
Family Type .lngredients Burning Ratc Pressure Signature
Modiliers Stabilizers Supprcasants
Al ized Al Ferrocensc Molybdenum irioxide
(some Al(nmonmm derivatives (Mot)y)
Zirconwm or perchioraie (AP) cg calocene
Beryllium foery binder
Comp cnvisaged) (1ypically HTPB bascd) Ferric onide Aluminium
Noo or Some Aluminium Cupper chromite Refraciones Molybdenum irioxide
slighily Ammonium cg Zirconum carbide (Mot
alumsnized perchiorate(AP) Zirconium silicate
Inert binder Zisconium oxsie
{1ypically HTBP based) [4
High Energy Aluminium
(NEPE type) Amaoniun
High Nitrale-estes jucrchlorate
Encrgy Polyeiher or (RDX)or Molybdenum ttinaide
Compastte Polyesies UIMX) (M)
Edcrgetic binder
{rasea va mert |
polymer plasticized X
with liqusd ntraie- f
cales - ! '
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’ Table 3 MAIN FAMILIES OF SOLID PROPELLANT
) Additives (less 1han 5%)
Propetiant Propeliant " Mais -
Family Type fngredients Burning Rate Pressure Sienature
Modifiers Stabilicers Suppressants
Extruded tcad and Copper Refraciaries Potassium salis
Doubic Base ] dervatives cg Zirconum carbide g Polassium suiphate
Nitrocellulate i (mainly salis Zirconum silicate (K,50,)
Double . . ) W
. ur oxidesy Zirconm oxide Potassium cryolithe
Base Nitroglycerine ] -
Cast {possably Tin (KJALF,)
Double Base derivatives) Meials
cg Aluminium Owher Alkali salts
Elasiomerc Nitraccllulose ; Lead and copper Alumninium Porassium saits
Madified Nitroglycerin derivatives g Potassium suiphate
Cast {nert Prepolymer , (possibly tin Refractorics (K:S()‘t
Duubie Base curing agenl I derivatives) «g Zirconnnn carbhide Putassiuin cryohithe
(EMCDB) (RDX) o Zircomurn silicate (K4ALF))
(or filled (HMX) Zisconium onide S
" double base) (Possibly some Uther Alkali saits
aluminium and
aminonium
. . perchlorate)
Cross Linked (RDX) or Lcad and copper Aluminium 'iassium sans
Double Base (HMX) Jerivatves cg Potassium sutphate
(XLDBY Enesgetic binder Refractonies (K50 )
based on inert vg Zirconim carhide Patassium’ ervoltthe
polymer plasticized Ziscommn sibicate KJALF

Other Alkale salis

Douhic Base -
Camposie Nittocelulose Lead and conper Aunmnium LUlassiin aans
Mo ed Nitroglycenin erivatnes «¢ Fotassnnn suiphale
Daubic Base (RDX) or RSOty b Rebragtones K.SO )
WWMDB) NM'XI ferisativesy g Zircomiim carhme 1SN L olilhe
(Possibly some Zitconnun siicate K. ALF )
alummiuin and Zirconmim ove
1HHHomagm ther Vinan naits
rerehiloratey
) ATTENUATION (dB/km)
| MILLIMETRE SUB-MILLIMEBTRE {NFRARSD
. 10E3
#0a 0.1 gm"*®
10E2 - "
",0 GLOUD 0.008 gm
HRAVY RAIN
1.0E1 28 mm/Hour
H,0 & CO,
DRIZZLE
1.0E0 0.26ma/Hour
Ho
ﬁ ln.o
U no
1.0E-1
1.0E-2 ) I L ]
1.0E7 1.0E2 1.0E3 1.0E3 1.0E% 1.0E6
FREQUENCY (GHz)
Figure 1 Atmospheric Attenuation
» Ry i o
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EXPANSION CONE
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,Figure 2 Solid Propellant Rocket Motor
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Figure 8 Predi'cécd Secondary Smoke Formation as a Function at Altitude (lNon
Metall/ic Composite Prepellant with Ammonium Perchlorate).
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SECONDARY SMOKE
P. A. Kessel

Phillips Laboratory Propulsion Direetorate

Edwards Air Foree Base, Californin, U. S, A.

1. SUMMARY 4 o

The open literature on secondary ;anoke formation, predie-
tion and classifiention is briefly reviewed. This review was
limited to the open literature in ortler to promote the widest
possible diseussion within the AGARD engineering conimu-
nity.  The recently completed PEP WG 21 proposal for
smoke elassifieation is presented. Secondary smoke s de-
fined and the physics of condensation of vapor onto droplets
is reviewed.  The basis for the edisting droplet condensa-
tion models 15 disenssed and the existing methodology for
predicting secondary smoke light attennation and seatter-
g s presented. Test data takeh to establish the initial
conditions for heterogeneous nueleation in rocket pliumes is
presented. Comparisons between gecondary smoke predie.
tions and tight data are prvsvnnw{. The state of the art of
secondary smoke modeling is diserissed and suggestions are
made for improvements.

2. INTRODUCTION

Modern high performanee solid vacket exhaust plames ared
generally chareterized by large volnmes of Bame and sinokg,, ¢
that mark the location of the rocket powered deviee aned ite

laneh site and trajectory with anfailing acenraey and a
high degree of persistence. A sioke Taden pluime may he
either a hazird or a blessing, depending apon the applica-
tiem. Tactieal rocket designers go to great pains to climinate
stoke sinee it gives the enemy information about the loea-
ticn of the lanneh platform or el sites Particle laden
plutes mny slso interfere with mierowave aned laser heam
signals nsed for tanee finding snd commmnieation purposes,
O the orhier end of the spectenm, thers are deviees sneh as
tisres wiriel are destened to have o very distinetive smoke
ladden plarie for commmnweation and connterieasures apph
cations. This paper will attempt to summarize some of the
large effort that has gone into developing methods to elas
sify. understinul, prediet Jineasure and control the secondary
«moke content of rocket plllllh-s.

Smoke s i colleetion of fine liquid or solid particles that
are sspended in the atmosphere sueh that their optical sig
nature 15 i recognizable contrast to the hackground. The
vigible optical signature ay arise hecanse the particles ab-
sorh light. e i earhon rich plane, which is a resalt of the
high emissivity, or heeanse thie particles reflect or seatter
light becanse of a low emissivity, e, contrails of Ligh alti-
tude jee erystals In either ease. the aptical characteristies
of the hackground can either obseure or highlight the plume,
Attenuation of eadiation along the aptieal path hetween the
l)')F('l'\'!'r :Ill‘l ‘lll' 'i‘ll()ki' ]‘llll"(‘ .'Il.\‘l) serves to 1|ll.\'l'|lr|‘ 'll"
plume,

Stuoke in a rocket exhaust plume is classified as either see-
ondary or primary smoke according to how it was formed.
Secondary smoke is defined as the material that leaves the
tocket as o vapor and subsequently condenses aned solidi-
fies as the plaine cools due to expansion aned mixing with
the smbient atmosphere. Secondary, smoke is mostly wa-
ter and agqueons solutions of HCL HF or soluble salts, At
sufficiently high altitudes, secondary smoke may consist of
highly reflective iee erystals that form long-lived contrails.

Primary smoke is defined as the liguid and solid pacticulate
matter that is formed within the rocket more or less inde-
pendent of any interaction with the atmosphere. Primary
smoke is comprised of the oxides of the metal fuel sneh as
aluminum, and in some cases, the soot created by the com-
bustion process of carbon coutaining fuels. Primary smoke
can be elimin: * -d or at least greatly reduced by eliminating

i

all naterials frow the propellant which would form a visible
particulate cloud.

3. CONDENSATION CONSIDERATIONS

The condensation of the working finid in an expansion is a
problem that has concerned r ~earchers and practieal engi-
neers for a loug time (e.g.. reference 1), The earliest works
inelude those of .C. T. R. Wilson in 1897 un the dynam-
ics of eloud chamber expansions. and Stodola’s work in the
1920°s on steam nozzle expansions. reference 2. Hypersonie
wind tannel designers, sueh as Wagner, recognized that for
high Mach mimbers, the working finid had to be kopt at
a sufliciently high total temperature to avoid condensation,
reference 3.

_The theory of condensation is well deseribed ina number of

thermodyumuie texts, A simplified example is given here to

* hound the problem for further diseussion. Figure 1 shows

the temperature-entropy diagram of the saturation curve

4 for water and the nozzle expansion path of water vapor to

low (Gumbient) pressure from a range of nozzle stagnation
conditions typical of solid rockets. The isentropie expan-

Lsions are the envelope of vertical lines that intereept. lines

of ronstant pressure in the superheated region, e no ron-
deasation ocenes within the rocket nozzle. If the inevitable
phune cooling process is assumed to be (for the mouent)
a constant pressure process, the resalting temperature at
the interseetion with the saturation enrve would lie between
45°C and 100°C. This intersection, and the fact that the am-
bient temperature lies between -56°C and 53°C., indicates a
high prohability for the ocenrrence of condensation. Aectu-
ally, the process is more complicated than this stiiple model
sinee the water vapor is cooled hy mixing with the nmbient
atinosphere, which may or mny not he able to carey the
water vapor in solution aloag with its burden of ambient
humidity.

¥ L] ¥ L] L] L]
} 2000 °K 3500 K
3900 60 am 20 atm
2000
K
1000
Saturation Curve 373°K
1 atm
500
330K
1 am
200 ' 1 1 N 1
4 5 6 -7 8 9 0
S Jgm K
Fig. 1 Condensation Considerations on the T-S Plane.

Other virinbles that have been dgnored in this simplitied
diseussion, such as the role of dissolved gases and the role of
droplet surface tension, are discussed in referenee 5 which
19 sunenarized below, The effeet of dissolved gases on the
saturation vapor pressire of a solution over a plane surface,
p. can be approximated by:

P Y B T e o
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°
p = P (1)

(¥ injnd)

where p® is the saturation vapor pressure of the pure sub-
stanee, 1 is the osmotie coeflicient, 1y is the wmber of moles
of solvent. nnd 1 is the monber of moles of the solute, refer-
ence 4. Although the valne of £ is unity for anicen! solution,
its value may be as high as 40 for concentrated solotions of
HC'l dissolved in water,

The correction on the effective vapor presane due to draplet
racdius of curvature is:

o 2 ) (2)
' he ‘“W(nnr 4 -

where @ is the surface tension, ¢ is the specitie volume, R
the gas constant, T is the temperature, and ris the droplet
raulius. This in effeet increases the vapor pressure reguired
tee produee further condensation on the droplet. These two
ereations combine to give the vapor pressare for a solvent
droplet, p,: . i
Srp{200/RTr)
o Pt

(14 m/ny)

i

(3
This can be siimplified to:

Pe = P tep (200 RTr) (4)
/

where p?_;is an experimentally determined solution satura-

tion partial pressure, '

An example of how these effects determine where in the
plunme condensation oceurs is illustrated in Figure 2, taken
from reference 4. In this figure, the phune state conditions
were modeled as o function of axial and radial distanee,
{That is, a consistent set of approximations were used to de-
fine the state properties and velocity of the expansion.) The
gas temperature along the plume centerline corresponds to
the interseetion of the isentropic expansion and the constant
pressure line in Figure 1. Condensation usually cannot oe-
enr here heeanse the temperatire is too high, As the mixing
progresses, the gas temperature decreases due to the plune
being diluted with ambient air. This process ean be thought
of as cither cooling the hot moisture-laden plume or as in-
creasing the moisture content of the ambient air. Two lines
are shown in_the figure, Line (a) is the locust bf points at
21.1°C and 100% relative humidity. Line (b) is the locust
of points at -40°C and 0% relative humidity. Lines (a) and
(h) define the minimum point at which HCand water will
satisfy equation (1). Condensation of HCl can only ocem
outside of line (h), and condensation of water can only oe-
cur ontside of line (a). Further limitations on condensation
have not been addressed in this plot.* The actual region of
condensation will be less than indicated. '

0 :ss T = T "é = ! ‘- W
e I 1Y)

~—._ ONDENSATION '

~— DOUNDARY: i
100}- B fo? ]

Y/R
20d, N
X/0
2 I A .
100 200 300 400

Zones of Condensation in a Plume, ref 4.

‘Oliver has worked out the limiting cases for plane surface
condensation. The first limiting case, labeled isothermal
mixing, holds both the mixture temperature at thé ambient
air temperature and the ratio of air to plume gas constant.
Thus the composition of the “air” is changed slightly to re-
Heet mixing with the plume. The second limiting case, adi-
abatic mixing, conserves energy in the mixing process and
sets the ratio of air to plume gas at the maxinm which will
prrinit condensation to oceur at the specified temperature
at sen level, Figure 3 shows the minimmm relative humidity
at which condensation will ocenr as a function of tempera-
ture for the two limiting eases for several propellants. That
is, condensation may oceur above these eiurves subject to
the other himitationg discussed above, but it cannot occur
below these eurves for the assumed mixing model. It is as-
sumed that condensation will oceur somewhere between the
adinbatic and isothermal limits that are said to bound the
problem.

I
@
N
80~ ¥
X
P)
5y
60l-
RN,
%
4d-| [arP
/I1SOTHERMAL » = =~
, /7 oo
2 /. ADIABATIC——r
o / 1 1 ]
40  -20 ) 20 40 60 80
TEMPCAATURE , °F
Fig. 3 Oliver Fog Predictions, ref 4.

The «ze of a drop in equilibrium with the condensing gas
can be derived from equation (4):

r* = 200/ (RTr In( {: )) (5)
sol
This droplet is unstable. Rewriting equation (5):
o 200
Peal = Pexp (r—_‘RTr) (6)

If the droplet grows by the addition of one molecule, the
droplet radins increases but the vapor pressure at infinite
extent does not inerease, as discussed in reference 1. The
slightly enlarged droplet has a lower cquilibrinm vapor pres-
sure which allows additional moleeules to he aceepted. The
process is continuous. Conversely, loss of a single moleenle
inereases the vapor pressure and canses a continions evap-
oration process Sinee a droplet cannot grow if it is smaller
than the eritice radis | condensation requires a nucleation
site whose radins is above the eritical radins if condensation
is to oceur.

These nueleation sites can he formed by the spontancous col-
lision of moleeules if the molecular density is high enongh,
or ean exist as particles or droplets of a dissimilar mate-
rinl. Droplet growth by collision of similar moleenles is call
homogeneons nucleation. Droplet growth by collision with
dissitnilar molecules or particles is ealled heterogeneous nu-
cleation.

The classical expression for nueleation rate is:
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J =

Vain (NP 1R?) (p/y (Vo p.)

x exp[=n® In(p/p;.)/2] (7)

where

n' = (4n/3)pANA/M I (8)

It can be seen that the rate of nucleation is n function of
the ratio of p/ps,,.

Unfortunately, the predictions of nucleation rate using equa-
tion (7) are orders of magnitude too low, strongly indicating
that the nucleation process in solid rockets is héterogeneons,
It is then neeessary to rely on an empirieal approach to ac-
curately predict rocket plume droplet spatial distribitions.

4. PREDICTiON METHODOLOGY
4.1 Droplet Growth

From what we have discussed so far, it is obvious that the
formation of setondary smoke is a dynamic process. This
process is identical to the formation of clouds and rain. It
is well known that this meteorologieal process can be influ-
enced by seeding the clouds to create nucleation sites, and
therefore obtain precipitation from the clouds. It should
come as no surprise that the key to predicting the forma-
tion of secondary smoke is the prediction, albeit cinpirieal,
of the initial nueleation sites. Given the initial nuelei distri-
butions, the differential equations describing droplet growth
are integz ated along Eulerian partiele trajectories to predict
the droplet distributions in the rest of the plume.

Several models exist in the open literature for the prediction
of secondary smoke, notably the models of Miller, reference
4, Meyer, reference b, Victor, reference 6, W reference 7,
and Shanks, reference 8 These models all share an ap-
proach in which the modeler uses a nozzle mnT phune flow-
field which is computed ignoring the existence of droplets,
then superimposes or overlays a highly empirical approach
to predicting the further effects of heterogeneaus condensa.
tion on droplet size. Alternatives to this approech exist in
which the fully coupled flowfield and droplet field equations
are solved simultancously, such as the work of Courtney, ref-
erence 9, Kang, reference 10, McBride, refereénce 11 and Sug-
awara, reference 12, This approach is necessary for applica-
tions in which a large fraction of the working gas condenses
and highly accurate predictions are desired. However, the
cost. in computational difficulty and computer time can be
high. The approximate uncoupled approach used by the
smoke community is consistent with the empirical basis for
the initial conditions nsed in secondary smoke predictions.

The most comprehensive of these vairirnI models appears
to be the model of Miller, reference. 4, which will be de-
seribed below. The rate of droplet growth is given by:

_:/r

" )

=0
= @I)(I'D[/RTI} (IT]T,)

where the experimental correlation of gnass transfer to the
spheres is given as: .
¢ = 10+03R S, ‘ (10)
S'(-\'vrul corrections are made to acconnt for non-ideal fae-
thrs. Sinee the droplet size is of the same order as the am-
bient mean free path, this classical equation for moleeular
diffusion is corrected by a factor derived from the work of

Fuchs, as deseribed in reference 4:
1V {(2eM/RT, N D/r3) + (rf(r + L))] (1)

. - b

where 3 is a coclficient to correct: for moleeule rebound.
The value of J is assumed to be unity for water, HCl and
HF. Auvother correction factor is applied to the evaporation

rate to compensate for the effect of condensation on the
molecular velocity:

w =2.0 for 0.000 < abs(s) < 0.001 (12)

where s is the ratio of the gas velocity normnal to the sur-
face of the droplet to the mean thermal speed of the gas
molecules. ,

The resulting equation for thie rate of change of drop radius

18:
dr
,

o = ¥p(vDy/RT)) (’;-:’;-) (13)

where:

o5, = 205/ (27r1\71/RT,)'/2(D/r)+2r/(r+L)] (14)

The final result, equation (13), deseribes the droplet rate of
growth for cach condensing component.

Similarly the change in droplet temperature due to convee-
tive heat transfer is given by the basic equation:

{T, S
mcp(d—t' = @pky4nr(T-T)+ H + H,  (15)
where
&, k(27 MRT,)'/?
®; = wk(2rMRT,) (16)
Cpo(7 +1)/2y)Pra + r/(r + L)

and .

&y = 1.0+03Re}/*pr)f? (17)

A correction for the effect of turbulent eddy size relative to
the drop size is applied as appropriate:

u? = u"‘/ (QU/QN (k) dk (18)
0

where (k) is the turbalent eddy speetrnm of the local gas
streamn, and is a function of the turbulence wave number, &:

k = 2rw/u, (19)
where u,, is the average plume centerline gas velocity rela-
tive to the plume edge velority. Also,

O = [(1 - B8)/B)w/a)? (20)

A = (1/8)w/a) + (VB/B)w/a)
+ 3wy +6(/a) P41 (21)
a = 31//7'2 d = 3p/(2p, + p) - (22)

Other details in Miller's paper give higher order corrections
to the drag coeflicient ehange due to high Reynolds number
and turbulent veloeity fluctnations.  The droplet velocity
is correlated to the freestream velocity and the statistical
turbulent fluctuations. The droplet size distributions are
then ealeulated starting with the initial .nuelel distributions
and the relations for droplet growth and droplet tempera-
ture. The effects of droplet coagulation and Brownian mo-
tion, turbuient diffusion and other higher order effects are
neglected.

4.2 Signature Prediction
{.2.1 Mic Theory

The particles in the plume seatter light in three basieally dif-
ferent ways according to the relationship between the wave-
length of the light and the size of the particle. If the wave-
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length of the light is small relative to the particle, the light
hehaves as is does in the macroscopic world, and the result is
called geometric scattering or geometric optice. If the wave-
length of light is much larger than the particl-, the particle
scatters the light in a more or less predictable and nniform
way that is called Rayleigh scattering (molecules in the air
scatter sunlight preferentially as a bright blue light). If the
wavelength of light is on the same order as the particle size,
the light is scattered in a more complex way that is called
Mie scattering. The Mie paraumeter a is defined as the ratio
of particle circnmference to wavelength:

a = 2rr/A (23)
Unfortunately. the wavelength of visible light is of the same
order as the circumference of the secondary smoke conden-
sate particle, which forces us to resort to Mie theory for our
seattering predictions.

Mie theory describes the scattering of light by single spher-
ical particles, references 15 and 16, The assumptiou of
sphericity is reasonable for small droplets in which surface
tension dominates the deforming acrodynamic forces, (It
is not a very good assumption for solid particles such as
sand and ice whose erystalline structure dominates the par-
ticle shape). Mie theory is appropriate for particles that are
widely spaced relative to one another. This minimum spac-
ing is generally taken as ten particle diameters, Below that
spacing. the particle optical effeets interfere with each other
and an additional correetion factor must he applied to the
resnlts obtained using Mie theory,

|
An additional parameter to be ('nnsi«l('rwl’is optieal depth,
r. which is defined as: !
t
I/, = erp(-7) | (24)
where /1, is the fraction of light that passes through a
clond of particles (or anything else for that matter). 1f the
optieal depth is less than 0.1, then the eloud is said to be
optieally thin. If 7 is greater than 0.3, the elond is said to be
optically thick, and the full corrections for multiple seatter-
ing must be applied. The intermedisite range. 0.1 < 7 < 0.3.
is called the double seattering regime, which way require
some correction. Note that the effects of multiple seattering
and close particle spacing are different phenomena which can
and should be treated differently. In a large diffuse plumie
we may get multiple seattering, that is the light interacts
with many particles before it leave the plumel but still have
a large enough particle spacing to apply uncorrected Mie
theory on small areas of the plume.!

The calealation of the Mie seattering funetion is romplex.
Full details are given in references 14 and 15, Hottel has
collected these functions in reference 16:

/2 . )
QA = m[’l‘-‘."”'"(”’] 1 (25a)
MO = 4[in(B)+iy(®)] /(X.r?) | (20h)

The expression of i and iy as functions of the size param-
eter x, the refractive index, n', and the angle 8 and the
d.('ﬁniti(m of associated functions needed to evaluate extine-
tion and seatter efficiency X, and 7\', are presented below:

i 2m + 1
= m(m + 1)

&

2

(AT + mem)

11(0)

]

2m+1

mt —_
w(6) m(n + 1)

(0T + b )

¥
where n,, and Tm are anpular functions derived from the
Legendre polynomials ‘

!

dnm(cosb)

25d
cos@ (25d)

Tm(cos8) = €038 7m(cosf) ~ sin?f

P, the Legendre polynomials, are finite series defined by

1 d™(2-1)"
2mm! dr™m

Po(z) = (25¢)

am and b,, (the amplitude functions) are given by

s:n(y)sm(r) - ",S:n(-r)sm(y)
S (Y)dm(x) = N, (2)Sin(y)
n'S:"(y)S,,,(;z) - S5 (7)Smly)
WS (Y)bm(x) = &1n(3)Smly)

Uy

(251)

where y = n'r, and

S",(Z) = (":/Z)l“ Jmpl/')(:)
c‘m(,:) = (_])m (”:/z)l/') J—-m-l/?(:’

Here Jyppyga and J_y, gy are Bessel functions of the posi-
tive and negative half-orders, and
'jm(:) = Sm(:) + i(‘lvn(:)
Si(2) = OS.,(2)/0:
Gl3) = Dd(2)/0:

(25h)

The efficieney factors for extinetion and seatter can be de-
rived from the values of a,,, and b,,.

=)
X, = i Z_(?m-}-])’k(n,,,-&-h,")
R " (251)
Xo= 5 2-1(2,,,+1)3(|",,,|' + b ]?)

X, is obtained by difference. The above equations shonld
give the reader some feeling for the complexity of evaluating,
the seatter properties, :

The results of a typical Mie ealeulation are shown in Figure
4 for a range of alumipum oxide particle sizes for 0.55 pum
wavelength light from reference 7. Sinee the particle radius
varies from 0.01 to 5.20 g, the Mie parameter varies from
0.114 to 59.4. which would cover the range from Rayleigh
scattering to geometric optics. The plot shows that the light
scattered forward preferentially, 0° seatter. The smaller
particles show the trend toward Rayleigh seavtering. The
Mie theory is accurate, although enmbersome, v both the
Rayleigh and geometrie optics limits,

Complicated computer programs have been developed that
accurately compute the optical behavior of optically dense
two phase rocket plumes using Mie theory, reference 17.
This is done by breaking the plume up into a large sumber
of elements, eachi of which are optieally thin. The mathe-
maties of the solution are emmbersome. Suffice it 1o say that
the bookkeeping allows each element to seatter and absorb
radiation in the directions dictated by Mie theory in such
a way tuat the multiple seattering limitation of Mie theory
does not affeet the aceuracy of the result. These codes, in
general, do not address the issue of extremely close particle
spacing. The major problem with the finite difference ap-
proach to Mie seattering is the fact that, in theory, every
clement in the plime receives seattered radiation from every
other element. This would lead to approximately N x< N/2
flux directions for a grid contaiuing N elements. A munber
of limited fux direction models have heen developed, the
simplest effective model being the six finx model for three
dimensional pioblems,  These models work quite well for

Tn(rosh) = w the areas in the plume where there are only weak radiative
dros8 property gradients,
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1
.

4.2.2 Approzimate M.thods

In contrast to the *correct™ finite difference approach, a
number of simplified signature models have been developed.
Miller has simplified the Mie function by averaging the Mie
function such that a particle extinction cocfficient, K. can
be calculated which satisfies the attenuation relation:

I, = (;rp(—fz-"‘lrrlzl\'L) (26)

Figure 4 shows how the extinction coefficient varies with
particle index of refraction for 1i=1.55 as a function of the
Mie parameter. Equation (26) must be integrated over the
plume and may accommodate the variation in plume prop-
erties as a function of position: !

I poo
In(I/1,) = -/ / NKf(r)nrldrdX  (27)
[1] 0

The values of N and A can be tomputed from the known
properties of the plume once the particle cloud is defined.
Equation (27) is integrated over the plume and the attenn-
ation of the light determined.

5. VISIBILITY CRITERIA

Reduced to its essence, the visibility evaluation consists of
predicting the spatial signature of tie plume in the desired

3-5

waveband, i.c., 0.40 to 0.78 um, and comparing it to the sig-
nature of the background, and deciding if the resulting si%-
nature is discernible. Victor, reference 6, outlines a simple
visibility model that he developed from the work of Jarman,
reference 13. This mcthod addresses all the elements neces-
sary for a thorough visibility calculation and ia suminarized
below.

He defined the contrast, C,, between an o.hjcct whpsc bright-
ness is B, and the background whose brightness is B, as:

Co = (B~ Bo)/Bo (28)
when observed close enough to the object so that there is no
obscuration of the signal. If the observer is far away from the

object, the signal from the object and from the hackground
will be atteniiated. The apparent contrast hecomes:

Cr = Co(Bo/B,)exp(-aR) (29)

The apparent brightness of the background will be:
B, = Bo cxp(-aR) (30)
where R is the distance to the background, o is the atmo-
spheric attenuation coefficient (in units of kin~'), and B,

is the path luminance added due to the signal fromn the sun
and the light scattered into the optical path. Therefore:

Cr = Co(1+ Bge"®/B,)™! (31)
and the path luminance is given by:

Bp = KBo(1-¢""% (32)

where I\ is the ratio of horizon sky brightness to background
brightness. Values of K vary:

0.2 Snow in sunlight

3.0 Zenith Sky in sunlight
1.0 Desert in sunlight

5.0 Forest in sunlight

1.0 Snow under overenst sky

1.0 Zenith overcast sky

7.0 Desert under overcast sky
25. Forest under overeast sky
1to3  Rough scas

5+ Smooth seas under clear sky
1- Smooth scas under overcast sky.

The threshold of visual contrast is defined as that value of
contrast. at which the object cannot be distinguished from
the background. This is sometimes called the liminal con-
trast. The liminal contrast is an inverse function of size,
or rather substended angle of the object. As the range to
an objeet increases, its liminal contrast increases because
the angle substended becomes smaller. Sinn:ltz\ncgusly, the
apparent contrast between the object and its background,
as described by equation {16), becomes smaller and the ob-
ject fades from view. It should be noted that although this
concept is based upon an assumed visual acuity of a hu-
man being, we can generate mathematical analogs that are
related to the characteristies of optical sensors, background
clutter, and random noise in the data gathering system. The
signal from the plume to the observer is a function of the
sunlight and skylight scattered by the plume into and the
light transmitted through the plume along the optical path.
Mathematically this is:

Co = (Bp/Bo)=1 = Byua/Bo+Bwy/Bo+B/B,~1 (33)

The criteria used to determine whether a pluine is detectable
by a human is subjective. Hoshikawa developed a model to
do just that from data collected for a large variety of jet air-
craft over a range of operating conditions, reference 17. Fig-
ure 5 shows experimental data which established the thresh-
old of perception as a function of subtended angle. Figure 6
shows the probability of detection as a function of relative
contrast as developﬂ{ by Blackwell, described in reference 4.

o1
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6.0 NUCLEATION DATA BASE

It was mentioned above that secondary smoke is gencerated
by heterogencous aucleation, and that we cansiot predict the
mucleation sites from first principles. The obvious alterna-
tive is to perform tests to determine just what nucleation
material exists at the exit plane of the nozzle.

1

6.1 Test Facilities

Data from two facilities has been available to'determine the
nucleation populations. The US Army Misdile Conmand
(MICOM) built a Smoke Characterization Facility (SCF)
at Redstone Arsenal to facilitate testing of components of
gronnd and airborne weapons systems to determine if they
would funetion correctly in a smoky environment. The fa-
cility nllows testing of small, i.c., 65-75 gram, solid rocket
motors in a static environment into a humidity and temper-
ature controlled atmosphere. The test procedure is to fire
the molor into the controlled static environment and take
data to charncterize the smoke after the plume gases are
mixed with the controlled ambicnt gases. A variety of data
acquisition syscems are in use at the facility. The USAF

Arnold Engiaeering Development Center (AEDC) ballistic

1

range was modified to allow testing of a small scale rockets
in their ballistic range. The ballistic range contains a 1000 ft
long by 10 ft diameter tank downstream of the gun barrel in
which flight conditions can be simulated. The chamber al-
lows short flights in a controlled high altitude environment.
External to the altitude chamber, a short environmentally
controlled sea level chamber was built to catch the ballistic
vehicle and obtain condensation data. Extensive instrumen-
tation also exists in these facilities.

6.2 Data and Analysis

Data taken in the SCF, shown in Figure 7, was analyzed
to determine the nuclel size and number. A number of
assumptions are made in developing this data. It is as-
sumed that the number of droplets present in the chamber
are representative of the number of active nucleation sites
throughout the firing. That is, there is no appreciable coa-
lescence, breakup, homogeneous nucleation or depaosition on
the chamber surfaces. It is also assumed that all droplets
in the chamber are the same size and that all the hydrogen
is afterburned to form water. Light transmission measure-
monts were made at 0.52, 0.63, 0.85, 0.95, and 1.06 um wave-
lengths. The equilibrium temperature z2nd partial pressures
of condensable gases were recorded.

The values of the number density, N, the average radius,
and the chemical compucition of the dropl:ts were calcu-
lated and are shown in Figure 7 for two types of propel-
lants. Taken as a whole, the data indicate that the number
density, .\, is proportional to the particle size to ti:e -0.5 to
-1.0 power. Tnsufficient data exist to make any sta‘ement
about how the exponent varies as a function of prop-llant.
The data does support a statement that the maximun num-
ber density is proportional to the percentage of ammonium
perchlorate (AP). There is insufRcient data to cupport any
general cominent about the role of ammonium nitrate (AN).
Miller draws the conclusion that the number of nuclei mea-
sured are about 3 to 6 orders of magnitude smaller than that
ohserved for homogeneous nucleation of water, and that the
reduced data are consistent with the results of other exper-
iments.

(o]
Voo -
o
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10 No./sec/sqem
o
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Fig. 7 Nucleation Data form MICOM Smoke Facility
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7. COMPARISON WITH FLIGHT DATA

Miller reports the results of comparisons of predictions with
flight data from two experiments in reference 4. One test
wns conducted by MICOM and another by the US Air Force.

In the flight experiment conducted by MICOM. a rocket us-
ing 87% AP, 1% Al, andl 1% hydroxyl-terminated polybuta-
diene (HTPB) propellant was fired from an airborne aireraft
and laser transmission measurements were made 5t 1.06 pm
wavelength., The Low Altitude Plume Program (LAPP) was
used to predict the plume flowfield, the DROP4 code was
used to prediet the secondary smoke formation, and the Op-
tical Signature Analysis (OSA) code was used to predict the
laser attenuation. All of the available ndjustnh‘(' parame-
ters were varied to attempt to obtain agreement between
the data and predictions. Table 1 lists the prediction and
data. Some effort. was made to establish the sensitivity of
the calculation to *he ambient conditions. No error hound
was given for the experimental data.

Table 1: Comparison of Flight Test Data
and Predictions, veference 4

AMBIENT AIR /1,
TEMPERATURE/
HUMIDITY

80°F/ 90% RH !
74°F/ 95% RH
80°F/ 78% RH

PREDICTION:
PREDICTION:
TEST DATA:

-] 2
[=2]

-] =i
[$1]

e >
I
&

LY

In the Air Force test, a missile launch from one aireraft was
photogaphed from a second aircraft for varions sun angles.
The Lockheed Plume Visibility code was used to predicet
the visible signature, and comparisons were made with the
photographic datn. No details are available on the Lock-
heed computer program in the opeh literature. The result-
ing comparison between flight test tlata and predictions are
shown in Figures 8-10. Comparison appears quite good in
some respects. A varianee of 25 i iu range and 8° in aspect
angle was reported, which Mille- estimates wonld acconnt
for approximately a factor of two in plume contrast. It is
significant that the comparison is best when the data set is
well behaved, i.e., flight 3 vs. Aights 1 and 2. The computer
model appears to have been run with no adjustment to the
prediction physies, although arbitrary values of nuclei were
«hosen to fit the flight data.

¥

8. PROPELLANT CLASSIFICATION '
8.1 Background '

The general behavior of exhaust plumes of tactical, strate-
gic and civilian launch system sold and liquid propellant
rockets has been an issue of coneern ta propulsion system
designers and military analysts for some period of time. Re-
cently, the tactical rocket community has become increas-
ingly sensitive to the effects of sinoke laden plumes.

In the United States, this has led to a JANNAF classifica-
tion system which is to a large degree a reflection of the
measures that were taken to reduce primary and secondary
smoke in the exhaust plume of tactical rockets. Propellants
which use metals such as aluminum as an additive to basic
fuels such as AP are called “smoky” propellants. Propel-
lants which have the smoke content of the plume redueed
by removing the aluminum component of the fuel are called
“reduced smoke” prepellants. Prapellants which have every-
thing removed that could contribute to the smoke problem
(and still remain a viable propellant) are ealled “minimnm
smoke” propellants. This designation system is descriptive
of how Pmpcllnnts are formulated, but does not address the

issue of how well the propellants perform relative to the
smoke issue.

37
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Fig. 8 Comparison of Contrast Predictions for Flight

Test 1, ref 4.

NOMINAL
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TIME, sec

o | 2 3 4

Fig. 9 Comparison of Contrast Predictions for Flight

Test 2, ref 4.

The Propulsion and Energetics Panel (PEP) of the Ad-
visory Group for Aecronnuiics Research and Development
(AGARD) determined that the terminology which existed
in the mid-1980's time period: snoky, reduced smoke, low
smoke, minimum smoke, and smokeless, was too imprecise
for quantitative enginecring use. PEP Working Group 21

[£XY
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Test 3, ref 4.

(WG21) was established and tasked to develop a systematic
way of classifying and measuring the smoke content of solid
rocket exhaust plumes. The result of theit efforts is reported
in reference 18, and is summarized below,

The heart of the proposed system is the realization that the
characterization problem would be greatly simplified if the
primary and secondary smoke characteristics of a propellant
are classified separately. The proposed classification system
is comprised of two letters. The first letter indicates the
propellants propensity to produce primary smoke: A being
the least smoky through B to C heing the most smoky. The
second letter indicates the propellant propensity to produce
secondar,” smoke: A being the least smoky through B to C
being the most smoky. The resulting matrix is illustrated
in Figure 11. Propellants classified as AA, AB, CC would
correspond roughly’ to minsmoke, reduced smoke and smoky
propellants, respectively.
t

AGARDS =

AMBIENT RH. TO %
PRODUCE SATURATION |
! Increasing
13 -- 090 -- 055 -- 00 —+ Secondary
Smoke
00
H AA AB AC
0358
AGARDP=
H BA BB BC
OBSUCRATION 090
- 1
H CA CB: cc
10
1 i
Increasing
Primary
Smoke
Fig. 11 AGARD PEP WG-21 Proposed Primary and

Secondary Smoke Classification Scheme, ref 18.
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8.2 Primary Smoke" -

Characterizing primary smroke by its ability to transmit or a
signal thru the plume has certain inherent advantages. The
measurement is relatively easy to make and can be easily
reproduced in the laboratory. Care must be taken in mak-
ing the measurement that the test corfiguration does not
bias the measurement and thet secondary smoke formation
is avoided. Some care should also be taken in selecting the
wavelength of the laser used to make the measurement to
avoid interaction with water vapor or carbon dioxide in the
plume. Also, the index of refraction of the plume partic-
ulate matter may’ vary as a function of wavelength in an
unknown manner so that characterizations made at two dif-
ferent wavelengths may not correlate very well.

Prediction of the trausmission can be quite complicated.
The equation for transmittance of a signal through a poly-
dispersed particle cloud, taken from reference 18 is:

Tr = 81’})(""3 QCVL/z D32) (34)
where:

Tr = Transmittance = I/],

Mean extinction coefficient

o
Il

a function of wavelength of incident
light, comple)Ac index of refracton,

and particle size distribution and shape.

S
i

Sauter mean surface to volume diameter
C, = Particle volume loading,

volume of particles/volume of mixture

t~

= Length of path which contaius particles
I = Intensity of transmitted light
I, = Intensity of incident light
Some approximations are necessary ‘o - void having to solve
the Mie equations:
Cm = C, x particle material density
= mass of particles/mixture volume
Tr = exp(—-3 QL/2 D3; Cm/SG)
= erp(N C,,/SG)
N = —3/20 L D3; = 1.0 assumed

Setting N = 1.0 eliminates all the terms that are unknown.
Replace C,, with:

M, Myix RT

Cm = Mp Mpix P =
Vs

= Mass particles/Volume gas

where:
M, = Mass of particles
R = Universal gas constant
T = mixture temperature
Muix = Molecular weight of mixture
P = Pressure of mixture
s0:
Tr = exp(— Y %M, Ni/SG;) (35)
. i
where UM, = mass frm:tim/of condensible species i. Re-

defining obscarntion ns 1 = Tr:

tay . - n
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AGARDP = 1-ezp [- 2(%MpiNi/lSGi)] (36)

where
%Mpi = Mass percentage
SG; = Specific Gravity !
N; = Optical property constant
= 1.0 for rough calculations
i = species considered

This expression is limited by the fact that the optical prop-
crties, laser wavelength and particle diameter distribution
information was lost. The authors realized this and rec-
omimend that these parameters be included in any analysis
when they are available. It should be pointed out that what-
ever the shortcomings of the predictive method suggested,

that proper experimental procedure can still produce highly

accurate, and therefore usable data.
8.3 Secondary Smoke

The secondary smoke numerical rating, AGARDS, is taken
to be the ambient relative humidity necessary to induce con-
densation iv. the exhaust plume when the plume is expanded
to 101,32.. Pa pressure, and diluted by and in chemical and
thermal equilibrium with 1000 parts of air at 275.13 K. The
suggested procedure taken directly from reference 18 Iis:

(i) Determine the H,O, HC!l and H F content in mole frac-
tions of the propellant exhaudt products from a ther-
mochemical prediction for a shifting equilibrinm nezzle
flow,

(ii) Referring to Figure 12, determine the curve which best
corresponds to the total halogen exhaust gas mole frac-
tion and select a point on the line whose abscissa cor-
responds to the H0 mole fraction of the exhaust.

(1) The ordinate of the selected point is the ambient hu-
midity rcquired for srturation, i.c., secondary smoke
formation. The point also défines the AGARD “A",
“B”, or “C" secondary smoke classification for the pro-

peliant.
100%
EXHALUST MOLE FRACTION A
s0% 0 wet
08 HP z
5 80% E
£ S
] oovner [B %
2 \ 10 WP Q
:;_ go% gt wel | 3}
< — Z
g 50% g
x \ 08 nCt b
z ~————r 10 HEI z
= 40% <
; \.’0 ney C "-z'
2 ]
- 30% -
5 a
- 20%
10% . . . N .
0o 0.1 0.2 0.3 0.4 0.8 . 0.6
BXHAUST H30 CONTENT (Mols Fraction)
|
Fig. 12 Saturation Relative Humidity for AGARD

Secondary Smoke Classification at 0°C,
1 atm., 1000 Diluticn, ref 18.

8.4 Sample Calculations

The sample calculation given in reference 18 is repeated
here. Given that the exhaust plane chemical composition is
as in table 2.

Toble 2: Example of Exhaust
Chemical Composition

MASS MOLAR

SPECIES FRACTION FRACTION
N, 1023 .0944
CO, .2368 1301
co 1161 1071
H, 0" .2488 .3569

2 .0088 1130
HCl 2577 .1826
FeCly .N106 .0022
Al O1(s) .0189 .0048

The condensable species are Al03(s) and F(;‘CI';. From
equation (36):

AGARDP =1-crp(—-[(1.89 x 1.0/3.97)
+(1.06 x 1.0/3.16)))
= 0.56

\

which yiclds a primary smoke classification of B.

To calenlate the secondary smoke elassifieation, we take the
mole fractions of H;0 and HC! from Table 2 as 0.3569
and 0.1826, respectively, for a total mole fraction of 0.5395.
Since the partial pressure of the water vapor plus the partial
pressure of exhaust condensibles must equal the saturation
partial pressure for condensation to occur, and the partial
pressure is equal to the total (atmospheric) pressure mnlti-
plied by the mole fractiop, f, then: :

Pr,0amb = Paax = 1.10325(fi,0 + fuci+ fur]  (37)
The normal saturation pressure of wa' -t vapor is depressed
by a factor, K, that depends upon the concentrations of
HCland/or HF. The saturation pressure of water at 273.15
K is 6.1078 mbar (610.78 Pa). Then:

' Py = K x6.1078  mbar

(38)

where K is the partial pressure of water over acid/normal
satnration pressure of water. Substituting equation (38) into
equation (37) yields:

Pi,0amb = 61078 x K = 1.01325!f1, + fruct + fur) (39)

or

RHupth = 100 x (K = 0.16583,00)
Puci = (1013.25/1000) < 0.1826 = 0.185

(40)
mbar

and the HCl depression factor, ', is read from Figure 13 as
R = 0.48. which, when substituted into equation (40) gives:
RHami, = 110 x (0.48 - 0.16589 x 0.5335} = 39%
From Figute 12 with “S: turation RH™ = 30 and “Exhaust
H;0 Content™ = 0.3569, the secondary smoke elassifeation
is C. The AGARD smoke classification for the propellant
with exhaust products given in Table 2 is BC. More com-

prehensive examples are given in reference 18 from which
this discussion was extracted.
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.9. CONCLUDING REMARKS

The prediction of secondary smoke is perhaps the most dif-
ficuit task the plume community has sct for itself. In this
context, the proposed PEP WG 21 smoke classification sys-
tem for solid propellants is a tremendous improvement over
the older methods, and should aid rescarch in this arca im-
menscly. "

The resulting particulate diameter and number density dis-
tributions which are a function of the radial position at the
nozzle exit plane arc strongly affected hy the internal ge-
ometry of the burning surface of the grain, and the nozzle
entrance, thront and exit contour. This well established fact
should be taken into account in any serious comparison of
propellants using different geometry test motors.

The data base reported in the open literature on hetero-
geneous nucleation sites in solid rocket exhaust plumes is
sparse in terms of the number of tests and data points.
There appears to be little or no data taken on the variation
of heterogeneons nucleation sites as a function of nozzle ra-
dius and there is no discussion on the possibility that this
effect could be significant.

There is no recorded attempt in the open literaturc w es-
tablish what the accuracy requirements are for prediction of
secondary smoke cffects. Without requirements it is impos-
sible to evaluate the predictive methods and to justify the
expenditures necessary to obtain the extensive data base of
high quality data that is a necessary precursor to developing
accurate predictive models. i

The rredictive methods described in the open literature are
unvalidated. There has been no attempt reported to es-
tablish the range of application of the codes or the'level of
accuracy that can be expected. Research in this area is not
as intensive as it has been in the past. Most of the papers
available were old, or if recent applied technology developed
some time ago. .
It may be desirable to develop or adapt a suite of highly ac-
curate research codes for the prediction of secondary smoke
and its optical characteristics. These codes could be used
to evaluate the simplifying assumptions made in develop-
ing the predictive codes currently in use in the field. Any
new super code will not be a substitute for accurate and
extensive flight data.

The existing numerical models of condensatio.. effects and
signature prediction are very conservative in the use of com-
puter resources. The numerical models have too many free
constants.
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ROCKET MOTOR PLUME FLOWFIZLDS: PHENOMENOLOGY AND SIMULATION

Dr. Sanford M. Dash
Science Applications International Corporation
Propulsive Sciences Division
601 Office Center Drive, Suite 420
Fort Washington, PA 19034-3211

SUMMARY

This article describes the varied processes occurring in
rocket motor exhaust plumes and methodology for simulat-
ing these processes. Rocket motor plumes contain shock
waves due to under/overexpansion; the exhaust mixes with
the external. stream in a highly compressible turbulent
environment; unburnt products of comktustion after-burn
strongly at lower altitudes; and solid propellant plumes
contain particulates which are generally out of equilibrium
with the gas-phase exhaust. Earlier methodology simulated
the varied processes using boundary layer type coupling.
Current methods implement solutions of the full or reduced
{parabolized) Navier-Stokes equations where all fluid
dynamic and thermochemical processes are 'strongly
coupled. Earlier methodology will be reviewed briefly while
the status of current methods will be addressed in greater
detail. ’

1. INTRODUCTION

The analysis of the complex flowfield generated by the
interaction of an exhaust plume with the missile airframe
external flow involves the consideration of flow regions
with widely varying characteristic features and length
scales. The supersonic exhaust plume issuing from the
missile is imperfectly-expanded at typica! flight conditions.
It equilibrates to ambient pressure levels via 3 decaying
sequence of expansion and shock waves which can be
quite strong in the plume nearfield. The plume is additional-
ly characterized -by the turbulent mixing that occurs be-
tween the exhaust and external stream, and by the after-
burning of the unburnt exhaust products with the entrained
air. For sohd-propellant missile exhausts, a multi-phase
flow must be dealt with where the influence of gas/particle
interactions on the plume structure can be quite pronounced
at high particle loadings. The detailed analysis of a missile
exhaust plume can entail the integration of over 100 partial
ditferential equations which describe the complex interplay
of wave/turbulent/chemical/ particle procesbes occurring in
the plume. The analysis is complicated by the requirement
to adequately resolve the varying length/non-equilibrium
time scales over which these processes occur.

In this article, basic aspects of plume tlowfield simulation
will be reviewed. A very brief avervieve of earlier simple-
component and zonal methods will be discussed. This
article will emphasize the use of Reynolds-averaged Navier-
Stokes (RNS) methodology and simplified variants which
have now become viable tools for plume simulation. RNS
based methods will see ever increasing usage as computers
become more efficient and as our understanding of turbu-

lence for compléx 3D chemically reacting/multi-phase flows
progresses.

2. CHARACTERISTIC FEATURES OF ROCKET MOTOR
EXHAUST PLUMES

2.1 Plume Fluid Dynamics for Conventional Missile

Exhausts
The axisymmetric plume flowfield associated with a
conventional .missile exhaust (single engine with
rear/centered propulsive nozzle) can be subdivided into the
three regions exhibited in Fig. 1, namely:

(1) the predominantly inviscid plume nearfield where
wave strengths are strong and turbulent mixing processes
are generally confined to thin layers;

(2) a transitional region where the mixing layers engulf
the entire plume and wave strengths diminish due to turbu-
lent dissipation; and,

{3) the fully viscous plume farfield where wave pro-
cesses have totally diminished and a constant pressure,
turbulent mixing environment prevails.

' 1
EARPIELD .-'-—'lANSINON AEGION ~—tomtmgguer FARF |ELD e

Figure 1. Structural features of plume nearfield, transition
region, and farfield.

For engineering applications keyed to missile detection,
guidance, etc., the overall plume structure is of interest
with attention generally focused (e.g. in IR-related apolica-
tions) upon the farfield solution {Ref. 1). For such applica-
tions, the nearfield solution serves to provide starting
conditions for a farfield, constant pressure mixing/after-
burning calculation and may be adequately represented by
very_simplistic techniques (Ref. 2). The plume structure
beyond the nearfield region is simplistic and the discussion
here will thus focus upon the details of the plume nearfield.

A schematic of a single inviscid shock cell of an underex-
panded plume is exhibited in Fig. 2. The flowfield is initially
characterized by an interaction at the nozzle lip to achieve
a pressure balance between the exhaust gas and external
flow. The ensuing plume interface (which separates the
exhaust and external streams) has a monotonically decreas-
ing slope, thus generating downward running compression
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waves into the exhaust tlow. These wave coalesce and
form a barrel shock which progressively increases in
strengtﬁ, ultimately collapsing to form a Mach disc. The
harrel shock divides the exdhvst gasintn fure snne (1Y the
core, which behaves independently of th? external stream;
and, (2) the barrel shock layer, which contains exhaust gas
which has interacted with the external stream. Down-
stream of the Mach disc station, the reflected shock again
divides the exhaust gas into two zones. In addition, a third
zone exists comprising that portion of the exhaust flow
which has traversed through the Mach disc. The inviscid
shock cell terminates at the axia{l station at which the
reflected shock intersects the plume interface. This shock
cell pattern continues subject to an overall decay by
turbulent diffusive processes.

'
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Figure 2. Wave structure in first shock cell.of underex-
panded jet in inviscid limit. !

Now consider the nearfield viscous/inviscid structure of an
underexpanded plume exhausting into a supersonic stream
(Fig. 3). Turbulent mixing processes are initially confined
to: l
(1) the plume mixing layer, which comprises the curved
shear layer growing along the plume slipstream (or inter-
face, in the nomenclature of Fig. 2); and,

{2} the Mach disq mixing layer which grows along the
slipstream separating the hot, initially subsonic flow which
has traversed the Mach disc, with the colder/supersonic
outer portion of the exhaust flow.

PLUME BOW SHMOCK

AUME MIXING LATER

\

The magnitude of viscous/inviscid interactions in the
nearfield is highly problem-dependent as discussed and
exemplified in earlier publications (Refs. 3-6). Significant
wisenue/inviscid interactions are associated with j.hennamena
such as:

(1) shock/compression waves produced by the positive
displacement effect of rapid chemistry and/or high Mach
number viscous dissipation in the plume shear layer;

{2)expansion waves generated by the "washing away"
of initial mass defect regions downstream of base/separated
flow zones;

(3) the negative displacement of streamlines down-
stream of Mach discs due to the wake-like mixing that
occurs; and,

{4) the shock/shear layer interactions occurring at the
end of nearfield shock cells. ’

2.2 Pluma Thermochemigtry

Tactical missiles generally contain double-base or composite
solid propellant rocket motors. The double-base propellants
are typically:referred to as low or minimal smoke propel-
lants. Composites are high energy solid propeliants contain-
ing metallic fuel additives {(e.g. aluminum) and ammonium
perchlorate as an oxidizer. Table | lists the chemical
species typically comprising such systems {and also
includes typical species for airbreathing ramjet/scramjet
type missile systems employing hydrogen or conventional
hydrocarbons as the fuel).

Teble I. Chemical Species for Various
Propetlant Types

XL 2 A
Propeilant Liquid Liquid Solid
Type sHydrogen cArmines sComposne
*Oxygen sConventional {AP and A1)
Oxidizers
(s.g.. N,O,)
Solid
*Doubie Base
INo AP)
Elemants H/O CM/0 CMHoch
(Al svstems N
contan N, 83 8n
inert specws)
Number of Species ? 9 12
Number of Reactions 8 10 18
Species H £ co AY,0,
H, <o, co
H,0 H co,
N, H, (]
[¢] H,0 ci,
OH N, H
o, o H,
OH H,0
o, HC1
N,
(o}
OoH
0,

k MACH Oi1SC
MIRtNG LAYER

WACH DISC

Figure 3. Structural teatures of plume nearfield at super-
sonic flight conditicns.

The chemical reaction mechanisms and reaction rates for
these rystems are given in Table ll. These reaction mecha-
nisms represent a "compromise” between the total number
of reactions that could be selected and a practical set for
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the afterburning environment of tactical missile exhausts.
The reaction mechanisms listed were determined by Miller
and F’ergament:7 the rates are based on a literature survey
(the specific references for each reaction are given in Ref.
7) and generally concur with the rates listed in the earlier
surveys of Slack and Ludwig,® Kot ¢1 it % and Jensen ani
Jones, ' all geared to the plume afterburning environment.
!
The prediction of the plume chemistry islinitiated in the
rocket combustion chamber {(where an equilibrium assump-
tion sutficesl, and must be continued through the throat
and supersonic expansion region of the nozzle where the

' chemistry may be well out of equilibrium. The accurate

determination of nozzle exit plane Mach numbers and
pressures (which influence the plume expansion process) is
somewhat contingent on the representation of the chemis-
try in the nozzie. For two-phase exhausts with significant
particle loading, the nozzle flow is highly nonuniform and
the coupled effects of chemical and gas/particle nonequil-
ibrium must be accounted for, as will be discussed below.

Table Il. Reaction Mechanisms and Rate Data
for Tactical Missile Chemical Systems

k, = AT™ exp (E/RT)

Reaction fate Cootfcient, k,
No. cm-molecule-sec units
Svstem 1 - Hydrogen/Oxygen (H-O) A N [
Resctions 1.8
. 1
1. O+ G 5 H+O, ‘ot 9.0 -960
2. OH+H = H, + 0O 1.4(-14) 1.0 <7000
J. OH + OM L] H,0 + O 1.0t (] -1100
4. OH ¢ H, o HO+M ©3.5190) 0 5180
5. HeMHeM a H, + M 3.0(-30) 1.0 [}
6. HeO M a OH + M 1.0t-29) 1.0 0
7. O+0+M ] O, + M 3.01- 30 0 1800
8. H4OH + M 2 HO+M 1.01-28) 0 0
Svstemn 2 - Carban/Hydrogen/Oxygen (C-H-0} 4
Resctrons 1-10 .
9. OH + CO 2 CO,+H 28097 13 660
10. CO+ 0+ M o CO,+ M 6.5(-33 0 -4360
Systermn 3 - Carbon/Hydragen/Oxygen/Chiorive 1
Reactions 1-18 1C-H-0-C1) !
1.C1 e n, B OHCY o M 14000 0 ia260
12. C1 + ¥ O L] HCY + OH 5.01-11 0 -17600
13. HCY s+ O L) OH + C) 6.0 1] <6000
14. H+CY, 2 HC! + C1 1.5(:100 [] -1200
15, C1 +¢Cl e M 2 Cl,+M 1.0t-33) ] -1800
16. H+Cl &+ M a MCY + M 4.01-26) 2.0 0

Typical nozzle exit plane conditions of conventional tactical

missile exhausts encompass: pressures ranging from 1 - 3

atm; Mach numbers ranging from 2 - 4; and, tempé'ratqres
ranging from 800 -1200 °K for double base prope'll:a'his; or,
from 1500 - 2500 °K for the more energetic “@Mpdsi'te
propellants. The nozzle exhaust can contain significant
amounts of unburnt fuel and intermediate combustion prod-
Jcts (e.g., OH, CO) which afterburn with the air entrained
into the ensuing exhaust plume. The plume afterburning
process for energetic propellants is very much akin to the
combustion occurring in classical turbulent diftusion flame

4-3

problems, except, it now occurs in a complex, multi-phage
environment with strong shock/expansion waves.

An exemplary solution for the complete exhaust plume
structure of a typical tactical missile flying at sea level with
vhinhly energetic propellant (system 3 of Table 1) is exhibit-
el oy, 4 aad b, Particulates (16 pereent alurninum in
the propellant) were equilibrated with the gas-p. sc in
performing this calculation. Figure 4 depicte the variation
of centerline temperature, and the mole fractions of CO,,
H,0, CO and H,. Departures in decay rate from that of the
inert species are indicative of species production/depletion
due to afterburning. The afteruurning is quite rapid at sea
level, with the significarit amounts of unburnt CO and H, in
the exhaust depleted within 100 exit radii. The temperature
variations produced by the shock structure in the nearfield
{< 10 exit radii) are shown in Fig. 4. The farfield tempera-
ture variations are shown in the contour plots of Fig. 5.
Nonequilibrium gas/particle calculations for this system
would produce substantial differences in the overall flow
structure due to the relatively high particle loading.

SPECIES MOLE FRACTIONS

l .e A - H .
05 100 700 /i

Figure 4. Centerline variations of temperature and species
for energetic tactical missile exhaust plume based on
equilibrated gas/particle mixture solution.
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Figure 5. Temperature contours in farfield of energetic
tactical missile exhaust plume.
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For tactical missiles at higher altitudes, the rate of after-
burning decreases due to the reduced pressure levels.
Above 10 - 15 km and/or for "colder” doubdle-base propel-
lant systems f{i.e. those with exhaust temperatures less
than 1000°K), the ability to afterburn can sometimes be
controlled by the conditions in the base region of the plume.
The role of the base region as -~ flameholder has been noted
and/or exhibited in a numbr  of previous studies.'’'? The
combustion that occurs :he base can produce after-
hurning in the gownstrecm plume shear layer that would
not occur if base combustion were neglected. This is due
to the incressed initial temperatures in the plume shear
layer and the increased concentration of free radicals. The
influence of the base region is exhibited in the predictions
of Jensen et al.'’ for a motor with allow temperature
exhsust (T = 780°K) at sea level, with a flight Mach
number of 0.9. Calculations made with the base included
predicted afterburning to occur; those made negtecting the
hase exhibited ro afterburning. The prédic(ed centerline
temperature vanations and 500°K temperature contours
with and without the base analysis included are exhibited in
Fig. 6 showing the differences to 6e quite pronounced.

CENTERLINE TEMPERATURES

femperoture , X
8

500 *X CONTOURS

ol / - /ane Included \
_— e —— ;

Mo
- Base leglected \1
N\ . L

100 200 100

Figure 6. Base region Ilaméholding effect: centerline
temperatures and 500°K contours with and without base
incorporated in plume solution.

2.3 Two-Phase Flow Processas,

The particles in solid rocket motot exhausts are formed
from condensed combustion products of metalized fuels
(e.g. metal oxides such as A1,0, in aluminized propeallants).

For heavily metallized propcifants, the particles can have
mass loadings {mass flux particles/total mass fiux) of 50
percent. Secondary sources of particles in the motor come
from propellant stability additives and from ablation of the
motor case. The particles are géneraily well out of equilib-
rium at the nozzle exit plane due to lag effects caused by
the rapid nozzle expansion process. Particle velocities will
be less than those of the gas, while the particle tempera-
tures will be higher. The dearee of gas/particle nonequil-
ibrium is dependent upon the nozzle charzcteristics and
particle sizes. The radial variation of particlies at the nozzle
exit plane is nonuniform; the larger particles, being relatively
unresponsive to the gas expansion process, remain concen-
trated in the vicinity of the axis, while the smalle: particles
expand with the gas. This results in a highly nonuniforin
gas-phase exit plane distribution, with ine higher tempera-
ture, slower gas concentrated near the centerline.

The particle lag processes occurring in the nozzle expansion
continues in the nearfield plume expansion. Relaxation
lengths for gas/particie equilibration (for a significant range
of particle sizes) are, typically, comparable to inviscid plume
length scales; but, nearfield wave processes are abrupt and
quite strong. Thus, the path to equilibration is repetitively
disrupted by passages through strong gas-phase discontinu-
ities. For significant particle loadings, the nearfield inviscid
flow pattern can be substantially alte.ed by gas/particle
interactions with v/ave processes being dampened due to
the viscous dissipation associated with particle frictional
drag.

To exhibit the influence of these lag processes on the
inviscid plume expansion, consider the calcuiation of a two-
phase underexpanded exhaust with the following uniform
fand initially equilibrated) nozzle exit plane conditions:
Mach number = 2.4 ; temperature = 1000°K; pressure =
1 atm; 12 percent loading (6 percent 2um radius and 6
percent 4um radius) of A1,0, particles (distributed uniform-
ly across the central half of the exit plane}. The results of
this calculation (taken from Ref. 13} are shown in Figure 7.
The initially equilibrated particles are seen to geometrically
lag behind the gas streamlines (emanating from the same
pomt} in passing through the muitiple cell wave systems.
The lag effects are readily evidenced in the axis velocity (U)
and temperature (T) variations where particle velocities are
lower that the gas velocity in expansion regions and higher
than the gas velocity in compression regions. Exactly the
opposite lag effects occur for temperatures, and, as
expected, the lags for the larger (4um) particies are seen to
be greater than those for the smaller (2um) ones. There is
a noticeable dissipative trend i both sets of axis curves
showing a gradual decay in velocity levels and an increase
in temperature.

The damping eftect of particle drag on the axial pressure
variation carried out for 200 radii) is also exhibited in Fig.
7 by comgarison of gas-only and gas-particle variations. In
the single-phase {gas-only) calculatior,, significant damping
1s exhibited in the first three shock cells (peaks indicate the
end uf each cell) due to shock-induced viscous dissipation,

e
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while beyond the third cell, wave processes are lincar and
no further damping occurs. In the two-phose (gas-particia)
calculation, the damping is continual and much mora pro-
nounced and the position of the cells is modified {see the
flowfield schematic alsa). It should be noted that while the
averaged particle loading in this case is only 12 percent, the
local loading in the axis region can be sigmficantly higher
since the particles expand non-uniformly.
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Figure 7. Influence of gas/particle nonequilibrium effects on
nviscid plume structure. ’

A region of significant gas/particle nonequilibrium in the

plume nearfield is the embedded subsonic zone behind the
Mach disc. Gas-phase temperatures immediately down-
stream of the disc are quite high and the velocrties quite
low. Temperature differences between gas and particle
phases can exceed 3000°K, white velocity differences can
be of the order of 10,000 ft/sec. For single-phase flows,
the acceleration of the subsonic f'ow in the Mach disc
stream-tube to supersonic velomties is governed by the
local pressure gradient and turbuient mixing processes. For
two-phase flows, pgas/particle interactions can initially
provide a significant accelerative(mechanism and thus
appreciably alter the flowfield characteristics in this region.
In addition, nonequilibrium phase change effects can occur
and, possibly, combustion effects for ngn-inert particles
le.g. boron particles in rockets using boron-loaded salid
propellant '.  Figure 8 exhibits the predicted centerline
temperature variation in the plume nearfield of a heavily
metallized (0.42 mass loadiiy of A1,0,) solid oropellant
motor missile exhaust. The particle size distribution was
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equally parcelled into 1, 3, and 10um radius particulates.
The significant degree of nonequilibrium just bahind the
Mach disc and tha relativa relaxation scales for each of the
particle size groups is quite evident. These nonequilibrium
predictions are compared with a calculation performed in
the limit of full pas/particle equilibrium (particle properties
equal those of tha gas-phase). The equilibrium assumption
15 generally not a valid assumption in the nearfield of
tactica! missile exhausts, and the two-phase nonequilibrium
equations to be discussed in the next subsection must be
utilized. ’
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Figure 8. Influence of gas/paruicle nonequilibrium elfects on
Mach disc region structure.

2.4 Genorglizod Two-Phase Flow Equotions

The equations governing the two-pha 2 flow of a dilute
pas/particte mixture in inviscid {(non-turbuient) flow regions
are well established.”*'® The dilute assumption implies that
the particulate phase occupies a negligible volume fraction
of the flow, and, that the particles are collisionless. The
dilute assumption is generally quite reasonable for the
heavy particulates (e.g A1,0,) in tactical missile exhausts,
but it can breakrnown in loczlized regions of very high
loading (c.g. nozzle wall, nozzle/plume centerline). Gas/par-
ticte coupling in inviscid flow regions is representable by
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forcing function terms expressing the trongfer of momen-
tum and energy between the two phases. Since rocket
exhausts contain particulates of varying types and
sizes,'’'? 1he particutates of each type (e.g. A1,0;) are
divided intn a number of characteristic size groups, j = 1,
2, ... NP. each of tixgd radws, r, and continuum-hke
particle cloud equations'® '® are solved for each size group
considered. The net contribution of 3ll size groups consig-
ered 1S summed in evaluating the contnbution of the
Da!ln(;ula\mﬁ on gas phase properties. The'generahized two-
phase tlow equations descrnbing the flow in sohd propeliant
rocket exhausts are hsted n Table 0 (from Ref. 17).

Table . Generahized Two Phase Flow Equations for
Tacucal Missile Exhausts
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The generalized formulation presented here includes a
formal equihbrium hmit and simplified expressions for
turbulent particle diffusion. Via this formulation, the
complete spectrum of particle-to-mean flow and particie-to-
turbuler time scale ratios can be analyzed.'” In a problem
encompassing particle groups of diverse size, the formula-
tion provides for concurrent equilibrium treatment of the
smaller {submicron) radius particle groups and nonequil-
- ibrium treatment of the larger radius groups.

This hybrid formulation is desirable for analyzing plume ex-
hausts, since the particle size distribution is a function of
engine/propeliant characteristics,'® hut is independent of

the plume expansion ratio wiich characterizes the plume
size and, hence, the mean flow length and time scales. The
ratio of particle-to-mean flow tength and time scales (which
indicates the ability of particles to track the mean flow) de-
creases with increasing expansion ratio. Thus, at large
expansion (atios, a significant portion of the particulates
may be effectively equilibrated with the gas-phase. The
reader is referred to Ref. 17 for further details of this hybrid
tformulation,

2.5 Turbuloence Phcnomena/Single-Phase Flows

A technology area posing great uncertainty in sirmulating
tocket motor exhaust plumes is the representation of turbu-
ience processes. Turbulence processes occur in a highly
compressible environment with large pressure gradients,
chemistry, and multi-phase non equilibrium. Past work in
assessing the performance of algebraic and two-equation
turbulence models to analyze axisymmetric single-phase
rocket plume mixing has been performed by Pergament, et
al. as reported in Rets. 19-21. The conclusions drawn from
these assessments studies weire #3 follows:

{1) two-equation turbulence models, whic’: solve
coupled partial differential equations fo: the variation of
turbulent kinetic energy and a turbulent length scale
parameter, are most appropnate for roct et plume simula-
ton. Simpler, algebraic eddy-viscosity models are inade-
quate and cannot account for turbulence lag (nonequil
hrium) effects associated with the passage of mixing layers
through strong wave regions, nor tor complex length scale
vanations as would be associated with the interaction of
the plume and Mach disc miang layers;

{2) "compressibibty-corrected” versions of two-equation
models are required to account for the observed decrrase
n turbulent mixing rates that occur at high Mach numters.
Standard “incompressible® models (e.g. the popular ke
series of models developed by Launder et al.?? do not ac-
count for such etfects); and,

(3) hybnd/zonal modeling is required whereby different
turbulence model parameters and/or turbulence models are
utiized to analyze the different mixing regions in the piume
(i.e., thin nearfield shear layers, wake-like Mach disc mixing
region, and tully-developed plume tartield}.

Based on these earlier assessment studies, the compress-
ibility-corrected ke model formulation of Dash et al.,??
whose “convective-velocity™ like correction parameters
were set by high Mach number iree shear iayer data,’* and
the kW turbulence madel of Spalding,?® whose parameters
were set by matching farfield decay rates in rocket
exhausts,’® were recommended for rocket plume applica-
tions. The “fluid dynamic™ data base used to assess the
peiluimance of these turbulence models has included: the
balanced pressure jet and shear layer data used in the 1972
NASA Free Turbulent Shear Flow Conference;?’ the AEDC
liquid rocket engine data;?® the NASA underexpanded jet
data of Seiner and Norum;?? and, the CALSPAN balanced
pressure jet data for Mach 2, 3, and 4 jets exhausting into
still air and supersonic streams, 3!
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Let us first consider the 1soenergetic, *ano-stroom” plonss
shear layer data of Fig. 9 (one strecm maoving ot [Y,, ¢n2
stationary) discussed by Birch and Eggors o Rof. 24, Tha
spreading parameters, 0, is the inversa of tha rate of spresd
(the larger the value of g, the slower tha ghaor loyer spread
and thus the moung rate) and is seen to increose ot the
Mach number of the moving stream, {,, enxceeds unity.
Note that at M, = 5 the rate of mixing is reduced by
nearly a tactor of 4, a dramatic effect of direct relevanca to
the rocd . * .notor exhaust plume environment.
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Figure 9. Observed spread rates lor one stream high-speed,
isoencrgetic shear layers and performance ' of several two-
cquaton tuthulence models. '
The k¢ tutbulence madel, which has been commonly used
tor free shear flows, shows no abiity to reproduce the
observed trends with Mach number and mixes at the
ncompresstbie spread pararneter value of ¢ = 11 as noted
in earher assessment studics by its pancipal developers.??
The kW turbutence model?® duphcates the data at M, = 2,
urderestimates the muoung rate at lower M, and overestr-
mates the mixing rate at higher M,. The ke.cc model??
duphcates the 1soenergenic spread data as per its calibra-
non , )

E
As we move from simple planar free shear layers 1o axisymn-
metnc jets, the turbulence issues become more complex
since tength scale 1ssues anse isce the discussion by Pope
n Ret. 321, and. since compressibiity effects which
dominate free shear layer behavior do rot appear 1o be of
significant smitiuence in the fully-devetoped (et (downstream
of the ax:al location where the shear layer reaches the jet
ans). Numerncal studies by Dash and coworkers?? indicate
that of the profil: properties are known at an axial station of
the jet where the flow s lully-devciopcd, the downstream
behavior 18 well predicted withoyt the inclusion of com-
pressibility corrections {but with the inclusion of an axisym-
metnc corrnction??- 37 which has been calibrated by the low
spced jet database).
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4.7

Stugios of hgh specd, dolonced presswie jet dsta have
indicoted that @ hykrid/zonal  turbulence  modeling
epprooch?’ witich utilizes the ke,cc model in the nearfield
sheor layer region of tha jat (where the shear layer width,
é. 10 tha jot halt wndth, ry, is less than .5) and the kW
model downgireom works quite well. Figure 10 schema-
tizes this modal ond shows its performance for the jet into
sull aw dota of Epgers>® (Mach 2.2) and of Johannesen®
{Mach 1.4) with the turbr ‘ence models matched where F =
Sty = &)

8¢ Shaar leper thicknens
fug® M3t 100ivs (where we v, 0 ug]/2)

8/t,48 F  te,ce
8/8,,¢F W
F determined from dale

dé.)o
o O Keoed 3.2 Date (Logors, 1908}
]
O Mesh 1 & Dote | Jensumosie, WK
os - Al
]
]
a te.6e /AW (Fe0 @)
o6~ a', “esh 2.2
X [} Meed 1 8
a
o8~
08 =
e - il
°.l.l,2.l‘l‘1414

° 9 0 " [~ Qs 190 118 200

Figure 10. Hybnd/zonal ke, CC/RW turtulence model and
aralysis of mgh-speed jet data of Eggers and Johannesen
{from Ref. 21).

For imperfectly expanded jets, the turbulence models that
worxed best for the balanced pressure data also work
teasonably well. This has been demonstrated 1n compari-
sons with the Mach 2 jet data of Seiner descrbed n Refs.
4.8 where predictions were made employing the SCIPVIS
parabolized Navicr-Stokes (PNS) code with the «W turbu-
lence model (which works well at Mach 2 — the hybrid
modecl predicts the same solution). A typical prediction of
the multi-shock-cell jet structure is exhibited in Fig. 17,
along with comparisons of predicted and measured pressure
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decay along the jet centerhine. More recant studies by Dash
et 8.2 have indicated that PNS methadolory for jets with
shocks has deliciencies and that full RNG methodology is
required 1o obtain the correct attenuation of wave wilensi-
ties by turbulence  In this new hght, the turbulence modals
for balanced pressure jels that work well require some
upgrades (e g, pressure dilatation modeling terms)

: corig
SRt S
N RJ
At § N*
H‘m‘-: avom
™ h ' I
e e L
— j \
ot LAY
i \ 1 “\j \/
{ t
b | - e » W =
Figure 11. SCIPVIS PN3 prediction of Mach 2 underex-

panded jet calculated with kW turbulence model: a) density
contours, bl pressure decay along jet centerhne compared
with data

A very recent development .n turbulence modeling for high
speed flows has been the formulation of compressible-
dissipation models®” 1o dea! with high-speed compressibility
effects Specialization of such models 1o the ke framework
has recently been performed by Dash and coworkers for
high-speed jets/shear layers as described in Refs. 33, 38
and 39. The new keCD turbuler ce moder has been found
to reproduce a broad data base of fundamental bulding-
block jet/shear layer data ** The most recent data contains
turbulent information (e.g., Reynolds and normal stresses).
The keCD turbulence model 1s summarnized below in Table
IV. It provides the same comparison with the high-speed
spread rate data of Figure 9 as the carlier keCC model.
However, 1t also correctly predicts the observed reduction
in turbulent kinetic energy levels which the keCC model
does not. This is exhibited in Figure 12 using .he recent
data of Dutton and coworkers (Refs. 41 ard 42). Similar
observations have been made with a variety of da‘a sets.
For high-speed round jets, the Poper voriex-stretching
correction®? is additionally required and a heuristic means of
“shutting-ol” the compressibility effect (see Rels. 38 and
39). The round jet extension of keCD (entiled keCD/j) has
been successlully appled to a variety of data sets including
the very recent hot et data of Seiner et al. (Ref. 43).
Figure 13 compares ke and keCD velncity profile predictions
Jdboth with Pope vortex-stretching correction) with the Mach

2, 900°F round jet data of Seiner. Tne keCDAj model
reproduces the data while the ke model predicts too fast a
rate of moang.

Teble V. keCD Turbulence Model

The keCD turbulence model utilizes a8 “compressible”
twrbulent viscosity, u,, given by:

n-C, pk¥/ (e, ¢,)

The incomprassible value of turbulent dissizdtion, €. 13
obtained from the equation

Dy, 2](6 )
pDIﬂX,(,a.

The compressible dissipation, ¢,, 1s given by:

"¢ [a, 0] pin]

* TR -G,

where B, includes a Zeman lag
M =M -2 M /e

and the coetfticients utiized are as follows:
a, = 1 (same as Sarkar)
A = 1 (same as Zeman)
A = 60 (fns LaRC data the best)
The equation for turbulent kinetic energy, k, 1 given by:
Dk e I Y
p- - — - |sB-pe,*¢,+p'd
m ax‘ .. ax‘] p( . " p
where the turbulent production, P, n both the k and ¢,
equations utihzes the compressible y,
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Figure 12. Comparison of asymptotic turbulence intensity
profiles for the Gruber and Dutton high-speed shear layer
data case.
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2.6 Tu'sace Fhenemenc/Two-Corn oo

For two-ghose exhousts, the turbvlenca cituetion becomos
quite more complicoted. Earher dotd fur fow £p250 pomicle-
laden jets (see the survey of Melvitle ond Bray*) hod
ndicated the following:

{1) Partculates are dispersed by ths twrbulenca n
accordante with ther atnlity to respond to the locol
turbutent fluctuations {which 18 a function of the porucle
size and matena! density, and the charoctanstics of the pas-
phase turbulence structure). Thus, srioil/hght particulotes
will be highty responsive and diffuse hiie gos phase species
while the large/heavy particulates will be non-responsive
Jnd will not diffuse. The Stokes number, St = 0n/0,, which
relates the particle relaxation time to the thed/turbulence
time scale 1s a measure of the particle’s ohikity to undergo
turbulent diffusrton.

. {2) The particulates can appreciably olter the gas-phase
turbulent mixing rate via mean flow log effects (as in
nonturbulent flow regions) and via cwect damping of the
turbulent tlus sation levels. The net effect can result in 3
significantly altered tiowheld 1in companson to the analo-
gous single phase problem.

The inclusion of this phenomenaology into a rocket plume
turbulence model 1S quite cumplex since the single-phase
turbulence charactenstuics discussed above must be man-
tained in the part:cle-free himat. Earlier work in this area had
been confined 10 low speed particte-laden jets and includes:
the two phaie eddy-viscosity lormutation of Melvile and
Bray,*® the several models investigated by Shue~ ot al. 4847

and, the more complex second-order forn lation of
Eighobash.*® - None of these formulations s directly
apphcable to a tacuical missile plume environmern  Howev-

er, the Melwille-Bray formutation employs particlc response
concepts using an algebraic eddy-viscooity i mulation
which are readlly extendable for use ‘with two equaticn
turbulence models. The extension of the Melville-Bray
approach wa, formulated by Dash,** made operational by
Beddini and Dash®*®*' and applied 1o realistic tactile missile
_plume flowtields by Dash and coworkers.'’-52.83

The particle relaxation ume scale, g,, is given by

20 )
°r" g% " Colfe. M)

(1)
where p, 18 particte matenal density, y' is the faminar
viscosity of the gas-phase mixture, !, is the particle racius
cf the jth size group, and C, is the drag coetficient (scaled
to the Stokes flow value) which is a function «f the :ag
Reynolds and Mach numbers (see Ref. 17 for the rve fits
ot Henderson, Hermsen and Crowe/utilézed for *he wide
range of conditions encounterable in rocket plurras). The
characteristic fluid/turbulent time scale, 7,, is given by:
A
jura

<,

{2)

whare A is tha Eulericn mecro length scole. M @ ke two-
equotion modal formulotion is employed, 1, can be ex-
pressed by:

‘,' '% ‘3’

where C, 18 0 time scale constant to be evaluated using
appropriate data. ’

Recent numerical simulations®®® ang experimental re-
sults®' ®® suggest that there are three ranges of particle
response to flud motion depending on the values of the
Stokes number. For Stokes numbers much less than unity
(category 1), the particles respond to changes in the flow
and thus closely follow the fluic motion. For Stokes
number much greater than one {category 3), the particles
are nearly unaffected by changes in the flow and disperse
much less than the fluid. In the broad classification of
partucle dispersion, characteized by Stokes numbers on the
order of unity {category 2), the particles seem to become
entrapped in the vortices (large scale structures) and flung
outward by a centnfugal force. The centrifuging effect
results in particles dispersing more than the carrier fluid.
This phenomenon has been observed in both experiments
and drect simula ions but has yet to be modeled.

3. ZORNAL/COMPONENT MODEL SIMULATION OF
PLUMES AND NISSILE AIRFRAME INTERACTIONS ,

3.1 Zongd/Compenent Plume Models

During the pericd 1975-76, the first Zonal/Component
missile plume model®® was Jeveloped at G ..eral Applied
Science Labs. {GASL) which solved.the viscous/inviscid
nearfield structure in detail using boundary layer type
coupling concepts, contained generalized plume chemical
kinetics, and contained a two-equation, compressibility-
corrected turbulence model. Based on U. S. government-
sponsored "plume olyinpics held in 1977, tha requirement
for developing a new U. S. standardized plime model was
made evident. A program was initiated in 1978 to develop
3 new standardizcd low altitude plume mode! which would
involve upgrades and extensions to the features of the
GASL model. This resulted in the Standardized Plume
Flowtield model (SPF), a primary tool used for analyzing
tactical missile exhaust plumes in the United States.

The JANNAF SPF is a computer code compnsed of a unified
series of “modules”™ which provide for the integration of the
flow equations in various flow regions; the inclusion of
aeneralized chemical kinetics, two-phase flow interactions,
vanous turbulence models; and specialized procedures for
interfacing with the external flow and for treating embed-
ded subsonic zones behind Mach discs. The various
modules contained in the SPF are exhibited in Fig. 14.
There are presently three versions of the SPF that have
been developed or are now under development. These
versions are combinations of the numerical techniques
summarized in Tauvie V. The specific features of the three

P TR IR




TECHNICAL LIBRARY




oo
- s
PO PRI S-S SN

PRI TR N S

! "

versions gre summarized in Table VI

TECHNICAL LIBRARY

A bnol overview of

each ol thece Zonal/Comnanent Plume maode!s is provided

below.
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Figure 14.

fiowheld model (SPF).

Modular structure of JANNAF standard plume

Tcolo V. Computational Techmques Used in SPF
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SPF/1 Modal

A description of SPFH methodologyy is available in articles
publshed in the JANNAF 11th®7 and 12th®® Plure. Technol-
ogy Meelmgs and in A‘AA pancrs 6270 The SPF/1 model is

4-11

buiit upon two principdl componanis: 1) 8 shock-capturing
invigeid piuma model'? (entitied SCIFPY); and 2) a turbulent
mixing/afterburning model’'’? (entitled BOAT). In the
plume nearfield, en overlaid procedure’? is utilized to couple
the viscous shear layer and inviscid plume solutions; in the
foriield, & conslant pressure mining solution is utilized. The
Mach disc ptoblem ig treated wnviscidly using a sting-
spproximation for small discs and the Abbett procedure for
larger discs (see Ref. 13 for details).

L4

The overlaid concept is a3 direct extension of classical
boundary layer methocology to the analysis of axisymmetric
shear layerg. in boundary layer theory, the inviscid flow
pattern 1s first calculated followed by a boundary layer
calculation with edge conditions and pressure gradients set
by the inviscid flow pattern. In the direct extension of this
approach to nearfield axisymmetric shear layers, the inviscid
exhaust plume and external flow patterns are first deter-
mined and the shear layer calculation is then initiated along
the inviscid plume interface (Fig. 15). Local edge conditions
and pressure gradients are set in accordance with the
ca'culated nviscid flow pattern and the rate of growth of
the shear layer.

u euternat flow maop
6 ptume (low mo0
« Muing layer qred

'Hn

1vencid plume
/ wiestace. ¢ -.
__Z..—

>

‘ulll'

Figure 15. Overlaid grid network for coupling of turbulent
shear layer with nonuniform jet/external flow inviscid
solutions.

SPF/2 Modol

SPF/2 uses the same methodology as SPF/1 but adds
capabihties for treating two-phase flow and viscous pro-
cesses downstream of Mach discs. A description of the
procedures developed for dealing with thess problems in
SPF/2 is available in articles published in the JANNAF
12th7%, 13th’, 14th®%?, and 16th®® Plume Technology
Meeting Proceedings, and in Refs. 17 and 49. Asin SPF/1,
SCIPPY and BOAT serve as the principal components,
extended to incorporate two-phase nonequilibrium effects
as described in the above references. '

In SPF/2, an approach to account for the strongly interac-
tive viscous and two-phase flow processes behi‘nd Mach
discs has been developed. This approach is in.vleraented
within the confines of the two-step overlaid methodology
via extensions to only the shock-capturing SCIPPY model
which permit spatial-marching through this region {i.e., the
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extended version of SCIPPY calculntes tha iwiscid neorlicld
structure ond the coupled Mach disc mining region in 8 one
pass mode of operation).

The SPF/2 analysis of a two-phase pluma reguires the
stipulation of nozzie exit piane condions 10 nitizlize the
calculation, based en o comparable treatmant of nonequil-
ibnum processes in the nozzle. Untit guite recently, such a
cade had not been available. A newly developed Navier-
Stokes code, PARCH/RN, is now employed whose descrnp-
e will be delerred to a later section of thus chapter.
Farier calculations . wath SPF/2 employed on extended
version of SCIPPY for the nozzle analysis as descnbed in
Rels. 75 and 76.

The SCIPPY nozale, and SPF/2 neartield and farhield predic-
tons depscted an Figs, 16-20 exeinphty the charactenstc
teatures of a complete two phase tact:cal missile exhaust
flow calculatior. Tigare 16 exhibits the lemting particle
streamhings 10 (he supirsomic portion of the nozzle for the
five particle size groups analyzed. Figure 17 exhibits the
nozzle centerline temnerature vanations for the various
particle groups and for the gas-phase  figure 18 cxh.bitS
hmiting particle trajectones in the olume nearhield (two
shoce. celish. Figure 19 exhibnts plume nearfiodd centerdine
temparature vanahons (n)te the jumps across the strdng
shocks at x/r, = 7 and 16). Figure 20 exhibits canterhne
temperature vanations an the plume farhield.
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Figure 16. Limiting particle streamlines in tactical missile
nozzle, analyrzed using five particle size groups.
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Figure 18. Limiting particle streamlines in nearfield of
tactical missile exhaust plume.
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Figure 19. Gas ano particle temperature variations along
pAlumc nearfield centerline,
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vanatuns along plume nearfield/{arfield centerline.

sy e

o A e ol T

-y



TECHNICAL LIBRARY




TECH

SPE/3 Lottt -

SPF/1 and 2 did not deal with nm stronnly interaclive
phenomena associaied with piume/missita corfrome i werac-
tions (e.9. base region phenomena ond pluma induced
separation), and the fully-viscous transitiono! region of the
plume. Tha SPF/3 model has been develeped 1o grovide
these types of strongly interactive capabilities. Tha devel-
opmental work is based on the use ol two printipal compo-
nents, SCIPVIS and SPLITP. SCIPVIS ,’s o vincous extension
of the SCIPPY shock-captuning model and is described in
detait in Bels. 5 and 6. It has been applicd lon a stand-
alone basis) to the analysis of underexpanded jets into
uniform gupersonic ang quiescert entemdl glicams 88
described earher v the turbulence model discussions.
SPLITP was imuially formulated a5 a penaralized implicit,
parabolic solver for camplux immng problems. ; SFLITP wags
extended to encompass PNS-type capabilities for both
subsonic regions (using the pressurc-sphtting methodology
descnbed i Rel. 77) and supersonic regions {using the
characteristic-based wave solver methodaology described in
Ret. 78). It has also been used as 3 rescarch tool to
nvestigate jet/patential flow coupling techniques’ 1o
provide the technology base for treating jet mnteractions
with a subsomc/transonic external stream. ;

SCIP 'S ond SPLITP can De thought of as replacements for
the SCIPP\ and BOAT components of SPF/t and 2. The
SPF/3 version of SCIPVIS contains oll earlier SCIPPY
methodology including the PNS-based Mach disc moung
formutation. SPLITP has been demonstrated to perform the
analysis of chemically-reacting plumes and rurved shear
layers yielding results equivalent to those ! BOAT in a
more etficient fashion (SPLITP is fully-imphcit; BOAT has
exphcit tluid dynamics with caupled imphcit chemistry),
The use of SPLITP and SCIPVIS for analyzing the plume
nearfield (including base/separated zones) 1s shematized in
Figure 21. The "modernized” Chapman Korst base region
methodology is described in Refs. 79-82.
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Figure 21. Use of SPLITP and SCIPVIS components in
SPF/3 analysis of plume nearfield.

4. NAVIER-STOKES CODE SIMULATION OF
ROCKET MOTOR PLUMES

4.1 Ovarview
While significant work has been performed over the past
10-15 years towards the development of Navier-Stokes
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(RNS) compuwf codas for enalyzing misgile-related ﬂowﬂeld
problems, it is only over the post saveral years that t‘\is
maethodology hag been gutended to encompass advance'd
thermachemical copabilities which permits the resl:atlc
simulation of bxhoust plumes. In addition, sugmhca}\t
odvonces have been made in the accuracy and robustness
of the numericgl plgorithmg utilized in the RNS solvears, aﬁd
in tha methoddlogy for distributing the grid points using
solution adaptive methodolcgy. In discussing RNS numari-
cal algorithms, the reader is referred to the text of Ander-
son et al.?? for background - our discussion will be qui\e
cursory. The reader is also referred to a3 recent AGARD
article by the author and coworkers?* for further details on
the thermochemical coupling methodology which will ba
summarized in this chopter, and on numerical and validation
studies.

Tha discussion of the RNS simulation of steady-state ﬂo(~s
will distinguish batween global time-asymptotic solvers and
spatal-marching solvers. Global time-asymptotic solvers
calculate all grid points in the flow domain of interest
“concurrently”, by advancing the solution in time until a
steady-state is achieved (1.e., an clhptic mathematical
problem in space is converted into a hyperbolic problam in
ume). Such solvers integrate the full ANS equations (or thin
layer variantg) and will be termed FNS solvers. They require
tha storage of all gnd points in the flow domain of interest,
and a solution can entail the use of very significant amounts
of CPU tme. FNS solvers "in principal® can handie all
continuum flow regimes (subsonic/transonic/supersonic/hy-
personicl, and, can analyze recirculating flows as occur in
base/separated flow regions. However, cifferent classes of
FNS solvers are best suited for dilferent flow regimes le.g.,
an FNS solver optimized for hypersonic flows with strong
shock waves may not be well suited for analyzing very low
speed, nearly incompressible flow problems) which can
pose computational problems for simulating generalized
tactical inissile/plume interaction flowlields where varied
flow regimes are erncountered.

For supersonic/hypersonic flows with thin viscous regions,
the RNS equations can be "parabolized” by omitting the
stress/ditfusive terms in the streamwise direction. The
resulting parabolized Navier-Stokes (PNS) -quations are
spatially hyperbolic permitting a forward streamwise
integration from one streamwise plane (v the next. Here,
only two streamwise planes need to be kegt in storage at
a time (or three, for 2nd order accuracy in the streamwise
direction) and CPU requirements are rather modest even for
complex 3D !lows, However, even for supersonic flight
velocities, all tactical missite/plume interaction problems
contain regions of subsonic {low (e.g:, surlace boundary
layers, behind Mach discs in plumes, etc.) and possibly,
recirculating flow (e.g., base/separated flow rcgions),. "
subsonic regions are thin and elliptic/upstream intluence
effects negligible, numerical tri*ks can be employed to
parmit spatial marching through these regions (e.g., the use
of sublayer approximations in the subsonic portion of wall
boundary layers). The most recent PNS suivers emplay
time-iterative concepts in a spatial marching framework.
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The sclution ot tha unknown SIrEaMWICS DTN 12 INtegrat-
ed in a timg-asymptotic manner to standy-olote, with the
integration initiated ytbzing the propenti iz 5t he PIGVIOUS
streamwise step. Adequale convergence s ganerolly
obtained :n several ume-integrations.  vlis bmeaterative
procedure 1s capable of integrating ‘Sourh “thin® regicng

* of recircutating Hiow (negative streamwise velocities would

destabilize @ conventional space-marching opproach) ond
has provided signiicant improvements i overall accuracy
and robustness over earlier direct spaual-marching proce-
dures.

The inclusion of thermochemistry into “oldar” types of RNS
solvers has been available for many years and will not be
discussed in this chapter. The emphasis here will be on
*modern” imphicit/strongly conservative RNS solvers which
iirst became available tor perfect-gas mMissile aerodynamic
fiowhield problems about ten years ago. The inclusion of
finite-rate chemistry into such solvers 1g a recent develop-
ment and has followed two paths, namely:

1} the matnx-spht method which loosely couples the
time iterative solution of the fluid dynamic and chemucal
speciesfanetics equations but provides 3 strangly-coupled
steady-state salutian with "minimal® CPU expenseé for the
costly kneuc calculations; and, i

2) the large-matrix incthod which strongly couples the
flmd and chemical species/kinetics equations providing 3
highly robust, but expensive procedure for mcluding
theemochemistry.

Each of these methads has inherent advantages far specidic
problems, and an overview of both approaches will be given
based on the authar’s expenence in the development and
apphcatian of the PARCH (FNS) andg SCRINT (PNS) matnix-
spht codes, and the CRAFT (FNS) and SCRAFT (PNS) large-
matnx codes whose basic features are summanzed in Table
Vil below. The remaimnder of this section will: provide a
briet overview of recent develogments i FNS and PNS
methodolngy; descrnibe methodology for the the inclusion of
chemical and multi-phase nonequihbnum into modern RNS
codes; and descnbe apphcations of such codes to plume
related flowlield problems.

4.2 Recont Developmaents in FNS Mathodology

The discussion will imtiate with the work of Pulham, Steger
and coworkers at NASA/Ames® which led to the develop-
ment of the Ames Research Code (ARCI®® in the carly
1980°s. This code solved the thin 1ayer FNS equations in
a strongly-conservative manner using the implicit, approxi-
mately-factored scheme of Beam and Wmminq“’ Beam-
Warming impucit numencs provided sigruticant smprove-
ments in run time to that of earlier expheit numerics fe.g.,
MacCormack scheme® and variants). Supplemented by
upgrades such as a fast diagonalized matrix inversion
procedure®® and improved artiticial dissipation models with
pressure filters {10 localize dissipation to strong wave
regions),?®?' the Beam-Warming based ARC code proved 1o
be the most popular FNS code in the United Stztes in the
early to mid 1980's .ur solving steady subsonic, transonic
and supersonm acradynamic problems (.3 < M < 3).

TECHNEAL " CIBRARY “™

» TCAo YD FNS ond PNS Computer Codas
with Advenced Thermochemistry

[r. = T T

N7 CO0TS

£ATGH 20/20

Pl G, OISRT giztrclization
Coom-Werming elgoritam
Matt ekt eremint
Muliphooo Cow (2g/rencg)
Roa/TVD plpecithm: o7 enly
Sovore) wwe-cg. turb. modols
Gonorglizod gsig blanking
Gonaralizod onglicit 8C

CRAFT .

Entonsion of TUFF thindayor
NS coda

Finito voluma dicor stization
{20 or 3D)

Roa/TVD olgorithm

Stongly coupicd/Vugo metrix

PG CODES

SCRINTY/IDT

Finita ditforenco diccruvtization
£20m-Warming algorithm
Matrin colit chomictry
Timo-itarativo framowors (30T)
Roo/TVOD algorithm: oir only
ke urbulonco modol
Spocializod grid blanking
tmplicit or explicit BC

SCHAFT
Extonsion of STUFF PNS code

Finito volume discretization

Roo/TVD clgorithm: time-iterative

Strongly coupled/large matrix

chomistry

Fully imntieit gC

be turbulonco rmodol
Rasoarch stotus. limitea BC/
blanking

chomistry

Fully imphcit 8C

ke turbulonca modol
Rascarch status: limited BC/
blanking

Recent ARC related methodotogy and applications wera
discussed by Pulham and Steger in kefs. 92 and 93. ARC
has tormed the basis for numerous FNU projectile codes as
typificd by the work of personnel at the U.S. Army 8allistic
Research Labs throughout the 1980’s (sere, e.g., Refs. 94-
861. Recent upgrades 1o projectile aerodynamic versions of
ARC have involved the utihzation of 2nd-order upwind
numencs as typified by the work of Shian and Hsu.?’*®

A major extension of APC methodvlogy relevant to the
nozzic/plune environment was performed by Cooper and
cowoarkers at AEDC durning the penod 1985-1987, via
development of a propulsive version entitled PARC.?*
Cooper incorporated the full stress terms, generalized
boundary conditions, and added grid blanking (patched grid
approach} as schematized in Fig. 22, which permits patch-
ing the averall flowtield to “blank out” grid points occupied
by embedded obstacies {rather than contour the grid about
such obstacles as would be required in conventional FNS
codes). This facilitates the treatment of embedded bound-
anes such as steps, struts, cavities, etc., which would be
ditficult to deal with if blanking capabilities were not
available. With blanking, the overall grid 15 broken down
into a set of “patches’ for each of the mapped coordinate
directions (1.e., patching 1s done in mapped computational
coordinates, not in physical coordinates). The patches are
auton.atically constructed from boundary inputs. Figure 22
lustrates the patching concept tor a simple 2D problem.
Boundary conditions are applicd along the outer computa-
tional boundaries as well as on the embedded boundanes,
ang are generalized to pennit vaned fluxes to cross tha
boundanes. The AEDLC PARC code has been quite popular
for propulsive flowlield simwlation and test facihity support
as described in Rets. 100-106. However, all apphcations
were for single-phase, pertect-gas tlows and implemented
simple algebraic turbulence models.

Lisdakars
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Figure 22. Patched gnd methodology in PARC code for
treating icregular geometries with simpled grids (from Ref.
99

The work of the acthor and coworkers towards developing
FNS plume/missile airframe steady flow predictive capabih-
ties has focussed on the computer code, PARCH, for which
20 (planar/axisymmetnc) and 3D versions have been devel-
oped. PARCH 1s an outgrowth of the NASA/Ames ARC
aerodynamic cade and the AEDC propuisive extension,
PARC. The PARCH code developmental ortivities have
taken piace as follows:

1} The 2D and 3D versions of ARC and PARC were
unificd nto a baschne PARCH2D Master Code and a
baseline PARCH3D Master Code. ‘The Dbaseline
PARCH2D/3D Master Codes contain all the desired capa-
bihities availlable in the ARC and PARC codes. The coding
was performed as an upgrade to PARC which had many
propulsive-oriented features not avaitable in ARC, partic-
ularly, grid blanking/patching.

2) As a prercquisite to incorporating ex(cndt.d ther-
mochemical and turbulence.modcling: capabilties, imphcit,
approximately factored ADI based 'scalar suivers werg
developed to solve the chemical species and turbuleice
model convective/dittusive equations. These scalar solvers
emulated the numencs of the PARCH {luig soiver.

3) Matrix-spht methodology was formulated to incor-
porate the chemical species equatwons and the finite-rate
chemical kinetics into the PARCH codes. '°’

“specishzed  versions have been developed,

a-15

Tha gcequentia! develoepment of PARCH and related valida-
ucn studias arg described in Refs. 84 and 108-113. For
tactie.it mesgile/exhaust plume interaction flowfields, two
namely
PARCH/TMP - 5 3D missile/plume interaction modat, and
PARCH/RN - an axisymmetric rocket nozzie model. Both
utilize diagonalized Beain-Warming numerics with matrix-
gplit finite-rate chemistry. PARCH/TMP treats particulates
using an equilibrated mixture anproach; PARCH/RN prr-vides
for a fuli nonequilibrium treatment of particulates. Other
speciahzed version of PARCH have been developed for
varied applications. .

PARCH 1s well suited to anzlyze steady, conventional and
nonconventional, tactical missile/exhaust slume interactive
flowtfield problems. For problems with very strong shock
waves le.g., high velocity missiles, highly underexpanded
jets, etc.) and/or unsteady flow problems (e.g., short
duration lateral control jets}, the shock capturing capabilities
of the PARCK code may be deficient. Improvements to
robustness and accuracy are obtained by moving from the
finite-difference discretization/central ditference numericsin
PARCH, to finite-volume discretization/upwind numerics.
Such a change is substantive particularly with the inclusion
of chemical kinetics, since the matrix-splitting approxima-
tion in PARCH would 1ict be consistent with the upwinding.
The upwind matrix elements have to be carefuily construct-
ed using a strongly-coupled formulation to properly incorpo-
rate the real gas behavior (see, e.g.. Refs. 114-116),

Current activities by the author and coworkers have

focussed on the development of the CRAFT code whose
features are summarized in Table “/il. CRAFT is an exten-
sion of the TUFF NS rodi geveloped by Molvik and
Merkle''? which utihzes Roe/TVD upwind numencs''®!'®
with a fiilnte-volume discretization of :he equations, a fully-
consistent Roe real-gas averaging, ¢ nd "3 strongly-Coupled,
tully implicit treatment of the chemica! kinetics. TUFF is an
aerodynamic code; CRAFT has been extendcd to provide
plume/propulsive capabilitics. Plume/propulsive extensions
to CRAFT have involved the inclusion of: the full stress
terms; two-equation turbulence models; a dynamic grid for
time-accurate applications of flows with moving boundaries;
and a generalization of the clcan air chemistry to that of
generalized H/C/N/O sy<tems. The recent development of
a time-accurate particulate solver for CRAFT is described in
Ref. 120 while generalized liquid/sohd propeilant thermo-
chemical upgrades are summarized in Ref. 121.

4.3 Recant Devslopments in PNS Methodology

As per the FNS discussion above, for developments in the
PNS arena, we will again start with "modern” codes which
utitized finite-di{ference Beam-Warming numerics as typilied
by *he Schiff and Steger PNS code'?? which evolved into
the popular AFWAL 3D PNS code'??—the most widely us..d
PNS cu ‘e in the United States in the early to mid 1980°s
for high s.2ed aerodynamic simulation. Significant im-
provements to the AFWAL spatial marching PNS methodol-
ogy were provided by the recent 20 and 3D UPS PNS codes
of Lawrence et al.'?4'?% which utilized Roe/TVD upwind
numeric; with a finite-volume discretization of the equa-
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tions. Air chemistry was incorporated w1 such codes by
Tannehill and coworkers as described in Pi-ia. 126 and 127
using loosely-coupicd methodofogv. The author and
coworkers had developed extended versions of the AFWAL
and UPS FNS codes for National AeroSpace Plane aerody-
namic and propulsive apphcations. The miternal flow code,
SCRINT, was an AFWAL extension and the external flow
code, SCRAMP, was a 'JPS extension (see Rels. 128 and

129).

The ongmal versions of SCRAMP and SCRINT contained
anly eguibboum ar thermochemistry, A research version,
SCRINTX. was upgraded to include combustian onented
finite-rate chemustry into  the deamWavmmq numerical
framework using a matescesphit appraa * '°7'%° SCRINTX
was apphed to 2 variety ot combustor and norszie related
flowheid problems as well as to inlets. its perloimance was
compared with carher PNS codes with chemistiry as de-
scnbed i Retf. 131, It did quite well for problems where
the central difficrence numencs were adequate to capture
shock waves.

in 20 rescarch with SCRINTX, tirst and second order {TVD)
Aoe upw.nd numencs weere iIncorporated into the code after
the matrx sphiting was performed.  This simphificd ap-
proach worked quite weli for flows with air chemistry, but
worked poorly 1nr strongly combusting flow problems
where the approxsmations entaded “vroke down.” Hence,
the success obtamed in this work (and the work of others,
e.g.. the work descnbed in Riofs. 126 and 127) for air
chemistry, did not transfer to strongly combusting fiaws
where chemistry strongly nfluences the wave held. For
surh flows, the Roe formutation requires use of strongly
coupled flurd and chemical specees equations, For space
marching, such a Ro2 formulation depends upon an eyn-
decomposition whaose denvation is quite difficut to
perdorm.’  The Pou (PNS) formulation with chemistry is
much easier 1o develop f the approximate Riemann problem
1s pused i time rather than space. For time marching, the
egen-tunctions for a 'nuch simpler matnx are required, and
in fact, this analysis has been completeu by Leveral re-
searchers, such as Molvik and Merkle.''’ At the 30 level,
the PNS wark of the author and co-workers has concen-
trated on the inclusion of time-iteravve methodology nto
existing fimite-volume (SCRAMP3ID) and finite difference
{SCRINT3D) spatal marching codes.'®®  Significamt im-
prevementsan robustness and accuracy, above that nrovid-
ed by the mcluson of upwind numencs, have been obtained
by the use of umeqterative relaxation methodology as
discussed in the recent PNS survey papy of Krawriyk et
a.'> Also, sigiihcant work was pecforn. d involving the
use of advanced gnd gereration techmques i the cross-
flow plane and gnd blankung for the treatment of cavities
and swept surfaces,

Prelimindry 3D PNS work with chemistry had concentrated
on the inclysinn of chem:stry into the SCRINT3DT code
which was a 3D extension of the SCRINTX code with tme-
inerative PNS numencs, SCRINT3IDT was nade operational
with matnx spit chemistry and operated with Beam.

TECHNICAL LIBRARY

Warring central difference numerics or simplified reat gas
Roe uawing numerics (the splitting was done before the
Ace decomposition]. As per the spatial marching experi-
ence with SCRINTX, its ability 10 analyze strongly combus-
ting flow problems with simplified Rqe real gas upwind
numerics was found to be problematic - the obvious r:medy
was a reformulation of the Roe real gas methodolog, using
a large matrix/fully-coupled framework. As this rather
ambitious effort was tg initiate, the STUFF 3D iterative PNS
code of Mclvik and Merkle''” became available which had
thelarge-matnx/ully coupled Roe formulatinn done properiy
for clean air chemistry. it was deemed more expeditious to
use the STUFF code as a baseline code than to upgrade the
SCRINT3DT code, and the added benefits of the finite-
volume formulation of STUFF become available with this
decisior.  The upgraded version of STUFF is called the
SCHAFT code, and work to date has involved the general-
ization of the chemistry and the inclusion of two-equation
turbulence madels,*?:'3%37 yery much akin to the CRAFT
code upgrades described above. The nearly identical
structure of TUFF/STUFF (and thus CRAFT/SCHAFT),
facilitates concurrent FMNS/PNS upgrades.

In reternng back to Table Vi, there are thus 2 classes of
codes for FNS and PNS solutions: finite-ditference codes
withczntral ditiarence/Beam-Warming numerics and matrix-
split/loosely-coupied chemistry (PARCH/SCRINT), and finite-
volume cades with Roe/TVD upwind numerics and large-
matrix/strongly-coupled  chemistry  (CRAFT/SCHAFT).
PARCH s currently the utilized for steady-state tactical
missile airframe/plume interactive tiowliclds, and there are
distinct advantages to the matnx-split apprnach utilized tor
chemistry for dealing with large numbers of chemical
species in a time-asymptotic simulation, CRAFT is currently
used where shocks are very strong and more robust
ipwind/finite-volume numencs is required, and for time-
accurate studies. PNS requirements are generally more
stringent than FNS requirements, and SCRINT has not
proven capable of dealing with the severe missile plume
environment. The current code of choice is SCHAFT due to
its enhanced robustness {  such flows.

In the rest of this article, a bnief descripticn of PARCH code
numencs and relevant applications to missile plume flow-
ficlds is provided. PARCH represents the current state-of-
the-art for such methodolo~y. PNS methodology is not
applicable for subson.c/transomic thght, nor for recircutating
regions such as the vehicle base region. However, for
supersonic flight velocitu s, PNS methadology is applicable
downstr:am of the plume tust cel! regron. PNS methodolo-
gy has been used in Zomuncuion with FNS ina zonal manrer
as descnbed in Refs, 138 and 139.

4.3 PARCH FNS Code/Gas-Phase Equations
PARCH solves the Reynolds averaged, compressible flow
equations, castin strong conscrvation form in gencrahzed

curvilinear coordinates:
ao‘af.af‘aa_,,_o {4)
o ¥ I 3
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A detaded description of the fluid dynamic elements in the
above vector arrays and the transformation to gencrahized
coordinates is provided in Refs. 86 and 99. The PARCH
code contains options for solving thin layer ccuations and
Euler equations in addition to the full NS equctions.

With the addition of ns chemical species equations (I =
1,2,3, ..., ns) and the two ke turbulence model equations to
the continuity, momentum and encrgy equatics, the [5 +
ns « 2| vector array of dependen’ vanables 1« given by:

P
1Y ‘
pY
pw

E, (S)
pu,

ok

pe

The inviscid (E,, F,, G) and viscous (E,, F,, G,} llux vectors
take the form:

(N

1

pU
puU+ EP
pvU+ L P
pwlU+ [P
(E,« P\U

pUn,;

p Uk

plk

EI=

i

0
Eta * &ty ¢ Ly
Gim s &3yt Kty
ot [’t,’ . ('T"
8Ac 8,4, 8,
p&my s Em e Emy)
B(EK s K, ¢ £k
PG Ky 0 Kgy)

(6b)

o

where € = E, - E,. Analogous expressions are obtained for
the .F and G arrays, and, the source term vector H takes the
form:

“I < ©

X

(7)

i

P-pe
€ {
—I;' (C,P- Cype)

In the above equations § (x,y.z), n (x,y,2) and & (x,y,z)
represent the curvilinear coordinates in the transformed
computational domain: £, §,, §,, 0., n,. n,. 8,, 8, &,, and J
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represent the rhetrics and Jacobian of the transfarmation;
p is the fluid density; P is the pressure; u, v, and w are the
Cartesian velocity components in the x, y, and z directions:
0, reprcsents the mass fraction of the ith chemical species,
p is the lamingr viscosity; q,,, iS the heat flux; k is the
turbulent kinetic energy; and € 1s the turbulence dissipaticn
rate. U, V, and W are the contravariant velocity compo-
nents.

For tutbulent flow swvutation, the 1aminar viscosily and
thermal conductivity’ are reptaced by their respective sums
of laminar and turbulent values li.e., y + w, k + k).
Additionally, the source term M s comprised of the chemi-
cal production ferms w,; the turbulent production P, and the
dissipation of turbulent kinetic energy, ¢; and the gas/par-
ticle interaction terms My, Hp . Hp , and M, ,, required for
mufiti-phase flow simulation.

4.5 Matrix-Split Methodology
Applying conventional Beam-Warming algonthms to equa-
tion {4}, utilizing Euler implicit time-differencing, yields the
“delta™ form finite-difference expression written below for
the 2D system of equations:

{1-at(d3A¥.3 BY-M"))a0"

8
=-At3 EN+8 FY-KN)}=R¥

In equation (8}, & is a central difference operator, AQY =
QN*' . QN where N denotes the time step level, and, the
flux vectors E and F, {which are nonlinear functions of )
have been hinearized about QV, e.g., EN*' = €N + ANaAQM
where A = JE/3Q. Equation (9} s the unfactored form of
the block algorithm and represents a system of four {luid
{five for 3D flows), n (= ns) species equations, and two
turbulence model equations (which we will now dismiss to
simplify our discussion of matrix splitting). We thus seek to
decompose an n+4 systern of coupled eauations, to a
system of four coupled fluid dynamic equations, and n
scalar chemical species equations. Using the nomenclature

Q,=(p,pu,pv,E)T {9a)
Q,=(a,,az, a,,...,a,)7 (9b)
the n +4 system is decomposed as:
o) o e )
o o el (e (10)
A0, ’
x| 291 A
AQ.| |R,

where A, = 9E/0Q,, A

o = 0E./9Qy, etc.

The above system of matrices is split about the horizontal
{indicated by the dashed lines)} leading to the fluid dynamic
system written as:

GUEAARFE abt )

r——
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[+ ar(b A+ 3,880

. SR}
=R -at{d A, 8.B,)-AC,

{where the source term M,, having particulate contributions
is treated exphcitly, and has thus beenincorporated into R,.)

This exercise in matnx partiioning recovers the original
4 x 4 block structure of the pertect gas ftud dynamic
formulation, with addition ol a torcing tunction on the
exphicit fight hand side and revised elements of 1hé A,, and
8, matnices on the imphceit left hand side to account for
generahized multi-component species and caloncally imper-
tect behavior. The elements of the forcing function term,
A0, contan the net influence of the chemical species
change (due to convection/diffusion/kineticst on the fluid
dynamic solution through pressure/species denvatives. The
nclusion of thes term on the right hand side 1s not essential
10 obtain a converged steady-state solution and it can be
discarded. However, it canno! be discarded far time
accurate computations. For the same reason, it cannot be
discarded for a space marching PNS computation unless
time iterative methodology is incorporated.

4.6 Numaerical Mathodology in PARCH

All work with PARCH has focussed on the analysis of
steady tlow pioblems using non-time accurate procedures
to expedite cenvergente to steady-state.  The block
unfactored, matrx-splt, tiuid dynamic equation (Eq. V1),
with the explicit specics term, 8C,, removed, are approxi-
mately factored as follows:

[1-ar8,4.)[1+a03¢,8,']a0"-R" 112

Equation (12] can be solved by block tridiagonal inversion,
which 1§ compuiationally expensive per time step, but
generally permits taking large time steps (e.g., Courant
numbers of 5 - 10} and obtaining converged solutions in a
very reasonable number of iterations (e.g., 300 - 3,000,
depending on the problem at hand, the grid, the initial and
boundary conditions, etc.). Equation {12) can more effi-
ciently be solved by using the diagonalized scheme of

~ Chaussee and Pulliam®® which uncouples the block system

and reduces the waork to the inversion of a scalar tridiagonal
system. However, the implicit diagonalized solution is
restricted to the Euler equations {the visccus terms do not
diagonalize and must thus be treated expliciily), and the
path to convergence for complex, viscous dominated flows
can be slow and sometimes problematic.

The choice of the blocked tridiagonal inversion or diagonal-
ized solution procedure for the fluid dynamic equations is
available as a user option in PARCH and is problem depen-
dent. With multi-zone versions, the diagonalized option can
ve used in some zones and the blocked option in others
{e.g., for-a missile/plume interactive problem, the zone of
strongly fimeractive flow can be handled by the block
procedure. with all® other flow zones analyzable by the

_generally more eflicient diagonalized method). With central

difference numerics employed, artificial dissipation is
required (N NONVISCOUS fegions 1o ensure stability and
diaggonal dominance. The implicit/explicit secon¢ and fourth
arder dissipation madel of Jameson et at.,* is employed in
PARCH. Independent time steps are used to adv.nce the
equatiuns based on 3 user-specified Courant number {locally
applied at each grid point) with a flux change limiter (e.g.,
20 percent change in AQ/Q), which cuts back on the local
nme step in tegions of severe change.

4.7 Chemicel Spacies/Rate Kinetics Algorithm

Upon matnx splitting and decomposition of Eq. (10}, the
lower half contains the chemical species transport equa-
tions, wrntten as:

[1+81(8,Ag +8,82)-M*]aq, (13)
<RN-at(8,A,.8.8,)-4Q,

The second term on the nght hand side contains the forcing
functions from the tluids upon the species, - which is
discarded for time asymptotic  steady-state  solutions.
Subsequent factorization leads to:

[(I-A!M”)‘AM‘A:]
[¢-am¥) - am Bglaa, - e

’

{14)

Equation (14) represents the numerically intensive task of
inverting block NxN tridiagonal matrices. CPU costs and
memaory requirement can become prohibitive as the number
of chemical species got large.  An efficient alternative
solution strategy has been devised, which breaks up the
solution sequence INto two steps:

1} a point implicit so'ution of the chemical kinetic rate
equations to yicld w,; and,

2) a globally implicit time integration of the species

equations sequentially with the chemical source term
specitied from step 1.
Step 1 requires the inversion of an n x n matrix at each grid
point. Recent numerical studies (Ref. 140} have indicated
that this computation need not be performed at each time-
integration. For rocket nozzie flows, performing step 1
once for every 50 tluid dynamic time steps, and holding the
source term constant at the intermediate time steps has
yielded the same converged solution obtained by performing
step 1 for every mntegration step, with no convergence
penalties. Hence, this splitting can be extremely cost
effective for chemically reacting flows with a significant
number of chemical species.

4.8 Multi-Phase Flow Capabilities

The PARCH code contains multi-phase flow capabilities for
the simulation of solid propellant rocket nozzle/exhaust
plume flowlfields where the dilute particle assumption
applies and eliminates particie volumetric etfects. Gas/par-
ticle interariions can be treated in both the equilibrium limit
(where particle velocities and temperatures are taken to be
the same as that of the gas-phase) and the nonequilibrium
liriit {where particle velocities and temperatures differ from

Y T P T T T TN LN
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those of the gas-phasel. In the nonequilibrium limit, the
analysis is presently restricted to flows with a primary
stream vvise direction where the particulate equatiocns can
be spatially intrgrated.

The particulate equations, cast in strong conservaticn form
 generatized curvilinear coordinates, are lisced below for
two dimensions.

\ %, % 4.0 (15)
& o

The inviscid flux vectors (Ep, Fp) take the follywing tarm:
}

pellp

1 peliplp
J{Pevellp
pholp

E" {16a)

pPVP !
PelpVp
Pp¥pVp
peVp

{16b)

o=

The source term vector H, takes the form:

. {17a)

L 1|7 eellem i, (17b)
Ji{-pp(vp- Wi,
= pplhe - Wity

Particulate equations are solved lor different particulate

I types (e.g., A1,0,) and for several representative sizes
(e.g., 1 ym, 3 pym, 5um, ...}. The nomenclature to desig-
nate types and sizes has been eliminated for simplicity. In
the above equations, up and v, are the Cartesian particulate
velocity components in the x and y directions and Up and Vp
are the contravariant velocity con'ponents. r,, r,, and 1,
represent characteristic perticle times for velocity and
thermal equilibration. Coupling between the gas and solid
phase is provided through the gas/particle interaction source
terms in both the gas-phase and particulate equations. This
has recently been improved by a fully-implicit treatment of
the source terms (which can be stiff for small radius
particulates which are near equilibrium), including methodol-
ogy for dealing with phase-change effects {i.e., solidifica-
tion in the nozzle/plume expansion process). In noz-
2le/plume applications, the particle solution is typically
updated {by marching down the length of the nozzle or the
exhaust plume) every 50 iterations of the gas-phase
solution (see Ref. 140),
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The highly eH:iciem particle spatial marching technique is,
of course, limited to flows where there are na recirculatisg
features. Applications include rocket nozzle fiow and the
farficid of the rocket exhaust plumes. ‘The missiie aftbody
and plume nearfield is significantly more complex, being

‘charactenzed by base regions, plume induced s2paration

and thus, significant portions of recirculating flow. The
analysis of particulates in such regions requires the usage
of a time-asymptotic, elliptic solver. A new time-accurate
3D particle solver is {(Ret. 120} now used in CRAFT utilizes
imphcit/upwind numerics and finite-volume discretization of
the Eulerian particle-cloud equations. This new solver is to
be implemented in PARCH for time-asymptotic, recirculating
flow regions, via straightforward modifications.

5. NUMERICAL STUDIES

5.1 PARCH/RN Rocket Nozzle Studies

A complete missile calculation requires the analysis of the
rocket nozzle/propuisive flowfield. For some problems,
there can be strong coupling between the nozzle exhaust
and the missile aercdynamic flowfields. A specialized
version of PARCH (PARCH/RN) has been deveioped to
analyze rocket nozzle tlowfields, starting from equilibrium
coqditions in the combustion chamber. This version deals
with multi-phase (gas/particle) nonequilibrium, as well as
chemical nonequilibrium and is described in Refs. 110 and
113.

The Back and Cuffel perfect gas test case'*' is a popular
one for validation of nozzle codes since both wall and
profile data are available, and the large throat curvature
poses a distinct numerical challenge to simulate the tiow-
field in this conical nozzle. The reservoir conditions were P,
= 70 psiaand T, = 540 R. The nozzle is a conical geome-
try with 45° converging and 15° diverging half angles. The
throat radius is 0.8 inches with a small throat radius of
curvature (R./R,, = .625). Figure 23 shows the grid utilized
and comparisons between the measured and the comguted
pressures on the wall and axis, for an Euler calculation. The
agreement with data is seen to be good upstream of the
nozzle throat; however, the comparison is poorer down-
stream of the throat. The cause of the discrepancy may be
inadequate grid resolution in the throat region and failure to
resoive the significant gradients produced by the small
throat radius of curvature. The agreement with data is
comparable to that achieved by most other investigators
{see, the recent work of Marcum and Hoifman in Ref. 142).

To illustrate gas/particle noneguilibrium capabili\ties in
PARCH, a solid propellant rocket motor nozzle calculation
was performed with H/C/O chemistry (12 species, 16
reactions), and with A1,0; particulates (30% mass load-
ing). Preliminary calculations were performed assuming all
the particles to have radii of 3 ym. Computations were
performed with and without particles to illustrate the strong
influennce of particulates an the gas-phase flowfield. Figure
24 compares the Mach number contours from the gas only
calculation with that of the multi-phase calculation. As
shown by the Mach numbe: contours, the presence of
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Figure 23. PARCH simulation of Back and Cuffel nozzle
test. gnd utihzed and comparnison of predicted wall and
centerline pressures with data.
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Figure 24. PARCH analysis of solid propellant rocket nozzle

flowfield: grid utilized and comparison of M:ch number
contours.

particles has a dramatic influence on the flowfield. The
reflected shock disappears; the part :les peel away from the
nozzie at the throat and the limit ng particle streamline
effect is clearly seen. Figure 25 shows the {2mperature
distributions along the nozzle centerline. Notice the

particulate temperatures lagging the Qgas temperature., At
the nozzl2 exit plane, the thermal nonequilibrium between
the gas and particles is aimost 30C°K. Also, the particles
begin to solidify with the onset of phase changes indicated
by the particle temperature remaining constant. Compan-
sons with an earlier spatial marching two-phase code’® are
also shown downstream of the throat.
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Figure 25. Comparison of PARCH predictions of nozzle
centerhine gas and particle temperatures with predictions
using earlier SPF methodology.

This calculation was also performed with three particle size
groups. The tofal mass loading of particulates remained the
same however, it was distributed into particles of 3, 5, and
10 microns with relative mass fractions of .6, .3, and .1.
Pressure, temperature, and Mach number contours are
shown in Fig. 26. The strnations evident in the contours of
temperature and Mach number coincide with the limiting
particle streamline locations of the three particle size groups
(3 1s uppermost, 5y is next, 10u is lowest),

Pressure Contours

Mach MNusber Contours

- e . e e (] - -

-
Tempecature Contoure

Figure 28. PARCH prediction of rocket nozzle pressure,
Mach numbur and temperature contours with gus/particle
nonequikurium for 30% mass loading of A1,0, distributed
equally into three size groups.
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5.2 Tactical Missile with Single Motor
The simulation of a complete, supersonic, peneric missile
airframe/nozzie/plume flowfield has been performed to
establish the ability to analyze a multi-zone problern with
detaled gnd resolution. The calculation was performed
using air treated as a perfect gas throughout, and employed
the ke turbulence model for treating near wall regions.
Figure 27 shows the geometry considered and the overall
domain of interest. To allow for detailed grid resolution and
computational efficiency, the physical domain is dividad into
four zonirs which are analy.ed separately as shcwn in
Figure 27. These four zones include:

1) the missile body from nose to base;

2) the nozzie flowlield from chamber to exit plane;

3) the near field plume/base region; and,

4) the far field plume region.
The PARCH code was utihzed n Zones 1-3; however, Zone
4, the far field plume, was analyzed using the spatial-
marching SCHAFT PNS code which is more efficient for use
in that extended region.

one )
Menr-bieid
Colcubelion
PARCHIAWP

n#]m!TEﬂ
i r 1

raMe L
Misaile Body
Cal-uinien
FARCH/ ANP

OME 4
Far-Fleld
Calruiatinn
BCHAITIRNP

,‘"\‘ s :
tows 1
Mot "
Cabruletien
PARCH/ANP

Figure 27. Composite grid of the four zones used for the
complete missie/ plume flowtield calculation {gnd for Zone
4 not completely shown).

The genernc missile calculation simulated a missile travelling
at Mach 3 at sea jevel [P = 1 aim, T = 540 °R). The
generic missile had a 1 foot diameter and length of 13 feet
and was represented by an ogive/cylinder. The outer
boundary for the missile calculation conforms to the shape
of the vehicle bow shock, and the grid is nearly uniform far
from the body but is highly packed in the near-wall region
to resolve the turbulent, boundary layer. The boundary layer
1s assumed to be fully turbulent from the nose and an
adiabatic wall boundary condition was applied. Contours of
pressure, temperature, Mach number, and turbulent viscosi-
ty are shown in Figure 28. Note that by the end of the
missile body, the strength of the bow shock has been
diminished substantially, and a large turbulent boundary
layer has developed (almost half the missile body radius).
A 141 x 146 grid was used for the near-field plume region
aralysis. The upper boundary was a simple continuation of
the straight line fixed freestream boundary from Zone 1. At

.COM
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the inflow plane, the lower 41 grid points fixed the nozzle
conditions at the exit plane; the next 59 grid points were
used to resolve tre base region above the nozzle exit; and
the remaining points fixed the inflow condit:ons from the
missile body calculation. The nozzle exit plane radius was
52.8% of the missile body radius. The flow exited the
nozzle with an average Mach number of 3.5 with a nominal
tenperature and pressure of 2700 °R and 2 atm, respec-
tively. Figure 29 exhibits the predicted Mach number
contours for this nearfield plume zone. Note that no Mach
disc is present. The overall scale of the complete problem
is exhibited in Fig. 30, which shows the relative scales of
the missile flow, the nearfield plume, and the farfield.

5.3 Tactical Missile with Four Motors ~

The simulation of the generic missile airframe/nozzle/plume
fiowtield described eariier has been extended to a four
nozzle configuration The missile body geometry, flowfield
conditions, and computational zones are the same; howev-
er, the missile now contains four nozzles which contained
the samra total exhaust area as the above single nozzle.
The mussile body and nozzle flowfields are obtained as in
the earlier single nozzle computation, and the near field
plume/base is computed with the thrce-dimensional version
of PARCH. Figure 31 shows the cross-flow grid in the base
region.  Figure 32 shows a magnitied view of the first
shock cell for comparison with the above single nozzle
case. Note the dramatic differences in the solution pro-
duced by the four motors versus the single "equivalent”
motor.

PARCH has been applied to the simulation of a four nozzle
air-only laboratory experiment for which pressure data is
available. It consists of four circular nozzles exhausting
from a circular base region. The freestream is quiescent air
at 533R and 1 atm, The nozzle exhaust is air at M=2.6,
P=4.46 atm, and T =224R. Figure 33 presents contours
of density in the X-Z symmetry plane. Note the complex
wave structure within the jets and the intcractions between
them. Figure 34 shows a comparison between the experi-
mental and computed pitot pressure profiles at several axial
locations in the X-Z symmetry plane. The results agree
reasonably well, with the greatest discrepancy being on the
centerline.

5.4 Missiles with Scarfed Nozzles

This unconventional propulsion configuration is sometimes
used because the missile is guided by communications
through a fiber optic cable attached to the missile base.
Not only does this preclude use of conventional propulsion,
but requires that the scarfed nozzle configuration be
designed such that the basc region does not entrain a
signiticant amount of hot exhaust gas which could damage
the cable. Figure 35 illustrates the scarfed nozzle
geometry. Inthe calculation described, the missile airframe
was analyzed without wings or fins and was performed for
a flight Mach number .6 at sea level, at a 10° angle ‘of
attack. The conventional diagonalized Beam-Warming
numerncs in PARCH were employed. The chemistry was
frozen and the flow was taken to be fully turbulent from the
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Figure 29. Predicted Mach number contours in nearfield plume zone for missile single nozzle.
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Figure 30. Computed temperature contours and centerine temperature for complete missile/plume flowfield.
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Figure 31. Base region grid utiized for genenc missile with four motors.

Figure 32. Predicted Mach number contaurs in nearfield plume zone for missile with four nozzles.
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mit sile nose. The ke turbulence model was utilized for the
surface boundary layer and the plume shear layers.

" Mach number contours are exhibited in F.g. 36 1n a plane

coantaining the two nozzle axes (e.g., top view) and in a
plane rotated 90° (e.g., side view). The side view contours
show a tt.n turbulent boundary layer on the windward side
of the missile, and indicate scparated flow on the leeward
side. The upstream nfluence of the propulsive jets is
readily evident in the top view Mach number contcirs.
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Figure 36. Mach number contouis for tactical missile at
10° angle of attack. ’

To establish additional validation of the PARCH numerics,
predicuons have been made for the interaction of an
inclined jet with an ogive/cylinder missile flowlield at zero
angle-of-attack (Ref. 84) for which experinental data
obtained at ONERA is available. The missile body is a
cylinder with a parabolic ogive nose. The jet issues from a
reciangular hole located 8.5 D downstream of the nose at
an angle ot 70° from the missi'? surface. The cylinder is
considered infimite and base effects are neglected.
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Figure 37 depicts Mach number contours in the X-Z symme-
try plane for solutions obtained with PARCH with both
central difference and Roe upwind algorithms. The jet
interaction flowfield is predicted well by bath algorithmg
with the upwind calculation exhibiting a substantially
smoother, oscillation free solution. Figure 38 shows
pressure contour comparisons in the Y-Z plane at a location
of 6.5 D downstream of the nozzle. Comparison is made
between the present calculations and th. experimental
data. Agreement is seen 1o b~ very good, With the predict-
ed jot exhibiting somewhat more penetration than the data.

e

190 %3 Y4 38 N1 M3 o pe we 0
e

e O - Ut

Figure 37. Computed Mach number contours in the X-Z
symmetry plane.

§) Roe Upwind

Figure 38. Computed and experimental pressure contours in ‘-2 plane at X =6.5D downstream of the nozzle.
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MICROWAVE PROPERTIES
AIND SYSTEMS OVERVIEW

by

Ronald Lawrence
DRA Office
¢/o Royal Ordnance
i Westcott
Aylesbury
Bucks, HP18 ONZ
United Kingdom

SUMMARY

Of particular significance to the operational success of a missile using microwave communications is the
interference introduced by the rocket exhaust plume. As a hot and turbulent gas stream the exhaust has
clectrical propertics that can scriously degrade guidance and tracking,

Also present is the potential for missile detection offered by cnergy scattered from microwave signals
impinging upon the plume to present a radar cross section, and an exhaust signature from inherent
emission sources within the plume.

This paper presented in AGARD Lecture Scries 188, follews from AGARD Advisory Report 287
submilicd by Propulsion and Encrgetics Pancl Working Group 21 entitled "Terminology and Assessment
Mcthods of Solid Propellant Rocket Exbhaust Signatures®. 1t provides a description of microwave
propagation through a rocket cxhaust, the cause of signal attecnuation and the gencration of phase and
amplitude sideband noisc. Consideration is given to the effects of missile flight velocity and altitude.

Diffraction and refraction processes are discussed, particularly in relation to plumes containing kigh
densitly concentrations of free clectrons. Radiation sources, mainly at millimetric wavelengths, are

_included together with signature implications.

The effects of exhaust interference with communications is examined from a system point of view and
some methods of relicf from this interference are considered.
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1.0 INTRODUCTION

Miciowave radar has long been an
cstablished mcans of missile location, tracking and
guidauce. It is capable of providing an all
weather function in a varicty of roles and for
successful opecration the guidance and (tracking
communication links must be free of serious
interference.

In propulsion dcsign for a missile it is
important that the propulsion engincer is aware
that guidance and tracking signals may pass
through the cxhaust plume. When these signals
arc conveyed by microwave carrier, atltenuation
and unwanted modulation of the carrier can occur
because of interactions between the carricr wave
and free clectrons populating the hot, turbulent
exhaust gases. This interference from the exhaust
can scriously undermine communications with the
missilc and thereby reduce the overall operational
efficiency of the system. Furthermore, scatiering
of energy from the incident wave and radiation
from cmission sources inherent in the plume may
offcr an adversary the opportunity to detect
incoming missiles and take counter action.

The difficultics and cxpense of measuring
cxhaust propertics for all missile configurations
and operational conditions make reliable
techniques for their prediction essential.  Such
prediction models can then be used to react
quickly to demands for plumc information, to
identify interference problems in the very carly
stages of design, and to conduclt rcscarch for the
benifit of future systems.

I

Microwave” is a gencric lerm used broadly
to describe the centimetric range of wavelengths,
Opcrating wavclengths used for tactical missile
systems now include the millimetric range and
frequencies fall typically between 3GHz and
120GHz. For the purpose of this report the term
"microwave” will be extended to cover this range.

20 PLUME MICROWAVE PROPERTIES
2.1 Microwave Attenuation

Following normal
inside the rocket motor,

combustion processcs
fuel rich gascs leave ‘the

of metal impurities found as intrinsic impurities in
the propeilant.  Sodium and potassium are
common metal impurity species and, although
present in small quantitics (Say Na = 100ppm and
K = 30ppm), the ioni: ation process populates the
cxhaust with a varying density distribution of free
clectrons.

The clectric ficld of a wavefront incident on
the exhaust from a distant transmitter accelcrates
the frec clectrons present and in so doing, extracts
energy from the wave to be dissipated as heat in
collisions with surrounding ncutral molecules. This
form of losQ from the propagated wave integrated
alohg its palh to the on-board recciver is referred
to as linc-of-sight attenuation or absorption.[1]’

Linc-of-sight calculations [1,2] are based on
compunng the absorption of a single ‘RF ray as it
passcs through the plume. Along the ray path, the
plume is assumed to absorb as a series of
homogencous plasma volumes normal to the ray.

The attenuation « (or encrgy absorbed) per
unit path length (dBm™!) is given by :-

a= 8686 (—“cl ) [— d-A

where A-—a) (V +w )

The phase shift cocfficicnt 8 is given by

g =L

e

ela-m+

(a-n2ea? (—)}!2]

nozzle to form a high velocity, turbulent gas Where & S _lhc t1ngular frequency of - the
stream  which  cntrains  oxygen from the incident signal
surrounding atmosphere to promote conditions . .
favouring the onsct of further combustion in the v.ow .l~l'1c local clectron-ncutral  body
exhaust, When this “sccondary combustion” or collision frequency
“afterburning” as it is ofteh called, occurs, the .
high temperatures attained permit ready ionisation @p is the plasma frequency

.
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The total phase shift 9 through a length *d’
"of homogeneous plasma is

0= ~py d

W
where B, = < and

¢ = velocity of light in vacuo

The terms « and £ are the rcal and
imaginary parts respectively of thy complex
propagation constant y w‘nch defines the electric
ficld of the propagaling ray :

E=E ™™
o .
- E c-x(n{ +iB) c-lwt
o
where y = a + I8
Prcdictions  of  longitudinal  (diagonal)

attcnuation using this linc-of-sight mcthod have
shown rcasonable agrccment with measured
aticnuation from lightly jonised plumes, cg.
motors with composite propellants containing less
than 5% aluminium and a predicted maximum
electron density of less than 10'6m"3 [2] Equally,
focuscd-bcam transverse attcnuation predictions
show similar agrcement with measurcments for
conditions where, at the point of interscction
between plume and beam axcs, the half power
radius of the beam does not exceed one fourlh of
the plume radius.

2.2 Forward Scatter
(smplitude and phase modulatlon)

With the transmitter in the far ficld the
incident plane wave illuminates the whole plume
and energy addition2]l 1o that from the
line-of-sight path can rcach the ,on-board receiver
via a scaltering roechanism. The geometry of the
problem is illystrated in Figure la, which also
defines some of the variables. Turbulence induced

. eddics of MMuctuating clectron density exist over
large regions of the exhaust and become sources
of incoherent scattering moving at local exhaust
velocity. Each source volume (dV) contributes in
some measure 1o the overall signal strength at the
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receiver, but at a frequency removed from that of
the incident:wave by a “Doppler shift” imposed as
a result of local eddy gas velocity with respert to
the receiving and transmitting antenna.,

Scattered energy produced in this manner is
recorded a$ phase and amplitude sideband
modulatior- “spectra with a frequency range
determined by incident wave frequency and local
eddy velocities -in the plume. It must be
remembered  that the propagated wave to the
scattering source volume and from it 1o the
receiver suffcrs aticnuation in the way descnhed
in Scction 2.1.

Calculations of forward scattering of
microwave radnauon by exhaust plumes have been
performed smcc the mid 1960s. [3-6] Received
scaitered cncrgy is rciated to the incident-received
signal [3,7.8,9] by tne equation :-

G, C
By a
r2

odv (3)

Vol

where Py /P, is the ratio of the noise power to the
signal power, Gg) the receiving antenna gain in
the dircction of the transmitter and Ggp that in
the direction of the clement dv. The distance
between the receiver and the scattering clement is
denoted by r and o is the volume scattering
cross-scction. The volume of integration includes
the whole plume. C, is the attcnuation loss factor
along the path through the plume to and from the
clement dv.

The volume scatiering cross-section (o) is a local
property of the exhaust plume and may be shown
10 be -

‘

_ 0.63x327% 2 n’sin? pad

4)
(I + v¥aw?)? B
, 2.2
where n’ = [nc] | the turbulent
fluctuation of electron density {e’] and
B =(l+4a°k? sin‘a)'"®

the Kolmogorov turbulence function.
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In this equation r, is the classical elcctron
radius, 1 the angle between the -direction of
scattering and the incident clectric vector and o
the scattering angle. [ is the local intensity of
clectron concentration fluctuations, n, is the local
mean clectron density and "a’ the turbulent length
scale. v is the local electron-neutral body collision
frequency, w the angular frequency of the
incident signal and k the wave number (k = 271/4).

In Equations 3 and 4 the angles y dnd «
distance r may be determined
geometrically; w, k and the receiving antenna gain
function arc known characteristics of the
microwave system. If n,, w, I and a arc defined
throughout the plume flowficld the scattered
power may be calculated.

Flowficld calctlations can provide local gas
vclocity, mean clectron density and clectron-
ncutral body collision frequency but considerable
uncertainiy surrounds the turbulence character-
istics. The turbulent length scale (a) is commonly
taken to be the corrclation length for turbulent
velocity fluctuations which may differ ivom the
required length scale for fluctuations in electron
concentration. 1t can be calculated using a
two-cquation turbulence miodel, in the plume
structure program. The turbulent intensity (1 is
often sct to unity but car also be scen s a
function of axial distance downstrcam or the
nozzle exit and a correspording radial distance.
Both paramclers arc discussed in greater detail in
Reference 10.

The "Doppler” frequency shift of the power

.entering the receiver from scattering elements dV

is written :-

f =

D (cos ﬂ‘—- cos /32 ) ' (5)

A
A

For a given clement (dv), if the wavelength
(A) of the incident wave and the local gas velocity
(u) are known the frequency of the scattered
power for angles 8, and B, of Figure 1 can be
oblained from this cquation.,  Summation of
scattered energy from all parts of the plume
generates,  the  characteristic  sideband  noise
associated with rocket exhaust interfcrence.
Plume properties, which will change with altitude
and forward vclocity, govern the total received
power.  Comparisons between prediction and
experiment are shown in Figure 2.

2.3 Prediction Technique

Fundemental to the understanding of
microwave propagation in rocket exhausts is a
description  of the plume structure. It is
impracticable 10 mecasure all the parameters
required and theorctical flowficld models have
been developed 10 assist the understanding and to
generale the required theoretical data for a range
of applications. Microwave predictions are one
such application and rely upon the construction of
modcls in which the time averaged propertics of
combustion and flow arc quantificd.[2,11-15].
They arc csseatiaily the same as those for all
other plume predictions but have additional
propertics particular to microwave interactions.
These are -

(i) Al ionisation chemistry, especially
that for alkali metal impuritics. Other
minor specics that may interact with
and affcct the ionisation processes.

(i) Parameters that dcfine the plume
turbulent  structure  which, as a
minimum, include turbulent intensity
rclated to clectron density fluctuations
and turbulert length scale.

(iii) The clectron collision frequency.

(iv) Frce clectron concentrations given by
ionisation processes.[10}]

Calculations start at the combustion
chamber, From the propellant composition and
cnthalpy, stcady-state temperature and combustion
products are computed. This is followed by a
calculation to determine conditions at the throat
and the expansion uf gases o the nozzle exit. The
final stage, where high velocity gases leave the
nozzle and recact with the surrounding atmosphere,
is a model to give the plume flowficld. This
quantifics time averaged propertics of the exhaust
in an axisymmetric array, spatially identificd by
axial and radial point references with the origin
on axis at the nozzle cxit.

Paramcters will have values determined by
their spatial distribution throughout the plume as
indicated by the contours of Figure 3. Turbulence
quantitics must be appended to the values shown
in Figure 3, these can be derived from turbulence
Kkinetic encrgy valucs usced to determine the shear
layer mixing for the time-averaged flow. '

Missile flight must rccognisc altitude and
forward velocity, both affect the plume shape. The
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former because an increase in altitude mecans a
decrease in ambient pressure and alicration in
plume expansion, the latter becausc of [icc stream
flow over the missile surfaccs into -he plume
region.

It is important [2,16] to corsider the
recirculation region established at the base of the
missile in flight when !he base diameter

substantially exceeds the nbzzle exit diameter.
Recirculation affects the dcvelopment of the
downstream plume and may be critical to the
onset of afterburning. Calculations [17,18] of this
region are commonly bascd on iterative solutions
over a fixed grid domain and normally confincd
to structural information close to the nozzle exit
where recirculation is significant.

2.4 Meascrement Techniques

The greater number f plume measurements
have becen made under static, sca-level conditions
with transverse and longitudinal propagation
paths. To a lesser extent wind tunnels and altitude
chambers have provided information mainly with
transverse, focused beam studics. Dedicated flight
trials have been rare and propagation data
obtained is difficult to accuratcly match with
missile flight attitudes.

2.4.1 Static, Sea-level

Of facililics, the most - versatile is the open
range, static firing sitc where short and long range
microwave measurements can be conducted and
where exhaust smoke and emissions can be
examined.

24.1.1 Transverse measurements [19,20,21] of
attcnuation made with focused microwave beams
over very short propagation paths through rocket
exhausts offer the opportunity ‘1o spatially map
the extent of the electrical plume by studying
local properties at selected stations. Information
gained in this way is especially valuable for the
validatiun of theoretical models.

A system occasionally used in the UK
operated with dual frequency channels, 14.5GHz
and 35GHz. Scparation betwecn each transmitter
and its receiver was 1.22m and matched conical
horns with dielectric bi-convex lens formed the
focused beams. The spatial resolution in the
vicinity of the focus, midway between the horns,
presented an Airy disc radius of 0.057m for
14.5GHz and 0.023m for 35GHz. Each microwave
assembly was housed in a mectal acoustic cabinct
on anti-vibration mounts to minimise airborne and

groundborne vibrations. These  were  then
mounted on. a framc which was raised and
lowered hy eclectrically driven jacks.  System
simplicity rcduced the risk of false measurements,
cach transmitter consisted of a microwave
generator, an isolator and a microwave feed to a
lens corrected horn via calibration attcnuators.
Similarly, th¢ reccivers had lens corrected horns
terminated by a crystal detector. Much the same
cquipment wis uscd in the US through the early
1970s when measurements of this type were last
made. A typlcal experimental facility is shown in
Figure 4a : with results from attenuation
mcasurements using such a system compared with
prediction in Figure 4b.

24.1.2 The concept of longitudinal measurements
is onc where; propagation path gecomctrics more
necarly resemble those of a missile system. The
recciving anténna is mounted on or near to the
test motor, commonly in the nozzle exit plane,
and the propagation path is to a transmitter in the
far ficld at sufficicnt distance to allow
illumination of the whole plume by a plane wave.
The line of sight between the two antennac
intercepts the plume axis at selected narrow
aspect  angles. Multipath interference by
reflections  from
propagation ficld should be avoided. A gencral
geometry is shown in Figurc 1. Rotation of a
turntable mounted rocket during firing permits
attenuation to be mcasured as a function of plume
aspect (viewing) angle. Plume insertion loss and
amplitude modulation have been measured for
liquid and solid rocket motors at a varicty of
plume axis/wavefront interception angles in the
frequency range 1.0GHz to 140GHz

A mecasuring system [22] typical in plume
studies consists of a microwave bridge in which
one arm is an air path subjected to interference
by the rocket exiiaust and the second arm is a
coaxial link providing an unmodulated reference
(Fig 5). Propagation lies between two towers 31m
apart and 9m high.
supplies power to an antcnna on the transmitting
tower and a lower power to the reference link
between the towers. The receiving tower houses
the rocket motor mounied on a rotating thrust
stand with the recciving antenna attached to it
adjaceat to the nozzle. Both antennae are
co-planar in the horizontal plane. Antcnna polar
patterns are shown in Figures 6 and 7 with the
transmitter pattern, broad in the horizontal planc
to illuminate the whole plume at any aspect angle
.and narrow in the vertical planc to prevent
spurious ground rcflections. Received and
refcrence signals are mixed with those from a
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local oscillator and the resulting intcrmediate
frequencies (IF) are passe¢ to the main processor
housed in a control room 9)m from the towers.

Altenuation is mcasured by mixing part of
the reccived IF signal with that from a crystal
controlicd oscillator to provide a low frequency
output for direct recording. It is secn as a signal
loss over a lincar dynamic range of 40dB. Diode
detettion is used to extract amplitude modulation,
while reccived and rcference IF signals are
compared in a phase scnsitive detector to obtain
phast modulation.

Fouricr analysis complctes the process to
obtain the frequency componcnts of a spectral
curve like those shown in Figure 8. Component
signal magnitude is referred to the received
. carrier signal level (i.e. after attenuation) and
quoted in a 1.0Hz bandwidth. The curves show
amplitude and phasc modulation spectra and are
compared with the amplitude modulation
spectrum (RPE) of an independent, similar
equipment operating simultancously at the same
aspect angle.  Phasec modulation of a 9.5GHz
incident wave has been recorded over a range of
rockét motors and, for small amplitude
modulation signals such as thosc gencrated. in the
plume, has yiclded phasc spectra that are in
agreement with simultancously recorded amplitude
spectra.

Ty;ilcal Performance

Allenuation
Dynamic range -40 dB
System resolution (amplitude

and phase modulation)

At 0 dB attenuation -100 dB to -120dB
At 30 dB attcnuation - 99 dB to -103 dB

. Cross talk . ’
. Signal AM to PM -27 dB’
" PM 1o Signal AM  -30 dB

Ref AMtoPM  -10dB

Polarisati

Can be vertical or horizontal.
Occasional use of circular polarisation.

2.4.2 Flight Simulation

The exhaust structure of a missile in flight

will vary uhder the effects of changes in altitude
and forward vclocity (say: sca-level - 30km,
subsonic - Mach4). To simulate the range of
conditions at ground lcvel requires the
construction of expensive facilitics.

Wind tunncl dynamic plumc tests, with a
co-flowing frce strcam at altitude, provide the
closest simulation of an in-flight missile, although
there are oflen restrictions on antennae placement
and undesirable shock reflection and wall effects
1o be avoided. Transverse  atlenuation
mecasurcments arc best suited to these [facilitics
and have 'been uscful for analysing plume
phenomena observed in flight,

It can be-argued that because of the control
available, the amount of information gained is
more uscful-and cost cffective than that of flight

trials wheré interpretation is difficult.  Such
facilities have good value in rescarch and
prediction  validation  when  studying  plume

cxpansion with altitude, nozzles, base flow cffects,
propcllants and additives.

Similaf remarks can be made about wind
tunnel propagation measurements with velocity
simulation only, However, wind tunncl exits can
be fabricated to produce airflow over the missile
body whicli, in some¢ mcasure, simulates flight
velocity, Given that the chamber exits 1o an open
silc arca, a range of microwave measurements can
be undertaken both transverse and longitudinal. Tt
must be emphasised that for the latter case,
spurious microwave reflections entering  the
reccivers from any ncarby objects or the ground
must bc made ncgligible, also any airflow
intcraction with the ground downstrecam of the
tunncl cxit may make conditions for longitudinal
measurements unacceptable.

Sleds propelled by the rocket along high
velocity tracks can simulate flight conditions but
their use for longitudinal ‘microwave measure-
ments leave doubt about the resulis obtained. It
must be kept in mind that although prefiring
multipath reflections can be reduced, the dynamic
casc raiscs the possibility of plume refraction,
diffraction or scattering causing unwanted returns
from the track and nearby objects. This method
of mecasurement should be approached with
caution.

Altitude simulation without the dymamic
aspects of flight are of limiled usc but have
considerable research value where nn smail scale
rocket firings, microwave probes can observe the
effect of reduced ambicnt pressures on certain

LA A S e a2 gt B i

u

Ml G i) N e e Ty
NN Gy T :

TR h““_”“h T S e e
“x

AL SR} I




TECHNICAL LIBRARY




.

[ECHNICAL LIBRARY

chemical reactions, on the properties of additives,
or other fundemental plume aspects.

2.5 Refraction

Variations of refractive index across the
propagation path of a microwave beam will cause
distortion of its wavefront and dcviated rays can
promote multipath cffects in the farfield.

In a rocket exhaust plume jlwo factors
dominate in determining the spatial :varialion of
local time averaged refractive index.  One is the
thermal inhomogencily due to gradients of local
plume static tcmperature, the other is the partially
ionised naturc of the plumc gases caused by
rcadily ionisable impuritics in the propellant (e.g.
sodium, potassium and calcium compounds). Local
valucs of tcmperature, pressurc and chemical
composition, including concentrations of charged
species (particularly frec clectrons) determine the
plume refractive index ficld.

Calculations have cstimated that for any
given point in a plume, changes in refractivity due
to ionisation are at least an order of magnitude
greater than those due to temperature gradicnts.

The refractive index of a medium is given
by n = c/v, where v is the velocity of
clectromagnetic radiation in the medium and c is
its velocity in a vacuum. [n an absorbing medium
the index of refraction is complex: o = n(l + ik).
Solutions to Maxwell’s equations for a
monochromatic plane wave ir: free space provide
the propagation constant y = « + I which can be
rclated to the complex refractive index (n) since «
= wnk/c and # = wn/c where w is the angular
velocity of the wave.

The complex nature of the refractive index
affects the path of the ray through an absorbing
medium, Poynting's vector oscillates in such a
medium, conscqueatly the cnergy path cannot be
obtained from this vector , which Icads to
compuiations of considcrable: complexity. If
absorption over one wavelength is not appreciable,
then the complex law of diffraction deviates
negligib\y from Snell’s law for absorbing media.

nl Sin 0, = n2 Sin 92

where the subscripts refer to the media on either
side of a boundary crossed by the radiation,

It is in the outcr regions of the plume where
refraction can occur with little attenuation of the
propagated wave. This leads to refracted rays
leaving the exhaust with considerable energy.

Calculation of refraction in these regions of
low refractive index gradients can be achicved by
the usc of contours of constant refractive index.
While recognising that the mean refractive index
will gradually, change through the outer plume, as
an approximation the path of a ray can be stepped
through small volumes of constant refractive
index, changiflg dircction at each interface. The
stcp length tan vary according to the locai
refractive index gradicnt and Snell's law can
apply.

The fact ihat these rays emerge with little

attenuation can result in multi-path effects in the.

ficld beyond the missile which may interfere with
larget tracking or with other missiles in salvo
operation.

Multiple ray tracing as performed in
References 23-26 will provide a morc rigorous
mcthod of calculating refractive cffects over a
range of rockel exhausts.

2.6 Diffraction

Mecasured values of plume-microwave
interference for  highly-ionised  plumes  in
longitudinal gecometrics show many of the

charactcristics of clectromagnetic wave diffraction
by solid objects. Simple diffraction modcls [2]
have been used to good effect in describing signal
behaviour. In more sophisticated models recently
devcloped the diffraction evolves from the
mathematical solution of the propagation
cquations and demonstrates that the cffect is real.
Current model dcvelopment in  this  arca
incorporates the combined cffects of refraction,
absorption, scattering, and diffraction. .

That diffraction . may play a part in
microwave propagation through highly ionised
exhausts is indicated by Figure 9. It compares
longitudinal attenuation measurcments for a given
double base motor with predictions from the
linc-of-sight code. At small plume interception
angles from the axis, attenuations of 100dB or

more arc predicted. This is in marked contrest to-

the obscrved inscriion loss which varies between
-10dB and -30dB dcpending upon the location of
the receiving antenna. Morcover, at these small
angles, the variation of measured insertion loss
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with frequency is not that to.be expected should
absorption be the dominart loss mechanism. Only
at larger interception angl:s, where comparatively
short path lcngths close to the nozze exist, is
there reasonable agreement between prediction
and measurement. This /s further confirmed by
Figure 4b, where (ransverse measurcments at
35GHz, using a focused bcam system, agrce well
with calculated values of attenuation for the same
motor. It is clear however, that should

attcnuation measurcd over the relatively short

diametric path at 3m be present over long paths
through the length of the plume then attenuation
in excessof 100dB would be expected.

More evidence of anolhe‘r propagation
mecchanism in operation is given by Figure 10a
and b which presents plume attenuation at two
wavelengths for a highly ionised exhaust plume.
The mcasurcments are compared with prediction
al zero aspect angle and two plume axis
intersecting  aspect  angles. The antenna
displacement from the motor axis was changed for
each firing.

Mcasured attecnuation at 35GHz shows good
agrecement with predictions at zcero aspect angle
suggesting conformity with the linc-of-sight thecory
of Equation 1 in Section 2.1 which was used for
the calculation. However as the increase in aspect
angle directed the propagation path into regions of
higher electron  density so  that  conformity
lessened.  Even at zero aspect angle it is the
stcepness of the curve at 15dB which gives the
appearance of agrecment. The bracketed point
pair shows the difference in atienuation for the
same displacement. Accepling  uncertaintics
associated with predictions, experiment and
theory arc not in great disarray, particularly
below the 10dB attenuation level.

Attenuation at 10GHz docs not show the
same degrec of agreement and with the reduced
slope of the experimental curves it is evident that
they will cross those for 35GHz. Beyond the
intersection, in increasing attenuation, there will
be a reversal of exhaust penctrative powers
between 35GHz and 10GHz, which is contrary to
Equation 1. Slight diffcrences in aspect angle do
not invalidate these observations since the family
of curves allows reasonable interpolation.

Clearly, for cxhausts where high clectron
densitics exist, the microwave propagation

mechanism is not governed solely by absorption

and other mechanisms such as diffraction should
be sought,
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A good theoretical description of plume
diffraction. has yet to evolve, it is a complex
subject. [2,23,24] Rccent investigations [25] havg
employed ray-tracing studies to estimate the
temporal development of wavefront distortion and
have indicdted the existence of diffraction. From
plume flowficld data of clectron density contours,
a three dithensional model of the spatial variation
and gradients of the conplex refractive index has
been developed. It was based on the discovery
that the contours of cqual clectron density, given
by the theoretical plume flowfield, could quite
accurately be approximated by finding a solution
to the cqualion of intersection between a three
dimensional “tear drop” function and an angled
plane. Figbre 11 shows the comparison between
thé: axial variation of plume electron density (Ng)
for a giver plume as computed by (i) the plume
flowficld model, (ii) a representation of the axial
variation of N, given by a simple exponential
function and (iii) a 21st order least squares
polynomial curve fit. The polynomial
approximation is good, the complex stucture in
the region closc to the nozzle has been smoothed
to minimise the order of polynomial, Ray tracing
led to an investigation of the progressive
wavclront distortion expericnced by a planc wave
propagated through the plume. The refracted
wave front became compressed in a pronounced
focal® region shown in Figures 12 and 13 and
crossed over itself prior to expansion and
intcraction with the undisturbad wave. A
physical optics model confirmed that the
diffraction was dominated by a highly localised,
diffractive "stationary-phase” effect located in the
region of maximum overall ray compression. An
equivalent diffractor was established, having the
form of an idcal absorbing disc, combining the
diffracted ficld with the ficid from a direct ray.
The cquivalent (iffractor was replaced by an
effective diffracting surface, positioned in the
samc way. Three dimensional ray-tracing of a
large number of rays and their truncation at a
phasc-time dcfined by the assumed location of
this surface, was used to define secondary sources
and represent the stationary phase region in a
more natural way. The very high lateral spatial
refractive index gradients in the region between
the effective diffracting surface and the plane of
the receiver were recognised by incorporating
geometrical masking into the diffraction
calculation. For small angles with respect to the
plume axis, the effective diffractor approach was
justificd because the loss mechanism was
dominated by the behaviour of the wavelront in a
highiy localised region. It was also strongly
influenced by the masking effect of 1the
intervening dense plasma and a non-abrupt
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interaction of the direct ray between transmitter
and receiver.

Ray tracing is illustraied in Figure 14 where
the wave-front is secn to mdve througiv the plume.
The contour shown is thatiof minimum clectron
density, given as 1019m®3, and defines the
theoretical plume boundaly Three microwave
propagation frequencies am considered, 9.5GHz,
35GHz and 90GHz. The angle of incidence is 2°

_and the distance between r:}ys set in this case tn

be 0.2m. The flowfield ihodel was that of a
double base propellant mdtor of 30kN thrust,
where electron densities reached 10'8n:-3, Figure
15 shows a sample comparisbn betweer calculated
diffracted signal and measurtd attenuation for the
same motor. The solid boinls arc those of
individual firings, the full“line is that of the
diffracted signal where EQ/El is the attcnuation
level in decibels. Work is still proceeding to
evaluate this method for a range of rocket motors.

30 OPERATIONAL IMPLICATIONS
3.1 Guidance and Tracking [27]

From foregoing sections of the report it is clear
that guidance and tracking difficultics may arisc
if the microwave link passes through, or close to,
the missile exhaust. This is particularly so if the
rocket motor is required to burn urabated to
maintain closing velocity in the terminal stage of
an cngagement and approaching maximum range.
Attcnuation by the plume must be scen as an
inscrtion loss within the microwave
communication link. Furthermore, the sideband
noise resulting from the scatlering process can be
at frequencics that may interfcre with semi-active
homing systems. .

3.1.1 Beam Rider

Beam riding missile systems can suffcr from
plume effects because the missile lies in the target
tracking beam. For a successful interception the
centre of the tracking beam must be rhaintained
on the target and this requires very precise
angular measurement by the tracking radar.
Beam attenuation or distortion due to he rocket
exhaust could degrade the target definition that is
so crucial in the closing moments before impact.
Guidance signals to the rear aerial of the missile
can pass through highly attenuating regions of the
plume.

3.1.2 Radar Command to Line-of-Sight

The beam riding missile requires only a

simple guidance receiver which minimises the
cost, weight and complexity of the guidance
payload. This advantage is carried into the Radar
Command tfo Line-of-Sight (RCLOS) guidance
system where the tracker locks on to the target
and, when the missile is airborné, continuously
measures the angle between the missile and the
target. It is a technique that allows a relaxation
of beam centre to target accuracy, seen as a
problem in the beam rider, but to some extent this
accuracy is now transferred to the measuremant
of the missile to targct angle. A separate
command link, usually operating at a wavelength
diffcrent from that of the tracker, guides the
missile to teduce the angle to zero thercby
maintaining .a line-of-sight interception course.
Rocket exhaust interference problems associated
with the beam rider system apply cqually to the
"RCLOS™ system. Refraction of the outgoing
target tracking signal in the outer regions of an
exhaust plunic can introduce multipath effects at
the target which cause rcturns at the tracker
receiver to produce false positional information.
This results in erratic manocuvres by the missile
as guidance commands respond to this false
information.

3.1.3 Seml-Active Homing

The principle of semi-active homing systems
is onc where the target is illuminated and tracked
by radar and the missile is launched on an
interception  course ahcad of the target,
anticipating its future position. A target sceker in
the nose of the missile receives reflections from
the target and determines its direction in space.
Reference signals from a direct link between
missile and tracker combine with the secker
output to establish target range and speed
(Doppler) providing continuous guidance update
until impact. The integrity of the system is again
threatened by rocket exhaust interference in the
form of aticnuation of the rear reference and
corruption of its information by sideband noise or
as “spillover” noise into the missile forward
recciver or as a contribution to “clutter”, a
commonly used term to describe unwanted echo
signals from objects other than the target such as
ground, sea, counter radar chaff and precipitation.
To counter the effect of “clutter”, natural or
intended, tracking and seeker radars often employ
“rangcgates” and “spcedgates”. They are similar in
concept. The “rangegate” discriminates against
radar returns other than those within a prescribed
distance frame from the transmitter while the
“speedgate” acts similarly in discriminating against
those radar returns that fall outside a prescribed
*Doppler” frequency band which can be related to
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the velocity, of thé target. The signal to clutter
ratio is significantly improved by lheu' use.

In the context of semi-active homing,
incoherent pulsc ;radar systems, glving range
information, would _e¢ sensitive to the amplitude
of spurious signals that may appear as “clutler” in
the rangegate. Continuous Wave Doppk'r and
Coherent Pulse Doppler systems woui,d be
sensitive to sipzals having sideband ‘frequencics
that may affect ibe operation of the spccdgale
filtet.

. An indication of the “Doppler” frequencies
encountered may be found in the simple
relationship fp = 2V/A where fp is the “Doppler”
frequency shift for a given radial target velocity
(V) and stationary radar of wavelength "A",

3.1.4 Active Radar Homing

In a semi-active homing missile the seeker is
a tracking radar without the transmitter for target
illumination. The active homing missile has the
transmitter included making the missile fully
autonomous when locked on to the target. The
principle is that for scmi-active hominy but signal
processing and computed course correction are
donc on board the missile. Only if the rarget falls

- outside the range of the illuminating radar is

ther¢ a neced for a remote signal link, this link
gives: mid-course guidance to the .missile lo
maintain it on coursc and bring it into radar
contdct with the target. During the autonomous
stage: of flight the rocket plume is unlikely to

cause problems, in mid-coursc guidance the rear

facing link could suffer plume attenuallon and
sideband noise interference.

32 SalvoVOperatlon

'
‘

some penalty.
Some;solutions might be :-

(i)  Flight path offset at critical periods of
flight to avoid excessive signal losses.
Penalty : Loss of optimum path,

(i) Provide electronic
against interference.
Pcnally: Incrcased electronic com-
blcxity. and cost.

discrimination

(iii) Usc of multiple antennae or reflectors
fttached to wing surfaces to remove
propagation  paths from  highly
attenuating regions of the plume.
Penalty: Lowered aerodynamic
éfficiency. ;

"(iv) Boost-Coast propulsion such that the
exhaust is absent in terminal stage of
useful flight.

Penalty: Restricted terminal velocity
(not always of importance).

(v) The reduction of frce electron
concentrations  in the plume by
chemical modification of propellant,
Fepalty:  Nonc, costs are in original
propellant  formulations, However,
should it be a remedial change of
propellant from the original then costs
could be extremely high.

- (vi) The use of an Active Homing System
without mid-course guidance.
Pcnalty:  High  cost,
complexity and weight.

clectronic,

While the broad principles of microwave s
homing, guidance, and  tracking  remain,; A
sub-system technology has advanced ‘W’wa,, K
remarkable degree.  Reference 27 details soffie of” A

Where two or possibly ,more missiles are
fired in a salvo the exhaust of one may seriously
interfere with target tracking or with the guidance

','1“

of another. This cah be complicated still further
when the salvo is ‘intended to engage multiple
targets. The problems recounted in Sections 3.1.2
and 3.1.3 are valid for salvo operations but with
the addition of inter-link intcrference.

3.3 Discussion

In trying to outline the probk:ms associated
with exhaust/microwave system mtcrfq,rcncc no
attempt has been made 1o offer soltigions. Those
available to the enginecr- depend on the
operational role, but few :overcome exhaust
interference without recourse to expediency and

these advances. Wherce past niissile-borne systems
have required large and heavy microwave and
signal processing units, new generations of
microwave equipment have becomc much smaller
due to modern circuit design and fabrication.
Signal processing, with the advent of monolithic
integrated circuit lechﬁology, has led 1o
miniaturization which has been carried into
microwave technology wilh stripline techiniques
and microwave integrated circuits.

Millimetric waves offer the advantage of
small, lightweight systems having very narrow
beamwidths with good spatial resolution, essential
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qualitics for high accuracy and precise target
definition.  The physical size of microwave
circuits are proportional to the inverse of the
operating frequency.and it is very noticcabic in
antcnna design.  Whereas at a (requency of
10GHz the anteana may have a diamcter of 1.0m
for a given beam width, at 95GHz, for the same

becamwidth, the antenna diameter will be 0.1m,
. :

This muniaturization process now ;makes it
possible to have a complex homing system, such
as that of active honing, within a missile ol some
120mm diamctc  One outcome of this reduction
in size and payioad is thc opportunity to reduce
the size and thrust required of a rocket motor for
a given performance such thal motors having
combustion suppresscd exhausts  become  the
preferred option.  This report will show ' that
avoiding sccondary combustion (afterburning) in
the cxhaust will prevent ¢xhaust temperatures
rising to causc ionisation and, without a large frec
clectron  population, cxhaust cmission  will be
dramatically reduced while atienaation and the
generation of sideband noise will no longer be a
probicin,

40 BACK SCATTER
(Radar Cross Section) -,

Forward scattering from the source volume
described in Scction 2.2 has its counterpart in
energy scattercd rcarwards, back along the path
travelled - by the incident wavefront. Again, a
frequency spectrum  from all contributions is
created and such cnergy is referred to as back
scatter and forms the plume radar cross scction
(RCS). Its ccho potential is usually scveral orders
of magnitude below that of *he missile body but

incrcasing usc of radar absorbing matcrials in

stcalth body dcsign-is reducing the gap between
body and plume radar return.

~Back scatter of microwave radiation by a
plume is calculated using the same scatiering
equations (3, 4 and 5) used for forward scatlcr.
Some differences occur in the use of the
equations for the two situations; for back-scatter
the angle, a, is fixed at 180 dcgrees and the
absorption function, C,, is madc of two parls that
are generally the same on inciderrce and departure
from a scattering element, dv. This contrasts
with forward scattering where « assumes all
values and C, dilfers in valuc between that of
incidence and departure,

To measure backscatter from the plume the
transmitter and receiver arc usually in the same
location (mono-static radar). The scattered

TECHNICAL LIBRARY

returns into the recciver can be expressed as an
effective arca compared with a known standard
reflecter and represent cnergy in the arca under
the spectral curve.

An important flight trial{28} was made in
the US. didicated to tiec mcasurcment of
backscalter. - The results were compared with
calculations. " In general, Doppler trequency shift
relaies to plume flowficld velocity components
along the radar linc-of-sight through the plume
and can be associated with specific regions of a
flowficld prediction that ca'culates the spalial
distribution of velocity. In the backscatier

. . i IR
prediction  code, specific RCS  returns were
associated wilh speciffc regions of the plume and
hence, with specific velocitics.  These were then
joined together to form the total theoreticai radar
cross scction of the rocket plume. Figure 16a
shows the total RCS Doppler spectrum mcasured
in flight anél was obtained by summing the
Doppler specira from nince individually resolved
range “bins” iin the RCS flight dawa. Doppler shift
data from cach of thc range “bins” can also be
plotted, cach range "bin” corresponding to a 20.2m
length of plume.  This technique provided, in

cffect, a “diagnostic probe”™ with which to
interpret data from  the flight  plume  for
comparison  with  spatially  resolved  plume

calculations. Values from cach of the nine “bins”
arc comparcd, calculation with cxperiment, in
Figure 16b.

5.0 EXHAUST EMISSION

Microwave radiation from the exhausts of
lactical missiles can bc a mecans of dctection.
Interest centres largely on the millimelric region
of the spectrum where propagation windows exist
in the carth’s atmosphere that allow the passage

of millimetric waves over relatively  short
distances. Figurc 17 shows the atmospheric
spectral- transmission range with windows at

frequencies of approximately 35GHz, 94GHz and
140GHz. '

The physical processes governing thermal
cmission from rocket cxhaust plumes at
millimetric wavclengths have been examined by
Sume.[29] The mechanisms considered were
frce-free  clectron  cmission  (bremsstrahlung),
molccular band cmission, free-bound clectiron
cmission, and the emission from aluminium oxide
particles in  the c¢xhaust, The dominant
mcchanism  was found to be the free-free
continuum cmission from clectrons, and is the
only mechanism considered in this treatment.
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Losscs during itee electron-neutral body
collisions occurring mnaturally in the ionised
exhaust form the free-free emission, which is a
continuum radiation. It is governtd by the
jonisation processes supported hy 1igh exhaust
temperatures and alkali metal impu. itics in the
propellant.

Flccliron  concentrations of :0!5Sm™3 to
i0'%m 3 and collision frcqucncy of 10'S°! are
typical at sca level. '

5.1 Emission Theory

The monochromatic cinission intensity along
a line of sight path of length L through a
non-isotropic, non-isothcrmal wedium is piven

by -

1w =[" exp [—f €k @) az“] KO, 2 de
4] (4]

(6)

where Iy (€, 1) is the local black body emission
and [ K(f) is the absorption cocfficient at
wavclength 4. The absorption cocfficient, at
angular frequency (w = 27¢/2), of a plasma with
no magnctit ficld present is given by Sume.

K = 2m ny/c
where ¢ s the velocity of light and ny is the
imaginary part of the conplex refractive index

(n).

-Following Sumce

n? = (n, —i n2)2 |

= 1 - x(1—iznt
Assigning

x = wlw? and 2 _—Alva)"

p .

’

with v as the clectron-ncutial molecule collision
PI‘_‘rcqucncy and wp as the plasma frequency given

2 _ 2
wp -Ncc /com

where N, is the electron density ¢ and m are the
clectronic charge and mass respectively and €g is
the permittivity of free space, onc now obtains -

or if
mpz £ v + " and v2 £ w?, or if ¥ > w?

X 7

n_ =

2 2(l+'/.2)

Henee, i temperature, clectron  con-
centration and clectron-ncutral molecule cellision
frequency arc known along the line of sight, the
cmission can be calculated. The quantities can all
be predicted using standard rocket cxhaust flow
ficld calculations,

The black body emission is given by the
Planck cquation

S . -1
l"= (,I ) { exXp (Lzl).T) - l} (7)

Since apparent brightness temperatures arc
required, the black body cmission cquation s
simplificd by ignoring the first i.rm (C,A"5), and
the apparent brightness temperature is calculated.
The cengincering  quantity, Apparent Brightness
Temperature, is here defined as that temperature
which is required in Equation 7 to give the same
oulput emission as in Equation 6 at wavelength A

Three-dimensional  geometry is  used 16
define the hines of sight.  The position of any
point along these lines of sight may W
transformed into the plume frame of reference,
and, w.ing lincar interpolation, the values of
temperatnre,  dectron dessity  and  collision
{requency at any point can be calculated from the
plume output.
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Provision can:also be made for the pdssible
transmission of background radiation from sources
on the far side of the plume to the detecior. A
uniform  apparcnt  brighiness  tempcrature,
specificd by the wuscr, is assumcid for the
background radiation. This is added (o the total
calculated cmissions at the cnd of cuch line of
sight, and is taken as the total emission for lincs
of sight which do not intersect the plumeé,

52 Emission Measurements

To dalc cmission data are sparsc. One UK
based cxperiment afforded the oppurtunily to
undertake dual frequency measur:ments  of
cmissions from doublc basce and compc‘siic molors
of 30kN and 10kN thrust, respeciively. The
frequencics of interest were nominally 35GHz7 and
90GHz and similarly constructed radiomclters
consisted of a dish antenna, radiometer head with
a Dicke reference, a mixer with LE. amplifier
lcading to a detector and band pass amplificr and
finally coupled to a corrc'atcd detecior.  The
antcnna 3dB lobe widths Wcrc i3 degrzes and 0.8
degrees for 35GHz and 9(5’6& respectively.
Data from the radiometer w’cfc' analysed by a
dedicated compulter. Flgurc 18 shows the
measured apparent brightness temperatures for
the composite propellant motor and Figurc 19
shows similar values for the double base motor.

" 5.3 Detection

Short range detection of exhaust millimetric
radiation by passive scnsors is possible and, with
reccivers having good spatial resolution, capable
of providing accurate target bearings. The uscful
detection range of an incoming missile will be
strongly influenced by the size and thermal
ionisdtion characteristics of its exhaust. Much of
the intense radiation may be obscured by the

‘missile body when viewed at angles ncar to

"hecad-on”. Narrow angle reception would require
rapid scan opcration for surveillance purposcs, the
slternative of initiali wide angle reception is likely
to rcduce detectioh sensitivity with increased

__background lcvel, particularly at low clcvations

near the earth’s surface. As a defence aid the
detection of cxhaust millimetric radiation may
form  part of a hybrid system to provide
surveillance, detection and counter action,
>
6.0 REDUCTION OF EXHAUST l
INTERFERENCE AND SIGNATURE

It should be the aim in rockel design to
produce a motor that yiclds no guidance or
tracking problems and offcrs /minimal signature.

5-13

Microwave attenuation, scaltering and emission
have been directly associated with the presence of
free clectrons in the exhaust brought about by
ionisation of impuritics at exhaust temperature.

6.1 Chemical Modification

Readily ionisable alkali metal impurities are
a major sourcc of frce clectrons in rocket
exhausts.  Of these, sodium, poiassium and
calcium arc commonly cncountered, forming a
very small, bul sngmﬁcanl part of the piopellant.
Typical contenl itions of these metals in solid
rockct motors would be 30ppm by weight of
potassium and 100ppm of sodium (and cven
higher levels of calciiim) depending upon the type
of ‘propcliant and iis nicthod of manufacture.
Complecic removal of these impuritics from
propellants is difficult and prohibitively expensive.

Composite propellants incorporate calcium
in the phosphate form to reduce agglomcrali(\)n in
ammonium perchlorate, while the hydroxide is
uscd to counter the acidity of nitro-cellulose in
double base propellants.

The ionisation process very much depends
upon: exhaust temperaturcs, should they be
lowered the ciectron population will then show a
marked decline. thereby reducing the scverity of
microwave attcnuation. Ultimately, if the plume
is prcvented from burning, very little or no
allcnuation is cvident.

Exhaust combustion is supported by
flame-propagation of free radicals like H and OH
and rapid rcmoval of these radicals is the aim of
combustion suppression.  Although paradoxical,
potassium salts introduced into double base
propellants as a small percentage of the propellant
can stimulate the radical-removing reaction
processcs. ’ )

K+OH+M o KOH + M
KOH + H - K + H;0

Sodium has similar reaction properties but,
weight for weight, is unlikely to betier potassium.
An important aspcct of flame suppression agents
is that they should act in the gas phase rather
than. produce condensed products.  Potassium
compounds have been shown to be cffective
suppressants -.for  double base  prcpellants
{30,31,32].

Some alkalin. carths have been considered,
notably molybdcnum, iron, cobalt and tungsten.
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[33.34]

Suppression additives can be introduced in a
varicty of ways, the most common bcing as a
propellant ingredient but other methods such as
annular spray rings, ablating rods or collars and
charge or throat coatings arc possible. While
static rocket firings are used to asscss the
performance of additives it must be cautioned
that in critical 'burn/no-burn’ cascs the turbulence
of forward velocity or other perturbaticins in flight
may influcnce the onsct of cxhaust tombustion,

Wind-tunnel tests or ultimat:ly flight tests may be -

necessary to ensure complete: confidence.

The case for composite prepellints is oue
where  total  suppression  is  ualikely to  be
successful.  Some reliel from altenuation can bhe
achicved by the introduction of certain mectallic
compounds into the exhaust which will lower the
frce clectron concentration. Two chemical
mechanisms are suggesied.  One involves the
process of electron attachment where free
electrons are replaced by heavy, slow moving,
ncgative ions which contribute very litile to
microwave absorption [35]. Using molybdenum as
an example, such mechanisms could be -

¢ + HyMoO, -  HMoO,” +H

¢+ HMoO, - MoOy" + H)O
These rcactions must over-ride the already
acting reaction ‘

'

e +HCl - CI+H

The other mechanism has the object of
lowering the free radical concentrations in the
cxhaust but not to the point of flame extinction.
If chlorine is present in the plume then in general
the ionisation of alkali metals(A) takes the form

ACI"m +3H - A* +c¢ '+ HCl + H,

where concentrations of electrons {e} clan quickly
fall if thosc of H (the hydrogen atom) drop [36].
It is important that the additive shouid remain in
the gas phase in the exhaust, cqually it should not
form stable compounds with ihe chlorinc.

With double base proncllants any additive
forming stable ncgative ions in' the exhaust will, in
some measure, reduce © free clectron
concentrations, particularly since [Cl°] is not being
generated.

70 CONCLUSIONS

It is argued that to fully evaluate the
microwave propertics of a rockel motor exhaust
for a spetific role, flight tests should be
undertaken in the proposed operational environ-
ment. This is known to be very expensive when
the fuil range of operating tcmperatures, altitudes
and velocities are represented.  Also missile
manocuvres and information on flight attitude at
any instant can make the recording of accurate
flight data a difficult task. Added to this is the
fact that flight tests can only come at the post
design stage when the programme is  well
advanced. Any fundamental changes at this point
arc often strongly resisted and a compromise
enters the project. Confronted with these diffi-
culties alterdative plume studies were sought and
have become¢ an intrinsic part of missile system
design.  Theoretical studies offering reliable
predictions at the time when design options are
being considered would be the ideal way to
oplimise propulsion pcrformance .against plume
cffects.  Application codes need to be improved
with better models for diffraction and refraction,
emission processes and radar cross section. But
these codes are only as good as the theoretical
plumc flowficld model and it is here that we find
the key and the chailenge. It is largely recognised
that further plume model development is essential;
in shock trcatment; in base flow; in condensed
particle flow cffects and the treatment of time
dependant turbulence propertics.  In this, the
advent’ of small, but ever more powerful,
computers make possible the realisation of
progress towards betier models. For the present,
plumc technology has not yet reached the stage
where nodclling techniques preclude recourse to
cexperiments,  The aim of a plume study group
must be to perfect these techniques supported by
validation from wcll conceived experiments.

Exhaust technology is a field in which
fundamental rescarch and system applications can
profitably procced, hand in hand. System tests
and modecl validation can be part of a common
programme for rescarch and project support.
Facilities for measuring exhaust: microwave
propertics should offer maximum flexibility to
support the following typical objectives :-

(i) To provide experimental data for new
rescarch concepts.

(iij To conduct cxperiments for the
validation of prediction codes.

(iii) To compare motors for specific

RGN Bt (A=
TR o M
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mission objectives.

(iv) To mr.'asurc; the microwave
characteristics @ of propcllants
containing a rahge of additives for
plume suppression and other
interference relief.

(v) To evaluate rocket motors for service
acceptance.

:
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Fig. 5 Attenuation Measuring Equipment. Schematic Diagram
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Interception X-Band J-Band ‘ Q-Band
angle, A dB 1dB A dB 1dB A dB 1dB
+3 -234 -15.0 -235 -18.0 | -158 -19.0
) +5 -185 -178 -22.0 -125
P +10 -61 -22.0 | - 58 -23.0 | - 41 -30.0
+20 ~157 | “13.5| -15.1 | -12.5 | -10.6 | -
Noniinal Freqlencies: X(10GHz), J(16GHz), .K(3 5GHz2)
. A )
Fig. 9

Comparisor of Calculated Absorption Loss (A) with Experiiuental
Insertion Loss (1) '
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Doppler, 23.9km, 1890ms’!, 381°
Total Integrated RCS = -7.1 dBsm
Doppler Velocity, 20ms™! per Division
= 176.8 Hz
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Fig. 16 (a) Total Doppler RCS Spectrum. US Motor (BB).
(b) RCS Spectra. Comparison Between Flight Data and
Calculations. US Motor (BB)
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Plume Radiation

by
~ R.Dirscherl .
Deutsche Aerospace AG

Dynamics Systems
| P. O. Box 801149
D - 8000 Miinchen 80

Germany

Summary
/ .

The electromagnetic radiation’ originating from the exhaust plume of i ictical missile motors is of outstanding
importance for military system designers. Both missile- and countermeasure engineer rely on the knowledge of
plume radiation properties, be it for gnidance/interference control or for passive detection of adversary missiles. To
allow access to plumé radiation propertics, they are characterised with respect to the radiation producing
mechanisms like afterbuming, it.. chemical constituents and reactions as well as panticle radiation. A classification
of plume spectral emissivity regions is given due to the constraints lmposed by available sensor technology and
atmospheric propaganon windows. '

Additionally assessment methods are presented that allow a common and general grouping of rocket motor
properties into various ¢ategorics. These methods describe state of the art experimental evaluation techniques as
well as calculation codes that are most commonly used by developers of NATO countries. Dominant aspects
influencing plume radiation are discussed and a standardised test technique is proposed for the assessment of plume
radiation properties that includes prediction procedures. These recommendations on terminology and assessment
methods should be common to all employers of plume radiation. Special emphasis is put on the omnipresent need

for self-protection by the pawve detection of plume radiation in the ultraviolet (UV) and infrared (IR) spectral

band

1. INTRODUCTION

Due to the change in global balance, NATO -

strategies are changing also. The future engagement of
forces will be more in local conflicts with conventional
weapons for quick and intemationally guided missions.
Of paramount interest in this type of mission is the
need of reconnaissance-, surveillance- and warming-
sensors and systems

Both ground and air forces are threatened by
hostile missiles. 90% of the planes lost in combat
during the last years were shot down by missiles with
IR sceker heads. The nost evident way to ¢ounter this
threat is by sensing the hostile missile in order to direct
countermeasure activities. The radiative emission from
the missile’s body, or more important its plume
signature is used to perform this task.

Despite  shrinking military budgets, many
government agencies are willing to spend money on
wcapon system updates including “defensive aid
subsystems” (DASS) or "Missile Approach Warning"
(MAW) systems to counter that kind of threat,
especially for flying platforms. This motivation will
direct and steer the future development and research of
missile technology - namely its radiative signature, or
rather the avoidance or minimisation of signature.

Up to now smoke properties were of prime
interest for missile designers, because it is the most
striking artefact of a missile being fired. The smoke as
scen by the naked eye gives clear evidence of the
trajectory, speed and distance of a missile. With the
development of "min” smoke or smokeless motors, as
described in earlier papers of this lecture series, this
most evident signature is controllable, With the
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advance of night vision and infrared sensing dcvices
surprise strikes are also performed during night or
under adverse weather conditions. This relativates the
smoke signature of rocket motors, but °mphasm.s the
radiative plume signaturc of missiles.

At the moment there are two spectral regions
most favoured for the passive de ection of tactical
missileplumes by missile launch and approach waming
systems, namely the middle infrared spectral region
between 3 -5 pm and the solar blind ultraviolet spectral
region below 300 nm.

Another concem of rocket motor plume sigﬁ:ature
is its interference with missile guiding systems. Laser
beam riders or guidance and control systemﬁ are
disturbed and limited by the infrared sngnature of the
plume.

Rocket designing engineers are working on its
performance by changing missile aerodynamics and
motor properties. Cesign of the rocket motor nozzle
and missile afterbody geometry can be tailored to
reduce IR plume radiation by reducing or eliminating
zones of recompression and high temperature thereby

moderating or suppressing afterbuming. In this way the

flight dynamic and accuracy is improved. But by using
more encrgetic propellants bumning faster, the radiative
signature is also increased. This can be countered to a
certain degree by the usage of additives or a different
motor design; nevertheless the radiative motor
signature is directly related to motor performance and
is of outstanding importance.

In cases, where dual stage propulsion is used, the
intensity of radiation in the end phase of flight is
reduced by a raise of booster mass at the expense of
sustainer mass. A niodem approach to minimise plume
signaturc, is to make the missiles cver faster - so catled
high veldcity missiles - where the speed is increased
from Mach 2,5 to Mach 5 and more. The tactical
miissile is accelerated very fast with the advantage of a
short boost pHase followed by a long ballistic flight
phase after motor burn out. The advantage is a short,
yet strung radiation emitting boost phase, with a
missing sustaiher plume, especially in the critical
terminal phase where countermeasure deployment is
performed. The approach for minimising overall plume
signature is convincing. New problems, like high
acceleration, explosion like boost phase, fast initial
guidance arise due to changed missile performance.

To address signature problems it is necessary to
have a thorough understanding of the mechanisms
producing emissions in plumes. The classification of
this emitted radiation into spectral regions, the
operational role of the system which dictates spectral
criteria, and the overall system design help in assessing
comparative methods for rocket motor evaluation in

INICAL LIBRARY

terms of plume signature. From a designer's point of
view the requirements are system dependent in
practically every case and a simple grouping iiiin two
or three system based categories might be consicered
like

e small tactical missiles - short rarge (low
altitude)

e large missiles - long range {iow and high
flying, booster phase and sustainer phase).

s "AGARD advisory report” can only give
guldelmes, general rules and basic reccrmmendations
for assessment methods such as:

(i') | theoretical calculation techniques
(ii) measurement procedures

(iii) presentation of results

(iv) standards

(v) units uscdq

(vi) limitation of measurements and computer
codes ‘7

The achievable prognostic results of plume
radiation depend a lot on available measuring
techniques and devices and on the effort and level of
understanding that goes into the computation of
radiation phenomena. It is a continuous interplay
between measured results, plume flow field parameters
and radiation calculation models.

2. CHARACTERISATION OF ROCKET
MOTOR PLUME RADIATION

2.1 General Description

The hot combustion products of a rocket
propulsion system produce a highly turbulent exhaust
plume as they expand through the nozzle into the
surrounding atmosphere. These products consist of hot
gases from the buming process, activated and
dcactivated molecules promoted by chemical reactions,
accelerated particies of incompletcly bumt fuel, soot,
metal oxide condensates and other solid constituents.
The plume is an extremely complicated chemical and
thermodynamic entity whose properties very largely
depend upon the type of propellant, motor and nozzle
design, gas dynamics and flight conditions, This
chapter is niainly concemed with radiation from this
complicated source which is scattered, re absorbed and
quenched during this emission process.

1,
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In a typical propulsion system, plume solid
particles, the nozzle and other parts which operate at
elevated temperatures fall into the thermal emitter
category. Thermal emitters produce radiation which
can be partially described by Planck’s spectral
distribution of emissive power. Considerable energy is
produced in the infrared. The presence of this source of
radiation is «i iraportance in weapon systems where
thermal seekcrs are used. Solid particles are evidént in
the far fie!d plume region because they produce smoke
but in rhis chapter we are concemed about the near
field region, where several types of solid may be
excited to emit radiation. Soot is one type of species
that is excited to emit radiation. It exists predominately
in rocket motors using carbon-hydrogen fuel with a
C/H ratio of over 0.5. Metal oxides are formed from
metallic additives such as Al, Mg, and Zr where
concentrations between 5% and 20% ,are used in
composite-double base propellants. Boroxides are
sometimes produced in solid ramjets where Boron is a
content of the fuel.

Further flame emission comes from molecular
reactions which can be divided into the emission of
rotational, vibrational and electronic spectra.

In these normally complicated.processes there is
rarely complete knowledge of the kinetics of the
chemical reactions occurring within the plume. The
character of radiation from these sources is not simply
described by blackbody radiation and therefore more
difficult to treat than that from solid bodies. |

2.2 Phenomenology

Rocket exhaust plumes are characterised by
turbulent mixing and aflerbuming in a flow initially
dominated by strong wave processes. The under-
expanded exhaust equilibrates to ambient prcésure via
a sequence of expansion and compression waves.
Mixing and afterbuming processes commence and
develop in the shear layer formed between the exhaust
plume and ambient external flow.

The overall plume flow field can be subdivided
into the three regions as seen in Figure 1, namely:

e the predominantly nearfield inviscid plume
where wave strengths are strong and turbulent
mixing processes are generally confined to thin
layers.

¢ a transitional region where the mixing layers
engulf the entire plume and wave strengths
diminish due to tarbulent dissipation.

6-3

o the farfield fully viscous plume where wave
processes have totally diminished and a
constant  pressure,  turbulent  mixing
environment prevails. :

Given this complicated flow field regime, it is a
chailenging task to understand and predict its radiation
properties. The objectives are to define plume
signature mechanisms, quantify their temporal, spatial
and spectral characteristics for various types of
propellant and altitude regimes and list their
importance for selected missile flight tasks. To engage
this problem one has to secure agreement on key
definitions, on the recognition of crucial geophysical
constraints and on the way the parameters are
described. Such agreement would establish a common,
uniforma method of information gathering and would
likely describe:

(i) the mechanisms that create or produce plume
radiation.

(ii) the ntensities of electromagnetic radiation
produced over a given wavelength band, the
spectral distribution of energy within that
band and how measured or predicted values
relate to the source of emissions

how these radiation properties are influenced

(iii)
by
a) motor design  (performance
optimisation, propellant composition
etc.)

b) conditions independent of motor
design e.g. flight regime, atmospheric
extinction, plume background.

This type of characterisation forms a parametric
study, it allows for an understanding of plume radiation
phenomena and the formation of a radiation prediction
technique for applications in support of missile
detection, guidance and tracking. As rocket flight tests
are extremely expensive and plume radiation
measurements in flight are difficult to perform it is
important to have accurate prediction codes.

In designing passive sensor systems, battle scene
simulation codes are a vital aid. They must address all
possible scenarios, a wide range of atmospheric
conditions, variations in background structure,
turbulence, short motor burn times etc. To distinguish a
missile operating in such’an inconstant environment its
exhaust radiation must be characterised, emphasising
unique spectral properties for positive identification.

"
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Table 1: PLUME RADIATION ME "HANISMS AND MAXIMUM EMISSION RATES

Approximate Maximum Spectrum-!ntegrated

Mechanism Energy Supply Rates for an Exhaust Speciral
With W = 350 kgs™!(*) Region

1 Core Radiation 230 x l03 Watls . IR

2 Aflterburning Radiation 197 x 10° Waits (!1 < 50 km) IR N

k] Collisional Deceleration Radiation 118 «x IO3 Watts d\ = 0 km) I ‘

0 Waus (fbo < h < 90 k) IR/VIS/UV

4 Internal Shock Radiation l 128 x10° Watts (h 2> 200 km)**

$ Atmospheric Pumping Radiation PETY Waus/km (90 < h < 130 km) IR

6 Atomic Oxygen él\emi luminescence

7 High Altitude Molecular 36 x10° Watts/km (h 2> 130 k) IR/VIS/UV
Association/Dissociation Radiation

8 Airglow from Rocket Vehicle Friction 6,70 x l03 Watts (h ~ 100 km) IR/VIS/UV

9 Scattering of Chamber Radiation by Plume 6.73 x l()3 Watts IR

10 Solar Radiation Scattered by Solid 22 x10* . Wauwkm , vis
Particles in Plume

tl Solar Radiation Scattered by Gaseous 0.39 Watts/km Vvis
Species in Plume )

12 Absorption of Solar UV by Plume Gases 7.48 x lO6 Watts/km IR/VIS/ UV
and Reemission in UV, VIS and IR

13 Plume-Reflected Earthshine . $85x 1070 . Waugkm R

* The ascending rocket is assumed to follow a typical trajectory for near-earth orbit injection;
h = altitude. Radiations given in watis/km refer to ki of trail length with V, ~ 3 kms-!1,

** This value is for W = 350 kgs'!.
and the radiation should be scaled down by a factor of 350/50 = 7.

Usually at this altitude, a second or third stage is burning

’. 2.3 Origin of Plume Radiation

Emission spectra are governed by the excitation

energy of ators and molecules throughout the exhaust

which, among others, is a function of local energy and
thermodynamic conditions. Gas phase radiation specics
present in the plume are, in major pant, determined by
the propellant composition and the reaction of its
combustion products with the ambient air. In most

cases a line-by-line model has to be replaced by a band
model to describe the radiation characteristics. Table 1
denotes a number of possible plume radiation

mechanisms.

Plume radiation can originate from:

(i)  chemical reactions in the buming process

- molecular and electronic excitations and

transitions

- chemiluminescence, fluorescence

- exothermal, radiation producing reactions

(ii) thermal emission in the afterbuming phase,
plume/atmosphere mixing and shock heating
in the afterbuming region produced by liquid
or solid particles.

From the foregoing radiation producing

mechanisms we shall consider here in more detail only
the chemistry of plumes, afterburning effects on plume
radiation and particle radiation in the plume.

2.3.1 Chemistry of Plumes

The variety of emitting species in thé complex
flow system of a rocket exhaust is a result-of the
radiation-kinetics of collision processes in the gas
phase. Contributions to the radiation stem from
evaporation and condensation processes, particle-

»“'w,;-). 0"’
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molecule reactions and reactive and inelastic
collisions. A normal radiation producing chemical
reaction (chemiluminescence)is written:

‘

A+B -C+D*

oreg. CH+ 0y — CO+OH*

where one of the products of the!exothermal
reaction is in an excited state (*) which is deactivated
by the emission of radiation. The wavelehgth of this
emitted radiation depends on the available energy so
that emitied line spectra in the infrared. although
broadened by the known cffects of coilision and
Doppler broadening, come frem vibrationhl-rotational
transitions, where UV and visible radiation between
160 nni and 800 nm have their origins in thc more
energetic  electronic transition  states. A listing,
representing classes and examples of plume chemical
reaction, is given in Table 2. Classes of reactive and
inelastic collision processes are listed as weli as their
major effect on plume exited-state distribution. The
first four reaction classes listed (A through D)

HNICAL LIBRA
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represent bulk chemical rate processes where the
reactants and products are assumed to have internal
state  distributions  consistent  with  "Local
Thermodynamic Equilibrium” (LTE), and all the
energy corisumed or released by the reactions is
reflected in the local kinetic temperature.

These four reaction classes, along with
condensation, evaporation and heterogeneous reaction
processés are sufficient to describe most chemical
effects in low-altitude LTE exhaust plumes. If LTE is
not guaranteed, the hypothesis involved in developing a
radiation model is no longer valid, since the radiation is
dependent hpon the; populauon of upper and lower
states which arc nd longer related by a Boltzman
distribution. Rather, the populations of the states must
be calculated by codes that include finite rate kinetic
processes along strcamlines. This diticult type of
calculation has been performed for the UV spectral
range and yields values that range above those of the
normal "Standard Plume Flowficld" (SPF) species
calculations.

To a ldrge extent, emission from molecular bands

Table 2: CLASSES AND EXAMPLES OF PLUME CHEMICAL REACTIONS

Generahzed 'oemnla
Reaction Class ' (ME Artutrary Collision
Partnern)

. Major Fifect on Fxcited
Examples .
State Distnbution

Reactions that release or Consume Heat

A Fxothermic imuiecular Aelh=eC e hen

Reactions

B Thermolecular
Combinations

AeBeM—ADs M

i
C Endothermic Bimotecular AeBetheart—=Co )

Reactions

D Coltisional Dissociations AN e M = A sl e M

Ol o 11y = 1,0 « H

Ranes pas temperature
CO « Ol — CO2 + H

Ilsll-.\i—‘llzo.\i

OH « H o M — HZO‘.\(

Hy0 o O = 2011
COL e O~ CO Oy

Raises gas temperature
Lowers 3as temperature

OZ eM—~20eM Lowers gas temperature

II20~M-<M e Ol o M

Reactions That Create. Desiroy ar Transmute Excited Intemal States

-~

Chemiluminescent

Bimolecular Reactions

Chemiluminescent Com-
bination Reactions

Collisional Excitation

Collissonal Quenching

Reactive Quenching

Fxcnation Transler

AsB=CTiuD
AsB M- ARTL L\
AsB—=A'Tl.p
ATL DB =~AB

A'Tbiil—=cCc.D

i - Al

A'TL .,
- C e

CH « O2 — OH* + CO

CZOOO—‘CO‘bco

C0~00M—'C02‘~M
O« H e« MOl = M

COZ . CO2 - COZY . COZ
O H20 - H201 .0

OlI* « M — OH « M
COd + M — CO2 oM

Ol* + O — 02 «H
HCIT + O~ Ol + Cl

NO' e 0 = Ny o 08

nyT . 0O—ONT o H

Directly creates excited
internal state

Directly creates excited

nternal state

Directly creates excited
internal states

Directly excited internal

state to heat

Destroys €xcited
internal state

Tracsmutes excited
nternal sale

® Excited electronic state
vt Excited vibrational state

1 Excited rotational state
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is concentrated in the infrared spectral region, with
emitting molecules and band cetitres being documented

in Table 3. When viewing plutirc radiatioin over long’

distances, atmospheric attcnuation become's important
and detection is possible only in Atmospheric
“windows". Dominant IR-emission is thal from CO,
CO3, and OH. [f Boron is abundant emission from
HBO7 and B203 can be obtained. Visib!c radiation
ariginates predominantly from Alkaline mclals such as
Na r0.585pm), K (0,72pm) or oxides lik: BO2 and
AlO. Due to chemiluminescence Ot-intensitics can be
higher, as described by Plahck’s radizition laws.
Examples of rate constants and spectra for CO + O
chemiluminescent reactions are given in FIQHLQ 2a, 2b.
2¢. The reader is also directed toward Refefence 13, A
listing of important electronic  chemiluminescent
rcaction mechanisms is given in Table 4.

entrained air in the so called “Plume Mixing Layer"
after leaving the nozzle (Fig. 4). A descriptive term for
this secondary combustion is "afterbuming”. With
cnergelic propeliants this oxidation is very similar to
the combusiion that occurs in turbulent diffuse flames,
2xcept that it now occurs in a complex multi-phase
expansion accompanied by strong shocks.

As in the casc of ordinary combustion,
afterbuming is a free-radical chain reaction process
requiring a moderate density of both oxidiser and fuel
species to sustain the chain, a requirement that
generally restricts this phenomena to low altitude LTE
exhaust plumes. Afterbuming can be suppressed at
high missile velocities which tend to "blow off" the
afterbuming plume regions in much the same manner
as the flames from a Bunsen bumer can be
cxtinguished by increasing the air/fuel flow rate above
a critical volue.

v
\

Table 3: Principal Plume Exhaust Gases Near-Infrared Emission Bands
Molecule 1 Band Cenires (i1 crons) |
('_'O2 1.96, 2.01, 2.06, 2.69, 2.77, 4.26, 4.68, 4.78:. 482, 5.17, 150
cO 4.66, 2.34, 1.57
HC1 345, 1.76, 1.20
HZO 0.94, 1.1, 1.38, 1.87, 2.66, 2.73, 3.2, 6.27
NO, 4.50, 6.17, 154
NZO 2.87, 3.90, 4.06, 4.54, 7.28, 8.57, 1698
OH 1.00. 1.03, 1.08, 1.14, 1.21, 1.29, 1.38, 1.43, 150, 1.58, 1.67. 1.76. 1.87, 1.99
50, 4.0, 4.34, 5.34, 7.35, 8.69

3.2 Afterburning Effects on Plume Radiation

For applications keyed to missile detection,
guidance, etc., the overall plume structure and its
radiation is of strong interest with attention gencrally
focused on the far field solution.

For detection purposes in the terminal {light pha.e
the plume geometry and dimensions arc of great
importance, because "side on" aspect angles change to
a dircct "head on” situation were the centre part of the
plume is shaded by the missile body. as seen from the
target (Fig.3).

For such applications, the near field solution

serves 1o provide starting conditions for a farfield,
constant pressure mixing/afterburning calculation (14),
Both  requirements and their interface  present a
challenge to mathematical modclling. The fuel rich
products of combustion inherent in solid rocket motors,
often combined with significant amounts of ignition
residue, liner and inhibitor, mix and bum with the

‘The chiel impact that afterbuming chemistry has
on plume radiation signatures comes from the increase
in plume temperatures through heat release. Most
rocket exhausts produce Hy and CO as the main gas
phase species that fuel afterburning reactions with O
from the surrounding atmosphere to produce H2O and
CO3. The cnergy transfer in the afterbuming region
producing exited vibrational, rotational and electronic
states is rather complex and we refer here to the
extensive available literature.

Preaictions of exhaust plume temperature profiles
for a typical tactical missile with a highly energetic
propellant is exhibited in Figure 5a, 5b. Particulates
(16% aluminium in the propeliant) were cquilibrated
with the gas phase in performing these calculations,
The afterburning is quite rapid at sea level, with
significant auantities of unbumed CO and 112 in the
exhaust beoig depleted within 100 radii of the nozzle
exit. Non cquilibrium gas/particle calculations for this
system would exhibit substantial differcnce in the flow
structure duce to the high particle loading,
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TABLE 4

EXHAUST PLUME ELECTRONIC CHEMILUMINESCENT REACTION MECHANISMS
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Emul'mg Emitting State CM'l A(yem) Possible Pumping Reaction
Species
AT 650748 0.154 Czo + 0= CO*+ CO
a34 61120.1 0.164
co e 3% 20973 0.110 CH(*E )+ O =CO* + H
Izt $5901 | 0.179
ala 48687 0.205 CH(X2MT) + O = CO* « H ™
OH A2Xs 32684.1 0.306 H « OH + Ol — OH(A) + H,0
CH + 0, — OH(A) + €O
OH + No(A) = OIH(A) + N,
25+ Lg+ 3
cez 31828 0.314 Cz‘ P ﬂUpou—ocuuco
CH n2x” 25949 0.385
A4 23150 0.432
~C* - CO
3 0022.5 0.499 0 2
C2 ¢’ 17 20022. . C3+ 2 —°C2‘+CO+O
N, (A3Z*, Metastable) 50206 0.199 Nytly + O = Nyt + H,0
NH A3 29772.5 0.336 Np* (A) + NH — NH* « N,
Nllz : 2/\1 Unknown
NO. A2Z 43965.7 0.227 N,* (A) + N = NO* + N,
Na 2p 16973 or 56 0.589 Nz' (A) + Na — Na* + N2
NaO+O—~Na‘402
co, continuum ('Bz) 0.28-0.45 CO+0+M—CO, M
‘ ' ,
. | . A
. 1 3609 0277 oo
o) AdZ* B3z | 76096 2 0+0<M=0,0+M
2 1 49802 0201 2
NO, | continuum (28, 28,) 0.48-0.8 0+ NO + M = NO* + M

o
O

ﬂ:"n .
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In flight, as missile altitude increases, the
afterburning rate decreases duc to a reduction in
ambient pressure. Above 10-15 km and/or for "cooler”
double-base propeilaht systems (i.c., thosc with
exhaust temperatures less than 1000K), the onsct of
afterbuming is partially controlled by the conditions in
the missile base region. The role of the base region as a
flame holder has been noted during a number of studies
and combustion that occurs at the base can induce
afterbuming in the downstream plume shear layer
which would not otherwise be present. This is caused
by higher initial temperatures in the plume shear layer
and an increase in free radical concentrations.

2.3.3 Particle Radiation in the Plume

In general, particulate matter in the plume may

temperature, and concentration (Figures 6 and 7). For
certain appllcanons. such as scattering from laser
beams it i$ also necessary to know the particle shape.
Temperature is, in general, dependent upon particle
size (i.e. thermal lag), especially for small motors and
high altitude plumes. In addition to the preceding flow
ficld particle parameters, the plume signature also
depends upon certain optical parameters, specifically
the wvariation of emissivity with particle size,
temperature, and wavelength. The variation of
emissivity with size can be computed using Mie theory,
it provides the scaltering and emitting propeiiies of a
spherical particle of known size and refractive index.
The assumption of spherical shape is probably
acceptable for emission, but it can lead tc serious
errors in certain scattering properties if the particles are
actually, non-spherical.

influence  the . For plume
plume  radiation Table S: Radiation Mechanisms/Wavelength Regions calculations such
signature in at information
least five ways: fant T Radiai : . about particle
adiation Mechanism W L
Propeflant Type _ Radiaiion Mechan avelength Region properties s not
(i) by generally
therm | Aluminised Sofid At’203 Particle Thermoluminescence Mid UV-Ness UV | available  other
atly Conposites OH.CO + O Chemiluminescence Near UV than that for the
intera ' . more  common
cting Al 20y Na D Line Thermoluminescence Visbie materials of
with At’ 05, 1,0.€0;. CO Themoluminescence R carbon and
plume _Afzoy 0. coZ Thermoluminescence Far IR A1703. Values
gases : for the
absorption
(ii) by coefficient of

chemically reacting with,plume gases

(iii) by catalysing physical br chemical changes
in plume gases

(iv) by emitting thermal radiation as a result of
heating in the rocket combustion chamber or
plume afterburning regions i

!

(v) by scattering radiation, such as sunshine,
earthshine or combustor radiation

(searchlight effect)

It should be noted that measurements of plume
radiation in the IR can be influenced by the hot nozzle
exit which aiso emits in the IR. '

The presence of hot particles in the exhaust plume
generally leads to significant levels of radiation
throughout the ultraviolet, visibie, and infrared spectral
regions. There are also other important particle effects
such as the scattering of sunlight and the scatiering of
emissions from the combustion chamber and other hot
parts of the motor. The important particle parameters
affecting plume signature are their size distribution,

TN

Aluminium Oxide (Icucosapphire) can be three or more
orders of magnitude underestimatcd as experiments
with particles in flames have shown. Absorption
coefficients and indices of refraction for tecmperatures
up to 2950K are given in Reference 16.

Size of motor and, as indicated in Table 5,
propellant formulation are two important factors in the
computation of radiation from particles within a plume.
The optical depth is the relevant non-dimensional
parameter for determining the nature of the radiation
transport and is the path intcgration (absorption +
extinction) coefficient, or equivalently the ratio of path
length to photon mean free path. If the motor is small
and particles are present in small concentrations only
as a stabiliser, the situation is one of low optical depth
and the particle continuum radiation and gas band
radiation may simply be added together linearly. At
higher optical depths the two contributions must be
combined in a non-linear fashion. For "black” particles
such as carbon, this is casy since the effects of
scattering can be neglected. In such cases the plume
signatures can be calculated using a simple, one-
dimensional line of sight integration as used for
gaseous emission. when scattering becomes important
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the signature calculatioh is considerably more difficult
and must recognise the three-dimensional nature of the
radiative transport process.

Cofnmon among important particle species in
tactical mlwle plumes are carbon and metal oxides
such as AhOz. MgO, ZrOy and ZrC. The optical
properties of these condensed species arc considerably
more complex than those of gascous specics such as
H20 and CO3. Carbon usually occurs as a product of
mcomplc e combustion and it is generally not possible
to calculate the soot concentration in a plume a priori.
Soot particle sizes tend to be strongly sub micron and
under terain conditions there is evidence of
agglomeration, the building of smaller particles into
longer chains, Carbon is a strong emitter ovér the
antire ultraviolet, visible and infrared rcpion. The
dptical properties are somewhat variable and depend,
among other things, upon the hydrogen content. AlO3
occurs cither as a product of aluminised propeliant
combustion or as a stabiliser where it is added directly
to the propellant in small quantities to suppress
acoustic  oscillations in the motor chamber. The
efficiency per gram of a stabiliser material is maximum
for particles of micron size without absorbing cnergy.
whereas larger particles have lower surface arca per
unit mass. Typical radiation mechanisms related to
prmxll.nm and wavclength region are given in Table §

Like the other metal oxides, Al2Q3 is a large
band gap semiconductor in the solid phase. ‘The
cmissivity is high in the ultraviolet and far infrared but
lower in the visible and mid-infrared (transparent
regime). To a large extent emissivity in this regime
depends upon the semiconductor contamination level.
Al203 is generally liquid in the motor chamber and
solidifies in the nozzle and external plume. There have
been many attemipts to model the formation of Al03
particles, but progress has been limited by lack of
reliable size distribution measurements.

- 2.4 Classification of Rocket Motor Pluine
Signatures on Spéctral Regions « of Emltted
Radiation AR

The design engineer must be aware’of'.the spectral
range of plume radiation whether it is his task to
provide cffective missile detec!ion systems or, in the
case of rocket motor design, a sicalthy propulsion unit.

Equally, he must recognise the spectral ‘discrimination
of atmospheric propagation and, i particular, that of
the regime under which a given missile operates.
Spectral infortnation is important for design purposes .
since the required techniques for different pars of the
clectromagnetic specirum can vary significantly. For
instance, it is understood that ultraviolet emission can

INICAL LIBRARY
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"be dominated by minor constituents of the plume,

whercas thé infrared signature is generally dominated
by the plume species of highest concentration.
Theoretical models employ a range of application
codes to cover the electromagnetic spectrum.

With a wide available chioice of propellants,
igniters and materials used for, or in contact with the
combustion process it is important to remember that
one spectral feature may uniquely identify a missile.

It is possible to classify plume radiation signatures
by dividing piume emissions into four principal

wavelength regions.

e Ultraviolet.

100 - 400 nm
e Visible: 400 - 700 nm
e  Infrared: 700 nm - 14pm
. Microwavc: 2 - 300 GHz

The case with which detection can be achieved
within cach region will determine its operational
importance. Many factors govem the choice such as
missile flight, altitnde and attitude, type of propellant
and motor, ways of sensing, and interactions with local
environment and atmospheric propagation.

Until recently the iR-region was the most studied
sub-region in plume radiation investigations. Infrared
handbooks allow public access to all important facts in
this spectral band, be it atmospheric propagation,
reflectivities and material properties or even IR sensor
technology. Because "of problematic background
behaviour in the infrared newly developed sensing
devices in the UV-region are gaining in importance.
Table 6 defines the IR, visible and UV wavelengih
regions of interest.

2.4.1 Ultraviolet-Radiation

The Ultraviolet (UJV) region can be further
divided into the vacuum UV (VUV) (0.1ym to 0.2pm).
the mid UV (0.2um to 0.3pm), and the near UV
(0.3pum to 0.4um). At VUV wavelengths atmospheric
attenuation limits transmission to extremely short
ranges. Test cell measurements can be made by
operating in a vacuum and viewing through appropriate
window materials. For tactical missiles this region is of
no practical interest.

In the mid UV, or "solar blind" region,
atmospheric attenuation confines measurements. but
the availability of extremely sensitive detectors and the
absence of natural radiation sources in this region make
the mid UV an attractive region for the detection of

~
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Table 6: Definition of Wavelength Regions of Interest

A = 100 nm ve3-10" Hz ' ' c—ld‘ mm™! Q=124eV
uv ’ VUV Vacuum-UV '
Uv-C ' A =200 nm Q=62eV
Fuv FAR-UV _
A= 280 nm Om3,6-10°mm="  Qe=ddeV
TS | Uv-B  MID-UV '
e .
.3 "A=315nm Om=32.-10 mm™' Q=39eV
= ‘
S& | Uv-A | : ‘
A =380 nm ve=79-10" Hz g=26-10°mm~'  Q=33eV
VIS violet T
~—— 424 nm
biue
486 nm /A frequency
bluegreen v =
S L1EITREN 649 nm g - 171 Wavenumter
5 reen Q = h.-v Photon energie
-E ' - ] 327 nm (h=Planck's; constant
2| 8 yellovgreen oo 1 eVe1,602-10"" Joule)
r— 4D "
S 22 _yellow 585 nm
Sl 3 orange
Pu) = B 6"‘77 nm
Q.
o red
A =780 nm vee385-10" Hz o=13-10 mm~' Q=16eV
m— ——
IR IR-A : IR
_A=14um | NEAR o =700 mm™"’ Q=09 eV
IR-B IR
-5
0 Aw=30pum o=330 mm™' Q=04eV
m Qg
gt MIR MID IR
EE IR-C . A =50 pm o=20 mm-'
" FIR FAR IR , |
e — e =
ll—lmm v 310" Hz =1 mm-! . Q=10-tev
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detection of tactical missi e plumes. In the near
UV atmospheric transmission pernits measurements
over long ranges, but soiar scattcr is promirent,

2.4.2 Visible Radiation ;
1

Visible radiation is casily detectable by the
human eye. lts atmospheric propagation is tonstrained
by water clouds. Very advanced detector technology is
available using a range of silicon devices ‘as well as
high gain photo multiplier tubes. Principal interests are
in the strong sodium {Na) and potassium (K) line
emissions (Fig. 8 for Na). The emissivity is strong
enough to detect impuriiies at levels of a few parts per
million.

Because of the dominating background clutter
from the sun and arificial light sources causing high
falsc alarm rates, the visible spectral band has hardly
been cmployed for automated plume sensing devices.

2.4.3 Infrared Radiation

The IR region is subdivided into the near IR

(0.7pm to 2.5pm), the mid IR (2.5pm to Spm), the far |

IR (5pm to 14pm), .and the extreme IR (14pm (o
microwive).  These  regions  -have  atmospheric
transmission  windows, with significant, naturally
occurring background radiation sources (Fig.9).

'

2.5 Plume Flowfield and Motor Design

The potential use of plume electromagretic

6-11

purpose requires detailed knowledge of the exhaust
flow field ptoperties that generate the chemo-physical
emission méchanisms. Development of the flow field
is govermed initially by conditions inside the
combustion chamber starting with the propellant, its
formulation and the conditions under which it bumns,
the acceleration of gases through the nozzle throat and
their controlled expansion to meet ambient conditions
external to the motor at the nozzle exit. Fuel rich gases
exiting the nozzle mix with oxygen frem the
surrounding - air to promote secondary combustion
(afterbuming) creating an exhaust flow field which is a
fiercely buming, highly wurbulent gas jet.

{ From the foregoihg it is clear that plume radiation
iignatures  for a given motor can vary widely
depending  upon  the conditions under  which
measurements are performed, ranging from those of
static firings to those of flight tests. Comparison and
assessment  of missile plume radiation signatures
should be made ultilising information from a variety of
sources, using motor properties, flow field parameters
aidd experimental test results. A listing (o indicate the
relevant data required w Luld read:

Motor propertics promoting the flow ficld

e Propellant fomulation  including  trace
clements which might create non equilibrium
phenomena producing highly excited states
Thrust and mass flow .

Nozzle geometry and exit Mach number
Presence of flame suppressants

If a liquid engine, then fuel and oxidant
composition and fuel ratio (F/O)

radiation to uniquely describe a missile fot whatever

Table 7: Rocket Engine Exit Plane Flowficld Parameter/Chemical Composition
N,
. Chemical Composition
Flowfield Parameters (Mole fraction, X1)
M - 22 CO = 164
PS = 3667kl m? Co, = .209
V. = 2036 ms! H® = 0416
T - 2199 K HO2 = 0000712
MW - 26.14 1bm/Ibm mole H2 - 0324
Iy = 1.23 H,O = 2843
0" - 0453
OH = 0514
0, - 1704
T |.?‘r-h 3 \,"'ITQV.W"; i v R e T i’-ﬁ‘" G e 4 ‘
LR v b U T g
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An cxamplc of a one dimensional kinetic analysis
is shown in Table 7 and a calculation of plume
radiance using the paramcters of Table 7 is given in
Figure 10.

firing radiation measurcmet

e  Radiometric and
< ments

Motor paramceters

Viewing geomeltry and range
Atmospheric conditions

SPCC"OSCOpiC measure-

Flight radiation mcasurements

e Radiometric and spectroscopic  measure-
ments
¢ Time history of flight to relate to measure-
ments
Atmospheric conditions
e  Time history of flight must recognise the
missile altitude, vclocny roll rate, attitude,
range and geometric relationship between
the plume and measuring instrument for any
instant during flight ‘
i
|

Influences of environment

Flight trajectory
Altitude regime
Constituents of surrounding air and mixing

The detailed plume shock sr/ruclurc of a rocket
motor operating at simulated flight velocity of Mach 2
is shown in Figure 11. It is based on photographs and
pressure measurements. The motor  exhaust  flow
expands to an altitude static pressure and intersects
with the supersonic free-stream airflow. The exhaust
gases mix with the gases in the basc recircalation zone
which, in tum. mix with the free-stream airflow. The
flow downstrcam of each Mach disk (normal shock
wave) is subsonic and is reaccelerated o supersonic
flow at the sonic line.

3. ASSESSMENT METHODS OF PLLUME
RABDIATION-DETAILED DESCRIPTION

There are no generally accepted standards or
methods in use o assess the radiation propertics of
rocked motor cxhausts. If the radiation producing
mechanisms are known to a certain degree of
confidence then other aspects (o be taken into account
arc:

(i) the opacity or optical depth of the plume with
respect to its own emissions to determine the radiation
exiting the plume. This will depend on the size and

HRAZH Ml s ylﬂ‘,,,f‘ﬂ,,v
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concentrations of particles within the plume and the
existence of any quenching molecules.

(ii) the opacity of the plume's immediate
environment to the radiation released from the plume
which would, for example, include smoke or any other
form of local obscuration in the line-of-sight to the
observer.

(iii) the complex and multiparametric problems
of solar illumination, background radiation and
atmospheric transmission where "windows" exist
subject to various loss mechanisms such as Rayleigh
and Mie scattering, molecular absorption and aerosol
attenuation. Fig. 12 shows atmoephcnc transmission
windows.

3.1 Experimental Mcthods

The majority of experimental methods used to
assess plume radiation employ one or more of three
1ypes of instruments

e Radiometric  devices which measure
radiation intensity in a specific, broad band
spectral region.

e spectrometric devices which measure the
radiated plume intensity as a function of
wavelength

e imaging devices which record intensitics and
radiating plume gcometries on a time scale
given by the camera type

[t is important to noic that spéctral measurcments
permit statements to be made about the chemical
composition of a plume leading to the possibility of
positive missile identification.

3.1.1 Radiation Essentials

/\s".::ﬁcusurcmenm depend to a large extent on
"state., of the art” instrumentation we shall avoid
detailed duuiplions of cquipment. An outlinc of how
to pmwcd is given in Figures 13 to 15, Figure 13 is
Csxuﬁj,xlly a diagram of the radiative heat transfer
cquatson, in Figure 13 detectors and artificial light
sourcks over a broad spectral range are given. In
Figure 15 a calibration  procedure for a

camera/radiometer is presented in a general graphical
form,
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3.1.2 Test Techniques

Backed by technical and financia! feasibility,
rocket motor plume radiation characteristics may be
determined using a variety of techniques sclected to
focus_upon the parameter of interest with the desired
accuragy for the charactcrisation.

Plume characterisation may be performéd by
computations, measurecments during, static, sca-level
tests. simulation chamber tests! or flight tesis. In
principle, the flight test is superior in that it provides a
rcal environment but the cost and measurement
difficulties make it generally prohibitive. Testing under
simulated conditions and simple static testing follow in
order of reduced expense and complexity. The
alternative, that  of computer  based | theoretical
modelling, is attractive but demands of confidence and
usually make validation by test firings necessary.

3.1.2.1 Static Testing

Open site. ground level, static testing of a solid
propellant rocket provides access to the plume by
radiometric instrumentation. It ‘is the cheapest -and
easiest test to conduct. In terms of utility it is the least
desirable since the rocket motor docs not experience
the conditions found in flight, consequently the static
plume does not have burning charxacteristics identical
to those in flight. Plume spectral and spatial radiation
propertics may be mecasured and used to validate
predictive codes for the static condition. Atmospheric
interference can affect measurements in this type of
test, particularly over long ranges. It is necessary to
adequately determine attendant dtmosphcrlc conditions
to calculate signal losscs.

During a static test gencral motor perfonmance is
monitored. Dimensions, propellant formulations, and
the like are predetermined but performance parameters
such as thrust, chamber pressure, temperature, and
body deformation can be measured.

Instrumentation  deployment  is relatively
straightforward with fields of view and ranges
stationary and easily determined. - Limitations only
cxist where constraints produced by the test stand and
terrain are encountered.

3.1.2.2 Altitude Chambers i

L.lrgc vacyum chambers exist capable of testing
full-scale models and  subsystems up 10 Simulated
almudc'\ of 30. km Near ficld data (nominally one exit
dmme&ch) can be acquired which are uscful for start

.(A
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conditions fo code predictions. An example is given in
Figure 16.

3.1.2.3 Simulated Flight Facilities

Testing a solid rocket motor under simulated
flight conditions provides a more realistic plume than a
static firing but often has restricted access to the plume
by radiometric instrumentation. Flight simulation is
more expensive thian the static test although it is far
easier and cheaper to conduct than a flight trial. In
terms of utility it allows some parameter changes but
stil may not produce the true characteristics of the
flight plume, especially when scaled models are used.
Parameters considered for measurement in static tests
apply cqually to flight simulation and are increased in
number by those introduced by simulation. (Fig. 17)

Test cells arc available which can simulate flight
conditions from sca level to altitudes of some 25 km
and from subsonic velocity to over M3.0. The
capability exists for full operational spced manoeuvres.
Facilitics are flexible cnough to accommodate the
complete propulsion system and during simulated
flight tests, conditioned air flows past a stationary
model and flight characteristics are measured. The
airflow can be distorted to simulate conditions found in
actual flight manocuvres.

The major advantage of testing tactical missiles
under controlled simulated flight conditions is the
ability to conduct cxtensive plume flow field and
radiometric measurements of a given phenomenon to
acquire data to validate flow field and radiative
predictive codes. The major disadvantage is the
inability to acquire fare ficld data and perhaps that
flight condition which identifics the onset or
termination of afterbuming.

3.1.2.4 Flight Tests
¥

Flight tests offer true réalism but they are
expensive  and  present  extreme  cxperimental
difficulties. Observations (measurements) may be from
fixed or mobile sites. Instrumentation may be ground
‘based with either fixed or tracking mounts, it may be
mounted on mobile carriers (such as a tracking aircraft
or missile), or it may be mounted on the vehicle.
Generally, limited instrumentation is available from
obscrvation platforms to assist in the -full
characicrisation of the plume signature.,

As with static measurements these tests suffer
atmospheric  effects which confuse measured
quantities, consequently, a need exists to adequately
Normally,

monitor  atmospheric  conditions.
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atmospheric tcmperature, pressfurc. humiaity, visibility,
coniposition and wind conditions are determined.

Trajectory and range are also of great importance
both from the point of determining atmosplicric effects
as well as basic interpretation of results dhd must be
adequately addressed.

3.2 Calculation Methods

Any attempt to model plume radiation from
rocket motors must rely upon -the construction of a
theoretical plume in which flotv ficld propertics are
structured so as to interface with radiation application
codes. Many such codes are split into:

(i) a thermodynamic  part  (with  input

parameters such as propellant composition,
pressure, temperature, expansion ratio etc.).

(ii) 2 flow field part (with input parameters such
as nozzle cxit planc data, relevant motor
design features, relevant chemical reactions
with non-equilibrium chemistry solutions,
turbulence model. atmospheric data, altitude
and velocity, etc.),

(i) a radigtion part (with input parameters like
input from flow field structure, cmitting
chemical species, molecular band model,
gascous and particle radiation, scattering,
quenching, geometry, aspect angle.

nadnianeds] AR R o i i ool 15 o I S W i st i St
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3.2a lflume Fluid Dynamics of Tactical
Missiles

Calculation mcthods [14) [15] for plume fluid
dynamics have been established in various countries
like the USA, Great Britain and' France. They all have
a similar approach'to solving problems. Most of the
advanced codes are classified. Here, as an example,
we describé in more detail the American Standard
Plume Flowficld (SPF) model. Further codes for the
prediction of ultra-violet plume. signatures exist by the
names of SPURC and PRUV (21). In Great Britain
the code being used is called REP (Rocked Exhaust
Plume). Frehch codes exists, like EMIR and AJAX,
Canadian bnes by the names IPHASE and
FRELIJET.

A starting point for surveying the status of plume
flow ficld models prior to the year 1964 is Chapter 2
of the Rocket Exhaust Plume Technology Handbook
preparcd for JANNAF (Joint Army, Navy, NASA and
Air Force agencies). At this time, the "standardised”
US plume imodel was the Low Altitude Parabolic
Plume LAPP code developed at the AeroChem
Corporation. The LAPP code is a balanced pressure
farficld plume model that contains a generalised, fully
implicit, chemical kinetics package. Its use is restricted
to cngincering studies geared to predicting plume
"obscrvables”, and simplistic procedures are used to
"globally” represent the influence of the nearfield
structure. During the Period 1975-1976, an advanced
plume model was developed at General Applied
Science Laboratories (GASL) which solved the
viscous/inviscid ncarfield structure in detail using
boundary layer type coupling concepts, and contained

Table 8: Block Schematic Modular Struciure of JANNAF SPF
Executive
Driver
l Inviscid/ Viscous/ Sivscrla:,! I FUI\I,y. Couzlcd Principal
Shock Mixing cou scou Modules
! Inviscid Inviscid
: i

. Auxiliary
Chemistry ?:::?::;g:’ Integration

Modules

Mach External Speciality

Disc Flow Turbulence Modules

-, Data Data
Bank Module
B DA S i ¥ I R 1 EAREA VAR (b A A et & o
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a two-equation, compressibility corrected turbulence
model.

Development of plume flow ficld models ‘is an
evolutionary process to include additional physical
phenomena and more efficient numerics. Physical
processes are added as they are better understood and
as dictated to improve the accuracy of ‘the prediction
modei. Numerics also changed to decrease computer
run time when feasible.

A JANNAF program was initiated In 1978 to
combine the features of the GASL and LAPP codes
which is now know as JANNAF "Standardised Plume
Flowficld" (SPF) model. The current version is SPF

1. It is the primary tool in the US to analyse tactical

missilc exhaust plumes. The modular structure and
computational techniques used in the basic SPF are
given in the following block schematic (Sc¢ Table B).

3.2.2 Vaslidation of Plume Radiation
Calculations by Experiment

Validation exists for the infrared and visible
regions, in many instances with sensible agreement
taking into account the limitations of measurement
coaditions like altitude, range’” of motor size or
simplifiecd  propellant  constituents.  In ccrtain
circumstances not  enough parameters can  be
incorporated into the calculation methods  to yield
global emission characteristics.

The infrared region 1.5pm to 3pm is mainly
concemed with water bands, these are strong emilters
but radiation suffers from heavy absorption through the
atmosphere  and  detection ranges arc  short,
conscquently little interest is shown in this waveband.

Much interest has focused on "CQO3 hiue spike"
radiation a common feature in rocket exhausts. It
occurs in the very narrow spectral band of 4.17pm,
has good atmospheric transmission properties and
lends itself to easy sclection because of its narrow
profile. Background and other spectral interference can
be minimised by the .se of narrow band optical filters.
Line-by-line methods for modelling the blue spike
have produced absolute spectral radiant intensities that
agrec to within about 20% of measured values.

Emissions in the 4.2pm to Spm region come
largely from CO7 symmetric stretch vibrations with
contributions from CO and some N2O. They form
what is termed the "red wing”, Because a great
number of individual rotational lines contribute to the
radiation, the theoretical concept is to divide the
spectral base into a number of bands each overlaying a
number of rational lines. Each molecule in each band

¥ e L
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is given parameters describing effective strength and
shape and these quantities go to form the emission
spectrum. As might be expected, this calculation
method is known as a "band model” and can equally
be applied to the 1.5pm to 3pm spectral region.

Band model predictions have been compared with
experiments made over a wide range of circumstances
resulting in a mixture of agreement. It has been argued
that the uncertainty in absolute spectral radiant
intensity given by predictions is typically a factor of 2
although this varies up or down with the complexity of
modelling circumstances.

Propellant metal impurities such as sodium and
potassium, catalyst metals, ballistic modifiers and
others form a source of atoms from which visible
radiation id emitted. Line emissions from the first
resonance doublet of sodium and potassium atoms are
prominent in afterburning rocket exhausts. For these
and other line emissions a line-by-line prediction
mode! is adopted for the calculation of spectral radiant
intensities. Lorentz and Doppler broadening occurs
and a Voight profile is commonly used to describe line
shapes. Although good agreement is sometimes
achieved, it is considered that unceriainties in the
plume flo field structure and the radiation model,
particularly collision broadening  parameters, can
Justify no better uncertainty factor than 3 in absolute
radiant intensity.

Theoretical plume flow field models have not
been directly validated due to the difficulties in
measuring the relevant plume properties, i.e. spatial
distributions  of  temperature, pressure  and
concentrations of chemical species etc. Laser
diagnostic techniques are showing promise in this field
of work, particularly since the laser beam does not
disturb the medium under investigation”. Some
examples of validation of theory by experiment are
given in Figures 3 and 18.

3.2.3 Limitations of Computer Codes
Limiting factors are:

(i) lack of optical property data to adequately
describe particles and radiating gascs

(ii) lack of codes to handle base flow and an
inadequacy showing the uncertainties of
turbulent chemical interaction models

,;.,(‘ii‘i) cessation of afterburning especially at bigh
A% altitudes

incomplete treatment of particle multiple
scattering
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(v; the use of simplified assumptions such a
steady state conditions only, simple
peometries, no compression zones with
perpendicuiar collisions.

3.3 Discussion of Plume ﬁnﬂuencing Aspects

Afterburning is a major plume effect. The nozzle
area ration is an important factor in the prevention of
afterbuming especially when considering radiation in
ti:e UV spectral region. Base flow recirculation affects
afterbuming, in many instances anchoring the flame to
the base region. Contributions to plume radiation are
strongly affected by propellant formulation, high
metallic content produces a high continuum radiatior,
in addition to gascous emissions. Particle optical
propertics are very important, especially in areas
where there are no moleculdr spectra. They also
influence scattering losses and the "searchlight cffect”.

Fee-free clectron emission (Bremsstrahlung) is
probably the dominant mechanism for millimetric
emissions.

Flame suppression in the Exhaust brings about a
marked reduction in infrared erhission, for instance. it
has been found to reduce the "red wing” (4.4pm (o
5.0pm) by more than an order ol"mugnitudc.

Conditions favouring flam¢ suppression arc:
: i

'
'

. . i
(1) Low exit planc tempetatures

(it) Low concentrations of plume particulates

(ii)) Nozzle imperfzctions (any step or burr
increasing turbulence)
(iv) Choice of propeliant and suppressants

Plume suppression can be assisted by the
introduction of additives into certain propellants to
accelerate removal of flame radicals H and OH.
Examples of the effect of plume suppression are given
for a double base propellant in Figures 19 and 20

where the main sources of IR radiation are molecular
band radiation such as CO7 and Hj.

T _—
2 Sy by P

4. RECOMMENDATIONS '
4.1 General

Knowledge of rocket plume radiation properties
is important in the context of guidance, tracking and
detection. It is expensive and often difficult to measure
these radiation properties and to determine their
dependence on operational parameters like missile
forward velocity, range, altitude and aspect angle. It is
even more difficult to acquire this information about
rocket motors of an adversary. To ensure guidance
system integrity, to avoid interference with friendly
opportunities, the rocket plume and its properties must
be regarded as an integral part of the missile system
and, where possible, "tailored” to meet operational
needs.

The following . recommendations comprise a
procedure for assessing rocket plume radiation that
will enable uniform application of technology to:

(i) set quantitative technical requirements on
rocket molor signature

(i1) compare rocket motors

(iii) recommend a terminology related to plume

radiation bascd on quantitative criteria,

4.2 Recommended Test - Prediction Procedure

In trying 1o propose a standardised test technique
for the assessment of plume radiation properties a
ecneral outline is given here. Hts feasibility depends to
a large extent on the availability of necessary
measuring devices and instrumentation, rocket motors
and prediction codes. The legic behind the assessment
process is as follows:

(i) Definc the objective(s) and requirements.

(ii) Define the necded data base and the
cxperimental  approach to ensure that
objectives are accomplished.

(ii1) Set up and calibratc equipment.

(iv) Run most appropriate test to acquire data
base.

(v) Runnccessary({available plume and radiation
codes 1o match acquired data basce.

(vi) Use measured results for theoretical model

validation.
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(vii) Use validates plume and radiation codes to
predict plume properties at  conditions
appropriate to the defined objective.

(viii) Present results, stating all assumptions and
code modifications and using standard
tcrminology and units.

The following eight steps enlarge on these
concepts: 5

Siep 1; l
Clear definition of objective and the requireinents
to mect those objectives may be the most difficult part

of a program to conduct successfully. ‘The objectives

might read:
'

e detect, identify, track and destroy a target

e detect, identify a missile threat and counter
with cvasive action

e assess the feasibility of guidance and
tracking methods |

e  devclop a threat countermeasure

e acquire phenomenology data for code

validation

e influecncc motor design  with  signature
t
coutrol proposal

At this stage it i~ important to define the system
and the spectral regions in which it is to function. If,
for instance. a detection system is called for, then
specific details ui sensor wavelength,  bandwidth,
resolution, limiting noise level and environmental
details that affect signal transmission and distortion
must be considered. There should be no compromise
at this step, it is the least expensive to perform and
study topics overlooked at this point may remain
overlooked to the detriment of the system or bc costly
to be introduced later in the program. It is better and
more cost effective to include tasks of potential value
in the definition stage even if, for whatever reason,
they subsequently become redundant.

Step 2:

Defining the information needed for a project
data basc and the measurements required to obtain that
information usually calls for a compromise dictated by
available funding. Within financial constraints the
objectives in Step 1 are assessed and the requirements
and limits set. One obvious compromise is in the

O
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choice between flight tests and those undertaken in
dedicated ground facilities where jt is possible to use
scaled, heavyweight test motors with reusable
hardware. Use of the wind tunpel, altitude chamber or
static test site combined with standard measuring
instrumentation will often satisfy most, if not all, of the
data base requirements.

Rocket motor experiments involve many
technical staff and it is vital that test procedures are
thoroughly documented and the staff cognisant of the
data gathering process. ‘the prospect of meeting an
objective is advanced by the prudent use of theoretical
predictions and experiment. Theoretical studies may
play a part in plannihg the course of an experimental
program. Béfore cmbarkirig on such a program several
questions are poscd, not Icast among them is whether
an experiment can be mounted that will directly or
indirectly provide the data to satisfy the objective. The
answer will depend upon the existence of test vehicles,
test  facilitiecs and  the correct  diagnostic
instrumentation. Test vehicles are generally available
for ground or flight tests. However, should the missile
of an adversary be under investigation then the supply
of a test vehicle is improbable. In such a case
calculations are made using whatever data is available
and rare experimental firings would only be those to
study the phenomena for prediction  validation
purposcs. The choice of test facility, whether it be
static, sca-level, an altitude chamber or wind tunnel
depends upon the simulation desired.

The sclection of diagnostic instrumentation is
governed by the radiation propertics to be measured,
focusing on spectral wavelength range, radiance level,
spectral, spatial and temporal resolution and scnsor
sensitivity and speed. Flow charts are presented as
guidelines in Figures 21 to 23. Types of optical
detectors are shown in Figure 21. Radiometric
measurements are  presented in Figure 22 followed by
a typical radiometric measurement system in Figure
23. To avoid later problems it is important to ensure
that the instrumentation selected is well able to meet
all the measurement demands and that it is backed by a
full data analysis capability.

Stcn !n \\

The importance of accurate calibration, as
indicated by Figure 24, cannot be overemphasised..
Mecasuremerits can be complicated or invalidated by
atmospheric absorption or extinction, obscuration by
smoke, impractical or impossible sensor positioning
and carcicssness in ignoring background signature
effects. It is a valuable exercise to rehearse the entire
test  procedure  to  identify and climinate  any

interference between instruments or power circuits that
might cause a later tcst failure.
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Step 42

The way in which the eaperiments is conducted
(Section 3.1) is a critical factor in the acquisition of
good data. Details of motor performance, its
environmental test conditions such as Mach number,
altitude and  trajectory; the dcployment of
instrumentation giving aspect angles, atmospheric
transmission path, fields of view and the like, all
contribute essential information  for analysis and
project assessment. Radiometric requircment  were
discussed in Section 3.1.1. Where similar instruments
are used they should show a consistency of
measurement and all instruments  should have a
specified accuracy. Error limits should be assigned to
all data sets recorded and assumptions, where made,
documented. If the preceding steps have been properly
observed the measurement  programs  should be
successful. To mitigate the effects of any equipment
failure during a test firing it may be possible to
duplicate some essential measurements.  Instruments
shouid be sited to guard against decoustic and ground-
bome vibration, equally they should be protected from
the possibility of rocket motor failure.

Step §:

The purposé of this step is to  formulate
techniques for calculating plume radiation signatures
against test data obtained from tlie foregoing steps. To
comparc calculated levels of plume radiation which
measured test results, the parameters pertaining to the
test conditions must be used as input data for
calculations. The measure of agreement coming from
these comparisons will determine the confidence
placed on the calculations for usc. where
measurements are not possible.

A plume flow field should be calculated for the
conditions under which the actual test took plice,
observing the precise propeliant composition  with
trace metal impurities and motor design  features
alfecting gas flow. Radiation codes should reflect
sensor wavelengths together with their deployment
position and plume viewing aspect angles, the spatial
and temporal  nature  of  the, radiation and  the
atmospheric signal attenuation. K measurcments are
made in a wind tunael or on a missile plume in flight.
the appropriate Iree-stream flow conditions must be
known.

Prediction of rocket exhaust propertics gencrally
follow the stages indicated in Figure 25, First an
cquilibrium  chemistry  code is used to calculate
chamber conditions and the temperature, pressure and
cquilibrium chemical species concentrations at the
nozzle throat. Nozzle expansion flow calculations may

l

t

be made in a number of ways ranging from one-
dimensional  chemical  equilibrium, to  three-
dimensional multi-phase flow with chemical kinetics.
The exhaust structure for static motor firings can
usually well be simulated by a program (such as REP
or SPF) which gives spatial distributions of non-
equilibrium chemical species, temperature, velocity,
pressure, and turbulent mixing based on limited
assumption. For wind tunnel and flight plumes, base
recirculation or separated flow effect with non-
equilibrium chemistry may have to be included to
obtain more accurate calculations of plume structure.
The appropriate applications code(s) are then applied
to the calculated flow field using the test geometry and
applicable transmission path effrcts to obtain the
results that ray be compared with the measured data
base. '

Step 62

Comparison between calculated and measured
vilues  often  yiclds discrepancies. In  this  step
appropriate, judicious adjustments to the calculations
are made within underlying sctentific bounds to give
closer agreement with measured values. For instance,
il the near field radiation values includes a1 searchlight
cffect, the measured plume continuum radiation will be
larger than that predicted by a code ignoring sucli
cffects. The demands of prediction accuracy may
require modification of the code to :ccommodate this
fecature. Alternatively, disagreecment between data und
prediction may be caused by different phenomena. An
impurity in the propellant, such as sodium, may
produce strong emissions in the visible spectrim that
arc not predicted by the code. This may be the result
of excluding sodium reactions from the pizme flow
ficld calculations or an inability of the radiation code
to predict these line emissions.

A prediction technique is strengthened if it can be
confirmed against a range ol conditions including
flight. Although these conditions may not completely
match those for the systeme of interest (c.g. a differen:
motor) the validation process increases confidence in
the calculation putting it on a much broader base.

Step 72

This is the step where plume flow ficld and
application codes arc run for the opcrational conditions
of interest. Predicted values of plume signature and
other effects yield imormation from which decisions
about system design, tactics and other system-level
parameters may be made. Depending upon the codes
used for the specific test and operational conditions,
improvements can be achicves when:

e
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i. allowance is made for radial pressure
gradients

ji. non-cquilibrium two-phase flow (thermal
and velocity lags of tondensed pasticles) is
included.

iti. "base flow effects” ar: included. i.c. when a
flight missilc has' a base diameter
significantly greater than the nozzle exit
diameter.

iv. shock structure effects are treated

If. for instance, the missilc has a large basc
diameter which could induce base flow recirculation
and afterbuming, a code without a base flow model
would not be applicable. equally, inappropriate choice
of chemical mechanisms can ‘produce false plume
properties resulting in incorrect emission data. It is
essential  that  the  thenvodynamic, chemical  and
physicai attributes of the plume madetled by the ende,
the model limitations and the necessity for enlightened
use of input data should be thoroughly understood if
accurate analytical assessment is to be performed.
After proper validatior the code can be applied to
mect the overall system objectives.

Sicp§:

With the continued advance ol computer use in
experiments and modelling iht analysis of results
hecomes more “machine dependent™ and the user faces
the problems of incompatibility. of operating systems
for information exchange and Janguages used to
describe the information. :

Suggested data to characterise a plume signature
. !
are: - |

e  Spectrul radiance Vs
(spectrometers) and vs time

wavelength

. In-band radiance vs time (radiomu - *rs)

e Radiant intensity vs time \
e Other tvpes of data presentation” helpful in
evaluating the signature are:

e Video tapes from imaging :<nsors which
provide a "false colour” image of in-band
radiance verse position, Their use is for
subscauent analysis of spatial fluctuations,

-spectral irradiance, shape and geometry of

the radiating plume (isoradiance contours).
In-band radiance plume radial and/or axial
profiles within the image ficld ailow the
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assessment of radial symmetry, axial decay
etc. A properly calibrated video tape can be
examined pixel by “pixel to obtain
information about the temporal and spatial
distribution of "in-band" radiance from the °
plume.

e Power spectral density plots which may be
performed on the radiometric data to
determine plume frequencies.

e  Radiant intensity vs time for variations in
Mach numbers, altitude etc.

An experienced approach to data reduction is
necessary tb ensure that proper ‘interpretations are
made for ;‘codc validation and the provision of
sufficient information for their maodification. Of
primary importance is the correct data for atmospheric
absorption as discussed in Scction 3.

Documentation  of  records  should be
comprchensive such that there will be no need to
repcat the  work  should  f{uture interest  arise.
Terminology should follow the accepted standards
given in this report and universal Sl-units, as defined
in Tablc 9, shoutld be used.
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Table 9: Terminology of Spectrometry and Radiometry
¥
Symbol | Term Urits
<P radiant power rate of (ransfer of radiant cnergy w
power
P(A) spectral rate of transfer of radiant energy per unit w ;zm'l
radiant power wavelength interval centred at wavelength A
[ radiant radiant power emitied by a source into a unit Wir!
b intensity solid angle
[(A) spectral radiant intensity per unit wavelength interval WL um'l
radiant centred at wavelength 4
' intensity
. . . . 2
L radiance radiant povier emiited by unit area of a Wm =sr
' source nto 4 unit soiid angle
L(4) spectral radiance per unit wavelength interval Wm “sr I;un l
radiance centred at wavelength 4
/
. . B . . . g 0"
E irradiance radiant power incident upon unit area of a Wm =
. . . . 2 -1
E(A) spectral irradiance per unit wavelength interval Wm “um
irradiance centred at wasclength 4
1
R“ radiant power the output of an instrument lor unit radiant instrument
) responsivily power inpul units W°
Rp(/l) spcs:lral ‘rmlian( power responsivity per unit instrument )
radiant power interval centred at wavelength A units W 'um
responsivity,
Notes 1 The output signal of radiometers and spectrometers is the outpul voltage of the instrument
detector/pre-amplificr combination modified by suhsequent clectronic and mathematical
signal conditioning. When used in evalualing Rp and Rp().) it is usuvallv relerred to as a
standard gain configuration of any variable gain amplificrs.
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5.0 SYSTEM ASPECTS AND :
OPERATIONAL CONSIDERATIONS

So tar, the whole chapter on plume mdmlmn dealt
with the origin of exhaust radiation, its classification

~into uscful spectral bands and  ways 1o address

assessment  and  description | of  plume  radiation
properties in a generalised manner.

Al this is quite academic and needs a connection
to real applications, because world-wide the money on
plume research and development is not §pent to know
more about it, but 1o apply it 1o ones own henefit. This
last section shall go morc into the ~details of
applications as of today and shall show the tendencies

for luture plume signature avoididnee or application.

A misule is cither hostile wid wants to harm you -
or it is your own one and you want 1o ¢mploy and
target it to the best of your owri ability. In both cases
missile signature is an existing fact and designers want
to minimise ats magnitude as o much as allowed by
overll svstem restrictions.

From a asers point of view the performance
requirements of o tactical missile are: :

astealthy body
(o= or minimum-smoke plame
plume  radiation  emission as osomall - as
‘possible

e a high enough propeltant buring rate and
temperature 1o supply the necessary thrust

o the waual requirements on weight, size. price
and case to use. '

It depends a lot on the designers skills 1o produce
a high performance missile with minimised signature.

Fram o detender's point of view one is faced with
the signature of existing missiles and has 10 make the
best use of it

The limitions are:

o the cross section for radar reflection of a
missile hody depends a lot on material
propertics. whereas the diameter and length
are dictted by the volumes of warhead,
seeker head and motor

¢ minimum smoke motors are available with
limitations  imposed by thrust and  other
performance degradativn

¢ minimising plume rad.ation signidture is the
challenge of the future in competition with
ever more  sensitive  sensors 1o detect
radiation levels down to single photon events

Y
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e  buming ratc and buming temperature are
closely related to thrust and mass flow, but
also 1o radiation signature. Performance
nnprovuncm in many cascs goes hand in
hand with a raise in radiation signature.

5.1 GUIDANCE AND CONTROL
PROPERT!LS

In this lecture scries we are concemned only about
tactical missiles. Their range is limited to a few
hundred kilometres. But the majority of tactical
missiles have medium (-50 km) and short (-1 km)
ranges with accordingly shorter and smaller signatures.
The very short range, nien portable, shoulder fired
SAM's (Ruluyg. Suinger, SA-14 type) pose a world-
wide threat (o yound and air targets, because they are
available to; and usdble by unskilled personnel (also
terrorists) arid are employed in all kinds of conflicts.

The long and medium range missiles are in many
cases radar guided, possibly with an optical- or semi
active radar- secker head for the terminal phase. The
majority  of  short range missiles have passive IR
homing or wire guidance. After acquisition within the
neeessary field of view (IFOV) they fly autonomous and
are guided i almost all cases by IR or dual waveband
secker heads. Many of the antitank missiles have a
wire or fibre link to the gunner. The guidance s
performed by goniometer or line of sight tracking with
the aid of an antificial IR spot on the tail of the missile
or by a TV secker head.

IR sensors. goniometers, guidance  fibres and
radar interferes with the missile and its exhaust plume
in a manifold way.

A typical time scale of a rocket motor functioning
is shown in Figure 26. If radiation sensors are used for
puidance and control they have to be sensitive ¢enough
in order to distinguish rocket and target signatures at
target distance. Propagation of optical radiation is
govermned by the aticnuation law

A = I/R2 - exp(-0R)

with:
A - attenuation in {W/ km?2 sr pm]
I - source signal strength in
[W/sr pm|
R - Range inkm
a - extinction coefficient in [ 1/kmj

o is usually broken up into

G = GRayleigh + SAcrosol + SMolecule
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With given values for R, [ and ¢ the irradiance of
the optical guidance sensor can be calculated. lis signal
to noise ratio (S/N) under battlefield atmospheric
conditions has to be large enoeph to discriminate target
and missile (see Figure 27).

Problems arise due to the limited dynamic range
of sensing devices. During boost phase the rocket
motor exhaust signature is largest and plume - sensor
distance is smallest. After ignition the strong optical
(UV-VIS-IR) signaturé¢ (up to kW power ranges)
irradiatcs the sensing device and fuily saturates the
sensor to the limits of destruction. If fired from a
launcher or flying platform containing the guiding
instrumentation (mainly in the IR-spectral band). the
cxhaust gases heat up the IR entrance optics and the
atmosphere within the FOV and makes the sensor
uscless. A temporary shutter in front of the sensor or a
local ‘separation of rocket and sersor can circumvent
this problem  with the  disadvantage  of temporal
blindness of the sensor and tv - possible loss of target
ormissile during the boost pha, .

Smoke and change of refractive index of the
atmosphere in the line of sight can cause problems with
neighbouring missiles being fired. Other problems from
a close-by firing  of a  booster, like  particle
impingement.  Jogging  of  windows,  pressare,
temperature and acoustic induced harm:to the launch
vehicle environment and persons shafl not be treated
here.

A general approach 10 mastel these problems s
by:

e splitting the gutdance in near ficld and far
field  regimes  with  diffcrent  guiding
principles
narrowing down the used spectral band

o cmploying multicolour sénsors, e.g. two or
more narrow spectral peaks within the 3um -
Spm sensitivity band of the sensor

e shifting the guidance to  a  separate
wavelength band with the aid of anificial,
coded light source on the tail of the missile
irradiating the guiding sensor,

!

This is, combined with pliase sensitive signal
processing algorithms and  appropriate mathematical
signal handling techniques. like difference and ratio
relationships of signal and background treatment. a
genvral approach 1o track the signal with. a large
cnough S/N - ratio,
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5.2 Detection and tracking of adversary
missiles

Sole its signature makes an adversary missile
detectable. The possibility of detection starts right from
launch. Principally the detection of missiles can be split
into two groups.

(i) the detection by active radiation
(ii) tHe dctection by passive radiation.

“In the first case the missile is illuminated for
detection By laser or radar beams. The reflected
radiation iy detected and analysed with respect (o
velocity and distance by the principles of Doppler shift.
Up to now nun-wave radar is the most practised
mecthod for Missile Approach Waming (MAW)
detectors.

The information gained by pulse-Doppler-radar
should allow the accurate calculation of the time to
impact. Range is of outstanding importance. It is in all
applications a matier of signal to noise ratio and the
ability of the sensor to pick up and identify the target
within the background clutter of the scenario, The
range to deteet antacking missiles is in this case
determined by the cadar beam, its power and beam
divergence, the propagation through the mmosphere
and the radar cross section of the missile and its plume.
In most cases the plume radar cross section can be
neglected.

Major disadvantages of missile approach warming
by Doppler radar arc its limited range despite high
power radar and the self exposure by the radar beam
itself. It can be picked up;easily over long distances
and can be used as homing source for counter attack.

The second group of missile detection is a passive
one. Radiation emitted by the missile itself is detected
and used for threat analysis. The easiest way is to sce
the trail of primary or sccondary smoke which marks
the flight trajectory of the missile

Because the time scale for reaction is very short,
one trics 1o avoid the human within the chain of actions
as much as possible. Sensors in the visible spectral
range have the disadvantage of strong background
clutier and it is hard to circumvent this fact.

A new way of establishing Missile Launch
Detectors (MLD) and MAW systems is by passively
picking up the plome signature in the infrared or
ultraviolet spectral bands. In both cases the plume
radiation is sensed, analysed and processed by optical
sensors which belong to categories like
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e  non-imaging or
e  imaging sensors.
. The imaging sensors again can be grouped into

— scanning point- or linear array sensors
— focal plane array sensors,

Non-imaging sensors have the advantage of
simplicity and low cost. They give, within a quadrant
FOV, a threat waming indication, leJ priority and
crude time to impact.

Imaging systems, although more elabomlc and
expensive, give much more information about the
target like o /

o high spatial determination of target location
inreal time
dynamics of flight path
threat priority of
simultancously.

muany targels

!

In all cases a certain portion of the broad band
optical exhaust plume signature is imaged with an
entrance optic onte the sensor. The signal s analysed
according to

be a true missile signal

be a real threat .

fulfil certain missile specific behaviours
time {rame for impact

angle of arrival

threat priority

® o © & o o

Common systems can process from dhoul 10 up
to 50 threats simultancously.

The design of pa\swc mmllc taunch detectors is

’ dictated by the _
L)

emissivity of the plume
the ‘existence of atmospheric windows at the
strongest emissivity bands

e appearance of typical attack scenarios in the
same wavelength band

e availahility of appropriate sensor systems

Up to now the two most favoured spectral bands

~ for missile plume detection are the mid infrared
between 3um and Spym and the ultraviolet \pLLlr.llv
band below 300 am. This is the so called solar blind .«
region. because solar UV radiation is absorbied by lhc’
Ozone layer between 15 and 35 km altitude. The s,qn

as the only natural UV light source is absent. l'hcrclorcé
sehsors working in the solar blind regime have the big
advantage of a low background with a largely

.' Because  of
background in the IR band. the workload and storage

[ECHNICAL LIBRARY
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improved S/N ratio in this spectral band and the
adhcrent improved false alarm rate.

The choice and preference of a certain system
depends on many aspects like, price, range, false alarm
rate, angular resolution, time needed for target
identification, field of view in azimuth and elevation
and reliability.

Here only the plume relevant aspects shall be
pointed out. From Fig. 27 and 28 the distribution of
plume radiation strength can be seen. It is strongest in
the 3 -5 um band with emitted power ranges up to the
kW range for tactical missiles. Signature emissivity
originates as mentioned above, to a large extent from
plume afterbuming. Although plume temperatures up to
2500 K exist in the inner zones, the radiating envelope
propagating most of the radiation for detection has
cooled down 10 500 - 1000 K. Its Planck curve peaks
in the 3-Spm range. A further cooling of the plume
exhaust down to 300 K would favour the detection at
the iong IR wavelength band between 8 - 12pm Due
to high background levels at low signal levels in this
spectral band it is omitted in favour of the 3-5um band.

Both IR spectral bands have good atmospheric
transmission (see Fig. 12). A further advantage is the
good documentation of almost every aspect of infrared
optical radiation  (sece  Ref. 3), be it sensors,
atmospheric  propagation,  material — properties,
reflectivitics, optical materials and filtering or natural
and artificial light sources.

The principal sensors used in the mid IR are
scanning line array sensors or staring matrix sensors,
both of them being imaging sensors. Sensor materials
are c.g. Platinum Silicide (PtSi), InSb or Mercury
Cadmium Telluride (MCT). They usually are cooled
down to 80 K for optimum performance. Scanning line
array systems employ polygon scanners to scan the
FOV in order to generate an image of the scene.
Scimning systems have the advantage of large angular
coverage (up to 180 degrees) at least in one dimension
with the disadvantage of a short dwell time of the
sensor footprint on the target. Staring array matrix
sensors continuously image the whole FOV. Statc of
the art scnsors cmploy a temperature resolution of

below 0,1 degree with a matrix of 512 by 512 pixels

and more,

‘The plume signal of imaging IR missile approach
warners is analysed by image processing computers.
the highly resolved and structured

capacity for the image processing computers is
cnormous and can be mastered only by very advanced
hard and software.

P s IR Y
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- Becausc of all these problems a different type of
sensor is considered for missil: approach waming. It
works in the ultraviolet spectral band cither as an
imaging or nonimaging sensor. The UV plume signal
strength is weak compared to the IR and the useful
aunospheric propagation is limited to wavelengths
between 240 and 300 nm. Nevertheless there are still
advantages that make the UV spectral range a
promising candidate for missile detection.  As
mentioned earlier. major contributions to UV plume
radiation mecchanisms originate

from the afterburning effects

hot plume particie radiation

deactivation of exited molecular states which
mostly happen in the outer plume envelope
and therefore emit UV radiation very similar
to visible radiation

An example of the spatial- and intensity profiles
of a tactical rocket motor plume is shown in Figure 29.
The measurement was performed simultancously with
3 imaging sensors in different wavelength bands. The
spatial extension in the UV and visible spectral range is
quite similar, as should be expected by the similarity of
radiation producing mechanisms. The cameras were
partly set to yield grey scale values in order to allow
radiometric parameter evaluation.

State of the art sensors used in the "solar blind"
UV are either non imaging point sensors or imaging
focal plane array sensors with a resolution of 512 by
512 pixels. In both cases the photosensitive dctector
materials are photocathodes with sensitivity peuaking in
the mid UV, as shown in Figure 14 and Table 6. UV

sensors have the advantages to be compact, low power
consuming with no cooling and moving parts required.
With the use of adequate antibiooming and threshold
settings of the UV sensor the dynamic range is high
cnough not to be blinded by plumes of own rockets
being fired. The geometric extensions of entrance optic
and sensor are smailer than comparable IR systems due
to the shorter wavelength.

The most convincing advantage of imdging uv
sensors is the low signal to noise ratio which originates
from the low background level of solar radiation and
the use of image intensifiers. The prime fur:tion of
image intensificrs is to raise the image intensity well
above the noise level of the read out device which
enables 1o detect essentially singlc photon events.
Signal gains of up to 6 orders of magnitude are
possible.

The workload for image processing equipment is
comparatively low because of the missing background
clutter aithough the signal strength is much less than in
the IR. It is quite difficult to produce artificial UV light
sources for deceiving purposes which, apart from
missing scene structure, considerably lowers the false
alarm rate of UV missile detection systems.

Improvement of the design of passive missile
plume detection system is being worked on to fulfil the
requirement of the end-user. On the other hand missile
motor designers are improving to cut down on plume
signature emission and it will be a continuos interplay
between both efforts to gain advantages over the other
side.
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Fig. 2b CO + O Chemiluminescence Intensity Spectra

The points with indicated error bars as well as the solid line are
the absolute intensity measurements of Myers and Bartle. The
other two curves were normalized to the peak intensity of the
Myers and Bartle curve.
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