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Abstract

The Propulsion and Energetics Panel's Specialists' Meeting in autumn 1985 on Smokeless Propellants demonstrated that no
common standard was available in this field and that the lack of common understanding led to misunderstanding amongst the
NATO community.

After some preparatory discussion, the Panel. therefore, formed Working Group Number 21 with the objectives of defining
methods for the assessment of rocket motor exhaust optical properties in the visible and in the infrared range, and of
recommending a terminology based on quantitative criteria,

The Working Group discussed the subject in a total of eight scssions and prepared th-, Advisory Report. F llowing an
Introduction and Summary there are six chapters, commencing with an Overview and continuing with Propellant Smoke
Classification, Plume Primary Smoke, Plume Se. sndary Smoke. Plume Radiation and Plume Micruwave Properties. In most
cases, the conclusions and recommendations follow the chapters and are not repeated at the end of the Report.

Résume

La réunion de spécialistes organisée par le Panel AGARD de Propulsion et d'Energétique au printemps de 1985 sur le theme
des propergols non générateurs de fumée a démontreé qu'il n'existait aucune norme universcllement reconnue dans ce domaine
cigue ce mangue d'entendement pourrait donner licu i une mauvaise compréhension au sein de la communauté de 'OTAN.

Suite & des discussions préliminaires le Panel a done décidé de erder le groupe de travail No. 21, en vue de définir des méthodes
Jd'évaluation des propriétés optiques des gaz éjectés des moteurs-tusée dans le domaine du visible ¢t de linfrarouge afin de
tournir des recommandations concernant une terminologie appropride, basée sur des critéres quantitatives.

Le groupe s'est réuni huit fois pour I'élaboration de ce rapport consultatif. Suite a lintroduction et au résumé, le rapport est
organisé en six chapitres, i savoir; préambule, la classification des fumées émises par les propergols, la fumée primaire du jet de
propulseur, la fumée secondaire du jet de propulseur, le rayonnement du jet de propulseur, et les caractéristiques
hyperfréquences du jet de propulseur. Les conclusions et les recommandations se trouvent en général i la fin de chaque chapitre
¢t ne sont done pas reprises en annexe du rupport,
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Introduction and Summary

The question of terminology in the field of so'id propellant rocket motors exhe:s products has always been a difficult one. In
autumn 1985, AGARD held a specialist meeting in Florence on the subject of *Smokeless Propeliants”. The technical evaluator
of this meeting, Geoffrey Evans, stated in his final report that “There is a need for an agreed quantitative measure and
methodology for defining smoke properties of propellants.” In fact, the classification generally used for propellants as “smoky,
recuced smoke, low smoke. minimum smoke and smokeless” is much too imprecise und broad-brush to serve as a meaningful or
quantitative guide.

The statements triggered a proposal from AGARD-PEP that s common language be developed within the NATO community in
this specific ficld.

After approval of the AGARD National Diegates Board, Working Group 21 of the Propulsion and Energetics Panel was
created 10 order 19 study, develop, and recommend a common terminology in the field of solid propelinnt rocket exhaust
signatures, lts cbjective was also to define methods for assessing rocket motor exhausts in various wavelength regions of the
clectromagnetic spectrum.

The first olficial meeting of WG 21 was held on 30 and 31 May 1988, but two preliminary meetings took place earlier in spring
and autumn 1987 Additional meetings were held every six months unal the tinal one in antumn 1990 in Brussels. so that u total
ot vight meetings were held.

As 2 result of this work., the group has written a detailed report which appears now as un advisory report. The main results and
conclusions of the group are summarised herein,

A new terminology is proposed in the field of solid propcliant combustion exhaust products, This terminology, which makes a
distinction between primary and secondary smokes, is based on parameters linked to solid propeliunt corabustion produets.

For primary smokes. three categories aire proposed in this new classification: A. B and C (A the least smoky, C the most smoky),
It has to be emphasised that the clussification is intended only for propellants. and not for motors. The classification number
which was selected is related to the obscuration coetficient, defined as 1-Tr, where Tr is the transmittance thiough a cloud of
condensables in the exhaust, The value of Tr, for a given propellant, is related to the mass pereentage and specific gravity of the
condensables in the propellunt combustion produets caleulated for siandard conditions, An obscuration number close to |
corresponds to a *C* propellant; close to 0, it corresponds to an “A" propellant,

For secondary smokes, three categories are also proposed: A, B and C (A the feast smoky, C the most.moky). The elassitication
approach selected is reluted to the minimum relative humidity ot ambient mt ut which smurgnon (secondury smoke formation)
willoceur fora mixture of one purt of caleulated propellant products (HL,OL HCL HF ety diluted with LODO parts air at a mixture

fempurature of (7C (27 3,15k ) standard atmospheric pressure. A propellant classified ' A" gives seconduary smoke condenaation
anly at high relative humidity. A propellast clussified *C* gives seeondary smoke even at low relative humudity.

Increasing Secondary Smoke
———p
AA AB AC

KA BB BC
A B «C

Incrensing

Primary Smoke _’*

Therefare propelfant classificution involves two letters, A very low smoke propellint is classificd AATa very smoky propellant is
uussitied CC, A propellunt which gives very little primasy smake ot infease seeonda y smoke Is AC, ele,

Itis proposed that this new quantitative classification be widely aeeepred to charaeterise a solid propellunt, However, one has to
remember that this classafication is related w propellant oaly, [t eannot he swsumed that because a fully nssembled rocketinotor
vontaing o class AA propellant its exheust plume will be unguestionnbly sensfactory for all tranemittance requirements, Other
design prrameters. such as ignitor. liner, insulator, noz2le macerials and configiration must also be considered.

It addition to this proposal for a new exhaust-smoke classitication terminology, the Group also exumined the various methods
and facilitics used in some NATO countries for measuring and predicting sobd propeltunt motar exhuust produets, their
behaviour und effects. Some nte recommended for agencies or companies wishing to establish such capabilities. N standard
measurement methods are proposed which would elassily propellants or rocket motor experimental techniques beenuse
questions of smoke measurement, transmission, emission, and senttering which arise during the development ot 2 given rocket
molor are sa specitic that standardised methods would be inndeguate,

X
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The main topics addressed in this report are phennmenology and operational considerations (overview), smoke classification,
p-imary smoke. secondary smoke, plume radiation, and plume microwave properties.

In addition, there iy a glossary of terms used in the plume technology field, as well as information about mudelling codes and
agencies and companies active in this field.

One will also find in this report information about solid propellant rocket motor exhausts which, as far as it is known, has not
been available until now; consequently the report will be useful to those entering this field of activity,

For cach topic, u member of WG21 was appainted as a pilot and was therefore responsible for that topic, ‘vhich gave birthto a
chapter of the report after discussions with other WG members,

The members of WG21 were:

Bernard ZELLER® France, Chairman
Barry JONES Cunada
Emmanuel ADJARI France

Gerard MELLON France

Jucques SAUVEL France

Jacques SOULETIS France
Brunhardt CRISPIN® Ge.many
Reinhardt DIRSCHERL Germany
Wolfpang LIEHMANN CGermany

Lt Col. ] PAGONIS* Greeey

Renato BRIGNOLA Italy

Roberto DE AMICIS laly

Prof. Luigi DE LUCA®* Italy

Manue] BARREIROS Spain

Alan CRUTTENDEN* United Kingdom
Geoffrey EVANS United Kingdom
Ronald LAWRENCE United Kingdom
Peter K SMITH United Kingdom
Anthony WHITEHOUSE®* United Kingdom
C RDARLINGTON United States
David NETZER* United States
Lawrence B THORN United States
Andrew VICTOR United States

The writing ol this report was o joint effort of the Working Group. ‘We have tried to avord mistakes or nusunderstandings. Please
address questions or comments regarding this report to:

AGARD or  Mr Bernard Zeller
Exucutive, Propulsion und Energetics Panel Direction de la Strategic
7. rue Ancelle Division Défense Espace
92200 Neuilly-sur-Seine, France SNPE

12 Quai Henri 1V

75004 Paris. France

*PEP Members
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1.0 INTRODUCTION

It is the working group’s intention that this
overview should provide a uscful background
framework for understanding the specific
technical chapters and recommendations  that
follow in the remainder of this AGARD Advisory

Report.

Exhaust plumes have been a concern in
rocket propuision technotogy for over four
decades. The early concerns involved plume inter-
ference with microwave guidance signals for
beam-rider and semi-active systems, Subsequent
concerns involved exhaust detectability due o
primary and secondary smoke and the cffects of
smoke on some kinds of missile optical guidance
systems, The recent  emergence of autonomous
clectro-optical detection and tracking systems has
introduced strong concern about increased missile
and launch-platform vulnerability due 1o the
entire spectrum  of exhaust plume emissions. This
becomes even more important as other missile
signatures, such as body cemissions, body
scattering, and body radar cross section (RCS),
are reduced by application of new marerials
technology and non-axisymmetric geometry (1),

Overriding all exhaust plume measurements
and predictions is a requirement to quantitatively
specify  required signature levels  for  current
and future missile missions. Straightforward  as
this sounds, it has never been adequately done
for any tactical missile plume. There is no
question that it should be done to set realistic
goals and to prioritize research and development
(R&D) efforts for plume detection, identification,
tracking, targeting, and control.  In addition,
required signature levels must be idemtified with
specific operational time-frames to correlate with
projected enemy detection capabilities. It is also
critical that signature be scored or ranked as lo
its valuc for any mission, also the relative vilue of
cach type of signature for that mission (.2, IR,
UV, smoke, flash, RCS). Othzr plume effects (v.g.
guidance interference and  plume  impingement
offects) are performance issucs that must be
solved far deployment. Once a set of prioritized
signaturc goals has been established, il may be

possible to  prioritize  the  Rescarch  and
Devetopment required to reach the goals,

Those missiles for which “reduced” and
"minimuim smoke”™ propellants have been  devebr-

ped over the past decades have an overriding
identified need for signature control. In general
controlled smoke propellants are intended to
target

prevent timely conntermcasures by the

and/or to prevent interference with some opuical
guidance, detection, or tracking systems. For
missiles launched from covert siles, there are
compelling reasons to reduce launch plume signa-
ture to undetectable levels. New terminology for
controtled smoke propellants is given in Chapter 2,

In general, pertinent  ranges for  detection
will be of the same order of magnitude as the
related engagement ranges. When the ranges are
short, lime becomes an important parameter.
Time is also involved in the short burn durations
of many rocket motors, limiting the time available
for detection of radiative emissions,

Body and cxhaust plume IR radiations have
been used for decades for detection and targeting
by a number of missile guidance systems. For
complex ¢ngagements, involving many launch
plutforms and thercfore many targets, IR rocket
exhaust signatures may be used in the near future
to detect and target launch plaiforms as the
launch takes place. In such scenarios one s
eoneerned about highly capable detection systems
and detection  ranges out to  hundreds of
kilometres. All signatures encounter some degree
of atmospheric interference (Fig. 1-1).

Under clear sky, high visibility daylight
comditions plume smoke is visible from ranges
comparable to advanced IR detection capabilities.
In addition, plume smoke persists and creates an
“arrove” from the missile back to its launch point.
Primary smoke is the result of particulate rocket
motor c¢iTluent that forms during cooling of the
combustion gases at any ambicnt atmospheric
condition. Sccondary smoke is the condensed
vapour contrail of a missile plume; its formation
depends upon both the nature of the gaseous
rocket motor cffluent and the prevailing ambient
atmospheric temperature and humidity conditions.
Missile contrails form under all conditions that
support  jet  aircraft  contrail  formation. In
addition, the HC) product of ammonium perchlo-
rate combustion causes an extremely persistent
(and often continuously growing) contrail to form
at conditions much warmer and much less humid
than those required for the formation of aircraft
contrails. [t takes some time for the full
development of a secondary smoke contrail, and
depends upon the ambient conditions and the
sperific exhaust structure. This can affect its
importance to a particular scenario. In addition
the optical density (and  hence  visibility and
transmissivity) of the secondary smoke contrail
frum a yiven motor strongly depends on ambient
condition,  In Chapter 2 of this report
(PROPELLANT SMOKE CLASSIFICATION)
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new terminology developed by this working group
is proposed to replace the qualilative terms
"reduced smoke” and “minimum smoke” with
quantitative definitions that can be used to rclate
initial  specifications of solid  propeilant
requirements to dcfined levels of primary and
secondary smoke.

Much of the effort of the past two decades
in plume techaology has been directed towards
developing and refining analytical prediction
methods, Most of these methods are now
exercised as digital-computer programs. When
these computer programs accurately predict plume
effects, considerable time and expense associated
with flight testing to determine plume propertics
of specific missile exhausts can be avoided,
However, it is necessary to prove the validity of
any computer program by comparing its calculated
results with measured data. The udvantage of
the computer program is that once its validity
is demonstrated, it is possible to apply it to many
sitvations for which measurements have not heen
made. A strong caution must be made here;
validation of A computer program within a limited
range of rocket motor propellants and flight
environments does not guarantee validily outside
that range. In fact, there are many instances of
"verified” computer programs failing in subsequent
comparisons with data.

Plume predictions are routinely made for IR
signature, smoke visibility and obscuration, and
RF-guidance signal attenuation, In addition, the
analytical techniques available can be used to
predict plume impingement c¢ffects, and, with
various  modifications,  RF-guidance  signal
noisc-modulation and radar cross-section (RCS),
emitied visible and ultravioler (UV) signature.
Despite this state-of-the-art there are clear arcas
in the modelling which are incompiete und show
up as limitations in the accuracy of some
predictions, and obvious lailures of some others.
The major weaknusses responsible for  these
results are believed to be in flowfield modelling
and include :-

(i)  lack of turbulencc-combustion coupling
(ii) inadequate treatment  of  haseflow
recirculation with chemical reactions
lack of particle combustion modelling,
including multi-phase flow interactions
lack of rcliable data regarding particle
size distribution of metal oxides and
their complex index ol refraction
inadequate  criteria  for  predicting
ignition of afterburning in some plume
flows

(lii)

(iv)

)

lack of models for
introduction into the flow
(vii) lack of models for threc-dimensional

chemicaily-reacting plumc flow fields
(viii) failure of current models to account
for time dependent plume signature
effects.

(vi) turbulence

Elimination of these weaknesses will require
major investigations of both an experimental and
theoretical nature. Research to understand and
conirol physical processes (propellant chemistry,
fluid dynamics/combustion Interactions, signa-
tures) Is critical for plume signature reduction.
Alterburning of fuel species, such us carbon
monoxide and hydrogen, in missile rockei
exhausts, is the major contributor to plume IR,
UV and RF signature cffects. Programmes to
investigate these arcas are the purview of an
individual nation's rcsearch and development
programmes, and the subject of several
collaborative elTorts,

It is important to acknowledge the existence
of advanced rescarch codes that reflect the latest
technology und methods, such topics as baseflow
recirculation and three dimensional, multiphase
flow with tinite rate chemistry ete. These codes
attract  high investment costs and some inay
involve sensitive national interests which preclude
their general release.  Less sophisticated but more
readily available, are codes such as the US.
production sulte SPF/SIRRUM and others. These
are loss exact but model plume properties in a
satisfactory manner,

One of the major bencfits of predictive
madelling  is  the  insight it provides for
understanding  the offects that different  rocket
motors and mission variables have on exhaust

plume  properties  and  cffects. Even when
computer  programs fail to accurately predict
missile  plume cffects, they may provide
important  inforination  about the relative

importance of many of the different variables that
alfect exhaust plume properties,

2.0 OPERATIONAL CONSIDERATIONS

This scction cxamines some of the factors
that link operational requirements to solid rocket
exhaust plume considerations, These factors  fall
into two major arcas ;-

()  Physical [otcractions :- This covers
such physical interactions of the plume
as gas and particle impingement on
surfaces and gas dynamic interactions




(ii)

(such as those between two rockcts on
closely parallel or serial courses or the
effect of rocket exhaust on aircraft jet

engine performance, including
fMameout).
Radiation interactions :- This covers

the areas of plume signature and
guidance interference cffects that arc
cuused by emitted plume radiation or
interactions of plumes with radiation
from other sources. Our interest in
these interactions can be grouped into
the following two categories.

a. Retection requirements ;- These are
related to threat (enemy) plume
signatures  and  determine  our
requirements for detection capubility
and countermcastures,

b. Signature _requirements - These
include requirements lor “stealth,” Tor
missile guidance, and uny other
operationa]  parameters  that  are
affected by our missile plumes and
thus affect the design of our own
rocket motors,

Operational requirements regurding exhaust
plumes are usually a critical part of a weapon
system's design requirements. The rest of this

section

gives

specilic  examples  of  such

requirements in relation to the above,

2.1 Physicul Inteructions

In this area we are concerned with the
design of a rocket motor to assure that the
physical interactions of its plume do not cause

operational

problems, Although physical

interactions are not part of the working group's
mandate, they will be discussed briefly herein for
completeness and to alert the specialist to the
need lo consider aspects other than just the

signature characteristics of the plume.

Three

problem areas are considered as cxamples -

(i)

First, consider plume
situations such as those often
encountered when o missile s
launched from an aircraft or ship, or
perhaps our concern is a small
shoulder-launched battleficld  missile.
The geometry of each situation is well
known. The first step in solving the
design problem is to determine how

impingement

the missile plume fits into the known
launcher gcometry.

Existing rocket

(if)

exhaust  plume flowfield computer
codes are ideal for determining this.
The next step is to define the
temperatures, pressurcs, and particle
impingement induced by the plume
onto launcher surfaces, and to
determine whether or not there will be
a threat to the launch vehicle or
person,  To accomplish this, one must
use the plume flowfield computer
out st parameters of gas density,
species, temperatures, particle sizes
and number densities, and gas and
purticle velocitics and then determine
impact forces and heating rates on
involved surfaces. The degradation of
launcher  surfaces can  then be
determined analytically, Experimental
verification of the predictions can be
oblained by  submerging  well
instrumented  materials  into the
exhausts  of  statically tired rocket
motors and comparing the results with
cade predictions, IF the predictions are
good, they can be extrapolated to
other, non-static, rocket motor firing
conditions with reasonable assurance
of accuracy. Even fairly simple
prediction . methods  have  been
successul for surface-launched missile
launcher impingement problems [2,3)

Let s
systeni
unguided

consider & barrage rocket
typically such 4 system uscs
rocket  powered  missiles
launched in parallel or series from
launchers that contain  substantial
numbers  of  weapons, In cither
parallel or series firing modes the gas
dynamic cffects of the exhaust jet
from one rocket can  affect the
trajectories  of  neighbouring rounds.
The problem is to determine the
magnitude of that interference and
whether it causes trajectory errors
greater  than  allowable by the
aim-point-accuracy, miss-distance and
kill-probability requirements for the
weapon system. The pertinent analysis
can be done with one of the existing
rocket  exhaust  plume  flowfield
computer codes. Il it is determined
that an operational problem exists, it
may be possible to redesign the rocket
nozzle or the missile exterior lo reduce
the problem. Another approach might
be 1o devise a tactical firing strategy
that  minimizes the interference
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problem,
(iii) Another very serious problem involving
physical interactions is aircraft jet
cngine flameout ceused by the
ingestion of rocket exhaust products.
There is a history of this problem
with afterburning rocket cxhausts. In
fact, the use of a potassium sulphate
“salt-tod” in some early air-launched
rockets was implemented Just to
eliminate the afterburning that caused
this problem. The same problem has
been encountered more recently during
alr-launch of some air-to-air tactical
guided missiles, particularly when
gas-dynamic or udutonomous missile
guldance effects cause the rocket to
cross the aircraft path with resulting
engine ingestion of hot exhaust gases.
At lcast three solutions are obvious :-
(1) climinate alterburning in the rocket
exhaust (not eusy with modern high-
perfurmance composite  propellunts),
(2) rclocate missile launcher on the
aircralt, or (3) delay the start of
autonomous guidance of the missile
until it is farther from the lavnch
alecraft, Even some of the older rocket
exhaust plume computer codes (such
as LAPP) have been applivd wvery
successfully to this problem.

2.2 Radiation Interactions
2.2.1 Detection Requirements

This area concerns information on plume
signatures of threat (enemy) weapons, both
aircraft and missiles. It is information that may be
difficult to obtain, particularly that nceded to
predict the signatures of threat aircraflt and
missiles,  Such information is usually highly
classified by cach nation and hundled on a
"need-to-know” basis because {t  has direct
implications on  weapon design, tactical
procedures, and critical technology. However,
cerfain principles that are obvious will be
discussed here.

The objective is to perform some military
operation at minimum risk and with maximum
chance of success. Quite obviously, scnsing
emissions radiated from the exhaust plume of a
target aircraft or missile is an idcal means of
locating, identifying, tracking, and possihbly

targeting (or terminal homing). Therciore, we can
start the design of a passive “dctection system®

based on this mecthod. A number of unknown
paramecters are immediately evident :-

(1 At what distance must we detect the
target?

At what aspects (relative Tlight paths,
angles, ¢lc.) must we detect the target?
Over what range of atmospheric
conditions must we detect the target?
Over what range of absolute and
relative velocitics must we detect the
target?

(ii)
(i)
(iv)

(v) What scnsor capablilities do we have
and how can they be used?

(vi) What are the targst signature
characteristics?

{vii) Can the Intercepting missile onboard
sensor(s)  distinguish between plume

and target?

It is possible, using modern exhaust plume:
computer codes and other analytical techniques to
get answers to all these questions. However, one
must  be  cautious because all the analytical
techniqques are based on assumptions that may
hide purts of rcality. For example, the strongest
feature of current plume computer codes is their
prediction of steady-state levels of total and
spatially  resolved  radiation,  However,  the
distinction between the target and its plume may
be more appirent in the time dependent regime
due to such features as turbulence structure and
Doppler shifts in radiation, than in the steady-
state regime.

For target detection and trocking, the total

steady-state  radiation levels are of primary
importance. At the required maximum
operational  launch  range, the scusor/detector

portion of the guidance system must be capable of
distinguishing the target plumc from background
radiation and from spurious local radiation
sources. Intervening atmospheric attenuation of
the larget signature must be accounted for when
the maximum operational launch range s
determined, this includes accounting for possible
variations in atmospheric aticnvation over the
missile launch cnvelope, The guidance system
must be capable of locking on to the target plume,
keeping fock as the missile approaches its target
and must include algorithms to overcome any
momentary loss of lock .

As the missile approaches its target, the
ficld-of-view ol the sensor/detector sub-system
will become Filled with the target plume and an
autonomous decision must be made to transfer
tock to a particular part of the signature. Ideally,




this would involve transferring lock from the
plume to the target itself and may require
inclusion of a bias or shilt of lock from the
location of maximum plume signature 1o the
expected location of the target. This is not too
difficult to do if the missile is using a
proportional guidance scheme. In fact, the bias
could be built into the missile  guidance system
to operate from launch onward, and be based on
plume signature computcr calculations ; however,
such calculated values would be strongly depen-
dent on target type, target velocity, and target
altitude. The danger of this approach is clear, the
range of variation could be large if the bius is
preprogrammed, and the resulting average miss
distance could also be large. If distinguishing
characteristics of the targetsplume interface can
be identified, transfer of lock would ideally
involve switching from the total plume or location
of maximum cmission in the plume, to those
characteristics of the interface. Distinguishing
features of this interface may be time-dependent
rather than steady-state. The plume gases are at
their maximum velocity very close 1o the target
exhaust exit, therefore some guidance solution
based upon Doppler shilt in the signature might
be used. Also, the plume will have a turbulent
structure not cxhibited by the target surface, This
turbulence might be used to distinguish between
the target body and its plume, However, Ihe
turbulence will probubly he a minimum near the
target and a maximum at the location of
maximum plume temperature and alterburning
this would tend to mitigate  against  using
turbulence to distinguish between the target and
plume. The target signature near the noszle may
be expected to be 4 combination ol hot bady
radiation and scattered wmbient radiation  that
could distinguish it spectrally from the plume,
This report does not consider any “hard-body”
signature sources or cffects.

2,2.2 Signature Requirements

This arca is related to the design ol solid
rocket motors, The design objective is to minimize
the signature of a missile ¢xhaust plume tor one
or more reasons. Detailed information in this urca
is usually highly classificd to prevent  ts
acquisition by potential threat nations. However,
as with the previous scction, the principles
involved are available in the open literature, and
it is from that basis that the following discussion
proceeds. There is one primary goal and that is to
minimize the deleterious operational effects of our
own missile plume signatures. There are however
two primary dcesign goals :-

(i) 10 minimize the detectability of one's
own missiles in certain scenarios.
the

(ii) to minimize any interfercnce of

plume on missile guidance.

Plumes may be detected by sensing  either
their emitied radiation or their concentrasion of
ambient  radiation, Plumes emit  significant
quantities of cleciromagnetic radiation over a
wide range, from the ultraviolet (UV) at the short
wavelength end of the spectrum, through the
visible, infrared (IR) und millimetric wave regions
down into the high radio frequency (RF) and
longer wavelength end of the spectrum, There
may be trace amounts of radiation at shorter and
longer wavelengths, however, these are usually
not considered  viable for  tactical purposes.

Particles in plumes, often referred to #s
plume smoke, are a major cause of concentrated
amibient radiation which usually becomes apparent
as il iy scaltered from the plume to  some
detector, The smoke trails of plumes are casily
detected visually because they scutter sunlight and
the luss intense skylight,  Scattering of the earth's
albedo may also be detectuble, particularly when
the ground is very bright  (for example, when
covered with snow). There is also a component of
scattered  sunlight, usually less than Sum in
wavelength,  that may  cause  detection  or
interference problems with clectro-optical systems
aperating at mid-IR wavelengths. Plume smoke
can interfere with guidance systems that operate
in the visible or near-IR regimes if propagation
through  the pline  is required  in tactical
scenarios.

The gas-density variations in plume wakes
miay cause disturbances in ambient RF Ficlds,
Although such disturbances can be detected
(as can clear-air turbulence, which s the same
phenomenon), it is nol obvious  that such
detections can be useful in tactical battlefield
conditions,

Elecironically charged species in plumes
(particularly free electrons, although jons may also
contribute signilicantly at the longer wavelengths)
attenuate,  scatter,  and  refract  or  “focus”
impinging RF radiation in the megahertz and
gigahertz  regimes.  For  very highly ionized
plumes, this can cause a detectable increase in the
missile radar cross section (RCS). Even moderale
fevels of onization can cause RF interference for
heam rider and  semi-active guidance systems,

The temperature of the plume is the single
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most important factor contributing to signature
levels involving cmitted radiation and RF
interactions, Particles exhausted from the rocket
nozzle form particle laden contrails (primary
smoke) detectable for many kilometres behind a
flying missile.  Water-soluble  pascous  and
condensed species combined with water exhausted
from the nozzle and water present naturally in the
aimosphere can result in the formation of
water-droplet contralls (secondary smoke) that
persist for many kilometres over a wide range of
ambient conditions, although there are conditions
when water-droplets do not form. The criterion
for the formation of secondary sinoke involves the
nature and concentrations of the exhaust species,
the temperature and hehaviour of the plume (does
it afterburn, for example?), as well as the ambient
temperature and atmospheric  moisture  content
(l.e. relative humidity).

In the following discussion. methods are
given  for aeriving al solid rocket motor or
propetlant  design  requirements o uchieve
operational goals.

If the level of ¢mitied radintion from u
missile plume is to be reduced to a level that
prevents detection of the missile, it is  first
necessary to determine what that fevel is amd the
benefits, if any, of partial signatare  reduction,
Required signature levels must he identificd with
specific operational timeframes (o correlule with
projected enemy detection capabilities, It is also
critical that a signature he scored or ranked as lo
its value for cach mission together with the
relative value of cach type of signature (eg., UV,
IR, smoke, visible flash, RCS, cic). The plume
effects that involve missile guidance, such as RF
and plume smoke inwerference are  overriding
performance issues that must be solved for system
deployment.

The first step is to determine the range from
which non.detectability is  needed  and  the
radiation wavclengths involved. No guidelines
have been cestablished for this, It would be
desirable to have a plume and missile that s
undetectable at all ranges, howsver this is clearly
not possible. The following guidelines are believed
to be appropriate :-

(i) Initial detection of supersonic missile
plumes at ranges of less than 6km is
not important because  the  short
engagement times availuble o not

permit effective countermeasures.

(ii) Detcction ranges greater than 75km
are ambiguous in one-on-one

cngagements.

Plume RCS should be controlled to
keep detection probability of the plume
less than that of the missile alone.

(iii)

(iv)y The nced for guidance interference
control is determined by the “marginal
excess capability’ of the guidance
system without Interfercnce (that is,
the ability of the guidance sysiem to
operate beyond the maximum missile
envelope). For example, if the guidance
signals have a power margin of 10db
at the maximum operational range,
then plume signal interference up to
10db might be tolerable, This is most
applicable to RF guidance interference,
Plume induced RF noise must be kept
1o levels that will not be interpreted by
the guidance system as false targets or
otherwise confuse the guidance system,

Plume smoke must be controlled for
those missions in which It can com-
promise the launch platform or inter-
fere with clectro-optical guidance. 1t is
also important, but less critical to
avold detection of the missile itself.
There will always be possible scenarios
in which secondury smoke can form,
und the probabilities of such occur-
rence should be known. For this
reason, this AGARD working group
has provided a climate database which
permils the prediction of the occur-
rence of  secondary sinoke on a
common hasis,  (Appendix 4 to this
report),

(v)

Missile plume signatures that can
contribute  to the detectability of an
otherwisc covert and vulnerable launch
platform may need to be controlled at
all costs, This is particularly true of
plume smoke trails from missiles
launched from stationary or slow-
moving platforms, since the smoke
trails persist for a long time.

(vi)

The following three fictitious examples of
plume signature problems are included to give
some idea of design considerations that are
influenced by rocket exhaust plumes,




Example | -

The missile is guided along a line of sight. The
guidance system minimizes the angle formed by
the larget, the launch platform, and the guided
missile. Designation of the target is done by an
operator who must continuously designate the
target until the missite hits it. The missile is
located during flight by a beacon that radiates in
the near-IR,

The exhaust plume can disturb the guidance
system by -
(i) obscuring the target from the operator
due to smoke. The target is scen in a
natural cnvironment by a contrast
defined as -

C - B - By where
B,

C = contrast
By ~ targel brightness
Bp= background brightness

The attenuation (which must be Jess than a factor
10) is defined as -

A= (;l where
2

A = altenuition

Cl= contrast without motor
exhaust

C2a contrast with motor exhaust

(ii)  obscuring the missile from the operator
due (0 smoke.  With  the  same
deflnitions as the previous paragrapl,
the attenuation must be less than a
factor 20).

(i) saturation of the light amplificr used
for night f[iring, due to  plume
radiation. To avoid saturation of the
light amplifier the spectral radiance ol
the plume must be less than 1x103
Watt/m¥/sr/m.

(iv) a higher level of radiation from the

plume than from the beacon. This
point is satistied il the previous one is
satisfied,

Plume smoke can also reveal the missile
trajectory and the launch position. This point has
not been quantificd at the present time.

Con-

sidering this further, imagine a scenario where
conflict occurs in a desert climate in which the
first combatant uses an all-climate missile
(obtained from a major power arms source) with
a rocket propellant (commonly known as a
“minimum-smoke”  propellant)  containing  no
ammonium perchlorate (AP), which is responsible
for sceondary smoke formation in cool, humid
climates, and the second combatant, realizing it
will never use anti-tank missiles clscwhere, has
chosen to produce and use a composite propellant
with no mctal but high AP levels in the rocket
motors of its  anti-tank missiles. The second
combatant will have an advantage in performance
(total impulsc) in the desert cenvironment, or
the option of sclecting u smaller and lighter
missile design, He may also, in general, have a
rocket motor  with improved service Hfe and
handling, transport, and storage safety.

l:r.nunhu 2 .

{n another situation, consider a goul involv-
ing reduced plume-IR signature in the 3um to
Sum wavelength band, Suppose  existing  data
indicate that with likely enemy  deteciors, the
steady-state IR signature of a  current motor
capable ol meeting the performance gouls can be
detected  ab ranges  from 30km to  250km
depending on plume and detector altitudes, and
atmospheric and  background conditions, Studies
show  that 4 motor might be  designed  and
fibricated with only 10% ol the IR signature of
the current motor. However, calculations show
that this will reduce detection to runges between
25km  and 200km, for identical conditlons; a
trivial change, and not an improvement in the
operational  context, Another  option is a
liquid-oreanic fuelled rimjer engine, which, alter
its rockel  buoster s eshausted,  will have a
signature only one-forticth that ol the current
rocket, Because the ramjet-powered missile will
fly at dilterent aspects to o expected  detector
platforms, it is assumed that an IR signature only
1% of the current rocket plume can be achieved,
With this condition, the IR detection runge can be
reduced to a range between 19km and 100km, for
identical conditions. If the operational goal had
been identificd us no detections beyond 50km,
that poal is now achicvable Tfor a significant
percentage of - encounters, and the value of these
versus  other  operational  parameters  must  be
determined 1o optimize the system desipr.

As the linal example, consider a plume-
radar guidance problem. Everything possible has
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been done to reduce signal alienuation,  After-
burning is suppressed as much as  possible
considering the performance needed, the rocket
motor nozzle lip (missile base) thickness has been
minimized by boat-tailing the cxternal missile-
cylinder wall, the two recriver antennas for the
semi-active radar-guldance sysiem arc forward on
the missile body to minimize the influence of
direct signal-interference patns through the motor
exhaust plume, At least one antenna nlways has
a signal attenuation less than the 10dB required
for adequate signal-to-noise ratio at maximum
thrusting range. Yet the missile sometimes has
midcourse guidance problems that cause it to miss
its target, Afier much deliberation, and analysis
of expensive telemetry data (which would not
otherwise have been abtained), the project team
comes to the awful conclusion that the antenna
selector in the guidance system is selecting the
wrong antenna for guidance, The system s
programmed to sclect the antenna receiving the
larger signal, which it is doing; but analysis of the
telemetry data indicates that at the time ol
selection much ol thut signal s plume- induel
noise on the carrier sighal scattered into the
antenna making it appear to be the lurger signal,
The problem is now severe, espectally since the
system has been deployed.  Eurlier in the design
of the system it would have been possible to
include  noise-discrimination  cireuitry  in the
guidance system, or an independenmt  missile
orientation sensor thut could have chminated or
reduced this problem,

Detailed design guidelines must be worked
out for each proposed missile system on the hasls
of how and where it is lo he used, and the
relative value of the different contributing fantory
such as range, velocity, guidance type, mission
value, launch platform  value, and technology
availability, The objective of this design effort is
to quantify the availuble tradeolf options between
all the various requirements and goals, and to
optimize them for the missile system  under
consideration. If all operational conditions are
considered fairly, some surprises ure lkely to
emerge.

3.0 TECHNICAL CONSIDERATIONS
This section ol the overview deseribes major

plume propertics and cffects of concern, sturting
with the flow of rocket motor combustion

products from the combustion chamber through
the nozzle and into the atmosphere as far as
necessary for the properties und effects of interest
to manifest. Critical design features of  sobid
they

rocket motors as affect  plumes  are

addressed. they include design principles and the
contributions made by propellants, liners, insu-
lation, nozzles and igniters.  Plume cffects are
described from a  theoretical basis,  This is
necessary since it is the only way to approach an
understanding  of  the  phenomena  involved.
Existing data on plume cffects tend 10 confirm
the thcoretical principles, if not the specific
details of calculations bused upon them,

3.1 Solid Propellant Rocket Motors

Solid rocket niotors appear to be rather
simple devices, Generally they have nn moving
inechanical parts (although some modern systems
are [tted with moving nozzle thrust vector control
systems, and udjustable pintel nozzles have been
designed and tested). However, this apparent
simplivity is deceptive, 1t is more appropriate to
visualize o solid rocket motor us un engine which
has all the design requirements “frozen” Into the
necessary chemical and physical forms,

X4 Motor Design Principles

Figure 1-2 shows a typical wedeal rocket
wotor including the major design features, The
solld propellant iy cast or extruded as a “grain,”
The propellunt is selected to contain the nocessary
chemienl energy, delivered at an appropriate rate,
to necomplish the missile mission, This requires
that the following conditions be met :-

()  The density of the propellant must be
sufflciently  high  to  package the
needed  energy  imto the  available
volume,

(i) The burning rate o the propellant
must be such that energy is delivered
at the required rate,

(ifh The burning rate slope (n in  the
burning rale equation r=aP.) must be
sufficiently low that mild pressure
excursions do not lead to unstable
burning or runaway (possibly explo-
sive) pressure increases,

(ivy The burning rate ol the propellant iy
usually dependent  on  temperature,
being higher at higher temperatures,
Since tactical solid rocket motors must
operate over 4 wide range of ambient
(and thus propellant) temperatures, it
is Important that the performance of
the missile should be similar through-
out the entire specified operating
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temperature range.

The propellant grain is configured to
give the desired thrust-time profile. In
the motor of Figure 1-2, this s
accomplished by "perforating” the grain
co that burming occurs internally on
the exposed faces, With the internui
perforation or bore shown in the
ligure, the burning surfuce arca
remains nearly constant during the
entire burn, and thus the thrust is
nearly constant. In contrast, a simple
circular bore would initlally have a
smaller burning surlace that would
grow progressively during combustion,
The chamber pressure and tic thrust
would also grow, although not pro-
portionally, unless the burning rate had
no dependence on pressure. The port
must he of a size large cnough o
prevent choking of combustion gas
flow upstream of the nouzle throat,
and to minimize erosive burning of the
propellant surface. As burning reaches
the outer insulation of the motor, the
burning surface and hence, the thrust,
begin  lo  decrease  (lloth),  Since
motor performance s reduced during
talloff, und an extended burnout phase
requires extea inteenal case insulition,
goed  motor  designs  minimize  the
duration of the decrease by attempt-
ing to burn out all of the propeflant
simultancously,

Some graing or  head-end  parts of
grains arc not perforated and burn on
the surface facing the nossde. These
arc  known as  cad-burning,  or
restricted, or cigurette-burning grains.
It is possible to achieve constant
thrust-time curves with such  grains,
Motors with end-burning grains require
more internal case insulation than
those with internal-burning grains to
prevent exposure of the nozzle end of
the motor case to the high-temperature
combustion within, End-burning grains
also require some internal stress-reliel
mechanism (o prevent cracking due 1o
thermal expansion. Some boost-sustain
rocket motors use an internally per-
forated grain configuration near the
nozzle lor a short duration, high
thrust, boost or ucceleration phase,
and an c¢nd burning configuration to
provide longer-duration, lower sustain

(vi)

(vil)
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thrust to maintain constant velocity of
the missile. Figure 1-3 shows typical
thrust and pressure versus lime curves
for such a boost-tustain rocket motor.
Other, more complex grain shapes are
not uncomimon,

The igniter must ignite the cntire
propellant surface quickly and bring
the motor to Its design operating
pressure. [t must be designed so that
ignition does not mechanically damage
the propeliant grain,

Tue propellant must have mechanical
properties that prevent it from crack-
ing, or other damuge when initially
pressurized by the igniter, or under
forces (loads) of accelerating flight, or
of noemal handling,

(viil) The liner bonds the propellant grain to

(ix)

(x)

(xi)

the case or insulation. The liner bonds
must nol separite or burning  may
creep  into the bhond  region  and
yuickly destroy the motor case. Inhibi-
tors may be used to prevent com-
bustion of some propellant surfuces .
these inay be slow-burning,

The insulation must keep the heat
from a burned-out motor grain from
dumuging the cuse during the final
stages of  unpowered flight  (coast).
The insulation must also prevent
excessive temperatures and tempera-
ture pradients (due  to acrothermal
heating or other ambient influences)
from damaging the propellant or the
liner bond,

The nozsle throat must be sized to
constrict the Ilow so that the design
burn rate and chamber pressure are
reached and maintained in the com-
bustion chamber. Flow in the nozzle
thront is choked to sonic velocity
which prevents any possible fced back
from lhe nozzie cone or downstriam
regions from ianfucncing the chamber
combustion.

The noezle  expansion  cone  angle
employed (a conical  expansion s
usually used in tactical missiles) is a
tradeoff between the nozazie length and
weight and the expansiun efficiency.
The sonic gases in the nozzle throat
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accelerate  in the  expansion  cone.
Maximum performance cfficiency s
achieved il the cxhaust pases just
reach ambient pressure al the noszle
exit.  However, since many  tactical
missiles operate over a wide range of
altitudes, and hence ambient pressures,
& compromise nozzle exit radius Iy
usually chosen based on many factors.
The cxpansion cone half-angle s
usually chosen to be between 12 and
20 degrees ; this is a nozzle tradeolf.
The smaller the expansion angle, the
greater iy the axinl component of
momentum (thrust) that acts {o propel
the missile ; however, the longer the
nozle, the greater the wail rriction
and turbulent boundary layer losses in
the nozzle and the greater the missile
inert weight, 1t is also very imporunt
that the noze half-angle should nog he
so gpreat that How separation oceurs
(ie. asituation fn which the  expand-
ing nossle tlow detaches trom the
noszle wall with the formation  or
shoek waves and uacontrolluble, unpre-
dictable, and varfable thrust misalign-
ment),

The purpose of  all  these  design con-
siderations s 1o produce 4 motor which  provides
thrust to propel the missile, Thrust is the toree
that the missile expericnees as the resalt of the
exhausting nozzle gases, 1S actualty the sum of
two terms -

(i) the momentum thrast which s the
product of the mass How rate and the
exit velovity of noszde eltluent,

(i) the  pressure  thrast, which s 1he
pressure difference between the nossle
exit and ambicent pressures operating
over the nozsle enit arca.

The impulse (often called total impulse) of a
motur is the integral of the threast over the nperadte
ing duration, The specitic impulse tsp) is the 1otal
impulse divided by the weight ol propellant,
Specific impulse is also a propeilant parameter
that can be delined  thermochemically. Specific
impulse of a propellant is the thrust that e
propellant can provide at upit weight flow rate.
The specilic impulse of any propellant is a
function of the chamber pressure t which com-
bustion uceurs, and the aoszle exit pressure. I
the United States, tor tactical  propellants, these
parameters are usually given for 1,000 psia (b.3Y

MPa) chamber pressure and 14.7 psia (0.101325
MPa) exit pressire, unless stated otherwise,

3.1.2 Solid Propellunt Tngredients and Other
Factors Related to Plume Signature

Specitic impulse is usually considered to be
the single most important propellant  property
related to  performance, and this certainly is true
for weight-limited rocket motcrs, However, for
volume limited systems, propetlant density is also
important, and the density may be traded against
specilic impuise in propellant selection to improve
performance, although not on a one-to-one basis,
When propellants vith reduced exhaust plume
signature clfects are selected for operational use,
the specilic impulse invariably suffers,

3. 01.2.1 Solid Propellant Ingredients

To provide the uecessary energy for missile
propidsion, & rocket motor must contain fuel and
onidizer fngredients that combust to produce the
high votoclty toszle gus and other elthuents that
propel the missile, v a solid rocket motor the
fuel wnd oxidizer are bonnd closely together in an
clastomeric  binder  matrix  that  provides  the
neeessary structunal properties over a wide range
ol required performance and storage temperatures
s broad as 219K 1o 344K). The binder s
fvpically i el aithe weh, in some propeliant
types, the binder may also have some oxidizer
molveeples,  There s increasing  interest  in
polymieric cherge.s bindders which definitely have
onidizing capabilitivs ¢ however, these do not
penerally contribute toincrensed plume signature,

Iwo basic types ol propeilant are in wide
tse taday, double-base pronellants and composite
propellants,  Although  the  molecules  in these
propellunts dilter widely, both propellant types
are based upon carbon, oxygen, hydrogen, and
nitrogen atoms, and the exhaust products  that
result from  chamber  combustion are close to
cyuilibrium - concentrations  of  the  chemistey
involved  ander noszde  exit conditions,  (The
chamber products that enter the nosele throat are
probably sery close (o equilibrium. Some noa-
vquilibration oceurs durlng the pressure drop of
nozzle expansion, however, this has Httle effect on
sich major species like CO, COa, and Hy0, that
strongly —influence  plume  infrared  signatures.
Minor species like OH, Hy Hy o and e, that
inflaence  ultraviolet end  radiv-frequency  signa-
Lires, are more strongly allected and may diverge
signilicantly from ¢quilibrium.)

Double-base (DB} propellants are the oldest




type currently in use. The binder system iy net
dependent upon the curing of a4 polymer system,
but on the capability of the nitropolymer (nitro-
cellulose (NC) is often usedy to absorb and
desensitize nitroglycerine (NG).  Nitroplasticizers
other than nitroglycerine may be used. They niay
also ke used in combination with polymeric
isocyanate curing systems with polyurcthane or
polyester polymers. Doubie-base propellunt grains
are manufactured both by cextrusion methods and
casting methods. Stabilizers are. added to the
propeliant to prevent decomposition of the nitro-
glycerine. Ballistic modificrs (.. burning rate
catalysts) are usually added to tallor double-base
propellants to achicve desired motor performance,
These catalysts arc usually lead compounds, such
as lcad resorcilate, citrate. oxalate, carbonate, or
others. A refractory, such as zirconium curbide
may be added to control combustion instability,
All metal-based additives will contribute to the
exhaust primary smoke signature, although the
small amounts used may not cause serious eftects,
Afterburning in the exhausts of double-base pro-
pellant  rocket motors  can by reduced  ar
climinated by the addition of certain additives
(for example, potassium sulphate).

The need to improve performance ol con-
ventional propellants For tactical and  strutegle
missiles (DB and composite propellants) has ted to
the development of advaneed energetic-binder pro-
pellants such as composite madified double-base
(CMDB). The CMDB lumily includes all pro-
petlants containing nitrate ester-based binder in
which fillers (oxidizers and, ' necessary, metallic
fuels) are incorporated. Due to their composition,
these propellants are intermediale between the
DB propellant tamily (NC and NG or other liquid
nitrate ester) and the composite propeflant Ffamily
(inert binder plus fillers), CMDB o clastomer
modifled cast double-base (EMCDB) propellants
may contaln in addition to NC and NG, solids
such a8 ammonium purchlorate (AP), an oxidizer;
aluminium (Al), a fuel; or nitramines, such as
HMX or RDX. The last two tend to be tuel rich
in rocket motor combustion, but are themselves
capuble of sustaining combustion and are, in fact,
hoth detonable high explosive molecules.  Two
very different processes for manulacturing CMDB
propellants can be used -

(1) A casting solvent process which uses
the  manufacturing  system for tra-
ditional cust double-buse (CDB) pro-
pellunts to produce composite modilied
cast Jouble-buse (CMCDB) propellants
or elastomer madified cast double-base
(EMCDB) propeltants, il an isocyanate
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curable clastomer is included.

(i) A slurry cast process similar to that
used to produce composite propeliants,
These propellants are referred o as
crosslinked double-base (XLDB) pro-
pellants or nitrate ester with polycther
or polyester binder (NEPE) propellants
for some specific high-cnergy grains,
XLDB propellants consist of an
cnergetic binder based on inert poly-
mers such as polyesters - polyethers-
polycaprolactone plasticized with a
high level of liquid nitrate ester such
as NG-BTTN-TMETN (nitroglycerine -
butalanetrioltrinitrate-trimethylolethane
trinftrate). High contents of fillers are
introduced into these binders, for
example, nitramines (RDX or HMX),
nitramines and AP, or nitramines and
AP and metallic fuel (aluminium),

Composile propellants, the other general
class of  propellunts, support the oxidizer and the
fuel as Fine powders in u rubbery, cross-linked,
isocyanate-cured matrix, called the binder, The
oxidiser is usually AP and the fuel usually Al
although in  propellants  designed to  produce
reduced levels of primary smoke the binder serves
as the Tuel, The matrix may comprise as little as
9%, by weight, of the propeliant, Buening rate
tailoring vun be accomplished, within limits, by
adjusting the  particle  size distribution  of  the
AP, To achieve highest burning rates, iron,
copper, or  chromium  containing  additives are
used, however, these additives increase the hazard
sensitivity af the propellants, AP combustion
releases HCL into the exhausts ol composite and
CMDB motors, This increases the propensity to
form  secondary smoke. The chlorine present in
composite propellant  combustion  gases spolls
the action of afterburning-suppression additives:
thus cxhaust afterburning of AP containing pro-
pellants cannot be suppressed by additives (such
as potassium sulphate) in the propellant or motor
combustion  chamber.  The  combustion  of
aluminium or other metals results in fine oxide
particles in the exhaust, creating primary smoke
in vlose proportion to the amount of metal in the
propellant,

Other particulate oxidizers that might be
used in solid motors include potassium perchlorate
(KP) and ammonium nitrate (AN). Requirements
for insensitive munitions may lead to future use
af these oxidizers for special applications. lodine
pentoxide and lead nitrate have also shown
potentiul as oxidizers in high Jensity propellants;
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however, the former is a scarce and expensive
material and is degraded to a very corrosive acid
by small amounts of water, and the latter is
increasingly prohibited by cnvironmental  pro-
tection laws in the United States, Fluorine based
oxidizers have also been used in development
systems, and some fluorocarbun  binders were
successfully employed years ago., The use of KP
in propellants will greatly increase fonization in
the plume, and may prohibit {ls use in certain
applications. KP 1s less encrgetic than AP and
there are problems in trying to obtain uselul burn-
ing rates with KF oxidized propellants unless
some AP is udded. From u plume signuture
standpoint, KP has more disadvantages than AP,
AN has no disadvantages from a plume signnture
standpoint, but nickel or potussium  stabillzers
{which must bhe added to prevent undesirable
phase transitions) can resull in plume signature
difficultics,

A wide variety ol particulale metallic fuels
might be used In solid propetlants, depending upon
the application; zirconium  hvdelde  bas  appli-
cations in high density propellants; boron and
boron hydrides are also potential Fuels, Insensitise
munitions requircments iy lead to the use of
these luels to maintain high motor wotal fmpulse
at reduced sensitivity, by inereasing propellant
density, Boron is used us o rvamjet uel Other
fucls  bused  on tithinm o hervllivin were
considered in the past, but are unlikely 10 be
used; lithium because it is very hydroscopic wnd
Leryllium because it s exteemely tosie,

Composite propellants, which produce only
small amounts  of  primary  smoke  and no
secondary  smoke  over a0 wide  ramee of
atmospheric  conditions,  can be made by
climinating AP and alumininen, ind by usmg
particles of AN, and/or nitramines (HMX, RDN,
and, perhaps in the tuture.  other high-enerey
explosive molecules), Ingredients, auded for phase
stabilization or combustion swability, or derived
from the combustion ol  metal-based  bailistic
modifiers, will contribute mewt oxides to eshiaust
smoke or increase fonization of the piame,

Future use ol increasimg  amobuls ol
energetic binders and plastivizers in solid mcket
propellants @ anticvipated. This should ol guanti-
tatively change exhaust-plume considerations. The
eliects o additional nitrogen that sech bindees
contain may result in somewhnt cooler plines,
The reduced solid content possible in propellants
with energetic binders may result o qualitative
differences in olume signatures and other elfects,

3.1,2.2 Other Factors

Notzzle, liner, insulator, and inbibitor
malerials may contribute to the motor exhaust,
Liners tor internally perforated motor grains are
often the rubbiery binder matrix maiterial of the
propeliant. When they burn  (being fuel rich)
during motor talloff, significant quantities of soot
may be exhausted. Liners, inhibitors, and insu.
lators may have fibrous inorganic matctials sdded
10 improve ingnlating bchaviour and leave a
charred insulating layer even after organic con-
stituents burn away. Asbestos (hydrated mag-
nesium silicate) has been & common  constituent,
however, laws preventing its use because of
varcinogenic behaviour, are foreing u search for
replacement materials, Silicones and bulk  aramids
are  being  considered for  use  in  insulators,
Inhibitors und liners (often the same material)
wmay contain a variety of metal based oxides (for
example, calelum sificate | Wollastonite], antimony
oxide, iumininm oxide hydrate, titanium dioxide,
eles) or carbon black. All of these ingredients can
contribute to the exhaust signature, although the
contribution  will depend upon how  well the
components do thedr job, I char layers form, as
is desired, very dittle contribution to the motor
effluent  will  come  tfrom  these  ingredients,
Noszles are  increasingly fitted with  graphite
inserts which contribute Hitle (o the exhaust
s,

lgniter combnstion products will contribute
momeatarity Jo plume effects at the  launch
location. Common igniter ingredients  (including
potassint aitrate, swphur. charcoal, horon, KP,
and AN will contribute to eshanst smoke, [lash,
and dondzetion, Recently  developed "smokeless”
endters e been designed specilicaliy to reduce
or elimimate signature ellects,

In sommary, the fuctors that must be con-
trolled in salid rocket motor design, development,
and  prodaction  include  performance  (range,
velocity, miss  distance),  signature,  service  lifc
(uging, materfal  compatibility), salety  (trans-
portation, storage, insensitive  munitions), pro-
ducibility, and cost.  Some of these lactors are
svaergistic {a their iofluence.  This report s
corceened  primarily  with only one ol those
Factors signaiure, snd how it is afluenced by all
the other factors,

3.2 Plume Properties it Different Flowfield
Regiuns

In the following discussion the flow field is
considerad in four regions | combustion chamber,




nozzle expansion, base region, and exhaust plume.
These regions have been selected because of the
unique contributions each makes to exhaust plume
phenomena. Figure 1-4 shows the latter three of
these rcgions, although only the last, the exhaust
plume region, is shown in any detail, and that
detail is fairly complete only in regard to shock
structure.

3.2.1 Combustion Chamber

Propellunt combustion in solid rocket
motors creates a large number of different
molecular species. In general, solid rocket
propeilants are fucl rich (to minimize the
molecular weight ol product gases and thus
maximize the impulse) creating a surplus of
oxidizable molecules following chamber  com-
bustion, These molecules may subsequently react
with atmospheric oxygen inn the exhpust plume o
cause afterburning,

Hydrogen and oxygen are atomic cons
stituents of all current solid propellunts, Complete
combustion of these twu constituents forms water,
which although a gas at the high chamber tem-
perature, may condense to form droplets in the
exhaust plume if ambient atmospheric conditions
are propilious,

The chlorine present in the anunonium per-
chlorate of composite propellants reacts  with
hydrogen in the combustion chamber to form
hydrogen chloride (HCl), This acidic molecule
readily combincs with water at lower  tempera-
tures, causing saturation vapour pressures well
below those for water alone, and the consequent
formation of droplets in the exhaust plume at
higher ambient temperatures and lower ambient
humidities,

Aluminium or other metals, added to some
propellants 1o increase impulse, result  in
increased combustion temperature. Some of  these
melals form compounds which condense upon
cooling to form the particles observed in the
cxhaust plumnc as primary smoke,

As might be cexpected at the  high
temperatures  of  chamber  combustion,  fons
{charged molecules) and free radicals (uncharged
molecular fragments that are unstabi: al normal
conditions because of the presence of an unpaired
clectron) are created in the motor combustion
process. Those free radicals that survive
subsequent  nozzle  cxpansion  increase  the
reactivity of the exhaust plume since their

reaction rates are higher than those of stable
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molecules. Free (unpaired) clectrons are also
created in thc combustion chamber, and some
of these survive nozzle expansion.

Solid rocket propeliants contain a number of
additives at  low concentrations. Included are
burning rate catalysts, anli-instability additives,
and afterburning inhibitors. Some of the com-
bustion products of these additives may condense
in the exhaust plume to form particles, and some
may be water soluble saits which have an effect
on water similar to that of HCI.  Additional
particles in the plume may come {rom erosion of
the propeilant, liner, insulator, or nozzle during
the combustion process.

In spite of attempts to stabilize rocket
motor combustion and prevent  oscillatory or
uncontrolled  excursions of  cnamber  pressure
during combustion, there is always some level of
unstcadiness in the combustion pressure. This
results in flow fictd fluctuations  in the exhaust
which may be the basis for some of the exhaust
plume turbulence that IS acways observed.

Computational techniques for  predicling
equilibrium concentrations of chamber combustion
products and resulting chamber lemperatures and
propulsive performance are availuble in all NATO
cotntries [4), Variadons exist in the calculutions
used for propulsive performance | the simplest cal-
culations assume equilibrium expansion of effluent
through the nozzle, More sophisticated techniques
include non- cquilibrium  chemical  effects and
particle drag cffects in the nozile expansion
computation and ceven generation of  cffluent
particle size dis- tribution [5). The results of such
compulations  for  predicting  nozzle  effluent
[emperatures  pressures,  species  concentrations,
and gas velocity can be used as the starting point
for exhaust piume computations.

This has summarized the rocket motor ¢com-
bustion processes that are the sturting point for
exhaust plume properties and their effects,

3.2,2 Nozzle Expunsion

Chamber combustion products are forced
through the motor no7zle by the pressure in the
chamber, The gases are accelerated as they are
driven towards the nozzle throat where they reach
sotiic velocity and then expand as they flow
through the expansion cone of the nozzle. Nozzles
of tactical motors are usually fairly short, to
reduce missile weight, and therefore the gases are
often  under-expanded (that is, al a pressure
greater than atmospheric) when they emerge from
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the nozzle into the atmosphere. The end of the
nozzle is the beginning ~f the cxhaust plume. The
cxhaust gases accelcrate during the nozze
cxpansion and may rcach velocitics as high as
Mach 3, which for some exhausts may be of the
order of 3 kms™!.

Duwring nozzle expansion the pressurc rapidly
drops aboitt two orders of magnitude from that
in the chamber (of the order of 10°Pa (100 Atm})
to approximately ambient atmospheric pressure.
During the expansion there is a tendency for some
chemical species concentrations to “frecze” rather
than continuing the reaction process to their equi-
libnum concentrations. The departure from equi-
librium is usually not very yreat for major species
(such as HZO. COz. CO, lICl, and Hj), hotever,
for minor species, including free radicals (such as
0. H, and OH) and ionic species the departure
may be subsiantial, since cquilibrium concen-
trations of these species drop very rapidly with
decreasing temperature.

The nozzle expansion process may be com-
puted, as part ol the chamber and  performance
calculation as indicated in the previons subsection,
It is also possible to use a confiued flow model
of the same general type subsequently used to
model the plume frce tlow starting either in the
sonic nozzle or in the chamber, upstream of the
throat [6).

3.2.3 Base Region

In general, the exhaust plume of a racket
motor fired statically can be calculated without
rcgard to the shape of the rocket motor itself.
However, for missiles in flight, the shape of the
missile, the angle of attack, the  velocity, and
altitude all interact and create a ' sw scparation
phenomenon  that occurs in the  base region of
the missile referred to as "base flow.” Base llow
can have a profound effect on the downstream
exhaust plume.

In the simplest cases of base Mlow ¢ffects on
exhaust plumes, the effects are due purely to gas-
dynamics and result in modifications to the
pressure ficld at the base of the missile, In morc
complex situations, the recirculation und mixing
uf exhaust and atmospheric gases in the base
region rcsults in ignition and combustion. This
can drastically change the distribution of heat and
all related propertics in the ¢:havst plume from
those values - .isting under static firing con-
ditions, or even from very similar conditions
without base combustion. The cffect of base coin-
bustion on the exhaust plume is most signilicant

in fairly cool exhausts that do not ignite unless
there is some additional heat source or [lame-
holding action, such as that caused by base-flow
mixing. The cffect is dramatically apparent in
optical cmissions and in measured exhaust plume-
microwave attenuation [7).

Base combustion will distort he downstream
cxhaust plume flow ficid from the geomelry it
would otherwise have. It also changes all local
downstrcam plume properties [7-9], The base
ignition and combustion phenomens may be
unsteady under some conditions, and result in
very dramatic fluctvalions in apparent plume size
and all plume properties dependent on tempera-
ture. The base flow will be strongly affucted by
the angle between the missile velocity and the
nozzle centre-ine (angle-of-attack), also from bow
shock and control surface wake cffects,

These remarks on base flow arc bastd on
in-flight and wind tunnel observations, Compu-
tations of base flow with chemical reactions are
difficult and very lime consuming, however,
functional  computer  programs  have been
developed  and  are operational in  the United
Kingdom and France (sce refercrices to BAFL and
AJAX codes in Appendix 3 of this report).
Equally, the US. has the capability to analyse the
full base flow problem using both research and
production codes.  These programs are thought
capable of accurately predicting measurable
features of the hase flow region, such as static
pressure, as well as the effect on downstream
plume properties. For practicai purposes, the base
flow region can be neglected for  situations
where ;-

{i)  the norzle lip is very thin compared to
the noszle exit radius.

(i) the nissile velocity is very low
comparcd to the nozzle flow velocity
(Vm<0.1Vn).

(iii) no important chemistry occurs in the
base region to modify the downstream
Nowticld or chemistry.

The forcgoing considerations apply generally,
although they are most casily visualized and com-
puted for axisymmetric nussiles and exhaust
plumes.

3.2.4 Exhaust Plume

Previously in this section, the upstream
contributions that influence the exhaust plume




have been introduced except for onc, that of the
atmospheric flowfield. Frce-stream atmospheric
tlow interactions with the missile body influence
the flowfield further downstrcam where atinos-
pheric flow interacts in the missile base region
and subsequcntly with the noszle cffluent,

Thus there are the following contributions to the
exhaust plume :-

(i) the chamber combustion flow as it is
ejected by the nozzle.

(ii) the interaction of the atmospheric flow
field with the nozzle cfflucnt in the
base-region of the missile.

(iii) the interaction of the atmospheric
flow field further downstream with the
cffluent of the base region and he
exhaust jet. This last interaction oceurs
over the entire length of the exhaust
plume,

These contributions to the exhaust plime must be
considered with the carlier cavealts of this section,

3.2.4.1 Computation of Steudy-State Plume
Flowfleld Structure

Computer programs currently in use lo
predict plume properties and elfects are hased on
the assumption that plume flowlictds can he
described by steadysstate solutions ol the Navier-
Stokes cquation [9-12]. Information on a number
of these codes is given in Appendix 3 of (his
report, To accomplish this, the equation is solved
by finite-difference methods  with  assuniptions
governing first: the introduction amd cffect of
mixing between the effluent and atmospheric flow
ficlds, and second; the paths along which [inite-
rate chemical reactions occur.  The results of
compuidations using these methods are often in
reasonable agreement with measured data for o
number of plume properties. For exampie, the
total IR radiation from aun cxhaust pline can
usvally be predicted to an  accuracy lactor
between 2 and 4, as can the average peak values
of IR station radiation. Microwave attenuation
can usually be predicted with an accuracy o =3
db (a factor of 2). Primary and sccondary smoke
spatial profiles and effects can often be predicted
quite accurately on the basis of steady-state plume
Mow ficld assumptions. The codes do not muodel
Fine turbulent and temporal effects.

1-17

3.2.4.2 Weaknesses of Steady-State Plume
Flowfleld Calculations

The wcaknesses of the steady-state
assumptions first become apparcent when one
attempts lo calculate plume propertics or plume
cfects that depend upon  time-dependent aspects
of the exhaust plume flow ficld. For example,
scattering of microwave radiation by fairly sharp
gradicats in the free-electron concentration seems
10 be responsible for obscrved levels of RF-noise
and radar cross section (RCS) {13}, Computations
of these phcnomena cannot be made with the
parameters generated by stcady-state (low-field
models. A turbulent, timc-dependent structure
must be superimposed upon the computed steady-
state flow licld. This can only he done with the
current computer programs by artificially formu-
liting the turbulence propertics of the exhaust
plume and superimposing them upon the sieady-
state profiles [14]. Measured real-time (rather
than time-averaged) values of exhaust plume IR
cinissions tend to Huctuate by at least S0% around
the  localiced  spatial  average values, a clear
itidication that timz-dependent  plume phenomena
are real [15) Temporal flucivations will tend to be
reduced  for  full-plume  signatures because of
spatial averaging.

I the time-dependent behaviour of  the
exhaust plume s reai, and dF it is based upon
underlying  torbuience, ¢ number of  questions
cmerge -

(i) Does the  turbulent  [ine-structure
influcnce  the mixing and  chemical
reactions oceurring betvween the atmos-
pheric How  ficld and  the ¢xhaust
“source  flow” in a4 manner more
complex than steady-state formulations
van solve?

(i) Do the local heat and pressure
fluctuations generated by the localized
turbulent chemnical rcactions feed back
to modify the instantancous turbulent
structure of the flow ficld?

(iff) How do the time-averaged cexhaust
plume propertics and  cffects, based
upon fluctuating phenomena, differ
from the “average” values that are
compuled on the basis of stcady-siate
flow-ticld assumptions” Are there

important local diffcrences in values?
Averaged differences?
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(iv) What experiments could be performed
to determine the imporiance and
nature of the timc-dcpendent cffccts
on exhaust plume properties?

(v) How could time-dependent exhaust
plume computer programs be  formu-
lated so that they would give accurate
results and be practical to use?

(vi) Is there important information in the
fluctuating signatures of cxhaust
plumes that would be of military
significance and would affect related
work by NATO countrics and this
working group?

3.2.4.3 Exhaust Contributions  to
Radlation Signature

Plume

What follows, in this section, to the extent
it is based on the resulls of current steady-state
exhaust-plume computer programs. should  be
ircated cautiously ;  however, the informution is
prabably qualitatively correct,

The contributions of exhaust products to IR
emission and microwave interference increase
with increasing exhaust plume temperature, There-
fore, these contributions tend to be stronger in
the presence of afterburning and behind strong
shock waves, Since low-altitude shock waves are
rather small, and the alterburning plume region
(should onie exist) is quite large, the latter is by
far the major l.ictor in iactical missile signatures,
The increases in emissivity and free clectrons are
very sensitive to temperattire increases (they tend
to follow power or exponentinl relationships to
temperature). Carbon dioxide (CO,) s o major
source of (R radiation in tactical exhaust plumes
and, in spite of a strong atmospheric CO, absor-
ption band, the major source of detectable IR
signature in some important wavelength regimes.
Combustion of carbon monoxide (CO) 1o Ffoim
CO, is one of the major reactions contributing to
cxhaust plume afterburning (the other is the for-
mation of water, H,Q, from various hydrogen and
oxygen containing radicals) amd the resulting
increase in CO, corcenlration also increases the
IR emission in and downstream of the after-
burning region of the exhaust plume. Other mole-
cular species, including H,0, CO, and HCl also
contribute mecasurably to the IR emission signa-
ture. Some scif-absorption ol radiation occurs
within the exhaust plume as emissions from hot
inner regions pass through cooler regions inlo the
atmosphere. Additional signature losses occur as

a result of absorption and scattering along the

atmospheric path from ike exhaust plume to any
sensor.,

Solid particles in the plume emit continuum
radiation in approximate proportion to the particle
concentration and the fourth power of their sur-
face temperatures.  Specific  details of  size
distribution and optical propertics of the particles
significantly affect this emission. Plume particu-
lates also scatier radiation, and promote an effect
which may be observed as local anomalies in the
intensity of IR cmissions that depend on the
spatial distribution of the plume’s emitting
sources. One of the more dramatic examples of
this behaviour is the so-called “scarch-light effect,”
in which "black-body” radiation from the nozzle
throat (ie. from the combustion chamber) is
scatlered by particulates in the plume, and thus
appears o originate from the plume.

IR rudiation resulls from quantum effects.
The cmission of radiation from encrgy-releasing
transitions in molecular rotation-vibration levels
is responsible for molecular radiation, and thus
should follow local gas temperature fluctuations,
Particle radiation, obeying the Planck [unction
{also a quantum cffect) will tend to lag local pas
temperacures beeause of thermal lag effects within
the particles (the amount of lag is affected by
particle size, and of course, any major exothermic
or cadothermic transitions that affect the pare
ticles). Particle scattering  cffects should be
refatively independent of  temperature, except to
the extent that particle optical properties change
with temperature and that the radiation being
scattered fluctuates at its source.

Visible and ultraviolet (UV) radiation
should tollow local temperature fluctuations very
closely since the former are generally due to
changes in atomic clectrenic states, and the
latter, generally, to radiation emitted during free
radical reactions, which are part of the source of
the afterburning temperature changes. There will
also be some amounts of visible and UV radiation
emitled by hot particles in the exhaust, and the
hotter the particles, the greater the intensity of
the radiation, Also the peak wavelength of particle
radiation shifts toward shorter wavelengths
(higher cnergy photons) as the particles get hotter,
in accord with the Planck function.

More details on plume radiation are given in
Section 3.3.1 and in Chapter 5 ol this report.

3.2.4.4 Exhaust Plume lonization

Free-clectron production occurs as a result




of reactions, some of them multi-siep, that
accelerate at high temperatures and pressures.
Free electrons will persist for some short time
after they are formed, until recombination by
collision with other specics occurs (recombination
will therefore be slower at higher altitudes).
Therefore, one would expect some differences
between the effects of turbulence on emission and
its effects on RF-interference phenomena. More
detalls arc given in Section 3.3.2.2 and in Chapter
6 of this report,

3.2.4.5 Exhausi Plume Particles and Smoke

Downstrea:n of the plume afterburning
region, the emission ard free electron effects
decrease fairly rapidly, more rapidly at lower
altitudes than at higher, In this downstream
(wake) region, which may extend for many kilo-
metres, primary and sccondary smoke cffects
have their greatest importance. The particles,
which in the aggregute, form primary sinoke, are
in general, the sume particles thut radiated and
scattered in the allerburning region of the exhaust
plume. Additional species of particles may also
form by condensation at the lower temperitures
that follow the afterburning region, Particle mass
fractions as low as 0.01 (ic.,, 1 %) of the nozzle
cffluent can affect plume visibility or trinsmission
to a degree that may be ol tactical or operational
importance in some situations.  Although the par-
ticles generally exist everywhere downstream of
the nozzle, in practica! terms they assume impor-
tance only because their spatial extent s so great
that they can be perceived 'rom long distances,
Extreme attenuation of lauser guidance beams can
oceur during transmission through these consider-
able lengths of exhaust plume stoke [16-18],
More details on primary smoke are given in
Section 3.3.2,1 and in Chapter 3 of this report,

Secondary smoke, which is operationally
important for the same rcasons as primary smoke,
forms oniy in re¢gions of the exhaust plume where
the local vapour pressure of the condensable
species (usually water, water and HCl and/or HF,
or water and some soluble salts) exceeds thelr
saturation vapour pressure at the local tempera-
ture and pressure for the sizes of condensation
nuclei (primary smoke particles) present {19-21).

Secondary staoke is comprised all or  pre-
domirantly of water droplets.  Sccondary smoke
in exhaust plumes that contain HCl and/or HF
will stast to form at highcs temperatures and
lower ambient moisture levels than Tor plumes
without the acid vapours. At any given  atmos-
pheric conditions, sccondary 5, ke will be
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thicker (larger droplets and perhaps more drop-
lets) in the presence of acid vapours than in their
absence,

Exhaust plume afterburning affects the
formation of secondary smoke by producing
additional water in the plume, which tends to
enhance subsequent condensation and scecondary
smoke formation. By adding more heat to the
plume, the afterburning delays condensation to
locations further downstream and, in marginal
situations, may prevent condensation altogether,

Because mixing and chemical reactions do
not scale with plume size and missile velocity in
the same way, afterburning may be significantly
different for exhaust plumes of the same
propellant  fired under different conditions of
these variables, Therefore care must be taken
when extrapolating the results of condensation
measurements on small motors, fired statically,
to cases under flight conditions, even for a
phenomenon as apparcntly simple and  straight
forward as secondary smoke formation,

When secondary smoke forms in plumes
containing siguilficant amounts of primary smoke
the total effect on visibility and obscuration is
roughly the sum of the individual cffects until
the optical density (optical  depth) exceeds some
vithie  at which  non-lincar  effects assume
increasing importance [17-18), More details on
secondivy smoke are given in Section 3,3.2,1 and
in Chapter 4 of this report.

3.3 Pluie Effects
This  scetion iy distinguished Trom the
previous one by its more in-depth, although still
cursory, treatment  of the specific  phenomena
believed to be  responsible for tactically immporiant
plume effects, The clTects examined are -
(1) Emitted (radiation) signature cffects
a, infrared
b, visible
¢, ultraviolet

(if) Interaction signature offects

a. stoke signatures
b, microwave interference

3.3.1 Emitted (Radiation) Signature Effects

Table 1.1 summarizes “state-of-the-art” of
rackel cxhaust plume radiation signatures.
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3.3.1.1 infrored

Infrared radiation emitied by the low
altitude and medwm altitude exhaust plumes of
tactical missiles derives from two major sources;
molecular emission and particle emission 22-24].
Molecular radiation originates with energy input
to, or excitation of, a molccule. When the excited
molecule returns o a lower energy state, a photon
is emitted, Variations in the excitation process
result in emitted encrgy that may be described as
phosphorescence, fluorescence, chemilu-
minescence, X-rays, millimetre  waves, radio-
frequency waves, etc. The emitied pholons are
characterized by a wavclength or frequency,
which is directly related to the encrgy of an
individual photon by the Planck constant (h).
Often the term “wavenumber,” which is the
reciprocal of wavelength in units of cm’, is used.
Emitted and received spectra will typically be
described by some measure of power (watts) vs.
one of these three measures of the photon energy.

The infrared region of the electromagnetic
spectrum cign be characterized by wiavelengths
between approximately 0.7um and  100um (see
Fig 1-5 for u survey of the entire electromaghelic
spectrum), The cemission of radiation [n this
spectral region is dominated by rotation-vibration
transitions of molecules, However, the Far-infrared
{waveclengths longer than approximalely 10um)
also includes radiation contributions [rom pure
rotational transitions, some clectronic transitiony
occur in the near-infrared.

When  the energy state of o molecule
undergoes a photon emitting transition, the change
oceurs between two very precisely delined states.
The quantum theory accurately describes  the
cnergy states in which a molecule can exist and
the rules for transitions between those states, The
quantized cnergy  differences  between  the
rotational states are smaller than those hetween
the vibrational states, and according to the gquan-
tum rules (fully verified by observation) some
transitions between vibrational states are also
accompanied by a transition between rotational
states. Theretore, the molecular emission spectrum
of any molecule is defined with absolute accuracy,
The photons emitted in these transitions defing a
line spectrum, However, In practice, cuch spectral
line 15 broadened about the central frequency
corresponding to the lransition by three pro-
cesscs : natural broadening caused by unavoidable
uncertainty in energy levels, collision  broadening
due to perturbation of cnergy levels by moleculur
collisions, and Doppler broadening due o

thermally caused motion of molecules relative to
the observer. As a result of such broadening, the

cmission spectra of some moiecules appear to be
continuous (to some degree of resolution) over a
"band” of the spectrum. Figure 1-6 illustrales
plume infrared emission (and absorption) data
over a fairly wide spectral range. Bands for H,0,
CO4, and CO can be clearly scen. Line structure
on these bands is apparent as well,

A line-by-line computation of all the mole-
cular contributions to the infrared spectrum of an
exhaust plume would cleariy be difficult to set up
and time consuming to perform. Band models
have been developed to simplily the calculation of
infrared specctra. Band models are commonly
divided into three classes : the regular model, the
slatistical or random models, and the mixed
models, The regular model considers ahsorption
(or cmission) by identical, c¢qually spaced lines,
This approximates the spectra of many diatomic
molecules, such as HF or NO, Random models
assume that all lines have the same line shape, but
are randomly distributed with a specified line
strength (or intensity) distribution, With proper
choltes ol the intensity distribution function, the
rundom models approximate features of polyato-
mic moleeules such as HyO, and CO,. Mixed
maodels interpolate between the Himits of regularity
and randomness of the other two models,

Considerable complexity can be incorporated
ima a band model, however, for most uses, when
the fine density is high, 4 bund model that gives a
stiooth curve ol absorption cocfficient vs, waves
length is sulticient (Fig 1-7). A complete band
maodel will include the general effect of tempera-
ture (shown for the 4.3um CO, band in Fig 1-8).
This permits band models to be used for bath
vinission and absorption  caleulations, with the
reservilions deseribed later.

Band models are also used to caleulate
atmospheric absorption of radiation by meolecular
transitions, for example. in the widely used
LOWTRAN computer program [25). Dilficulties
may occur if band models are used to calculate
hoth  sourcc-emitted  radiation and  absorption
alang the propagation path. These difficulties
oceur because the band model is just a model, a
curve fit, based on fitting scientific data, but not
containing scientific fundamentals, and the failyce
ol band modcels are due to their insensitivity to
line-correlation phenomezna, The band models are
ade by fitting discrete, though broadened, line
spectra with 4 continuous  curve. In  actual
cmission-ghsorption situations, radiation will be
ubsorbed by 4 molecule only if its photon energy
(wavelength) corresponds exactly to an allowed
energy transition of the molecule - that is, an




exact correlation. However, in the band model
calculation, a specific resolution is sclected
(usually in wavenumber vnits, em’L, for example :
25, 5, 1, etc.) and that interval of the “absorption”
band is activated for cither cmission or ahsorp-
tion, as appropriate to the problem at hand. This
is not a bad assumption if cither the emitter or
absorber is quantized. However, if both are
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are not exactly the same may be calculated 1o
interact, while in praciice thcy would not. This
line-corrclation problem may occur when
calculating exhaust plume sclf-absorption as
well as  atmospheric absorption. The problem
can occur for absorption due to the same
specics of molecule that cmitted the radiation
or for a dilferent specics.

quantized, it is easy to see that wavelengths that

JABLE L1
ROCKET EXHAUST PLUME EMITTED RADIATION STATE-OF-THE ART (Ref 22)
Wavelength Phenomenological Olservationnl Base
wm) Unde mmt‘l’ltg (Data) Prediction Capability
Ultraviolet @ Fair &® Fair and incrcasing ® Poor
{(uv) ® Controversy over ®  Swmall tactical missiles ®  Lrrors up to a factor of 102
0210 04 radiation mechamsms - with data validity
CO+ 0 yuestions
OH (A) ® Some lnrge missiles
patticles
Visitle Fair ® Fair ® Probably poor but relatively
(Vis) Atonie teansitions of @  lLargely photographic data lmested
0.04 10 0.8 minor spwcics, Na, K ®  Some quantitative spectra @ Errors up to a factor of 102
(thermal vs chemi- fur trace species
luminescence ssue) &  Errors probably considerably
®  Solar scattering from less than a factor of 10 for
smoke smoke
®  Search light effec
Near Infrared ® Conl ® Inor &  Probabiy Fair but relatively
(NIR) @ Atoniic transitions with @ Some yuanlitative speetra untested
081020 overtones of molecular
vibiration-rotation
teansition (N20)
® Patticulntes
@  Blackbuady peaks in NIR
for most plimes
Short Wave @ Very goul @ Very good @ CGoml
Infrared ® Malecular vibration- ® Field and wid tinnel data @ Molecular band predictions
(SWIR) rotation hands (CO2, Ha0, Rgiving spatial andl specteal can be mnde with = 30%
2010 40 HF. [ten details - errors - Errors of up to a
® Particulates 10 to 500,000 (b factor of 3 occur for some
thrust, many altilucdes and propellants
propellants, grotnd -to- ® Particulnte signatures are
space condiions not reliably predicied
Middiewave ® Very Goal ® Very Gokl ® Goml
Infrared ® Motecular vibralion- Field and wind tunnel data Moleccular band predictions
(MWIR) rotation bamds (CO7 CO, Riving spatial and spectenl can be made with == 30%
4010 8.0 NGO, 1120) details - crrors. Erros of up to a
® {articulates 10 to 500,000 Ib thrust., factor of 3 occur for some
many propeliants, groud- altitudes and propeliants
to-space conditions @ Particulate signatures are
not reliably predicted
Long Wave ® Fair ® lFair ® loor
Infraied @ Pariculate thermal ® Vigh alttude data base ® Particulate and hydride
(LWIR) cmission plus scattering available in the 8 10 25um molecular rolational systems
80to 100 of solar mnd earthshine region prediclions can be made to a
®  Molecular hybride rotation factor of 8
(HF, 11C), H320) ® Moleculate vibrational
®  Molecular bembing vibra - prediclions can be made up

tions {CO7, NH3)

to a factor of 20
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This kind of crror can bhe avoided by
calculating the contribution from cach individual
line. Such line-by-line calculations can be very
cumbersome in spectral regions with many close
or overlapping lines. However, when only a few
lines are present, line-by-line calculations can be
tractable, and in fact, this procedure is used to
calculate HCl spectra in some ¢xhaust plume
computer programs.

All radiation sources emit more strongly at
high rather than low temperatures.  This is so
because at high temperaturcs the higher guantum
states are more heavily populated. This is even
true of particulate radiation which follows the
Planck function (shown as black-body radiation
curves in Figures 19 for both waveleogth and
wavenumber units). The difticultles with caleu-
lating particulate radiation, absorption, il
scattering in exhaust plumes are that  we do not
know the exact size distribution ol the particles,
the optical propertics as functlons of  tempera-
ture and, even if we knew hose two important
parameters, we don't know the particle shipues.,
Particles in exhaust plumes are usually not pure
substances, for  example,  aluminium  oside
particles in exhaust plumes are contaminated
sufficicntly to make their absorption coelticient
much different from that of the pure materinl,
Therefore, even the most carclul measurements
of pure, finely divided substunces would ot
provide the nccessary optical property datia for
use in calewlating  plume  particle  crvission,
absorption, and scuttering effects, Furthermore,
the optical property data are needed over the
entire temperature range of interest in the plume,

Approximations to particuliate seattering can
be bhased on adjusting the bruck-body radiation
curve (Fig 1.9) for the emissivity ol the radiating
particles, for the particle size distribution (or
effective particle size), and lor the number
density of the particles (particle-cloud density)
{25]. In practice this can be  complicated,
although for the purposes of this overview it is
clear that the result is continuum radiation with a
spectral distribution that depends on the particle
temperatures.  One can jidge, by examining
Figures 1-9, that for a typical plume alterburning
region at 2500K the continuum particle radiation
(per um) will peak at a wavelength about 1. 1um
und will be an order of magnitude fower at dum
und drop another order of magnitnde by Tum,

Determining the size distribution of plume
particles is difficult, complicated by the probiem
of never being certain that all particles have been
measured or that the distribution contains those

important particles of interest.  As an example,
for radiation scattering, the important particle
sizes are comparable to and Jarger than the
irradiating wavclength, Therefore, in the visible,
the important particle sizes are different  from
those in the infrared.  Exhaust plume particle
number densitics (at least for aluminium oxide)
tend 1o be higher for smaller particles and
decrease  with increasing particle radius,  In
general the largest 10% of the particles have 90%
of the mass. Particle size distributions are often
specified according to the reason for interest in
them. Caution is necessary when using calculated
particle size distributions (or sometimes, cven
distributions derived from measurements) for a
purpose other thun that for which they were
intended,  For  cxample, in rocket  motor
performance culeulations in which the effect of
particles  on delivered  specitic  impulse s of
interest, only the larger particles, with most of the
mass and drag, are  of interest,  Conscquently,
models that give these are accurate enough [S),
without regard o the many smaller particles that
nay be present,  Stich a Jistribution would be
totally inaceurate Tor caleulating UV or visible
light scattering [10], and might be inadequate for
aceurate determinations of infrared scattering as
well,

In summary, infrarcd cmission in plumes is
comprised of lines emitted by rowation-vibration
transitdons in molecules and continuum emission
Crom  particles. The particles can also scatter
radiation incident upon them from other sources.
These elfects were discussed varlier,  Infrared
radiation is  attenuated  Juring  propagation
through the atmosphere, This  attenvation can
aceir by continnumn absorption and scattering by
particles (far example, fog, clouds, or acrosols) or
by molecular absorption by atinospheric species
stuch as CO,, HayO, or pollutants,

3.3.1.2 Visible

Particle continuum radiation in the afier-
burning portion of a plume, will tend to dominate
visible  radiation, when  particles are  present, If
the number  density ol particles is  known, and
temperatures of  the particles  can be estimated,
dn emissivity vitue between 0.05 and 0.2 may be
used for typical plume afterburning wemperatures,

Trace amounts of sodium dtoms in the
plume  will produce  atomic  transition lines
(yellow) at (.589%um and 0.5896sm.  Potassium
lines ut .7665um and (L,7699um will occur with
trace amounts of that clement, however, these
lines are at the red  end of the spectrum and




verge on the near-infrared, thercfore they would
not be particularly visible [26-28].

Frequently, cxhaust plumes are judged to he
not afterburning because of the absence of visible
cmission on film or video records. It should bhe
clear that the exhaust plume ol a propcilant with
a low particle content in the exhaust may well be
invisible even when afterburning, because the
emitted radiation is in wavclength bands other
than those detectable by the medium used, or
sometimes in fact, by the human eye.

Atmospheric propagation attenuates visible
radiation by absorption and scaltering. The
atmospheric “daylight visibility range” may vary
from 0.5km (s = 8km!) in modcrate fog to
20km (s = 02km™') in “clear” conditions to
50km (s = 0.08km™") for "exceptionally clear”
conditions. The Rayleigh scattering limit iy
310 km (s = 0.013km"'). These values for the
attenuation coefficient (s) may be applied o
Beer-Lambert transmission-aticnuation equation
calculations of atmospheric losses of visible plume
radiation, both for emission und tor smoke
signatures discussed later [16],

3.3.1.3 Ultraviolet

In addition to continuum particulale
radiation  which  predominates  In heavily
aluminized uexhausts, ultraviolet cmlission ulso
occurs due to some minor plume species. It I
predicted by some that ¢ven in heavily aluminized
plumes, CO + O chemilumineseence is  dominant
at the middle ultraviolet and shorter wavelengths,
A spectral  band from about  0.25um o about
0.7um secms to be emitted by the combination of
these two radicals to form excited CO, and the
subscquent de-excitation of the CO, molecule. For
typical afterburning plume temperatures,  the
radiation peak is at about (.35:m,

In hydrogen and hydrocarbon flames, studies
have shown that a source of ultraviolet radiation
is the electronically excited Ol radicals produced
in chemiluminescent reactions, Both  of the
following reactions are thought able to produce
excited OH,

CH+02 - CO + QH*
H+ OH + OH = H,0 + OH*

however, the latter reactlon is thought to be
more likely in afterburning solid rocket exhaust
plumes,  The OH spectrum contains & large

number of lines, which in all but the highest
resolution spectra will blend together to form o
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continuous band. Therefore, OH radiation in the
ultraviolet may be thought of as band radiation
for some calculations. Some of the OH line
centres are 0.2609um, (0,281 1um, and 0.3064um.

Ultraviolet radiation is very easily scattered
by the atmosphere and absorbed by atmospheric
ozone in the so-called "solar-blind” region of the
spectrum which, between about 0.2um and 0.3um,
peaks at about 0.25um. Acrosol and molecular
scattering of ultraviolet radlation severely limits
the uselul range of ultraviolet radiation detectors
for locating and tracking exhaust plumes,

All radlation is scattercd by fog or clouds,
As might be expected, the shorter wavelengths are
more strongly affected than the longer. It is all a
matter of the rclationship between the droplet
sizes and the radintion wavelengths,

3.3.1.4 Millimetre Wavelengths

A number of workers have sought evidence
of RF umissions from plumes, Many years ago,
the author heard of “over the hotrizon” radar
systems detecting large plumes, but it Is not clear
that these were plume emissions rather than
bistatic scattering of "ambient radiation,” Sume
{129) reported comparisons of millimetre-wave
cmission measurements at 35 and 94 GHa which
sipport the theory that the primary mechanism s
based on  free-free  emission  (bremsstrahlung),
caused by collisions bhetween free electrons and
molecules in the plume. The results indicated no
difference  between the emissions from  motor
plumes  containing aluminium oxide and those
with no solid particles.  Additional measurcments
of this  phenomenon were under consideration in
the  United Kingdom (Royal Armument Research
and  Development  Establishment) in the early
19905, It is likely that other, unreported,
investigutions are or have been done in this area.
Chapter 6 of this report contains  additional
details.

3.3.2 Interaction Signature Effects

The previous discussion in this section has
dealt cxclusively with radiation c¢mitted by
exhaust plumes, The Tollowing discussion covers
interactions of plumes with radiation from other
sources. The mujor interactions to be covered
arc the interactions of visible and ialrared
radiation with primary and secondary smoke
particles, and the interactions of radlo-frequency
(RF) radiation, specifically microwaves, with free
clectrons and fons. The sources of the plume
species was covered in a cursory mammer in
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Section 3.2 and will not be coveret further in
this Overview. The reader desiring more
information should look at specific later chapinres
of this report or the extensive literature that is
available [13).

One effect that will not be covered below is
the scatiering of radiation, particularly at laser
wavclengths, by “clear gas” turbulence dis-
continuities of refractive index within the plume.
This phenomenon has the c¢ffect of bheam
spreading the radiation (analogous to atmosphceric
turbulence effects) so that a small aperture
detector may see apparcnt attenuation losses of up
to 6 dB, There will also be "jitter” ¢lTects, Even
the clear cxhausts of liquid propellant rocket
motors ~nn cause this effect [13].

3.3.2.1 Smoke Signatures

Smoke particles  in plumes  can aftect
incident raudiation hy both  scattering  and
absorption [16-21]. The magniiude of the cltect of
the interaction of radlation with a  particle
depends upon the real und imaginary terms o the
particle refructive index, the particle size, and
the particle shape. All of these effects combine 1o
give scattering and estinction cross sectlons (or
coefficients) for cach particle/wavelength com-
hination, The total plume effect is  the
combination of all the individual particle effects,
When the optical depth of the plume is greater
than about 0.5, multiple scattering etfects beecome
detectable. The importance ol multiple scattering
will depend upon the reason For concern about the
stmoke in the first place. The optical depth is the
exponential  term in the  Beer-Lambert
transmission-atienuation equation,

Transmission = | - ¢

where 8 Iy the attenuation cosfficient ol the
medium
and d is the transmission path length in the
medium

Multiple scattering  oceurs  when  enough
photons are scattered more than once such that
the cffect cunnot be ignored, and the single-
scattering assumption Fails,

In many solid propellants the predominant
contributor to cxhuust plume primary smoke s
aluminium  oxide (Alz()g) purticles  that result
from the combustion of aluminium fuel, Other
metals or refractory ingredients  may also cause
primary smoke; however,  these  sowrces  will
predominate only in

propellamts — that  are

completely or relatively free of aluminium fuel.
Primary smoke cxists at all locations downstream
of the motor nozzle, although its importance as
"smoke” begins downstrcam of the afterburning
region of the exhaust plume. Since a flying missile
lays out a trail of these particles during the entire
time that the rocket motor is burning, the smoke
plume may be many kilometres in length, The
smoke trall spreads with time. However, the
amount of spread depends upon the missile
velocity, the greater the velocity, the less the
spread, but the longer the trail (for a given motor
burn time). The smoke truil will be dissipated by
wind, It may be visible from as far away as
100km, or more, depending on the amount of
aluminium in the propellant, the thrust of the
motor, the sun-plume-observer angle (scattering
angle), and the atmospheric visibility conditions.
At the lower extremes, as little as 0.5%
aluminium in the propeliunt can cause visibility as
great as 20km for certain  scattering  angles,
although for most scattering ungles (between 60
and 170 degrees) a visible runge of dkm, or less,
is predicted,  Both ol these visible ranges are
hased  on  “exceptionally  clear”  atmospheric
trunsmission  conditions, I the atmospheric
conditions are “clear” to "very clear”, the visible
runge of the plume will be halved. Figure 110
illustrates an example of the caleulated  scattering
coelficients for exhaust-grade aslumina particles
over a wide runge of sizes using Mle theory for
vixible light (0.55.m) [17).

It the sun is obscured, the visibility of the
smoke trail is greatly reduced, and, since under
(hese conditlons the  background s also  cloudy
sky, the plume will, in many cases appear slightly
durker than the background.  For all practical
purposes, the smoke trail will not be visible,
although it will have limited visibility with a  dark
carth buckground, In  fact, even il the smoke trail
is iluminated by the sun it will be practically
invisible against a cloud background.

In additfon to increased visibility, the
scitltering ol ambient light by the smoke plume
may nierfere with optical detection systems thal
aperate to wavelenglhy as great as Sum. The
degree ol Interference depends upon the  wave-
length of the detector, the opticul depth of the
amoke along the propagation path to the detector,
the effective ficld-of-view of the detector, and, of
course, the solar  Blumination of the plume
smoke. In such a  scenarfo, although  radiation
from the detector's target may pass through the
plume and  reach  the detector, the  radlation
scaltered to the detector by the plume may be so
preat that it has the effect of an overwhelming




background radiation.

Often, attenuation of radiation by the plume
has a more important cffect on detectors, In this
situation an optical (lascr) target illumination
beam must pass through the missile smoke trail.
If the scenario parameters are such that the beam
must pass through a substantial length of the
plume, attenuation losses of 2 to 3 orders of
magnitude (20dB to 30dB) are possible, and may
render the beam totally ineffective,

Composite propellants containing ammonium
perchlorate (AP) but no metal fuel (often called
"reduced smoke" propellants, incorporated into the
terminology of Chapter 2 of this report as type
AB or AC propeliants under a new classification
system) defeal some of the the problems of sroky
plume trails, These propellants virtually climinate
primary smoke, down to the level of particulates
necessary  to  maintain  stable  chumber
combustion, Hownver, the AP {n these propellants
causes HC! to form in the combustion process,
which, as described earlier, can condense with
plume and atmospheric water to torm scecondary
smoke, It is gencrally considered that at typical
atmospheric conditions, “reduced smoke”  vone
trails will form above okm altitude. These
composite propellant exhausts will form secondary
smoke contralls al seasevel over o tulely wide
range of cold or humid climate conditions,

Propellants with neither metal fuel nor AP
oxidizer (often called “minimum  smoke”
propellants, incorporated into the terminology of
Chapter 2 of this report us type AA or A48
propcllants under a4 new classification system)
climinate this problem, However, even
‘minimum  smoke” propellants  can  have 2
condensation plume or trail o scecondary smoke
when the climate is cold cnough and a sufficient
amount of water vapour is present. It iy generally
considered that at typical atmospheric conditions,
‘minimum smoke” contrails will form  above Skm
aftitude. "Minimum smoke” contra‘ls at sca-level

will form only at the very coldest climate
conditions, cven with fairly high uambient
humidity.

All the remarks above concerning visibility
and transmissivity of primary smoke plunies apply
also generally to sccondary smoke plumes, The
applicable caveat here is that secondary smoke
particles (droplets) may be somewhat larger than
those of primary smoke, although this will depend
upon the number and size of the condensation
nuclel and the amount of condensed water, In

such a case the optical cffects, when they oceur,
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may be larger. 1 it were possible to get the water
to condense on a very large number of very small
condensation nucici, of the order of 10'%m3 in
the condensation region of the plume, the ultimate
droplet radii might be reduced to substantially less
than O.lum, and the optical cffects would be
substantially decreased, The Climate Model for
defining appropriate conditions for determining
secondary smoke formation Is described in
Appendix 4 of this repor,

3.3.2.2 Microwave Effects

The Pree clectrons produced in hot regions
of exhaust plumes, primarily in the afterburning
region, and less importantly, behind strong shock
waves, can  absorb cnergy from microwave
radiation which they give up in collisions with
molecular species in the plume. The two important
parameters  for  calculating  the  microwave
attenuation coclficient, unique to a given plume,
are the clectron density (or corsentration, m™3)
and the collision frequency (s!), which is the
number of collisions per second encountered by an
aversge  single clectron, typically ~2x104Y at
scaslevel ambient pressure.  For radiation fre-
yuencies above 500 MHz, only the clectrons need
be considered. For lower frequency radlation, the
fons present in the plume must be considered as
well,  Typically there are 1,000 to 10,000 ions,
hoth positive and negative, for every free electron
present, however because of their far greater mass
the lons absorb much less microwave tadiation,

It ubsorption is the only process encountered
by radistion in the plume the simple calculation
of the line-ol-sight attenuation coctficient for
cach reglon of the plume is suificient to give a
reasonably accurate  prediction  of  microwave
attenuation, In general, this is not a bad (irst
assumption  for  NXeband  radiation  with
composite-AP solid  rocket propellunts containing
S% aluminium or less.

However, for hotter propellants, with hotter
afterburning, propagation through the plume s
much more complicated. In  general, the
plume-microwave interfercnce problem may be
thought of in terms of the plume (a mathematical
transfer funciion) modifying the electromagnetic
ticld state, In other wards, without the plume, a
field exists in  space; when the plume s
interposed. the field is changed. This concept is
illusirated  In Figure 1-11. While simple in
concept, this approach is dilTicult in practice, It
has been solved fairly successfully using the
Fresnel-Kirchoff-Huygens furmulation of tha wave
cquation  [30). Computer codes using this
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formulation have been developed in the United
States, France, and the UK,

It may be illustrative to describe the things
that go on in thc plumec-microwave interaction in
terms derived from eclementary physics. We
consider here a plume with arbitrarily Jarge
clectron density (ED) values. The geometry we are
considering involves a transmitting antenna on
the missile body, and a receiving antenna at a
location such that the line of sight is at a very
slight angle to the plume axis. The microwave
radiation (MR) penetrates through the outer
plume layers where the ED is low without any
interaction other than slight absorption. As the
MR penetrates Into higher ED reglons the
¢lectron density gradient causes refraction of' the
MR along every path; attenuation per unit length
increases, As the MR penctrates into the  over-
dense region of the plume (where the ED  exceeds
some critical valuc) attenuution losses are so high
that for all practical purposes the MR s
totally abscrbed (actually atienuation losses of
several hundred decibels are caleuluted to oceur).
While this is going on, MR propagating alung the
outer edges of the clectricin plume behaves s
though it were undergoing a combination of
refraction and diffraction by the plume, and seis
up an interference pattern very similar to optical
diffraction, The MR that reaches the receiver
displays local intensity structure charaeterisue of
diffraction, modified by some refraction, and with
some evidence of tine-of-sight or refracted direct
radiation, depending upon the locations ol the
antennas and the ED of the plume. Becuuse of
these paths of propagation, tactical missile
microwave signal atlenuation rarely exceeds 30UB,
no matter how high the ED. For much larger
space missile ¢xhaust plumes at higher altitude,
altenuation as high as 60dB to 70dB has been
measured, however, this oo is accounted for by
the same proupagation mechanisms, This effeet can
be modelled with fairly simple wave-dilTraction
assumplions {13,31].

But this is not all that is happening. Some uf
the MR that reaches the receiver shows evidence
of frequency shifts, clear cvidence that the
radiation has been scattered by clements with a
range of velocitics, This can only be accounted
for if the MR is scaitered by refractive index
gradients much sharper than those required to
cxplain the absorption, refraction, and Jdiffraction
resulis, It scems clear (hat there is a fine
structure, probably due to turbulence, that causey
substantial scattering and with Doppler shifts
corresponding, in general, to the mean flow
Mathematical

velocilies of the plume gases.

simufation of this concept of 1t process has
given rcasonable values of the spectrum and
intensily of plume induced noise, including the
frequency shilts scen.  There also scems to be a
strong surface type of scattering from the
overdense boundary, when the exhaust plume ED
is high cnough for one to exist. The same
approach has, at times, also given rcasonable
values of plume RCS, which is the same
phenomenon, but with both transmitting and
receiving antennas at  the same location
(monostatic) instead ol at different locations
(bistatic) [13,32-34].

4.0 DESIGN FACTORS

A systems approach to  determining
guidelines for missile-plume tailoring should follow
the two check lists provided by Tables 12 and
1-3. The first of these tables lists the missile
operational requirements and  operational  goals
related 1o plume signature; o the exteny possitile
these shonld be stated as yuaniitied pumerical
vidues, The second list contains all available
informution reluting to the plume of interest or
similar plumes: this list should include propellant
and rocket motor information and all measured
and calculuted plume data, not just those for the
plume effects of concern for the current design,

For specific problems, the system designher
will probubly wish to expand on both of these
lists. It is probably best to ostablish the final lists
in a conference setting lollowing review of initial
deafts,  Participation  should include a broad
spectrn of  the  design team  and  supporting
technologists,  not  just  people  who  are
knowledgeable in plume  technology, It is also
appropriate 1o initiate the dratf't list of  operational
requirements in similar  briinstorming sessions, if
time allows,

Plume  signature  ¢ffects  can  often  be
reduced by appropriate tailoring of propellants or
missile hardware designs,  Since some approaches
to wailoring  are discussed elsewhere in this report
the discussion in this overview will be brief. The
factors thil coninbute to primary und secondary
smoke  signatures,  adequately  discussed  in
Chapters 2.3, and 4 are very (ine particles and
condensation contraiis cnhanced by acid vapours
and other water soluble effuent.

Plume radiation and migrowave cifects are
increased by high plnme  lemperatures,  thus
approaches that reduce plume temperatures will
reduce these elfects, Suppression of  afterburning
can cause major reductions In the temperature of




verge on the near-infrared, therefore they would
not be particularly visible [26-28].

Frequently, exhaust plumes are judged to be
not afterburning because of the absence of visible
emission on film or video records. It should be
clear 1hat the exhaust plume of a propellant with
a low particle content in the exhaust may well be
invisible even when afterburning, because the
cmitted radiation is in wavclength bunds other
than those detzctable by the medium used, or
sometimes in fact, by the human eye.

Atmospheric propagation attenuates visible
radiation Ly absorption and scattering, The
atmospheric "daylight visibility range® may vary
from 0.5km (s = 8km'!) in moderate fog to
20km (s = 0.2km’!) in “clear” conditions to
S50 km (s = 0.08km™") for “exceptionally clear”
conditions, The Rayleigh scatltering  lmit is
310 km (s = 0.013km'!). These values for the
uttenuation coelficient (8) may be applied 1o
Beer-Lambert  transmission-attenuntion  cquation
caleulations of atmospheric losses of visible ptume
radlation, both for emission and  for smoke
signatures discussed later [16),

3.3.1.3 Ultraviolet

In addition to  continuum  particulale
radlation  which  predominates  in leavily
aluminized exhausts, ultruviolet  emission  also
oceurs due 1w some minor plume species, 1t s
predicted by some that even in heavily aluminized
plumes, CO + O chemiluminescence is  dominant
at the middle ultraviolet and shorter wavelengths.
A speetral  band From about  0.25um to about
0.7um seems to be emitted by the cambination of
these two radicals to form excited CO, and the
subsequent de-excitation of the CO5 noleeule, For
typical afterburning plume  temperatures,  the
radiation peak is ut about (.35um,

In hydrogen and hydrocarbon Hames, studics
have shown that a source of ultraviolet radiation
is the electronically excited OH radicals produced
in chemiluminescent  reactions, Both ol the
following reactions are thought able to produce
excited OH,

CH+ 02 = CO « QH*
H+OH+OH - H,0 + OH*

however, the latter reaction is thought to bhe
mote likely in alterburning solid rocket exhaust
plumes.  The OH spectrum containg a large

number of lines, which in all but the highest
resolution spectra will blend together to form a
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continuous band. Therefore, OH radiation in the
ultraviolct may be thought of as band radiation
for some calculations, Some of the OH line
centres are 0.2609um, 0.2811um, and 0,3064um.

Ultraviolet radiation is very casily scattered
by the atmosphere and absorbed by atmospheric
ozone in the so-called “solar-blind” region of the
spectrum which, between about 0.2um and 0.3um,
peaks at about 0.25um. Acrosol and molecular
scattering of ultraviolet radiation severely limits
the usclul range of ultraviolet radiation detectors
for locating and tracking exhaust plumes.

All radiation is scattered by fog or clouds.
As might be expected, the shorter wavelengths are
more strongly affected than the longer, It is all a
matler of the relationship between the droplet
sizes und the radiation wavelengths,

1.3. 1.4 Millimetre Wavelengths

A number of workers huve sought cvidence
of RF emissions rom plumes, Many years ago,
the author heard of “over the horizon” radar
systems detecting large plumes, but it is not clear
that these were plume cmissions rather than
bistutic scatlering of “ambient radiation.” Sume
[29] reported comparisons of millimetre-wave
unission measurements at 35 and 94 GHz which
support the (heory that the primary mechanism s
hused  on  freesfree  emission  (bremsstrahlung),
citised by colllsions between free clectrons and
moleenles in the plume, The results indicated no
difference between  the  cuussions  from  motor
plumes containing aluminium oxide und those
with no solid particles.  Additional measurements
of this  phenomenon were under consideration in
the  United Kingdom (Royal Armument Research
and  Development  Establishment) in the carly
1490s, It is likely that other, unreported,
investigations are or have been done in this area,
Chupter 6 of this report contains additional
details,

2.3.2 Interuction Nignuture Effects

The previous discussion in this section has
dealt  exclusively  with  radiatlon  cmitted by
exhuust plumes. The following discussion covers
interactions of plumes with radiation from other
sources. The major interaction to be covered
are the inteructions of visible and infrared
radiation with primary und sccondary smoke
particles, und the Interactions of radio-frequency
(RF) radiation, specifically microwaves, with free
clectrons and fons, The sources of the plume
species was covered In a cursory manner in
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Section 3.2 and will not be covered further in
this Overview. The reader desiring more
information should look at specific later chapters
of this report or the extensive literature that is
available {13].

QOne cffect that will not be covered below is
the scattering of radfation, particularly at laser
wavelengths, by “clear gas” turbulence dis-
continuities of refractive index within the plume.
This phenomenon has the cffect of heam
spreading the radiation (analogous to atmospheric
turbulence effects) so that o small aperture
detector may sce apparcnt attenuaiion losses of up
to 6 dB. There will also be “jitter” effects. Even
the clear cxhausts of liquid propeflant rocket
motors can cause this effect [13)

3.3.2.1 Smoke Signatures

Smoke particles in plimes  can alleet
incident radiation by both  scuttering  and
ahsorption [16-21). The magnitude ol the cffect of
the interaction of rudiation with a  particle
depends upon the real and imaginary terms in (he
particle refractive index, the purticle size, and
the particle shape. All of these effecty combine to
glve scattering and extinction cross scetions (or
coefficients) for cach particle/wavelength coms.
bination, The towl plume elfeet Iy the
combination of all the individual particle effcets,
When the optical depth of  the plume s greater
than about 0.5, multiple scattering elTects become
detectable. The importance of muitiple scatering
will depend npon the reason for coneern about the
smoke in the First place, The optical depth is the
exponential  teem in the  Beer-Lamlwert
tennsmisston-gitenuation eguation,

Transmission = | - o540

wherc s iy the attenvation coelficient of the
medium
and d is the transmiscion puth length in the
medivm

Multiple scattering  occurs  whep  cnough
photons ure scatlered more than onee such that
the effect cannot be ignored, and the single-
scattering assumption faiis,

In many solid propellants the predominant
contributor o exhaust plume primary simoke s
aluminium oxide (Al,0O4) particles that resolt
from the combustion of alumininm Fuel, Other
metals or refractory ingredients  may also cause
primary smoke,  however,  these  sources  will
predominate  only  in

propeliants  that  are

completely or relatively free of aluminium fuel.
Primary smoke cxists at all locations downstream
of the motor nozzle, although its importance as
“smoke” begins downstrcam of the afterburning
trcgion of the exhaust plume. Since a flying missile
lays out a trail of these particles during the entire
time that the rocket motor is burning, the smoke
plume may be many xilometres in length. The
smoke trail spreads with time, However, the
amount of spread depends upon the missile
velocity, the greater the velocity, the less the
spread, but the longer the trail (for a given motor
burn time), The smoke trail will be dissipated by
wind. It inay be visible from as far away as
100km, or more, depending on the amount of
aluminfum in the propellant, the thrust of the
motor, the sun-plume-observer angle (scattering
angle), and the atmospheric visibility conditions,
At the lower extremes, as little as  0.5%
aluminium in the propellant can cause visibility as
great ay 20km Tor certain scattering  angles,
although for most scattering angles (between 60
and 170 degrees) a visible range of dkm, or less,
is predicted. Both ol these visible ranges are
bused  on “exceptionali s clear”  atmospheric
transtission  conditions, I the  atmospheric
caditions are “clear” to “very clear”, the visible
range of the plume will be halved. Figure 1-10
fllustrates an example of the caleulated  scattering
voulTielens tor exhuustgrade alumina particles
over o wide range ol sizes using Mie theory for
visible light (0.55:m) {17).

It the sun is obscured, the visibility of the
snioke tradl s greatly redueed, and, since under
these conditions the  background s also  cloudy
sky. the plume will, in many cases appear slightly
darker than the background.  For ull practical
purposes,  the smoke  tradl will not be  visible,
although it will have limited visibility with a  dark
carth background, In tact, even it the smoke trail
i flnminated by the sun it will be practically
invisible against a cloud background.

In  addition o increased  visibility, the
scattering  oft wmblent light by the smoke plume
may interfere with optical detectiot systems that
uperate o wavelengths as great as Sum, The
degree of interference depends upon the  wave-
length of the detector, e optical depth of the
sinoke along the propugation path (o the defector,
the cffective Ficld-of-view of the detector, and, of
course, the solar illumination of  the plume
smoke.  In such 4 scenario, although  radiation
from the detector's target may pass through the
plume and reach the detector, the rediation
scattered to the detector by the plume may be so
preat that it has the  cffect of an overwhelming




background radiation,

Often, attenuation of radiation by the plume
has a more important effcct on detectors. In this
situation an optical (laser) target illumination
beam must pass through the missile smoke trail.
If the scenario parameters are such that the beam
must pass through a substantial length ol the
plume, attenuation losses of 2 to 3 orders of
magnitude (20dB to 30dB) are possible, and may
render the beam totally ineffective.

Compusite propellants containing ammonium
perchlorate (AP) but no mectal fuel (often called
“reduced smoke” propellants, incorporated into the
terminology of Chapter 2 of this report as type
AB or AC propeilants under a new classilication
system) defeat some of the the probiems of smoky
plume trails. These propetlants virtually climinate
primary smoke, down 1o the level of particulates
necessary o maintain  stable  chamber
combustion, However, the AP in these propeltants
causes HCl to form in the combustion process,
which, as described carlier, can condense with
plume und atmospheric water to form secondary
smoke. It Is generally considered thut at tvpical
atmospheric conditions, "reduced smoke” e
trails will form above o6km altitude, . iuse
cotnposite propellant exhausts will form secondary
smoke contrails at sca-level over o Falrly wide
range of cold or humid climate conditfons,

Propeilants with neither metal fuel nor AP
oxidizer  (often called  “"minimum  smoke”
propellants, Incorporated into the wrminology of
Chapter 2 of this report as lype A4 or 48
propellants under a new clussification  system)
climinate this problem, However, uven
‘minimum  smoke®  propellants  can have @
condensation plume or teail of secondary smoke
when the climate is cold cnough and a sufficient
amount of water vapaur is present. It is generally
considered that at typical atmospherle conditions,
“minimum smoke” contrails witl form  above ¥km
ultitude. “Minimum smoke” contrails al sca-level

will form only at the very coldest climale
conditions, even  with  fairly  high  amblent
humidity.

All the remarks above concerning visibility
and transmissivity of’ primary smoke plumes apply
ulso generally to secondary smoke plumes. The
applicable caveat here s that secondary smoke
particles (droplets) may be somewhat larger than
those of primary smaoke, 2hthough this will depend
upon the number und size of the condensation
nuclei and the amount of condensed water. In

such a case the optical ctfects, when they oceur,
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may be larger. If it were possible to get the water
to condense on a very large number of very small
condensation nuclei, of the order of 10'%m™3 in
the condensation region of the plume, the ultimate
droplet radii might be reduced to substantially less
than 0.1um, and the optical effects would be
substantially decreased. The Climate Model for
defining appropriate conditions for determining
sccondary smoke formation is  described in
Appendix 4 of this report,

3.3.2.2 Microwave Effects

The free clectrons produced in hot regions
of exhaust plumes, primarily in the afterburning
replon, and less importantly, behind strong shock
waves, can  absorb energy from  microwave
radiation which they give up in collisions with
moleculur species in the plume. The two important
parameters  for  caleulating  the  microwave
attenuation coelficient, unique to  given plume,
are the electron density (or concentiation, m3)
and the collision frequency (s°'), which is the
aumber of collisions per second encountered by an
average  single clectron, typically ~2x10'} ay
sea-level ambient pressure.  For radlation fre-
dauencies above 500 MHz, only the clectrons need
2 consldered. For lower frequency radiation, the
iy present in the plume must be considesed as
well.  Typleally there are 1,000 to 10,000 fons,
botl positive wud negative, for every free electron
present, however beeause of their far greater mass
the fons absorh much less microwave radiation,

I absorption is the only process encountered
by radiation in the plume the simple calculation
ol the linc-of-sight attenuation  cocfficient for
cach region ol the plume is sufficient to give a
reasonithly  accurate  prediction o microwave
attenuation, Ino peneral, this is not a bad first
assumption  for  N-band  radiation  with
composite-AP solid rocket propellants  containing
5% aluminium or less,

However, far hotter propellants, with hotter
afterburning, propagation through the plume s
much  more  complicated.  In general,  the
plume-microwave  interference probiem may be
thought of in terms ol the plume (4 mathematical
transfer function) modilying the electromagnetic
field state. In other words, withont the plume, a
field exists in space;  when  the  plume iy
interposed, the field is changed. This  concept s
illustrated in - Figure 1-11, While simple  in
coneept, this approach is difflcult in practice. It
has been solved  fairly successfully using the
Fresncl-Kirchoft-Huygens formulation of the wave
cquation  [30].  Computer  codes  using  this
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formulation have bcen developed in the Uniled
States, France, and the UK,

It may be illustraisve to describe the things
that go on in the plumc-microwave interaction in
terms derived from clementary  physics. We
consider here a plume with arbitrarily large
electron density (ED) values. The gcometry we are
considering involves a transmilting antenna on
the missile body, and a rcceiving antenna at a
location such that the iine of sight is a1 a very
slight angle to the plume axis. The microwave
radiation (MR) penctrales through she outer
plume layers where the ED is low without any
interaction other than slight absorptlion. As the
MR penetrates into highcr ED regions 1hc
electron density gradient causes refraction of the
MR along every path; attenuation per unit length
increases. As the MR penciriies inlo the over-
dense region of the plume (where the ED  exceeds
some critical value) attenuation losses are so high
that for all practical purposes the MR s
totally absorbed (actually altenuation losses of
several hundred decibels are caleulated to occeur).
While this is going on, MR propagating ulong the
cuter cdges of the clectrical plume behaves as
though it were undergoing a combination of
refraction and dilfraction by the plume, and scts
up an interference patlern very similar to opticai
diffraction. The MR that reaches the recciver
displays local intensity structure characteristic of
diffraction, modificd by some refraction, and with
some cvidence of line-of-sight or refracied direct
radiation, depending upon the locations of the
antennas and the ED of the plume. Because of
these paths of propagation. tactical missile
microwave signal aticnuation rarely exceeds 30dB,
no matter how high the ED. For much larger
space missile cxhaust plumes at higher altitude,
attenuaticn as high as 60dB to 70dB has been
measured, however, this too is accounteu tor by
the same propagation mechanisms. This effect can
be modelled with fairly simple wave-diffraction
assumptions [13,31}.

But this is not all that is happening. Some of
the MR that rcaches the recciver shows evidence
of frequency shifts, clear cvidence that the
radiation has been scattercd by clements with a
range of velocitics. This can only be accounted
for if the MR is scaltered by =efractive index
gradients much sharper than those required to
explain the absorption, refraction, and diffraction
results. It scems clear that there is a fine
structure, probably due to turbulence, that causes
substantial scattering and with Doppler shifls
corresponding, in general, lo the mean flow
velocities of the plume gases.  Mathematical
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simulation of this concept of the process has
given rcasnnable values of the spectrum and
intensity of plume induccd noise, including the
frequency shifts scen.  There also scems to be a
strong surface type of scattering frcm  the
overdense boundary, when the «-haust plume ED
is high cnough for one 10 exist. The same
approach has, al times, also given reasonable
values of plume RCS, which is the same
phenomenon, but with both transmitting and
recciving antennas  at  the same lotation
(monostatic) instead of at different locations
(bistatic) [13,32-34].

4.0 DESIGN FACTORS

A systems approach o determining
puidelings Vor missile-plume tailoring should follow
the two check lists provided by Tables 1-2 and
1-3. The rirst of these tables lists the missile
omerational  reguirements and  operational  goals
related to plume signature; 1o the extent possible
these should be stated as quantified numerical
values. The sccond list contains all available
information relating to the plume of inierest or
similar plumes; this list should include propellant
and rocket motor information ang all measured
and caleulaled plume data, not just those for the
plume effects of concern for the current design.

Fer specific problems, the system designer
will probably wish to expand on both of thesc
lists. It is probably best to esiablish the Final lists
in & conlerency setting following review of initial
drafts.  Participation should include a broad
snectrum of  the design leam and  supporting
tcchnologists,  not  just  people  who  are
knowicdgeable in plume technelogy, It is also
appropriite to initiate the draft list of operational
requirements in similar  brainstorming sessions, if
time allows.

Plume signature effects can often  be
reduced by appropriate tailoring of propellants or
missile hardware designs.  Since some approaches
to tailcring are discussed clsewhere in this report
the discussion in (his overview will be bricf. The
factors that contribute to primary and sccondary
smoke  signatures, adequately  discussed  in
Chapters 2,3, and 4 are very fine particles and
condensation contrails enhanced by acid vapours
and other water soluble effluent.

Plume radiation and microwave cifects are
increased by high plume temperatures; thus
approaches that reduce plume temperaturss will
reduce these effects, Suppression of alterburning
can cause major reductions in the temperature of



many tactical missile plumes. Chemical
approaches to afterburning suppression involve
adding chemical: that remove free radical
species, such as OH, O, and H that are nccessary
to sustain afterburning, The aikali metals (usuvally
potassiua is uscd) are incorporated either into a
propellant or in some other way that will prodace
gaseous products in the exhaust. These chemical
additives do not work when present in com-
bination with Cl species produced in AP-
composite propellant exhausts. When potassium or
other alkali species are used for flame suppression
serious microwave effccts due to plume species
jonization can result if exhaust concentrations of
the alkali drop below levels necessary to com-
pletely suppress afterburning.

There has also been some success in the
reduction of microwave clfects by the suppresison
of free electron concentrations in plumes resuiting
from the additon of molybdenum trioxide (MoQOy).
It has also been noted (see Chapter 6) that plume
free clectron concentrations in composite pro-
pellant plumes can be reduced by decreasing the
concentration of H radicals in the exhaust,

Elimination of regions in the aft en. v a
missile that may cause scparated flow il
recirculation (base flow) will climinate a source
that ignites afterburning in otherwise cool plumes
of missiles in flight. This approach will only
marginally alfect hot plumes for which it may
reduce slightly the maximum altitude at which
afterburning occurs in  [light. Other hardware
methedds for reducing plume temperature involve
modilying plume turbulent mixing such that it
cools the plume to temperatures below those that
ignitc  afterburning, ie. before free  radical
concentrations can  reach levels necessary to
sustain combustion. This can be accomplished by
reducing the length of the fowficld, for example
by using multiple nozzles instead of a single,
iarger nozzle. Noncircular nozzles may also
cuhance plume cooling because of the larger
surface-to-volume ratio of their plumes. In the
pluraes of nissiles in fight at non-zero angles of
atltack, the tendency to create seperated flow
regivns inc-cases and stronger steps to reduce
atterburning may he nccessary than those found
successlul for strictly axisymmetric situations,

The objective of the design offort is to
deiermine, quantitatively, the avaiiable trade-clfs
hewween ail the various requirements and goals,
and to nptimize them for the missile sysiem under
consideration.
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5.0 CONCLUSION

This overview has presented a4 briel semi-
technical narrative of the plume technology areas
covered by AGARD FEP Working Group-21. The
reader is cautioned that the information presented
here has been greatly simplified for the sake of
brevity. Only trends are presented, hopefully with
little loss of correctness, There are a number of
phenomena associated with plumes at higher
altitudes that were not even touched on in this
overview., While this report is concerned with
tactical missile exhaust plumes, which generally
occur at low to medium altitudes, there are
instances where higher altilude plume phenomena
may cmerge even in the tactical regime. Anyonc
desiring 1o explore this field more deeply will find
an cxtensive literature helpful to understanding
the phcnomena and the theory, and useful for
solving specific practical problems.



TABLE 12
OPERATIONAL CONDITIONS CHECKLIST

1. Missile design
Design requircments
Design goals
body signatures
plume signatures
Rocket Motor
‘Thrust/time
Propellant
trace elements (K,Na, ctc.)
signature suppression
Nonpropellant contribution
Chamber Conditions
pressure/time
chemical species
Nozile
design for signature control
Meissile flight conditions
External air MNow
velocity
altitude
angle of attack
Body geometry/base signature control

2. Operational Conditions
Guidance mode(s)
Targets
Range
Velocity
Altitude
Manocuvre capability
Countermcasnres
Climate/atmospheric conditions
Threat conditions
Density
Range capability vs missile capability
Guidance
Detectors ActivesPassive
range
detection
identification
track
terminal

TABLE L3
PLUME DATA CHECKLIST

1. Rocket Motor
Thrust/time
Propellant
trace elements (K,Na, etc,)
signature suppression
Nonpropellant contribution
Chamber Conditions
pressurc/time
chemical species
Nozzle
design for signature control
2. Data test conditions
External air flow
velocity
altitude
angle ol attack
Body geometry/base signature control
3. Plume conditions
liternal plume Now
chemical species
reaction kinetics
temperatures
pressures
velocities
jonization
turbulent mixing
unsteady flow
afterburn ignition
shock structure
particle flow
Flowfield calculations
Signature calculations
corrclation with data
extrapolation to missile conditions
uncertainties
4. Visible Signature
Radiation/Flash
Smoke
Visibility
Guidance Interference
5. Passive Scnsor Detected Radiation
Infrared Signature
Uitraviolet Signature
Millimeter Wave
6. Radio-Frequency Interactions
Guidance Aticnuation
Guidance Noise
Radar Cross Scction
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3.0 PRIMARY SMOKE
3.1 Background

For cach of the propeliants, shifting
equilibrium calculations were performed with a
chamber pressure of 70 atm (7.07 MPa) and a
nozzle cxit pressure of 1 atm (0.1013 MPa)
From these dala the mass percentage of
condcnsibles at the nozzle exit were tabulated as
shown in Table 1.

In an attempt to provide a relatively simple
method for the primary smoke classification it
was decided to base it upon the equation for the
transmittance through a cloud of polydispersed
particles 1],

Tr =exp{=3QC, L2 Dy,) (1)
where

Tr = Transmittance = /1)
Q = Mcan Extinction Coellicient
= n (wavelength of Incident lght,
complex refractive index of the
particle relutive to the surrounding
medium, particle size distribution)
Dypm Suuter  (volume-lo-surface) Mean
Diameter
C, = Yolume Concentration of Pe .icles
(volume of particles/volum  of
mixture)
L. = Path length which contains particles
I = Intensity of Transmitted Light
[, = Intensity of Incident Light
In order to not require detailed Mie
calculations  for an  assumed  particle  size
distribution and ussumed particle propertices, it
was decided to attempt to buse the primary smoke
classification on C, and an optical propesties
constant N.

C, can also be written
C, = C /density of the particle (2)
where

C._ == mass concentration of

m particles

(mass of puriicles/volume of mix-
ture)

The density of the particle Is proportional 1o the
-preific gravity of the particle (SG). Thus,

Tr = cxn (= C_ N/SG) (3)

where N contains all of the terms in
equation (1) which cannot be specified in
this simplified formulation. (For the same
path length L, N~ Q/D4,). For the prusent
purpuse of classification, N = 1.0

Now C can be written M./Mmix (RT/MMP)
where

Mass

Universal Gas Constant
Mixture Temperature
Molecular Weight of Mixture
Pressure of the Mixiurs

M
P

-3
RN ULER

mix

Since the primary smoke signature is most
important in the lar-plume region where mixing is
essentially complete, P and T wers taken to be the
local ambient values. Variations in M . were
also neglected. M /M . is the mass fraction of
condensibles in the exhaust. Thus, for a mixture
of condensibles in the exhaust,

where % M, = Mass percentage of
condensitle specles i,

The obscuration is defined as (1 - Tr).
Thus, an AGARD primary sinoke classification
number is defined as follows :-

AJSARDP
= 1 —exp| =35 (%MNN;/SGHI (5

Thi- formulation resulls in a classification
scheme for primary sinoke in which the calculated
number will lie between zero and unity.

Using Equation (5), the detailed data
(totals summnarised in Table 1) for the oxhaust
compositions were used tn determine values for
ACARDP, These are presented in the [ollowing
classification together with the estimates for the
prilaary smoke classifications provided by the
various AGARD countrics, The encircled syniuois
refresent exhaust pioducis which contaln facge
amounts of potassium compounds. These
compounds gerera'ly result from the inclusion of
flash suppressants in the propellant formulativns,
The triangular symbols are for condensed prodtucts
which contain only caroon, Polassium and carbon
smokes generally consist of very small particles
and can; therefore, r:sult I Rayleigh scattering of
visivle light,

2-5
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PRIMARY SMOKE CLASSIFICATION AGARDP NUMBER
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AGARDP
Primary Smoke Classificatinn

The above clussitication scheme for primary smokey is currently recommended

3.2 Limltations

Primary smoke measurements reveal that the
AGARDP values are somewhat high for
potasshim salts and low for aluminium additives.
This deficlency may be atiributed to failure of the
classification procedure ta account for the
differences in optical propertics of these additives.
The optical property constant N (currently taken
as 10) may vary considerably for certain
materials due to different refractive indices und
particle sizes which are present in the plume.
When sufficient dala become available in the
future, substitution of the actual values lor N,
shuuld permit AGARDP to bettor fit smole
observations for additives such as potassium and
aluminium, Inadequate knowledge of primary
smoke material properties cmphasizes  (hat
AGARDP should not be substituted for actual
measurements when smoke specification Is critical
to system performance.

3.3 Assumptlons
(I)  Compicie mixing of oxhaust proil-

ucts with atmosphere at standard
conditions

(i)  Primary smoke can be classitied
using the percentage of condensible
metallics at the nozzle exit for the
refercnce conditions of 70 atm (7.09
MPa) chamber pressure and 1 atm
(0.1013 MPa) oxit pressure, with
shifting equilibrlum, adiabatic flow.

3.4 Problem Statement

Glven the propeilant ingredients and their
heats of formation, determine the AGARD
primary smoke classification,

3.5 Classification Procedure

()] Input propellant Ingredients into a
chemical  equilibrium,  adlabatic
combustion code with a specifica-
tion chamber pressure of 70 atm
(7.09 MPa) and an oxit pressure of
1 atm (0.1013 MPa)

(1)  For shifting equilibrium nozzle exit
conditions record the mass percents
ages of each of the condensible
metallics.




(lif)  Calculate AGARDP

-] - GXP[ - D {%MP‘N/SG[“

where %Mp‘ and SG, and N, are the
mass percentage, specific gravity
and optical property constant
(currenily taken as 1.0) of species i,
respactively.
(Iv) It AGARDP < 0.35
= A Classification
Ir 0.35 < AGARDP € 09
m B Classification
It AGARDP > 09
m C Classification

40 SECONDARY SMOKE

4,1 Background

The following method 8 o theoretical
classification methed for secondary smokes based
on the condensation of water vapour und/or
water/acid vapour by oxhaust gases In the
presence of ambient humidity, Mole fructions of
condensible nascs, ie HCl, HF, KOH und H,0, are
determined using any one of the thormochemical
codes which are used to predict rockel exhaust
products assuming equilibrium, adisbatic flow.
The calculation for propellant secondary snioke
classification is performed ut u selected standard
condition (0.1013MPu pressure and 273.15K
temperature) with the assumption of a Fully
expanded,  chemically and thermully  stable
equillbrium  exhaust mixture diluted  with
almospheric alr to produce 1/1000" of the
original concentrntion where pressure is expressed
in mbars. Isenthslplc mixing was not considered
because of the necessity of using the heat
contents of the differont individual propellants,
Although the following procedure is greatly
simplified by neglecting important eflects, it Is
considercd adequate as a tool for classification
purposes. It has heen shown [2] that potassium
compounds will produce secondary smoke in
propellants that normally have only primary
smoke, Several researchers have ldentified KOH
vapour as the key inhibiting species in proposcd
flame suppression mechanisms {3], The oxistence
of KOH which iy predicted by thermochemical
codes to be in suppressed plumes is known to
reduce the vapour pressure of water in solulion us
do many other salis [4,5], However, no detailed

data have been collected and corrclated to permit
calculations for KOH similar to those currently
made for HCl and HF, The following dis.ussion
is for HCl and HF, but it should be noted that the

effects of KOH on secondary smoke may have
increased importance in the future,

4.2 Assumptions
(i) Isothermal mixing of the exhaust
with the atmospheric air to produce
1/1000™ of the original concentra-
tion.
(i) Amblent conditions of 0°C or
273.15K and 1 atm (0.1013MPa).
4,3  Problem Statement

Determine the ambient relative humidity
necessary for the onset of condensation, given the
mole fraction of condensible species (le, HCl, HF
and Ha0) in the exhaust products.

Caleulation Procedure :

The condition for saturation may be
written uy -

P19 g * Pexnaust condensibles ™ Pulurollog

where P is the partial pressure of the gas,
From Dulton's Law

P = Mole Praction () x Total Pressure
with dilution (6) then becomes :-

)]
101325 (fyy0 + fucy + fup)

Pllzo amby ™ Pyt =

From Oliver (6], the normal saturation
pressure of water is depressed by a factor K that
depends upon the concentrations of HCl and/or
HE. Tlic saturation pressure for water at 273.13K
is 6.1078 mb (610.78 Pa). Thus,

P, = K x 6,1078 mb (8)

where K = partlal preasure of water over
ucid/normal saturation preasure of water

Substitution of (8) into (7) ylelds :-
™ 6.1078 x K = 9)

1.01323(y50 + fitcy + fup)

P”Zo amb

2-7
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Dividing (9) by 6.1078 and wmultiplying by
100 yields :-

RHymp = (P”,_,()nmu'6.1078) x 100
(10)
= 100 x (K=l % 0.16589)

Equation (10) may be evaluated by
reference to the Oliver data in Reference 7 or
Pigure 2-1 which gives values of K = P/Py as a
function of the partial pressure of the diluted
voncentration for HC! o= HF at 273.13K.

Equatinn (10) was used to calculate the
ambient relative humidity required to saturate the
exhausts of AGARD propellants given the mole
fractions of Hp0, HCl and HF (Fig. 2-2), The
saturation relative humidity at the stated standard
condliions may be used as a figure of merit, ¢g.
AGARDS = 52.5% Sat RH, which uniquely
detorminates the sccondary smoke classification
for a given propellant,

Figure 2.3 shows the recommended
AQARD secondary smoke classificution for actual
propellants which were submitted by the various
AGARD countries, The classification (s based
upon the rosults of thermochemical codes run by
the individual AGARD countries,

4.4 Classification Procedure
Curve Fit Approximatiaon

1)) Determine the H30, HCl and HF
contents (in mole fraction) of the
propellant exhaust products lrom a
thermochemical  prediction  wilh
shifting equilibrium noszle fow.

({i)  Referring (o Figure 2.2, determine
the curve which best corresponds to
the towal halogen exhaust gus mole
fraction and select a point on the
line whose abscissa correspunds to
the H;O mole fraction of the
¢xhaust,

(iil)  The ordinate of the selccted point Is
the ambient relative humldity
required for saturatinn, le secondary
smoke formation. The point also
defines the AGARD A, B or C
secondary smoke classification fur
the propellant,

5.0 SAMPLE CALCULATION

To implement the AGARD smoke
classification procedure one must first perform a
thermochemical calculation assuming shifting
equilibrium Mow (2 determine the exhaust content
of the desired propellant formulation, The
appropriate conditions are 70 atm (7.09 MPa) for
the chamber pressure and 1 atm (0,1013 MPa) for
the exhaust pressure. Table 2 presents a typical
output.

TABLE 22

EXAMPLE OF EXHAUST CHEMICAL
COMPOSITION

MASS FRACTION MOLAR FRACTION

N, 1023 N, 0944
O, 238 O, 1391
co 1161 co 1071
HO 2488  H,0 2969
H 00R8 H 1130
HeY 251 HEl 11826
FeCl, 0106 FeCly 0022

The condensible spocies In the exhaust are
AlaO4(8) (with & mass percentage of 1.89 and an
S of 3.97) and FeCl, (with a mass percentage of
1,06 and an SG of 5.16). Thus, from equation
(S5)

AGARDP =2 | — exp {—[(1.89 x 1,0/3.97)
+ (106 x 1.0/3.16)]}
= ().56

From the primacy smoke classification
diagram this will be classified B,

Table 2.2 also thows that the exhaust gases
contain hoth H,0O and HCl with mole fractions of
0.3569 and 0.1&26. respectively (with a total mole
fraction cf 0.5393). To determine the secondary
smoke clussification, Equation (10) must be used
together with Figure 2-2. To evaluate Equation
(10) the value of the HCl depression factor (K)
must be determined from Figure 2-1, which
cxpresses K as a function of the HCl partial
pressure in millibars, The assumption is made

that the exhaust is in equillbrium with ambient
alr at 273.15K and diluted with atmospheric air
to produce 1/1000' of the original concentration.
Thus, the diluted partial pressure of HCI is i




Pyci = (1013.25/2000) 0.1826 = 0.185 mbar

From Figure 2-1 the value for K is 0.48,
Substitution of K = 0.48 into equation (10)
gives -

RH,,,= 100 (0,48 — 0.5395 (0.16589)) = 39%

From Figure 2-2 with "Sawration RH" =
39 and "Exhaust H,O Content” = 03369 the
secondary smoke classification is C,

Therefore, the AGARD smoke classifica-
tlon for the propellant with exhaust products
given in Table 2 Is BC.
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1.0 INTRODMCTION
1.1, Definition of "Primary Smoke"

The exhaust from a solid propellant rocket usually
contains some solid material in addition to the
main gascous combustion products thereby.
resulting [n the formation of a particle cloud in

the atmiosphicre downstream from the nozlec: iz

so called "prunary smoke” cloud,
1.2, Origin of Primary Smoke

Particulatus have a wvarlety of orlgins,
Propellant formulation ix onrly one and among
propellant ingredients the main contributors to
primary smoke are -

(1) Burning rate catalysts, vgo ferrocene
compounds {catocene),  lead  oxldes,
lead sults (vad resorcinate), copper
sults (copper chromute), fron oxides .,

(i) Anti-instability additives, el

rconium  curbide,  sdrconhing  oxide,
silicon carbide ..,
(i) Aluminium  or  other  metds (e

beryllium,  sreonium ) added o
incroase the thermadynamic
performance,

(iv) Aflterburning suppressant, e
potassium salts (K250OJ),

This list is not exhaustive,

Thermodynamic  computations have shown
that these products, mostly metal componds, are
to be found In exhausts as metal atoms (e Cu,
hydroxides (e.g. KOH) or more alen as oxides,
chlorides  or fluorkdes, Some refractory muterials
(mostly  antl-instability  additives)  do  aot
decompose In the combustion chamber and are
discharged aa particles {nto the exhaust,

Other thun the propedlant all motor parly
which are exposed to flame mey pyrolise or ablate
and generate smoke: ¢g liner, inhibitor, thermal
insulation, nozzle, cte. Their contribution can be
signiticant, typically in the form of carbon (snot),
silica, and iron oxide, especially during and atter
burnout of the motor.  Finally. the igaiter may
also play a significant role in the pencration of
primary smoke.

1.3 Opticul effects of Primary Smokes
Particle clouds Interaci with fight in two

ways, scattering and absorption, Scattering of the
ambient light can make smoke highly visible and a

ingjor conlributor 1o missile sighature in the
visil'e spectral range. Altcnuation by smoke can
intcrfere with a guidance system should optical
comm unication be used between the launching
platiarm and the missile or its target,

£ L Attenugtion
Altenuation depends upon various factors i

(i) The structure of particles defining
thele complex optical index. Their
shape, size and dlistribution, aspect
ratio, surface angularity and roughness
are all dominant parameters, Since It
In difficult to describe arbitrary shaped
particies in calenlatlons, they are often
considered o be spherical

(1) The optical wivelength

(i)  Pardele  concentrations  which  are
directly  dependant  upon  motor
parameiers and flight conditions

(iv) The optical puth across the cloud.
Note: The wavelength (A) and the
purticle slzc (rp) are strongly relaied
through the dependence of attenuation
on the dlinensionless size paramoter
vow 27 I'p/;.

The last two parameters arc connected with motor
performance and particulurly the mass flow rate,

The radintion intensity loss due to primary
simoke I8 the consequence of the scattering and
absorption by particles and can be expressed
according to the Beer-Lambert-Bouguer law for
monodispersion -

dl ,
— = -nar? QW

or with a constant exponent coelficient

| .
= = UXP (- Yy ©)
|

(4]

where
yt‘ll =na l",z cht

U s opties path lenpth and (3 the extinction

. SUAL
caclficient,
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where 1 is the transmittance

C, is the particle concentration by volume
V,, s the individual particle volume

Calculation of a piume flowficld permits the
transmittance to interface with motor parameters
such as mass flow rate or chambor pressure by
substitution of paramoters C, and { in the
formula.

Since the monochromatic beam crossing the
plume scatters from particles of varying number
density and size, the equation must he modified
a8 -

| £r o .
N = - -ff 1] (rl‘) T rn2 va (rp) dr|| e
lo [$ 3 +]

The extinetion coelficient can be predicled
by Rayleigh or Mle theory Tor aphierical particies
of a given refractive index and monochromatic
light of wavelength 4 [1]) {2} {3). The light
scattering theory allows calculation ol different
values of Q,,, over each ol the following runges -

() When the particle diameter iy far
smaller than the wavelength, the
scaltering is called Rayleigh scutlering,
Scattering ol this type varies direcily
as the second power ol the particle
volume and inversely as the fourth
power of the waveiength, Equul
amounts ol Mux are scattered into the
forward and back hemispheres (Fig,
3-1a)

(i1}  When the particle diameter s greater

than  ubout  one-tenth  of  (he

wavelength, the  greater  overull
scattering and pattern complexity (Fig
3-1b and c¢) requires thut the theory
developed by Mie be used.  Although

this theory I8 confined solely 1o

isotroplc spheres, it Is customary io

employ it even when particles may be
somewhat drregular in shape such as
those issuing from propellants,

(i)

When the particle diameter Iy very
large with respect to the wavelenglh,
It is necessary to apply the luws of
geometrical optics.

The particles collected in rocket cexhaust
plumes with various mass flow rates show that
cquivalent diameters of non aggregate particles
lay tetween 0.1um to 30.0um (Fig. 3-2). A large
number of small particles with diameters probably
in the range 0.01um to 0.1um also exist, these are
ditficult to quantify, but their size precludes
important vuattering over the visible region of the
clectromagnetic spectrum, In the visible, near or
middle Infrared, the important scattering s
gencrally deseribed by Mie theory,

Following this theory, when u particle of
complex index m = n - 1k i illuminated by
unpolarized lght, represented by two electric
vegtory perpendicalar anil parallel to the plane of
observation (Fig. 3-3) but having no coherent
relutionship, the scatiered light consisty of two
incolierent components (indexed 1 and 2) such
that the total angular intensity ds ;-

L(0) = % (I () + 1, (0

;2 iy + ia
. E. (_'___")
4 n° 2

E Iy the irrudlance of the particle and |} and
f5 ure the Mie functions, expressed by a produeet
ol Roceati-Bessel functions (f, 1) und Legendre
polynomduls (g 8 which  dre  tabuluted in
malhematical Hterature, giving

b= Flnm) g )andly = 1 (vom). g’ (A)

Flgure 3-4 gives varfations of log 1} and log
4 sersus O Tor particles of Alz(l3 and C (soot)
when i = 45° (Defined in Fig, 3-2), {i; =i forv
“0r, - dum and A~ 0. 7um 5],

The Mic coefticient Q,. which can he
expressed by a ratio of the ol scattering
cross-section of w particle to {ts geometric scetion
(independent ol ) is given @

-

(\)\c N (T;_' T “| + |2) sin 0 do
\Vaan, /oy,

The dilference  between  the total  Mux

removed from the incldent beam (Qy) and that
scattered (Q,.) must be the Nux attributed to
absorption by the particle, which oceurs when the
refractive index iy complex,  Slnee the extinetion
effects of scatlering and absorption wre udditive,
we have -
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Qexi = Qe * Uy

Qu And Q. are given by the former cquations
solving for the total complex index or its real part
respectively. Q. Is obtained from the difference.

Typical variations of Q,, are given in
Figure 3-5 (a, b) [6]. An example of the influence
of the imaginery part of the index on the
scattering and extinction coefficionts is given it
Figure 3-5c.

In a real rocket motor exhaust with A lurge
range of parlicle sizes the scatturing is more
Isotioplc than sugge:ted by Figure 3-4,

A direct maasurement s often preicered o
a numerical cumputation which depends upon a
large number of ill definod parameters. This iy
particularly the case for optical indices found in
the literature for purs compounds al  room

temperature  This data applieet 10 purticles
present it the rocket  exhaust s highly
questionabie, Nevertholoss, Miv  scatiering

calculations are useful for interpreting resulty of
measurements and applying theni to propeliant
optimization and other aspscts of rocker motor
deaign,

Figure 3-6 shows the nature of paricles In
an  original way, Two graphs, representing
different wavolengths, show the particle masy
fraction inducing a transmission lactor (T) of O5%
across & given particle cloud (optical puth = | m,
dilution = 5 x 10°%) as a fuaction of particle sise.
The condenscd mass fraction in the plume of «
given propellant and in a soction of equivalemt
dilution must keep under the curves {n order 1o
obtain the specified transmission level.

Such representation (Figs 3-6 and 3-7) make
it appoar that -

(1) Carbon or souts are very absorbing,
whatever the wavelengtl:,

(i, When the particle rauius is nol oo
large, transmission iy beter in the
infrared than in e visible region of
the electromagnetic spectrum,

(ili) Copper and lead have  similar

scattering features (but with respect lo
only the volumetric fraction, lead I8
more transparent than copper).

1.3.2 Effects of Smoke Visthillty

The visibility of smoke issuing Irom a
burning rocket motor has two distinet adverse
effects, {t allows the missile in flight 10 be

detected or the launch platform located, Equally,
smoke can obscure a target or missile from an
optical guidance operator (case of visual target
desipnation guldance),

It is thercfore nceessary to establish the
existence ol these impartant cffects since they are
likely to prove more difficult to overcome than
the effect of attenuation on guldance,
1,3.2.1  Smoke Visiblilty in the Sky

The term visibility is generally used to
Juseribe  the  possibility of detection by an
obscrver without the aid of any auxillary device,
Quantitatively, visibility I8 expressed as a
probability of detection for ¢ given contrast
between  the object  (the plume) and its
huckground, in this case the sky, Ignoring
chromuticity faciors as being less important than
luminunce  contrust,  the  plume-background
inherent contrast C, Is defined by i

C Lozl

n
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 1o -1 for an kical black object
and may huave u large positive value if Lp > L,

Culenlation of contrast involves a detailed
knowledge of all radiation sources and transport
functions (sunlight, diffuse skylight, diffuse light
from ground, ... The plume optical
transmitlance T appears in the contrast equation.
For a given sunlight, making u hypothctical angle
al' 1 with the direction ol observation (l.c. setting
sun In the back of observer, plume ncar the
hiorizon), the transmittance appears for example,
in the plume luminance c¢xpression (assuming
single scattering) -

. Eoxc () (-T2

Ly
Yext

SUN




T being exp (-y,,, .£), with ¢ the plume dimension
in the direction of observation and E_ the
irradiance [5).

Morcover  transmission  through the
atmosphere affects the plume background contrast
because of the angular scattering of environmental
light towards the observer within his cone of
vision (Fig, 3-8),

Considering a horizontal line of sight, the
apparent contrast plume-horizon at a distance R
becomes -

Cq = G, exp (-7,.R)

The values of ¥, (hyp. ¥, = 0) are presented in
Table | for standard contigurations, (9)

stability or energetic performance. Accepting this
point, loose specifications such as “primary smoke
should be  minimized” can  often  result in
unaceeptable exhaust smoke levels and should be
avoided.

The missile designer would like to specify a
maximum leve) of smoke compatible with the
operationul needs of the missile and then be able
1o cheek that this specification is met by the solid
rocket molor proposed by the propulsion engineer,

Mothods of primary smoke assessment
should therefore Include (a) experimental
procedures to rank propellants, other motor
components and finally the assembled motors with
respeet to primary smokes and (b) computational
methads 1o predict primary smokes and translate

TABLE 34
INTERNATIONAL VISIBILITY CODE, METEOROLOGICAL RANUGE, AND SCATTERING
COEFFICIENT
Coxle Meteorological range
No Weuther condition R, Scattering coetticient
yw(km' )
metrie
0 Denae tog =850 m »738.2
i Thick rog 50 m 78.2
200 m 19.6
2 Moderate fog 200 m 19.6
SO0 m 7.82
3 Light fog S00 m 7.82
1O m 39l
4 Thin fog L km 101
2 km 190
h] Haze 2 km 196
4 km 1.954
6 Light Haze 4 km 0,984
10 km 0,391
7 Clear 1 km 0,391
20 km 0,196
8 Very clear 20 ki 0.196
50 km 0078
) Exceptionally clear < 50 km 0.078
- Pure air 277 km 00141

1.4 Goul of this Work

aperational requirements into motor specifications
that could be checked by established experimental
procedures,

It s obvious that primary smoke s
undesirable but most of the time nnavoldable,
Although some  control of the smoke producing
properties of different components in a solid
rocket motor {8 possible o very low level of
primary smoke s usually achieved only at the
expense of other more desired qualities such as
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2.0 DESCP'™TIONS OF YARIOUS METHODS
OF PRIMARY SMOKE ASSESSMENT USED
IN NATO COUNTRIES

2.1 Visibility of Primary Smoke

From an operational viewpoint,
specifications for primary smoke visibility should
be defined in terms of whether or not a missile
will be visible to an cnemy obscrver. Because this
factor is ‘casitive 1o the operational environment.
one of a limited number of  typical” or
‘worst-cuse” environmenta} conditions should be
detined for the missile, specilying the solar fTux,
the background, the atmospheric conditions or any
parameter hikely tc affect the visibility.

Following the US Army methodology,
visibility can be defined in terms of the
probability of missile detection by unaided human
eye. The major physical factors determiining
visibility are the size and shape of the plume, its
contrast with the background and transnissivity
of the atmosphere; they can be derived from
modelling plume flow and scattering of solar flux,
Detec’ -+ probability is related 1o natural
varintions in  human cye¢  response  between
individuals.

Many well, and less  well  supported
assumptions have to be inade in the process, The
main weakness is thought to he the determination
of the optical properties of particies.

1the theory of interactions between light and
particles is approached in Secdon 1.3 I sobves
the Maxwell equations for the interaction between
a4 monochromatic plane wave and a  spherical
particle and was tirst written by Mie at the
beginning of the century, It addresses both
scattering and abscrption by particles, but requires
the kncwledge of little known parameters such as
the particle size and its  optical  index.
Furthermore the assumption of a spherical particle
shape nas (0 be made.

An  experimental  approach  has  been
attempted in the UK., with various methods of
measyiement.  These  include  measuring  the
intensity of the reflected component from  high
intensity ligh: sources iimpinging on a smoke cloud
and photographs of contrast scenes through the
cloud, cither at the time of firing or from cine or
video records. All of these methods can providle
usel™'l information and dilfering smoke levels can
be detected. However nu one system can provide
all of the required information.  More compieie
information can be found elsewhere [10] [11).

Smoke  visibility is  an area where  the
development of measuring technigues is required.

It may suffice here to emphasize that a complete
and  accurate  assessiment  methodology s
unfortunately not available but could be developed
using present state of the art techniques.

2.2 Opacity of Primary Smoke

Plume opacity assessment is a much less
difficult task than plume visibility. Opacity is a
physical purameter that can be directly measured
and is indepenaent of the optical environment,

Accurate and validated models for opacity
prediction are sull vnavailable, but experimental
techniques have heen developed and used for
yesrs. From an enginces's viewpoint, transinission
measurement is the only available way to assess
primary smoke.

2.2.¢t Trunsmission Mensurements in Static
Tesis

The US, the UK., France, Germany and
Naly — are  performing  plume  transinission
nieastrements onostatic twests, with the implicit
assumption  that  the result of 4 comparison
between Lwo molors on a ground static wst should
e qualitatively  unchansed  in flight,  An
improvement  in grotad o sling  transparency
resutts iy interpreted ws an improvement of
transparency properties in fight, The methodology
to aratslate  transmission  measurements  from
static tests into guantitative Plight predictions is
not  yet available, but, as for primary smoke
visibility, it could he developed with  existing
techispues.

Thereture, the practical application of plume
transpareney measurements on static firings is the
comparison ot propellants or motors, one with
another. In some  cases, the purpose of these
measuremenls s limited 1o 4 specific study - like
the improvement ol a motor with respect tn
primary  smokes,  or  the  assessment  of  new
ingredients  in a propellant  formulation:  the
enperimental procedure can be defined on a case
by case hisis, For more general prirposes, such as
having @ quantitative methad for comparing the
smoke properiies of a broad range of solid rocket
propellant  formulations,  a  widely accepled,
standardised procedure is required.

In the following paragraphs more details will
be given on the instrurentation, experimentel
procedures and interpretation of  measurements
nsed in France, the US.A., and the UK, for the
assessment of primary smoke transparency,



2.2.2 French Methodology
2.2.2.1 Transmissometers

The transmissometers used in France (SNPE)
are of three kinds ;-

(1) The first Kkind and oldest were
commercially available  apparatus
(brand name :@ SICK) and are used in
the facilities described in the next
scction. The source is a wide spectrum
lamp, with a beam chopper, and the
detector is a silicon cell.

The two other types were custom built :-

(i) The source is a wide spectrum lamp
emitting a large beam in the visible
and IR range. The detector is a
radiometer cquipped with a telescope,
The desired optical response can be
adjusted with a spectral filter between
Odum and Llum., 100% and O%
transmission lovels are recorded before
the liring,

The source is a HE-NE laser (0.63um).
The detector is a silicon cell equipped
with a narrow band filter. Calibration
is performed hefore cach firing by
intercepting the luser heam with a
range of ncutral density fitlers. Optical
alignment is used o c¢nsure that the
transmissometer axis crosses the motor
axis (Fig. 3-9). More dJctails cun he
found in Appendix A,

(iii)

The wavelengths of interest are in the
0.4 to Idum region, the most
studicd being 10.6pm, and those in the
visible range (human cye response).
Tiansmission at 0.63um is considered a
good estimate of transmission in the
visible range.

2.2.2.2
Procedures

Experimental Facllitles and

Experimental procedures for primary smoke
measurcments  vary from facility to [facility.
Howcver, measurements made at  dilferent
Facilities on identical motors have shown good
agreement with cach other.

Firing facilities tor the specific purpose of
smoke assessment are uscd -

(i) The "fumimetre” which is a kind of
wind tunnel housing a fan (Fig. 3-10)

(i) The “banc opacimetrique”, an open
firing facility (Fig. 3-11).

However, most smoke Irials are performed
on firing locations which have not been optimized
for transmission mecasurcments thereby suffering
adverse changes in environmental conditions
(wind, rain, etc ..). Transmissometers are mounted
just before a test run and dismounted after,

Transmission measurements are nol used to
identify propetlants for classification, but are
limited to the task of studying specific propulsion
systems. The foregoing [iring [facilities
("flumimetre” and "banc opacimetrique®) function
primarily for the assessment of smoke produced
by inhibitors. For such work motors with end
burning grains (diameter 90 mm) of identical
propellant formulation are fired. The other test
facilities arc used to compare different propellant
forinulations und to assess the effect of including
additives [12). These firings employ motors with
radial burning grains with a constant burning
surfacce and identical inhibitor; the motor thrust is
typicatly between 2500N and S000N.

The transmissometer locations in the specific
liring facilitics are indicated in Figures 3-10 and
3.11. For other tests, the transmissometer beam
makes a /2 rad angle with the motor axis and is
located 3m to 4m downstrecam of the nozzle exit
or beyond the afterburning flame if it is longer
than  3m, Transmission {5 measured after
completing one traverse through the smoke plume.

The detailed procedure for transmission
measurements in a free jet with a 0.63um laser
transmissometer is given in Appendix A,

2.2.2.3 Presentation and
Transmission Measuretnent

Interpretation of

Results of plume transmission measurements
are analysed case by case except for those
transverse measurements on standard motors for
which a standard procedure exists.

Mcasurements  are time averaged having
heforchand climinated the unsteady part of the
record at ignition and at the end of firing. That
remaining usually maintains a steady mean level
making the averaged value representative  of
existing smoke conditions (Fig. 3-12).

To compare the smoke properties of two
propellants it is essential that the test motors are
the same in all respects other than the propellants
and that the test enviconmental conditions are
identical for cach firing. Il this is not the case
then only a qualitative comparison is possible. No
reliable quantitative corrections are applied.

39
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There is no methodology to extrapolate
transmission measurements from reduced scale
tests to those of full-scale, consequently, a
quantitative assessment of the primary smoke of a
given niotor requires a tull scale firing. For large
motors this is especially costly and difficult since
the firing facilities for these motors are rarcly
suitable for transmission mecasurements.

Atmospheric conditions have litile influence
upon transverse transmission but are believed to
he a major cause of non reproducibility in axial
transmission measurements. The fatter are mainly
used qualitatively to observe the evolution of the
plume during and after the firing or to compare
low smoke motors which cannot be separately
distinguished by  transverse  transmission
measurements.

2.2.3 U.S. Methodology (13)

Transmission  measurements  arc  only
conducted on a regular basis at MICOM in the
Army Signature Characterisation Facility (SCF).
This facility is designed for simuliancous
assessment of primary and sccondary smokes, but
climatic conditions can be set 10 prevent
secondary smoke formation thereby allowing
primary smoke assessment only.

2.2.3.1 Transinissometers

Chopped  cmissions from a 200W (50H2)
tungsten-halogen lamp are measured alier passing
through a distance of 5.3m by filtered silicon
diode dctectors, Two detectors approximate
photopic response with peaks at 0.55um. Others
have narrow band (O.0lum) interference filters
peaked at 0.52um, 0.63um, 0.885um, 0.95um and
1.06um  respectively.  Objective  lenses  (3dmem
diameter and 66mm focal length) are used with
ficld stops to limit the angular ficld 1o less than
0.17rad (10°). This reduces the collected radiation
scattered from angles other than the forward
direction.

Signal intensity data are sampled at a rate
of 600Hz. They are ratioed to the 1007 pre-test
value recorded immediately before the firing and
average lransmission values are obtained for Is
intervals.

A recent acquisition is the Series 7000
Nicolet Fourier Transform Interferomeicr System
(FTIS) which extends the spectral range  and
capability of the SCF. The system  which
incorporates two interferometer  spectrometers
interfaces with the climatic chamber as illustrated
by Figure 3-13. A iransmission/absorption

spectrometer, using the chamber as a sample cell,
modulates and projects the beam energy to a

remote detector positioned diagonally across the
chamber. A second interferometer spectromeler
employs a mirror to collect ¢mitted energy from
the motor plume. The design permits measurement
of the afterburning plumc emission as well as
transmission through the smoke produced by the
motor. Optics and detectors are available for the
FTIS which access the spectrum from 0.5um to
25um, with varying degreces of sensitivity.
Portions of the visible and IR may be scanned at
variable rates up to 10s°!. The FTIS has a
resolution capability of 0.06cm-1. A 4.5 million
word dual-disk based data sysiem npermits great
Nexibility in sclection of operational parameters
(resolution, scan rates, gain, etc ..), as well as
dala analysis and presentation. Interferograms are
gencrated by means of a Michelson interfcrometer
with a HeNe laser operaling as a reference at
0.63um. The interferogram signals are converted
by mathematical Fourier transformation from the
time domain to the frequency domain,

Individual laser sources have also been
occasionally used emitting at 1.06um and 10.6um,

2.2.3.2 Experimental Facilities and
Procedures
The US Army MICOM Signature

Characterization Facility (SCF), was developed to
evatuate propellant smoke phenomena over a wide
range of c¢limatic conditions (Fig. 3-13). The
sinoke test chamber is a moditied environmental
room. It ha. dimensions ol 596m x 1.58m x
2.08m, or 19.6m3 which gives an air to exhaust
ratio of 380:1 (based on weight of dry air at STP)
when firing a motor containing 70g of propellant,

he temperature range is from 233K to 330K
(-40°F to 140°F) and rclative humidity can be
varied from 20% to 100%. For primary smoke
assessment, these  paramelers are  chosen 1o
prevent secondary smoke formation.

Structurally, the smoke test chamber is
designed to withstand 2 x 10%Pa internal dynamic
overpressure. A spring loaded swing-out door at
the chamber end opposite the motor is used to
relieve the  tempurary overpressure caused by a
motor firing. To reduce corrosion by exhaust
gases, the stainless steel walls are coated with a
black polyvinylacrylate paint. The exhaust gases
and conditioned air are stirred at a rate of about
0.83m%! (gas velocity 0.3ms"!) by twelve-inch
diameter  fans  mounted a1 cach end of the
chambur on opposing walls. A uniform mixture is
verilied by equivalent transmission analogues of
different optical paths in the chamber.

The detectors are located at various points
surrounding the motor and looking at the sourcc
5.3m away at the opposite end of the chamber.




A 70g case bonded motor (50.8min diameter
x 50.8mm long. cenire perforeted, 6.4mm weh)
with a smokeless igniter end no inhibitor is used
(Fig. 3-14)., A typical smokeless pyrogen igniter
contains one to three grains of NS double base
propeilant. Tests have shown this amount 1o be
undetectable in the SCF. In special cases an
igniter may be developed using the test propellani
as powder,

For testing inert motor components, & special
motoer is used (Fig. 3-15).

Procedures used in conducting the tests can
best be considered as having three pnases -

(i)  Facility preparation and conditioning,

(i) Motor firing into stirred chamber with
data recording

(ill) Post firing exhaust, clean up, and data
analysis.

During the preparation  period  all
instrumentation Is set up and calibrated, and the
chamber is conditioned Ly circulaling uir through
the conditioning duct (containing the cooling
coils, humidificr, and drier) and the test chamber,
The air is first conditioned to the approximate
test temperature, then the humidity, controlled by
the humidifier and dricr, is sei to a (rue dew
point. In all cases, only the air is conditioned
allcwing the insulated walls to come (o somc
steady state tcinperature, depending upon the
effectiveness of the insulation, This time period
ranges from two hours to overnight, depending
upoi the severity of the conditions, Near the end
of the conditioning period all instrumentation
(calibration) Is checked and the auxillary
cquipment (particle size measuring devices, ete ..)
sst up and calibrated. The motor is preparcd for
firing and inserted into the end of the chamber
through the closure. When the  conditioning
process is complete, the drv bulb and dew point
tcmperatures are tracking within 1K, This
provides an initial humidity control of x 5%
relative hurnidity.

The second phase, or test phase, is initiated
by closing the damper to the conditioning
cquipment and firing the motor in the chamber.
Data ar= recorded for six minutes as mixing
continues, and the chamber rcaches a quasi-steady
state condition, By conirast with [frecict
measurements the transmission measurements are
made in 8 uniform post firing cloud (stirred by
fans) and not during the burn time of the motor.

All optical data channels are recorded on
computer and analog maguetic tap= together with
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motor pressure and the temperature-humidity
history «of the nir/exhaust mixtur:.  Other
temperaturcs at various points in the chamber,
both wall surluce and awr, are monitored using &
thermocouple scanner that prints cach channel at
preset time intervals. The data is later digitized
and processed using a computer code which
averages ihe transmission and prints a data word
for cach 10s interval during the test, Selected
channels may then be plotted for graphical
display.

In the final phase the chamber is purged
through the exit door and all conditiouing
egnipment is shut down.  While the chamber is
heing cleuned and prepared for another test, the
duta s processed For analysis,

2,2,3.3 Presentution und Interpretation of
Transmission Measurements

Transmission results for cach wavelength
channel are tabulated as a function of time for
the period of approximately 360s after the end of
motor Tiring, The smoke transmission may then be
plotted Tor one or inore tests in the form shown
of Figure 3-16 which shows the transmission
properties of 4 minimum smoke propeliant at
severyl test conditions,

Transmission vulues wi five minutes are
typleully reported as o figure of merit for the test
item and have been found suitable for comparison
between propellants,  Figure 3-17 shows results of
tests for various types of peopellants at a single
test condition.  Figure 3-18 shows the results of
testing various insulution materials,

Primary smoke transmittances are repealable
to within 5% over a wide range of moderate
climatic conditions and are well within notor to
motor variation,

2.2,3.4 Particle Sizing Insttumentation

Particle  measurements  are  [requently
obtained using a Climet 20% particle analyser and
Cl 210 counter-printer. The empirically calibrated
particle analyser svstern works on the principle of
forward angular scattering of a flocused white
light by isokinctically sampled partlcles in the
range of a 0.3um to greater than 10um. These
particles are counted and classified by size in 16
hins, Complete size disimibution may be acquired
as rapidly as vuc per 8.55 Smoke concentrations
encountered  usually reguire  dilution to avoid
optical saturation of the analyser.
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2.2.4 U.K, Methodology

Transmission measurements carricd out in
the UK have concentrated on the us¢ of (wo
facilities.

For low thrust motors (up to 400N} a smoke
tunnel is used, but lirings of higher thrust motors
are carried out on an open range. Each lacility
has its own specially built instrumentation,

2.2.4.1 Transmissometers [14]

For smoke tunnel [lirlngs a 0.Sum
transmissometer is primarily used, The source is
an IR cmitting diode pulsed at S00Hz The
detector is equipped with & narrow hand [ilier,

For standard tests on the open range facility
u visible tight system is used. The source Is &
quartz halogen lamp (emitting & continuous
signal), The optical receiver is a maodificd SLR
camera fitted with a photomerric  responding
photodiode detector,

For other transmission measurements,
general purpose optical recviver  has  been
designed. This instrument is readily adaptable for
use on a varicty of upplications and can be used
for simultancous medsurements  in three
wavebands, The construction  permits  quick
changes of detectors, filters and lenses.  Variahle
gain detcctor  preamplitiers are installed,  the
output signal then passes o individual signal
processing units. These denxlulate the  signal
using phasessensitive detection,  the  referenee
signal  heing  supplicd  from  the  source, and
produce a DC output proportional to the RMS
signal within a narrow band centred at the
modulation frequency.

This receiver is used with two sourees, The
first is based on a SOW quartz halogen lamp for
visible and near IR wavelengths. The lamp output
is collected by un cllipsoidal reflector,  passes
through a chopper disk  and  then  through
condensing and collimating lenses. The result s a
low divergence 0.07rad (4°) beam with uniform
intensity profile, modulated at 250H,. The second
source is a proprictary ftem, used as a broad -band
'R source. It comprises an clectrically heated
ceramic (ube, with refractory coating, positioned
at the focus of a 50mm diameter parabolic
reflector, The IR beam is chopped mechanically at
90Hz.

The spectral respense of the receiver s
defined by either optical filters or the detector
response, Typical spectral regions of interest are
the visible (photometric response) and the infrared
between 8amoand 120m, although a number of

applications ¢xist for measurements at other
wavelenglhs, eg. 0.9um or 1. 1um.,

2.2.4.2
Procedures

Experimental Facilltles and

Low thrust motors (up to 400N) can be
fired In the Royal Ordnance (RO(S)) smoke
tunncl. This consists of a cylindrical tube Im
diameter and 20m long, with the motor mounted
on the centreline at the tunnel inlet. Smoke build
up Inside the tunnel is avoided by the use of fans
at the exhaust end. Mcasurements are carried out
hoth axially over the length of the tunnel and
transverscly at a position 2m downstream of the
tunnel inlet, using a mirror to provide a double
pass (Fig, 3-19),

Higher thrust motors are fired in an open
range fucility (Fig. 3-21).  More details can be
found in Appendix B,

To compare propellants within a range of
very different burning rates, 1500N thrust molors
of 8% burn tme with pvrogen (smokeless) igniters
are normally eiployed. The thrust is adjusted by
virying the  diameter  for end-burning  grains,
Adjustment fn grain length can similarly produce
i constant  burning ume, However, this s
considered  tess  important  provided that a
regsonable burning time, say 8s, is exceeded,

For inhibition development  and  quality
control work, o stundard test charge s used. This
iy i 1S0mm cased SUB  bi-propellant  charge
consisting of hoost and sustiin propellants having
burning timmes ol 0s and 208 respectively at thrust
lesels ol the order of {UDON and 300N, This
chirge van be produced in the reguired inhibitor
system and,  when  fired in an uninsulated
heavyweight lest motor, provides information on
inhibitor stoke, al boost and  sustain burning
tates and at those of the wransition from boost (o
suslain,

For propetlant ingredient trials the test
charge is procluced inoa “smokeless” inhibitor
system. Using the range of propeltant burning
rites uvailable at RO(S) this charge can have a
burning time ranging rom 4s to 80s at thrust
levels of 3kN falling to some 150N using the
lowest burning rate propellants,
2.2.4.3 Presentation ard Interpretation of
Transmission Meusurements

Figure 3-20 shows typical results obtained
for transverse and axial transmission,

For cach rliring a minimum and mean
percentiage lransmission over the burning time is




given. The influence of climatic conditions on the
experimental results is minimized by requiring
that the firing be within a window of lighting,
wind, and humidity conditions.

Comparison of two propellants can be done
from transmission results of Ffirings at the same
thrust level. For very smail differences, lirings in
rapid succession are necessary.

Visible (cye response) axial transmission
measurement of 1500N thrust motors is used as a
standard to classily propellants in the UK.
terminology : a minimum transmission value of
90% Is required for the propeliant to be classified
as smokeless,

2,2, Review and Compurison of the
Existing Methods

It would uppear that three methods are
currently used to determine the opacity of
primary smoke during static tesi firings -

() Firings in a closed chamber (US.
Army S.C.F)

(il) Firings In a smoke tunnel UK, Royal
Ordnance Smoke Tunnel, French SNPE
"Fumimetre™)

(i) Frec jet firings. It scems to be the
most widely used type of procedure in
NATO (exeept the USA),

The three techniques do not share strictly
common usage. Free jet transmission measure-
ment I8 a technique adapted to evaluate the
complete motor (propellant + inhibitor » ete.).
With some caution it can also be used to rank
propetiant and inhibitor formuiutions, The sume
use applies to smoke tunnel tests but with more
restrictions on the maximum thrust of the rocket
motor. On the other hand, the SCF chamber is a
facility which primarily assesses  propellant
formulation. Because of test  duration  and
cavironmental control, this facility is better suited
to carry out more sophisticated experiments on
primary smoke than those ol transmission
measurements ©  ¢.g.  lransmission  spectrum,
particle sizing and maybe particle  scattering
characteristics.

It is assumed thal most of the measurement
procedures described  hereln have  experimental
repealability, although, with the exception of the
U.S. Army procedure, no supporting Figures have
been produced to support this assumption. One
exception to this assumption must be the method
adopted for axial transmission measurement in 4
free jet where repeatability very much depends
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upon aimospheric conditions,  Furthcrmore, the
existing  procedures  have not  addressed  the
possibility of repeating experiments al different
facilitics to compare results, but have focused
only on once location.

Another important  characteristic is the
sensitivity of the 1test. Propellants generating
moderate or high levcls of primary smokes
(typically 2% Al,0, or more in the exhausts)
afford discrimination by transverse transmission
measurements in freejet or smoke tunnel or by
transmission measurements in the SCF facility,
However, low smoke propellanis have transverse
transmission values typically in the 90% - 100%
range that are not accurale enough to offer
discrimination, This has not bhcen a problem for
measurements in the SCF chamber. For smoke
tunnel firings, the problem is addressed by axial
transmission measurements, For free jet firings,
the littier ure less satisfactory, becuuse of their
luek of reproducibility,

3.0 RECOMMENDATION OF METHODS
FOR ASSESSING PRIMARY SMOKES

3.1 State of the Art

With respeet 1o smoke visihility assessment,
no reliable standard experimental or theoretical
methads have yet emerged, Theretore the only
recommendation that can be made s that more
work on the subject is needed. A desirable first
short term goal would he to develop  an
experimental procedure  to rank  propeliants,
putting the methodology  for  visibility and
transparency assessment at the same level,

Indeed,  transmission  measurements  during
statie tests, allowing ranking of propetlants and
motors iy within  present  state-of-the-art
knowledge.  Morcover, 1t s the only industrial
primary smoke asscssment  method  available.
Further effort is needed 1o establish a complete
methadology  which  would  allow  quantitative
extrapolation of ground test results to the flight
case or, in reverse,  transiation ol operational
requirements in terms of minimum transmission
level 1o he measured in static tests,

However, the only standardized method that
can  be recommended  to date is that  of
transmission measurement in ground tests,

3.2 Procedure for Transmission In Free Jet

Detailed descriptions of two currently used
test facilities arc presented in Annex A and B.
While it may be difficult to exacily reproduce
cither method, the principles of operation are very
similar. A suggested procedure is shown in Figure
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3-22 and s summarised in the following text.

3.2.1 Transmissometer
Source/Receiver

The transmissometer can have cither an
optical (0.63um) laser source or & quartz
halogen lamp with, in each cuse, a
suitable receiver.

The system using the quartz halogen lamp
may be preferable because it avoids the
necessity for precise alignment between
source and detector, thercby being less
susceptible to vibrational disturbances
during the motor Firing, Current systems
employ continuous sources but a chopped
source is recommended to  counleracl
interference from scattered ambient light
falling on the receiver.  The detector
should have a high Irequency response
(ke a silicon photodiode) which can
record the tapid fluctuations of the
smoke plume and a speetral response in
the visible and near IR which spans the
range of source wavelengths,

The cnergy recorded by  the  trans-
missometer involves both the direct fux
and a small portion of forward-scuttered
flux, The latler comes from a spatial
volume, usually of double-conical shape,
which surrounds the source to receiver
axis and is defined by the angular diver-
gence of the source beam, the angular
fleld of view of the receiver and the
source o receiver  distance, Thuse
factors, und the receiver aperture arca
determine  the total  scatered  flux
received. Typically receivers with a small
angular ficeld of view and apertures of a
few centimeters are employed in measur-
ing the nominally dircct transmittance
|15).

Calibration
To be carricd out using ncutral density
filters the calibration of which should he
traceable to internationdl standards,
).2.2 Measurement Paths
In  general  both  transverse  and  axial

measurements are performed, cach of which has
its associated advantages and disadvantages.

Transverse mecasurements are particularly well
suited to propellant ranking, inhibitor assessment
or the study of additive cffects. They are indeed
reproducible, constant with time, providing the

burning surface arca docsn't vary during the firing
period and tests conducted near the nozze exit
are  nol affected by sccondary  smoke,
Furthermore, the limited volume of cloud viewed
transverscly gives an opportunity to undertake
complementary  optical measuremnents.  Axial
measurements, on the other hand, are realistic for
smoke assessment in a missile guidance context
and allow discrimination between similar products
that produce near transparent smoke.

Tiansverse

These measurements are carried out at an
ungle of m/2rad to the motor axis. The
transmissometer axis must cross the
motor axis ul a position downstream of
the alterburning Mame.  This can be
achieved using a constant distance for
motors up to a certain thrust level (20kN)
or by mainteining a set distance (2m)
downstream ol the alterburning flame,

Axial

These measurements are performed over
u long path  length with the trans-
missometer beam inclined at a shallow
angle (typically 0.07rad = 4°) lo the
molor uxis and intercepling the plume
axiy al a sel distunce downstream of the
molor again heyond any possible after-
burning lame and usuelly at the position
ot the transverse beam.

3.2.3  Motor Position

The height of the motor axis from the
ground  should  be  such  that there is  no
interterence between the smoke plume and the
ground up to the position of the transverse
transmissometer. Typical distances of 1.3 metres
have been used.

3.2.4 Limbwations

Firings should not be carried out in
conditions of mist or rain or with crosswind
speeds  exceeding  3ms?!  for  transverse
measurements,  Conditions of  temperature and
humidity should be such as to preclude the
formation of sceondary smoke.

The relutively short path length associated
with transverse  measurements will give (rans-
missions of 90% - 100% with low thrust, low
smoke, motors, At these smoke levels trans-
mission measurements may not be sensitive
cnough Lo discriminate between motors.  In such
cases the path length can be increased by the use
of front silvered mirrors but great care must be




taken to ensure that the mirror surfaces remain
clean and that vibration of the mirrors s
prevented during firings.

The much longer path length involved in
axial measurements permits better discrimination
between low sinoke motors, liowever, as the path
length increases so does the influence of
atmospheric conditions, Recommended maximum
crosswind speed is 1ms™'.

The results of smoke measurement trials
performed on open ranges will always be
influenced by atmospheric conditions, It s
therefore recommended that control rounds of a
known smoke level are Included wherev s possible
and that successive motors are fired as quickly as
possible to minimise any changes which may take
place during the duration of the trial.

3.3 A Proposed Standard Procedure for
Transmission Meassurements in a4 Closed
Chamber

The US, Army SCF components are cited as
examples but are not necessarily recommended
since technology has udvanced beyowd the SCF
design which is retaine! to provide continnfly of
the data base. A copy of the procedure i shown
in Figure 3-23.

3.3.1 Transmissometer
The following specifications for u smoke
transmissometer are recommended:

() The transmissometer  should  he
matched to the optical response of the
human eye ¢, the standard CIE
daylight photopic  response  function,
Photopic response  requires  that  all
components of the transmissometer be
carcfully sclected so that the con-
volution of the individual spectral
responses for the source, lilters, and
Jdetector results in the destred photopic
response,  The SCF uses o 00W
tungsten halogen lamp, and o Texas
Instruments  type  LS-400  silicon
transistor detector in combination with
Corning filters Types 1-69 and 4-97 (0
approximate the eye response.

(i) The field of view of the trans.
missometer detector should present a
solid angle as narrow as possible (o
limit the measurement of scattered
light. The constraints arc the source

intensity, deteclor sensitivity and the
collector optical design. The SCF uses
a simple telescope design with an 172
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collector lens and a ficld of view less
thun 0.018 rad (10°),

(ifi) The sousce should be spectrally broad-
band to avoid preferential sclectivity
ol the measurement to a given particle
size distribution.  Signal chaopping is
desired to discriminate between source
cnergy and that [rom ambient light
and rocket motor erission,
Synchronous dotection is  desirable,
The source beam should not be so
nurrow a8 1o be steered by the
intensity gradients of the exhaust
plume,

The SCF source is a S0Hz chopped
tungsten lamp with a total solid angle
ol’ projection of 0.35rad (20°).

tiv) Al equipment which is used inside the
st chumber should be scaled ngainst

moisture and  corrosion of  exhaust
guses,  Optical surfaces  should  be

purged with dry air or nitrogen Lo
prevent contamination und obscuration,

(v) A visible/near IR rupid  scanning
speetrometer is u valuable tool for
stoke transmission and plume analysis,
Photometric  transmission  and IR
ubsorption measurements  are  ecasily
ubtained  with  modern Fourder
Spectrometry and computer algorithms,
The SCF o uses an FTIR  system
routinely as un udjunct to the fixed
b transmissometer,  Such systems
however  demand  considerable  dedi-
cation of Tunds and personnel,

3.3.2  Description of the Chumber

The chamber shape and volume (5,96 x 1.58
x 208m%) ure identical to MICOM's SCF (Fig.
3-13). Air in the chamber should be controlled to
keep # moderate temperature and  humidity in
order 1o ensure that no secondury smoke will
form, Howeser, full climatic control as in the SCF
is not a necessity. The chamber  should  be
cquipped with a device to mix the exhaust gases
with the chamber air like the Fan system used in
the SCF chamber (see Section  2.2.3.2). The
homopeneily of the mixture should be verilied by
comparing  transmission  measurements  for
different positions and optical paths,
3.3.3  Trunsmissometer Position
The optical path lor the transmissomeler iy
5.3m, with the detector near the motor and the
source al the opposite end of the chamber,
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3.3.4 Motar Description

The nominul weight of the propellant sample
is 70g. If the sample wcight is different, a
correction should be applicd to the iransmission
measdrement in the following manner:-

Log T,= 70/m Log T,
T, Is the corrected transmission
T, is the uncorrected ("raw") transmission
m s the propellant sample in grams

This formula, based on the Beer-Lambert
law, is an approximation that should be used with
caution : It ignores, for instance, forward scatier-
ing effects.

The exact design of the motor is not
specified here, since it may vary with the
propellant manufacturing process, The SCF test
motor described in Figure 3-14 iy relevant to
composite or XLDB propellant.  Other motor
types must be used for propellants which cannot
be case-bonded, It is however essential that the
level of smoke produced by the igniter, inhibitor
or any other motor component besides the
propellant is negligible,

3.3,5 Test Procedure and Interpretation of
Transmission Meastirements

Transinission measurements are carrled out
in the post firing cloud, Full mixing ol the
exhaust products and the air lasts for some time.
When the mixture is homopencous, o steady-state
transmission measurement iy obtained that shows
on the transmission versus time plot as a platean,
The plateau value is interpreted as a characteristic
of the primary smoke gencrated by  the
formulation.

To ensure a good estimation of his plateay
value, transmission measurements should  be
recorded over a period of time significantly
(typically 10 times) longer than the mixing time,
In the SCF chamber, the mixing time s
approximately Ss to 30s and measurements mnst
be recorded over 300s,

3,3.6 Limitations

The measurements obtained from  7(g
propellany  samples  are  casily  adequate  to
discriminate between low smoke propeliants in the
9%-100% transmission range, Typical measure-
ments in the SCF show repeatability within plus
or minus 1% transmission for equal propellant
weights. Variations in the motor design @ c.g.

nozzle cxpansion ratio, propellant weight, igniter
type and ballistic performance may limit the
repeatability of transmission resuits,

Transmission measurement repeatability is
affected by multiple scattering for propellants
producing  smoke transmission values below
approximately 75%.  Such values obtained in the
SCF  gencrally  indicate  undesirable  smoke
performance for a system using such a propellant.

3.4 Usuge of the Standard Tests

Standard tests have been chosen to provide
a fexible und relatively inexpensive method for
obluining quantitative results to  characterise
primary smoke. It is hoped that similar
procedures tu those described above will form a
buse that cun be adopted us standard among
NATO countries

The tests should reproduce results acceptable
tor the purpose of standardization.  So far they
have only been performed ut the place of origin
U.S. Army MICOM for the chamber test and UK.
Wyre Forest Tor the free jot test, It s strongly
argued  that  participunts  in smoke evaluation
should aim for common measurement techniques
to ensure reproduction of resuits and that an
imerchange of test programmes he organised to
estublish reproducibility.
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APPENDIX A

TRANSMISSION MEASUREMENTS IN FREE

2

JET WITH A 0.63um LASER
TRANSMISSOMETER
(French procedure)

Transmissometer

Source:
He Me laser (0.634m) with power greater
than 2mW,

Stability: == 1% during one test (from
calibration to end-of-liring)

Source is chopped at u frequency of
25H2,

Detector |

Sillcon cell equipped with a narrowsband
filler at 0.63um, To uavoid possibie
detector saturation, an attenuuting fliter
may be necessary, A [leld limiter reduces
the fleld of view of the detector to less
than 0.17rad (10°) (for instance an
opaque cylinder : 13mm  dinmeter x
78mm long).

Calibration:

Bufore cach liring the transmissometer is
calibrated using neutral density filters
dirgctly aler the laser source. The deluy
between calibration and firing should be
minimized, The calibrated  transmiission
values are 0% (by intercepting the beams
with an opaque material), 100% (no
filter) and B Intermediate values using ¥
density tilters : 10%, 20%, 25%, 40%,
50%, 63%, 71, T9%.

Transmissometer Position

Distance Trom nozzle exit : dm or 2m
beyond the afterburning flame i it s
longer than 2m,

The transmissometer axis must cross the
motor axis #¢ an angle of a/2cad. The
optical alignment technicne is shown in
Figire 349,

The detector must be at a distance of
about 3m from the motur axis. The luser
must be at a distance between 3m and
10m from the motor axls,

3

Motor Position

The distance between the motor axis and the
ground or the surrounding wall must be
greater than 1.30m.

Usage and Limitations

For high thrust motors (above 12kN) the
procedure may .‘ave to be altered to adapt
to the size of mol.r (e.g. transmissometer or
position and hoip'it of motor axls).

The test may not be accurate cnough to
<ompare moturs thut would be in the 0 -
10% or 90% » 100% transmission range,

Transmission results gt 0.63;um are believed
to be representative ol optical properties of
peimary smoke in the visible and near IR
range (0dum to lum), Ahhough (rans-
mission values will vary with respect to the
wavelength  (transmission is  expected to
Increase with  wavelength) it soems  very
unlikely that the ranking of motors would
significantly change ! it would Lnply a very
“peuky”  particle  granulometry in the
exhausts,  The cholce of 0.63uym as a
stundard wavelength s also justified by the
availabitity nnd low cost of He=Ne lasora,

Typical repeatability of the measuren.c:t is
= 0),5%,




APPENDIX B

TRANSMISSION MEASUREMENTS IN
FREE JET WITH A QUARTZ HALOGEN
LAMP
TRANSMISSOMETER (method employed
at a UK open range facllity)

Transmissometer

Source:
The source is a 24V 48W quartz halogen
lamp fitted in a 150mm diameter
parabolic reflector producing a uniform
beam of light,

The lamp is powercd by a reguluted DC
power supply. A cowling is fitted to the
source 1o provent reflected  sunlight
alfecting the recelver,

Receiver !

For convenience, the receiver iy based on
u single lens reflex camern with u silicon
pholodiode detector fitted at the contre
of the foca! plane. This urrungement is to
facilitate the visual alignment of source
and receiver, The dutector has &
photometric response thut conforms with
the CIE photopic curve. A 400mm focal
length lens is used with the recelver, the
lens aporture belng st us required.

An ussocinted clectronics unit provides
signal amplitication  with independent
offset and gain controls to optimise the
output signal, followed by & SHz low puss
filter,

The principle of operation is thuy the
diverging angle of the source {8 much
greater than the fleld of view of the
detector so that precise alignment of
source and detector {s not critical,

Calibration:
Perindic Lincarity Calibration

At regular  intervalr o laboratory
calibration Is performed to ensure the
linearity of the micasurement, This iy
accomplished with 5 ncutral density
fllters, whose calibration Is traccable (o
national stsndards, und have nominal
transmitlances of 5%, 25%, S0%, 65% and
75%. In additinn, 0% (source blocked)
and 100% (no filter) readings are
recorded.

Site calibration;
Prior to a firing, the instrument output
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for 0% and 100% transmission Icvels are
recorded in order that the data may be
subscquently scaled during the analysis.

Measurement Faths

For motors up to 20kN thrust levels, two
measurement paths through the smoke are
considered :«

(i) transverse, at ;/2rad to the moutor axis
and 15.7m from the nozzle

(ihaxial, at 0.07rad (4°) to the motor axis
and intersecting the axis 15.7m from the
nozzle (at the trannverse position), The
source is positioned forward of the motor
and the receiver 67m from the source
(Flg. 3-20),

Motor Position

The distunce between the motor axis and thy
ground at the transverse position should be
no luss thun 1.25m,

Limiwtions

The environmental constrainis impesed on
firing are that conditions should be free
from mist or rain with cross wind specds
not exceeding 3ma'!,  For primary smoke
measurements conditions of temperature and
relative humidity should be such as to
preclude the formation of secondary smoke,

Traunsverse transmission measurements muy
not be scnsitive cnough 1o  discriminate
between  low  smoke motors  where
transmissions can be greater than 95%. For
these motors the much longer path length
assocluted  with axial transmission will
produce better results,

Howcever as the path length increases so
does the influence of atmospheric conditions
{n particular cross winds,

It is recommended that for preciss axial
measurements  cross wind speeds greater
than lms-' should be avoided and thal
conlrol rounds of established smoks level are
used, the firings being comparative to these
controls. Similarly it is required that when
4 phase is started, all motors within that
phase are fired within the shortest possible
time without interruption in an attempt to
achieve similar atinospheric conditions for
all rounds,
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Fig. 3-3

ReleInes Bhasy

Geometry of Mie Scattering, The two vectors correspond to
incident unpolarized light. Line OD is the direction of
observation and o is the angle of observation. When the incident
light is polarized, its electric vector is assumed to lie in plane
POX, at angle y to the plane of observation [5)
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Transmission ¢ 98%
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Helght:
such that there is no interference
with ground typical value of 1.3m

Downstream the AB, constant
distance or 2m beyond

—0
Beyond any possible AB usually at
the position of transverse axis

Typlcally 4°

S: 0.63um laser or a quartz halogen lamp (avoids a precise
alignment and vibrational disturbances) chopped source

R: Suitable receiver, narrow f.o.v. (few degrees), few
centimetres aperture area

Fig. 3-22 Procedure for Transmission in Free Jet
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1.0 INTRODUCTION

1.1  Description of Secondary Smoke
Sccondary smoke [rom rocket motors is
formed as a result of interactions between the
evhaust plume and the atmosphere. It typically
forms after a delay of several seconds, during
which the rocket motor cxhaust mixes with the
atmosphcere. In this respect it differs
fundamentally from primary smoke, which is the
result of solid particles in the motor cxhaust and
is independent of ambient conditions.

Secondary smoke forms only in regions of
the cxhaust plume where the local vapour
pressure of the condensable species (usually water,
water and HCI, or water and some soluble salts)
exceeds their saturation vapour pressure at the
local temperature and pressure for the sizes of
condensation nuclei present,  Condensation nuclei
are just primary smoke particles,  Condensation
will start preferentially at lower vapour pressures
on larger particles and condense on smaller
particles only as the vapour pressure reaches the
saturation vapour pressure for the smaller size
Condensation  will also start preferentinlly at
lower vapour pressures on purticles that contain
soluble salts (the thermodynamics of solution are
important here),

Sccondary smoke is comprised all or pre-
dominantly of water droplets,  From exhaust
plumes that contain HCl and/or HF it will start to
form at higher temperatures and lower ambient
moisture levels than for plumes without the acid
vapours, The optical propertics of the acid-
containing droplets will be somewhat different
from those of pure-water droplets, Generally the
effect of the particulate condensation nucleus is
neglected in the caleulation of droplet optical
properties. At any given almaospheric conditions,
sccondary smoke will be thicker (larger, and
perhaps more, droplets) in the presence of acid
vapours than in their absence,

Exhaust plume afterburning  affects the
formation of sccondiry smoke in two wiys -

(i) Afterburning causes the formation
of additional water in the plume,
this tends to enhance subsequent
condensation and the Tormation of
secondary smoke,

iy Afterburniug, by adding more heat

to the plume, delays condensition

to locations fturther  downstream

aud, in marginal situations, may
prevent condensation altogether,

Because mixing and chemical reactions do
not rcale with plume size and missile velocity in
the same way, afterburning may be significantly
dilferent  for  exhaust plumes of the same
propellant fired under different conditions of
these variables. Therefore one must be careful
when exirapolating the results of condensation
measurements on small motors, fired statically, to
flight conditions, cven for a phenomenon as
apparently simple and  straight forward as
secondary smoke lormation,

Sccondary smoke can form in plumes
containing significant amounts of primary smoke.
When this occurs, the total cffect on visibility and
obscuration is roughly the sum of the individual
elffects until the optical density (optical depth)
exceeds some value at which non-linear cffects
assume increasing importance.  Onc caveat here,
the larger primary smoke particles, which are
optically more important, would be the rirst,
theoretically, on which condensation starts; this
could have a major effect on changes to plume
visibility and obscuration, compured to the simple
summation of primary and sccondary smoke
elfects,  However, the lurger particles cool more
slowly than the smaller ones, and therefore
condensation may start on the smaller particles, in
which case summation of the two cffects is a
reasonuble wpproximation,  With current exhaust
plume  computer  programs  that  treat  nons
cquilibrium two-phase (low, these tradeoffs can be
vileulated, albedt somewhat tediously because of
the great lengths of plume involved,

1,2 Occurrence of Secondury Smoke

From the above deseription, it {s clear that
the probability of secondary smoke formation is a
functon of -

) the amount and type of condensable
species in the motor exhaust, This
is fixed by the propellant composi-
tion,

(i) the concentration, size and type of

solid products in the motor exhaust,
Although these are not an intrinsic
source of sccondary smoke, they
provide condensation nuclei which
have a profound influence upon the
size distribution of the condensed
phase and its rate of formation,




the atmospheric  conditions, in
particular relative humidity and
ambient temperature, As wiil be

appreciated from the description of

sccondary smoke formation, low
temperatures  and  high  relative
humidity are condicive to the

occurrence of smoke.

1.3  Operational Implications

The signature of any rocket motor should
be minimized. Since sccondary smoke typically
docs not form for several scconds, the operational
implications are somewhat different from those
associated with primary smoke. The rate of
formation of sccondary smoke is dependent upon
the rate of' exhaust mixing with the surrounding
air, [ a flight mission is of 4 duration less than a
few seconds then the operational implications may
be minimal unless a post-firing cloud enhances
detection of the launch platform or impairs its
operational effectiveness

The exhaust signature has potential effects
upon the guidance system, dewectability of the
missile and launch plattorm, and (possibly) the
efficiency of the launch platform,  Deulitg First
with guidance consideralions, secondary stnoke
clouds mauy severely degrude the cifectiveness of
any missile guidance system which necessitates
transmission of vistble, near-visible, or infrared
radlution through the plume, Examples would by
Command-to-line-of-sight (CLOS) optically guided
misgile or a laser hoam-rider) a secondary smoke
plume between lnunch site and missile would
likely render the system incapable of elTective
operation,  Even if the plume Is not very dense ity
characieristics need to be known before an
assessment can be made of ity effect upon the
puldance system. Caleolation of thuse elfects s
complex and fnvolves neeurale modelling ol the
smoke trail both spatially and in time (secounting
for climatic conditions and the wlssile trajectory
in typical operationnl scenarlos), with an output
which can only be expressed us o probubility of
interference with the guldance system,  The
seeondary  smoke  tradl  may  also enhance
detectabilivy of the missile, Since a Findte thue s
required before & secondary smoke cloud formy
the detectability of n missile with o shoet fHght
tme will not be incrensed.  However, Tor longer
flight times, Tor example, loug ringe and/or low
velocity applications, the detecton ol a secondary
smoke cloud will alert operators 1o the fuct that a
missile has been launched and will provide a
rough {ndication of ity position.  This knowledge
The same

may allow cffective countermeasures,

smoke cloud effectively pinpoints the launch site
which, il static or slow-moving, is opcrationally
undesirable. Detectability is usually frained in the
context of the human cye, however, the increasing
use of clectro-optical detectors operating in the
infrared and visible ranges required consideration
ol the response characteristics of' the detector.

The effect of secondary smoke upon the
effectiveness of a stationary or slow-moving
launch platform is a matter of considerable
importance.  For missile systems where the
command or tracking signals may be attenuated
by the smoke, a second shot may have to be
delayed until the cloud from the first missile has
dissipated. Even il' the missile system is nol
affected, obscuration of the launch platform by
the smoke cloud gencrated by the missile will
likely degrade the performance of optical or
infrared sensors which may be mounted on the
launch platform. This is likely to be of particular
importance  in a  severe  Electronic  Couuter-
measure (ECM) environment where radar per-
furmance may be marginal, Full characterization
ol the plume is necessary before the importance
of thiy effeet can be guantitatively addressed,

Currently, user requirements are usually
qualitative in nature, often smounting to simply
specilying, usually very imprecisely, the type of
propellant,  The  specification  of  meaningful
requirements is crucially important, both from the
point of view of the system designer, and to serve
a8 & gukde o experimental characterization and
analytical prediction of the motor signalure.

Operationnl implications  are more  fully
esplored i the overview of this report, and the
readder s eeferved ot seetion for an in-depth
discussion,

2.0 METHODS OF ASSESSMENT
2.1 Experimental Data on Secondury Smoke

2.1.1 General

The generation of experbmental  data s
difficult beceouse secondary smoke results from
the interaction between the rocket motor exhaust
and the gtmasphere, The necessary inclusion of
atmospheric effects increasies the physical scale of
any experimental work,  To date, experimental
duti has been generated by three methods -

(1) Mutor Firings in test chambers. The
environment (tempersune and rela-
tive humidity) within the chamber

45




4-6

can be measured accurately, and it
is possible to characterize the motor

signature  through  transmission
measurements  at  various  wave-
lengths,

(i)  Free jet tests, or static firings.
Observations are  predominantly
visual, although the static nature of
the test allows measurement of
transmissibility.

(ili)  Free flight tests, where observations

are recorded of the signaturc of the
motor in the operational environ-
ment. To date, such observations
are predominantly “cyeball® records
of smoke/no-smoke, OF necessity,
the ambient environment cannol he
closely defined,

2.1.2 Test Chanmber Facllitles

One facility is currently in use for studies
on sccondaiy smoke; the US Army SCF (Signature
Characterizauon Facility). In France, the climatic
chamber at ETBS, Bourges has been occasionally
used. The characteristics of these two chambers
are provided in Table 4.1 below,

2.1.3 Free Jet/Flight Test Facilities

In general, any regular static test facility
or free-flight range can be used for secondary
smoke measurement. It s necessary only to
install instrumentation ¢.g, cameras, transmis-
someters, capable of making mecasurements on
sccondary smoke generation,

Free Jet/Flight Test Facilities have many
measurement problems because of the nature of
the test. Qutdoor firings are subject to wind and
terrain cffects that introduce variable error into
the results, Flight measurements have the
additional uncertainty of the missile trajectory
and orientation with respect to the measurement
positinn,

2.1.4 Results of Experimental Studies
A sumple of the available experimental

data is given in Section 2.3 which compares
experimental and theoretical results,

TABLE 4.1
Chamber SCF ETBS

Volume (m”) 19.6 600

Temperature Control Yes Yes

Humidity Control Yes Yes

Altitude Control No No

Motor Propellant Weight (gm) 67

Common Inst\rumentation

- Transmissonmeters Yes Yes

- Particle size/number Yes No

- Condencate mass Yes No

- Cameras Yes Yes

The instrumentation can readily be varied, and therefore specilic details are not given
in Table 4.1,




2.2 Predictive Methods

In the modelling of sccondary  smoke
effects i( is necessary lo consider three primacy
aspects -

2.2.1 Prediction of Secondary  Smoke
Formation/Visihility
2.2. L1 Thermadvnamices  of  Liquid/Vapour

Equilibrium of Solutions

A variety of references are availabie for

47

(i} the species content and concentra-  the  thermodynamics  of - the  water/hydrogen
tion of the cxhaust al the nozzlc chloride and  water/hydrogen fluoride/hydrogen
exit.  This is usually acquired  chloride systems, Those in use in various NATO
throvgh the use of the well known  countries are given in Table 4.2, together with the
thermoequilibrium  codes  (eg  the  techniques  used  to extrapolale  beyond  the
NASA/LEWIS code) and will not be  temperature range of the references, Use of data
considered Murther, for water/soluble salt systems is less common, but

Reference 10 provides an  illustration of the
water/sodium chloride/hydrogen chloride system,

(if)  the formation of scecondary smoke,
which requires madelling the mixing  2.2.1.2 Methads  of  Predicting  Secondary
of the exhaust with the atmosphere,  Smoke Formation
and the mechanisms  of  droplet
formation, and Modulling ol secondary smoke formation

requires prediction of the molor exhaust plume
attd the mixing with ambient air. Thermodynamic

(i) the  wvisibility  of  the  resultant  data per Section 22,11 and models for droplet
exhaust signature.  This requives  growth are then used o determine the probability
consideration of visual wemity, wnd of condensation [10}, Aceurate prediction of
of the background and lighting  plume visibility or ransmissivity requires know-
conditions. ledge of the size distribution and number density

ol the droplets.  This necessitates prediction of
the size distribution and nomber density ol the
vondensation nuclei. Various tecbnlgnes are used
in different NATO counuries to predici seeondary
smuoked these are given in Tabie 4.3,
3 9
HCI/Ha0 AND HE/H,0 LIQUIYVAPOUR EQUILIBRIUM
Counry Fringe UK USA (Armyy USA (Navwy LSyl

| Hy/HQ Sysem

1.1 References 1 23,48 1,67 078 6.7

1.2 Temperature Kang: ) 273173 233-313 233373 213-293 R RETN

1.3 Extrapoi:tion

Methed Under Study LExtrapedation Graphical trom Curve-it Graphical from

smoothesd data lechmiyue simoothed data
Temperature Limit (K) n.a. <23} 218 na. n.a
2 H0/MF Sysem
2.1 References Note | Note | ] | Note 2
2.2 Temperature Range (K) 258-293

Method - na.

Temperature Limit (K) .

No work 1o dite

Notes: |
2 Referencs are noi available
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2.2.1.3 Climatic Data Base 2.2.1.4 Methods of Predicting Plume Vis-
ibility
The prediction of sccondary smoke
formation per the methods of Section 2.2.1.2 The prediction of  plume  visibility s
requires input of the aunospheric conditions in ditticult because of the extreme range of variables
terms  of wmperature, relative  humidity, and which must be considered. Table 4.5 presents an
pressure,  For use in operational scenarios it s mverview of the state ol visibility prediction.

necessary to cmploy a climatic data base covering
the range of cavironments which can be expected.
At this time, diffcrent nations use differcat data
bascs, as shown in Table 4.4,

TABLE 44

CLIMATIC DATA BASES

Country Data Base

France statistical climatic data bases are used according 1o the
customier’s requireients,

UK A statistieal data base is used,

USA - Artny Dt is avaitable from the US Army statistical climatic data
library.

USA - Navy Rel 12 for 40° and 507 North Lalinde,

USA - Air Foree statisticad clinntic data is generated using the Nichols

Research ALMPDS code.

TABLE 4.5
PREDICTION OF PLUME VINIBILITY

Country Methad ol Prediction

brance Panache code is nsal o caleulate the smoke cloud  transmittanee
from any  ground  obsersation point. 10 i assumied  that plume
visibility can be correlated with the transmittance for cach line of
sight

UK Basic studies only per Ret 130 Typically, clouds are expected to be
visible i the smoke concentration exeeeds 2 x 1003 molecules/ml for
Gactical missiles fn cear weather, Caleulations of the visible contrast
of the pume hive been made using the CONTRAIL computer code,

USA - Army MPLUME visibility code evists Tor specific systems,

USA - Navy Plume visibility is studicd using the method of Ref 14, This analysis
inclides the elTects ol plume dimensions, particle sizes, scattering of
incident hght, @ visibility madel and visibility criteria,

USA -Air Force Plume visibility is studivd by means of detailed radiative transter
calenlations | 1S),

USA - Commerciad VISIG (Visual Signatore) code for calealation of phiime visibility [16).
Available through E - Miller, VISA, Tl (702) N31-0429 but is not
considered to be thorouenly vahdited at this time,
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2.2.1.8 Summary of Secondary Smoke
Predictions
2.2.1.5.1  Smoke/No-Smoke Limits

The results of the wvaried prediction
methods are most casily presented as plots of the
temperature/relative humidity boundaries at which
secondary smoke will form. An cxample is given
in Figure 4-1 for sea level conditions, which
shows :-

(i) The standard Oliver Curves com-
monly used in NATO for predicting
the occurrence of secondary simoke,

(i) A boundary curve for non-
aluminised, AP composite propellant
[17).

(iii)  Two data points tor  S0% « am-
monium perchlorate won-gluminised
propellant {18,

The genceral trends of the three prediction
methods are  similar,  however,  lemperature
differences of up to |OK are apparent at a lixed
value of velative humidity, The differences may
be due to differing  assumptions  regarding
propellant  composition, nuclel sive and  muss
density, the ratio of air to exhaust mass in the
cloud, or the gas temperature at the point where
condensation is occuring,

Figure 4-2 provides predictions for smoke
formation from a non-aluminised, AP composite
propellant as a function of altitude. Figure 4.3
illustrates smoke Tormation ut an altitude of 8,23
km as a function of the amont of wmmaonium
perchiorate and FEFO [(bis (Filorodinitroethyi)
formal)] in the propellant,

The reader is  cautioned  that  the
boundaries (Figs 4-1 to 4-3) should not be directly
compared with those used as a basis for

propellant classification in Chapter 2. The latier
are computed at arbitrary values of temperature
and dilution ratio and are intended to provide a
simple methnod of classilying propellants, not to
predict whether or not secondary smoke  will
form.

2.2.1.5.2  Other Predictive Aspects
The most sophisticated analytical codes
produce data such as -

(i) plume contours and
isotherms,

(ii)  droplet sizc distribution as a
function of (time and spatial
location,

(iii)  attcnuation of light passing through
the plume, and

(iv)  light scattering from the plume

temperature

The wealth of predictive data makes
concise presentation of results impossible. Typical
results are given in Figures 4-4 and 4-5,  Figure
4-4 |19] provides predicted plume contours for a
composite propellant containing 25% ammonium
perchlorate.  Figure 4-5 shows the dependence of
the calculated transmission upon droplet radius,
condensed mass, and particle number density [19)

2.3 Comparison of Experiment and Predic-
tion

2.3.1 Quulitative Experimental Duta

Motor open air static firings and flight
tests usually produce quatitative data in the form

ol smoke/no-smoke  observittions,  Atmospheric
data  is normally  availuble, i, pressure,
temperature,  and  relative  humidiy. These

observations may then he compared with the
theoretical predictions of the wmperature/relative
humidity boundaries beyond  which  secondary
smoke forms,  An examplie of this form of
compirison is given in Figure 4.6 and Table 4.6
The predictions in both cuses are from simple

equilibrium  madels, and  generally  compare
favourably — with  the  experimental  results,
Additional  data, inclading in-Night  contrast

measurements, are given in Reference 20,
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TABLE 4.6

PREDICTED AND OBSERVED SECONDARY SMOKE FORMATION

Mission No Altitude Temperature Relative Smoks Formation
and Humidity Predicted  Observed

Firing No (km) (K) (%)
M1 RS-1 8.23 2436 51 Smoke Smoke
M1 RS-2 7.26 2519 37 No Smoke  Smoke
M2 RS-1 4.04 LS 69 No Smoke No Smoke
M3 RS-1 9.75 2394 46 Smoke Smoke
M3 RS-2 10.60 2326 55 Smoke Smoke
M4 RS-1 9.70 2412 15 No Smoke  No Smoke
MS RS-1 573 2679 0 No Smoke  No Sinoke
MS RS-2 693 2592 0 No Smoke  No Smoke

Note :-Data are from flight tests of Eglin AFB with a  non-alumirised composite propellant containing
ammonium perchlorate,

2.3.2  Quantitative Experimental Data

2.3.2.1 Test Chumber Results

Figures 4-7 and 4-8 compare calculated
and mecasured light transmission across the
chamber for small motors fired in the US Army
SCF chamber (the SCF chamber, instrumentation
and procedures are described
Excellent agreement is obtained np 1o typically
150 seconds alter the firing [19).

in  Chapter

2

Table 4.7 provides limited dats over a
range of temperature and relative humidity for
two different propellant formulations, Here the
data is more qualitative, and the presence of
smoke  was  determined  from  trunsmissometer
measurements, cameras and  visual observation.
The experimental results are limited in precision,
bat Jdo  not  disagree  with  the  theoretical
predictions [18).

TABLE 47

TEST CHAMBER RESULTS (Ref' 18)

Propeilant Temperature Relative Humidity (RH) for Smoke
(K) Formation (%)
Predicted Observed
Composite reduced 276.2 Smoke al RH>60)  None at RH<59
80% AP Smoke at RH>65
288.2 Smoke at RH=76 None at RH<63
Smoke at RH>76
Cross-linked 276.2 Smoke at RH>74 None at RH<65

20% AP

Smoke 4t RH>77
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2.3.2.2 Flight Test Data

Limited experimental data are available
from flight tests for the transmission of a 0.63um
laser beam through a missile flight plume. Figures
4-9 and 4-10 show these data, and compare them
with theoretical predictions from the US Army
IFTA code [21]. The transmission measuremeiits
were taken approximately perpendicular to the
missile trajectory, and about 17m downrange,
The agreement between theory and experiment is
only fair and illustrates the dependency of the
calculation on the beam position in the plume.
The uncertainty of the fixed beam with respect to
the missile flight trajectory is always a factor,

3.0 RECOMMENDATIONS
3.1 General

The results of secondary smoke measure-
ments or predictions are necessary for analvsis of
operational usage. It is considered that there are
three dominant factors -

(i) The visibility of the plume, which
affects the probability ol detection
of the missile and/or the launch
platform

(i)  Transmission of ruiation through
the plume, which may be a factor
influencing the capability ol passing
guidance commands 1o the missile,
For optically-guided  missiles,  ob-
scuration  of the missile by the
plume  will  results  in loss  of
guidance capability.

alterburning  clteets,
particularly  between  tlight  and
static conditions. Plume scaling is
required in going from measure-
ments on  small test mators  to
operational motors, and  can be
grossly misleading i not coupled
with adequate predictive methods.
Afterburning can have  significant
effect upon the temperature profile
of the plume and the amount of
water in the phune.  In operational
use afterburning is a function of
afterbody geometry, flight velocity
and altitude, missile angle ol attack
and  propellant  composition  (see
Chapter 1), II' it oceurs in Flight

(iii)  Scaling and

but not on static test motors then
no amount of static testing will

adequately characterize the opera-
tional signature.

12 Experimental Methaods

121 Firings in Test Chambers

Firings in test chambers are necessarily
confined to smiall motors because of facility cost
constraints, The US Army's Signature
Characterization Facility (SCF) is typical of the
type of facility required. Details of the SCF and
the procedures used are given in Chapter 3.

3.2.11 Usage

Firings of  small test motors in  test
chambers are recommended to -

() Determine  the  secondary  smoke
characteristics of specific propetlant
formulations,  The data from test
lirings are lrequently used as an
input to analvtical codes to improve
the prudictive ability of the codes,
It is worth noling  that  simple
measurement ol the plume transmis-
sibility does not provide a signifi-
vant improvement  in predictive
capability when compared to simple
thermadynamic codes such as those
described in Section 3.3.2.1,  The
data s also usefui when  the
availuble thermodynamic data may
not be adequate, g propellants
with a  high  level  of  flame
SUPPrOSSants,

(iiy  Provide detailed eaperimental data
for validation of analytical codes,
y.2.1.2 Facllity Characteristics
The characteristics of the (est chamber
should  conform  to the tollowing  recommen-
dations -

(i) The dilution ratio, or mass ol air
within the test chamber divided by
the  propellant consumed,  should
exceed 300:1.

(i) Means should be provided to allow

conditioning of the test chamber
atmosphere  over  the  following
ranges -

Temperature 233 10 323K




(iii)

(iv)

3.2.1.3

It

Relative Humidity 10% to 90%

The test  chamber  should  be
cquipped with fans to ensure mixing
of the eshaust products and the
atmosphere within the chamber,

Care should be taken to ensure the
cleanliness of the chamber so a8 o
minimize the number of potential
condensation nuclef present in the
chamber prior to motor firing,

Test Motor Characteristics

recommended  that  test  motors

conform to the following definition -

)

(if)

(i)

(iv)

3214

Approximately  neutral  burning
characteristics, with expansion ol
the exhaust gas to  aunospheric
pressure,

Minimal (preferubly no) usage of
ablative materlals,

A burn time of less than 2 seconds,

A smokeless  igniter  should  he
vmployed, typically using doubie
hase propellunt as the pyrotechnic,
Igniters using the same propellant as
the main  grain  should  also be
considered, In cases  whete
condensation nuclei are considered
critical, replacement ol the standitrd
pyrotechnic initiator with o glow
plug (hat wire) initiator should he
considered.  In any event, calibra-
ton lirings with the igniter ulone
are recommended to ensure that the
jgniter does not contribute 1o the
motor signature,

Experimer tul  Procedures  und

Meuasurements

The following procediures and  measure-
ments are recommended -

(i

The chamber conditions, the chinge
in transmission and other optical
properties should be carefully and
continuwously measured for a mini-
mum ol six minutes  afier motor
firing  because  there s evidence
(Figs 4-7 and d4-8) that droplet
growth, as shown by the signature
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characiceristics, occurs during  this
period.

(ii)  The pressure, emperature and dew
point of the atmosphere within the
test chamber shouid be continuously
mcasured. A fast response time of
the instrumentation used to measure
temperature s particularly impor-
tant to assess the amount of after-
burning. IR Radiometers are used
in the SCF for this reason and are
reccommended. Dew point is meas-
ured in the SCF with a digital
humidity analyser (Model 911 Dew-
All, manulactured by EG and G
Environmental Equipment, Burling-
ton, Massachusetts, USA), cquiva-
lent equipmen? is recommended,

(i) Cameras,  transmissometers and
view  ports  should  he  used o
monitor the formation of secondary
smoke,  For transmissometers, the
sotree and detector should generally
be tailored to  approximate the
spectral response of the human eye.
For specilic  wavelength  measure-
ments, dedicated sources und detec-
tars are required. Detector aperture
shoukl be small v minimize the
reception  of forward  scattered
radiation,

(iv)  Provisions should he made for the
measurement of particle sizes and
number  density ol nuclel  and
droplets,  When mcasurements of
the  primiry  smoke  particle  size
distribution are required for input
o predictive codes which {nclude
heterogenous nucleation then parti-
cles as small as 107 to 102 should
be included because ol their large
effect, even al low mass concentra-
tions, upon the total number of
condensation nucled,

322 Free-Jet Firings

Free-jet Firings  (defined  here as  static
motor tests with no restriction of the exhaust
plume) are of limited utility in assessing rocket
motor secondary smoke signature,  They are not
recommended Tor the acquisition of quantitative
experimental data, since the environmental effects
cannat be controlled or reproduced. The exhaust
plume  will inevitably  be  affected by  wind
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conditions, ground contours, and temperature and
relative humidity, Thus the cnvironmental control
required for reproducible experimental results is
lacking. Sand and dust entrained by the cxhaust
jet influence secondary smoke formation and
represent an additional unknown factor, Location
of the instrumentation is important in the case of
an afterburning plume, It is imperative to avoid
the alterburning region because of the sensitivity
of secondary smoke formation to temperature.

At best, such [irings reliably provide only a
smoke/no-smoke assessment, and measurcment of
plume opacity and transmissibility is of lmited
utility,

3.2.3  Flight Tests

3.2.3.1 Usage

Flight tests, becuuse of  expense, e
normally only performed as part of a missile
development program. Usually, the purpose of the
test is not primarily signature characterization,
but even In this event the measures recommended
in Scction 3.2.3,2 will maximize their utility,

3.23.2 Experimental  Procedures and

Measurements

(i) If one of the purposes of the test is
investigation  of  the  sccondury
smoke characteristics then the test
should he conducted in atmaospheric
conditions where smoke lormation
is expected,

(if)  Accurately record the locations and
orientations of any transmissom-
cters in relation to the launcher.

(lii) Rccord motor size, propellant
composition, thrust, exit pressure,
exit  diameter, and burn time.
Record trajectory data.

(iv)  Record wind speed, ambient tem-
perature and relative humidity, if
possible at different altitudes.

v) For visual and camera observations
of smoke/no-smoke, -ccord the

backgronnd lighting conditions (c.g.
cloud, clear sky), and the orfenta-
tion of the sun,

33 Prediction Methads

3.3.1  Thermodynamic Data Base

KRS | HCl/Water System

The calculation procedure given below is
uscd by SNPE and is based upon a curve fit of
the data from Reference 1. It is recommended
for temperatures above 240K,

(a) NOMENCLATURE

PS;  saturation pressure of pure water

PS,  saturation pressure of pure HCI

Py reference pressure (P = 101,3 kPa
or | atm)

T Temperature (in Kelvin) of both
phascs

PP,  saturation pressurc of water on an
HCI/H50 mixture

PPa  saturation pressure of HCl on an
HCI/H,0 mixture

X molur fraction of water in the liquid
phase

Xo molur fraction of HCL in the liquid
phase (x) + x5 = 1)

71 activity coelticient of water in the
liquid phase

vz uctivity cocfticient of HC! In the
liguid phase

Ln(x) @ Naperian (natural logarithm of x

(h  BASIC EQUATIONS

PP, -
PPy -

Xy v P8y
X2 72 PSy

The activity coetficients  »,  and )
characterize the non ideal behaviour of the
liquid phase.

(c)  CALCULATION OF PS,

tn Bl=a 4=LnT)

0

a, ¥ a T a L
TRz T TR T TR
2 6 12

4
T, a
-+ -a,




C))

(e)

The a,; coefficients are fitted on the
JANNAF thermodynamic data for liquid
and gascous H»0.

a, =~ 4593365
ajp = 1.1084499E-03
a;3 =  -4.1521180E-06
a4 - 2.9637404E-09
ajs =  -80702101E-13
816 = -6687.164
a7 = -40.65053

CALCULATION OF PS,

The origin of the data is the same and the
expression identical after substituting PS,
for PS; and ay; for a;

ag = 7536436
agp = -0.6095065

as3 - 1,.2167492E-03
aze = -20979720E-09
g = 9,8658191E-13
426 - - 8099.362

a7 = -312.2104

CALCULATION OF y, AND v,

2 Al Bl Cl Dl K]
Lnft-xz(— + =%y + = x§+—x'2 )
2 3 4 5
A C
LnT,=x (— - 5— X +—2x2-—-3x? )
2 3 4 5
with
Ay = 7658848 + -39705.53/T
B, = -4505769 + 109608.1/T
C, = 8014499 + -1097294/T
D, = -296.8485 + 315650UT
and
A, =A +B +C +D
2 ] {
BZ - B' + Z&I + 361
Cz - Cl + 3Dl
D2 - Dl

The A, B,, C,, D, coefficients were
optimized to [it the Perry's Handbook data
on HCV/H,0 binary equilibrium.
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3.3.1.2 HF/HC)/Water System

The available data base is inadequate for
systems involving fluorine.  Reference 8 is
recommended as an interim standard and, since
Reference 8 is not generally available, the
relevant data are given in Table 8.

3.3.1.3 KOH/W

Potassium salts are frequently used to
suppress alterburning in exhausts of rocket motors
containing double-base propellants,  Potassium
hydroxide (KOH) is the common exhaust product
of these salts, KOH condenses to liquid and solid
phases at temperatures of 1593K and 633K,
respectively and thus will be in the form of solid
particles long before any water condensation
processes start in the plume, These particles will
act as nuclei upon which water will condense
when the appropriate temperature and vapour
pressure conditions are reached. It is not clear to
what extent the KOH will be cither in the form of
relatively pure particles, or will have condensed
with, or upon, inert nuclei. However, KOH is
very soluble in water and its presence in an
exhaust will cause water condensation to begin
considerably below the saturation vapour pressure.
According to Reference 22 mixed nuclel of
soluble and insoluble material behave like wholly
soluble nuclel of equivalent size at relative
humidities above about 70% (Ret 19, pp 7-9,
seetion 9),

The saturation vapour pressure of water over
KOH Is given quite accurately by P,A, Here Py
is the saturation vapour pressure of water over
inert particles, and A is given by

A = exp (-2M¢h)
where
M is the molarity of KOH and
¢ is the osmotic coefficient of KOH
The osmotic coefficient of KOH as a
function of molarity of KOH (23] in water
solution is given In Table 9,
At this time there is insufficient cevidence
to verify that real rocket motor exhausts behave

in the idcal manner defined above. Further work
is nceded in this arca.
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TABLE 4.8

VAPOUR PRESSURE DATA OF HCI/HF/H30 SOLUTIONS

Liquid phase composition Soln 79 Soln 24 Soln 60 Soln 82 5oln 85
(mole fraction)

HCl 073 193 0637 075 075
HF 163 130 911 175 148
H,0 764 a1 745 750 176

Gas Phasn Composition at 273.15K
(0°C) (mole fraction)

HCI 085 NEE] 154 A12 056
HF A73 182 200 208 JAd4
H,0 773 701 48 H79 800
fnP=«A+BT
A (HCD) 19,22 18.57 18,99 19.89 18,104
B (HCh 5827 -5385 5748 -5842 -5504
A (HF) 12,88 18,351 18,949 21.45 20.50
B (HF) -3785 5319 -537 6049 590
A (H,0) 14.53 1907 18.821 20018 18.15
B (H,0) 3824 -5097 UK 5 -5421 4791
Notes - | Nomenclature as fallows - P = vapour pressure, lorr T « absolute temperature, °K

OSMOTIC COEFFICIENTS OF KOH

M & M 4 M p M ¢ M o

001 988 2 930 9 989 5.0 1.533 10,0 2.229
005 976 3 934 1.2 1023 55 LeD4 120 2480
01 968 4 940 16 1072 60 L67S 140 2700
02 958 5 948 20 LI123 70 1817 160 2880
05 944 0 Y57 3.0 1.250 5.0 1,987 18.0 3.009
0 934 7 967 40 1393 90 2095 200 3079




3.3.2 Secondary Smoke Formation
3.3.2.1 Preliminary Determinatlons and Pro-
pellant Classification

For  approximate  determination  of
smoke/no-smoke  limits  as  a function  of
atmospheric conditions, equilibrium  calculations
are satisfactory, Conservation of cnthalpy should
be assumed, it Is not calculuted, The propellant
secondary smoke classification is also glven by
these caleulations (sce chapter on Terminology),
3.3.2.2 Complete Models

More complex modelling  of  secondary
smoke formation should inciude (a8 o minimom) -

(i) alterburning

(i) mixing of the exhuust with wmbient
alr

(i) the effects of condensation nuclei,
inclucding  soluble  and  Insoluble
material

(iv)  the lfeets  of  droplet  growth
kinetics and  droplet  evaporation
upon the slze  distribution  of
droplets and  the resaltant eftecty
upon plume  obscuration and  vis-
ibilivy

The current analytival codes  are  not
adequately verifled, and further develapment s
required. It Is recommended that -

(b particle size distributions of conden-
sition nucled i the mator exhaust
be measured Tor typical propellant
formulations.  This data should be
used as dopul to the  computer
codes,

(i) increased effort shonld be devoted
to verification of  the codey o
free-jet comditions,  This requires
modelling of the exhaust plome as
affected by, for example, amblent
wind conditjons,  The IFTA code
(see Table 3) incorporates  stich
considerations,  Suitably instrument-
ed st Cirings will be reguired to
verily the resubtant predictions,

iy firlogs in test chambers should be
cointinued to provide datu lor code
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development,  Specific effort s
required to validate droplet growth
kinctics  and  evaporative  mecha-
nisms becanse of their effects upon
the droplet size distribution,
333 Atmospheric Madel
The recommended atmospheric model base
is the AGARD Swndard Climatic Data  Buse
discussed more fully in Appendix 4. This s a
statisticul compilation o climatic conditions, eg
temperature, relative humidity, as a function of
altitnde, time of year and geographical location,
334 Visibillty
The visibility of a secondary smoke plume
Is dependent upon  the plume  characteristics,
background illumination  conditions,  sun-plume-
observer  angle  and  atmospheric  attenuation,
Thuse Tactors are not unigue to the seeondary
stoke signature and are diseussed i Chapter |
which rlghtfully stresses the importance of, as lar
as  possible, quantitatively  delining the  missile
operrtional requirements and goals,

There s, however, one aspect i which secondary
stmoke slpnatures are unlque, The formation of a
secondary simoke plume s dependent upon  the
temperatire wd relative humidity of the ambient
wie, However, the parameters alfecting plume
visihitity cannot be assumed to be independent of
those  poverning  the Tormation o secondary
smoke, A low relative humidity, for example, is
more likely to be coupled  with "exceptivnally
clewr” atmosplieric transmisston conditdons and o
clear sky than Iy o high relntive humidity,  This
interrelntionship is not guaniticd by - existing
chimtic dista bases Ginchuding the Climate Maodel
deseribed in Appendis ),

The ucquisition and compilation of the necessary
statistical climate dutw lnking these parameters
would represent a4 maminh undertaking  and
cannot - he  reconumended, It Is  therelore
recominended  that effort be devoted  to the
poeneration of algorithms which, at least Tor a
speeilic uperational scenario, provide o means of
reluting the factors poverning plume formation 1o
those alTecting visibithy. AU the least, both users
and systemr analysts should  be aware ol the
potentinl For ¢rror @6 these inter-relitionships are
ignored.
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1, INTROLUCTICN

Exhaust plumes of tactical missiles radiate
cnergy over a broad spectral range producing
signatures {finger prints) that may be used for
detection, Identification and targeting or for
tracking and control, This phenomena very often
poses two major conflicting requircments on
system designers, one s for high ballistc
perfurmance and the other is for minimum
signature.  Good hallistic performance often
requires the use of metal cnriched propellants
resulting [n high temperature oxhaust plumes
laden with metallic oxide particles. Consequently
the signature, composcd of gascous and continuum
cmission, Is more intersz, Design of the rocket
motor nozzle and missile afterbody geometry can
be tailored to reduce plume radiaiion by reducing
or climinating zones of recompression und high
temperature  thereby moderiting or suppressing
afterburning,  Where dual stage propulsion s
used, « method of redoelng the intensity of
radiation in the ceitdenl termina! phase of Might is
to raise booster mass at the expense ol sustuiner
mass,

To oddress signature  problems  t s
necessary (o have & thorough understunding ol the
mechanisms producing emissions in plumes,  The
classifieation  <f thly  emitted  radiation  into
spectral reglons, the operational roie of the system
which dictates spectral criterla, and the overall
system  design  help in oassessing  comparative
methods for rocket motor evaluation in terms ol
plume signature.  From a designer's point of view
the requirements arc  system  dependent  in
practically every case and a simple grouping into
\wo or three system based cutegories might be
considered like -

() small tactcal issiles - short range
(low altitude)

(i)  large missiles - long range (lew and

high flylng, booster phase  and

sustainer phase),

The operational requircments  concerned
detectability,

with  obscuration, interlerence,

guidance ctc. are very system specific and in
meny cases classifled, Because of this and the
overall complexity of the problem it is nawral
that this “/sGARD advisory report” can only give
guidelines, general rules and baric rccommenda-
tions for assessment methods such as ;-

(i theoretical calculation techniques
(l{)  mecasurement procedures

{ti)  presentation of results

(lv)  standards

(v)  unils used

(vi)  limitation ol measurements and

computer codes

The achivvable prognostic results of plume
radiation depend o lot on available measuring
technicues and devices and on the effort and level
of understanding thut goes into the computation
of rudiation phenomena, Rocker plume flowfield
caleututions must provide sufficlent information
on the distributlon of plume parameters such as
temperature, pressure and species mole fractions
throtghout the plume. It is a continuous interplay
between  meusured  results, plume  flowficld
parameters and radiation caleulation models,

2. CHARACTERIZATION
MOTOR PLUME RADIATION

OF ROCKET

2.1 dGeneral Description

The hot combustion products of a rocket
propulsion system produce a highly turbulent
exhaust plume as they expand through the nozile
into the surrounding atmosphere, These products
consist of hot guses from the burning process,
activated and deactivated molecules promoted by

chemical reactions, accelerated  particles  of
incompletely  burnt  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 propeliant, motor

53
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and nouzzle design, gas dynamics and flight
conditions, This chapter is mainly concerned with
radiation from this complicated source which is
scattered, reabsorbed and quenched during this
cmission process.

In a typical propulsion system, plume solid
particles, the nozzle and other parts which operate
at clevated temperatures fall {nto the thermal
emitter category.  Thermul 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 radlation is of
importance in wenpon systems where thermal
seekers are used,  Solld particles are evident in
the far fleld plume region because they produce
smoke but in this chapter we are coneerned abomt
the near tiold region, where several types ol solids
may be uescited (o emit radiation,  Soot, Tor
Instance, exists predomingtely in rocket motors
using carbon-hydrogen fuel with & C/H ratio of
over 0.5, Moetal oxides are formed fram metallic
additives such as Al Mg, and Zr where
concentrations between 5% and 20% are userl iy
composite and compositesdouble base propellants,

Boroxides are sometimes  produced  in solid
rumjets where Boron is a content ol the fuel.
Further flame  cmission  comes  (rom

molecular reactions which can be divided into
rotational spectra due to changes in the rotational
energy of the molecule, vibrational spectra due o
changes in the vibrational energy of the inolecule,
clectronic spectra from changes in the energy of
the molecule due to dilferent electron arrange-
ments, and to combinations such as vibrational-
rotational transition specirn,

In these typically complicated processes
there is rarely complete knowledge of the kinetics
of the serles and parallel chemical reactions
wccurring within the plugie,  Compounding the
problem ol source complexity is the fact that
selective  radiat’on
correspond o

does  not
sneetrid

flame
simple

from a
relatively

distribution a5 shown by a blackbody.  The
character of radiation from these sources is much
more complex and  difficult to treat than that

from solid bodics and conscquently more difficult
to model.  For the purposes of this article the
different models describing the production
mechanisms do not need to be presented. It is
sufficient that molecules or atoms exist in discrete
cnergy  states  and  that  the cleciromagnelic
radiution emitted by an excited molecule appears
only In discrete qnanta of' radiation,

2.2 Phenomenology

Rocket exhaust plumes are characterised
by turbulent mixing and very often afterburning
in a flow initinlly dominated by strong wave
pracesses,  The Initinlly under-expunded exhaust
equitibrates 1o ambient pressure vin a sequence of
expunsion and compression waves,  Mixing and
afterburning processes commence and develop in
the shear layer formed bewween the exhaust plume
and ambient external flow,

The  overall  plume  tlowfield  can  be
subdivided into the three reglons as seen in Pigure
S-1, namely -

) the predominantly nearficld inviscid
plunie  where  wave  strengths  are
strong and turbulent mixing proc-
esses are generitlly conlined to thin

layers,
(ii) it transitional  region  where  the
mixing  layers  enguil  the  centire

plume and wave strengths diminish
due to turbulent dissipation,

(i) the furticld Tully viscous plume
where wave processes have totally
diminished and @ constant pressure,
wirbulent mixing environment pre-
valls.

Given this complicated flow feld regime, it
is u challenging lask to understand and predict its
radiation properties, The objectives are to define
plume  signature quantify  their
temporal, spativ) and spectral characteristics for
virlous types of propellant and altitude regimes
and list thelr importance for selected missile flight

mechanisms,




tasks, To engage this problem once has (o sceure
agrecement on key dcfinitions, on the recognition
of crucial geophysicai constraints and on the way
the parameters are described.  Such agreement
would establish @ common, uniform method of
information gathering and would likely describe -

(i) the mcchanisms that create or
produce plume radiation, with
details of physical and chemical
constraints

(i)  the Iintensitics of clectromugnetic
radlation produced over a given
wavelength  band,  the  speetral
distribution of cnergy within that
band and how measured  or
predicted values relate to the source
of emissians

(iil)  how these radiation properties are

influenced by

(a) motor design  (performance
optimization, propellunt com-
position ete,)

(b)  conditions independent  of
motor  design e tlight

regime, atmospheric extine-

tion, plume backgronnd.
This type of characterization forms a
parametric study, it allows for an understanding
of plume radiation phenomena and the formation
of a radiation prediction
applications in support of
guidance and tracking.

technique  for

missile  detection,

As rocket flight tests are  extremely
expensive and plume rodiation in light is di'ficult
to mcasure {t is very 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 ete,
To distinguish & missile operating in such an

inconstant environment its exhaust radiation must
he characterised, cmphasising  unique  spectra
properties for positive identification,

2.3 Origin of Plume Radiation, System
Aspects and their Operational Implications

Missile exhaust plumes radiate energy over
wide regions of the clectromagnetic spectrum.
Radiation processes have their origins In the
chemical reaction mechanisms of combustion that
take place during the rocket firing, Emission
spectra are governed by the excltaton cnergy of
atoms and molecules throughout the exhaust
which, among others, Is a Function of local ¢nergy
and thermodynamic  conditions. If a local
thermodynamic  equilibrium  (LTE) model s
assumed, the excitation of moleculur states can be
deseribed by a Boltzman distribution correspond-
Ing to a single temperatuee, I LTE is not
puitranteed the development of such a radiation
model is no Jonger valid,  Gas phase radiating
species present In the plume are, in major part,
determined by the propellant composition and the
reaction of {is combustion products with the
ambient  air, Increasing  the  complexity of
radiuting species within the gas mixture creates a
multitude  of spectral  lines  with - overlapping
radiation properties <o thut u line-by-line model
has 10 be replaced by o baud model o describe
the radiation characteristics. Table 5.1 denotes a
number of possible plume radiation mechanisms,

Plume radiation can originate from :-

n chemical reactions in the burning
process
- molecular and electronic excita-
tions and transitions
- chemilumineseence, fluorescence
exothermal, radiation producing
reactions
(ti)  thermal emission in the afterburning
phase, plume/atmosphere mixing and
shock heating in the alterburning
region produced by liguid or solid
particles.
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TABLE 3.1

PLUME RADIATION MECHANISMS AND MAXIMUM EMISSION RATES

Approxinate Masinwim Spectrum-lntegrited

Mechanism Energy Supply Rates for an Exhanst Spectral
With W = 380 kgs*19) Region

| Core Radiation 230 % 103 . Waits IR

2 Afterburning Radintion 197% 105 . Wats (h < 50 km) IR

3 Collisional Deceleration Radintion L8 x lO3 v Walts (h = 0 km)

0 , Watts (60 << h < 90 km) IRVIS/UY

4 Internal Shock Radintion 328 x 107 Walls (h 2> 200 ki)

s Almosplieric Pumping Radintion 4 x 0’ v Waltskm (00 < b < 130 km) IR

[} Atonic Oxygen Chemi lumineseence

7 High Alttude Motecular W Wattskns th 2 130 k) IRVISIUY
Associntion/Dissociation Radintion

8 Alrglow from Rocket Yeliicle Friction 0.70 % H)J v Watls (o~ 100 kan) IRVIS/UY

9 Scattering of Chamber Riiation by Phune 6,73 x l()3 . Walts IR

10 Solar Radistion Scattered by Selul 22 vt L Wakm VIS
Particies in Plume

11 Solar Raiation Scatlered by Gnseous 0.3 . Watwkm VIS
Species in Plune

12 Absorpron of Solar UV by Mlune Gases Tab s 10" Wattwkm IR/VIS/IR
and Reemission in UV, VIS andd IR

13 Plume-Reflected Eanlishine S.HS x “’-5 Witk IR

* The ascending rocket is assumed to Tollow a typical trajectory for near-carth orbit injection;
h = altitude. Radiations given in watts/km refer to km ol trail length with 'V, - 3 kms-i,

** This value is for W = 350 kps'!,
and the radiation should be scaled down by a lactor of 350/51) = 7,

Usually at this altitde, a second or third stage is burning

plume radiation arise, one is radiation interfer-
ence with line-of=sight guidance systems where the
guidance signal must pass through the plume and

The plume signature of a tactical missile s
strongly enhanced by the burning ol excess
exhaust hydrogen and carbon monoxide in the

atmospheric mixing region downstream  of  the
nozzle. This afterburning clevates the continuum
radiation from particles as well as that from gus
emission,

Condensed species may be cither solid or
liquid and typically radiate in a broad continuum,
Gus radiation is predominately moleenlar, with
clectronic transitions in the visible, ultraviolet and
rotational-vibrational transitions in the infrared.
Two key operational aspects o missile exhaust

the other is the possibility of interrogation by
carly detection countermeasures,

Evasive manocuvres and countermeasures
assume o greater importance for longer runge
missiles where the response tiine availuble to an
adversary is greater and where the final closing
veloeity of the missile at the end ol a coast period
quite  slow, Another  important
simply the  wvariation of (he
exhaust plume signature during the flight of the

can he

consideration s




missile. The launch typically hegins with g bright
burst of flame with some degree o plume
impingement on the launcher which can act as a
flamc holder.  Flight continues  with marked
changes in signature in going from boost to
sustain and from the burn out to a coast period.
Variations of altitude and velocity during Fight
also alfect afterburning and modify the plume
signature.

For the detection and tracking ol tactical
mixsiles, spectral reglons of importance are those
in which strong plume cmissions occwr in an
atmospheric ‘window', a spectral region where
good long-range aumospheric  transmission s
possible, The atmospheric windows are restricted
by the onset of strong UV absorption o' waler,
oxygen, and nftrogen below about 250um, by the
strong 2. 7um and  0.3um absorption bands ol
witter, and by the stroeg <4.3om and 15 bands
of €Oy A special phenomenot exists in the
uhtraviolet zone near 300nm, commonly referred
to as the solar blind region,  In this spectral
reglon the osone layer off the carth's upper
atmosphere blocks out nearly all sunlight, resulting
In o virtwal  blackout  with  extremely  low
huckground levels, even during daylight hours,
The intensity of plume emission from Ha€Q al
2. Tum and (‘()2 at L3 s strongly attentated
by atmospherie  absorption,  Nevertheless,  the
intensity of emission in the wings of these bands
is high enough to make them historically the most
important wavelengths tor plume signatires. The
detectability of this infrared radiation depends not
only upon range, but also uponaltitude,
atmospherie conditions, and background,

From the foregoing radistion producing
mechanisms we shall consider here in more detail
only the chemistry of plumes, afterburn | elfects
on plume radiation and particle radiation in the
plume

2.3.1 Chemistry ot Plumes

The wvarfety of emitting species in the
complex flow system of a rocket exhaust is a

result of  the  radiddon  Kineties ot collision
processes i the gas phase,  Contributions to the

radiation stem from evaporation and condensation
processes, particle-molecule reactions and reactive
and inclastic collisions, A normal radiation
producing chemical reaction (chemiluminescence)
is written:-

A +8B —~C +D*
aoreg  CH+ 0O, —CO+OH*

where one of the products of the exothermal
reaction s in an excited state (*) which s
deactivated by the emission of radiation. The
wavelength of this emitted radiation depends nn
the available energy so that emitted line spectra in
the infrared, although broadened by the known
elteets ol collislon and doppler broadening, come
from vibrational-rotational  transitions, whercas
UV and visible radiation between 100nm and
NoOnm have their orighns in the more energetic
clectronic transition stutes, A listing, representing
classes and examples of plume chemical reactions,
is given in Table 5.2, Classes of reactive and
Inelustic collision processes are listed as well as
thele  major  effeet on plume  excited-state
disteibution, The First four reaction classes lsted
(A through D) represent bulk  chemical rate
processes where the reactants and products are
assomed o e dnternal  state  distributions
cansistent with LTE, and all the energy consumed
or released by the reactions is reflected in the
local kinetic temperature, These Tour reaction
classes, along with condensation, evporation and
heterogencous reaction processes are sulTiclent to
describe most chemical effects in Jow=altitude
LTE exhaust piumes, U LTVE is not guaranteed,
the hypothesis involved in developing a radiation
maodel is no longer valid, since the radiation is
dependent upon the population of upper and jower
states which are no longer related by a Boltzman
disteibution.  Rather, the populations of the stales
st be caleulated by codes that include fFinjte
riate Kinelic processes along streamlines.  This
dilficult type ol caleulation has been performed
for the UV spectral range and yields valuzs that
riange above those of the normal SPF o species
caleulations,
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TABLE 5.2

CLASSES AND FXAMPLES OF PLUNE CHEMICAL REACTIONS

Generalized Formula

Major Effect on Excited

Reactions

B Thermolecular
Combinations

C Endothermic Bimolecilar
Reactions

D Collisional Disserlitions

A+N+M-AB+M

AsBshot=C+ D

A+ M = A+ e M

Reaction Class (MF Arbitrary Collision Lxamples X o
Stale Distributic a
Partner)
Reactions that relense or Consume Heat
A Exothermic Bimolectitar A+B~C+De+hecat OH + 11, = 11,0 + 1 Rnises gas temporature

(IO+0II---‘CO2 v H

II+II¢M-'IIZ+M
Olt+1l + M -~ ”20 +M

H,0 + G = 20l
-
CO,p + -2 CO + 1),

()2 M =20+ M
Ha ¢ M= H + OIT + M

Raises gas temperature

Lowers gas temperature

Lowers gas temperature

Renetions

That Create, Destroy or Transmute Lxeited hiternal Stales

B Chemituminescent
Bimolecular Reactions

F Chemiluminescent Com-
tuiation Reactions

G Collisional Excitation

H Collisional Quenching

I Reactive Quenching

b Excitation ransfer

Aslha Vb e

AL+ (M) = AIPT S « (M)

AsBoatth ol

AVTA s b= A et

ATha =)

< A+l

AT
e e

ClE s O, = O 4 CO
('2(1 +0) =0 COY 4 L0
CO+0 e M—~C0O,0+ M

O+ eM=0I+ M

0+ 1,0 = 1,084 0

Ol 4 M = OHL + M
COb s M= CO, e M

O+ O = Of + 1]
HCLY + 0= O+

NOS 4 O = Ny v 1)
Y + 0= 0l il

Cly + L0y — co,t . co,

Directly creatos exclicd
internal state

Directly creates excited
internal state

Direetly creates excited
internal states

Directly excited internal
sate to heat

Dustroys exeited
interual state

Transmutes excited
nternal stale

* Excited clectronic state
v Excited vibrational state
4 Excited rotational state

To a large extent, emission from molecular
bands is concentrated in the infrared spectrul
reglon, with emitting melecules and band centres
being documented in Table 5.3, When viewing
plume radiation over long distances, atmospheric
attenuation becomes important and detection s
possible only in an atmospheric  "window”.

Dominant IR-emission iy that from CO), (_'()2. and
OH. If Boron is abundant emission from HBO,
B,0), can be obtained. Visible radiation originates

predominantly from Alkaline metals such as Na
(0.8851m), K(0.72um) ot oxides like BOz and
AlOQ.  Due to chemi-luminescence OH-intensivies
can be higher, as described by Planck's radlation
lnws,  Examples of rate constants and spectra for
CO + O chemiluminescent reactions are piven in
Figures 5-2 and 5-3. The reader is also directed
towards Refercnce 18, A Msting of important
clectronic chemiluminescent reaction mechanisms
is given in Tuble 5.4,




TABLE 5.3

PRINCIPAL PLUME EXHAUST GASES NEAR-INFRARED EMISSION BANDS

Molecule Band Centres (microns)
Co, 1.96, 201, 2.06, 2.69, 2.77, 4.26, 4.68, 4.78, 4.82, 5.17, 150
Co 465, 2.34, 1.57
HC1 345, 1.76, 1.20
H,0 094, 1.1, 1.38, 1.87, 2,66, 2.73, 3.2, 6.27
NO, 4.50, 6.17, 154
N,O 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, 1.50, 1.58, 1.67, 1.76, 1.87, 1.99

$0,

4.0, 4.34, 5.34, 7.35, 8.69

59
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JABLE 54
EXHAUST PLUME ELECTRNONIC CHEMILUMINESCENT REACTION MECHANISMS
Emilting Emitting State oM Aum) Possible Pumping Reaction
Species
Al 650748 0.154 C;04+0—CO%+CO
¢34 611201 0.164
co X 90973 0.110 CHAZ)+0=CO* 4 H
23z $3901 0.179
a’n 48687 0208 CH(X2IT) + 0= CO* + H
OH AZDe 32684.1 0306 1t + OH + Ol — OH(A) + H,0
CH + O2 = OlltA) + CO
OH + Ny(A) = OIHA) + N,
2z 31828 0314 cls, 311,) + ol = cli* 4 CO
ci pes” 25949 0385
A24 23150 0432
3 ~C*4CO
c, a1 20022.5 0.499 Cy+0, Cy0 s cg ‘o
N, (A3Z”, Metastabie) $0200 0.199 Nally + 0 = No® + Hy0
NH A 297725 0336 Na® (A) + NH = NHS + N,
Nllz 2 Al Unknown
NO A%Z 43968.7 0.227 Na* (A) + N = NO* » N,
Na 2p 16973 wr S6 0.589 Np® (A) + Na = Na® + N,
Na®) + O = Nit ¢ 02
o, continuum ""z’ 0.28-0.43 CO+0+M=COM+ M
36096 0277
0, 3 * Iy -
2 A B2 49802 0201 0+0+eM=0,0+M
NOz continuum (281. zﬂ.,) 0.48-08 O+ NO+M—=NO,* + M




2.3.2 Afterburning Effects on Plume Radia-
tion

For applications keyed to missile detection,
guidance, ctc., (e.g., in IR-related applications) the
overall plume struclure and its radiation is of
strong interest with attention generally focused on
the far field solution. For such applications, the
near ficld solution serves to provide slarting
conditions for a [Cfarficld, constant pressure
mixing/afterburning calculation  [14). Both
requircments and their  interface present a
challenge to mathematical modclling. The el
rich products of combustion inherent in solid
rockel motors, often combined with significant
amounts of ignition residue, liner and inhibitor,
mix and burn with the entrained air in the so
calted "Plume Mixing Layer” alfter leaving the
nozzle (Fig. 5-4). A descriptive termn Por this
sccondary combustion is “afterburning’,  With
energetic propellants this oxidation is very similar
to the combustion that oceurs in turbulent difluse
flames, except that it now occurs in a complex
multi-phase expansion accompanicd by sirong
shocks.

As in the case of ordinary combustion,
alterburning is a [free-radical chain  reaction
process requiring @ moderate density of both
oxidizer and fuel species to sustain the chain, a
requitirement that gencrally restricts this phenom-
cna to low altitude LTE exhaust  plumes,
Afterburning can be suppressed at high missile
which  tend  to
alterburning piume regions in much the same
manncr as the flames from a Bunsen burner can
be extinguished by increasing the airffuel flow
rate above a critical value,

velocities “bMow ol the

The chicf impact  that  alflerburning
chemistry has on  plume radiation  signatures
comes from the increase in phime lemperatures
through heat release. Most rocket  exhausts
produce H, and CO as the main gas phase species
that fuel afterburning reactions with Oy from the
surrounding atmosphere to produce H.,0 and CQ,
The cncrgy transfer in the ul‘lcrbu;ning rcgin;s
producing excited  vibrational,
clectronic stawes is rather complex and we reter

rotation]  and

here to the extensive available literature,

Predictions of cxhaust plume temperature
profiles for a 1ypical tactical missile with a highly
energetic propellant is exhibied in Figure 5-5.
Particulates (16% aluminium in the propellant)
were cquilibrated with the gas phase in
performing these calculations. The alterburning is
yuite rapid at sca level, with significant quantitics
of unburnt CO and H, in the exhaust being
depleted within 100 radii of the nozzle exit. Non
equilibrium  gas/particle calculations for this
system would exhibit substantial differences in the
flow structure due to the high particle loading,

In flight, us missile altitude increases so
the afterburning rate decreases due to a reduction
in ambient pressure. Above 10-15km and/or for
“cooler” double-base propellant systems (i.e., those
with exhaust temperatures less than 1000K), the
ansel of alterburning is partially controlled by the
conditions in the missile base region. The role of
the base region as o flamcholder has been noted
during & number of studies and combustion that
occtrs at the base can induce afterburning in the
downstream plume shear layer which would not
otherwise be present,  This s causeu by higher
initial temperatures in the plume shear layer and
an incrcase in free radical concentrations.

2.3.3 Particle Radintion In the Plume

I general, particulate matter in the plume
may influence the plume radiation signature in at
least Five ways:-

(i) by theimally interacting with plume
quses

(i) by chemically reacting with p.uime
RUSES

(iii) by catalysing physical or chemical
changes in plume gases

(iv) by cmitting therinal radiation as a
result of  heating  in the  rocket
combustion  chamber  or  plume
afterburning regions

(v) by scattering radiation, such as
sunshine, carthshine or combustor
ra Jiation (scarchlight effect)
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It should be noted that measurements of
plume radiation in the IR can be influenced by
the hot nozzle cxit which also emits in the IR,

The presence of hot particles in the
exhaust plume generally leads to significant levels
of radiation throughout thc ultraviolet, visible,
and inlrared spectral regions. There arc also
other Important particle cifects such as the
scattering of sunlight and the scutiering of
emissions from the combustion chamber and other
hot parts of the motor known as the “"scarchlight
elfect”. These scattering elfects are considered in
the “Sccondary Smoke” chapter, The important
particle parameters atfecting plume signature are
their size distribution, temperature, and concen-
wratlon (Figures S-6 and  5-7). For certain
applications, such as scattering From laser beams,
it is also necessury to know the particle shape,
Temperature  is, in peneral,  dependent  upon
particle size (i.e. thermal lag), especially for small
motors and high altitude plumes.  In addition to
the preceding flowlicld particle parwmeters, the
plume signature ulso depends upon certadn optical
parameters, specifically the varfation of emissivity
with particle size, temperature, and wavelength,
The varlation of cmissivity with size can be
computed using Mic theory, it provides the
scattering und emitting properties of i spherical
particle of known size and refractive index. The
assumption of spherical  shape  is  probably
acceptable for emission, but it can lead 1o serions
errors in certain scattering  properties it the
particles are actuatly non=spherical.

For plume caleulations such information
about particle properties is not generally available
other than that for the more common materials of
carbon and Al,Q,  Values for the absorption
coefficient of Aluminium Oxide (leucosapphire)
can be three or more orders ol magnitude
underestimated as experimeits with particles in
flames have shown.
indices of refraction  lor
2950K are given in Reference 16,

Absorption cocliicients and
tenperidures up o

Size of motor and, as indicated in Table
5.5, prupellant 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 determin-
ing the nature of the radiation transport and is
the path integration (absorption + extinction)
coelficient, or equivaiently the ratio of pathlength
to photon mecan frec path, If the motor is small
and particles are present in small concentratinns
only us a stabilizer, the situation is one of low
optical depth and the particle continuum and gas
band radiation may simply be added together
lincarly. At higher optical depths the two
contributions must be combined in a non-lincar
fashion. For "black” particles such as carbon, this
is casy since the cffects of scattering can be
neglected,  In such cases the plume signatures can
be caleuluted using a simple, one-dimensional line
ol sight Integration as used For gascous erission,
When scattering becomes important the signature
calewlation is  considerably more  dilficult and
must recognise the three-dimensional nature of
the rudintive transport process,  Major interest
lies fn the detection of incoming tactical misstles
and culls for viewing the plume at uspeet angles
close to the "nose on”  diregtion, Plume
ubscuration: hy the missile body reduces the
strengih ol signal available to the search receiver
and to model such signature conditions presents a
greater challenge than that tor broadside viewing,

Commaon wnong important particle specles
In tacdeal missile plumes are carbon and metal
oxides such as AlLO5, MgQ, ZrO,, and ZrC. The
optical properties of these condensed speeies are
considerably more complex thian those of gascous
species such us HyO and €O, Carbon usually
oceurs as a product of incomplete combustion and
it Is generally not possible to caleulate the soot
concentrilion in a plume a priorl,  Soot particle
sizes tend to be strongly submicron and under
certain conditions there is evidence of agglomera-
tion, the building ol smaller particles into longer
chains. Carbon is u strong emitter over the entire
ultraviolel, sisible and infrared region, The
optical - properties  are somewhat  varluble and
depend, among other things, upon the hydrogen
content. Al,O4 oceury cither as @ product of
aluminised propellant combustion or as a stabiliser
where it is added directly 1o the propellant in
small quantities to suppress acoustic oscillations in




the motor chammber. The cfficiency per gram of a
stabilizer material is maximum for particles of
micron sive without absorbhing cnergy, whereas
larger particles have lower surface arca per unit
mass. Typical radiation mechanisms rclated to
propellants and wavcelength region are given in
Table 5.5.
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can be dominated by minor constituents of the
plume, whereas the infrared signaturc is generally
dominated by the plume species of highest
concentration.  Theorctical models employ a range
of application codes to cover the clectromagnetic
spectrum,

IABLE 3.3

RADIATION MECHANISMS/WAVELENGTH REGION

Propollant Ty Ractintion Mechanism Wavelenglh Region

Aluminised Solid .-\f,()-; Particle Thermolumineseence Mid UVeNear UV

Composites Ol CO + O Chemtluminescence Near UV
"\f"OB‘ Na I} Line Thermolmminescence Visible

.-\f:()a, L0, COL, CO Thernoluminescence IR
.-\t".,()y HaO, €Oy Thermolunniscence

Far IR

Like the other metal oxides, Al,O4 15 @
large band gap semiconductor in the solid phase,
The emissivity is high in the ultraviolet und 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.  ALO, is gencrally tquid in
the motor chamber and solidifies in the noszde
and cxternal plume,  There have been many
attempts to model the lformation of  Al,O,
partic’es, but progress has been limited by lack of
reliable size distribution measurements.

2.4 Classification of Rocket Motor Plume
Signatures on Spectrul Regions of Emitted
Radlation

The design engineer must be aware of the
spectral range of plume radiation whether {t Is his
task to provide effective missile detection systems
or, in the case of rocket motor dusign, a stealthy
propulsion unit. Equally, he must recognise the
spectral discrimination of atmospheric propagation
and, in particular, that of the regime under which
a given missile operates,  Spectral information iy
important for design purposes since the required
techniques for different parts of the clectromag-
netic  spectrum  can  vary significantly.  For
instance, it is understood that ultraviolet cmission

With 2 wide available choice of
propellunts, igniters and materials used for, or in
contact  with the combustion process it s
important 1o remember that one spectral feature
may uniquely identity u missile,

L is possible o classify plume radiation
signatures by dividing plume emissions into four
principal wavelength reglons,

100 - 400nm
400 - 700nm
700nm - 14um
2 - 300 GHz

(N Ultraviolet:
(ii) Visible:
() Infrarcd:
(iv)  Microwave:

The case with which detection can be
achieved within cach reglon will determine its
operational fmportance. Many factors govern the
cholee such as missle flight altitude and attitude,
type of propellant and motor, ways of sensing,
and Inteructions with local environment and
atmospheric  propagation.  Until recently the
IR-region was the most studied sub-region iIn
plume radiation investigations, but because of
problematic background behaviour in the infrared
newly developed sensing devices in the UV-region
are gulning in importance. Figure 5-8 defines the
IR, visible and UV wavelength regions of interest,
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24.1 Ultraviolet-Radiation

The Ultraviolet (UV) region can further divide
into the vacuum UV (VUV) (0.1um to 0.2um), the
mid UV (0.2um to 0.3um), and the ncar UV
O3um to 0.4um). At VUV  wavelengths
atmospheric attenuation !limits transmission to
extremely short ranges or longer ranges at very
high altitudes. Test ccll measurements can be
made by operating in a vacuum and viewing
through appropriate window materials,  For
tactical missiles the region is of no practical
interest, In the mid UV, or solar blind region,
atmospheric attenuation limits measurements to
rather short ranges but the availability of
extremely sensitive detcclors and the absence of
natural sources in this region make the mid UV
an attractive reglon for the detection of tuctical
missile plumes. In the near UV atmospheric
transmission permils measurements over lung
ranges, but solar scatter Is prominent,

2.4.2 Visible Radiation

Visible radiation is casily detectable by the
human eye. lis atmospheric propagution s
constrained by water clouds, Very advanced
detector technology is avalluble using a range of
silicon devices as well as high gain  photo
multiplicr tubes. Principal intcrests are in the
strong sodium (Na) and potassium (K) line
emissions (Fig. 59 for Na). The cmissivity is
strong enough to detect impurities al levels of a
few parts per million,

2.4.3 Infrared Radlation

The IR vegion can be further divided into
the near IR (0.7um to 2.5um), the mid IR (2.5um
to S5um), the far IR (Sum to 14um), und the
extreme IR (14um to microwave). These regions
have atlmospheric transmission windows, with
significant naturally occurring buckground radia-
tion sources.

Species of major inlerest as sources of IR
radiation are the molecular band radlators co,
and H,yO with possible additions CO, HCI, HF,
Nzo and the condensed particles provided by

inorganic oxides and soot eic, radiating as
continuum  cmission. Particle radiation s
broudband covering a wide range of the visible
and IR rcgions whereas molecular band radiators
tend towards discrete narrow wavebands which
may characterise a parlicular propulsion system.

In the 8.0um to 14,0um infrared radiation
band particle emission is a strong feature. In the
1.5um to 5.0um region narrow band molecular
radiators will be found, 1.Sum to 3.0um is
dominated by H,O while CO, and CO populate
the region 3.0um (o S.0um together with other
species depending upon propellant composition,
Some continuum cmission will also be present.

The near IR, especially 0.7um to 1.1um, is
of significance due 1o the availability of
inexpensive, uncooled silicon array detectors for
imaging devices,  Other uncooled detectors (e
pyroclectrics of Ge) are also used In this region,

2.5 Plume Flowfield Propertles and Motor
Design

The polential use of plume electromagnetic
rudiution to uniquely describe a missile for
whalever purpose requires detailed knowledge of
the exhaust flowficld properties that gencrate the
chemi-physical cmission mechanisms,  Develops
ment of the llowfleld is governed initially by
conditiors inslde the combustion chamber starting
with the propellant, fts formulation and the
conditions under which it burns, the acceleration
of gases through the nozzle throat and their
controlled expansion 1o meet the ambient
conditions external to the motor at the nozzle
exit. Fuel rich gases exiting the nozzle mix with
oxygen from the surrounding air to promote
sccondary combustion (afterburning) creating an
exhaust flowfield which is a Fiercely burning,
highly turbulent gas jet. Downsiream of the
nozzle exit the development of this fowficld s
strongly influenced by the flight operating regime,
Examples of such influences include pressure
changes with altitude, missile forward veloeity,
base recirculation, flight attitude and whether or
not plume combustion is supported throughout the
whole of flight,  These propertics can affect




spatial radiation distributions and the quality of
mixing in the afterburning region which, in turn,
affects temporal radiation fluctuations.

From the foregoing it is clear that plume
radiation signatures for a given motor can vary
widely depending upon the conditions under
which measurements are performed, ra:nging from
those of static firings to those of flight tests.
Comparison and assessmecit of missile plume
radiation signatures should be made utilizing
information from a variety of sources, using
motor properties, flow field parumeters and
experimental test results, A listing to indicate the
relevant data required would read -

()  Motor propertics promoting the
flowfield

- Propellant formuiation including
trace c¢lements which might create
non equilibrium phenomena produe-
ing highly excited states

« Thrust and masstlow

- Combustion chamber properties

= Nozzle geometry and exit Mach
number

« Presence of Mame suppressants

- If a liquid cngine, then fuel und
oxidant composition and fuel ratio
(F/O)

An example of a one dimensional kinetic
analysis is shown in Tablc 5.6 and a

TABLE 5.6
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calculation of Plume Radiance using the
parameters of Table 5.6 in Figure 5-10,

(ii)  Static firing radiation measurements

- Resulls of radiometric measure-
ments

- Results of spectrographic meas-
urements

- Measured motor parameters

-+ Viewing geometry and range

- Atmospheric conditions

(ili)  Flight radiation measurements

» Results of radiometric measure-
menls

- Resdlts of spectrographic meas-
urements

- Time history of flight to relate 1o
measurements

- Atmospheric conditions

Time history of Right must
recognise  the  missile  altitude,
velocity, roll rate, attitude, range
and geometric relationship between
the plume and measuring instrument
for any instant during flight

(lv)  Influences of environment

- Flight trajectory

- Altitude regime

- Constituents of surroundiny air
and mixing

ROCKET ENGINE EXIT PLANE FLOWFICLD PARAMETERS/CHEMICAL COMPOSITION

Flowficld Paiameters

1.23

M - 22

PS = 3067 kN m*2

vV . 2036 me”!

T = 219K

MW «  26.14 Ibm/lbm mole

Chemical Composition
(Mole lraction, X1)

CO = 164
co, = 209
H = D416
HO, =  .0000712
H, = 0324
H,0 - 2843
0] = 0458
OH - 0514
0, = 1704
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The plume shock structure of a rocket
motor operating at simulated flight velocity of
Mach 2 is shown in Figure 5-11 and is hased on
photographs and pressurec measurements.  The
motor exhaust flow cxpands to an altitude static
pressure and intersects  with  the
free-stream airflow, The exhaust gases mix with
the gases in the base recirculation zone which, In
turn, mix with the frce-strcam airflow. At the
point of interscction between the exhaust flow
and the airflow, mixing continues dircetly
botween the two streams, and the mixing region
increases in size downstream. At the intersection
point, two shock waves are formed,  The
airflow-plume Interaction shock diverges from the
centre line whilst a barrel shock s formued from a
series of compression waves gencrated by the
turning of the exhaust flow. The barrel shock
coalesces with the recompression shock to produce
a strong shock which converges to the wiple point
where two more shock waves are formed.  The
shock wave normal to the axis of Tlow is called o
Mach disk. The other shock diverges from the
centre line to the plume boundury where another
set of shock waves Is formed,  The converging
shock wave, Mach disk, and diverging shock wave
pattern is repeated downstream.,  The [llow
downstream of cach Much disk (normal shovk
wave) Is subsonic and s reaccelerited 1o
supersonic flow ut the sonic line,

SUpErsonic

3 ASSESSMENT METHODS OF PLUME
RADIATION - DETAILED DESCRIPTION

There are no gencrally aceepted standards
or methods in use to assess the  radiation
properties of rocket motor exhausts, I the
radiation producing mechanism: are known to
certain degree of confidence then ather aspects to
be taken into uccount are -

(i) the opacity of the plume  with
respect to  its  own  emissions o
determine the radiation cxiting the
plume.  This will depend on the size
and concentrations within the plume
und the existence of any quenching
molecules.

(i)  the opacily of the plume's immedi-
ate cenvironment to the radiation
released from  the plume  which
would, for cxample, include smoke
or any other form  or local
obscuration in the linc-of-sight 1o
the observer,

(ill)  the complex and multipar:metric
problems of solar illumination,
background radiation and atmns.
pheric transmission where
"windows" exist subject to various
loss mechanisms such ay Rayleigh
and  Mie  scattering, molecular
absorption and acrosol attenuation,
Figure 5-12 shows atmospheric
trunsmission windows,

3.1 Experimental Methods

The majority of experimental methods used
to assess plume radiation employ one or more of
three types of instrument

(i racdometric devices which measure
raclution intensity in &  specific,
broadband spectral reglon

(i) spectrometrie devices which meas-
ure the radiated plume intensity as
& Munetion of wavelength

(i) imaging  devices  which  record
intensities  and  radinting  plume
geametries on a time scale given by
the camera type

It is important to note
tmeasurements  permit statements
ahout the chemical composition  of
leading 10 the possibility of
identification,

that  spectral
to bhe made
" 4 plume
posilive missile

3.1.1 Rudiatlon Essentials

As measurements depend to a lurge extent
on “state of the urt” Instrumentation we shall
avold detailed descriptions of equipment,  An




outline of how to proceed is given in Figures 5-13
to 5-15, Figure S5-13 is essentially a diagram of
tae radiative heat transfer cquaton, in Figure
5-14 dctectors and artificial light sources over a
broad spectral range are given and in Figure 5-15
a calibration procedure for u camera/rudiometer is
presented In o general graphical form,

3.1.2 Test Techniques

Backed by technical and Financial Teasibil-
ity, rocket motor plume rudiation churacteristics
may be determined using a varlely of lechniques
setected to focus upon the parameler of interest
wilh the desired accuracy for the characterization,

Plume characterisation may be perlormed
by computations, meusurements  durng  statle,
sea-level tests, simulation chumber tests, or light
tests, In principle, the flight test s superior in
that {1 provides & real environment bul the cost
and measurement diffienlties make U generally
prohibitive,  Testing under shmuluted conditions
und simple statie testing Tollow in order of
reduced expense and complexity, The alternative,
that of computer bused theoretical modelling, s
attractive but demands of  contldence  usually
make validution by test Hrings necessary,

3.1.2.1 statle Testing

Open site, ground Jevel, statfe wsting ol
solld propellant rocket  provides aceess to o the
plume by radiometric instrumentation. 10 is the
cheapest and casiest test to conduet,  In terms of
utility #t Is the least desfrable since the rocket
motor does not experience the comlitions found in
Ilight, consequently the statie plume does nol
have burning characteristics identicul 1o those in
flight,  Plume spectrad  and  spatfal  eadlution
propertes may be micasured and used to validate
predictive  codes  Tor  the  static  condition,
Recognising  the  Hmitatlons, e resalts of
prediction and measnrement combine to provide a
strong Indication o overall plume behiaviour,

Atmospheric interference can affect meas-
urentents in this type of lest, particularly over
long ranges. 16 s necessary  to o adeguately
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determine  attendant aimospheric conditions to
calculate signal losses  Normally atmospherie
temperature, pressure, humidity, visibitity, compo-
sition, and wind speed are recorded,

During a  static  test general motor
performancge Is monitored. Dimenslons, propellant
formulations, and the like are predetermined but
performance parameters such as thrust, chamber
pressure, temperatire, and body deformation can
be measured,

Instrumentation  deployment s relatively
straightforwiird with ficlds of view and ranges
stationary and cusily determined,  Limiations
only exist where constraints produced by the test
stund and terrain are encountered.

L L2.2 Altltude Chumbers

Large vacuum chambers exist capable of
testing Tull-seule models and  subsystems up to
simulated altliudes of 30km,  Near fleld data
(naminally one oxlt diameter) can be sequired
which are useful For start conditions to code
precictions, An example is glven in Figure 5-16,

3. 0.2, Simuluted Flight Facilities

Testing  a solid  rocket  mator  under
simufated  Tlight  conditions  provides a  more
realistic plume than a static firing but often has
restricted aceess o the phime by radiometric
instrumentation, Flight  simulation Is  more
expensive thin the statie lest although it Is far
casler and cheaper to conduct than a flight teial,
In wrms of utility [t allows some parameter
changes  but still may not produce  the true
characteristics of the Flight plume, especially when
scaled models are used, Parameters considered
for measurement in statle tests apply equally to
Mght simulation and are increased in pumber by
those introduced by shinulation,

Test cells are available which can simulate
flight conditions from sea level to altitudes of
some 25km and From subsonie velocity to over
MO, The capability exists for full operational
speed manoeuvees. Fuellities are fexible enough
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to accommodate the complete propulsion system
and during simulated flight tests, conditioned air
flows past a stationary model and flight
characteristics are mcasured, The airflow can be
distorted to simulate conditions found in actual
flight manoeuvres.

Simulated fight facilitics can offer realistic
fight environments for near and mid fichls of the
plume, however, the far ficld plume is gencrally
perturbed by shocks and/or flow disturbances
from the test scction walls,  CGenerally, the
simulated flight facility is limited to small scale
vchicles and reduced cxhaust gas mass [lows,
Tesling rocket systems and subsystemns under
simulated fight conditions permits carly deteetion
of hardware problems and, through recordings and
analysis, u solution can be found  hefore
production  begins. Equally, it allows the
qualification of systems for flight and opportini
ties for diagnosis where problems exist with
systems in oporational use,  (Fig. 5-17 amd Fig,
5-18,)

The mojor advantage of testing tactical
missfles  under  controlled  slmulated — Hight
conditions s the ability (o conduct estensive
plume flowlicld and radiometric measurements of
a glven phenomenon to acquire data to validate
flowlicld and radiative predictive codes.  The
major disadvantage is the inability to acquire Tar
lield data and perhaps that [ight condition which
identifies the onset or termination ol afterburning,

3.1,2.4 Flight Tests

Flight tests offer true realism but they are
expensive  and  present  extreme  expetimental
difficultics, Obscrvations (measurements) may he
from fixed or mobile sites, Instrumentation tmuy
be ground based with cither fixed or tracking
mounts, it may bc mounted on mobile carriers
(such as o tracking aircraft or missile), or it muy
be mounted on the lest vehicle,  Generally,
limited instrumentation is available from observa-
tion platforms to assist it the Pull characierisstion
of the plume signature,

As wilh static measurements these lests

suffer atmospheric  cffects  which  confuse
measured quantitics, consequently, a nced exists
to adequalely monitor atmospheric conditions.
Normally, atmospheric {cmperature,  pressure,
humidity, visibility, composition, and wind
conditions are determined.

Teajectory and range are also of great
{mportance both frum the point of determining
atmospheric ¢ffccts as well as basic interpretation
of results und must be adequately addressed.

3.2 Culeulution Methads

Any attempt to model plume radiation
frotm  rocket  motors  must  rely upon the
construction of a  theoretical plume in which
flowticld properties are structured so as to
mterface with radiation application codes. Many
such codes are split into -

(h  a thermodynamic parg (with input

purameters  such  as  propellant
composition, pressure, temperature,
espunsion ratlo ete),

() o [owlield parg (with input

parameters such s nozzle exit plane
data, relevant motor deslgn features,
relevant  chemical  reactions  with
non-cquilibrinm chemistry solutions,
turbulence madel, atmospheric data,
altitude and velocity, ete.),

(i) o radiation  part  (with  input
parameters like output from flow
tield strncture, emitting chemical

«pecies,  moleculur  band  model,
guscous and  particle radiation,
scattering, quenching, geometry,

aspect angle, from which you can to
a certain extent derive the plume
radiation properties withiv a limited
spectral and intensity range.

of  Tuctical

}.2.1 Pluise Fiuld

Missiles

Dynamics

Caleulation methods [14) [15] Tor plume




fluid dynamics have been established in various
countries like the USA, Great Britain und France.
They all have a similar approach to solving
problems, Most of the advanced codes arc
lassified. Here, as an example, we describe in
more detail the American Standard  Plume
Flowfield (SPF) model. In Great Britain the code
being used is called REP (Rocket Exhaust Plume),

A starting point for surveying the status of
plume flowfield models prior to year 1964 is
Chapter 2 of the Rocket Exhaust Plumc

Tachnology Handhook prepared for JANNAF
(Joint Army, Navy, NASA, and Air Force

agencies). Al this time, the “standardized” US
plume mode! was the Low Altitude Parabolic
Plume (LAPP) code developed at the AeroChem
Corporation, The LAPP code is o bulunced
pressure farfield plume model that containg o
generalised, fully implicit, chemical  kinetics
package, Its use Is restricled to engineering
studics geared to predicting plume "observables”,
and simplistic procedures are used to “globally”
represent the influence of the ncarficld structure.
During the period 1975-1976, an advanced plume
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model was developed at General Applied Science
Laboratories (GASL) which  solved the
viscous/inviscid nearfield structure in detail using
boundary layer type coupling concepts, and
contained a two-equalion, compressibility cor-
rected turbulence model

Development of plume flowfield models s
an cvolutionary process to include additional
physical phenomena and more efficient numerics.
Physical processes are added as they are beiter
understood und us dictated to improve the
accuracy of the prediction model. Numerics are
also changed to decrease computer run time when
feasible,

A JANNAF program was initiated in 1978
to combing the features of the GASL und LAPP
codes which s now known as JANNAF
“Standurdized Plume Elowticld” (SPF) model. The
current version is SPFUL 1t is the primary tool in
the US to anulyse tactical missiles exhuust plumes,
The modular  structure  and  computational
techniques used in the basic SPF are given in the
following Block Schematic,

Exccutive
Driver
Inviscid/ Viscous/ ()vcrlalld F"“,y ‘Luu!;lud Principal
. Viscous/ Viscous/
Shock Mixing Invisci L Modules
| nviscid Inviscid
ST, Auxiliary
Chemistry (l,:l:l: ?::::;::’ Integration
Modules
Mach Externul T Speciality
Disc Flow Turbulence Maodulcs
Data Data
Bunk Module

Block Schematic Madular Struciure of JANNAF SPF
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Versions of the JANNAF SPF

The JANNAF SPF is a compuler code
comprising a unificd series of "modules” which
provide for integrations of the flow cquations in
various flow ragions, the inclusion of generalised
chemical Kinelics, two-phase flow interactions und
various turbulence models, and the specialised
procedures for interfacing with the external flow
and treating embedded subsonic zones behind
Mach discs,

SPF Models

The SPF model s bullt upon two principul
components. One is a shock-capluring inviscid
plume model (entitled SCIPPY) and the other, a
turbulent mixing/afterburning  mode  (entitled
BOAT). In the plume nearfield, an overlakl
procedure is utilized to couple the viscous shear
layer und inviscid plume solutions; in the tarficld,
a constant pressure mixing solution is utilizmd,
The Mach disc problem is treated (nviscidly using
a sting-approximation for small discs and the
Abbett procedure for larger discs,

SPF Is limited to the unalysis of single
phase exhausts but can treat two-phase exhuusts
In the equilibruted mixture lmit,

Originally, SCIPPY and BOAT scrved us
the principal components, extended to incorporate
two-phase non-cquilibrium clfects.  In particular,
the two-phase flow version of SCIPPY  uses
numerical techniques, while the twos-phase version
of BOAT utilizes a particulate turbulence model
forinulation,

Subscquently, plume modification tech-
niques were incorporated to solve the concurrent
viscous/ inviscid processes occurring In streamline
displacement effecty on the pressure field,  This
approach is implemented within the confines of
the two-step overlald method vin extenslons to
only the shock-capturing SCIPPY madlel which
permits PNS spatial matching through this region
(l.e., the extended version of SCIPPY calculates
the inviscid ncarfield structure and the coupled
Mach disc mixing region in a one pass mode of

operation).  With this added capability, the
“Inviscid” flow map accounts for the strongly
interactive effects of the Mach disc mixing region
on the odter inviscid structure (i.c., the position of
the inviscid plume slipstream is altered by the
Mach disc mixing process, cte.), It also contains
the detailed structure of the viscous/inviscid flow
in the Mach disc mixing region, Including the
turbulence propertics nceded to properly merge
the plume and Mach dise mixing layers,

The SPF snalysis of a two-phase plume
requires the stipulation of nozzle exit plane
conditions to initislize the culculation, based on &
compurable treatment of non-equilibrium proc-
vsses in the nozzle. A standardized code to
provide such a nozzle solution is currently not
aviiluble,  Modifications are being incorporated
Into the latest version ol SPF that deal with the
strongly interactive phenomena  assoclated with
plume/missile airfrume interactions and the fully
viscous transitional reglon of the plume. The
formerly utilized overluld coupling procedure thus
becomes  {nadequate  and  parabolizad  Navier
Stokes methodology s required.  The latest SPF
muodel s bedng developed to provide these types of
strongly interaetive capabilities [17).

3.2.2 Listing of Nutional Codes

Outline details of these codes can be found
in Appendix 3,

1.2.3 validation of Plume Rudintion Caleuts-
tions by Experiment

Vulidation ¢xists for the infrared and
visibic reglons, in many instances with sensible
agreement taking Into account the limitations of
measurement conditions like altitude, range of
motor size or simplified propellant constituents,
In certaln clrcumstances not cnough parameters
can be incorporated into the culculation methods
to yleld global emission characteristies,

The infrared region L.5mn to 3um s
mainly concerned with water bands, these are
strong emitters but radlation suffers from heavy
ahsorption through the atmosphere and detection




ranges are short consequently little interest is
shown in this waveband.

Mucl interest has focused on "CO, blue
spike” radiation a common feature in rocket
exhausts. It occurs in the very narrow spectral
band of 4.17um to 4.19um, has good atmospheric
transmission propertics and lends itsclf to casy
sclection because of its narrow profile.
Background and other spectral interference can he
minimised by the use of narrow band optical
filters. Line-by-line methods for modelling the
blue spike have produced absolute spectral radinm
intensities that agree to within about 20% of
measured values,

Emissions In the 4.2um to Sum reglon
come largely from  CO,  usymmetric  stretch
vibrations with contributions from CO wnd some
N5O. They form what ix termed the “red wing”,
Because a great number of individual rotational
lines contribute to the radiation, the theoreticul
concept {8 to divide the spectral buse into
number of bands cnch overluying u number of
rotutionul lines, Euch molecule in cach band is
glven parametery deseribing effective strength and
shape and these quantities go to form the
emission spectrum,  As might be expected this
caleulation micthod s known as & "band maodel”
and can equally be applied to the LSm o 3
spectral reglon,

Band  madel  predictions bave  been
compured with experiments made over a wide
range of clrcumstances resulting in u tmisture of
agreement, It has  been  argued  that  the
uncertainty in absolute spectral radinnt intensity
given by predictions is typleally & fuctor o 2
although this wvarles up or down with the
complexity of modelting circumstances,

Propellant metal impurities such as sodium
and potassium, catalyst metals, ballistic modifiers
and others form a ready source of atoms from
which visible radiation can teke place.  Line
emissfons from the st resonance doublet of
sodium and potassium atoms are prominent in
afierburning rocket exhausts, For these and ather
finc emisstons a line-by-line prediction made) fs
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adopted for the calculation of spectral radiant
intensities,  Lerentz and  Doppler  broadening
occurs and a Voight profile is commonly used to
+ shapes.  Although good agreement is
achicved, it is  considered  that
uncertainties in the plume flowlield structure and
the radiation model, particularly collision
broadening parameters, can  justify no better
uncertainty factor than 3 in absolute radlant
intensity,

describe L.
sometimes

Theoretical plume flowlield models have
not heen direetly validated duce to the difficulties
in measuring the relevant plume properties, Le,
sputiol distributions of temperature, pressure and
concentrations of chemical species cte,  Laser
agnostic technlques are showing promise in this
flefd of waork, particularly since the laser beam
does not disturb the medium under investigation.
Some  examples o valldation  of  theory by
experiment are given in Figures S<19 and $-20,

3.2.4 Limitatlony of Computer Codey
Limiting tuctors are i

(H fack of optical property data to
adequately  deseribe  particles  and
radiating gases

(ih luck ol coddes to handle base flow
and w0 inadequacy  showing  the
uncertainties of turbulent chemical
interaction models

(li)  cessation ol afterburning especlally
at high altitudes

(iv) incomplete  trestment  of  particle

thultiple scattering

(v)  the use ol simplified assumptions
such us steady state conditions only,
simple geomcetrles, no compression
sones with perpendiculer collisions,

A3 Discussion of Plume Influencing Aspects

Afterburning is a major plume effect, The
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nozzle arca ratio is an important lactor in the
prevention  of  alterburning  especially  when
considering radiation in the UV spectral region,
Base flow recirculation affects afterburning, in
many instances anchoring the flame 1o the base
region,  Contributions to plume radiation are
strongly affected by propellant formulation, high
metallic content produces a  high continuum
radlation in addition 1o guscous emissions,
Particle optical properties are very important,
especially in areas where there are no moleculur
spectra.  They also influence scatlering losses and
the “scarchlight clTeet”,

Uncoupling  turbulence-chiemistry — interac-
tious in steady-state plume models may have a
signiticant  effect on the  predicled  rndistion
observed from all angles of view, especially those
far f'rom broadside,

Free-free  electron  emission  (Beemsstrith-
lung) iy probably the dominant mechanism for
millimetric emissions,

Flame suppression in the estianst brings
about ¢ marked reducton in infrared cmission,
for instunce, 1 has been foumd W reduce the Red
Wing (ddzan to S.0um) by more than an arder ol
mugnitude,

Conditions Ilame

Favouring SUPPression

are -
] Low exit plane temperatures

(i) Low concentritions o plate par-
ticulates

(i) Nozele imperfections ¢y step or
burr increasing turbitlence)

(Iv)  Choice of propellant and appres-
sant

Plume suppression can be assisted hy the
introduction of additives into certain propellunts
o accelerate removal of Mame radicals H and OH,
An example ol the afteet of plume suppression is
given for a double base propellant in Figures 5-21

100 5-23 where die main sources of IR radiation
are molecular band radiation such as CO, and H2
(CO is also  important il the  exhaust s
suppressed), Figure 5-21 shows a dramatic fall in
plume temperature for the flame suppressed case.
This drop in temperature Is accompanicd by
reduced levels of €O, und CO cmissions as
indicated in Figure 5-22 und again the presence ol
recirculation in Flgure 3-23,  Some continuum
infrared radiation may uarise from condenscd
particles such as  bailistic modifiers or igniter
products,  The latter produce radistjon over a
wide range ol both  visible und  infrarcd
wuvelengthg while  the former gives rise to
characteristic emissfons in specific  wavebunds,
Band radiation from H,O and €Oy at wavelengths
LSpm o 3 and un o S0um  are
important in the context ol detection,

Spatial distributions of broad-band infrared
nudiation nve been computed by the so-called
“nearly-weaknearly-strong”  band  model  for an
whiwst  plume o whieh  reclrenlation was
expected to be fmportont, - Flgure 8§23 presents
predicted  and measared  station  radlations
(obtadned by inteprating the radiation across a
sertical diameter ol the exhaust and referred 10 a
specilivd asinl increment) in the waveband 4.3 um
to 7 e frony C by i COC Culeuluted absolste
spectral rudiant intensitics for o given exhaust,
viewad as w0 whole, may have an uncertainty
Factor of sthout 20 The predictions underline the
including — an analysis — of
hase-recireulation in calewlations when relevant,

sigtlicanee of

4 RECOMMENDATIONS
4.1 General
Knowledge  of rocket plume  radiation
properties is important o the context of goidance,
tracking and detection,  TUis expensive and often
dilficuit to measure these ridiation properties and
W dctermine then dependence on operational
parameters ke missile forward velocity, range,
Allitide aml aspect angle It Is even more
difficult w acquire this information about rocket
motors ol an adversary, To ensure guidance

system integrity,  to avoid  interference  with



friendly radiation scnsors and to deny an
adversary detection opportunitics, the rocket
plume and its properties must be segarded as an
wtegral part 7 the missiie system and, where
jossible “tailored” te mecet operational needs.

Systems assessment tcams may typically
scek to know whether a flare need he attached to
a missile as a tracking aid, or whether radiation
from the exhausts of lostile missiles arc likely to
be of & magnitude permitiing early detection, or
whether emissions from the exhausts of a friendiy
missile will render it vulnerable v caemy
countermeasures.  Such questions can best he
addressed by inivolvement in plume studies at the
time of systcm [easibilily and design, at a stage
when accurate predictions nre paramount and
when validatory experimental rocket {irings can
be performed.

The countermeasures  engineer,  with 4
different viewpoint to that of the missile engineer,
will nevertheless see the need for & similar
appreoch in his efforts to combat an intruder. He
will f:ad it important to cstablish spatial and
spoetial distributions of radiated energy with
instvuments having good sensitivity and  high
spectral and spatial resolution to unambiguously
identify missiles and minimise lalse alarm rales,

The following recommendations comprise a
procedure for assessing rocket plume radiation
that will enable uniform application of technology
to -

(i) set quantitative technical require-
ments on rocket motor signature,

(ii) compare rocket motors
(iii)  recommend a wrminology related to
plume radiation hased on quantita-

uve criv ria.

2 Recommended Test - Prediction Proce-
dure

In trying to propose a standardised test
technique for the assessment of plume radiation
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propertics a general outline is given here, Iis
feasibility depends to a large ext.nt on the
availability of nccessary measuring devices and
instrumentation, rocket moters and prediction
codes. The logic behind the assessment process is
as follows :-

(i) Dcfine the objective(s) and require-
ments,

(ii)  Dcfinc the nceded data base and the
cxperimental approach to ensure
that ohjectives are accomplished,

(iif)  Set up and calibrate equipment.

(iv)  Run most appropriate test (o
acquire data base,

(v) Run nccessary/available plume and
radiation codes to match acquired
data base,

(vi)  Use measured resu.ts for theordt!~al
model validation.

(vil) Use validated plume and radiation
codes to predict piume properties at
cuiditions  appropriate to the de-
lined Lbjective,

(viii) Present resubis, stating all assump-

tions and code modifications and

using standard terminology and
units.

The following cight steps cnlarge on these
concepls -

Step 1 :- Clear dclinition of objectives and the
requirements to meet those objectives may be the
most difficult part ol a programme (o conduct
successfully, The objectives might read -

(i) detect, identily, track and destroy a
target

(ii)  deteet, identify a missile threat and
counter with evasive action
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(fii)  assess the fuasibility of guidance
and tracking methods

(iv)  develop a threat countermeasure

(v)  acquire phenomenology data for
cude vahdation

(vi) influence motor design with signa-
ture contrel proposal

At this stage it is important to define the
system and the sp:ctral regions in which it is to
function. If, for instunce, a detection system is
called for, then specific detail,  of  seasor
wavelength, bandwidth, resolution, imiting noise
lev2l and environmental details that effect signal
transmission and distortion must he cousidered.
There should be no comprotnise al this siep, it is
the least zxpensive to perform and steuy topics
overlooked <t this powt may remain overlookeg to
the detriment of the system or be costly to
introduce Ister in the programme. 11 is better annd
more cost clffective to include tasks of polentin
value in the definition stage even il fur whatever
reason, they subsequently become cedundant.

Step 2 - Defining the information needed lor a
prject data base and the micasurements required
to obtain that information usually calls tor a
compromise dictate:! 'w available funding. Within
financial constrain. _.¢ objectives in Step 1 oare
assessed and the requirements and limits set. One
obvious compromise comes in the choice between
flight tests and those undertaken in dedicated
grotad facilities where it iy possible to use scaled,
heavyweight test motors with reusable hardware,
Use of the wind tunncl, altitnde chamber or static
test site combined with  standard  mcasuring
instrumentation will of'ten satisly miost, if' not ali,
of the data base requirements.  Rocket mator
cxperiments involve many technical stall” and it is
vital that 1est  procedures  are  thoroughly
documented and the stalf cognizam of the data
gathering process.

The prospect of meeting an objective s
advanced by the prudent use of theoretical
predictions and experiment.  Theoretical studies

may pluy a part in planning the course of an
experimental programme.  Before cmbarking on
such a programme several questions are posed,
nout least among them is whether an experiment
can ke mounted that will directly or indirectly
provide the Gata to satisly the objective, The
answer wiil depend upon the existence of itest
vehicles, test liring facilities and the corres:
diagnostic instrumentation.  Test vehicies are
generally avaluble. for ground or flight (tests.
However, should the missilc of an adversary be
under investigation then the supply of a test
-odicle is improbable. In such a case calculations
are made using whatever data s available and
rare experimental firings would only be those to
study the pacnomena for prodiction validation
purpones. The choice of test facility, whether it
be - ot seasievel, un altitude chamber or wind
tunnel dep endds upon the simulation desired, The
advantages  and Jisadvantages  of  cach  were
cosidered in Section 3.1.2 "Test  Techniques®,
Obvioualy u well conceived and controlled Might
trinl is prefcrable but the advantages are weighed
duwn by costs which prohibit their use to other
than fhial valdation of the overall programmie,

The selection of disgnostic instrumentation
is governed by the radiation properties 10 be
mzasured, Tocusing on spectral wavelength range,
radiance level, spectrnl,  spatial and  temporal
resolution and sensor sensitivity and speed.  Flow
charts are presented as guidetines in Figures 5-24
b 5-26. Types o apticel detectors are shown in
Figure  5-24,  Rudiometric measurements  are
prescuted in Figure 5-25 followed by a typical
radiometric measurement system in Figure 5-26.
To avoid later problems it is important (0 ensure
that ihe instrumentation sciceted is well able o
meet all the measurement demands and that it is
backed by a full data analysis capability.

Step 3 :- The importance of accurate culibration,
as  indicated by  Figure 5-27, cannot  be
overemphasised.  Measuremients can be compli-
cuted or invalidated by atmospheric absorption or
uxtinetion, obscuration by smoke, impractical or
impossible sensor positioning and carelessness in
ignoring hackground signature cffects. It is a
valuable exercise 1o rehearse the entire  test
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procedure to idemify und climinate any
interference between instruments or  power
circuits that might cause a later test failure,

Step 4 :- The way in which the experiment is
conducted (Section 3.1) is a critical factor in the
acquisition of good data. Details of motor
performance, its cnvironmental test conditions
such as Mach number, altitude and trajectory |
the deployment of instrumentation giving aspect
angles, atmosphetic transmission path, fields of
view and the like, all contribute cessential
information for analysis and project assessment.
Radiometric requirements were  discussed  in
Section 3.1.1. Where similar insiruments 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 scts recorded and assumptions, where made,
documented. I the preceding steps have been
properly observed the measurement progranmme
should be successful, To mitigate the cftects of
any equipment failure during u test flring it may
be possible to duplicate some essentinl measure-
ments.  Instruments should be sited to guard
against acoustic and ground-borne vibration,
cqually they should be protected from  the
possibility of rocket motor Failure.

Step 8 :- The purposc of this step is to formulate
techniques for calculating plume  radlation
signatures against test duta obtained from the
foregoing steps. To compare calculated levels of
plume radistion with measured tost resulls the
parameters pertaining to the test conditions must
be used as input data lor caleulations. The
measure  of agreement coming Ifrom these
comparisons will determine the conlidence placed
on the calculations for use twhere mcasurements
are not possible.

A plume flowficld should be calculated Tor
the conditions under which the actual test took
place, observing the precise propellant composition
with trace metal impuritics and motor design
features affecting gas flow.  Radiation codes
should reflect sensor wavelengths together with
their deployment positions and plume viewing
aspect angles, the spatial and temporal nature of
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the radiation and the atmospheric  signal
attenuation. If measurements are made in a wind
tunnel or on a missile plume in flight, the
appropriate free-stream flow conditions must be
known,

Predictions of rocket exhaust properties
generally lollow the stages indicated in Figure
5-28, First an cquilibrium chemistry code is used
to caleulste  chamber  conditions  and  the
temperalure, pressure and cquilibrium chemical
species  concentrations at  the nozze throat.
Novzle expansion flow calculations may be made
in a4 number of ways ranging from one-
dimensional  chemical  equilibrium, to  three-
dimensional  multi-phase  flow with  chemical
kinetics,  The exhaust structure for static motor
lirings can usually be well simulated by a finite
dilTerence marching program (such as REP or
SPF)  which  gives  spatial  distributions  of
non-equitibrium  chemical  species,  temperature,
velocity, pressure, and turbulent mixing based on
limited assumptions, For wind tunnel and flight
plumes, base recirculation or  separated flow
eftfects with non-equilibrium chemistry may have
o bhe  included o obtain more  accurate
caleulations of plumie structure,  The appropriate
applications  code(s) are then applied to the
caleulated Powficld using the test geometry and
applicable transmission path effects to obtain the
results that may be compared with the measured
data base.

Step 6 - Comparison between caleulated and
measured values often yields discrepancies.  In
this step appropriate, judicious adjustments to the
caleulations are made within underlying scientific
bounds 1o give closer agreement with measured
values. For insiance, if the ncar ficld radiation
includes a searchlight effect, the measured plume
continuum radiution will be larger than that
predicted by a code ignoring such effects. The
demands of prediction accuracy may require
maodification of the code to accommodate this
feature. Alternatively, disagreement between data
and prediction may bhe caused by different
phenomena.  An impurity in the propellant, such
as sodium, may produce strong cmissions in the
visible spectrum that arce not predicted by the
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code, This may be the result of excluding saxdium
reactions from the plume flowfickl calculations or
an inability of the radiation code 1o predict these
line emissions,

A prediction technique is sirengthened it it
can be confirmed against a range of conditions,
inctuding flight. Although these conditions may
not completely match those for the systems of
interest (eg. a diffcrent motor) the validation
process increases confidence in the calculation,
putting it on a much broadcr base.

Step 7 :- This is the step where plume Hlowlicld
and application codes are run for the operational
conditions of interest, Predicted values of plume
signature and other clfects yicld information From
which decisions about system design, tacties and
other system-level parameters may  be  made,
Depeading upon the codes used tor the specilic
test and operational conditions, improvements can
be achicved when -

(i) allowance  is  made  for  riclial
pressure grudicnts.

(i)  von-cquilibrium  two-phase  flow
(thermul  and  velocity  lags  of
condensed particles) is included,

(li)  "base tlow effects” are included, ic
when a flight missile has o base
digmeter significantly greater than
the nozzle exit diameter,

(iv)  shock structure effects arve treated

If, for instance, the missile has a farge base
diameter  which  could induce  base  [low
recirculation and alterbitrning, a code without a
baseflow model would not be applicable, cqually,
inappropriate choice of chemical mechanisms can
produce Talse plume propertics  resulting  in
incorrect emission data. It is essential that the

thermodynamic, chemical and physical attributes
of the plume modclled by the cade, the maodel
limitations and the nccessity for enlightened use
of input data should be thoroughly understood if
accurate analytical assessment is to be performed.

Alter proper validation the code can be applied to
meet the overall system objectives.

Step 8 :- With  the continned advance of
compulter use in experiments and modelling the
unalysis of resulls becomes more  “machine
dependent” and the user faces the problems of
incompatibility of operating systems for informa-
tion exchange and languages uscd to describe the
information,

Suggesied duta to characterise a plume
signature are -

(h Spectral  radiunce vs  wavelength
(spectrometers) and versus time

(i In-band radiance vs time
(radiometers)

(i) Ruadiant intensity vs time

Other 1ypes of uatn presentation helpful in
eviluating the signhature are &

(i)  Video tapes lrom imaging sensors
which provide a “false colour” image
of In-band radisnce versus position.
Their use Is for subsequent analysls
of  spatial  luctustions,  spectral
irradiance, shape and geometry of
the radiating  plume  (isoradiance

In-band radiance plume

radial and/or axial profiles within

the image ticld allow the assessment
of radial symmetry, axial decay cte.

A properly calibrated video tape can

be examined pixel by pixel to obtain

information about the temporal and
spatinl distribution  of  “in-tand”
radiance from the plume,

conlours),

(i) Power spectral deasity plots which
may be performed on the radiomet-
ric duta  to  dctermine plume
frequencies.

(lii)  Radiant  intensity  vs  time  for
variations in Mach numbers, altj-




tude, ctc.

An expericnced approach to data reduction
is nccessary to cnsurc that proper interpretations
are made for code validation and the provision of
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Documentation  of records  should be
comprehensive such that there will be no need to
repeat the work should future intercst arise.
Terminology should follow the aceepled standards
given in this report and universal Sl-units, as

sufficient information for their modification.  Of

defined in Table 5.7, should be used.

primary importancy is the correct datg for
atmospheric absorption as discussed in Section 3.
TABLE 5.7
TERMINOLOGY OF INFRARED $PECTROMETRY AND RADIOMETRY
Symbol Term Units
& radiant power | rate of transfor of radiant energy w
powet
$(A) spectral rate of transler of radiant energy per unit w um'1
radiant power | wavelength interval centred at wavelength A
l radiant rudinnt power cmitted by a source into u unit w1
intensity solid angle
(A) speetral radiant inlensity per unit wavelength interval Wsr'l ;Am'l
radiant centred at wavelength 4
intensity
. 2.
L radiance radiant power emitted by unit area of wm 21
source into a unit solid angle
L(A) spectral radiance per unit wavelength interval Wm'zsr'lum'l
radiance centred at wavelength 4
E irradiance radiant power incident upon unit arca ol a Wm™2
E(4) spectral ircadiance per unit wavelength interval Wm'zum'l
frradiance centred at wavelengih 2
Rp radiant power | the output of an instrument lor unit radiant instrument
responsivily power input units W*
Rp(A) spectral radiant power responsivity per unit Instrumetl\l |
radiant power | interval centred al wavelength A units W™ tum”
responsivity
Notes 1 The output signal of radiometers and spectrometers is the sutput voltage of the instrument

detector/pre-amplifier combination modifica by subsequent electronic and mathematical
signal conditioning, When used in evaluating R - and RP(A) it is usually referred to as o
standard gain conliguration of any variable gain amplificrs.
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Fig. 5-10 Plume Radiance Calculation Performed with Parameters of
Table 6
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Fig. 5-12 Atmospheric Transmission (between 2.0um and 22.0um) at Sea Level
and High Altitude
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Fig. 5-19 1SO-Radiance Contours for a Composite Propellant Rocket Motor
Exhaust "
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Fig. $-20 Spectral Irradiance at 700m Range, 25° Aspect for a Composite
Propellant Rocket Motor Exhaust
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Fig 5-21 Axial Temperature Profiles Predicted for Unsuppressed and
Suppressed Secondary Combustion in Exhaust of Double Base
Propellant Rocket Motor. Static Sea-Level Conditions
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Fig. 5-26 Schematic Diagram for a Radiometric System
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1.0 INTRODUCTION

The rocket cxhaust is a hot and highly
turbulent gas jet, It possessses clectrical properties
that have scrious implications for the missile
design engincer employing microwave communi-
cation systems. Guidance and tracking can be
heavily degraded as a result of interference from
the plume while the scattering of radar signals
and the emission of microwaves (parucularly at
millimetric  wavelengths) may  offer  the
opportunity of detection by an adversary.

“Microwave” is a generic term used broudly
to describe the centimetric region of wavelengths,
for the purpose of this chapter it will include that
part of the millimetric range as outlined in the
next paragraph.

As a puideline, operating frequencies of
tactical missile systems typleally fall in the range
3GHz to 120GHz That Is not to say that
frequencies  outside this range are  excluded,
Equiptnert that is small and light has obvious
attractions for tlight applications and where light
vehicle and  man-portable  devices  are  used,
Perhaps more important, the shorter wavelengths
offer narrow, well defined beam properties  amd
low side lobe intensity favouring good resolution,
reduced interference and impraved stealth,

2.0 PLUME MICROWAVE PROPERTIES
2.1 Attenuuation (uhsorption)

High wvelocity, fuel rich gases cjected from
the nozzle of a rocket motor mix with oxygen
entrained  from  the surrounding  atmospliere
producing conditions that can cause the onset of
exhaust  combustion, often  referred o as
"secondary combustion” or "éf'terburning”.  Should
this occur, a rapld rise in exhaust temperature
promotes the fonisation of cusily {onisable metals
such as sodium and potassium which are found as
intrinsic impuritics within the propellant.  The
clectric ficld of an incoming wavefront from a
distant  transmitter  interacts  with  the  free
clectrons of jounisation in the exbaust,  Encrgy is
taken from the field in the acceleration of
clectrons and is dissipated in collisions hetween
these clectrons and surrounding neutral molecutes
This results fn a net loss of energy from the
propagated wave. The foss and the integraied
effect of such losses over the path through the
exhaust to the “on board” receiver, is called
line-of-sight attenuation or absorption. [1]  Figure
6-1 presents the propagation geomelry,

2.2 Forward Scatter (Amplitude snd Phase
Mmdulagion)

A [further mechanism [2-5] Ly which cnergy
from the incoming wavefront arrives at the "on
hoard” recciver is described by a  scattering
process. Turbulence induced eddies of fluctuating
clectron density populate large regions of the
exhaust and become sources of incoherent
scattering as they react with the wavefield, Each
cddy, moving at local gas stream velocity, may be
regarded as a source volume (dV) contributing
energy to the overall received signal at s
frequency changed from that of the incident
wavelront by a Doppler shift imposed by source
velocity  with respect to  the receiving and
transmitting antenna,

The propagated wave along tie path to the
source volume and from it to the receiver suffers
attennation in the way indicated in Section 2.1,

The frequency spectra of  all  scattered
energy at the receiver is recorded as sldeband
modulation both of amplitude and phase, lmited
in frequency range by the plume eddy velocities,
Summation under the spectral curve glves the
total energy from this mechanism,

2.3 DBuck Scatter (Rudur Cross Section)

Forward scattering from the source volume
deseribed In Section 2.2 has its counterpart in
energy scattered rearwards, back along the path
travelled by the incident wavefront, Again, 2
frequency  spectrum  from  all contributions s
created and such cnergy is referred to as back
scatter and forms the plume radar cross section
(RCS). Ity echo potential is usually several orders
of magnitude below that of the missile body but
increasing use of radar absorbing materials in
stealth hody design is reducing the gap between
body and plume radar return,

2.4 Diffraction

Measured  values  of  plume-microwave
interference  tor highly-fonised — plumes  in
longitudinal  geometrics show many of the

characteristics of electromagnetic wave diffraction
hy solid objects.  Simple diffraction models have
been able to account quite accurately for the
observed  relatonships  between  recelved  signal

strength and the angle between the plume axis
amd the line connecting trunsmitting and receiving
antentias (aspect angle) for bath static and Night
plumes. The primary  clements of  diffraction
involve

the combination of surface waves




“skirting” most of the plume volume, muiti-path
refractions, and phase-interference of
simultaneously received  signals. In  more
sophisticated models recently developed the
diffraction evolves from the mathematical solution
of the propagation equations and demonsirales

that the effect is real. Current  model
development in this area incorporates the
combined effects of refraction, absorption,

scattering, and diffraction.
2.5 Refruction

Variations of refractive index across the
propagation nath of microwave hecams will cause
distortion of the wavefront and deviated rays will
promote a multipath effect in the farficld.

In a rocket cxhaust plume Iwo factors
dominate in determining the spatial variation of
local time averaged refractive {ndex. One is the
thermal inhomogencity due to gradients of locul
plume static temperuture, the other s the
partinlly fonised nature of the plume gases cansed
by readiis lonisable impurities in the propellant
(e.g. sodium, potassium and calcium cumpounds;.
Local values of temperature, pressure  and
chemical composition, including concentrations of
charged species (particularly free  clectrons)
determine the plume refractive index Field,

Caleulations have cstimated that Tor any
given point in 4 plume chunges in refractivity dug
to lonisation arc at least an order of muagnitude
greater than those due to temperature gradients.

2.6 Exhaust Emission

In the jonised rocket exhaust the principal
processes promoting willimetric wave cmissions
[6] are considered to be free-frec  clectron
cmissions  (Bremsstrohlung), molecular  band
cmissions and [free-bound  clectron  emissions,
Where aluminium fuels are present aluminium
oxide particles may also enit thermal radiations,

Losses during free clectron-neutral body
collisions occurring naturally in  the  jonised
cxheust form the so called Bremsstrahlung, or
frez-free emission, which is a continuum
radistion. 1t s governed hy ihe ionisation
processes supported by high exhaust temperatares
and alkali metal impurities in the propellunt.

Electron concentrations of  10'3m3 1o
10'8m™3 and collision frequency of 10''s™! ace
typical at sca level.

Narrow band spectral emissions result from
the change In cnergy siale of atoms and of
molecules.  In the atomic case, free<bound
emission takes place at clectron/ion recombination
when the acceptance of an electron releases
transitional encrgy in radiation. If the electron
enters an outer orbit at an excited energy level of
high quantum number (n), it will either
immediate'y drop to the ground state or cascade
downwards through decreasing energy levels and,
in so doing, rclease a series of photons at discrete
frequencics.  This process produces the spectral
lines of recombination, Orbits associated with
high quantum numbers have liltle difference in
energy level and the transitions between them
cemit at millimetric wavelengths.  Sume also
observes that for high quuntum levels (n = 24 at
300GHz, n = 60 at 30GHz) excited electron
orbilal radil become large making atomic nuclei
resemble point charges.  Consequently, recom-
bination spectra can be similar, comparing one
clement with another and very much like that of
the hydrogen atom, The molccular caso involves a
chunge  in  molecular  rolational  state  with
vonsequentint release of cnergy,  For molecules
present in the exhaust, commonly H,, H,0, CO,
CO und Na, to contribnte to molecular rotational
cmissions they must undergo a change in electric
dipole moment.  Of those mentioned, Hy, CO,
und N, huve molecular symmeley and for this
reason do not contribute,  CO and H,O are
asymmetric muolecules wher @ changes in dipole
moment altend changes in rotatiunal state and as
such are of particular interest in line radiation
within millimetric wavebands.

3.0 OPERATIONAL IMPLICATIONS

3.1 Guidance und Tracking [7]

Microwave radar has been g long established
muans of missile location, tracking and guidance,
It is capable of providing un all weather function
in a variety of roles and for successful operation
the guidunce and tracking communication links
must be free of serious interference, It is clear
'rom Scetions 2.1 and 2.2 that the rocket exhaust
is & potential source of such interference with
serious  system  implications if the signal link
passes through, or close to, the exhaust. This is
particularly so il' the rocket motor is required to
burn unabated to maintain closing velocity in the
tei ainal stage of an engngement and approaching
maximum range.  Figure 6.1 shows the general
geometry of a situation where the wavefront of
the transmitted wave illuminates the whole plume
and the line-of-sight to the receiver passes through
the plume.  Quite clearly, attenuation by the
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plume must be scen as an insertion loss within the
microwave communication link. Furthermore, the
sideband noise resulting from the scallering
process of Section 2.2 and represented in principle
by a single cddy (dV) in Figure 6.1 can be at
frequencics that may ‘aterfere with semi-active
homing systems.

3.11 Beam Rider

Beain riding missile systems can sufter from
plume cffccts because the missile lies in the target
tracking beatn. For a successtul interception the
centre of the tracking beam must be maintined
on the target and this requires very precise
angular measurement by the tracking radar
Beem attenuation or distortion due to the rouket
exhaust could degrade the turget definition that is
so crucial in the closing moments before impact,
Guidance signals to the rear acrlal of the missile
can pass through highly attenuating regions ol the
plume.
3.1.2 Radar Commund ro Line of-Sight
The beam riding missile reguires only o
simpie guidance recelver which minimises  the
cost, weight and complexity ol the guidance
payloud, This advantage Is carried into the Radar
Command to Linc«of-Sight (RCLOS) guidance
system where the tracker locks on o the target
and, when the missile is ulrborne, continnously
mcasures the angle hetween the missile and the
target, 1t ds a technique that allows o relianation
of beam centre 1o arget aceuraey, seen as i
problem in the beam rider, but to some extent this
accuracy is now transferred to the measurement
of the missile to target angle,. A separale
command link. usually operating at a wavelenpth
different from that of the tracker, gaides (he
missile to reduce the angle o sero thereby
maintaining a line-of-sight interception  course.
Rocket oxhaust interference problems associated
with the beam rider system apply cqually to the
"RCLOS” system. Refraction ol the ougoing
target tracking signal in the outer regions of an
cxhaust plume can introduce multipath effects at
the target which cause returns at the (racker
veceiver ¢ produce false positional information.
This results in erratic manocuvres by the missile
as guidance commands respond to  this  false
information,

313 Semi-Active Homing

The principle of semi-active honung systerns
is one where the target is illuminated and tracked
by radar and the missile is launched on an

interception  course  ahead of (he target,
anticipating its future position. A target seeker in
the nose of the missile receives reflections from
the target and determines its direction in space.
Reference signals from a direet link  between
missile and tracker combine with the secker
cutput  to  establish  target range and  speed
(Doppler) providing continucus guidance update
until impact, The integrity of the system is again
threatened by rocket exhaust interference in the
form of attenuation of the rear reference and
corruption of its information by sideband noise or
as  "spillover” noise into the missile forward
recelver or as a4 contribution to “clutter”, a
commonly used term to describe unwanted echo
signals I'vom objects other than the target such as
pround, sea, counter radar chaff and precipitation,
To counter the cflect of “clutter’, natural or
intended. iracking and seeker radars often employ
“rangegates’ and “speedgates”. They are similar in
cotieepl, The “rangegite” discriminates apainst
radar returns other than those within a prescribed
distanee Frame from the transmitter while the
"speedgate” acts similarly in diseriminating against
those radar returns that full outside o prescribed
“Doppler” frequency band which can be related to
the velocity of the target,  The signal to clutter
ratio is signitfcently fmproved by thelr use,

fn the context of semi-active  homing,
incoherent  pulse radar  systems, giving range
information, would bu scusitive to the amplitude
ol spurious sighils that may appear as “clutter” in
the rangepae.  Continuous Wave Doppler and
Colierent  Pulse  Doppler  systems  would  be
sensitive to signals having sideband frequencics
that may offeet the operation of the "speadgate”
rilter,

Anindication of the "Daoppler” frequencies
cncountered may  be tound in the  simple
relutionship 1)y = 2V/A where £y is the “Doppler”
Frequency shift for o given radial target velocity
(V) and stationary radar of wavelength "A",
kIS ) Active Rudur Homing
i a semicactive homing missile the seeke. is
a tracking radar without the transmitter for target
ilumination. The active homing missile has the
transmitter  included making the missile  fully
antonomous when locked on to the target.  The
principle is that fur semi-active homing but signal
pracessing and computed vourse correction are
doae on board the missile. Oniy if the target falls
outside the range of the illuminaling radar is
there @ need for a remote signal link, this link
gives id-course guidance to the missile to




maintain it on course and bring it into radar
contact with the target. During the autonomous
stage of flight the rocket plume is unlikely to
cause problems, in mid-course guidance the rear
facing link could suifer pinme attenuation and
sideband noise interference.

3.2 salvo Operation

Where two or possibly more missiles are
{ired in a salvo the exhaust of one may seriously
interfere with target tracking or with the guidance
ol another. This can bc complicated still further
when the salvo is intended to cngage multiple
targets. The problems recounted in  Scciions
3.1.2 and 3.1.3 are valid for salvo operations but
with the addition of inter-link interference,

3.3 Detection

Microwave radiation from the exhausts of
tactical missiles can be o means of detection,
Interest cenires largely on the millimetric region
of the speetrum where propagution windows exist
in the carth's atmosphere that allow the passige
of millimetric waves over relatively  short
distances, More details of the mechunisms of
exhaust emission are given in Sections 2.6 and
4.2.7 and Figurc 1-1 of 1he Overview shows the
atmospheric  spectral trunsmission range with
windows at frequencics of approximutely 3SGHz,
94GHz and 140GH2,

Short range detection ol exhaust millimetric
radiation by passive sensors is possible and, with
receivers having good spatial resolution, capable
of providing accurate target bearings. The useful
detection range of an incoming missile will be
strongly influenced by the size and thermal
ionisation characteristics of its exhaust,  Much of
the Intense radiation may be obscured by the
missile body when viewed at angles near 1o
"head-on®. Narrow angle reception would require
rapid scan operation for surveillunce purposes, the
alternative of initial wide angle reception is likely
to reduce detection sensitivity with  increased
hackground level, particularly at tow clevations
near the carth's suriace.  As a defence aid the
detection of exhaust millimetric radiation may
form part of a hybrid system to  provide
surveillance, deteclion and counter action,

3.4 Discussion

In trying to outline the problems associated
with exhaustmicrowave system interference no
attempl has beea made to offer solutions, Those
engineer

available 10 the depend on the

operational role, but few overcome exhaust
interference without recourse to expediency and
some penalty,

Some soluticns might be -

(i)  Flight path offset at critical periods of
flight to avoid excessive signal losses.
Penalty : Loss of optimum path,

Frovide  clectronic  discrimination
against  interfer. nce. Penalty :
Increased electronic complexity, and
cost,

(if)

(ifi) Usc ol multiple antennae or refiectors
attuched to wing surfuces (o remove
propagation  paths  from  highly
attenuating  regions ol the plume.
Penulty ! Lowered ucrodynamic
elticiency,

(iv) Boust-Coust propulsion such that the
exhaust Is absent in terminal stage of
useful  light, Penalty :  Restricted
terminul - velocity  (hot  always  of
importance),

The reduction  of free  clectron
concentrations - the  plume by
chemicul modification of propellant,
Penalty ¢ None) costs are in original
propelant  formulations, However,
should it be a remedial change of
propellant 1rom 1he original then costs
catild be extremely high,

v)

(vi) The use of an Active Homing System
without mid-course guidarce,
Penalty © High  cest,  clectronic

complexity and weight,

While the broad principles of microwave
homing, guldance, tracking and detection remain,
sub-iystem  technology  has  advanced to  a
remarkable degree.  Reference 7 details sotae of
these udvances. Where past missile-borne tystems
have reqguired lurge and heavy miccowave and
signal  processing  units, new  gencrations of
microwave cquipment have become much smaller
due to modern circuit design and fabrication.
Signal processing, with the advent of monolithic
integrated  circwit  technology, has  led to
mindaturization  which has  been  carried into
microwave technology with stripline  techniques
and microwave integrated circuits,

Millimetric waves ol the advantage of

6-7
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smali, lightweight systems having very narrow
beamwidths with good spatial resolution, essential
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 noticezble in
antenna design,  Whereas at & frequency of
JUGHz the antenna may have a diameter of 1.0m
for a given beam width, at 9SGHz, for the same
heamwidth, the antenna diameter will be 0.0,

This miniaturization process now makes il
pnssible to have a complex homing system, such
as that of active homing, within a missile of some
120mm diameter. One outcome of this reduction
in size and payload s the opportunity (o reduce
the size and thrust required of a rocket motor lor
& plven performance such that motors having
combustion suppressed  exhansts  become  the
preferred option,  This chapter will show  that
avoiding sccondury combustion (afterburning) i
the exhaust will prevent exhaust  lemperatures
rising to cause fonfsution and, withoul a large rec
clectron population, exhaust emisslon  witl e
dramatically reduced while attenuation and the
generation ol sideband nolse will no fonger he a
problem.

4.0 ASSESSMENT METHODS

4.1 Meusurement Technlques

The greater number of plume measurements
have been made under siatie, seastevel conditions
with both transverse and fongitudinal propagation
paths To a lesser extent wind tunnels and altitude
chambers have provided information mainly with
transverse, focused beam studies, Dedicated flight
trials huve been  rare and  propagation  data
obtained is difficult to accurately mateh with
missile Flight attitudes,

4.1.1 Static sea-level
4.1.1.1  Attenuatlon
Transverse  measurements  [89,10] ol

attennation made with focused microwave heims
over very short propagation paths through rocket
exhausts offer the opportunity to spatially map
the extent of the clectrical plume by studying
local properties at selected stations, Information
gained in this way is especially valoable for the
validation of thearetical models,

A system occasionally used in the UK
opereted with dual frequency chanaels, 14.5GH,
and 35GH7. Separation between cach transmitter

andd its receiver was 1.22m and matched conical
horns with diclectric bi-convex lens formed the
focused beams. The spatial resolution in the
vicinity of the Tocus, midway between the horns,
presented an Airy dise radius of 0.057m for
14.5GHz2 and 0.023m for 35GHz2. Each microwave
asseinbly was housed in & metal acoustic cabinet
on antisvibration mounts to minimise airborne and
groundborne interference. These were then
mounted on a [frame which was raised and
lowered by clecirically driven jocks,  System
simplicity reduced the risk of fulse measurements,
cach trunsmitter  consisted of a microwave
pencrator, an isolutor and a microwave feed to a
lens corrected horn via calibration attenuators,
Stmilarly, the recelvers had lens corrected horns
terminated by a crystal detector, Much the same
cquipment was used in the US through the carly
19708 when measurements of this type were last
miade, A typical experimentul facility Is shown in
Flgure  6-20  with  results  I'rom  attenuation
measurements using such a system compared with
prediction in Figure 6-2b,

The convept of longitudinal measurements is
ohe  where  propagation  palk  geomelries more
nearly reseible those of a missile system, The
receiving antenna is mounied on or near to the
st motor, cammonly in the nozze exit plane,
atidd the propugation path is to a transmitter in the
fur  field  at sutficient  distance 0 allow
illuminudon ol the whole plume by a plane wave,
The line of sight between the two  antennae
intereepts the plame  axis at selected narrow
aspeet angles.  Multipath  interference by
rellections  trom intruding  ohjects  in the
propagation Cicld shoulu be avolded. A general
eeometry is shown in Figure -1, Rotation of a
turntable mounted rocket during firing permits
atlenuation to be measured as 4 function of plume
aspeet  (viewing)  angle, Figures 6-3 shows
examples of such measurements where attenuation
was recorded for motors with propellant variants,
The  ratios, o ¥8/20, refer to the
solidwaluminium  propellunt loading, A plume
induced multipath ¢lfect, showing enhanceinent of
the signal at some negative aspect angles, s
clearly seen.  Further ancasurements compared
with predictions are  discussed In Section 4.2,
Plume insertion less and  amplitide modulation
have been measured Tor iguid and solid rocket
motors  at o variely of plume  axis/wavefront
intereeption angles in the frequency range 1.0GHz
1 140G H,,

Equipment: A ncasuring  systemy |11
typical in plme studies consists of a microwave
bridee in which one arm s an air path subjected




to interference by the rocket exhaust and the
second arm is a coaxial link providing an
unmodulated reference (Fig 6-4), Propagation lies
between two towers 31m apart and 9m  high
(UK). A 1.4w, 9.5GHz source supplies power 1o a
"hoghorn” antenna on the transmitting tower and
a lower power to the refercnce link between the
towers, The receiving tower houses the rocket
motor mounted on a rotating thrust stand with
the receiving antenna attached 1o it adjacent to
the nozzle. Both antennac are co-plunar in the
horizontal plane.  Antenna polar patterns are
shown in Figures 6-5 and 6-6 with the trunsmitter
pattern, broad In the horizontal plane to
flluminate the whole plume at any aspect angle
and narrow in the vertical plane to prevent
spurious ground reflections,

Received and reference sipnals are mised
with those from a local oscillutor il the
resulting intermediate frequencies (IF) are passed
to the main processor housed in n control room
90m from the towers, Diode detection is nsed to
extract the amplitude moduluation, while received
and reference IF signals ure compared (i phase
sensitive detector to obtaln phase modulation.

Attenuation is measured by mixing part o
the received IF signal with thut from a crevsial
controlled osclllutor to provide a low Irequency
output for dircet recording. 1o is seen a8 a signal
loss over a linear dynamic range ol 40dB,

Typicul Performance

Auenuation

Dynamic range 1) B

ysle solution  amplilnde  and - phase
madulaiion)

-100 dB to 120 4B
dB o -103 4B

At () dB attenuation
At 30 dB attenuation - 99

! '[[J:v:- ’n |Ii

Signie AM 10 PM 27 B
PM to Signal AM -30 dB
Ref AM 1o PM -10 4B

Polarisati

Can be vertical or horizontal. Oceasional use
of circalar polarisation,

Analysis
Analogue and digital techniques are used.

4.1.1.2  Signal Scattering

Encrgy from an clectromagnetic wave
incident on the exhaust of a missile can be
scattered forward into its “on-board” receiver
where @t is seen as amplitude and phase
modulation presenting unwanted sideband noise to
the system,  This may distort or obscure vital
communication signals rendering the missile less
effective  or  causing  mission  failure, The
geometries of Figure 6-1 clearly indicate that to
observe the true scale of scattering by turbulent
diclectrie  eddies  the whole plume must  be
(Muminated by the incoming wave,  Scattered
signal strength s measured with the equipment of
Section &1L and analysed using u  Fourier
process  where Irequency  components ol noise
Form w spectrum us shown in Flgure 6-7 with
vilties referred o a received signal level (i.e. after
attenuation) and quoted in o 1,.0Hz bandwidth,
The curves show amplitude and phase modulation
speetra wind are compared with the amplitude
mochdation spectrum (RPE) of an indenondent,
stnbiar equipmant operating simultancously at the
sameaspect angle,  Phase  modulation of &
9.5GH2 incident wave has been recorded over a
range of rocket mators and, for small amplitude
signals such as those generated in the plume, has
ylelded phase speetra thint are in agreement with
simultancously recorded amplitude spectra (UK),

To measure backseatter (radar cross section)
‘ram the plunie the transmitter and receiver are
in the siame iocation (mono=static radar) with the
receiver meastring signal returns echoed from the
missile exhaust,  These scattered returns can be
eapressed as an elfective area compared with a
known standard reflector and represent energy in
the urea ander the spectral curve,
4.1.2 Wind Tunnel (Nimulated Flight)
Wind tunnel dynamic plume tests, with a
co-llowing Pree stream at altitude, provide the
closest simulation of an in-Tight missile, although
there are often restrictions on antennae placement
and undesirable shock reilection and wall cffects
o he  avoided. Transverse  allenuation
measurements are hest suited to these facilities
and  have been nselulb for analysing plume
phenometiv observed in flight,

Representing this type of work Figure 6-8a
presents

data for two composite motors  with
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different levels of aluminium fuel (10%, 12%) and
compares these with essentially identical motors
but with the inclusion of small quantities of
molybdenum  trioxide a8 an  attenuation
suppressant. The reduction in attenuation due o
the additive is clearly demonstrated  and e
mechanism {s further discussed in Section 5.1, In
Figure 6-8b results are shown from 4 wind tunnel
study used to assess the flight data of six
propellants under simulated flight conditions, In
all cases except E, peak attenuation occurred ut
maximum free stream velocity,  Propellunt E
contained 3% K,80, and full alterburning did not
oceur, C, G and F had flames fully anchored to
the nozzle,
4.1.3 Altltude Chamber

Transverse attenuation  measurements ol
missile plumes penerated In altitnde chambers
were made for a number of years at the US Naval
Rescarch Laboratory and to a lesser extent in the
UK [12], A similar capabillty now exists at SNPE
in France, Results from such mwasurements aie
shown in Figure 6-9 where attenuation for (wo
composite  motors  al simudaded  altitudes
(~285/28K1 and  ~dr42kE) are vompared  with
attenuation at sea-level,  Such measurcments have
Himited use since they negleet all dynamic aspects
of [light, however, tiey make it pussible to show
the effeets of reduced wmblent pressure on certiin
chemical reactions oceurring in the exhaust plume
(particularly recombination reactions). Relerence
13 also deseribes NRL tacilitios belng used with
co-Flowing airstreim for prediction validation o
M2.2  and adtitude 108K v ongatimdinal
measurements have dubions vidue when operating
in contined spaces with chambee vwadl - eflections
and limited geometries

4.1.4 Flight Testing

Figure 0-10 is an exampie ol attennation
data gained from a well-instramented Hieht test,
Rotations of the wmassile  during tight (s ')
provided data From positive and negative aspect
angles and from  propagition paths wor in the
anteniivaoede-asis - plane, The  vadation ol
attennation with altitude (Z) aid missile selocity
(V) s clearly seen, while thie muatar combustion
chamber pressure (P2) inaicates the state and
time of burmng, Such informavon s hielptul to
the vadidation of longiadinal propagation inodels,

Tn-tlighy atennation data dor positive aspedt
angles,  ie, Cthreoeh the phine ) for s
propellants of Figure 0 8h e st el i
Figure 6-11. The order ol wttenation s dideient

between  simulated  and  actusl  flight  data,
Propellants D and H had the lowest in both cass.
Propellant E in the tlight measurement gave high
atienuation suggesting that the plume in this case
was  fully burning. Propellants C and D were
identical apart from the additive (P,COy) in D
which was active us an attenuation suppressant,
Missile/buse diameter ravios were small indicating
i large base with the likelihood that base
recliculution  and  a critical  combination of
varighles contributed o sormie of the differences
observed,
4.1.5% Plume Emissions

To date emisslon data are sparse, One UK
based experiment  afforded the opportunity to
undertake  dual  frequency  measurements  of
emissions from double buse and composite motors
of 30N and  IOKN thrust, respectively, The
frequencics ol interest were nominally 35GHz and
YoGH2  and  siwdlarly  constructed  radiometers
vonsisled of a dish antenna, radlometer head with
i Dicke relerence, womiser with LE amplifier
fealing 1o a detector and bund puss amplifier and
Fingdly coupled oo correlaled detector, The
antenna 3dB lobe widths were 1.3 dogrees and 0.8
degrees Tor 35GHz and 90GH2, respectively,
Data from e radlometer were unalysed by u
dedicated  computer, Plgure 0-12 shows  the
measared  apparent brightness  temperatures  Tor
the composite propellant motor and Figure 6-13
shows sitnilar vadues For the double base motor,

4.2 Predictiats and Comparisons
Microswan e predictions rely, i the first
tsbatice, npon the constinction of e theoretical

eabanst tctmre e whocde the time averaged
propertics ob - camibustion are quantified inoan
wsisvinmetne distribution ol components spatially
detined by il and radial co-ordinates
relerenced to the axiad point in the nozze exit,

4.2.1 Plhume Flowtield Maodel

Flowtichd models 819 used For micro-

wave prodictions e Hose used tonr dll other
plime predictions but o have Tive  important
additional properhies that are particular 1o

cronse eomreractions and st be incloded ;-

W N wmeation Jhiomistey,  especiadly
that Tor alkeli metal impurities. Othier
et thit may interact with
and altect the oniation processes.,

SPOLICY

) Paramerers that letiae the plui




turbulent  structure which, as a
niinimum, include turbulent intensity
related to electron density fluctuations
and turbulent length scale

(iii) The electron coflision frequency.

(iv) Free eclectron concentrations given by
ionisation processes. [20)

All of these parameters will have specific
values dictated by their spatial distribution
throughout the plume as shown in Figure 6-14.
Turbulence quantities must be appended to the
values shown in Figure 6-14, these can be derived
from turbulence kinetic energy values used to
determine the shear layer mixing for the
time-averaged flow, It is important [15] two
consider the recirculation region established at the
base of the missile in flight when the base
diamcter substantially exceeds the noz-le exit
diamcter.  Recirculation affects the development
of the downstream plume and may be critical to
the onset of afterburning. Calculations [21,22] of
this region are commonly based on iterative
solutions over a fixed grid domain and, because
the method is demanding of compuler time amd
storage, computations are normally confined 1o
structural information close to the nozze exit
where recirculation is significant,

4.2.2 Attenuation

Line-of-sight calculations are  based on
computing the absorption of a single RF ray as it
passes through the plume. Along the ray path,
the plume is assumed to absorb as a scries of
homogeneous plasma volumes normal to the ray.

The attenuation «r (or cnergy absorbed) per
unit path length (dBm-!) is given by [1,15]

o= 8,686 (% ) [—(lzz-f‘—)- +

Yol @P)

where A = a)p2 (v2+ wz)_l

The phase shift coefTicient g is given by
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............

1
{(1 -a) iy Al (51)2} i] : (42)
The total phase shift 0 arough a length d’
of homogeneous plasma is

0=(8—fo)d

w
Wi = e
here B = < and
¢ = velocity of light in vacuo

The terms « and B are the real and
imaginary parts respectively of the complex
propagation constamt 7 which delines the electric
field of the propagating ray -

E___E c‘/X c'((vl
(4]

- Eo c_-x(m + i) c-lwr

where y =« 4 i

In certnin cases the predicted line-of-sight
attenuation !s a reasonably good estimate of
meitsurable values,  These include focused-beam
transverse  attenuation where at the point of
interscclion between plume and beam axes, the
halt’ power radius of the beam does not exceed
one forth of the plume radius. Equally,
predictions of longitudinal (diagonal) atienuation
by the line-of-sight method have shown reasonably
good agreement with measured plume attenuation
from composite propellants containing less than
5% aluminium [15}. Such plumes had a predicted
maximum ¢lectron density of less than 10'6m°3
and showed a ratio of measured maximum
longitudinal attenuation to measured maximum
transverse attenuation that lay between 7 and 10,
A range of composile propellant plume data that
meet or fuil these criteria are given in Figure
6-154 where measured values of the ratio fall
between 0.7 and 10.

That diffraction may play a part in

microwave propagation through highly ionised
exhausts is indicated by combining results from
transverse and longitudinal measurements and
comparing them with predictions. Figure 6-15b
compares longitudinal attenuation measurements
for a given doublc base motor with predictions
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from the linc-of-sight code. At small plume
interception angles fiom the axis, attenuations of
100dB or more are predicted. This is in marked
contrast to the observed insertion loss which
varies between -10dB and -30dB depending upon
the location of the receiving antenna. Morcover,
at these small angles the variation of measured
insertion loss with frequency is not that to he
expected should absorption be the dominant loss
mechanism.  Only at larger interceplion angles,
where comparatively short path lengths close to
the nozzle exist, is there reasonable agreement

between prediction and measurement.  This is
further confirmed by Figure 0-2b,  where
transverse measurcments at  35GHz, using a

focused becam system, agree well with caleulated
values of attenuation for the same motor, It is
clear however, that should attennation measured
over the relatively short diametric pith at 2w e
present over long paths through the length of the
plume then altenuation in excess ol 1GAB wonkd
be expected. For exhaust jets where high clectron
desities exist, the insertion loss is not governed
solely by absorption and other  propagation
mechonisms such as difTraction should be sought,

It ds particularly interesting to examine the
flight data analyses in Figure 6-10, the transverse
wind-tunnel attenuation measurements of Figure
69 and calculittions praphicilly summirised in
Figures 616 and 6-17 in which buse recireutating
flow was coupled 1o the downstream Howfield
48}, All employ a common propellants propedlion
'C* which I non-mutallised, consisting of 244
polyurcthane and 75% ammonium perchlorate, T
the wind-tunnel tests the results were very
sensitive to freesstreamn Mach wumber, Below
Mach 2.8 there was no afterburning, resulting in
negligible attenuation. At Mach 2.8 and above,
base burning induced combustion in the plume
and attenuation reached a level comparable with
those in Figure 60-16.

Figurc 6-161 shows temperature cileulations
for prapcllant 'C* at 7.6km altitnde, a velaeity of
M 2.2, with a 0.127m diameler missile base and
0.042m novzle exit diameter (€ = 4.3, p. = 4 x 10°
P,). This Mach number was chosen because it
corresponds to the onset of vigorous atterburning
in flight tests using this propellant in a motor the
size of that analysed in Figure 6-17. 10 is obvious
that the calculations without a base cftect show
no afterburning at all, whereas the effect of the
hase is to cause significanmt afierburning, and, as
scen in Figure 6-16b, a dJdramalic increase in
clectron density, Predicted sea lesel altenuation,
wind-tunne! data, and predicted attenuition lor
simulated flight conditions are recorded in Figure

6-16¢. The wind-lunnel data were obtained with
a motor having a quarter of the thrust of that for
which calculations were made, The base diameter
was the same lor both cases. The wind-tunncl
data in Figure 6-16¢ have been adjusted by
doubling the value on the abscissa which should
partially compensate for the difference in thrust
between the measured and calculated cases.

When the plume size is scaled up to that
actually tested in [ight (0.406m base diameter,
1.134m noszle exit diameter), calculations
indicate (hat the base cffect is no longer critical
to the initiation of in-flight afterburning or
altenuation, although the base effect causes
alterburning to start much closer to the nozzle
exil. The same base diameter 1o nozzle exit
diameter ratio is maintained in Figures 6-16 and

6-17. The results shown in Figure 6-17 are
compatible with longitudinal nicrowave
attention levels down 1o 20dB, which were

measured in Hlight tests of propeilant 'C',  The
in-tlight datia have been reproduced fairly well by
combining  the  vesults of  Figure 6-17  with
cleciromagnetic propagation  caleulations, which
include the effects of refraction and diffraction,

Figure  0-18h  compaies  mreasured  dod
vitleulated Tongitudingl attenuation for a rocket
motor having o composite propedlant containing
ST alminium. This did not produce a highly
atteniating  eshaust,  and  simple  line-of-sight
paredictions were adeguiate,

4.2.3 Frooward Scutter

Catleulations of Torwird scattering [2,23,24,
28] of microwave radintion by exhaust plumes
have been performed sinee the mid 19608, In
these calenlations it is assumed that a4 receiving
antenna is mounted  at the  rear of a
rocket-propelled vehicle and is illuminated by a
plane wave.  The geometry of the problem s
iltostrated in Figure o-1a, which also defines some
of the wvariables.  The incident  plane wave
ilhuminates the whole of the exhaust jet so that
posver is scattered from all parts of the jet into
the receiving antenna, Turbulence-induced eddies
ol uctuating  clectron  densily  populate  lurge
regions of the exhanst and become sources of
signal scattering, moving at local exhaust velocity.,
Each source volume (V) contributes in some
measure (o the overall received signal strength,
but at a frequency removed from that of the
incident wave by a "Doppler shift” imposed as a
result of local cddy gas velocity with respect to
the receiver. Suvattered energy received in this
manner s related to the incident-received signal




by the equation :-
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where P, /P; is the ratio of the noise power to the
signal power, Gg, the receiving antenna gain in
the direction of the transmilter and Gg, that in
the dircction of the clement dv. The distance
between the receiver and the scatlcring clement is
denoted by r and o is the volume scatlering
cross-section, The volume of integration includes
the whole plume. C, is the attenuation loss factor
along the path through the plume to and from the
element dv,

The volume scattering cross-scction (o) is a local
property of the exhaust plume and may be shown
to be -

g 203X 32742 1’ 5in2 y o
(1 + r3?)? B

(4.4)

2
where n' = [ncl lz the turbulent

fluctuation of clectron density [¢*] and

B =( + 4 k 2 Sin?' w/2) Ho

the Kolmogorov turbulence function,

I this equation r, is the classical clectron
radius, y the angle between the direction of
scattering and the dincident cleetric vector and
the scattering angle. 1 is the local intensity ol
clectron concentration fluctuations, ny is the local
mean electron density and ‘0’ the turbulent lengih
scale. v is the local clectron-neutral body collision
frequency, @ the angular frequency of  the
incident signal and k the wave number (k = 2:1/A).

In Equations 4.3 and 4.4 the angics  and o
and the distance r may bhe determined
geometrically; w, k und the reeeiving antenna gain
function are known characteristics ol the
microwave system. I ng, w, | and a are defined
throughout the plume  flowlield  the  scatiered
power may be caleulated,

Fluwticld calculations can provide local gas
velocity, mean  clectron  density and - clectron-

neutral body collision frequency but considerable
uncertainty

surrounds the wrbnlence

6-13

characieristics.  The turhulent length scale (a) is
commonly taken to be the correlation length for
turbulent velocity Rucieations which may differ
from the required length scale for fluctuations in
clectron concentration. It is calculated using a
two-cquation turbulence model in the plume
structure program.  The turbulent intensity (I) is
often set lo unity but can also be seen as a
function of axial distance downstrcam of the
nozzle exit and a corresponding radial distance.
Both puramcters arc discussed in greater detail in
Reference 20,

The "Doppler” frequency shift of the power
cntering the receiver from scattering elements dV
is wrillen -

¥ = 1 {cos ﬂl - cos ﬂz ) (4.4)

D
A

For a given clement (dv), if the wavelength
(£) ol the incident wave and the local gas velocity
(u) are known the freguency of the scattered
power for angles A, and A, of Figure 6-1 can be
ubtained from this cquation.  Summation of atl
scattered energy generated in this way throughout
the plume forms the radio sideband spectra
assoclated  with  rocket  exhaust  interference.
Plume characteristics, wiich will change with
aliitude  and  lorward  veloeity, govern the
spectrum of the total received power, It may be
dominated by linc-of-sight or scattered energy or
may contain signilicant contributions from both.
Comparisons hetween prediction and experiment
are shown in Figure 0-19,
4.2.4 Buck Scutter
Back scatler of microwave radiation by a
plume is calenlated using the same scattering
cquations (4.3, 4.4 and 4.5) used for forward
scatter.  Some differences oceur in the use of the
cquations for the two situations; for back-scatter
the angle, o, is lixed at 180 degrees and the
absorption function, C_, is made of two parts that
are generally the same on incidence and departure
from a scattering clement, dv.  This contrasts
with torward scattering where « assumes all
values aml C, differs in value between that of
incidence amd departure,

Fundamental  experimental work  for
determining  plume  backscatter  has  been
conducted at the Stanford Research  Institute
(SRD in the frequency bands 7GHz to 11.5GHz
and 26.5GH7 10 40GH7 [26-30]. In this work the
exhanst plume, which was studied at a reduced
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ambient pressure of 800Nm-2, was produced by
burning ethylene and oxygen with KCI sceding to
produce ions. Variables of the plume were
studied including electron  fluctuations  ang
turbulence-scale length correlations,  Variations of
ambient pressure and the ceffects of a co-flowing
stream were not studied.  The SRI results ofler
some insight into the parameters 'n'"* and ‘a° of
the scattering equations.

An important flight trial, dedicated to the
moasurement of backscatter or, as it is often
referred to, radar cross section (RCS) was made
in the US. and the results were compared with
calculations, In general, Doppler Irequency shift
rclates to plume flowlicld velocity components
along the radar linc-of-sight through the plume
and can be associated with specilic regions ol a
Nowficld prediction that calenlates the  spatial
distribution velocity, In the backscatter prediction
code, specific RCS returns were associated with
specific regions of the plume and hence, with
specific  velocities,  These  were  then  joined
together (o form the total theoretical radar cross
section of the rocket plume,  Figure 6-20a showy
the total RCS Doppler spectrum  measured in
flight und was obtained by summing the Doppler
spectra from  nine  individually resolved  range
“hins” in the RCS [light data. Doppler shif't data
from cach of' the range “bins” can also be plotied,
cach range "bin” corresponding to a 20.2m length
of plume. This technique provided, in effect, o
“diagnostic probe” with which to interpret data
from the flight plume for comparison with
spatially resolved plume caleulations. Values from
cach of the nine “bins” arc compared, caleulation
with exporiment, in Figure 6.20h.

Past RCS measurements (RATSCAT) were
made on lirings of aluminized solid  propellant
motors and liquid motors seeded with controlted
amounts of potassium to produce tree clectrons
and thus modily the RCS [31]. The data collected
was not taken with Doppler radar equipment but
there is good total RCS data  viewed [lrom
broadside and angles vcither side ol broadside,
The measurements were made by rotating the
mators during firings. Early caleatutions {32} gave
reasonably good agreement with data, more recent
caleulations in whe US. are showing remarkably
good  agrecement  with the  RATSCAT
measurements [33). A sample of RATSCAT data,
from cight test firings, is shown without details in
Figure 6.21. Six frequencies. between 0.15 and
5GHz were used in the experiments.  All motors

had thrust levels of about 8.96kN with two levels
of aluminium 6% and 5%.

4.2.5 Diffraction

The transverse measurements described in
Section 4.1.1.1 and 4.2.2 support the view that
longitudinal received signal level is not determined
solely by absorption and that significant amounts
of energy can reach the receiver other than by ihe
direct line of sight. An example suggesting a
diffraction mechanism in operation is given by
Figure 6-22a and b which presents plume attenu-
ation at two wavelengths for a highly ionised
exhaust plume, The mcasurements are compared
with prediction at zero aspect angle and two
plume intersccting aspect angles.  The antcana
displacement from the motor axis was changed for
cach firing,

Measured attenuation at K band (nominally
35GH7) shows good agreement with predictions at
sero aspeet angle suggesting conformity with the
ling-of-sight theory of Equation 4.1 in Section
422 which was used for the calculation,
However as the increase in aspect angle directed
the  propugation path into regions of higher
clectron  density  so  that  conformity  lessened.
Even at sero aspect angle it is the steepness of the
curve at 15dB which gives the appearance of
agreement.  The bracketed point pair shows the
difference  in attenuation  for  the  same
displacement. Aceepting uncertainties assoclated
with predictions, experiment and theory are not in
great  disarray, particularly below the 10d4B
atlenuation level,

I band (nominally 10GH2) does not show the
same degree of agreement and with the reduced
slope of the experimental curves it is evident that
they will cross those of K hand.  Beyond the
intersection, in increasing attenuation, there will
be a oreversal oof exhaust  penetrative  powers
between Koand 1 bands, which is contrary to
Equation 3.1, Slight differences in aspect angle
do not invalidate these observations since the
family of curves allows reasonable interpolation.
Further substantiation of a diffraction mechanism
is given by the very close agreement between
plume attenuation measured for a 0.2% potassium
seeded, 20%  aluminised rockel motor and the
diffraction pattern of an alurninium cylinder (Fig
6-20). Lower potassium  and/or  aluminium
loadings of the rocket propellant result in similar
radiation patterns, but with reduced signal loss,
The apparent discrepancy  between  the  two
straight lines shown in Figurc 6-16 is explained by
a diffraction caleulation,




A good theoretical description of the
diffraction process has yet to evolve, it is a
complex subject [15,34,35]. Simple computer
programs for modelling diffraction of microwaves
by an afterburning rocket plume have met with
some success and reproduce  experimental
longitudinal attenuation data quite well. (Figs
6-23, 6-24 and 6-25). One such model is based
on the theory of line source diffraction by
semi-infinite wedges and strips and has been
consistently successful, (Fig 6-25). This and
other methods are discussed with references in
Reference 15.

Recent investigations [36] have cmployed
ray-tracing studies to estimale the temporal
development of wavefront distortion and have
indicated the possible existence of diffraction.
From plume flowfield data of clectron density
contours, a three dimensional model of the spatial
variation and gradients ol the complex refractive
index has been developed, 1t was based on a
three dimensional plume “tear drop” function
sectioned by a plane surfuce.  This cnabled rapid
progress by ray tracing leading o an investigation
of the progressive  wavefront  distortion
experienced by a plane wave propagated through
the plume, The dilfraction is dominated hy a
highly localised stationary phase region with a
position that could be defined by {nspection of
refractive waveform compression.  An cequivalent
diffractor was established having the form of an
ideal absorbing disc and combining the GTD liclls
with that from a direct ray. The cquivalent
diffractor was replaced by an effective dillracting
surface, positioned in the same way,  Three
dimensional ray-tracing ol a large number ol these
rays and their truncation at a relative phase-time
defined by the assumed location of this surface,
was used to define sccondary sources and
represent in a more natural way, the stationary
phase region within a discrete form of the
Fresnel/Kirchkoff'  scalar  diffraction  integral.
Account was taken of the very high latersl spatial
refractive index gradients in the region between
the clfective diffracting surface and the plane of
the receiver by incorporating geometrical masking
into the diffraction calculation. For small angles,
the cffective diffractor approach was justified
because the loss mechanism was dominated by the
hehaviour of the wavefront in a highly localised
region. It is also strongly influenced by the
masking c¢ffect of the intervening dense plasma
and a non-abrupt interaction of the direct ray
between transmitter and receiver.  Figure 6-26

shows a sample comparison between calculated
diffracted signal and measured attenuation tor a
high electron density plume from a double base
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propellant motor. The solid points are those of
individual firings, the full line is that of the
diffracted signal where EQ/Ei is the attenuation
fevel in decibels.  Work is still proceeding to
cvaluate this method for a range of rocket motors.

4.2.0 Refraction

4.2.6.1 Longitudinal Refraction

The refractive index of a medium is given
by n = c/v, where v is the velocity of
clectromagnetic radiation in the medium und ¢ is
its velocity in a vacuum. In an absorbing medium
the index of refraction is complex; g = n() + ik).
Solutions to  Maxwell's cquations for a
monochromatic plane wave in free space provide
the propagation constanl ¥ = « + i which can be
related to the complex relractive index (p) since o
= wnk/t and B = wn/c where w is the angular
velotity of the wave

. fle | e
=Tt
The complex nature of the refractive index
alteets the path of the ray through an absorbing
medinvm,  Poynting's vector oscillates in such a
medium, consequently the energy path cannot be
obtained from this vector which leads to
computations of considerable complexity.  If
absorption over one wavelength is not appreciable,
then the complex faw of  diffraction deviates
negligibly from Snell's fuw for absorbing media.

ny Sin 0, = ha Sin 0y

where the subscripts refier to the media on cither
side of a boundary crossed by the radiation,

It is in the outer regions of the plume where
refraction can oceur with little attenuation of the
incident wave, that energy in the wave leaving the
exhaust can be at a high level,  Calculation of
refraction in these regions, wiere the refractive
index gradients are [ow, can be achieved by the
use of contours ol constant refractive index.
While recognising that the mean refractive index
continually changes through the plume, as an
approximation the path of the ray can be stepped
through small volumes of constant refractive
index changing direction at cach interface. The
step length van vary according o the local
refractive index gradient and Snell's law can
apply.
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The results of several two-dimensional
refraction calculations are shown in Figure 6-27.
Oblique entering rays are refracted in the
direction of increasing refractive index so strongly
that they scem to almost glance off the ptume.
The fact that these rays emerge with little
attenuation can result in multi-patis effects in the
field beyond the missile which may interfere with
target tracking as indicated in Section 3.1.2 or
with other missiles in salvo operation.

Multiple ray tracing as performed in
References 34, 36 and 37 will provide a more
rigorous method of calculating refractive effccts
over a range of rocket exhausts,

4.2.6.2 Transverse Refraction

The interaction of a focused microwave
beam propagated transversely through a plume
can be developed using the same method as that
for the longitudinal case. Refraction ol a single
ray by a homogencous plume will undergo a
change in direction und path length. Summation
<[ all such rays arriving at the receiver will resuit
in a distorted wave pattern with variations of
phase and amplitude across the wave fronl, A
non-homogeneous plume increases the
complexitics of calculation since changes of
refractive index gradients within the plume must
be considered as the ray progresses through.

The encrgy in a focused microwave heum
has been reported to vary as a first order Bessel
function of the first kind.

Figure  6-28  compares  experimental
transverse attenuation data from firings of three
motor sizes containing identical propellant with
the results of the transverse refraction model,
The refraction model agrees with the data lar
better than the simpler attenuation model. In
using the model, a beam radius of 0.05m and
beam focal length of 1.0m were assumed,

4.2.7 Emisslon

The physical processes governing thermal
emission from rockel cxhaust plumes al
millimetric wavclengths have been examined by
Sume. [6] The mechanisms considered were
frec-free clectron emission (bremsstrahlung),
molecular band c¢mission, [ree-bound electron
emission, and the emission from aluminium oxide
particles in the exhausl, The dominant
mechanism was found to be the free-free

continuum cmission rom eclectrons, and I8 the
only mechanism considered in this treatment.

The monochromatic cmission intensity along
a line of sight of path length L through a
non-isotropic, non-isothermal medium is given by

1(A) =f"cxp [- f"x (l")dL'] K(®) 1, (6 4) de
[¢] 0
(4.6)

where Iy (€, A) is the local black body emission
and K({) is the absorption coefficient at
wavelength A, The absorption coefficient, at
angular frequency (w = 27wc/A), of a plasina
with no magnetic ficld present is given by Sume.

K=2w nzlc

where ¢ is the velocity of light and n, is the
imaginary purt ol the complex refractive index
(n).

Following Sume

ne = (n -1n2)2
= | - x(=i2"!
Assigning

2,2

x = wptw !

and 7 = vw”

with v as the clectron-neutral molecule collision
tfrequency and wp as the plasma frequency given
by

wp2 = Nc czleom

where N, is the clectron density, ¢ and m are the
tleetronic charge and mass respectively and ¢, Is
the permittivity of free space, one now obtains :-




or if

mp2 & v2 4+ o? and v2 € 0? or il 12 Bt
X1

n - 9
2(1427)

2

Hence, il temperalure, clectron  con-
centration and electron-neutral molecule collision
frequency are known along the line of sight, the
emission can be calculated. The quantitics can all
be predicted for a rocket exhaust jet using plume
programs such as REP or SPF.

The black body emission is given by the
Planck equation

o8 y
,=C A {cxp (€T = 1} (4.7

Since apparent brightness temperatures are
required, the black body cmission cequution is
simplificd by ignoring the first term (C,/A"‘). and
the apparent brightness temperature is caleulated.

The  engincering  quantity,  Apparent
Brighiness Temperature, Is here defined as that
temperature which is required in Equation 4.7 to
give the same output emission us In Equation 4.6
at wavelength A

A simplified three-dimensional  geometry
treatment is used to define the lines of sight, The
position of any point along these lines ol sight
may be transformed into the plume frame of
reference, and, using lincar interpolation, the
values of temperature, clectron density  and
coillsion frequency at any point can be calculated
from the plume output.

Provision can also be made for the possible
transmission of bhackground radiation from
sources on the far side of the plume to (he
detector, A uniform apparent  brightness
temperature, specified by the user, s assumed for
the background radiation. This is added to the
total calculated cmissions at the end of cuch line
of sight, and is taken as the total emission for
lines of sight which do not intersect the plume,
5.0 REDUCTION OF EXHAUST INTER-
FERENCE AND SIGNATURE

It should be the aim in rocket design 10
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produce a molor that yiclds no guilance or
tracking problems and offers minimal sivnature,
Throughout the chapter microwave attenuation,
scattering  and cmission have been  directly
associuled with the e - ace of free electrons in
the exhaust brougit alwmt Dy jonisation of
impuritics at exhaus! (cmpeceture,

5.1 Cheinl: i Modiflcailon

Readily ionisable atkali metal impurities are
a4 major source of frce clecirons in  rocket
exhausls,  OF these, sodium, potassium and
caleium are commouly encountered, forming a
small but significant constituent of the propellant,
Typlcal concentrations of these metals in solid
rocket motors would be 30ppm by weight of
potassium und 100ppm of sodium (and even
higher levels of calcium) depending upon the type
uf propellant and its method of manufacture,
Complete  removal  of  these  impuritics  from
propellants is dilTicuit and prohibltively expensive,

Composite propellants incnrporate calcium
in the phosphate form to reduce agglomeration in
ammonium  perchlorate, while the hydroxide is
used (o counter the acidity of nitro-cellulose in
double buse propellants,

The ionisation  process s very much
dependent upon exhaust temperstures, should they
he lowered the ciectron population will then show
a marked  deeline, reducing  the  severity of
microwuve attentation,  Ultimately, if the plume
is prevented from  burning, very little or no
ittenuation is evident,

Exhaust  combustion is  supported by
tlame-propacation ol free radicals like H and OH
and rapid 1 moval of these radicals is the aim of
combustior suppression.  Although  paradoxical,
potassivm - salts  introduced  into  double base
propellants as a small percentage of the propellant

can  stimulate  the radical-removing  reaction
processes.

K+OH+M ~ KOH+ M

KOH+H - K+ H,0

Sudium has similar reaction properties but,
welght for weight, is unlikely to better potassium,
An important aspect of fame suppression agents
{s that they should act in the gas phase iather
than produce condensed products,  Potassium
compounds  have heen shown to he effective
suppressants for double base propeliants (38,39,
41).
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Some alkaline carths have been considered,
notably molybdenum, iron cobalt and tungsten.
[40]

Suppression additives can be introdieed ina
variety of  wiys, the most common being as o
propellant ingredient bul other methods such as
annular spray rings, ablating rods or collars and
charge or throai coatings are possible.  While
static rocket firings are used to assess the
performance of additives it must be cautioned
that in critical ‘burn/no-burn’ cases the tirbulence
of forward velocity or other perturbations in
flight may influence the onset of  exhaust
combustion.  Wind-tunne! lests or  ultimately
flight tests may be necessary to ensure complete
confidence,

The case for composiie propellants is one
where  1otal  suppression  is  unlikely 1o he
suceessfil,  Some relicf rom attenuation cian w
achieved by the imtrodocton of certin metallic
compounds inlo the exhatst which will lower the
free  clectron  concentration.  Two  chemical
mechanisms are supgested, One involves  the
process  of clectron  attachment  where  free
clectrons are replaced by heavy, slow moving,
negative dons which comtribute very little to
microwave absorption [43). Using molybdentm as
an example, shch mechanisms could be -

¢ HaMoO, = 1IMoO " 0 K

¢+ HaMoO, Moy« HL0

These reactions must over-ride the already actine
reaction

¢+ HC . e H

The other mechanistn has the object of Jowering
the Iree radical concentrations in the exhaust bt
not to the point of flame extinetion. I chlorine is
present in o the  plume  then e peneral e
jonisation of alkali metals(A; takes the form

ACE «3H — A% - e G-

where concenttrations of Clectrons je’| van quickly
falt i those of H (the hydrogen atom) drop [44).
[t is inpun tant that the additive shonld cemain in
the gas phase in the exhist, equally it <hould not

form stable compounds with the chlorine.

With Jouble base propellants it might be
argued that any additive forming stable ncgative
jons in the exhanst will, in some measure, reduce
free clectron concentrations,  particularly  since
[CF] is not being generated.

6.1 RECOMMENDATIONS

It has long been recognised that o fully
evaluate the microwave properties of a rocket
motor exhaust for a specific role, flight tests
should be undertaken in the proposed operational
cnvironment.  This is known to be very expensive
when the Tull range of operating  temperatures,
altitndes and  velogities are eepresented.  Also
missile  manocuvres and  information on  flight
attitude at any instant can make the recording of
accurate Mlight data a difficult task.  Added ©
this is the tact that fHight tests can only come at
tie post design stage when the programme is well
advanced,  Any Tundamental changes at this point
are often strongly resisted  and a compromise
cnters the project, Theoretical plume  studics
alfering refiable predictions at the time when
design options are being considered would be the
ideal way to optimise  propulsion  performance
avainst plume effects,  Although well progressed,
plume technology bias yet to reach the stage where
madelling  techniques  preclude  recourse  to
experiments.  The aim of a plume study group
st be to perfect these technigues supported by
vabidation from well conceived experiments,

It is recomtnended that theoretical studies
shoubd e undertaken to understand the chemical
il thermodvaanie properties of the  plume
Hom Fichl deading 1o its niicrowave signature and
propigition characeristics. For any  proposed
propulsion  system they  wust be  hacked by
validation in test lucilities of the kind discussed
liere and in Seetion 3,1,

0.1 Test Objectives

It order that research and missile projects
can by stpposted, facilities for measuring rocket
eshaust microwave propertics should be  broad
ranging with smaximuin flexibility. The following
requirements are offered as objectives -

() To provide experimental data lor new
rescarch coneepts.

(i) To  conduct  experiments for  the
villidiation of prediction codes,




(iii) To compare motors for
mission objectives,

specific

(iv) To measure the microwa ¢
characteristics of propellants
containing a range of additives lor
plume suppression and other

interference relicf,

(v) To evaluate rocket motors lor service
acceptunce,

6.2 Test Facilities

Test facilitics are cxpensive and not all
interested plume groups fcel free 1o commit large
sums of money to lund the options available.
They fall into three main categories -

(1)  Static fivings at sea-leved,

(iiy Free ftlow velocity simulation using
wind tunnels or high velocity sledge
tracks.

(i) Simulation of allitude and free Now
velocity in chambers,

6.2.1 Static, Sea-level
Of the facilities, the most versatile is the
open range, stutic firing site where short and long
range inicrowave measurements can be comlucied
and where the various smoke and emission tests,
outlined in the previous chapiers, can aiso be
accommodated,  For example, some  cimission
measurements with passive instrumentation can be
combined with microwave measurcments,  Other
combinations spring readily to mind.

It should be possibie to fire a full range of
motors, in both physical size and throst and, to
maximise sile use, restrictions  imposed  hy
proximity to other installations or acoustic
sensitive environments should he avoided.

Instrumentation  should  have case of
deployment and be able to view the plume rom
all aspect angies and from « variety of distances.
For longitudinai microwave cxhiust propagation
experiments the propagation paths must be free
from obstruction or any structure likely to
introduce multipath reflections.  This includes
geound reflections, consequently an  clevated
thrust stand may be considered necessary to
cnsure integrity ol measurcmient,  Variation in

aspect angle is often accomplished by rotation of
the motor, which has the advantage ol least
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disturbance to the microwave equipment and
afferds an cconomy in molnars if they have
turning times that allow angular sweep operation
during firing. Obviously, antennae polar patterns
should reflect this movement in hat, for forward
scatter, with the receiving antenna attached to the
motor in the nouze exit plane, the energy from
the transmitter must illuminate the whole plume if
true sidcband noise levels are to be obtained.
Polar patterns tailored 1o the location are
advisable to avert thc possibility of spurious
reflections entering the receiver.,  Some beam
shaping is seen in Figure 6-5 where the antenna
was uscd on the clevated firing facility mentioned
in Section 4.1.1.1,

Transverse plume measurements are usually
made over very short distances between focused
hearns. They ure normally of a diagnostic nature,
as v research probe, for prediction vatidation or
comparative  measurement, one  motor  with
another,  Short signal paths bring the microwave
cqudpment close 10 the rockel motor and its
exhaust  wwhere  groundsborne  and  alr-borne
vibrations can he a problem and radiunt heat
damnge o possibility. A major Tacility
requircment s that the support carringe bearing
the microwave system should he able tu travel the
complete length of any rocket plume under test
Equally, the minimum vertical travel must take
the micrawave beam diameter through the full
diametric range of the exhaust. For an exhauct
having symmetry about the motor axis this rneed
only he just beyond the radius, but it must be
remembered that there may be angled or multiple
noszle  molors, For tboth longitudinal and
triansverse  ncasurements,  where  research
versatility is important, the installation of a gas
engine or Hauid  propellant engine can be of
benelit. Varigtions of thrust, mixture ratio, length
of burn and chemical seeding can be readily
achieved,  The initiul installation costs of these
chgines may be quite high but running costs,
assuming a good use rate, are low,

6.2.2 Free Flow Velacity Simulation

Longitudinal mceasurements are not often
attempted in the confined space of a wind tunnel
wheve access is difficult and give rise to scaitering
and multipath uncertainties in the experimental
data obtained.  Attempts have been made (o
provide internal absorption liners but these are
harshly treated by the environment,  However,
wind tunnel exits can be labricated to produce
airflow over the missile body which simulate
Night velocity conditions.  wiven that the wind
wunnel exits to an open sitc area a range of
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microwave measurements can be undertaken both
transverse and longitudinal. It must be
emphasised that for the latter case, spurious
microwave reflections entering the receivers from
any necarby objects or the ground must be made
negligible, also any airflow intcraction with the
ground downsiream of the tunnel exit 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
measurcments leave doubt about the results
oblained. It must be kept in mind that although
prefiring multipath reflections can be reduced, the
dynamic case raises the possibility of plume
refraction, diffraction or scattering  causing
unwanted returns from the track and nearby
objects, This method of measurement should be
approuched with caution,

62,3 Altitude und Velocity Stimulution

These  measuroments,  again - madnly
transverse, more hearly represent those of flight,
It might be argued that because of the control
avalluble, the amount ol information gained is
more useful and cost effective than that ol flight

trinly  where interpretntion iy difTicuit,  Such
facilitiosn have good value i research  and
nrediction  validation  when  studying  plume

expansion with altitude, nozales, bage flow elfeets,
propellants and additives,  They provide  Lhe
design team with confidence to proceed with a
project backed by streng experimental evidence to
support predictions which can then be translated
to meet operational needs,
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Thrust, Transmitting Antenna in Exit Plane, § Exit Radii from
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Fig. 6-8a Simulated Flight Data. Two Composite Propellants
with and without Molybdenum, 8.53km Alt. M2.2
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Fig. 6-8b Simulated Flight Data for Six Propellants
Thrust m 222.4N. Alt. = 10km to 11.6km
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Fig. 6-15 (a) Attenuation Comparison between Longitudinal and
Transverse Measurement for 4.45kN Thrust Motors
(Except as noted)

(b) Comparison of Calculated Absorption Loss (A) with
Experimental Insertion Loss (I)
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(a) Calculated Temperature Profiles
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Fig. 6-18 Comparison of Measured and Calculated Longitudinal Attenuation
for a Rocket Motor with S%Al and 88% Solids Propellant Loading
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Fig. 6-20 (a) Total Doppler RCS Spectrum. US Motor (BB).
(b) RCS Spectra. Comparison Between Flight Data and

Calculations. US Motor (BB)
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Fig. 6-21 RCS total Spectra (RATSCAT). Solid Rocket Motors Containing
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ACTIVE GUIDANCE - A Torm of missile
guidance in which the missile emits radiation
(usually RF) and subsequently homes in on the
signal reflected from the target.

AFTERBURNING - Is the term applied to
reignition and combustion of exhaust fuel
products such as carbon monoxide or hydrogen in
the mixing region of the rocket exhaust as they
combine with oxygen and burns externally to the
rocket motor,

AIRY DISC - In optics the diffraction pattern
formed by a circulur aperture consists of a bright
central disk surrounded by fainter rings. The
central digk is known as Airy's disk because he
first described the mathematical solution for the
intensity distribution.

ALBEDO - A measure of the rellecting power of
an object, defined as the ratio of the radiation
reflected from an object fo the total amount
incident upon it, The albedo from the carth is
generally considered to be approximately S0% bt
locul varfutions, Lo, water surfuces, muy be s
high as 80%.

ALMPS - A code used by US Air Foree tor the
generation of statisticnl climatic data,

AMMONIUM PERCHLORATE - An oxidiser
compound  commonly  found  in - composile
propellants. The decomposition prodacts include
hydrogen chloride which contributes 1o secondary
smoke condensation through  reduction of the
saturation vapour pressure ol ambicnt water,

ATTENUATION - A term that deseribes the
decrease in o intensity of o beam ol energy
propagated through a medinm, e, exhaust plume,
a8 a4 result of  absorption, scattering, or a
combination ol both,

ATMOSPHERIC WINDOWS - Are reglons of
the clectromagnetic radiation spectrum in which
the atmosphere is relatively transparent,

AUTONOMOUS - Describes o missile guidance
scheme in which the detection and target tracking
systems are entirely onboard the issile, e, an
IR sceker system,

BANC OPACIMETRIQUE - An SNPE motor
test Facility based on an open tiring  roon
instrumented for mmoke measurcments,

BASE FLOW - Is the acrodynamic  low
phenomenon that produces pressure disturbance,

Al-3

flow field scparation or recirculation effects in
missile flight plumes which cannot be predicled
by analysis of static firing plumes.

BEER-LAMBERT EQUATION - A'so known as
the Lambert-Beer, Beer's or Bouguer cquation
which rclates the log of the transmittance to an
extinction cocfficient times the thickness of the
wransmitting medium,  When the medium is a
cloud of particles the extinction becomes a
function of the projected arca concentration, i.e.
number density, path length, size distribution, and
extinction efficiency of the particles,

BRIGHTNESS - In photometry brightness of
luminance Iy the visible fTux emitted per unit
surface urea per unit solid angle, The SI unit of
luminanee is «d/m?2,  There Is no numerical
cyuivalence between photometric luminance and
radiometric rudinnce  beeavse of  variations in
suurce und receiver sensitivity versus wavelength,

CHEMILUMINESCENCE - Describes  the
radiation process caused by eseitution of utoms or
molecules thraugh chemical reaction within the
exhaust plume,

CHOKING - A condition which ariscs when a
compressible fluid has reached its maximum Hmit
of mass flow In a De Laval nozzle choking limits
the flow to Mach i at the throat and the flow
velochly can only he increased in the diverging
seetion,

CIE - Commission Internntionale de 1'Eclairage
{International Commission on Hlumination) .

CLOS (Commund to Line ol Sight) - A Torm of
guidanee in which the missile is commanded to
fly w target intereept trajectory relative to the
direction defined by a target/missile tracker, This
method requires two way communication with the
missile cither by means of an IR, RE, wire, or
fibre optic link,

COLLISION BROADENING - Is a spreading of
the frequengy  distribution  about a  particular
emission or absorption spectral line caused by
interaction with other molecules,  The collision
browdened line may be deseribed by the Lorentz
line shape.

COMBUSTION  INSTABILITY - Acoustical
vibration cnergy in a rocket motor that may he
observed  as  pressure  osclllations  capable  of
propeliant extingnishment, Fracture, or pressure
bursts,.  The addition of metal or refractory
powders - small amounts has been found to
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reduce the oscillations that lead to combustion
instability.

COMPOSITE PROPELLANT - A grain of
heterogencous mixture with oxidizer crystals and
possibly powdered luel (usually aluminium) held
together by a matrix of synthetic rubber or
plastic,

CONDENSATION NUCLEI - Submicron particles
consisting mostly of condensed solids hat serve
as sced particles for vapour condensation and
growth of secondary smoke,

CONTINUUM - Refers to the radiation specteal
cnergy distribution exhibited by solids (or exhaust
particulates) as described by the Plank
distribution function,

CONTRAIL - UK code for caleulation of the
visual contrast of 4 smoke or condensation trail

CONTRAST - A mathemutical expression of the
relative brightness difference belween a target and
its buckground ratioed to the brightness of the
hackground.

CRITICAL RADIUS - Is the minimum size for
stability of a droplet us determined by ambient
temperature, pressure and humidity,

CURTIS-GODSON APPROXIMATION - An
approximate technique lor the caleulution  of
transmissivity ol Inhomogencons gases using a
multiplicative procedure,

DIFFRACTION - Is the term nsed to deseribe the
interference (phase canceltution) effects that oceur
when radlation encounters an aperture or other
partial obstruction eg., a rocket plume,  In optics
sce Fraunhofer or Fresnel diffraction,

DOPPLER BROADENING - Iy the spectral line
broadening that is a result of the spread in
frequency due to thermal motion ol the sloms or
molecules,

DOUBLE-BASE PROPELLANT (DB) - A
propellant  consisting  of  nitrocellulose  and
nitroglycerin with burning rate or combustion
instabitity additives. Two subgroups are Extruded
Double Base (EDB) and Cust Double Base (CDB)
propellants,

DROP - Code for the prediction of sccondary
smoke formetion developed at US Army MICOM

ECARTOMETRY - A guidance system in which

the underlying principle is command to line of
sight.  An operator or “servant” dcsignates the
targel optically while the missile follows the
eslablished line of sight.

ELASTOMER - A polymeric material such as
rubber which will stretch under stress and return
to approximately its original length when the
stress {s removed.

ELECTRICAL PLUME - A general term
referring to the free clectrons and ions that affect
clectromagnetic beam propagation through and
around the plume,

ELECTRON DENSITY - Refers to the number of
I'ree clectrons per unit volume in a rocket exhaust
plume.  ED has u dircet correlation with
microwave rudintion attenuation loss.

EMCDB - Acronym for Elustomer Modilied Cust
Duouble Base, a subgroup of the double base family
ol propellants  offering  ¢nhanced  mechanical
propertivs ul low lemperatures,

ENERGETIC BINDERS - A combination of
ingredients  consisting  of  prepolymers, curing
ugents, energetic plasticizers, or bonding agents
that not only gives strength to a solld propellant
graln but containg energy producing molecules,
e nitroglycerin,

EROSIVE BURNING - The accelerated burning
ol solid propeliunt due to action of gas flow
parallel to the burning surface.

FAR FIELD - A general term describing the
relutive scale effects of energy diffraction patterns
as o function of the ratio of object diameter to
wavelength,  In the far field the diffraction
patterns are not as well defined as in the near
fleld,

FLASH - A term used to describe the visible
emission or luminous intensily of a rocket exhaust
that muy reveal the launch site to an cnemy
observer,  Afterburning flash is particularly a
problem for night firiugs and can be reduced
throngh the use of suppressants,

FREE-FREE EMISSION - Iy the radiative process
whereby free electrons collide with other electrons
und ions and produce continuum radiation called
Bremsstrahlung,

FTIR - Acronym for Fouricr Transform Infrared
spectrometer which is based on Fouricr analysis
of interferometer signals to determine the spectral




distribution of radiation, The instrument may
also be classed as a spectroradiometer which is
calibratcd to measure radiation intensity versus
wavelength,

FUMIMETRE - A French (SNPE) motor stmoke
test facility that uses a fan driven wind tunnel,

HCT - Also MCT or HgCdTe, Mercury Cadmium
Telluride semiconductor material  used  for
detection of far infrared wavelengths,

HETEROGENEOUS CONDENSATION - 13 the
process whereby condensation oceurs on solid
particles which act as nuclel Tor the liquid
droplet. I the nuclei are soluble the process Iy
enhanced through lowering of the amblent water
vapour pressure, Homogeneous condensation und
growth of pure water droplets I8 Jesy likely to
oceur in a plume environment,

HITRAN - A computer maodel that calealates high
resolution atmospheric absorption of' radintion,

IFTA - In Flight Transmission Analysls madel, an
empirical computer model developed ol MICOM
to prediet laser transmiasion through an exhaust
plume,

INSENSITIVE MUNITIONS « A term applicd 1o
munitions which have been deslgned o have
reduced  sensitvity to accidental initintion and
subsequent violent collateral damage. o the US
military IM refers o munitions which pass a
speeific serfes of test detined by DoD Sul 210SA.

IR = An acronym lor infrared radiation which is
the band of wavelengths between approximately |7
and 100 micrometers. Plume IR sources may b
both continuous and selective riudiators but are

generally  dominated by rotation-vibration
transitions, They may Include  both  pure
rotational and some clectronic  transitions  of
molecules.

JANNAF - Joint US Army-Navy-NASA-Air Foree
Interagency Propulsion Committee chartered to

co-ordinate technology programs and  promote
lechnical  exchange  within US  propulsion
community,

LAPP - Low Altitude Plume Program, an varly
plume flow code used in the USA

LOWTRAN - A canputer model that caleulates
low resolution (20 wavenumbers)  atmospheric
absorption ol
micromelers,

radiation  from 0.2 1w 20
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MICOM - Acronym for the US Army Missile
Command located at Redstone Arsenal, Alabama,

MICROWAYVE - A region of the clectromagnetic
spectrum generally in the 107 - 1012 Hz frequency
range. No universaily accepted standard exists for
the definition of microwave frequencies,

MICROWAVE PROPERTIES - of a rocket
exhaust plume are those properties that cnhance
or hinder the detection or tracking of a missile by
microwave radiation, The uttenuation of a signal
by free clectrons I8 & microwave property of the
plume,

MIE SCATTERING - Refers to light scattering
by particles upproximately cqual to or greater
than the wavelength of the light,  The Mie
cyuation reduces W the Rayleigh equation in tho
limiting case for small particles less than one
tenth of the waveiength

MINIMUM SMOKE - A term used o deseribe o
fumily ol propellunts whose characteristic is to
produce  the  least amount of  smoke under
specified  conditions, Differences  in the
application ol the term to certaln propellants has
led AGARD o propose o standard clussification
procedure for NATO countries,.  An AGARD
cluss AA may be used to identify this type of
propellant,

MODULATION - Is any process that varles a
characteristic o a  carrier  beam, Le.  pulse
modulation,  requency  modulation,  amplitude
modulation, cle,

NATURAL LINE BROADENING - Limits the
sharpness of a speetral Hne due to the inherent
energy decay of the radiating oscillator,

NAVIER-STOKES EQUATION - The complete
classical continuum Tuid  mechanic equation ol
mation  including  inertial  forces,  pressure
pradients, body forces, and  viscosity. The
differentinl equation of fluid flow can be solved
by finite difference methads,

OBSCURATION - The process of blocking the
clectromagnetic  energy  emanating  from  a
potential target thereby preventing detection of
the target.  An example is preveation of 4 second
shot capability through obscuration by the post
firing smoke cloud.

OLIVER CURVE - Is a plot of relative humidity
vy temperasture which predicts the condensation
houndary for secondary smoke occeurrence for a
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particular type of propellant. 1he theory
developed by R C Oliver is based on equilibrium
thermochemistry.

OPTICAL DENSITY - Sce optical depth.

OPTICAL DEPTH - The exponent of the
Beer-Lambert extinction cquation. If the optical
depth exceed a value ol 0.5 consideration must be
given to muttiple scattering cffects.

OSA - Optical Signal Attenvation code used in
the US for tile prediction of signal extinction by a
rocket plume

OTH - "Over The Horizon” rudar system

PARTICLE SIZE DISTRIBUTION = The
particle number density or size  parameter vy
particle count in each bin of a particle analyser
instrument,  Also an analytical approximation or
expression used to it the measured data,

PASSIVE GUIDANCE - A form ol inissile
guidunce in which the missile bomes on natueal
radiation from the target (eg RF IR or visible),
The missile contalng an sutonomous seeker that
requires no external Mumination of the wrget,

PLUME INSERTION LOSS « Reters to the loss
ol microwave energy observed atl the delector s a
result of the presence of the plume in the
microwave link,  The loss mechanisms are many.
See attenuation, refraction, ditfracton,
hackscatter, abvorption, i,

PMT - Photomultiplice tubes, i high  gain
detectors used for detection o UV and visible
radlation,  PMT's usually consist of  cascading
dynodes which amplify the photocleciron,

PROPORTIONAL GUIDANCE SCHEME -
Refers to a missile guidance system in which the
controlling force ie, ulrfoll, gas penerator ey, Is
proportional to the deviation from the intended
line of Might or trajectory

PRIMARY SMOK( Consisits ol solid
particulates from the rocket motor combustion
and/or afterburning products.  Metal Tuels and
other  combustion  control  additives  contribute
significantly to primary smoke,

RADIOMETER - A device usually consisting of
collector opticy in combination with a transducer
that converts radiant energy of a given bandwidth
to an electrical signal proportional iv the fntensity
of the received energy,

RAYLEIGH SCATTERING LIMIT - Particles
which are larger in diameler than about one tenth
the  wavelength  of  the incident light are
approaching the Rayleigh limit beyond which the
general  theory must be applied,.  See Mie
Scattering,

RCS - Radar cross-section refers to the equivalent
perpendicular area of reflection that duplicates
the actual signal received from a target,

REDUCED SMOKE - A description lor
propellants that have been wilored to produce less
smoke than previous formulations that contained
binder with large amounts of aluminium and
smmonium perchlorate, An AGARD class AC or
BC muy be used as an alternative to this term,

REFRACTION « Deviation of clectromagnetic
wives  Trom  straight lne  propagution due to
velocity differences (refractive index changes) in
the prapagating medium,

REP - i plime Mow code used in the UK

RF GUIDANCE - Radio frequency guidance, a
general term used o deseribe clectromagnetic
ridistlon wavelengihs greater than infrared, for
exumple, rudur, microwave, millimeter wave ete,
that muy he used Tor transmiting  guidance
slgnals,

RON - Acronym for Royal Ordnance Summerfield,
o Britisn Acrospaee Compuny  located  near
London, England.

SCATTERING - one ol two loss mechunisms (the
other Is absorption) in G propagation  of
radfntion,  Scattering is u change in direction or
reradbintion ol incident  photons  caused by
discontinuities (purtcles or electrons) in electrical
properties of the propagation medium,  The
direction and  intensity - scattered  radiation
depends upen the incident wavelength, the size,
shape and refractive index of the particle,

SCF - Stgnuture  Churacterisation  Facility for
ranking of propellant smoke, raulation emission
and  absorption, based on  small rocket motor
Plrings within a climatic chamber Jocated al Army
Missile Command, Redstone Arsenal, Algbama,

SCINTILLATION - Random signal fluctuation
from a target being trucked by radar or laser,
Scintiliation may be caused by real motion of the
source or by varlations In refractive index of the
atmaosphere,




SEARCHLIGHT EFFECT - s the term used o
describe the motor chamber and nozzle emission
continuum scattered by plume particles  and
detected as having an origin within the plume,

SECSMOKE - UK code for the prediction ol
secondary smoke

SECONDARY SMOKE - Is smoke thalt occurs
when exhaust gases mix with ambient atmospherlc
water and condense on submicron partieies that
serve as nuclel for droplet formation, Secondary
smoke Is cnhanced at low tesperatures and high
rclative humidity and by the presence of acid
vapours (lypically HCl) and soluble nuclel that
lower the saturation presatic oi umbient water,

SELF ABSORPTION - Refers to radintion that Is
emitted in the core reglon of the plume and
reabsorbed in the boundary layer or calder mixing
regions,  The observed bands  shiow  greater
absorption fn the band centres and less In the
wings,

SEMI-ACTIVE - A lorm of missile gufdanee in
which the turget s {luminated by w feiendly
emitter (e, a radur or laser Mluminator) and the
missilo homey on the signal refleeted from the
target,

SENSITIVITY - Rolers to the hizardous potential
for Inadvertent [Initiation or detonation  of
energetic materfaly or anunitions hy wnplanned
thermal, mechanical or eleetricul stimuli,

SIGNATURE - A term which includes any or all
the properties or characteristivs ol a system or
rocket motor cxhaust that may be used tor
detection, identification or intereeption of  a
launch platform or missile at some tme during its
mission.  Plume signature characteristies include
smoke, radigtion emisstons,  visibitity,  radur
ubsorption clc.

SMOKE - A general term that refers to the
cffluent of rockel motor combustion which s
made visible hy light scattered or absorbed by
condensed solid and Hoguld particulates. Smoke is
4 concern o rocket users who desire no low
signature,

SMOKY PROPELLANT - Describes propellants
with high aluminivm and ammontum perchlorate
contenl,  An AGARD class CC muy be usad 1o
describe this propellant,

SNPE - Acronym for Soclete Nuotonsle des
Poudres et FPxplosifs, a French company which
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deals with rescarch and development of energetic
materinls  (high  explosives, guns  and  rocket
propellants) for military use.

SOLAR BLIND REGION - 15 the portion (200 -
J0Onm) of (he ultraviolet spectrum  which lics
oulside the solar radiation region.

SPECTRAL RADIANCE - Refors to the radiant
power emitted per unit arca per unit solid angle
per unit wavelength interval by a source such as a
rocket plume,  The units are Watts-meter-2
steradiun-l-nanometer«l  (SI) and  Watts-cm-2.
steradion-1-micrometer-1 (JANNAF)

SPF - Stsndurdised Plume Flowfield computer
madel whose development was  sponsored by
JANNAF,

THERMAL LAG - Duscribes the thermal inertin
or delay of large particles within the plume to
reach  thermal  equilibeium  with  the  gaseous
surronndingy,

TRANSMISSIVITY - In propagation through un
attenuating medinm, wansmissivity Is the ratlo of
the transmitted beam intensity o the incident
hearn Intensity,  See the Beer-Lumbert law for
additional Information,

TRANSMISSOMETER - An  lnstrument  for
meusuring the transmission of ridlation passing
throngh a medinm

VALIDATION - The process of comparison of' un
analytical  model  with  experimental  dola o
conlirm the accurney of future predictions.  Post
carrelation ol model results with ong set of test
data should not constitute validation,

UV - Acronym tur UltraViolet clectromagnetic
radiation which is defined by JANNAF 10 be the
reglon between 100 and 400 nanometers, UV
ridiation sources arise from transitlons belween
the electronie states of molecules,

VISIBILITY - A general term that relates to the
probabliity of target  detection by o human
observer In g given scenario. The visibility of a
target depends upon the target size, shape and
colour; iy contrast  with the  background; s
orfentation with respect 1o solar radlation; the
visual acuity of the observer and the atimospheric
visnal range,

VISIG - Visual SlGnature, o commercial code for
the caleulation of plume visibility
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XLDB - Acronym for cross-linked double base, a
high energy subgroup of the double base family of
propellants incorporating encrgetic Fillers,




APPENDIX 2
Main Families of Solid Propellant
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List of Numerical Codes Used
In The Calculation of Plume Signatures
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List of Numerical Codes Used
In The Calculation of Plume Signatures

NOTE: The codes herein do not represent the total in existence. 1t is important to acknowledge
advanced rescarch codes that reflect the latest technology and  tuods. These codes
attract high in/estment costs and some may involve sensitive national interests thereby

preventing genera! release. The contact address should reves! the status of codes and their

avaiability.
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COUNTRY CANADA

ORCANISATION Defence Research Establistunent Valcarticr, Quebec, Canada

OR COMPANY

NAME OF THE Missile L aunch Cluud Prediciion

CODE

PURPOSE OF To gredict formation, mnotion, dispersion, and IR signal attenvation

THE CODE properties of primary smoke clouds (not plutnes) that form upon
vertical missile launches {rom <hips

INPUTS Ambicnt temperature, prcssurc,‘\vind speed and direction, and

(and poasibly atmospheric stability, missile thru.t and mass, nozzle exit plane

the name of the conditions (temperature, pressure, velocities, mass fraction of

codes which give attenuating niierial from NASA-Lewit $P-273), maximum

the inputs) temperature of afterburning from REP-3, and ship speed and
direction, mass extinction coefficients of sttenuating meaterial

VUTPUTS Sizn, rize, positiors und concentration of clowd with tiine, and )

(and possibly attenuation capahitity of the cloud

the name of the
codus wiich use
the outputs)

CI'EMICAL LPECIES
TAKEN IN ACCCUNT
(precise if they

are gaseons, liquid

or solid)

Prescnily st up [o. - 'H-AP propeilant smoke, either aluminized
Oof nta=altninized, tor attenuation in the visible and 3 to S um
and 8§ to 14 um wlraned regions.

PHYSICAL. PHENOMENA
TAKEN IN ACCOUNT
AND

PHYSICAL LIMITATIONS

Treats clouds vs homopencuus spheres at their formation and while
they miove uni disperse. Must enter mass extinction coefTicient of
material of intevest (exeept for HTPB-AP-Al propellant smoke),
steady ship and wind speeds and directions only

SIMULATED ALTITUDE
AND
EXTENT ¢*" THE PLUME

For missile lusnch clouds rather than comparatively well-defined,
well-structured plumies

COMPUTING TIME
DURING A RUN
(indicate the kind

of computer)

A few seconds on 4 386 SX PC. The program is set up on a
SYMPHONY spreadsheet

NUMERICAL METHOD
AND GRID

Several cquations set up on a spreadsheet to do a time-line
analysis

AVAILABILITY
(indicate if it ic
fully commercially
available or if only
a few runs may be

Not commercially available, research tool only, contact DREV

performed)
CONTACT Defence Research Establishment Valcartier
ADDRESS PO Bux 8800

Courccilctte, Quebec, Canada GOA 1RO
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COUNTRY CANADA

ORGANISATION Defence Rescarch Establishment Valeartier, Quecbee, Canada

OR COMPANY

NAME OF THE FREEJET, Naval Weapons Center, Chinala'r..e'

CODE

PURPOSE OF Predicts formation of secondary smoke in plumes

THE CODE

INPUTS Ambicnt temporature, relative humidity, and properties of plume at a
(and possibly point where there is loss than 10% exhaust in the plume (temperature,
the name of the pressure, velocitics of jet and air, mole fractions of acid and water,
codes which give nucleation particle sizes and whether or not they are soluble)

the inputs)

OUTPUTS Position, temperature, mass fractions, velocitics, saturation ratio,
(and possidbly particle radi!, particle concentration, mass fraction of acid in

the name of the
codes which use
the outputs)

particles, on a two-dimensional grid

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

arg gaseous, liquid

or solid)

H,0, HCI, HF all gascous or liquid

PHYSICAL PHENOMENA
TAKEN IN ACCOUNT
AND

PHYSICAL LIMITATIONS

Two-dimensional axisymmetric grid, considers only four different
streamlines in plume, can choose only six diffcrent sizes of nuclei,
considers both soluble and insoluble nuclei, ne turbulonce modelling

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

COMPUTING TIME
DURING A RUN
(indicate the kind

of computer)

A few minutes on a Honcywcll CP-6

NUMERICAL METHOD
AND GRID

Two~dimensional axisymmetric grid

AVAILABILITY
(indicate if it is
fully commercially
available or if only
a few runs may be

Contact NWC, Chinalake

performed)
CONTACT Defence Rescarch Establishment Valcarticr
ADDRESS PO Box 8800

Courcclette, Quebee, Canada GOA 1RO
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COUNTRY CANADA

ORGANISATION Defence Roscarch Establishment Valcartier, Quebec, Canada

OR COMPANY

NAME OF THE IPHASE (Intcgratcd Progrom [lost for Absorption, Scattering, and
CODE Extinction Calculations)

PURPOSE OF To compute extinction, scaticring, and absorption efficiencics plus
THE CODE phass function for many shapes and size disiributions

INPUTS Refractive index (possibly from Drude modcis) shape, oricntation,
(and possibly size, polarization

the name of the

codes which give

the inputs)

OUTPUTS Extinction, scattering, and absorption efficiency, phase function
(and possibly

the name of the
codes which use
the outputs)

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

ars gascous, liquid

or solid)

Acrosols of any maiciial

PHYSICAL PHENOMENA
TAKEN IN ACCOUNT
AND

PHYSICAL LIMITATIONS

EM scattering from spheres, coated sphores, anisotropic coated
spheres, infinite cylinders, coated infinite cylinder, finite cylindors
and some irrcgular shapes

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

COMPUTING TIME For monidispersions, typically < 1 s on a 486 PC with Weitek chip
DURING A RUN Can be minules to tens of minutces for wide polydispersions and
(Indicate the kind cylinders

of computer)

NUMERICAL METHOD For regular shapes codes are exact

AND GRID Ieregular shapes are semi-cmpirical

AVAILABILITY Available. Code Is copyrighted by DND

(indicate if it is

fully commercially
available or il only
a few runs may be

performed)
CONTACT Defence Rescarch Estabiishment Valcartler
ADDRESS PO Box 8800

Courceletic, Quebee, Canada GOA 1RO
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COUNTRY FRANCE

ORGANISATION SNPE

OR COMPANY

NAME OF THE EMIR

CODE

PURPOSE OF IR radiation signature

THE CODE

INPUTS Values of thermodynamical and chemical parameters (given by AJAX
(and possibly code)

the name of the

codes which give

the inputs)

OUTPUTS Any result about IR radiation in any given band botween 1.3 to
(and possibly 8.7 um

the name of the
codes which use
the outputs)

CHEMICAL SPECIES H,0, CO,, CO, HC!
TAKEN IN ACCOUNT -

(precise il they

are gascous, liquid

or solid)

PHYSICAL PHENOMENA Gascous emission are cvaluated by Goody hypothasis

TAKEN IN ACCOUNT Heterogencous mixture cffects arc formulated with Curtis-Godson
AND approximation

PHYSICAL LIMITATIONS Particle radlation is considered as obeying an isotropic model

SIMULATED ALTITUDE
AND

EXTENT OF THE PLUME
COMPUTING TIME

DURING A RUN
(indicate the kind

of coinputer)

NUMERICAL METHOD Computation of integrals along a path

AND GRID

AVAILABILITY Runs at SNPE for an outside customer arc possible

(Indicate if it is

lully commercially
available or if only
a few runs may be

performed)
CONTACT Monsicur l¢ Directcur
ADDRESS Centre d2 Recherches du Bouchet
SNPE
BP No 2

91710 Vert-Le-Petit
France
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COUNTRY

FRAMCE

ORGANISATION
OR COMPANY

SNPE

NAME OF THE
CODE

AJAX

PURPOSE OF
THE CODE

Computing the closo flowficld

INPUTS
(and possibly
the nime of the

codes which give
the .aputs)

Nozzle exit conditions

OUTPUTS

(and poasibly
the name of the
codes which use
the outputs)

Values of thermodynamical and chemical parameiers in the exhaust
plume (used by EMIR code)

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

are gascous, liquid

Any chemical specics
Howaver, only two finite rate reactions with CO and H, arc taken

into account

or solid)

PHYSICAL PHENOMENA  Two-dimensional

TAKEN IN ACCOUNT Stcady state

AND K¢ turbulence closure account of pressure gradionts in Navier-
PHYSICAL LIMITATIONS Stokes equations simplified chemistry (sec above)
ilm;JLATED ALTITUDE Low altitude

EXTENT OF THE PLUME

COMPUTING TIME More than one hour on VAX 8530

DURING A RUN

(indicate the kind
of compuler)

“NUMERICAL METHOD Finite differences
AND GRID
AVAILABILITY Runs at SNPE for an outside customer are possible

(indicate if it Is

fully commercially
available or if only
a few runs may be

performed)
CONTACT Monsicur le Directeur
ADDRESS Centre de Recherches du Bouchet

SNPE

BP No 2

91710 Vert-Le-Potit
France
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COUNTRY UNITED KINGDOM

“ORGANISATION DRA., Fort Halstcad
OR COMPANY

“NAMF. OF THE BANDIR (Application Code)

CODE

“PURPOSE OF Computes Narrow Band Spectral Infrared plume emissions
THE CODE selected from the range 1 10 15 um
INPUTS Output from REP3-90 via interfacing program,

(and posaibly Atmospheric data, range, aspect angle, band model data
the name of the

codes which glve

the inputs)

“OUTPUTS Provides band radiation intensity spectra over a selected wavelength
(and posyibly hand range (not ling-by-line). Comoutes total radial intensity and
the name of the irradinnce :
codes which use

the outputs)

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

are gaseous, liquid

or solid)

Multispecies operation providing band speciral duta.
Principally CO, C0O4, HaO)

PHYSICAL PHENOMENA
TAKEN IN ACCOUNT
AND

Atmnspheric condltions included
Purticle emission not considered
Body obscuration effects included

PHYSICAL LIMITATIONS {Note; 3D version coming on line)
SIMULATED ALTITUDE Multiple aspect ungle
AND

EXTENT OF THE PLUME

COMPUTING TIME
DURING A RUN
(indicate the kind

of computer)

40 mins per aspect angle PC, Encore, VAX

NUMERICAL METHOD Spectral band model
AND GRID
AVAILABILITY Availabllity restricted

(indicate i It is

fully commercially
available or if only
a few runs may be

performed)
CONTACT MTC4 Plume Sclence
ADDRESS Defence Research Agency

Fort Halstead, Sevenoaks
Kent, England
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COUNTRY UNITED KINGDOM

ORGANISATION DRA, Fort Halstead

OR COMPANY

NAME OF THE REP3-90 (incorporaiing CCS, NEWFEC and FIRAC)

CODE

PURPOSE OF Plume fowfield calculation with secondary combustion

THE CODE

INPUTS Nozale exit plane conditions consisting of gas chemical composition,
(and possibly temperature, pressure and veloeity given by FIRAC, Kinetic rate

the name of the
codes which give

reactions and thermodynamic data, Turbulcnce model Kw or Ke,
Right frec stream condilion

the inputs)
OUTPUTS Axisymmelric jet of time averoged qhnmmcs. chemical species and
(and possibly gas dynamic properties, This supplies data for all application codes

the name of the
codes which use
the outputs)

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(pracise if they

are gaseous, liquid

System orientated chemicnl species, Ranging from chomistry of mono
und bi-propellant Hiquld engines ta those ol solid composites and
double hase variunts

or solld)

PHYSICAL PHENOMENA Full finite rate chemistry

TAKEN IN ACCOUNT Turbulence model Ke und Ke

AND Single phuse, time averuged axisymmetric vartable grid purabolic
PHYSICAL LIMITATIONS code

Predicts shock structure, position and magnitude of mach dlse
Does not represent purticle flow

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

Up to 50 km, Slze governed by input to program

COMPUTING TIME
DURING A RUN
(Indicate the kind

of computer)

PC, VAX, ENCORE, say 45 mins, Problem dependent

NUMERICAL METHOD Solves parabolic/hyperbolic equations with implicit marching
AND GRID procedure on an expanding grid as calculation proceeds
AVAILABILITY Avallability restricted

(indicate if v is

fully commerclally
available or if only
a few runs may be

performed)
CONTACT MTC4 Plume Science
ADDRESS Defence Research Agency

Fort Halstead. Sevenoaks
Kent, England




A3-10

COUNTRY UNITED KINGDOM

ORGANISATION DRA, Fort Halstezd

OR COMPANY

NAME OF THE BAFL2

CODE

PURPOSE OF To calculato early siages of' flowfield to account for bué -
THE CODE recirculation. k .
INPUTS Nozzlo exit plane conditions consisting of gas chemical composition,
(and possibly temperature, pressure and velocity given by FIRAC. Kinetic rate
tha name of the reactions and thermodynamic dats, Turbulence model Kw or Ku,
codes which give Fllaht free stroam condition

the inputs) Dedlcated grid structure

OUTPUTS Axisymmotric Jet of time uvernm quantitios, chemical species and
(and poasibly gas dynamic propertios, This supplics data tor all application codes,

tho name of the
codes which use
the outputs)

To {nterface with REP3.90

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise I they

double base variants
nre gascous, liquid

Guascous specioy dependant upon infial seloction,

System orientated chemical spocies. Ranging I'rom chemistry of mono
and blspropelluny liquid ungines to those of solld composites and
doubly busy varlants

or solld)
PHYSICAL PHENOMENA Time averagod only
TAKEN IN ACCOUNT Cus phase
AND Fixed grid domain
PHYSICAL LIMITATIONS Finite rato chemlistry
Turbulence model luminue und Ke
Axlsymmetric
SIMULATED ALTITUDE Usually in curly stages of plume caleulation where axial diffusion

AND
EXTENT OF THE 'LUME

Iy importunt

COMPUTING TIME
DURING A RUN
{indicate the kind

of computer)

60+ mins VAX, PC, ENCORE

NUMERICAL METHOD Fixed grid sot up at start of run. Elliptic code using upwind
AND GRID differencing
AVAILABILITY Avallabllity rostricted

(Indicate if it i

fully commerclally
available or if only
a few runs may be

performed)
CONTACT MTC4 Plume Science
ADDRESS Deolunce Rusearch Agency

Fort Halstead, Sevenoaks
Kont, England
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COUNTRY UNITED KINGDOM

ORGANISATION DRA, Fort Halstcad

OR COMPANY

NAME OF THE VISRAD (Application Code)

COLE

PURPOSE OF Computes visible radiation intensity distribution, ¢g sodium 'D*
THE CODE lines ote

INPUTS Ountput from REP3-90 viu interfacing program for excited states of
(and possibly of sodium and potassium

the name of the

codes which give

the inputs)

OUTPUTS Vigible =adiation due to Na und K species only

(and possibly

the name ol the
codes which use
the outputs)

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

are gascous, llquid

or solid)

Nu and K

PHYSICAL PHENOMENA
TAKEN IN ACCOUNT
AND

PHYSICAL LIMITATIONS

Rudiation of exeited species,
Curreatly Na und K but in prineiple other species can be
nonsidered

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

COMPUTING TIME
DURING A RUN
(Indicate the Kind

of computer)

30 miny YAX, ENCORE, PC. Problem dependant

NUMERICAL METHOD
AND GRID

AVAILABILITY
(Indicate if It is
fully commerclally
avellable or if only
a few runs may be

Availabillty restricted

performed)
CONTACT MTCA Plume Sclen -
ADDRESS Defence Research Agency

Fort Halstead, Sevenoaks
Kent, England
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COUNTRY UNITED KINGDOM

ORGANISATION DRA, Fort Halstead

OP. CCMPANY

NAME OF THE RCS (Applicar’ m Code)

CODE . Y

PURPOSE OF To cat .  " 1€ radar cross section of any flowflield

THE CODE B

INPUTS REP3-90 Interface codn

{and possibly Including frec clectron concentrations, turbulence data and

the name of the
codes which give
the inputs)

electron collision frequency

OUTPUTS

(and possibly
the name of the
codes which use
the outputs)

Radar cross scction for given aspect ungle

CHEMICAL SPECIES
TAKEN IN ACCOUNT
{precise if they

are gaseous, liquid

or solid)

PHYSICAL PHENOMENA
TAKEN IN ACCOUNT
AND

PHYSICAL LIMITATIONS

Buck scattering process of plume

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

COMPUTING TIME
DURING A RUN
(indi:ate the kind

of computer)

20 mins per aspect angle. PC. VAX, ENCORE. Problem dependent,

NUMERICAL METHOD
AND GRID

AVAILABILITY
(indlcate if it is
fully commercially
available or if only
a few runs may be

Avallability restricted

performed)
CONTACT MTC4 Plume Science
ADDRESS Dufence Rusearddi Agencey

Fort Halstead, Sevenoaks
Kent, England
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COUNTRY UNITED KINGDOM
ORGANISATION
OR COMPANY DRA, Fort Halstead
NAME OF THE .
CODE EPIC-9C
PURPOSE OF To model plume for multi-nozzle, non axisymmetric flows, Finite rate
THE CODE chemistry, Single phase. Nuv particles,
INPUTS Nozzle exit plane conditions consisting of gas chemical composition,
(and poasibly temperature, pressure and velocity, Kinetic rate reactions and

the name of the
codes which give
the inputs)

thermodynamic data, Turbulence model Kw or Ke, Flight free
stream conditlon, ‘

OUTPUTS

(and possibly
the name of the
codes whith use
the outputs

3.D spatial plume Nowficld, Time uvémgcd quantities, chemical
specios and gas dynamic properties. This supplies data for all
application codes,

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

are gascous, liquil

or solid)

System orientated chemical species. Ranging rom chemisiry of mono
and bispropellunt liquid engines o those of' solid composite and
double base variants,

PHYSICAL PHENOMENA
TAKEN IN ACCOUNT
AND

PHYSICAL LIMITATIONS

Full finlte rate chemistry

Turbulence model Kw und Ke

Single phase, 3-D code with complex geomotry

Prediuts shoek strueture, position und magnitude of mach dise

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

Up to 70 km, Plume length variable,

COMPUTING TIME
DURING A RUN
(indlcate the kind

of computer)

In excess of two hours, WORK STATION, VAX, ENCORE,

NUMERICAL METHOD Eintte dilfesence, fMexible grid. Uses eliptic code.
AND GRID
AVAILABILITY Availability restreicted

(indicate if it is

fully commeicially
available or il only
a few runs tmay be

performed)
CONTACT MTC4 Plume Science
ADDRESS Defence Research Agency

Port Halstead, Sevenoaks
Kent, England
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COUNTRY Usa
ORGANISATION Ioint-Army-Navy-Nasa-Air Force (JANAF) Us Government -
OR COMPANY
NAME OF THE Standard Infrared Radiation (2 to 25 um) Model-SIRRM
CODE
PURPOSE OF Computing the IR radiation 2 to 25 um from the gar and particle

THE CODE laden plume flowflields
INPUTS 1 Flowflicld property map of plume domain, static T, P, and IR
(and possibly (active species = f (x, y)) usually provided by Standard Plume
the name of the Flowflold, model (SPF)
codes which give 2 Gascous band model file
the inputs) 3 Particulate optical property file

4 Aimosphere property file
OUTPUTS Spectral and in band local radlance, station radiation, radiant
(and possibly intensity-both upparcnt and source

the name of the
codes which use
the outputs)

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

are gaseous, liquid

26 gaseous spocies Ha, COa, 04, N2O, CH,, HNO,, BO, BF, BC,
BFO, BCIO. BHO, BO,, BI, BCIF, By0y, B0y, B(OH),, HBO,, BF;,
HF, HCl, CO, CIF, OH, NO.

Al2Q4, C(S), MO and ZrO);

or solid) condensables rudli from | to 30 um
Atmospheric attenuation and emission included for numerous
PHYSICAL PHENOMENA almospheric models

TAKEN IN ACCOUNT
AND
PHYSICAL LIMITATIONS

Axisymmetric flowficld

Purticulate scattering - 2 flux und 6 Ilux approximation
Curtis-Gadson approximation for band model radiution from
inhomogencous gas paths

Coupled gas/particle treatment ol radlative transfer
Incorporution of missile body obscuration near nose aspect
Moderate resolution (S ¢cm™)

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

Multiple aspect angle, variable observerstarget position

COMPUTING TIME
DURING A RUN
(indicate the kind

of computer)

Wide range of computing time depending on problem. Executes on
CDC 6600 and 7600, UNIVAX and IBM
Minimum $ min for simple LOS exccution

NUMERICAL METHOD Band model formulation for guseous emission, heavy gas, 2 flux and
AND GRID 6 fux scattering and emission for particulate radiation
AVAILABILITY Code export controlled

(Indicate if it s

fully commercially
available or if only
a few runs may be

Reports and permission (o reproduce through CPIA
Chemical Propulsion Information Agency

John Hopkins University

John Hopkins Road

performed) Laurel, Maryland 20707
CONTACT Mr Thomas Smith
ADDRESS OL-AC PL/RKFT

Edwards AFB, CA 93524-7003
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COUNTRY USA
ORGANISATION Dr Eugene Miller, PO Box 4361, Incline Village, Nevada 89450, USA
OR COMPANY
NAME OF THE VISIG, DROP and OSA
CODE
PURPOSE OF VISIG predicts visible signature of rocket exhaust plumes due to
THE CODE scattering of ambient light by primary and secondary smoke
DROP calculates formation of secondary smoke in solid rocket
plumes based on SPF plume code (earlier version used LAPP as
basis or plume flowfield)
0S.A calculates optical signal attenuation in solid rocket plumes
INPUTS VISIG/OSA input includes particle size, type and spacial distribution
(and pussibly and atmospheric transmission
the name of the DROP input includes SPF/LAPP and climate
codes which give (temperature/humidity) '
the inputs)
OUTPUTS See purpose of Code

(and possibly
the name of the
codes which use
the outputs)

CHEMICAL SPECIES
TAKEN IN ACCOUNT
(precise if they

arc gaseous, liquid

or solid)

Optical properties of water, HCl-water, alumina and zirconis

PHYSICAL PHENOMENA
TAKEN IN ACCOUNT
AND

PHYSICAL LIMITATIONS

Temperature, humidity, primary und secondary smoke particles,
atmospheric transmission. Docs not nccount for HF cffects or
soluble salts

SIMULATED ALTITUDE
AND
EXTENT OF THE PLUME

Limited only by plume lMowtield caiculution limits

COMPUTING TIME
DURING A RUN
(Indicate the kind

of computer)

Available for PC with MSDOS or PCDOS system

NUMERICAL METHOD
AND GRID

AVAILABILITY
(Iindlicate if it is
fully commercially
available or if only
a few runs may be
performed)

For sale by Dr Eugene Miller, PO Box 5461, Incline Village
Nevada 89450, USA (Tel. 1-702-831-0429)
Ensure correct export licence has been obtained,

CONTACT
ADDRESS

Sce avallability
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APPENDIX 4
AGARD PEP WG-21 CLIMATE DATA BASE

1 The temperature-Dew Point Model, referred to hereafter as the “Climate Database,” Is a computer
code and databasc provided by the National Climatic Dalta Center, Federal Building, Ashville, Norih
Curolina, 288180, USA, (ATTN: Mr M Changery E/CC22~telcplione (704) 259-0765)), und described by
them as a “Gridded Upper Alr Climatology. The Climate Database was initially developed for the
Naval Weapons Center (NWC) for its usc and for promuligation 10 AGARD as a standard for uniform
probability cstimates of sccondary-smoke formation by rocket cxhausts,

2 The package comprising the modcl and database consists of thirteen 9-track, 6250 bpi, unlubolicd
ASCII tapes with 380 characters por record and 10 records per block on which data was genuraied from
a UNIVAC 1100 computer. On tho first of these tapes, Tape (1), is the program thut reads the required
data from the other tapes and formats it properly in an output file. The code listing, o bricl output, and
a sample input are attached,

3 The other twolve tapes contain climate datu stored one month per lape. Because of dilTerences
between the UNIVAC and the VAX (at NWC), the Files on the tapes had to be reformatied belore they
could be read by the computer code.

4 Each monthly climatology lape consists of five Files, These files ure determined by the latitude
bands listed below in degrees:

] 900N - 575N
if) S50N - 200N
i)y 175N - 175N
iv) 2008 - 5508
v) 5758 - 9008

Longitude is covered from 0.0 10 360.0 degrees for every file, and the limits of utmospheric pressure
(“surface level”) extend from 1000.0 to 30.0 millibars.

5 To run the program, onc, and only onc, of the sixty passible climatology input files can be
attached. The user is prompled to give the limits for the surface level in the atnosphere, (he longitude,
and the latitude within the limits of the attached data file, Specific points muy be ¢ntercd, For example,
latitude may be entered io range from 55.0 N to 55.0 N und thus restrict the runge considered to one
pucticular latitude.

6 L.titude and longitude may be cniered in multiples of 2.5 degrees.  The altitude level is most
easily cnicred as a range of values, but may be entered as an exuct value. Duta are stored in the files ut
the following “altitudes” levels in millibars: 1000.0, 850.0, 700.0, 500.0, 400.0, 300.0, 250.0, 100.0, 70.0,
50.0, and 30.0.

7 Within the databasc there are approximalely 30 data points for temperature and dew point
depression over a two-week period for a specific month, altitude, latitude and longitude, on which the
statistics are based.

8 The attached output listing show: - :alistical summaries prinied for cuch of the ycars 1980
through 1985 for January (ist month), boun first iwo-week pesiod and second two-week period for -20
degrees latitude and 120 degrees longitude at 100, 70, 50 and 30 miiliburs. Temperature und dew point
depression are listed in °C with their one-, \wo-, and three-sigma variutions added to and sublracted
from the mean. No dew point depression duta were included at these altitudes (such duta are included
in the databasc only from 1000 to 300 mb). A partial input tape listing with limited annotation, for
December (12th month) is also included for 100 mb, 87.5 degrees latitude and 0-15 dugrees longitude,
Number of observations, mean lemperature, mean dew point depression and one-sigmu values for
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temperature and dew point depression are given. Clearly the six-year data base, first and last half of the
month is included, but without the code one cannot determine which data are which. From examining
both of those listings, it is clear that a linear curve of variation is assumed in the statistical analysis of
temperature. A linear variation of dew point depression is also used, below 300 mb,

Y A set of the Climate Database tapes for VAX computers is available on loan (for copying and
return) from the AGARD office (address given in the Introduction to this report). The Climate
Database tapes can be purchased from the National Climatic Data Center address given above. The
National Climatic Data Center is currently updating {ts climate database and incorporating more precise
ground-level data than are in the current database.
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PROGRAM PHERE

CHARACTER CBUF*360

DIMENSION RLIM(6)

DIMENSION TEMP(12), SIGT(12), DPD(12), SIGD(12)
INTEGER NOBS(12)

PATA RLIM(1¥/90.0/
DATA RLIM(2)/35.0/
DATA RLIM(3V17.8/
DATA RLIM(4)/-20.0/
DATA RLIM(8)-57.8/
DATA RLIM(6)/-92.5/

OPEN(UNIT=2,FILE="CBUF.DAT' STATUS='NEW")
OPEN(UNIT«9,FILE«'WETHR.DAT' STATUS='NEW")

OPEN(UNIT=8,FILE«'JAN.FL4' STATUS="OLD',ERR=800,
FORM«'FORMATTED',ACCESS="SEQUENTIAL' [OSTAT=IERR)

90000030 000 0 0 0 0 0 00 10 0 000 20 0 10 00 00 0000 0 0000 10 00300 00 4 M 20 0 1 M 0 30 10 0 0 0t a0 0 0 0 090 0 0.0 0 1 30 30 00 0 0t o o o

READ(8,1000,JOSTAT=IERR,ERR=800,END=999) INMTH,LEVEL,TLAT,
TLON,CBUF

FORMAT(12,16,2F6.1,A360)
WRITE(2,*)CBUF

IF(TLAT.GTRLIM(2)) THEN
LBIND = 1
ELSE IF (TLAT.GT.RLIM(3)) THEN
LBIND = 2
ELSE IF (TLAT.GT.RLIM(4)) THEN
LBIND = 3
ELSE IF (TLAT.GT.RLIM(S)) THEN
LBIND = 4
ELSE
LBIND = §
END [F
RLIM1 = RLIM(LBIND)
RLIM2 = RLIM(LBIND+1) + 2.5
WRITE(6,1100) INMTH RLIM1,RLIM2
FORMAT(' CURRENTLY EXAMINING UNIT=8 MONTH~'14 ,
' LATITUDE LIMITS «'F6.1,' TO ', F6.1)
WRITE(6,1200)
FORMAT(' ENTER LOWER AND UPPER LEVELS (1000 TO 30)")
PEAD (5,* ILEV1,ILEV2
WRITE(6,*) ILEV1,ILEV2
IF (ILEV1 .EQ. 0) THEN
WRITE(6,1300)
FORMAT(' END OF PROGRAM ')
END IF

WRITE(6,1500) RLIM1 RLIM2
FORMAT(' ENTER TOP AND BOTTOM LATITUDES ('F6.1," TO 'F6.1,")")
READ (5,*) ALATIALAT2
WRITE (6,*) ALAT!1,ALAT2
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F(ALAT1L.GTRLIM1 .OR. ALAT2LT.RLIM2 .OR. ALAT1LLT.ALAT2) THEN
WRITE(6,1600) :
1600 FORMAT(' INVALID LATITUDE RANGE, PLEASE TRY AGAIN")
GOTO 7
END [F

8 WRITE(6,1700)
1700 FORMAT(' ENTER LEFT AND RIGHT LONGITUDES (0 TO 360)")
READ (5,*) ALON1,ALON2
WRITE (6,*) ALON1,ALON2
IF(ALON1 LT. 0. .OR. ALON2 .GT. 360. .OR. ALON1 .GT. ALON2) THEN
WRITE(6,1800)
1800 FORMAT(' INVALID LONGITUDE RANGE, PLEASE TRY AGAIN")
GO TO 8
END IF

10 [F(LEVEL LE. ILEV1 .AND. LEVEL .GE. [LEV2) THEN
IF(TLAT .LE. ALAT! .AND. TLAT .GE. ALAT2) THEN
IF(TLON .GE. ALON1 .AND. TLON \LE. ALON2) THEN

C FOUND DATA WITHIN RANGE LIMITS, DECODE, CALCULATE, AND
C OUTPUT TO UNIT 6
READ(CBUF,2000) (NOBS(1), TEMP(1),SIGT(I),DPD(1), SIGD(I),
» I=1,12)
2000 FORMAT(12(14,2(F7.2,F6.2)))
I=0

WRITE(9,3000) INMTH,LEVEL,TLAT,TLON
3000 FORMAT(' MONTH '12," LEVEL '14,' MB: LATITUDE ',
* F6.1," LONGITUDE'F6.1,/,' YEAR HALF",

" TEM? + 181G - + 251G - +38IG <
* ' DEPRES + 1S8IG - + 281G - +38IG -
DO 30 [YR - 1980,1985
DO 20 IHLF = 1,2
lwl+l

IF(NOBS(1) .NE, 0) THEN
SIGT1P = TEMP(I) + SIGT(I)
SIGTIM = TEMP(I) - SIGT(I)
SIGT2P - TEMP(I) + SIGT(1)*2.
SIGT2M = TEMP(I) - SIGT(I)*2,
SIGT3P = TEMP(I) + SIGT(1)*3.
SIGT3M = TEMP(]) - SIGT(I)*3.
SIGDI1P = DPDXI) + SIGD(!)
SIGDIM = DPIXI) - SIGD(])
IF(SIGDIM LT. 0.) SIGDIM =0.
SIGD2P = DPD(I) + SIGD(I)*2.
SIGD2M = DPIXI) - SIGD(I)*2.
[F(SIGD2M .LT. 0.) SIGD2M =0,
SIGD3P « DPD(T) + SIGD(I)*3.
SIGD3M = DPD(]) - SIGD(I)*3
IF(SIGD3M .LT. 0.) SIGD3M =0.
WRITE(9,3100) [YR,IHLF,TEMP(1),SIGT1P,SIGTIM,SIGT2P,

* SIGT2M,SIGT3P,SIGT3M,DPD(1),SIGD1P,SIGDIM,SIGD2P,
* SIGD2M SIGD3P SIGDIM
3100 FORMAT(215,2(F8.2,6F7.2))
END IF
20 CONTINUE
30 CONTINUE

IF(LEVEL LE. [LEV2 AND. TLAT LE. ALAT2 .AND.
. TLON .GE. ALON2) THEN




3200

800
3500

999
3900

WRITE(,3200)
FORMAT(' AT END OF DESIRED RANGE')
GO TO 999
END IF
END IF
END IF
END I[P
READ(8,1000,J0STAT=-IERR ,ERR=800,END=999) INMTH,LEVEL,TLAT,
TLON,CBUF
GO TO 10

IF(IERR NE. 0) THEN

WRITE (6,3500) [ERR

FORMAT(' READ ERR UNIT=8 : ERROR«'I8)
END IF

WRITE(6,3900)
FORMAT(' END OF PROCESSING")

WRITE(2,*)CBUF
CLOSE(UNIT=8,STATUS='"KEEP")

CLOSE(UNIT=9,STATUS='KEEP")
CLOSE(UNIT-2,STATUS~"KEEP")

sTOoP
END

A4-7
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