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itcquiret~ncnt~ kir missile guidance ilnd stealth properties are changing and hkoming more stringent. There is no up-to-date 
synthrsis relating rocket motor plume p t v p 4 i . s  l o  these,ncw requirements. m e  work performed a d  recently finished within 
lV:l' Wti  21 hiis formed the hasis for this L+ture ScriS,c. T . 

The woik cif the I . ~ ~ t u r e  Scries will he and plumes in all their aspects. Plume properties will he 
addrcsned and mcthcwls of numerical simulation and c ip r imen ta l  assessment descrihcd. 

! 
Spccificdly. I d t h e  structure. alter-burning phenomena. primary and secondary smoke. plume radiation signatures and plume 
microwave intci-;ictions wil l hi descrihcd in detail. 

Opcrational asbcts linked to  thesc tqpicrr wi l l  discuss how 
Ways in which plumes may he mtdificd to d u c e  or eliminate this influence wil l  he sugpc:sted. 

kct plumes influence misMe d::tectim. guidance and tracking. 

I 

1.c~ spicificstions en maticre de puidage de missiles et de caractiristiques de furtivite evoluent et devicnnent plus ripoureuses. 
Or. il n'cxistc aucune etude de synthcsc ricente qui permct de confronter Its caractiristiques des jets des motcurs-fusic 9 s avec 
ces nouvellm exigences. Les travaux'entrepris par le groupe de travail PEP WG 2 1, qui viennent de s'achcver. ont semi de base a 
ce cycle i le  conferences. 

lxs confirences couvriront tous'les aspects des jets des moteun-fuskes et des prcwluits irnis par ccux-ci. Les caractiristiques des 
jets de propulscur seront examinies et les mithcdes de simulation numeriquc et d'cvaluation exp6rimentale seront discutees. 

En particulier. la structure des jets. les phinomimes de postccmbustion. les fumees primaires et secondaires. les signatures par 
rayonnemcnt des jets et les intcractions/jets hyperfrequcnces seront dicr i ts dans le detail. 

Les consiquences op&ationnelles hies a ces sujcts montreront I'influence des jets des moteurs-fusees sur la detection. le 
guidage et la poursuite. D:s propositions semnt faites'pour la modification des jets afin de niduire ou dYliminer cette influence. 
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If"RODUCl'O0N 

34 LAWRENCE 

Rocket plume rechndogy has bwn a subjcct 
of interest and study for many mmtrics engaged 
in missile daign and manufacture. For succcssful 
opcrational deployment d missile systems i t  is 
ncces. .  to quantify the exhaust popcrlics of 
the propulsion unit and its C ~ W N  m missile 
guidance, tracking and signature. AGARD 
Lecture Series 188 addrcsscs m c  major topics d 
this subject. The Series stems froan the work of 
AGAWD PEP Working Group 21 which 
invcstigatcd the qucstion of tcrmindogy in the 
field d solid propellant rocket exhaust signaturcs 
with a view to agrccing and recocmmcnding a 
common terminology. Particular emphasis was 
placed on the ciasificalion of propellants in terms 
d Primary and Secondary smdse. The work 
rcsultcd in the submission of a fin? report which 
bccame AGARD Advisory Rcpr! 287 entitled 
"Terminology and Assxsn.ent Mcahods of Solid 
Prqcllant Rocket Exhaust Signatlam'. Principal 
subjects were Primary and W d a r y  smokes. 
smoke classification. plume radiation and 
microwave propertics: Thcsc werc preceded by an 
introduction and compreheqsive overvicw and 
supported by appendices. ,' 

The recommended 'Smoke Classification' 
went forward lo bccomc a NATO standard. 

I 
With few exceptions the exhaust of a rocket 

motor is Seen as an embarrassment to the missile 
user. The nature of the exhaust, charkcterised by 
the very rapid flow of chemically reacting, high 
tcmpcraturc turbulent gascs. prescnts a problem to 
the missile design team harina concern for 
guidance, tracking and vulncrabillly IO detection. 

Where electromagnetic guidance and 
I 

I- I 

\ 

tracking signals pass through regions of the 
exhaust thry undergo lossa and distortion 
depending upon the local properties cnmntered 
along the path through the piume and the 
wavclcngth of the interacting incident wavefront. 

In the context d detection. a rocket exhaust 
signature is rcgardcd as that XI d propertics 
which may enable an obscrver to detect, locate 
and identify a missile. Millimetric. infra-red, 
visib!e and ultra-violet radiations from an exhaust 
afford oppmtunitics for the w i v e  detection a*id 
identification of a missile. Propellant chemical 
s p i e s  contributing to a unique spcctral pattcrn 
may well provide this idcntificrrtion. Equally, 
rockct exhausts often produce 'Primary smoke' 
(originating in the motor) or 'Sccondary smoke' 
(plume mdensatcs) which may also bc dctccted 
by passive mcans. These form an observable 
contrast of exhaust smoke against background. 
Active dctcction is also possible where rrce 
electrons populating the turbulent flowfield act to 
present a'radar c rBs  section to an interrogating 
radar. 

To rcduce the risk of detection, the rocket 
exhaust signature must be minimised and some 
propellants d e r  distiirct advantages over others 
in this rcspcct. Double base propellants are often 
favoured where secondary smoke is likely to cause 
umcern, dithout thc formation d acid vapours in 
the plume. condensation occuk only in ambient 
conditions d extreme temperature 'and humidity. 
Impressive rcductions in plume signature arc 
witnessed when the exhaust is prevcntcd from 
burning and, in certain casu, tlils can be ;rchicvcd 
by using one of the do3Me bast range of 
propcllants with a cornbustion supprcssant added. 
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mb m@m d hr,iitq. ~ 4 6 1 :  rdasciq 
miiilmeasic. i m k a d .  visi de COnm. and smw 
dun-vtde: radhi50N. must not k a1 the expaw 
& i I p d  smoke. iwll part db the OvCernpI 
signaPMrc. 

1 @a m y  years meh.Blemh.fwos a!? @urn 
mitnd radhe6am. d micrc1waw ~ 1 3 a u 6 a  md 
~EU% asottax haw ben undr rtdmm m r,rwnad kvel 
og+nn siua d. whm anmpio0c. 'n f d l i R i @ s  
simnuhtimg m i d l a  forward v e l ~ c i ~ y  (I ad aloioudle. 

faci~ities me expensive 'and a n  ;SOP provide 
for ann mtire range OQ anisdes am for cvcry 
cpamuimd dountion. Ful!y tnlqtmmosmocd, cnrckiUy 
pJannarodl anad executed flight mm-am:nts are the 
ideal answer, but again thcsr arc vert cwpccmsivc 
a d  c o ~ l  m e  only at the pt dassli~n slagc. well 
into the dcvclqment pogrammc. fi&ems found 
a8 thh time arc costly lo rcmcdy. with changcs 
strongly resisted. 

5 

I 
It is not difficult lo sce the attractions of 

rclinbk computational tcchnigucs for thc 
prodiction ob Plowfield propertics wherc. early in 
systeam design studics. lcalculalirm of t h w  
pmprrticr and their effcct on a ~~ syslcm 
can hzcxme ovailnMe as input data to opratimal 
t ~ . c n t .  In addition. such ~ ! W C  modclling 
permits a rapid response lo systcm p&ems and 
provides opportunities lo make well informal 
prcdictioms in situations where moa& arc not 
availlakde. such as thosc 00 am adversary. 
Diapmtic vdue is also suhstanrid when studying 
the eBpccts of exhaust modificationu, eg. flame 
suppressmu. s i p l u r e  rcduction. elc. 

I I' 
Exhaust structures arc uhg5ex. Working 

from cumputcd combustion prtxxsws inside the 
motor and expansion of gascs tlirOlJgh the noiile. 
an additional calculation dcvclops Ihc plume 
flowficld smcture. P distribution in space of 
temperatures. vclocitics. pressures, chemical 
species umcentrations and turbulence properties. 
Thc exhaust propcrtics of interest. e.g. infra-rcd 
radialioms. millimetric c m i s s i a  etc.. arc 
evdUatcd by selecting the appropriate application 
code to interface with the @ume flowfield 
s ~ ~ c i u r c .   his is simply statui, tn11 is in reality a 
prOUk3 posing a &ere challenge to thcaretical 
mdeMing skills AS i1 attempts CO describe the 
tUrbrsEm1 nrixing of 'exhaust g&s d mrrwndiw 
unMcn1 mi l -  slreams, the .many cSamlcal reacliau 
occurriq in Ihe exhaust and CDae &as dynamic 
features of shocks and recirculanion. 

The s~obj-ccb of WG21 with strong emphasis 
(MI exhaust signatusss wcrc U c n  as a guide for 
the Lcclurc &ria and in doing so i t  was 
recugnid that two further subjects should be 
includcd: lbal d pruplsion in lhe m l c x i  of solid 
propcllnnt rocket m o ~ m  f a  tactical weapons, 
wit3 low exhaust slgnaturcs as a major fcature, 
and thal of theurcticinl plume modclling which. 
from thc foregoing. f l q s  a prominent role in all 
aspects dl rocket cxhausl studies Only in exhaust 
propcrtics rc la td to microwavcs has propagation 
through the @umc becn considered. Traditionally 
and lo this day. microwave radar systcms have 
played an imporlanl r d e  in missile guidancc and 
Iracking. With such prominence. propagation 
acpccls meritcd inclusion. This is not to suggest 
that olhcr propagation wavclcnglhs from the 
clcctrmagnclic spectrum are not u.wd to good 
cflcct and .instance as an example. infra-red laxr 
bcam guidance. 

Launch site Mas1 and contamination cffccu 
cf the cxhausl and aircraft engine ingcstion of 
rocket exhaust products have not been includcd in 
the lecture programme. 





PLUME PRIMARY SMOKE 

J.C. Chmtenet 

S.N.P.E. Centre de Raxherchea d~ b u c h e t  
BP 2 . 91710 Vert-le-Petit . FRANCE 

ABSTRACT / 
The exhaust from a d i d  pr&ellant rocket 

motor ueuelly contains cooldenad Ppeciee. 
These particlee, dso called " Puiunery Smoke", 

and to rhe guidance system . Tb avoid oper- 
ationd problem it is n e c m a y  to know and 
quantify the eflexts of particlew on all aspects 
of mimile deployment. 

This paper first gives a br id  d b r i p t i o n  of 
the, origin of the primary kmohe. It continves 
with details of the interaction ktwe@n per- 
t ic la  and light an function of both particles 
and light properties (riatiire, size, wavelength, 
etc). The ePHects of particlea on plume viei- 
bility , attenuation of an opticdl beam propa- 
gated through the plume and the cohEribution 
of pmEicIa on optical signaturdg of the plume 
are dco demibed. Finally, vwioua m c t h d s  
u d  in NATO countriea to qumtify the pri- 
mary smoke effects are d i s c u d .  i 

are often prejudicial to I L  itmile detectability 

i 

1. INTRODUCTION' 

The exhaust from a solid propellant rocket 
motor are composed of gams and 'ususlly of 
particlee or material that.could condensc d i m  

l ing cooling of the combustion gesen . This 
d i d  moterid createa, in the atmosphere, 
downetream from the nozzle a emohe cloud 
compc#Ped of small particles. This smoke iS 
cdld Primary Smoke in oppmitioar to smoke 
that could be generated, in particular climatic 
conditiosrs, by the condeneelkm of the water 
vapor contained in the exhaust and in the at- 
moephere. 

Particles become important k a u m  they 
generally exist everywhere downstream of the 
nozzle and they remain a certain time. Ac- 
cording to the quantity of particles crested by 
the motor, this trail can be easily detected vi- 
sually and can reveal the miseile trajectory or 
the launch position from long distance. A h  
attenation of IsYZgr guidance b a m n  can occur 
during transniimion through thme consider- 
able lengths of exhaust plume smoke. 

Generally, primary smoke are prejudi- 
cial,but unavoidable, to missile detectability ' 
and to t h e  guidance system . The objet of 
this paper is to give descriptions of (i) t h c  
origin of the primary smoke, (i ij  their effect4 
on plume vieibility and transparency and (ii i)  
various methods u d  in NATO countriea to 
quantify the primary smoke effects. 

,This paper is a review of the chapter pre- 
pared by the french delegation of ACARD 
wc 21 [ I ] .  

2. ORIGIN OF PRIMARY SMOKE 

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

\ 
0 Burning rate catalysb : Ferrocene com- 

pounds (catocene), lead oxidee, lead salt 
(lead resorcinate), copper salts (copper 
chromate), iron oxides, etc 

0 Anti-instability additivce : Zirconium 
carbide, rirconium oxide, silicon carbide, 
etc. 
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0 Ahlluminiram or othjr mrz8e.b d d  to in- 
crease the t h e r d y n m k  psrformencw 

Aft@rburning suppnBaab : Potamium 
tmb (&Sod , 

This list ir not exhaustive. 

T b e r d y n a n n i c  computakkaahs have shown 
that t h e  products, moetly iraebd compounds, 
we 80 be fouud in the exhawt m raw metal 
(Cu), hydroxidm (KOH) or mwe ofhn  aa ox- 
id-, chioridea dr fluoridca. %m refractory 
nanksiah (mmtly anti-inet&Uity additivce) 
do moa deconapoec in the cmboaation cham- 
ber and are dkharged  aa particlar through 
the nosole. 

Other than tke propellant, olll motor par@ 
which are expoad to R m  mny pyroliw or 
ablate and generate smoke. The main con- 
tributors u e  : 

0 liner 

0 inhibitor 

0 thermal insulation ! 

nozzle 

Their contribution can +e aignifficant, typi- 
cally in the form of soot (cgrhn) ,  silica and 
iron oxide, erpecially during a d  after burnout 
of the motor. Finally, the ignihe may also play 
a oigrnificant role in the generation of primary 

3. OPTICAL EFPECTb OF 
PRIMARY SMOKE 

I 

I smoke. 1 

Particles or particle cloucb interact with 
light in two ways, scattering and absorg  
tion. scattering of ttie ambient Bight can make 
s m k e  highly visible and a ropJ06 contribu- 
tion to miwile signature' in the visible spec- 
t r d  range. Attenuation 'by smoke can inter- 
fere with a guidance eystem that should be 
used between the launching platform and the 
miseile or i t s  target. ' I 

These phenomena depend upon various fac- 
tore : 

I 

The sise of the cloud or the optical path 
accm the cloud 

0 Particle concentration 

o The optical wavebngth 

o The oitical p rokr t im of particles defined 
by : 

. Their coniplex optical index 

- Their R i t e  and Rite distribution 

- Their shape, roughntm, etc 

The firsa two parameters are c l m l y  con- 
nected with motor performance and particu- 
larly the maaa flow rate, thrust and combus- 
tion time. 

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

3.1 Interaction betw-n ligbt and par- 
ticle 

. The interaction between light and a parti- 
cle can tw obtain by renolviriR hiaxwell'n q u n -  
tions with appropriate boundary conditions. 
The light scattering theory generally distin- 
guishes three different cases over each of the 
following ranges : 

0 When the particle diameter is f v  .smaller 
than the wavelength, the Mattering 
is called hyle igh  scattering. Equal 
amounts of fluxes are scattered into the 
forward and backward hemisphere (fig. 
l a )  121- 

0 When the particle diameter it3 grpater 
than about one-tenth of the wavelength, 
the greater overall scattering and pattern 
complexity (fig. l b  and IC) requires that. 
the theory developped by Mie muet bt- 
uned. Although this theory is confined 
solely to isotropic spheres, it is custcni- 
ary to employ it even when the particles 
may be somewhat irregular in shape as 
those issuing from propellant. 

- . \ -  
, I  





0 When the particle dim.* k.i very lnrga 
with n e v t  to the ckavdenagth, it  is ncc- 
c a w y  to apply laws of geormtricd optics. 

Tbe pmticlm colkctad iw d e b  exhmmt 
planma with various maxi flaw s m & ~  ahow that  
ecrjlaiwdaint diameters of non q~grn@e porti- 
c i a  ~IQY between 0.1 pm to ~10.0 @;TI. A Iwge 
rcmka of s m d l  particlea with diawwters pmb- 
ably in the r m g t  0.01 pm to 0.1 itrn dm ex- 
iet, but they are difficult to qumd ,'y mad their 
siod IpePcPudem important mcatOerrii-ig over the 
vigibh region of the elect romagmtrc spectrum 

- (fig. 2). 

Fiaura 3 md 4 show photo,gtapbs of per- 
t i c la  collexted in plumes. The  F u m p t i o n  of 
spherical particlcs can be well I- well ver- 
ified. 1 

In the vieible, aear or middle' infrared, the 
important scattering is generally deercribed by 
Mie's theory. I 

1 
FoBlmin6 this theory, when a particle of 

complex index rn = n - ik is illuminated by 
unpklwized light, at the wnveleaagth A, repre- 
sented by two electromsgnetic v&torn perpen- 
dicular and parrallel to the plane of obeerva- 
tion (fig. 5 )  but having no coherent relation- 
ship, the scatterred light, in a dirktion mak- 
ing a angle Q with the direction of the incidcnt 
light, conoists of two incoherent components 
(indexed 1 and 2) such that the total angular 
intensity , at a distance d from the particle, is 

I 

i I 

I I 

where 10 is the irradiance of the particle and 
il and it are the Mie functione, exp~eased by 
Riccati-E.wel functions and Legendre polyn- 
mids  am functions of the dimensionlew size pa- 
rameter U = ay and @ = ma whetp r is the 
radium of the particle (me 131 or 141 for more 
information). 

Figure 6 gives typical relative variations of 
log il and log i s  versus 8 for particles of Ala03 

I E-3 

and C (soot) when 9 = 45' (defined in fig. 5). 

Optical propertiem of particles are given in 
the form of dimerieionlese parameters. The in- 
knsity "intercepted" lezt (e.g. not transmit- 
ted in the direction of the incident light) by 
the particle is proportional to i) the intensity 
of the incidcnt light, ii) the section of the par- 
ticle and is ,written : 

The coefficient of pr..qmrtionalitv Qcrt is called 
the extinction coefficient.. 
The total Jntennity scattered I,,, by the par- 
ticle is aloo related b,o the same parameters : 

and defines the scattering coefficient Q,c,,. A 
part of the intensity of the incident light can 
be absorbed by the particle and is ca rac t e r id  
by the a h r p t i a n  coefficient Q,,L, obtained 
from difference : 

Qobr Q t z t  - Qrco 

In the optical piremetern of the particle. thc 
absorption propartiem are c h a r a t e r i d  by a 
complex refractive inde.x (& # 0 ) .  

Thew coeficienta can be calciilated hy Mic's 
theory, for exeniple an exprmion of the wnt- 
terine coeficient, for unpolaritd light. i s  : 

' 
Typical variations of Q,., are given in  fiRiirc 

7. An example of the influence of the  iniqi-  
nary part of the index on the Mattering s n t l  
extiiiction coefficient is given in figure 8. 

3.2 Attenuation 

The radiation intensity Im d l  due to pri- 
macy smoke is the consequence of th:r writ- 
tering and abnorption by particles and 'can 
be expresaed according to the Fker-I,an?hert- 
Bouguer law for monodispersion : 

, 





I I E 4  

I 
, 

where r is radius of the pw~ ic lm , '  N the 
concentration of particlea (number of parti- 
clm/volume of mixture), Q.=( the extinction 
coefficient and dl optical path length. 

With a constant exponent coefficient, the 
transmittance Tr can be writ ten : 

I 

where qtrI = N x r 2 Q c x t  and L the total opti- 
cal path length. 

By  replacing N by a function of Sauter 
mean diameter (Volume-to-surface) D32 and 
volume conc ~, ration of  particlea C, (volume 
of particles p' volume of mixture), thie exp:es- 
sion can by writ ten : 

P 

Since the monochroniatic beom crossing the 
plume Matters from particles of varying num- 
ber density and size, the equation must be 
modified 811 : 

where A'(,, r)dr represents the number of  par- 
ticles w i th  radii b e t w ~ n  l and  r + dr per vol- 
uint unit at the point I of the path. 

The extinction coefficienl con be predicted 
M shown in previous paragraph in the limit of 
single scattering. ; !  

Calculation of the plume flowfield permits 
the transmittance to interfarcc w i th  motor pa- 
ramaskre such aa m m  flow rate or chamber 
precaure by substitution of the parameters C, 
and 1 in the formula. 

I 

i 

bigurea 9 and 1U show the nature d par- 
t ic lm in an original way. Two grapho, repre- 
e n t i n g  diflstent wavelengths, show the parti- 
cle maaa fraction inducing a transmimion fa- 
tor of 05 % acruas 'a given particle (op 
t ical path= I m, dilution = 5. JB a 
function of particle size. The mam fraction 
of condensed materials in a given propellant 
plume at an equivalent dilution section must 
remain under these curves in order to obtain 
the specific transmission level. 

Such rebresentationa show that : 

0 Carbone or  eoot hire very absorbing, 
whatever the wavelength. 

0 When lhe particle radius is not too large, 
transmiasion is better in the infrared than 
ir, the visible reKion of the electromag- 
netic spectrum. 

0 Coppe: and !cad have gimilar scattering 
featurm (Rut w i th  respect t o  only the vol- 
umetric fraction, lead IS more transparent 
than copper). 

3.3 Particlee emiseion 

Thc scatterring properties of plume parti- 
cles are at the origin of  the signature i n  the 
visible range. Scattcting can also produce :I 

emission in the other part o f  the electromag- 
netic spectrum. It is true for both the I1.V 
range and the 1.H range where ycrticlea can 
scatter the radiation coming from the combos- 
tion chamber by the nozzle throat. 

Furthermore, solid particles emit continuum 
radiation in approximale proportion to the 
particle concentration and the fourth power of 
their Rurface temperature obeying the Pianck 
function. Specific details of size distribution 
and optical properties of the particles signifi- 
cantly aKect this emission. So particles coulrl 
product an emission i n  the UV, visiblc and 1.R 
region o f  the e1ectromagneti.l: spectrum espe- 
.:ially in the hot par t  of the plume (afterburn- 
ing region). 

3.4 Smoke vieibilitv 





c 

The term visibility is qenerelly used to d e  
scribe the powibility of detectioy by ob- 
server without the aid of a auxiliary device. 
Quantitatively, visibility is expressed w a 
probability of detection for (P given contrast 
between the objet (the plume) and its back- 
ground, in this case the sky.  Ignoring chro- 
maticity factors as being less impor;tant than 
luminance contrdt ,  the plume-bmckground in- 
herent contrast do is defined by : 

Lp Lb CO= -- 
I 

*>  2 

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

Calculation of contrast involves a detailed 
knowledge of a11 radiation sources and trans- 
port functions (sunlight, diffuw skylight, dif- 
fuse light from ground, etc). The optical 
transmittance Tr appears in the contrast equa- 
tion. For a given sunlight making a hypotheti- 
cal angle of II with the direction of Observation 
(setting sun in the back of observer, plume 
near the horizon), the transmittance appears 
for example in the plume luminance expres- 
sion (assuming single scattering) : 

Tr being ezp ( -T , , tL ) ,  with L the plume di- 
mension in the direction of obiervation and 
Eo the irradiance. 

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

The transmittance is m one of the more im- 
portant parameters that permit!* to evaluate 
the visibility of the plume under1 spdcific envi- 
ronmental conditions. 1 .  
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A direct measurement is often preferred to 
numerical computation which depends upon a 
large number of ill defined parameters. This is 
particularly the case for optical indices found 
in the IitEerhrure for pure compounds at  room 
temperaturd. This is also the case for size 
diatribution. These data applied to particles 
present in <he rocket exhaust is highly ques- 
tionable. Nevertheless, Mie's scattering CRI- 
culations are useful for interpreting results of 
measurements and applying to the propellant 
optimization and other aspects of rocket mo- 
tor design. 

,,. 

4. DESCRIPTION OF VARIOUS 
METHODS 0IF PRIMARY SMOKE 

ASSESSMENT USED IN N A 3 0  
COUNTRIES 

4.1 Opacity of primary smoke \ 

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

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

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

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





purpcta of thaw measurementca 'ai limil.ed to a 
specific etudy - like the improvebent of mo- 
tor with reepect to primary tmobe8, or the 
wcmwment of new ingredients in a propellant 
formulation; the experimened procedure can 
be defined on a case by cam bmis. For more 
general purposes, such as havine; a quantita- 
tive method for comparing the smoke proper- 
ties Jf broad range of solid rocket propellant 
formulations, a widely accepted, standardised 
procedure is required. 

In the following peragrephs more details 
will be given on the instrumentation, exper- 
imental procedures and interpretation of mea- 
surements used in the U S A  [SI, the U.K. 161 
and in France 171 for the assessment of primary 
smoke transparency. 

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

. 

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

0 Firings in a "smoke tunnol" ( U.K. Royal 
Ordnance Smoke Tunnel (fig: 12), French 
SNPE "Fumimktre" (fig. 13)). 

I 

0 Free jet firings ( U/K Wyre Forest fa- 
cility (fig. 14) and ,'french SNPE "banc 
opacim6trique' (fig. 15, 16) far exam- 
ple). I t  seems to be the most widely used 
type of Frocedure in the NATO (excepted 

I us a). f 

The three techniques do not bhare strictly 
common usage. Free jet transmission mea- 
surement is a technique adapted to  evaluate 
the complete motor ( propellant + inhibitor 
+ etc). With some caution it can also be 
used to rank propellant .and inhibitors formu- 
lations. The same use applies to smoke tunnel 
tests but with more restrictions on the max- 
imum thrust of the rocket motor. On the 
other hand, the S.C.F. chamber is a facility 
which primarily aasesse3 propellant formula- 
tio, Because of test duration and environ- 
mental control, this facility is better suited to 

carry more sophisticated experiments on pri- 
mary smoke than those of transmission mea- 
surements : e.g. transmimion spectrum, parti- 
cle sizing and may be particle mattering char- 
acteristics. 

4.1.1 Source and detector 

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

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

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

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

The-detector shouid have a high frequency 
response (like a silicon photodiode) which can 
record the rapid fluctuations of the qrnnkr 
transparency and a spectral respoil"' i n  the 
visible and near IR which spans tlic -)Re of 
source wavelengths. 

The energy recorded by the transmissome- 
ter involves both the direct flux and a small 
portion of tho forward-scattered flux. The 
latter comes from a spatial volume, usually 
of double-conical shape, which surrounds the 
source to receiver axis and is defined by the 
angular divergence of the source beam, the 
angular field of view of the receiver and the 
source to receiver distance. These factors, and 
the receiver aperture area determine the to- 
tal scattered flux received. Typically receivers 
with a small angular field of view (< 10') and 

\ 



0 



I E-7 

- apertures of a few centimeters are c!mployed in 
meeauring the nominally direct triinsmittance 
181 * I 

I Calibration is generally dons, by intercept- 
ing the beam with opaque m a t e d l  (Tkaarsmis- 
sion=O%), various neutral density filters and 
no filter (100 9%). The delay between calibra- 
tion and the firing should be minimized. 

4.1.2 Measurements pat b s 
/ 

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

I 
pansverse measurements are iparticularl y 

well suited to propellant ranking, inhibitor 89- 
sessment or the study of additive effects. They 
are indeed reproducible, constant with time, 
proyiding the burning surface area does not 
vary during the firing period and tests COA- 

ducted near the nozzle exit not affected,by sec- 
ondary smoke. Furthermore, the limited vol- 
ume of cloud viewed transversely gives an o p  
portunity to undertake complementary Jptical 
measurements. These measurements are car- 
ried out a t  an angle of r /2  rad to  the motor 
axis. The transmissometer axie must cross the 
motor axis at a position dowstream of the af- 
terburning flame. This can be whieved using 
a constant distance for motors up to a certain 
thrust level or by maintaining a set distance 
downstream of the afterburning flame. The 
relatively short path length associated with 
transverse measurements will give transmis- 
sions of 90 % - 100 % with low thrust, low 
smoke, motors. At these smoke levels trans- 
mission measurements may not be sensitive 
enough to discriminate between motors. In 
such caees the path length can be increased 
by use of front silvered mirrors but great care 
must be taken to ensure that mirror surfaces 
remains clean and that vibration of the mir- 
rors is prevented during firings. 

Axial meaourements are realistic for smoke 
arvlesPment in a missile guidance context and 
allow discrimination between'similar products 

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

4.1.3 Motor characteristics 

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

In U.K, low thrust motors (up tc  400 N )  
can be fired in the Royal Ordnance (RO(S)) 
smoke tunnel. Higher thrust motor are fired 
in a n  open range facility. To compare propel- 
lants within a range of very different burning 
rates, 1500 N thrust motors of 8 s h i m  type 
with pyrogen (smokeless) igniter8 are riornidly 
employed. The thrust is  adjua,ted by varying 
the diameter for end-burning grains. Adjust- 
iiient in grain length can similarly produce a 
constant binning time. However, this is con- 
sidered lesa important provided that reason- 
able burning time is exceeded (at  least 6 s). 
For inhibition development and quality con- 
trol, a standard test charge is used. This is R 

150 mm cased SCB bi-propellant charge con- 
sisting of boost and sustain propellants having  
burning times of 6 s and 20 s respectively at  
thrust levels of order of lo00 N and 300 N. 
This charge can be produced in the required 
inhibitor system and, when fired in an insu- 
lated heavyweight test motor, provides infor- 
mation on inhibitor smoke, at boost and sus- 
tain burning rates and at those of transition 
from boost to sustain. For propellant ingre- 
dient trial the teat charge is produced in R 

"emokelesa" inhibitor system. Using the range 
of propellant burning rates available at RO(S) 
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thiS charge can have a burning time rpnging 
from 4 s to 80 s at thrust level of 3 k N  falling 
to mmc 150 N using the lowest burning rote 
projpellants. 

In France, transmission memurements are 
pririnary not used to identify propkllante 
for classification, but are limited to  the 
task of studying specific propulsion sy#tems. 
The firing facilities "fumimktre" and "banc 
opacimdtrique" function primarily for the as- 
sessment of smoke produced by inhibitors. For 
such wotk, motors with end burning grains 
(diameter 90 mni) of identical propellant for- 
mulation are fired. ' 

They are now also used to compare different 
propellant formulations and to m e s s  the ef- 
fect of including ,additives. These firings em- 
ploy motors witli radial burning grains with 
a constant burning surface and a identical in- 
hibitor; the motor thrust is typically between 
2500 N and 5000 N. 

4.1.4 Motor position 

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

4.1.5 Climatic conditions during firing 

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

1 

1 
The much longer path length involved inthe 

axial memurements permits better 'discri yoa-  
tion between low smoke motore. Howeve)! 88 

the path length incream 80 does the influedce 
of atmospheLic condition P. 

Recommended maximum c r m  nd speed is 
1. me'l for axial measurements and 3. m8-l 
for transverse measurements.. 

I 

The results of smoke messurement trials 
performed on open ranges will always be influ- 
enced by atmospheric conditions. It is there- 
fore recommended that control rounde of a 
know.1 smoke level are included wherever pos- 
sible and that successive motora are fired M 

quickly as poeeible to minimise any changes 
which may take place during the duration of 
the trial. 

,V * 

4.1.6 Interpretation of the transmission 
measurements 

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

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

4.2 Smoke vieibility 

From an operational viewpoint, specifica- 
tions for primary smoke visibility should be 
defined in terms of whether or not a missile 
will be visible to  an enemy observer. Because 
this factor is sensitive to the operational en- 
vironment, one of a limited number of " t y p  
ical" or " worst-case" environnrnental condi- 
tions should be defined for the missile, spec- 
ifying the Jolar flux, the background, the at- 
mospheric conditions or any parameter likely 
to affect the visibility. 
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Following the US Army Methodology, vie- 
ibility can be defined in terms of the proba- 
bility of mieeiles detection by unaided human 
eye. The m4or  physical factom determining 
visibility are the size and the shape of the 
plume, its contrast with the background and 
transmissivity of the atmosphere; they can be 
derived lrom modelling plume flow an(? scat- 
tering of solar flux. Detection probability is 
related to natural variation in human eye re- 
sponae between individuals. 

Many well, and less well supported w u m p  
tions have to  be made in the process. The 
main weaknesa is thought to be the optical 
propertiea of particles. 

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

I 

An experimental approach :has been at- 
tempted in the U.K., with various methods of 
measurement. It included mesreuring the in- 
tensity of the reflected cohponent from high 
intensity sources impinging on a smoke cloud 
and photographs of contrast scenes through 
the cloud, either at the time of firing or from 
cine or video records. All oi these methods can 
provide useful information'and differing smoke 
levels can be detected. However nb system can 
provide all of the required informbtion. 

More complete information can be found 
elsewhere 191 [IO]. 

Smoke visibility is an area where the devel- 
opment of meaeuring techniques id required. 
It may suffice here to emphasize that a com- 
plete and accurate assesenrent methodology io 
unfortunately not available but could be devel- 
oped using present state of the art Vhniquea. 

i 
t 
I 

I 

I 
i 

I 
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4.3 Particlee siaing measurement 

Determining the size distribution of plume 
particles is difficult, complicated by the p r o b  
lem of never being certain that all particules 
have been measured or the2 the distribution 
contains those important particles of intereat. 
In general the largest 10 % of particulea r e p  
resent 90 % of the mass. 

In U.S Army Mikom S.C.F, particles mea- 
surements are freqtlently obtained by using a 
particle analyser system in the range 0.3 pm 
to  greater than !O. pm. 

In Franc;, collectings of particles are made 
using a particle collector. After the firing, 
the samples are analysed by electron micro- 
scop and %rays diffraction system. But in 
fact, these measurements arc only used quali- 
tatively. 

Caution is necessary when using calculated 
particle size distribution for an other purpose 
than which they were intended for. For ex- 
knple, in rocket motor performance calcula- 
tions in which the effect of particles on deliv- 
ered specific impulse is of interest, only the 
larger particles, with most of the mass and 
drag, are of interest. Models t h a t  gives this 
distribution are accurate enough (111 without 
regard to the many smaller particles that may 
be present. Such a distribution would be to- 
tally unquited for calculating UV or visible 
light scattering IS), and might be inadequate 
for accurate determinations of infrared scat- 
tering as well since , for scattering radiation, 
the important particle sizes are comparable to 
the irradiating wavelength. 

6. CONCLUSION' 

Primary smoke effects depend on motor 
charecteristica (thrust, mass flow rate), mo- 
tor conception (propellant, inhibitor, nozzle, 
etc) and a lot of ill-known particles parameters 
(quantity, nature, size, shape, optical prop- 
erties, etc) but also on operational require- 
ments and ambient properties (sunlight, back- 
ground,etc). It is extremely difficult to define 
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etandmd ,onditione to charatmime their ef- 
fects. Each problem ne d s  specific considera- 
tions. 

Typically, the quantification of primary 
smoke effect is obtain by trmernission me* 
eurementa. Some theoretical consideratione, 
generally based on Mie calculation, can help 
in the interpretations of r e d t e .  

I <  
I 

Standard tests have been described d i d  cho- 
Ben by AGARD WG 21’ in order to provide 
a flexible and relatively inexgmeive method 
which would allow $0 obtaining quantitative 
rwults characterizing primary srnoke. It is 
hoped that eimilar procedures to,  those de- 
scribed above will form a bese that may be 
adopted aa standard among NATO countries. 
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Figure 1: Angular pattern of senhered intensity from particulea of three sires : (a) Small 
particlam, (b) large particlea, e) larger particlea 121 

CONDENSED PRODUCT FROM 
ALUMINIZED COMPOSITE PROPELLANT 

CONDENSED PRODUCT FROM 
XLDDPROPELLANT 

Figure 2: Particle Sire Distribution of Condensed Products Collected in a Rocket Exhaust 
Plume. Analysed by Electro Microscope with X-raya Diffraction System. (SNPE) 
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Figure 5: Geometry of Mie scattering. The 
two vectors cornspond to incident unpolu- 
ired light. Line OD is the direction of obscr- 
vation and B is the angle of obwrvation. When 
the incident light is polarized, its electric vec- 
tor is sssumed to lie in plane POX, at angle 
Y to the plane of observation 121. 
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Figure 6: Variation of logil and logi2 versus 
0 = 46O, r = lpm and A = 0.7pm: 
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Figure 7: Typical variation of Qczt 
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Figure 8: Example of the influence of the imaginary part of the index on the scattering and 
extinction coefficients. Size function a = xD/A (UK Royal Ordnance). 
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Figure 9: Maee fraction (Fm) of particles inducing a transmission factcr of 95 % across a 
given particle cloud versus the particle size. 
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Figure 10: Maximum rate of alumina (mass fraction) in the combustion products for the 
following epecificationa : smoke cloud diameter : 1 m, dilution : 0.05, transmission : 95 95. 
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Figure 11: US Army Signature Characterization Facility (S.C.F.) 
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hgure 12: UK (RO) R7 Smoke Tunnel 
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Figure 13: French SNPE "furnirnktre" 
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Figure 14: Free .let Ciring. Plume Instrumentation Wyre Forest (UK) 
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Figure 15: Free JetlFiring. French SNPE "Banc opacimCtrique" 

Figure 16: Free Jet Firing. Tranarnission at 0.63 prn 
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Figure 17: Example of transmission plot 
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LES FUMEES PRIMAIRES 

J .C.. Chastenet 

S.N.P.E. Centre de Recherches du Bouchet 
BP 2 . 91710 Vert-1BPetit . FRANCE 

RBSUMB 
Lee produits kjectks par un rnoteur ir 

propergol solide contiennent souvent des 
espkes condensdes. Ces particules, nussi 
appelkes “furnkes primaires” sont souvent 
prkjudiciables B la discrktion et  au guidage 
du missile. Pour kviter des problkrnes 
opkrationnels, il est nkcessaire de connaitre et 
de quantifier les effets de ces particules dans 

’ 

. toutes les conditions d?usage. d’un missile. 

Ce papier donne premikrement ,une rapide 
description de I’origine des fumfes primaires. 
II continue par le dCtail des intkractions en- 
tre ~ e s  particules et la iumihri en fonction 
des caractkristiques de la lumikre et des 
particules (nature, taille, longueur d’onde, 
etc). Les .effets des particules sur la visi- 
bilitC du jet, I’attknuation d’un rayon optique 
ir travers le jet et la contribution des parti- 
cules aux  diffkrentes sign$tures optiqu& du 
jet sont aussi dkcrites. Finalement, diffkrentes 
rnkthodes utilishes dans Ids pays de I’OTAN 
pour quantifier les effets des furnkes primaires 

I 
1. INTRODUCTION 

I 1 

sont comrnentkes. i 

Les produits kjectks par un rnoteur a pro- 
pergol solide sont composks de gaz et  souvent 
de particules ou de produits susceptibles de 
se condenser lors de leur refroidissement. Ccs 
rnatkiaux solides crkent, dans I’atrnosphkre Q 
I’arrilrre de la tuylrre, un’ nuage composk de 
petites particulee. Ces furndes eont appelhee 
fumdee primaires en opposition aux furndes qui 
peuvent Gtre gdndrdes, dens des conditions cli- 
matiques particulibres, par la condensation de 
la vapeur d’eau contenue dans lea produits de 
combustion et  dans I’atmosphbre. 1 

Ces particules ont un r61e important parce 
qu’elles existent partout en aval de la tuyRre 
et  subsistent un certain temps. Selon la quan- 
tit6 de particules gdnhrkes par le rnoteur, ce 
panache peut &re facilement ddtectk visuelle- 
rnent et peut rkvdler la trajectoire du missile 
ou la position de la plate-formie de tir s u r  
de longues distances. De plua I’attknuation 
d’un faisceau laser de guidage peut devenir 
irnportante sur de grands trajets Q travers ces 
furnkes. 

Gknkralement, les furndes prirnaires sont 
prkjudiciables ir la diecrktion et  au guidage du 
missile cependant elles sont aussi inhvitables. 
Le but de ce papier est de donner une des- 
cription ( i )  des origines des furnkes primaires, 
( i i )  de leurs effets su r  la visibilitd el  la trans- 
parence du jet et  ( i i i )  des diffkrentes mkthodes 
utiliskes dans les pays de I’OTAN pour quan- 
tifier les effets de ces furnCes. 

Ce papier est une rkvision du chapihe 
prkpark par la dklkgation franqaise du WG 21 
AGARD [ I ] .  

2. ORIGINE DES FUMBES 
PRIMAIRES 

Les particules ont de nombreuses origines. 
La composition du propergol n’est qu’une des 
ces origines et  parrni les diffhrents ingrCdients 
du propergol les principales sources de furnkes 
prirnaires sont : 

0 Lee catalyseure de combustion : corn- 
posds ferrocbniques (catocdne), oxyden 
’de plomb, eels de plornb (rdsorcylate 
de plomb), eels de cuivre (chromite de 
cuivre), oxydes de fer, etc 

I 

t 

I 

! 
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0 Lee sdditifb anti-instsbilitde : carbure de 
girconium ; oxyde de rirconium, csrbure 
de siliciurni etc. 

0 L’alurninium ou autres mdtaux a joutb  
pour accroitre les performances therm* 
dy namiquen 

, 

0 Les additifa anti-lueurs : sels de pot& 

Cette liste n’dst pas exhaustive. 

Dm calculs thermodynamiques montrent 
que cee produits, principalement des compos& 
mdtdliques, se retrouvent d m s  lea produits 
de combustion SOGB la forme demetaux pure 
(CL), d’hydroxydcs (KOH) ou le plus sou- 
vent sous forme d’oxydes, chlorures ou fino- 
r h e a .  Quelquea materiaux rdfractaires (prin- 
cipalement des additifs anti-instabilitds) ne .se 
dkomposent pas dans la chambre dc combus- 
tion et reetent sous forme de particules. 

sium (K~SOJ)  

. 

En dehors du propergol, toutes les parties 
du moteur expos& B la chaleur sont suscepti- 
bles de se pyrolyser ou de dablater et donc de 
gdndrer des particules. Parmi 1 lee principales. 
sources, on peut citer. : I 

0 les lieurs 

0 lea inhibiteurs 

0 lea protections thermiques 

0 les niatdriaux de tuykre 

Leurs contributions peuvent &re trks signi- 
ficatives, typiquement soua forme:de sule (car- 
bone), de silice et d’oxyde de €el, particulib 
rement lors de I’allumage ‘et de I’extinction du 
moteur. Enfin, I’allumeur peut jouer un r61e 
important dans la gdndration de fumdea pri- 
maires. 

1 

1 

3. LES EFFETS OPTIQUES DES 
F-ES PRIMAIRES 

Une particule, ou un ‘nuage do particules, 
intdregit avec la lumihe de deux fqons,  par 
diffusion et par absorption. La diffusion de 
la lumikre ambiante peut rendre le’nuage trke 

I 
I 
I 

\ 

visible et devenir une contribution rnqjeure de 
la signature du missile dans le domaine visible. 
L’attdnuation par lee furndea peut interfdrer 
avec le systkme de guidage pouvant Btre utilisd 
entre la plate-forme de tir. et le missile ou sa  
cible. . 

Ces phenomknea dependent de plusieurs fac- 
teilrs : 

0 La taille du w a g e  ou la longueur du trajet 
optique B travers le nuage 

0 la concentration en particules sur ce trajet 

0 La longueur d’onde du rayonnernent 

0 Les propri6t.b optiques *dea particules 
d6finies par : 

- Leur indice optique complexe 

- Leur taille e t  leur rdpartition granu- 

- Leur dtat (forme, rugositd, etc) 

lomdtrique 

Le deux premiers facteurs sont intimement 
relies aux caractdristiques du moteur et en 
particulier au ddbit, B la poussde et au temps 
de combustion. 

Comme :I est trbs difficile de dhcrire des 
forrnea quelconquea, les particules sont sou- 
vent consid6rks ephhriques dans les calculs. 

3.1 Intdract ion entre la l u r n l h e  et une 
particule 

Les intdractions entre un ,rayonnement 
et une particule peuvent &re ohtenues en 
rdsolvant les 6quations de Maxwell assocides 
aux  conditions aux limites approprides. La 
theorie de 16 diffusion distingue ghneralement 
trois cas : 

0 Quand le diamktre de la particule est 
trks petit devlint la longueur d’onde, le 
diffusion est appelde diffusion Rayleigh’. 
Des flux dgaux sont dkCTus6s dans les 
hdmisphkres avant e t  arrikre (fig. la)  121. 

i 
. i  





0 Quaid le dhmbtre de la particuk etit 
plue grand qu’environ un dixibne de 
Is longueur d’onde, I’sugrnentation de 
la cornplexitd de le poleire de diffusion 
( f ig.  l b  and IC) nkceeeite I’utiliaation 
de la thdorid ddveloppde par Mie. Bien 
que cette thdorie soit limitbe B dea 
sphkree isotropiques, il eat habitue1 de 
l’utiliser mtme pour dm particules de 
forme irrcgujikre cornme celles issuea de 
la cornbustioh des propergole solides. 

0 Quand le diarnktre de la particule est 
trka grand devant ld longueur d’onde, on 
utilise lea loia de I’obtique gkmdtrique. 
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A i l ( 0 )  + ( 4 0 )  \ r (e)  = io ------ 
2 

oh lo  est I’ihtensitd du rayonnernent dclairent 
la particule $t il et ia sont lee fonctione de Mie, 
s’exprirnant: & i’aide dea fonctions de Riccati- 
Beeeel et  dei polyn6mee de Legendre en fonc- 
tion du patamktre de taille sans dimension 
a = 2;I et de /3 = ma oir r est le rayon de la 
particule (voir (31 ou 141 pour plus de dktails). 

La figure 6 donne des variations relatives 
typiques de logil and logi2 en fonction de 0 
pour des particules A1203 et C (euie) quand 
‘4f = 45’ (ddfini h r  la fig. 5). 

Particuiee tkcupdr$ee lee panaches ha carMt&istiques optiquee des parti- 
de moteurs fuebs de diffdrente ddbits rnon- tules sent souvent donne= sous forme de 
kent  que le diadbtre dquivalent des particu- parametres sans dirnensione. Lpintensit6 du 

rayonnernent Uinterceptd” fer: (Le non trans- lea non aglorndr4es est cornpris entre 0.1 pm et 
30.O Prn* Un grand 
lea 

de ptitea particu- mis dans la direction du rayonnernent inti- 
proportionne~~e & i) le diarnktre eat probablernent cornprie dent) par la pareicule 

I’inteneitd du rayonnement incident, i i )  la sec- entre 0.01 pm et 0.1 pm !:xiate, maia ellee sont 
difllcilernent quantifiablcs. b u r  taille leieee tion de la particule et a,dcrit : 

. prbager un r6le diffuaif important dana le do- 
rneine visible (fig. 2). 

f e z :  = Iorr2Qezt 

Les figuree montrent photogrcr- Le coefficient de proportionalitd Qczt est a p  
phies de particulea recupdrha ana des jets. coefficient dtextinction. 

On rernarquera que l’hypothbe de particule L’inteneitd totale diffuede f I c o  par la particule 
sphdrique eat plus ou moins bieh vdrifik. s’exprirne le la mime f q o n  : 

P 

Done le dornaine visible, le proche et le 
rnoyen infrarouge, lea effeta.mcejeura de la dif- 
fusion eont gdndralernent dkcrits per la thk r i e  
de Mie. I 

D’aprb cette thkr ie ,  quand une parti- 
‘ cule d’indice complexe mi = n - i k  eat il- 

lurninde par un rayonnement non polarisd, 
de longueur d’onde A ,  reprhentf par deux 
vecteure dlectrornagndtiquea perlpendiculaire 
et  parallkle au plan d’observation (fig. 5) rnaie 
n’ayant pas de relation coherente, le rayon- 
nernent diffued, dans une direction faisant 

et dkfinit le coefficient de diffusion Q,co. Une 
partie,du rayonnernent incident peut Qtre ab- 
sorbde par la particule et  est alors caractdrisee 
par le coefficient d’absorption.Q,b, obtenu par 
diffdrence : 

Qobr  = Qezt - Qrco 

Lee propribtb d’absorption de la particule 
eont caracteridea par une partie imaginaire de 
I’indice cornplexe non nulle (k # 0) .  

un angle 8 avec la direction du rayonne- * 

rnent incident, eat constitud de deux corn- Ces coefficisnts peuvent i t re  calculds par la 
poaantes incohdrentee (d’indicea 1 et 2) telle thdorie de Mie, par exernple I’expreseion du 
que I’inteneitd angulaire totale, A une distance coefficient de diffusion , pour un rayonnernent 
d de la particule, eat : non polarise, eat : 
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.Des variations typiques de Qei; sont 
d o n n k  sur la figure 7. Wn exemple de 
l’influence de la partie imaginsire de I’indice 
optique de la particule sur lea coefficients de 
dikusion et  d’extinction est donne sur la figure 
8. 

3.2 Attdnuation 

~ 

La perte d’intensite du rayonnement in- 
cident d l  due aux f u m h  primaires est 
une cons6quence de la diffueion e t  de 
l’absorption du rayonnement par les parti- 
cules. I1 s’exprime, d’aprhs lacloi de Beer- 
Lambert-Bouguer, pour un nuage de particu- 

1 
\ lea epheriques identiques par : ! 

d l  I 
= - N d Q , z ; i f l  

1 

ou r est le rayon des pt$ticules, N la con- 
cehtration en particules (nombre de particu- 
les/unit6 de volume ae  mglange), Qsz; le coef- 
ficient d’extinction et dl la longueur du trajet 
optique. 

f 

En considkrant des coefficients constants le 
long du trajet optique, le,icoeficient de trans- 
mission T, s’kr i t  : 

I 

I 
06 rcot  = Nir2C.leL; et L la longueur totale du 
trajet optique. . I  

En rsmplqant N par son expression en. 
fonction du diambtre moyen de Sautcr (Vo- 
lume B surface) D32 et la concentration vo- 
lumique en particules C, (volume de parti- 
cules/volume de melange), cette expression 
s’krit : 

I 

i 

En fait, la concentration et  la rkpartition 
deil particulea varient le long du trajet optique. 
L’exprerraion doit donc &re modifib et prend 
la forme : 

ou N(1 ,  r)dr represente le nombre de partic’u- 
les dont le rayon est compris entre r et r + dr 
par unite de volume au point courant 1 du tra- 
jet optique. 

Le coefficient d’extitictioe peut dtre prkdit 
dans la limite de le diffusion simple par 
lee metbodes explicitdes dans le paragraphe 
prhedent . 

Le calcul de la structure aerodymanique 
du jet permet dc determiner la transmission 
en fonction des ceracteristiques du moteur 
comme le dkbit ou la pression de chambre en 
substituent les valeurs de Cu et de 1. 

Lea figures 9 and 10 montrent la nature de8 
particules de facon originale. Deux graphes, 
relatifs B differentea lonqueurs d’onde, don- 
nent la fraction massique de particules pro- 
duieant une farcteur de transmission de 96 % 
Q travers une nuage donnk de perticules 
(longueur optique=:,l m, dilution massique = 
5. en fonpjon de la taille des particu- 
lee. La fraction massique de condense pour un 
propergol donne et  pour un facteur de dilution 
kquivalent doit rester sous la courhe pour ne 
pas dkpasser le niveau d’opacite specific. 

Une telle representation montrent que : 

0 Le carbone ou lee suies sont trks ab- 
sorbantes, quelle que soit la longueur 
d’onde. 

Quand le rayon des particules n’est 
pas trop important, la transmission est 
meilleure dens le domaine infrarouge que 
dans le domaine visible. 

0 Le cuivre et  le plomb ont des propribtba 
diffusives analogues (mais B m6me frac- 
tion volumique, le plomb est plus trans- 

\ parent): .1’ 
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3.3 hnieeion dea particdm 

Ler, propridth tliffusives des particuler4 sont 
a I’origine de la eignature du panache dans 
le domaine visible. La diffuaion peut aussi 
avoir un effet sur d’autres dom ines du spec- 
tre dlectromagndtique. Cela est vrai dnns le 
domaine ultraviolet et dans le! damairie in- 
frarouge oir le rayonnement issu de l a  chambre 
de combustion B travera le col de la kuybre peut 
6tre diffuse et eemble prcvenir du &t. 

.;’ 

/ ! 

De plus, Ies particules dmettent <n rayonne- 
ment continu approximativement broportion- 
ne1 B la concentration en particulcs et B la puis- 
sance quatre de leur tempdrature de surface 
selon la loi de Planck. Les rdprnrtitions gra- 
nulomdtriques et les propridtds optiques parti- 
culieree des particules peuvent cephndant mo- 
difier cette dmiasion. Les porticules peuvent 
donc oussi gdndrer un rayonnemsnt propre 
dans le domaine U.V et 1.R particulikrement 
dam lea zones chaudes du jet (zone de post- 
combustion). I 

I . ,  

3.4 VisibUitd des fum6ee 

Le terme visibilitd eat gdndralement employe 
pour ddcrire la possibilitd de ddtection d’un 
observeteur sans l’aide de d6t;ecteur auxili- 
aire. Quantitativement, la visibilitd s’exprime 
comme une probabilitd de detection dans 
des conditions particulihrea de contraste en- 

. . gdndralement le ciel dans ce caa. En con- 
siddrant lee facteurs chromatiquee moins im- 
portants que le contraste en luminance, le con- 
traste intrins4que du jet sur le fond CO peut 
Btre ddfini par : 

tre , l’objet (le jet du mimile) et I le ;fond, 

Lj - LJ CO = 
LJ 

oir Lj and L j  sont lea luminancee du jet et 
du fond pour un point d’observation et  un 
dpmaine spectral donnb. Le contraste tend 
vem -1 pour objet parfaitement transparent et 
peut pren& n;importe quelle vdeur positive 
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La ddtetmination du contraste demande une 
connaiesnce dbtsil lb de toutee les sources 
de rayonncment (Ibmibre solaire, lumibre dif- 
fuak  par le ciel, lumibre diffusde par le sol, 
etc). Le coefficient de transmiasion T, a p  
parait dans :I’expression du contraste. Pour 
un rayonnement solaire donne faisant un an- 
gle de A radians avec la direction d’observation 
(p lqant  le ciel derriere l’observateur et le jet 
proche de I’horizon), la transmission apparait 
dans I’expression de la luminance du jet (dans 
I’hypothbse de la diffusion simple) : 

T, dtant e z p ( - r , , l L ) ,  avec L la dimension 
du jet dans la direction d’observation et Eo 
I ’dclai rement . 

De plus, la transmission B trevers I’at- 
mosphhe peut modifier le contraste par dif- 
fusion de la lumibre ambiante dans le cBne de 
vigon de I’observateur. 

La transparence est donc I’un des pa- 
ramktres les plus importants pour dvaluer 
la visibilitd d’un jet dane des conditions 
d’environnement spdcifiques. 

Une mesure directe est souvent pr6f6rable 
B des simulations numbriques faisant appel B 
de nombreusea donnkee mal connues. C’est 
particulibrement le cas dea indices complexes 
donnds dans la littdrature qui correspondent 
B des corps pure B temperature ambiante. 
C’est aussi le cas des rdpartitiona granu- 
lomdtriquea. Cee donnda appliqukee aux par- 
ticules prbsentent dans le jet de propuleeur 

propergol solide sont sujettes B caution. 
Quoiqu’il en soit, lea calculs de diffusion selon 
la t h b r i e  de Mie sont t r h  utiles pour in- 
terpreter les mesures et effectuer des optimi- 
sationa de is composition du propergol et de 
tousales autrea parambtres du moteur. 
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4.1 Opecitd dea fucmke ptrhnalree 

L’opacitd est le parardtre  phydque qui peut 
i t re  directement mesurs5.et eat inilbpendant de 
I’environnement optiquz; I 

Dee modblee viablee et  prkie  pour prddire 
I’opmitd ne eont pas encore opbrationnele, 
maie dee techniques e updrimentales ont 4 th  
ddveloppdes et eont util.sdee depuie des anndea. 
Du point de vue de l’ingdnieur, la mesure de 
tranamiseion eat la eeule voie valable pour ca- 
racthrieer den fumdes primaires. 

I 

I 
Lee U.S.A, le R.U., la France , 1’Allemagne 

et  I’Itelie effectuent couramment des meeuree 
de tranemimion au banc etatique, en e u p  
poaant implicitement que le rdaultate de 
la comparaieon de deux moteure au banc 
etatique et  ausei valahle dene des condi- 
tione de vol. Une amdlioration de la 
traneparence au banc eet interprdtde comme 
urie amdlioration de la tranepnrence en vol. 
Une mdthodologie permettant de traduire lee‘ 
meaures de traneparence en tire atatiques en 
dee prddictions quantitative8 en vol n’eet pas 
encore dieponible, maie peut Btre ddvelopph 
B partir dea technique8 existantee. 

Pour cee reisone, l’application pratique dee 
meaures de traneparence en tir etatique eet 
limitde B la comparaieon de propergole ou 
de moteurs entre eux. Dane certaine cas, le 
but de cea meaures est limit6 B des dtudea 
epkifiquea - comme la rdduction dee fumdee 
primairee ghnkrdee par un moteur donne, 
ou l’bvaluation des effete de nouveaux ad- 
ditife dam un propergol- et la procddiire 
exphimentale doit i t re  ddfinie au cas par cas. 
Pour dee dtudee, plus gdndralee, comme par ex- 
emple diepoaer d’une mhthode quantitative de 
comparaieon dee propergola eolidee, en termea 
de fumdee primairee, pour ude large gamme 

. 

de formulatione,une procddure,etandardieb I et 

lsrgement reconnue est, nkesssire. 
I 

Dane lee parargraphm euivante, dee ddtaila 
eont donnQ guarrit h l’instrumentation, lee 
procbdurea experimentalee et  lee mdthodes 
d’interprbtationa des mesuree utilisdee aux 
U.S.A IS], au R.U [SI et en France [7] pour 
t 5valuatioh de la transparence dee fumdea pri- 
n. iree. 

Troia nidthodes eont couramment utilisdes 
pour determiner l’opacitd dee fumdes pri- 
maires dutant des tire: - 

0 Tir en chambre fermde (Diepositif de ca- 
ractdrieation de eignature de 1’U.S. Army 
- “U.S. Army Signature Characterization 
Facility (S.C.F.)”) (fig. 11). 

0 Tir dans un “tunnel b fumdee” (Tunnel 
B fumdes du Royal Ordnance (R.U) (fig. 
12)’ ‘Fumirnbtre” SNPE (France) (fig. 

\ 13)). 

0 Tir en jet libre (Diepoeitif de Wyre For- 
est (R.U) (fig. 14)’ “banc opacimdtrique” 
SNPE (France) (fig. 15, 16)). Cette 
mdthode eat, a priori, la plue utilisde par 
lee paye de 1’OTAN (USA exceptda), 

Ces trois techniques n’ont pas exactement 
le mime usage. La mesure de transmission 
lore d’un tir en’ jet libre est une technique 
adaptde B 1’ dvaluation d’un moteur complet 
(propergol + inhibiteur + etc). Avec quelques 
prdcautione elle peut i t r e  utiliede pour clasei- 
fier lee propergola et lee inhibiteure. Le mBme 
type d’application peut &re traitde au tunnel 
B fumdes avec tout dO milme dee limitations 
quant au niveau maximal de poueshe adniissi- 
ble. D’un autre cot6 lee meeuree en chambre 
fermde eont injtialement prkvuee pour dvaluer 
lee formulations dee propergola. La d u d e  du 
teet, le contrhle de I’environnement font que 
ce diepositif eat propice B des caractdrisations 
dee fumdea primaires plus eophietiqudcs que de 
eimplee meeures de tranemieeion : i.e. meeure 
de spectre de transmission, mesure de taille de 
particulea et  dventuellement meeuree directee 
des $&ctdrietiquee optiques des particules. 

, I  I 
! 
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4.1.1 Source de rayonnement et ddtecbeur 

Les longueurs d’onde d’inter8tiJ , vont de 
0.4 pm B 14. pm, la plupart dmi @des con- 
cernent le domaine visible (rbgonre de l’oeil 
humain). Le transmissomktre doit litre cons- 
titud d’une source de rayonnemeh adapthe 
- una! Iampe Q large spectre (Frbnce); une 
lampe halogkne tungsthe (UXA), 03 une 
lampe halogkne B quartz (R.U) - et  d’un 
ddtecteur idoine - dktecteur eiliciurn uu ra- 
diomhtre dquipb de filtre (filtre photbpique ou 
monochromatique). 

Pour des dtudea apkifiques, la murcd peut 
Stre un laser (1.06 pm, 0.63 pm, 10.6 pm). 
En France, la transmisson A 0.63 pm (Laser 
Me-Ne) est consid6r6e comme une bonne es- 
timation de la transmission dane le domaine 
viai ble. 

Un dispoaitif utilisant une lrempe halogkne 
est prdfhrable car il ne nkcessite psur d’effectuer 
un alignement rigoureux de la Bource et du 
d6tecteur.De plus il est moins sensible au vi- 
bration gdnhrCe par le fonctionnement du mo- 
teur. 

Eea systkmee actuels emploient gdndrale- 
ment des sources continues maie il est recom- 
mend6 de chopper ce signal afin de corriger la 
mesure du rayonnement ambiant et du rayon- 
nement propre du jet. 

Le dbtecteur doit avoir un temps de rbponse 
t r b  court (diodes silicium) pour enregietrer 
lea fluctuations rapides de la transparence des 

- f u m h  et une rhponse spectrale dans le visi- 
ble et le proche infrarouge correspohdant B la 
source. 

L’knergie resue par le ddtecteur du trane- 
miesomktre provient du flux direct e t  d’une 
partie du flux diffuse. Ce dernier provient d’un 
volume, gdnhralement doublernent cbnique, 
qui entoure I’axe source-dktectedr et est ddfini 
par la divergence angulaire du I rayonnement 
issu de la source, par le champ angulaire 
du ddtecteur et la distance de’ la  source au 
rkcepteur. Ces param8tres et l’ouverture 
du rkepteur ddterminent , l e  flux r q u  to- 
tal. Typiquement, des r$kepteurs Q faible 
champ angulaire (< loo)/ et des ouvertures 
de quelquea centim&tres , mnt ur;ilisb pour 

I 

. 

i 

1F-7 

mesurer la tkanemiseion directe [SI. 

La calibration est gdndralement obtenue 
par intercephion du hiscereu per un matdriau 
opaque (’&namission=O%), diffdrente filtres 
neutres et sans filtre (100 %). Le temps entre 
le tir e t  la cnlibration doit &re minimied. 

4.1.2 n a j k t  optique de mesure 

En general des mesures transverses et longi- 
tudinalee sont effecttkee, chacune a sea avan- 
tages et se8 inconvdiiients. 

Les mesures transverees sont partichik- 
rement adaptbe au classement des propergole, 
B I’dvaluation des inhibiteurs et I’dtude des ad- 
ditifs. Elles sont, entre autre, reproductibles, 
constantes au cours du tir pour peu que la 
surface en combustion ne varie pas et que la 
mesure de transmission soit effectuhe B prox- 
imitd de la tuykre pour ne pas litre affectde par 
lee kventuellee fumhes eecondaires. De plus, le 
faible volume du jet pris en compte laisse de 
la place sur le site pour effectuer des meaures 
compldmentaires. Ces mesures eont effectudee 
perpendiculairement Q I’axe du jet. L’axe 
du transmissomktre doit couper I’axe du jet 
derrikre la zone de post-combustion. Ceci peut 
&re respect6 en effectuant la mesure B une dis- 
tance fixe pour des moteurs dont la pousshe est 
infdrieure A un seuil donne ou en effectuant la 
mesure B un distance fixe de la zone de post- 
combustion. Le trajet optique relativement 
court lore des mesures transverses donne des 
transmissions de 90 % - 100 K pour des mo- 
teurs de faibles poussdes et peu gdnbrateurs de 
fumhe. Ces niveaux de transmission ne per- 
mettent pas toujours de discrirniner lee rno- 
teurs. Le trajet optique peut &re augment6 en 
utilisant des miroire cependaat il faut s’assurer 
que les miroire restelit propres et ne sont pas 
sensibles aux vibrations durant le tir. 

. 

Les mesures longitudinak sont plus rea- 
list- pour l ’hluat ion des fum6es dans un 
contexte de guidage du missile et perniettent 
une discrimination pour dee moteurs gdnhrsnt, 
deb f u r n k  de transparencea analogues. klles 

4. 





1 

/ 

1F-8 , 
‘\ 

wit, par contre, beaucoup plus eenaiblea 
aux conditions smbiantes (vent, humiditd). 
Cea meeuree sont r6alidee avec un tranemie- 
eothktre ldgkrement incline par rapport B l’axe 
du moteur (typiquement 0.07 rad) et coupant 
cet axe derribre la flamme de pwt-combustion 
ei poseible A la mQme distance que la mesure 
t raheveree . 

4.1.3 Caractdriatiquea du moteur 

Lee moteure utilie6e pour le dinpoeitif U.S. 
Army MICOM S.C.F eont dee c.hargements 
moul&collb de 70 g (diambtre 50.8 mm , 
longueur 50.8 mm, canal central cylinariyue, 
Bpaiaeeur 6.4 mr,.) allumb A l’aide d’un 81- 
lumeur ne gbn6rant pas de fumC, aucun inhi- 
biteur n’est utilie6. Un allumeur diecret t y p  
ique contient de un B troia grains de proper- 
go1 double base N5. Dee teste ont montrd que 
cette quantitb n’dtait paa detectable dene ce 
dieposi t if. 

cation des propergols, un systbme d’inhibage 
“discret” est utilis6. Ce dispositif permet 
de teeter dee propergole ayant dee temps de 
combustion compria entre 4 e et 80 B et des 
poussbe de 3 kN B 150, r. . 

En France, lee meeures de tranemieeion 
n’ont pas 6td ddvelopp6ee pour la classification 
des propergole, maie dane le cadre d’dtudea de 
syetkmee propuleife epkifiquea. Lee disposi- 
tife “fumimbtre” et ‘banc opacimdtrique” ont 
6t6 ddveloppde pour 1’6valuation dee fumkes 
gdnhrdes par lea inhibiteurs. Les blocs utilisda 
eont des bloce pleins (So mm de dirimktre) 
d’une composition donnb.  

IIs sont maintenant utili868 pour comparer 
les propergole et 6tudier lee effete des additifa. 
Cee tire emploient des bloce B canal central de 
eurface de combuetion conetante et de mQme 
inhibiteur. La poussbe eet gdn6ralement com- 
priec entre 2500 N et 5000 N. 

Au R.U, les moteure de fdbles poussdee 
Gjusqu’A 400 N) peuvent Qtre t i rC au tun- 
ne1 A fumdes du Royal Ordnance. Lee mo- 
teure de plus fortes pouesdes w n t  tirde dans un 
dispositif ouvert. Pour comparer lea proper- 
gole sur une large gamme de viteese de com- 
bustion, des moteure de 1500 N de poum6e 
et de 8 e de temps de comburstion initiis A 
l’aide d’allumeur pyrogddique (diecret) eont 
normalement utilisde. La pouesde est ajustde 
en faimrlt varier le diamhtre du bloc plein. 
L’ajuetement de la longueur du bloc permet 
de rigler le tempe de combuetign bien que 
cela soit moins importarit pourvu hue la d u r h  
de combustion eoit sufisante (nu moins 5 
e). Pour le dbveloppement d’inhibiteure e t  le 
contrble, un bloc test standard eat utilisd. I1 
e’agit d’un bloc de 150 mm A deux regimes - 
accdlbration et  croisikre -, de pousebe respec- 
tivea de lo00 N et 300 N ‘et de t e m p  de com- 
bustion respectifa de 6 e et, 20 e.’ Ce bloc 
peut Qtre produit avec l’inhibiteur voulu et 
permet d’obtenir une 6vsluetion des fumks  
gdndrdee par I’inhibiteur pendant les phases 
d’accdldration, de croisikre et lore de la tran- 
sition entre lea deux phases. Pour la claesifi- 

I 
I 

I 

, 

4.1.4 Position du moteur 

Pour lee mesures en jet libre, la hauteur de 
l’axe du moteur au eo1 doit Qtre telle qu’il n’y 
ait paa d’interfdrence entre le je t .e t  le sol au 
point de meeure de la tranemission transverse. 
Une hauteur de 1.3 m est ghdralernent con- 
aiddde. 

4.1.5 Conditions climatiques lors du tir 

Les tire ne doivent pae Qtre effectuks par 
temps de pluie ou de brouillard. Lee con- 
ditione de temperature et d’humiditd doivent 
Qtre telles qu’il n’y ait pas de formation de 
fumdes secondairea. 

Un grand trajet optique p o u ~  lee meaures 
longitudinalee permet une meilleure discrimi- 
nation des moteure peu gdnhrateure de fumhes. 
Cependant, un long trajet optique peut Gtre 
facilement influencd par lee conditivne cli- 
matiquee et rend lee meeuree moins repro- 
duc tiblea. 

Un vent tranevereal de 1. ms-* est une 

, . .  , . .  
I .  , ,  , .  
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vdeur maximde pour les meanlore, longitudi- 
nalm, S. m8-l pour lea meoum tr~snsvowales. 

Lea rbultate des mesures en champ libre 
sont toujours influencb p r  les conditions 
climatiques. IO est recommmd6 d ’ e h t u e r  
un contrble B un niveau h e  M 6 e  connu Q 
c h q u e  foie que cela est possible et de tirer lee 
diffdrents moteura aussi rapidement que poaei- 
ble pour Cviter tout changement pouvant sur- 
venir pendant la durde de I’essai. 

1 

! I 

4.1.6 lnterprdtation des. mesureside trans- 
mission 

Pour la transmission. en jet libri! (fig. 
17 - 18)’ lea mesures sont m o y e n n h  en 
dliminant lex parties traneitoires correspon- 
dent Q l’allurnage et B l’extinction du bloc. 
La partie restante doit montrer un niveau 
pratiquement constant faisant de 1 la valeur 
moyenne une quantitd reprdeentative des 

I fumdea existantes. I 

Pour lee mesures en chambre fermde (fig. 
19)’ le niveau de transmission doit Qtre prie 
aprL un melange complet den gaz de com- 
bustion et  de l’air. La valeur plateau est in- 
terprdtde comme une grandeur caractdristique 
des f u m h  primaires g i n d r h  par la ,formula- 
tion. Pour awurer une bonne estimation de 
cette valeur plateau, in transmimion est en- 
registrtk pendant une durde eignificativement 
plus longue que le temps de mdlange (typique- 
ment 10 foie). Dana la chambre SCF, le temps 
de melange est de l’ordre de 5 s Q 30 s et lea 
mesures sont acquiees Bur une durde de 300 S. 

4.2 Visibilitd den f u m k  

Du point de vue opht ionnel ,  lee spkiiica- 
tions de vieibilitd des f u m h  primaires sont 
ddfinies en terme de ddtectabilit4 visuelle du 
missile par l’ennemi. Pu iaque cette carsctdris- 
tique ddpend des conditione ophtionnelles,  

. un nombre limit4 de condition8 d’environne- 
ment ‘typiques” ou ‘extrbmea” doivent Btre 
ddfinies pour le missile, p rkkant ,  le rayonne- 
ment solaire, l’arribre plan, lee conditione at I -  
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mosphdriquen et  tous lea autrea parambtres af- 
fec t ant Is visi bili t& . 

D’agrbs la mdthodologie amdricaine, la vi- 
sibilitd peut Qtre dhfinic, en terme de proba- 
bilitd de ddtection par un oeil humain. Lee 
grincipaux fmteurs determinant la visibilitd 
sont la taille et  la forme du panache, son con- 
traste sur l’arriere plan et  la transmission de 
l’atmosphbre. Cerr grandeurs sont accessibles 
par la moddlisation du panache et  de la dif- 
fusion solaire. La prcibabilitd de ddtection 
est aumi relide Q la dieparit6 naturelle des 
rdponsea d6s yeux humains d’un individu B un 
autre. 

Des hypotheses plus ou moins bien justifides 
sont ndcessaires A cette dvaluation. Les plus 
hasardeuses concernent probablemerrt les pro- 
pridtds optiques des particules. 

La thdorie de l’intdraction du rayonnement 
et  des particules est abordde dans le para- 
graphe 3.1. Elle concerne la rksolution‘, des 
dquatione de Maxwell pour les intdractions en- 
tre une onde plane monochromatique et une 
particule sphdrique. Elle fournit Q la fois 
les Laractbrietiques d’absorption et  de diffu- 
sion du rayonnement par lea particules meis 
nkessite la connaiesance de paramktres mal 
connus tels que la taille et  l’indice complexe 
de la particule. De plus, I’hypothbse d’une 
particule aphdrique doit 6tre faite. 

Une approche expdrimentale a 6tb tentbe 
au R.U ir l’aide de diffbrentes techniques 
de meeures. Elle incluait des mesures 
de la composante rdflkhie de l’intensitd 
d’une forte source Clairant le panache de 
fumdea et  des mesures de contraste B partir 
d’enregistrements photographiques ou vidh.  
Toutes ces techniques burnissent des infor- 
mations utilee et  permettent de distinguer des 
niveaux de f u m h  ddtectablen. Cependant au- 
cun dispositif ne permet d’obtenir toutee lee. 
informations d h i r h s .  

De plus amplea informations peuvent Qtre I 

t r o u v k  dans lee rdfdrencee [Q] [lo]. 
~ 





? 

I .  

1 

1 F- 10 

La vieibilitt5 dea fumdea em~t un domerine ob 
le developpement de techniqum de meaure 
est encore nkessaire. I1 suffit d’insiter 
ici sur le fait qu’aucune methodologie n’est 
mdheureusemebt dieponible maie peut 8tre 
developpk ti pmtir de l’dtat-de-l’art actuel. 

4.3 Meeurs de taille de particulee 

Determiner la repartition granulometrique 
dea particulea p r b n t e a  est trEa difficile, com- 
plexite accrue encore par le fait que l’on ne 
peut jamaie Btre certain que toutee les parti- 
culm interessantea ont et6 a n a l y s h  ou que la 
distribution obtenue englobe toutes lea parti- 
cules intdresaantes. En general, 10 % des par- 
ticulea (lee plus grosses) r ep rbn ten t  90 % de 
la masse totale. 

Dane le diepositif “S.C.F” de 1’U.S Army, lee 
meauree sur l a  particules eont obtenuee par 
un eyatkme d’analyee couvrsnt la garnme de 
0.3 pm plus de 10. pm. 

En France, l’analyse de particulee se fait en 
utilieant un rCup6rateur de particulee dane 
le panache. AyrL le tir, lee Chantillone eont 
analyses par rnicroscopie klectronique et spec- 
tromdrie X. Maie en fait cea mecrurea ne sont 
considereea que qualitativement. 

Un avertiesement est n k k a i r e  quant ti 
l’utilieation de distributions granulometriques 
dane u n  but diffbrent de cel& pour lequel 
I’analyse a dtd faite. Par exemple, pour le 
calcul des performances d’un moteur fusde 
dam lequel on s’intdresse aux effete dea 
particules sur l’impuleio?/ epkifique ddli,vr&, 
seules les groase particulee, qui ont la plus 
grande t r a ink  et  la plue grende masse, eont 
inthemantea. Dea modkles, donriant de tellea 
rdpartitione sont euffisamment prkis pour ce 
prop- (111 mais ne considerent pas lee pe- 
tites particules qui peubent d r e  presentea. 
De tell- dietributions oont totslement ineuf- 
fieanten pour le cslcul de lo difluaion du rayon- 
nement U.V et visible [SI, et peuvent aumi 
8tre inadequatea pour la diffusion dans le do- 
maLe I.R. Pour ces Fhenomkraea de diffu- 

~ 

I 
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sion, la taille des particules importemtea eat 
de l’ordre grandeur de la longueur d’onde. 

# 

6. CONCLUSION 

Lea effete des fumdes primaires depehdent 
des caracthietiquea du moteur (pouse6e, debit 
massique), &e la conception du moteur (pro- 
pergol, inhibiteur, tuykre, etc), de beaucoup 
de paramktres mal connue relatifs aux par- 
titulea (qbantitd, nature, taille, forme, pro- 
prietds optiques, etc) maie aussi des carac- 
tdristiquee opdrationnelles et  de8 conditions 
arnbiantee (eoleil, arriere plan, etc). I1 est 
extr8menent difficile de ddfinir des conditions 
standards pour caracterieer tous leure effete. 
Cheque problbme ndceeeite des considerations 
epdcifiques. 

En pratique, la quantification des effets 
des fum&s primaires est obtenue par des 
mesurea de transmission. Des considerations 
theoriques, gdndrslement bashes sur  la th6orie 
de Mie, peuvent aider B l’interprdtation des 
rdeultats. 

Des teste standards ont dtd ddcrits et  choi- 
ais par le AGARD WG 21 dans le but 
de fournir des m6thodes simples, relative- 
ment bon march6 , permettant d’obtenir 
des rksultats quentitatifs caractdristiques des 
fumdea primairea. I1 est eouhaitd que des 
proc6dures eimilaires B celles ddcrites ici for- 
ment une base qui puisse 6tre adoptee cornrne 
un standard parmi les pays de I’OTAN. 
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Fig1 .apartition angulaire de I'intensitC diffuade par des particulea de trois taillea : 
(a) pmks particules, (b) particulea moyennes, (c) gr- particules [2] 

I 

Particules issues d'un propergal composite 
aluminis6 

Particules issues d'un propergol XLDB 

Figu:e 2: Repartition granulomktrique des produita condenah rCcupCrh dans un jet de 
propulseur analysh par microscopie Clectronique et spectromCtrie X. (SNPEFrince) 





Figure 3: Part iculr  rkup4rets dans un jet 
de propulseur. (Propergol XLDB au carbure 
de zirconium) SNPE 

Figure 5: Figure gComCtrique de la diffu- 
sion de Mie. Les deux vecteum correspon- 
dent au rayonnement incident non-polarid. 
Laligne OD est la dimtion d’obaervation et 
0 eat I’angle d’obaervation. Pour un rayonnc 
ment polaris(, le vectcur Llectrique est sup 
p c 4  dam le plan POX, fainant un angle V 
avcc le plan d’okervation 121. 

Figure 4: Particules rCcuplr(es dans un 
jet de propulseur. (Propergo1 XLDB b 
I’aluminicih) SNPE . 





i I 

I IF-14 

Alumine 
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Figure 6: Variation de logil et de logiz'en fonction de 8 pour des particule9 A1203 et C 
(auie) pour = 45O, r = lpm et A = 0.7pm. 

Alumine Suie (carbone) 
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,' Figure 7: Variation typique de Qczt  
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Figure 8: Exemple de I’influence de la partie imaginaire de I’indice complexe sur les coeffi- 
cientp d’extinction et de diffusion. Parametre de taille a = nD/X (UK Royal Ordnance). 
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Diambtre du nuage : 1 m 
Dilution : 0.05 

X = 10.6pm 
T=95% 

4t  Pb 
OCU 

OZrOZ 
.C 

A 1 2 0  

Diambtre du nuage : 1 m 

X = 2.2pm li \ T=95% 

Dilution : 0.05 - l p .  

Figure 9: Fraction massique/!Fm) de particules produisant une transmission de 95 % a 
travers un nuage donne kn fonction de la taille des particules. . 

fraction massique 
d'alurnine ( 

/ 

I 

f 

I 

: I 0.4jm . : A -  10.6jm 

Figure 10: Quantitb maximale d'alumine (fraction massique) dens lea produits de cornbus- 
tion pour lea spdcifications suivantes : diambtre du nuage : 1 m, dilution : 0.05, transmis- 
sion : 95 %. 
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i 
Figure 11: Diepositif de:caractbrisation des fumCes de I'US Army (US Army S.C.F.) 
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( A L L  DIMENSIONS IN METnESl 

Figure 12: 'hnnel B fumbe R7 du Royaume Uni (RO) 
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'Figure 13: "FumimBtre" SNPE (France) 

A - C l N l  SO PPf 
B - AXIAL PHOlOnCTfR L M P  
C - IR-VISIOLL LIGIIT-SOURCE 
D - KOTOR 
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Figure 14: Tir en jet libre. Instrumentation du site de Wyre Forest (RU) 
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test 

I lransrnissometers 
/ open firing room 

Figure 15: Tir en jet libre. “Banc opacimhtrique” SNPE (France) 

Figure 16: Tir en jet libre. lhnamiasion B 0.63 p m  
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Figure 17: Exemple de courb de tranemie- 
aion (A = 0.63pm) Tir en jet libre, Mesure 
transverse (SNPE) 
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Figure 18: Rbultete typiques de mesure 
traneveree et longitudinale (‘hnnel B fumb de 
R . 0  @.U)) 
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Figure 19: Courbe de tranemiyion visible 
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1.0 SUBRARY 
Current requirements for:missile flystems 
increasingly stress the need for ut,ealth 
capability. For the majdrity of hissile 
systems and missions t b , e x h a u s t  plume 
is likely to be the major: contributor to 
overall missile signaturd. espocinlly 
considerin8 the recent ddvelopmente in 
low emission and low Raddr Cross Section 
coatings for motor bodied. This implies 
the need for the lowest doseible rocket 
exhaust signature over. a wide ranne of 
frequencies from the IJV through visible 
and I R  to microwave and radio 
frequencies. I 

The choice of propellant type, Double 
Base; Composite etc. plays a 
significant part in determining tlie 
exhaust signature of the rocket motor 
as does the eelcction of inert materiels 
for liners, inhibitors and nozzles. It 
1s also possible with certain propellants 
to incorporate additives which reduce 
exhaust signature eitheraby modifying 
the chemistry of the aftbrburning plume 
or more significantly by suppressing 
secondary combustion and hence * 

dramatically reducing plume teu&rature. 

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

2.0 IlTRODUCTION 
Rocket motor plumes can exhibit dramatic 
differences in visual signature ranging 
from clean exhauets with secondary flame 
and little or no visible smoke, to plumes 
producing copious amounts of primary and 
secondary smoke to such an extent that 
the secondary flame becomes obscured or 
even invisible. In certain situations 
necondary combustion or afterburning 
can also be suppressed producin8 a 
rocket motor which burns without flame 
or smoke making it difficult to 
determine purely on visual grounde 
whether or not the motor is actually 
firing. 

I 

i 

I 
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The visible signature is however only a 
very small part of the complet+ Zlectro- 
magnetic Spect.rum. Guidance and detection 
of missiles is practicable at warelengths 
ranging from the ' U V  through visible and 
IR to microwaves and radio frequencies. 
Figure 1 shows atmospheric attenuation 
over infrared and millimetric wavelengths. 
Spectral regions of importance are those 
in whick strong plume emissions occur in 
atmospheric windows where good long range 
transmissions are poosible. Commonly used 
windows in the IR exist at 3-5 u m  and 
V-12 um and in the millimetric region at 
35 GHz and 94 OH%. 

If signature control is required from a 
missile system then it is important that 
this is recognised at the design stage. 
The incorporation of, for example, flame 
ouppression at a later stage is not 
necessarily 811 easy or satisfactory 
solution to guidance or tracking problems 
due to inference with other existing 
components of the missile. The objective 
of this lecture is to consider the various 
components of the rocket motor required 
for different types of tactical missile 
systems, explaining how stealth features 
can be adopted, illustrating the problems 
to be faced and the potential benefits 
to be gajned. 

3.0 FLAME SUPPRESSION 
Throughout the lecture metition is made 
of flame Suppression techniques because 
these are adjudged to be potentially 
the most attractive method of signi- 
ficantly reducing plume signature. When 
afterburning occurs the temperature of 
the exhaust plumes rises to a maximum 
approaching the chamber temperature at 
a distance of some 50 nozzle radii 
downstream of the exit plane. With 
flame suppression the nozzle exit 
plane becomes the hottest region with 
the tempe-ature decreasing along the 
length of the plume. 

With smokeless solid propellant rocket 
motors the fuel for secondary flame 
is Hydrogen and carbon monoxide. This 
mixes with atmospheric oxygen in the 
recirculation region st the'nozzle 
exit plane resulting in a highly 
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flammable mixture. Shock WRVOO .Cn the 
plume result in regions of pronaure 
concentration and temperature r i n g  
which lead to ignition. The tsngeratbre , 

lag of any hot particles in tho exhaulet 
can also act as ail ignition aource. 
In all but low thkuat low energy motors 
secondary combuetion will take place 
unleaa inhibited by chemical meana. 

The reaction in the flame la propagated 
by free radicals such aa H and OH.' 
?ombustion of hydrogen ln air results 
in the formation of free radicalel I 

H202 4 Hi0 + H + OH I 

I 
Removal of these radicals is the aim 

salts introduced into double base 
of combustion suppression. 

propellants as a small percentsge of 
the propellant mabs can stimulate the 
radical removing reaction proceseea. 

P o t a s s i u m l  
K + O H + M  -9 K O H + M  

KOH 4 H 3 K + H 2 0  

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

4 . 0  ROCKET PRINCIPLKS 
Solid propellant rocket hotore are 
often referred to as bei,ng relatively 
simple devlcea requirind little or no 
servicing and having no moving parte. 
This is generally true dlthough in a 
number of modern systems quite 
complicated actuation devices for 
thrust vector control are included in 
the basic design. 

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

Figure 2 shows a typical solid 
propellant rocket motor with the 
various design features indicated. 
Selection of materials fb.r the 6 

components can have a laoge influence 
on the plume signature ob,t!.hined. 

I 

I 
I 

* * '  
4.1 CASE AND KHD CLosuR&{j*,? 
The case and end closures 'arb thk 
components which form theipreunube 
vessel for the propellant charge. 
The caee also oiten actn as part of 

i the mieeile structure. Requirements 

' I '  ' ' a  r i  

f o r  the Case include lowest possible 1 ' . t l  

capability. In many deaigne, such a8 I *  

mess to8ether with hi8h pressure 

where the miaeile experience8 high 
' 0 '  loadinas, high c a m  stiffnes; 
is also neceeaary. Traditional case 
materials include eteel and aluminium 
with varioue fabrication methods. Glass 
fibre constructions have also been 
extenaively used but for applications 
which require high stiffness the case 
wall thitknese 8nd hence body wei8ht 
become problematical. More recent case 
materiald include, steel strip laminate, 
graphite fibres and Kevlar overwrapped 
aluminiunl. External case insulation is 
also used to protect certain motors 
egeinet derodynamic heating. 

Case materials are not normally exposed 
during tHe motor burn and hence do pot 
contribute towards plume signature. ' 

4.2 I G N ~ T E R  
The purpdse of the igniter is to ignite 
the whole of the propellant grain as  
quickly and uniformly as possible enabling 
the motor to reach its operating pressure 
in a reproducibly short time. Over and 
under igrjition across the motor operating 
temperatdre range are to be avoided, as  
is any idniter induced mechanical damage 
to the propellant grain. 

Two main categories of igniter exist, 
pyrotechnic and pyrogen. Pyrotechnic 
devices contain ingredients such as 
Boron; Potassium Perchlorate and 
Aluminium. They have the advantage of 
being chaap to prodyce but have poor 
signattire characteristics in particular 
high smoke levels. Pyrogen igniters are 
essentially smell self contained rocket 
motors with only a very small amount of 
pyrotechnic material to initiate the burn. 
The propellant used in the igniter is 
usually the same or similar to the main 
propellant charge. The advantages of 
pyrogen igniters include more reproducible 
ignition across the temperature range and 
the ability to produce smoke free igniters 
using A A  category propellants as described 
later. The main disadvantage of pyrogen 
igniters is involved with production comts 
and complexity. A propellant charge has 
normally to be manufactured for machining 
to produce the pe:lete necessary for 
inclusion into the pyrogen igniter. The 
pyrogen body has to act as a pressure 
vessel during the burn of the igniter and 
to achieve the correct operating condi- 
tiona has to have some form of choke 
tncluded in its construction. It is also 
possible to reduce ignition flash by the 
addition of flame suppressant materials 
to pyrogen igniter compositions. 

4.3 CHA'(Glb IFZSULATIOFI/INHIBITION 
Both charge insulation and inhibition 
materials are important in that they 
reatrict the propellant from burriing on 
unwanted surfaces and prevent combustion 
gases reaching and hence destroying the, 
case inaulatinp materials and even In the 
worst situation compromising the integrity 

I '  I 
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of the case materials. 

Rocket motors normally fall into one 
of two categories either beine! 
cartridge loaded or case bonded. 
The advantages of cartridge load 

. I  systems are that they in general 
-:'$ present lees formidable material 
**aaproblems. However in many casee these 

advantages are outweighed by energy 
considerations where the maximum 
.oossible propellant must be loaded 
into the available volume. This can 
usually only be achieved by cane 
bondina, making this the only way o f  
achieving the required performance 
from the available spaco envelbpe. 
In cartridge load applicationel the 
case is ineulated by a suiteblp 
heat reeistant/erosion resistant 
material such as Butyl; EPDM o r  
chloronulphonated polyethylene! 
rubber. These are normally heavily 
filled with materials such as silica 
or refractory fibres to provide the 
necessary temperature and erosion 
reaistance. The second pgrt of the 
cartridge load aystem is the charge 
inhibition. This prevents tho charge 
burning on surfaces other than those 
required and must bond adequately to 
the chmrne across the operatin8 
temperature range. The inhibition 
must also be resilient to:any shock 
loading which t!re charge/motor may 
experience. Historicall) for dohble 
base propellarite inhibitor materlale 
such ae ethyl cellulose of cellulose 
acetate were used to form c h a r ~ e  
inhibitors. However, these materials 
relied on nitroglycerine sbeorption to 
form a bond to the propellent. As the 
propellants aged, more and more 
nitroalycerine was absorbed by the 
inhibitor. This modified the burn rate 
of the propellant adjacent to the 
inhibitor and more importantly indreased 
the amount of inhibitor consumed on 
firing. The smoke signature from such 
inhibitors therefore increased with age. 

The two more recent types.of materials 
used for charge inhibitors are either 
heavily filled plastic or rubbers 
designed to resist combustion, or. 
polymeric materials such as acrylates 
'or polyurethanes which are capable of 
burning but at a much slower rate.tha6 
the propellant. It is possible wlth 
these materials to achieve virtually 
smoke free burning. 

Some inhibitor formulations arr self 
bonding to the propellapt whi1t.c others 
require the use of a bonding interface 
layer. 

The second category of bharge is tho 
S O  called case bonded type where the 
charge insulation bonds the liner to 
the motor wall. In thib case the 
inhibition. in addition-to its heat 
resisting properties, nbeda to poesess 
good mechanical properties over the 
operating temperature range of the 
rocket motor to accommodate the 

I 
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stresses produced by the niematch in 
thermal expaneion rates between the 
propellerit end case materials. Ihis 
normally limits the choice of materiel 
to filled rubbers. Because. of the higher 
stresses bonding becomes more critical 
in case bond appllcatione. 

From the point of vie* of signature 
control any particulate matter liberated 
by the various insulation/inhibition 
materialo will form smoke in the rocket 
motor exhaust. If refractory fillers are 
used the particle size should be chosen 
to minimise light attenuation and 
scattering. Figure 3 shows the 
scattering cross sections for a typical 
refractory and it can be seen that to 
achieve very low scattering coefficienta 
sub micron particles should be used. The 
other chief aource of smoke in charge 
inhibitor form letions is due to unburnt 

ratio of.the material is low. By the 
addition of oxygen rich fillers to these 
materiels it is possible to achieve oxygen 
balanced systems which give virtually 
smoke free performance. 

The presence of hot particles in the 
exhaust plume generally leads to 
significant levels of radiation through- 
out the Ultra Violet, visible and infra- 
red spectral regions. These mechanisms 
are discussed more fully in the plume 
radiation lecture but the important 
parameters affecting plume signature are 
particle aize distribution. temperature 
and concentration. Another important 
effect in flame suppressed plumes is 
particulate t r i 8 ~ e r i n p  of secondary 
combustion due to the thermal lag of tho 
exhaust particles. This can have serious 
consequences in certain configurations 
where, for example. pressure changes 
inside the motor can lead to the release 
of relatively large pieces of inhibition/ 
insulation debris. This is especially 
apparent in boost sustain motors where 
tho abrupt change in pressure between 
the two stages can lead to noticeable 
puffs of exhaust smoke. A similar effect 
is often seen at motor burnout. For 
these reasons it is preferable in 
cartridge load situations, where end 
burning charges are often used. to use 
the oxygen balanced inhibitors rather than 
erosion resistant materials. In case 
bond situations the charges are likely 
to be radial burning and therefore only 
small regions of insulation are exposed 
until cose to burnout, minimising the 
particulate matter released. \ 

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

hydrocarbons w x ere the oxygen/hydrocarbon 

4 . 4  END CLOSUR%S,.+ASTPIPE AND NOZZLES 
Conditions in, tge'ge, regions whicll feature 
high temperatuF,$& pnd-gae flows are highly 
erosive leacU'&;'to the use of rigid 
insulants ':,Tnd;materials used may have 
fibrous inorganic materials added to 
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and leovo e charred insulatinQ A Q j f O r  
after the or8onic material hao boon 
consumed. The most common OP thene 
materials has traditionally boen ' 
asbeetoe. However, this is nou bfiing 
phased out because of carcinoennlc! 
effects and alternative materinlo 
such 8s silica phenolic end carhon- 
carbon meteriala are being develope,d. 
Graphite or even Molybdenum innorte 
which minimise erosion are bein0 used 
specifically in the highly eroelve 
choke area. The material require- 
ments for signature control are 
consistent with low erosion having 
the same conetrainte as for 
insulation materials. 

Secondary flame suppression imposes 
particular restraints on nozzle 
design. The most favourable nozzle 
design for flame suppression is a 
fully expanded parallel flow nozzle , 
which minimises exit plane temperature 
and pressure. Unfortunately this 
design of nozzle becomes excessively 
long for high pressure, boost motor 
applications. In these cases simple 
conical nozzle8 or Rao profiles are 
often used. Table 1 shows comparisons 
between conical, Reo and circular arc 
profile nozzles where the exit plane 
angle is progressively reduced from 
1 5 O  through 7 O  to O 0  whilst maintaining 
the same exit plane diam6ter and hence 
temperature and pressure. 

Three motors with each standard of 
nozzle were fired. One of these 
contained no flame suppr6esing 
additive whereas the other two 
contained 0.5% and 0.75% reepectlvely. 
In each cese the size and condition 
of any secondary flame was assessed. ' 

The results show the conical nozzles 
to be eubetantially worse than the 
other two types of nozzle in terms 
of flqme suppression and, incidently, 
thrust losses. The differences 
between the Rao and circular arc ' 
nozzles are less pronounced but the 
zero degree exit angle, circulai arc 
nozzles appear to be sliehtly 
superior. 

4.5 MULTINOZZLES 
At high thrust levels exhaust plumes ' 
become large producing high emissions. 
Flame suppresslon'of these plumes 
becomes more and more difficult 
requiring high levels of additive to 
be used producing, in some hasee, an 
unacceptably high smoke penalty. 
Figure 4 shows the amount of additive 
required to suppress typical CDB 
motors at various thrust levels. 
It can be seen that a level of 
approximately 1.0% is required for 
II thrust level of 24 KN. However. 
if the single nozzle on the motor1 
is replaced by four nozzles canted 
such that the plumes separate the! 
'thrust per nozzle drops to 6 KN 

and the additive level reduces to approxi- 
taataly 0 . 7 %  with 4 commensurate drop in 
exhauot otaok0. It hen been found that a 
cnnt anale of approximately 7 . 5 O  is 
required to o n ~ u r e  eeparation. The axial 
thruet-loseee vary as the cosine of the 
cant angle and therefore a thrust lose 
of only a p p r o x ~ m a t e l y  1% is incurred. 
Other penalties with multiple nozzles 
include hiBher production costs due to 
the i n c r e ~ s e d  complexity, and possibly 
lower nozzle expansion ratios if the 
maximum diameter at the exit plane is 
restricted to the missile body diameter 
If a requirement exists for a minimhm 
signatude motor having high energy and 
high thrust, then the uee of multi- 
nozzles may be the only practical method 
available of obtaining flame Suppression 
without having to incorporate excessive 
quantities of additive into the propellant 
These would in turn degrade performance 
and give an unacceptably higher smoke 
signature. 

4.6 THRUST VECTOR CONTROL 
A number of different types of TVC systems 
are commorlly used on tactical missiles. 
These range from simple jetavator and 
spoiler blade devices to more complicated 
swivel nozzle systems. All such devices 
operate by deflecting the exhaust flow 
relative to the motor axis and by their 
nature are likely to modify exhaust size 
and plume properties. One such device 
is a epoiler blade system which deflects 
the plume by blade insertion at the nozzle 
exit plane. These types of device produce 
aevere exhauet shocks and high recovery 
temperatures. They are therefore likely 
to produce high exhaust emissions and be 
extremely unfavourable for flame 
auppresaion except-at very low thrust 
levels. A further device the gimballess 
swivel nozzle is typical of devices where 
the whole of the nozzle and chode assembly 
are moved. Thie type of TVC has little 
effect on the exhaust plume except in 
flight, where the angle of incidence of 

changed. These devices are obviously the 
most favourable >'or minimising exhaust 
emissions and suppressing secondary 
combustion. 

. t h e  exhaust gases to the air flow is 

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

5.1 CO#POSIT& PROPELLANTS 
Composite propellants consist of a fuel 
and oxidiser held together in a rubbery 
binder. The binder which can be inert or 
energetic also acts sometimes e 8  the ' 

fuel. 

5.1.1 IWORPDIPNTS 
The moat widely used fuel is powdered 
aluminium which is normally incorporated 
into the propellants at levels of between 
14-18%. Aluminium is cheap, readily 

1, 
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available and eaeily burne i n  aonbus- 
tion chambere. Th6 cornbustion 
product, aluminium oxide, howor-ar 
produceo denee primary smoke onA a la0  
cnuses probleme duct to ela8 dgpo- 
sition on nozzles irnd end clooures. 
A number of other metallic fuel0 
havs been considered. These include 
Boron: Beryllium and their Hydrides. 
Boron hias been ueed in some appliice- 
tione Much as solid propellant 1 
ramjets but its high melting polnt 
makes it a difficult materiel to 
burn' erficiently. Beryllium js 
unlikely to: be used due to tox4cit.y 
and the hydrittes present manufacturing 
and storage problems. 

Ammonium perchlorate is normally used 
sa the oxidiser in cornposit@ 
propellants being incorporated 
typically at levels of around 7096. 
The meterial is cheap; high enera9 and 
produces propellants with low prer3sure 
exponents. Ammonium perchlorata on 
burning liberates HCL which under: 
certain cdnditions can cause secoridary 
smoke. Certain other oxidisero cen 
be used. These include Potassium! 
Perchlorate and Ammonium Nitrate. 1 
Neither of these materials 'ia Bo 
energetic as Ammonium Perchlorate. 
Potassium Perchlorate produces low 
burning rate propellants and 
Ammonium Nitrate. whilst smokeless 
and poaelbly attrective for 
insensitive munitions, presents 
manufacturing difficulties, due to 

l phase changes. 8 .  

A number of different binder systems 
are in use. . These include 
Polyurethanes; Carboxy-Terminated 
Polybutadiene (CTPB) and Hydroxy- 
Terminated Polybutadiene (HTPU). 
The most widely used binder system , 
is HTPB which Is easily processed 
and gives good mechanical properties 
across the temperature rande. 

5.1.2 PROPELLANTS 
ilTPB based composite propellants ; 
offer high energy coupled with 1 
excellent mechanical properties and 
ere extremely cost effective to 
produce. 

A range of composite propellant 
burning rates can be achieved b y  
varying the particle size of the 
ammonium perchlorate and incorporating - 
burning rete modifiers such as 
Ferrocene derivatives. The propellants 
produced are unplateaunised but can 
have low burning rate exponents and 
hence low temperature coefficients, I 

typically 0.2-0.4%/~C. 

Composite propellants containing 
bluminium fall into the ACARD 
becommended classification CC as 
nhown in Figure 5. However, reduced 
smoke compoaite propellants can be 
producod by removing the aluminium 
from the propellant and replacing 
with energetic fillers such as RDX 
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and HHX. H0re both the tiller and HTPB 
binder act ua tho fuel. .These propellants 
fall into th0 AOARD recommended AC class 
with small amounto of primary'smoke but 
hiBh levele of eecondary emoke under 
certain conditione. Similarly minimum 
smoke propellants can be produced by 
removine aluminium and most or all of 
the Ammoniwm Perchlorate and replacing 
with an eneruetic binder and RDX or HMX 
fillcrs together with possibly Ammonium 
Nitrate. .Problems however, arise with 
the burning rate of such propellents 
resulting in the use of small amounts of 
Ammonium Perchlorate to increase the 
range of avnilable burning rates. These 
propellant fall into the AGARD recommended 
A A  or AB classification. 

The addition of Aluminium to propellants 
to increase energy also has the effect 
of reducin0 combustion instability in 
radial burning motors. In the absence 
of Aluminium, materia;s such as Zirconi,um 
Carbide are added to provide particulate 
damping. Careful choice of particle size 
is required to minimise primary smoke. 

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

. of being extruded. The binder systems 
' commonly ueed bond readily to the motor 

insulation or charge inhibition and so 
both case bond and cartridge load designs 
are easily produced. 

5.1.4 PLUMB SIGWATURE 
The major problems with composite 
propellants are concerned with exhaust 
aignature. Figure 6 presents the results 
of a firing trial carried out on two 
Double Base, low thrust (1.5 KN), motors, 
one without aluminium and one containing 
2% aluminium. The results quoted ere for 
the attenuation of a visible beam normal 
to the plume at a distance of some 16 
metres from the nozzle. It can be seen 
that the transmission falls from 100% to 
approximately 50% for the alumlnised 
round. Therefore even smell proportions 
of aluminium will form dense clouds of 
primary smoke and for low signature 
exhausts all of the eluminium must be 
removed. This implies that other , 
particles such as zirconium carbide must 
be added to prevent combustion instability 
in radial burning charges. The major 
source of smoke in composite propellant8 
is however, secondary smoke formed due to 
the combustion of ammonium perchlorate 
releasing HCL into the exhaust. This will 
react with atmospheric water under 
certain temperature and humidity condi- 
tions forming dense clouds of eecondary 
smoke. A full discussion of secondary 
smoke is presented in one of the following 
lectures and will not be included here,. 
However, Figure 7 shows atmospheric 
condition predictions for secondary 
smoke formation for composite and double 
base propellants. It can bo seen that 
in certain climatic regions, the condi- 
tione of low temperature and high relative 
humidity neceasary to produce secondary 

v 
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smoke i n  composites are l i k f l l y  
to be quite frequent occurrencice. 
Similarly Figure 8 show0 that 
secondary smoke is likely tO be 
produced by composite motorn nt 
high altitude. Secondary flame 
suppreasion of composite propellants 
containina Ammonium Perchlorate has 
been found to be ineffective duo to 
chlorine present in the comblintion 
gases spoilin8 the action of the 
afterburning suppression additives. 
Low emission levels at all wavelength 
from these motors are unlikely to 
be achieved, although certain plume 
properties such as Radar Attenuation 
csn be improved by the addltion of 
materlals such as Molybdenum Trioxide. 

5.2 DOUBLE DASE PROPELLANTS 
The double base family of propellants 
generally use Nitrocellu!z)se and 
Nitroalycerine as the two bane 
materibla but other nitroplasticisers 
may be used. Here the Nitrocellulose 
and Nitroglycerine function am fuel, 
oxidiser and binder with the Nitro- 
cellulose absorbing end gelatinising 
the Nitroglycerine to form an 
homogenous propellant grain. 

5.2.1 INGREDIENTS 
Double bnse propellants contaln a 
number of ingredients in add1 tion 
to Nitrocellulose and Nitroglycerine. 
Stabilisers are added to prevont the 
decomposition of the nitrofilycerlne 
end hence increase propellant storage 
lives. Bsllletic modifiers are added, 
to control the burnlng rate. 1 
Combustion instability can b e ,  
controlled by the addition of 'particles 
such as zlrconlum carbide and flame 
suppressing potassium based materials 
can be used. 

5.2.2 PROPELLANTS 
A wide range of propellant burnlng 
rates can be achieved by the additlon 
of small amounts of ballidtic modifiers 
based usually on lead and'copper salts. 
These modifiers produce super rate and 
so called plateau burning where the 
propellant burning rate becomos 
independent of pressure having a 
zero or even negative exponent over 
a certain pressure range. Operating 
on the plateau region of the curve 
enableo very low, or even sometimes 
negatlve, temperature coefficients 
to be obtained, typically 4 O.2W0c. 
This mlnimises variations in missile 
performance over the temperature range. 

A l l  but the very high NC containing .+' 
double base propellants can be 
siicceasfully case bonded allowing 
both cartridge load and case bond 
motors to be produced. Traditionally 
double bsse propellants gave very 
p o o r  low temperature strain capability 
necessitating the use of mechonical 
stress relief devices in motorcl 
designed to operate at low temperatures 
This has been overcome in the newer 

c l n s s e o  of double baee propellant buch 
ne Crose Linked Double Base (XLDB) and 
Elastomer Modified Cast Double Base 
(EHCDB). Figure 9 ahowe a comparison 
between CDB and EMCDB propellants with 
the latter showing a strain capability 
of 20% at -4OOC. 

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

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

Development has concentrated in recent 
years on the incorporation c.f h4p.h 
energy smoi;ciess materials such A S  RDX : 
HMX into double base propellants. 
Propellants containing high levels of 
tbese materials have been produced in 
both XLDB and EMCDB. Up to 40% R U X '  has 
becn successfully incorporated into 
EMCDB propellant without loss of 
platenunisation and retslning good -4OOC 
strain capability, A t  these levels of 
RUX, propellant cnergles approoching 
those of non aluminised composltcs are 
obtained. Combustion stabillslng and 
flame suppreselng additives can be 
incorporated into Double Base 
propellants without destroying 
plateaunisation. 

5.2.3 PROCESSING 
A number of manufacturing routes for 
douLle base propellant are in common 
use. These include: 

' 

I 

a) A slurry cast process to produce 
XLDB propellant. 

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

b) An extrusion process for Double 
* Base propellants. 

This is the well established hot 
rolling/extrusion process to produce, 
EDB propellent. A variety of fillers' 
such as RDX; HMX; instability 
suppressants and plateaunising agents 
can be incorporated at the compounding 
stage. 
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The extrusion process is most 
suited for the production of  rigid, 
thin web, propellants used in 
short. burn t.lme eppllcatlonfi. 

c) A cnstlna process for C D I I  end 
E:CIII{ propellants. 

The casting process uses a powder 
grain normally based on :a 1 mm 
cylinder containi,ng Nit5ocellulose 
and Nitroglycerine whictl is poured 
into a mould. The casti,ng fluid 
composed of desensitised nitro- 
glycerine is passed through the 
powder bed and under th6 inf1uenc:e ' 

of heat and pressure the' casting 
powder granules partially dissolve 
in the liquid by a process of 
gelatinisation of the nitrocellulose. 
As a result the granuled swell and 
conlescc to form a monolithic block 
of propellant. Additives such as RDX; 
ballistic modifiers; and combustion 
stabilisers and flame suppressants can 
be incorporated into the powder grain!:. 
T o  achieve EMCDB properties elastomers 
are added to the casting liquid. 

5 . 2 . 4  PLUMB SIGNATURE 
Double base propellants arc generally 
much better than composite propellants 
for exhaust signature. NC/NC based 
propellants burn with extrcmcly low 
levels of exhnust. ~ m o k e .  Evon with 
thcs nddit.io11 of Ilnlllotlc Modlflern 
and combuotlon lnstnbill ty iind flrime 
supprsoeanls, propollant prin,nry smokc 
is still low falling into the A C A R D  
A A  class of propellants. Nitramine 
fillers are rilso very low smoke 
producing nnd the net affect: of  
n{ trnmlnc flllcd propcllnnts, bcFniriiv 
01'  bclllntlc modlficr dllutlori, is 
irsually lower smoke. Secondarb smoke 
from double base propelLants ik absent 
except under very cold conditibns 
(less than -40°C predicted). 1 
The most significant advantage: of 
double base propellants for plbme 
signature control is the ability to 
incorporate flame suppressing additives. 
Low levels of certain potassium salts 
added to the propellant will suppress 
secondary combustion with'only a small 
increase in exhaust smoke! Careful 
selectlon of the type of additive 
and 1 ts method of incorporation into 
the propellant minimise the effect 
of the additive on the mechanical 
and ballistic prope'rties of the 
pr.opellant. 

6.0 MISSION PRINCIPLES I 
The fundamental requirement for a 
missile system is that i t  should 
have the highest possible probability 
of successfuily completing its mission. 
This jmplics the missile either hitting 
its target or Rpproaching sufficiently 
Clooc Lo bo within the 1ethollt.y rotllufl 
of a proximlty fused warhead. 

i 

1 

i 
I 

The plume signature from the rocket 
motor can reduce the mlsslon capability 
o f  the mi'ssile both In t5rmo of its 
interference with the mlsslle guidnnce 
and tracking systcmo and by incrcaelng 
the poosibility o f  tlctcctlon of t h e ,  
missile sufficiently early In i t s  fl'lght 
t o  allow effectlve countermensures to be 
taken. 

6.1 GUIDANCE AND TRACKING 
The wave1,engths involved in guidance 
and tracking vary from the Ultra Violet 
through iisible and 114 to millimetric 
wave radars. Favoured frequenc i c s  arc 
those whdre atmospheric windows exist 
allowing long range communication :at low 
powers. However, range 1 i mi ted 
frequencies are sometimes used to 
decrease the oossibility of long range 
detection. 

Various duidance and trackina systems 
are commonly used. These arc m o r e  fully 
discussed in Ref 1 Chapter G but include 
Ream Riding : Command t o  Line of Sight 
(CLOS ) : Semi Act i ve and Ac t i ve Ilom i i ig .  
In all cases, other than the nutonomous 
stage of flight in Activc Ilominp,, the 
exhaust plume can hare serious system 
implicationo if the guidance o r  tracking 
signal passes closc to. o r  t,hrouy?h, the 
exhaust plume. Tkis is pacticulnrly s o  
lf the rockat motor ie reclutrcrl to 
conti nile burnt ng up to mrix 1 m u m  r:iny,e. 

A firr~lher prohlom wl t h  ~uldr~nco rind 
triicklng Is in nolvo opcrritlc~n~. l l o r o  
the exhaust plume of one missile may 
seriously interfere with target tracking 
or guldancc of subsoqlJCnt miooi l e : ; .  

A nirmbcr 01 '  m l e n i  le floliitlons Lo cxlinunt 
plume prohlcmn nrc! i)ooslblc. 'Thcnc 
include flight path offsets at critical 
periods to avoi,d excessive signal losscs 
and the use of multiple antenae or 
reflectors attached to wings etc to 
remove propagation paths from highly 
attenuating regions of the plumes. 
Another possibility is to use a ftilly 
Active Homing System without mid-course 
guidance. A l l  of these solutions add 
to increased missile complexity and 
hcnce cost. Reductions in plume 
signature, where these are possible, 
are much more  desirable. 

0.2 DETECTION 
Exhaust emissions from rocket motor 
plumes can become a means of detection 
over n wide range of wavelengths 
varying from the I J V  to microwave 
frcqucncies. Again frcquenclcs o f  
interest arc those where atmosphcric 
windows occur m;,iing lorig range 
detection possible. Tradi tioilnl ly 
detection has concentratcd on the I N  
regions of the spectrum whrrc suitable 
detectors operating in thc aLmospheric 
windows make cxtrcmcly lonp, i'ony.~ 
cletection ponsiblc. I lecnit f io o f  
problematical bnckground bchnvioirr In 
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the infrared, newly developed aensing - 
devices in the U V  are gainin8 in 
importance. In thf* mi4 !VI or 
s o l s r  blind realon. atmospheric 
attenuation ltmits neasurementa 
to short ranges, but the availabllfty 
of ex:remely sensitive detectora 1 
ant! the absence of natural ~ o u r c e s  
make this region ~r!ractl 
range detection is p o s s i b  
near IJV but solar scatter 
prominent. 

The only solution ilvailab 
missile designer t,o delay 
avoid detection i c  - 3  m'in 
rocket motor plume. 

I 
e. Long 
e in the ' 
is 

e to the 
or 
mise the 

6.3 HOTOR CONSIDERATIONS 
The most powerful t.ooi available 
to the rocket. motor designer requiring 
to reduce communicn'ion losses and 
minimise exhaust ern;ssions is the 
ability with certai:: families of 
propellants to sup~~:-ass secondary 
combustion. Experi-#-ntal rerults 
praaented later shoc dramatic reductions 
in plume emissions a c r o ~ a  the full 
range of frequencies froi.1 UV through 
visible and I R  to nillimctric wave- 

' lengths. The use r)!' certaln metalllc 
compounds in none f!nme suppressed 
plumes can decrease microwave Mttenuation 
but is much lese effective than flame 
suppression. 

I t  l a  poasiblo to I I ? O  n number of 
differont flight ~~inl'llee for a 
missile system. Each of these has 
implications for cx!inust control. 

The simplest of thrse is the boost 
coao: oy~t.t!m wherc the missile is 
accelerated to n o i i i  table velocl ty 
6y a short burning rocket motor which 
then burns out allowing the motor to 
coast to'target. This is taken to 
the extreme in shoulder launched' 
systems where the motor is alllburnt 
before the missile leaves the launcher 
tube. The major advantages of /a boost 
coast Fystem is the absence ofiplume 
during the coast phase removine any 
problems o f  plume interference !with 
guidance and tracking, and making 
detection in tlie coast phase difficult. 
The disadvantages of such a system 
include decreased range due, to high 
initial velocity and drag./low !ntercept 
velocity at target and the. inabllity 
to use TVC systems durinR.,the coast 
phaRe. From plume signature consider- 
atlons, suppression of afterburning 
in the higher thrust boost phase can 
present difficulties. 

A number of the problems associated 
with boost coast ca:' be overcornelby 
using boost sustain motors. Fieire 
10 shows a typical boost sustain! 
thrust profile. Such motors can 
have a significant1.t longer range 
for the same propellc~nt mas9 and 
are of'ten used in snell antitank 
systems where the boost phase 

1 

I 

, .  
4 

accelerates the miesile up to sonic 
velocities which are maintained during 
the sustain phase. As well as increased 
range thpse motors have the advantages 
of higher.termina1 velocity and higher 
manoeuvreability because TVC devices . 
can be used throughout the fl'.ght. 
Flame suppression in the low &rust 
sustain phase is usually easily 
accompllshed with only a small penalty, 
The boost phase presents the same \ 
problems as.boost coast, but because of 
the much shorter boost burn time the 
boost phase can be all burnt, in certain 
situations, before the missile is 
acquired by the guidance/tracking 
sys tern . 
7.0 OPERATIONAL ASPECTS 
A number of other problems exist which 
can be alleviated by exhauet aignature 
control. 

7.1 LAUNCHER DAMAGE ' 
Hyctrochloric acid mists liberated during 
the fi-ing o f  composite propellants can 
cause ~lgriificant damage to launchers. 
This necessitates the use of protective 
materials. Flame suppressed exhausts, 
being significantly cooler than 
afterburning plumes will in general 
cause less launcher damage. However, 
interactions betwoen the launcher 
structure and the plume can initiate 
afterburning. 

7.2 IDB#TIPICATION OF LAUNCllER SITE 
Exhaust trails formed from both primary 
and secondary smoke can reveal the 
position of the launch site. This is 
particularly significant in still air 
conditions where smoke cloirds, especially 
secondary smokc clouds, csn persist for 
relatively l o n g  tlmee. Exhnust flesh, 
especially under low light or night 
firing conditions, can illuminate and 
reveal the position of the launch site. 

7.3 JET BNGINE FLAMEOUT 
This has been a problem irith air 
launched missile systems over the years 
and various measures such as relocating 
the missile8 as fa,r 3s possible li'om the 
engine air intakes have been taken to 
minimise the problem. However, if 
exhaust flame suppression can be 
accomplished this is a much m o r e .  
effective way of reducing the problem. 

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

, I  

I 

, 
I 

I " 





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

8.0 SECNATURE REDUCTION I N  SUPPRESSED 

Throughout this lectdre the potential 
benefits of exhaust signature control 
and in particular ex'laust flame 
suppression have been oiscuesed. 
The following figures present the 
results of a series of practical 
trials carried out on experimentdl 
CDB rocket motors to quahtify the 
gains achieved rlt various waveledgths. 
F u l l  details of the trials are 
discussed in reference 2 and the 
rcsults presented here are a small 
selection of the total results I, 

obtained. The results snow as [far 
as possible a single pair of motors 
operating with a thrust level Cif 
approximately 7 KN. The propellant ' 
used was high ener3y nitraminejfilled 
double base, the iirst motor being 
flame on and the second motor Clame 
suppressed. 

Figure 1 2  shows the visual signature 
of the two motors. 
secondary combustion is visible on 
the suppressed round. I 

Figure 13 shows spectral radiant 
intensi't.7 over the wavelength band 
300-3G0 nm the rcsults quoted being 
the average of a number of, scans 
throughout the firing. The results 
show a significant reduction in U V  
emission with flame suppression. 

Figure 14 shows whole p1r:ne radiant 
inteiisi ty for the unsuppressed and 
suppressed round in the J-5 um IR 
band. A reduction of roughly one 
order of magnitude is obtained. 

Figure 15 shows similar results for 
the 8-13 u m  I R  band. Again a I 

significant but smaller reduction 1 
is obtained. 

Figure 16 shows normalised 1,ong 
range 1H emission spectra for a pair 
of similar thrust motors. Subetantial 
reductions in peak Red Wing and Blue 
Spike emissions are obtained for the 
suppressed motor. 

Figure 17 and 18 show millimetric 
attenuation of a pulsed radar beam 
traversing the plume ,in a two-way I 

path via a dihedral reflector. Thk 
two pairs of plots are for the radar 
positioned with the beam first normall 
(Figure 17) and secondly (Figure 18) I 

at an angle of 30° to the plume. 

The results show that the attenuation 

PLUUES. 
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condition falls effectively to zero with 

detected. However in flame on 
conditione high attenuations are 
obtained which are proportlonal to the 
beam path length through the plume. 

only ignition flash and motor burnout ' I  , 

Rocket motor plumes aleo emit radio 
frequency radiation at millimetric 
wavelengths. Figure 1 9  shows plume 
emissions at 80 CHz for flame on and 
flame suppressed motors. The results 
are expressed a s  apparent blackbody 
temperature in degrees Kelvln. The 
flame on motor can be seen to be 
emitting radtation as if it were a 
blackbody raised to approximately 500°K 
whereas the suppressed motor shows very 
little increase in emission above 
background. 

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

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

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

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

Nozzle Trof i le  T r i a l s  ( N i t r a m i n e  Loaded 7 KN T h r u s t  Motor) 

TRIAL NOZZLE SUPPRESSANT 
NO L E V E L  % 

FLAME 

1 C o n i c a l  0 C o n t i n u o u s  
2 C o n i c a l  0.5 C o n t i n u o u s  - Detached  
3 C o n i c a l  0.75 C o n t i n u o u s  - Detached  

4 R A 0  
5 R A 0  
6 R A 0  

0 Con t i nuous  
0 . 5 F l a s h e s  Only 
0.75 o u t  

'7 C i r  Arc 0 C o n t i n u o u s  
8 C i r  Arc 0.5 F l a s h e s  Only 
9 C i r  Arc 0.75 o u t  

B o t h  Hao and C i r c u l a r  Arc n o z z l e s  g a v e  c o m p l e t e  s u p p r e s s i o n  
a t  0.75% a d d i t i v e .  
v i s i b l e  flame 'at 0.5% a d d i t i v e .  

The c i r c u l a r  arc n o z z l e  g a v e  a smaller 

i 

T a b l e  2 MAIN FAMILIES OF SOLID PROPELLANT 

M .io 
,lngrcdunu Burning R d e  

Modifiers 
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Table 3 MAIN FAMILIES OF SOLID PROPELLANT 

1. 

Nitrrcclluhne ' 
Nitroglycerin i 
Imt P r q d y m r  

curine awn1 
(ROM U 
(IlhOo 

(Pauibly -ne 
aluniinium and 
am in on i u n I 
pcrchloralc) 

(RDX) ar 
(HMX) 
Energetic binder 

bued m i na t  
polymer plariicired 
wiih liquid iiitraic. 
nter .  Suite 
rmmaiiuin pcrclilrr 
rate may be addcd - 

>ithcci la l t i r  
Nttmqlycerin 
IRDX)  11 

I lh /XI  
(Pmsihlv soiiic 
rhtniiniutn and 
11111111111111111 

: ~ r ~ l i l ~ ~ l ~ l r i  

ATTENUATION (dB/km) 

Lead and copper 
Jcrtvat i ra 

, t(nuiIJy tin 
I Jcrirativcal 

R-e 
StnMiun 

Aluiiiiniuiii , 

Rclraclcric% 
cg Zirconillin carhidc 

Zircmiuin silicate 
Zirconiuin oi idc 

.A111111111111111 

1.014 1.0E6 1 

FREOUENCY (GHr) 
Figure 1 Atmospherlc Attenuation 
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,Figure % Solid Propellant Rocket Motor 
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Olrmotor (urn) Wrvolongth 0.62um 
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Flgure 3 Extinction and Scattering Cross Sectione for Typical Absorbing Solid 
Particle (Size function o( a "D/r ) ,  
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Figure 4 Additive Level to Suppress Secondary Combustion at Various Thrust 
Levels. 
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Figure 5 ACARD SMOKE CLASSIFICATION. 
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Figure 6 Smdke Signature of 2% Aluminium Filled Propellant 
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Figure 7 Predicted Secondary Smoke Formation at Sea Level 
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RE LATl VE H U MI 0 I f Y 
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60% 
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Figure A Predi&d Sccondnry Smoke Formntion ris a Function n t  Altltudo tPlon 
Metallic Compos1 te Prnpellont w 1  t h  Ammotlium Pcrchlornto),  

F'gure 9 Comparison of !4echonIcal I'ropc*r.l i c n  (:llII-I.:MCUU Propellants 
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Figure 10 Typical Thrust-Time, Pressure-Time Curves for a Boost Sustain Motor 
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Figure 11 Flume Visible Enisetov (Night Firings) 
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Figure 12 Flame Suppression 1" ::itramme f i l l e d  i U N  Tnrust ';mor 
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Figure 16 Infra Red ::or?allsed Spectral Radiant Intensities 
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2. INTROI)IIC"I'ION 
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Fig. 2 Zones of Condc-iliation in a Pliime. r d  4. 

Fig. 3 Olivcr Fog l'redictioiis, ref 4. 





4. PREDICTfON METHODOLOGY 

4.1 Droplet  Growth  

3-3 

IU = 2.0 for 0.000 < aba(.q) < 0.001 (12) 

wlirre .q is the ratio of the gw velocity norind to the sur- 
facc of tlic tlroplct to the nirnn thrrrnal slwril of the gm 
molcciilvs. 

The rcsiilting equation for t l m  rate of cliangc of drop radiiw 
1s: 

wlicw: 

ai, = 2@0/  [(2nXf/RTr)"'(D/r) + 2r / ( r  + L)] (14) 

Tlic fitinl rcsiilt, equation ( 1 3 ) ,  clcscrilm tlic tlroplct rate of 
growt,li for rncli rontlcnsing coinponriit. 
Siiniliirly thc chniigc: in clroplct timlirmtiirc d o t !  to coiivcc- 
tivc: I i m t  traiisfcr is givcii by thr Imsic ecliiation: 

wherr 

niicl 

4.2 Sigiinture f'rcclirtioii 

4.2.1 Mic Thcory  
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( 2 5 d )  dlr, (cos@) T,(cose) = c03e n,(co.qe) - sinz@ 
dcos0 

P,, tlic Lcgendre polyiiornials, are fiiiite si-rips dcfincd hy 

r i m  nntl b,,, ( t l i v  aiiiplitiiclr funrtions) arc! givrri by 
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Fig. 4 Angular Distribution of Radiation Scattering 
for Spherical Non-absorbing Particles, ref 16. 

I 
f 

4.2.2 Approtii icaie Mcthodz  

The values of A' niid K can be toinprited from thr known 
propertim of t lie pliirne once the particle cloud is drfinrcl. 
q u a t i o n  (27) is integrnted over the plumc and the attenii- 
ation of the light determined. 

5. VISIRILITY CRITERIA 

Redured to its wscncc, the vkibiht cvaltration consists of 
predicting the spatid signature of t i e  plume in the dcsird 
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waveband, i.c&, 0.40 to 0.78 pn,  and comparing it to the sig- 
nature of the background, and deciding if the resulting si - 
riatiire is discernii)\e. Victor, reference 6, oritlines a sinipfe 
visibility motlel illat lie clevrlopcd from the work of Jarman, 
refcrciiro 13. This nit thotl addresws all the clerncnts neccs- 
snry for a thorough visibility calculation and ia sunimnrizetl 
below. 

Hc: d c - k r i i ~ l  t,lir ront.rst.  CO, betwcen RII ohjcct whose hright- 
IIIW is B ,  ai111 tlir hsckgroiirid wliose Iniglitiicss is Bo as: 

CO = ( B - B O ) / B o  (28) 

wlicri o1,sc:rvrd rlosr ciiorigh t,o the objrct s o  that thcrc is no 
ohsciirat,ion of tlir signal. If tlir observer is far away from the 
object, tlic signal from t,hc objrct and from thc 1 wkgrorrnd 
will I)c att,riiiiatrd. The apparriit. ront,rast 1)rconirs: 

Clc = CO( B o / B , ) ~ i p (  -OR) (29) 

Tlir ripprirt-iit brightriess of tlic 1)ackgn)itnd will bc: 

B, = Bo ~ r p ( - ~ l ? )  (30) 

wlirrr R is the clistancc? to thc background, U is the.atmo- 
splicrir itt.tcniiatio1i c(wffici(*iit. (in itnits of ki i i - l  ) $  arid B, 
is tlic: path liiiniiiiiiiw ailtlrtl diir to tlic signal from thc sun 
nntl the light scat.tc:rctl into the optical path. Therefore: 

and the path Iiiniiriiinrr is givrri by: . 

B/{ = IiBo(l  - e-"" )  (32) 
w l i c w  Ii is t l i v  rat io of horizon sky 1wiglit.nvns to hrkgrouiitl 
hriglitiwss. Viilii~*)r o f  Ii w r y :  

0 .2  

1 .o 
1 .0 

7.0 
25. 
1 t.0 3 
5 t  
1- 

3.n 

5.0 

1 .n 

Tlic. tlircsliolcl o f  visual ~~iit,ra.st. is d r f i i i t r d  iis t,li;it. valiic of 
cont rast. ;it wliirli t.liv o1)jcc.t. ranilot I IC* tlist.iiigiuslicd from 
t.lic* Imrkgroiiii(1. Tliis is sonic.tiiiics riillwl t lit: l i i i i i i i i i l  con- 
t h s t .  Ttic. liiiiiiiid coiitrwt. is i i i i  iiivvrsc fiiiictioii o f  size, 
or riitlirr sii1)stcwiIcvl nnKIr o f  tlic oljjrct. A s  tlir riiiigc to 
itti ohjc-rt iiirrc*a.ws. its liiiiiiial coiitrirst iiirrcnsrs Iwrartsc 
thc: angle siil)stcritlt*cl Iwronic*s sinaller. Siiiii:ltanc?risly, tlie 
apparent coiitrmt 1)c:twrr.n tlic objcrt arid its I~ackgrniind, 
as tlcscril~rtl by cqiiatioii ! 16). I)cronics sniiillrr niicl the ob- 
ject faclcs froin vivw. It  sliorilcl be iiotwl that alttiougli this 
eoiicrpt is lmsrcl iipon a11 iuminiccl visiial iiriiity of 9 Iiu- 
man lwiiig, wc rwi gwrrntc niiitliriiiat.ica1 iiiialiigs t1iP.t arr 
rc.1atc.d to t . l i r  rhiirartc.ristics of optical siwsors, Im-kgroiiiitl 
c l i i t t . ~ ~ ,  aiiil riiiidoni mist: i n  t l i r  data gnt.lirring systvni. Thr 
signal frorii tlitr l~liinitr to tlic ol)scrrvrr is il f i i i icthi i i  of !.lie 
swiliglit H I I ~  skylight srrtttcwd by tlie ~ ) I I I I I I C  into aiid the 
light trmsiiiittccl throrigli tlie plrinic aloiig t l i r  olitical patli. 
Matlimiatically this is: 

C o  = ( B p / B o ) - l  = B. . . /B .+B, , , /B~+D/B.-1  (33) 

Thc critc-ria uscd to clvtrrriiinr whetlier a p l i i i n r  is 11ctcctaI)lr 
by a hrinian is niibjcctiw. Hc)sliikawa clc~vrlopcd n inoclcl to 
do just that from diita collrctcd for a large varirty of j r t  air- 
craft over a range of opratiiig conditions, rt:fcrrncr 17. Fig- 
ure 5 shows experinirrital (IHta which estnldislird tlic: thrrsli- 
old of perception RW a fuiiction o f  Rtil)teiiclrcl nnglr. Figiirr 6 
nhows the probabilit of clc~tcttioii M a function of relntive 
contrast as devr lopdby Blackwell. described in rrfrrrrire 4. 
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Fig. 5 Threshold of Pcrception, ref 4 
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Fig. 6 Probability of Detection 98 a FLnction of 
Relative Humidity, ref 4. j 

6.0 N U C L E A T I O N  DATA B A S E  

It was mentioned above that seconcikry smokr is grncrated 
by Iieterogeneoiis niiclrntiori, and t.list we rnnrlot predict the 
nilcleation sitrs froin first principlcs. Tlir ohvioiis altrriia- 
tive is to  prrform tests to determine just what nucleation 
material exists at the exit plane of the nozzle. 

1 

I 6.1 Test Facilities 

Data froin two fncilitirs has I m n  avnilahlC to I rlcteriiiine the 
niirleat,ion popiilations. The US Army Misiile Coniiiiand 
(MICOM) built n Smoke Cliarnrtrrizlltion Facility (SCF) 
at  Rcclstonr Arsrilnl tn fncilitntv trsting o f  coriipoiimits of 
Rroiiiid and nirI)oriic wrnpnris syst,viiis to cletrrniiiie if they 
wmild fiiiict ion rorrrrtly i i i  n siiioky wvironnient. 'rlic fa- 
cility nllows trstiiig of siiiaU, i.e., 65-75 grnni, solid rocket 
motors in n static rnvimnnirnt into a Iicimidity mid tempcr- 
ature controlled atmosphere. The trst procediire is to fire 
the motor into tlie controllccl static environment ancl take 
data to c.linrna:trrize the snioke nftrr the pllinie Raws are 
mixrd with 1)iv rmitrollrtl nnhiwlt g w w .  A vnriety of clntn 
nrqiiisitioii RyEmns w e  i i i  i i ~ e  nt thr fncility. T l l p  USAF 
Arnold Engi.icc*ring Drvrlopmrnt Crilt.er ( AEDC) hnllintir 

range waa modified to  allow testing of a small scale rockets 
in their ballistic range. The ballistic range contains a 1000 It 
long by 10 f t  diameter tank downstream of the gun barrel in 
which flight conditions can be fiimiilntcd. The chamber al- 
lows short fli lits in a controlled high altitude environment,. 
External to  &e altitude chamber, a short envirunmcntdly 
controlled sea level chamber was built to catch thk ballistic 
vehicle and obtain condensation data. Extensive instrumen- 
tation also exists in these fdlities. 

6.2 Data and Analysis 

Data taken in the SCF, shown in Figure 7, was analyzed 
to determine the nuclei size and niinher. A number of 
assumptions are made in developing this data. It is as- 
sumed that tlie nurnber of droplets prescnt in the chamber 
nre representative of the number of active nucleation sites 
throughout the firing. That is, there is no appreciable coa- 
lescence, breakup, homogeneous niicleatioii or deposition on 
the chamber'srirfaces. It is also assumed that all droplets 
in the chamber are the same size and that all the hydrogen 
is afterhiirned to form water. Light transmission mcasiim- 
i i i t  nts were made at  0.52.0.63,0.85,0.95, and 1.06 pm wnw- 
lengths. The equilibrium temperature :.-.--I partial pressures 
of condensable gases were recorded. 

Tlic: values of the i i i i m l m  dcnsity, N ,  thc :rvcrngc ratlitis, 
ancl the chemical compc,cit,ion. of the dropl:ts were calcu- 
lated and are shown in Figure 7 for two t pes of propel- 
lailk. Taken RI: a whole, the data indicate t ta t  tlie iiriniber 
density, S, is proportional to the particle size to c h  -0.5 to 
-1.0 power. Insiifficicnt data exist to iiinke nriy sta:cincnt 
aboiit how the expoiicnt vnrics w R functioii of prop:IIant. 
The data  tlcm support a statrmcmt that tlic innxiniuin iiiim- 
Iier c1riisit.y i R  prqiortioiinl to tlic 1ieri:ciitiigc: of niiiiroiiiiuii 
pcrclilornt,c: ( AF). Tlicw is iiiHiifficiriit rlntii to ::!;>port any 
general coiiiiricnt, about the role of aniiiioniiun iiitrntk (AN). 
Millcr ilrnws tlic conclusion tlint the iiiinilwr of  iiiiclei mea- 
siirctl tire nhoiit 3 t,o G orcler9 of ningriitiiclc siiinlk.r tlinn t,hat 
ohsrrvctl for honiogriiroiw iiiic:loation of water, niid thnt tlie 
rwliired dntn a r r  roiisistcrit with the rcsiilts of othrr rxprr- 
iiiimts. 
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7. COMPARISON WITH F L I ~ H T  DATA 

Table  1: Cotiiparison of Fliglit Test Data 
a n d  Predict inns,  rsfereucr  4 

AhlBIENT A I R  III. 
TEA.IPER.ATURE/ 
HUMIDITY I 

PREDICTION: 80"F/ 90% RH j n.736 

TEST DATA: 80"F/ 78% RH 0.GG 
PREDICTION: 74"F/ 95% R H  0.775 

Tlic griicrnl bchivior of cxliniist 1iIiiiiivs o f  txticnl. stratr- 
gic aiici rivilinii IniinrIi systrni s o ~ h  nncI IiqiiicI proprllniit, 
rockets Ims Iwrii a11 issiiv of rnnrrrn t i )  propidsiori syst.rni 
tlrsigiicrs and iiiilithry niinlysts for soiiir prriocl o f  t iiiir. Rc- 
rrntly, tlic tncticnl rot-krt ~*orniniiiiity t i x i  Iwcoiiic iiicrras- 
iiigly scnsit.ivc t i ]  tlio rffccts o f  smoke 1ntlr.n pliiinrs. 

I n  the United States, t,liia lins Icd to R JANNAF rlrrssificn- 
tioii systmn wliicli i n  to n Inrgc c\i*grcc: R rrflrrtioii of tlir 
nimsiirrs that wrre tnkvii to rcicliirr primary nncl srroiidary 
smoke in tlir rxliniist pliirne of tnrticnl rt Bckcts. Proprllaiits 
wliicti iisc inrtiils siirli ns nliiriiiiiiini as an nclditivc to h s i r  
fiicls, siirli n.s AP are cnlletl "sinnky" prolwllnnts. Propel- 
lniits whirl1 Iinvc tlic smoke roiitrnt of thr  pliiiiir rrdiirrcl 
by rcinnviiig tlic nliiiiiiiiiiiii roinpniic*iit of tlic furl nrc rnllrcl 
"rrdiicrd wiiiokr" 1)rol)dhnts. Proprhi t s  wliich hnvc rvcry- 
thing rcincwed tlint i:oiilcl rontril)iitr to the sinokr prohleni 
(ani1 still rriiiniu 'I\ viaI)Ie 11rop~:IInnt) nrc callrcl "iniiiiiiiiiiii 
smokr" ]~ro] )dhi t s .  This dcsigii:htin sywtcirn is tlrsrriptivc 
of how )rqwllaiits arr  foriniilatcd, h i t  tlws not ncldrrss the 
issue o/ linw well the propellruits perform relative t o  tlio 
smoke issue. 
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Fig. 8 Comparison of Contrast Predictions for Fligt 

Test 1, ref 4. 
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Fig. 9 Comparison of Contrast Predictions for Flight 
Teat 2, ref 4. 

Ttic Propiilsion and Eiicigrtirs Panrl (PEP) o f  tliv Acl- 
visory Croup for Acroiiniiiiiv Rc-srnrrli niicl Di~vt~Io~iiiii*nl 
(AGARD) clctrriniiaitl that tlir trriiiiiicilogy which rxistrd 
in tho mid- 1380's tinie prriotl: sinoky, rr~liirrtl siiicikr. low 
smoke, niinirnum smoke, and smokclrss, wn.4 too inipmrisr 
for quantitative enginecriq use. PEP Working Group 21 
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8.2 Primary Smoke;, h 

I- 

' I  
41- 

I 

TIME, sec 
I I 1 I I I 

OO I 2 3 

- Fig. 10 Comparison of Contrast Predictions for Flight 
Test 3. ref 4. 

( W G 2 1 )  was established and tasked to develop a systematic 
way of classifying and iiieasiiriiig thc smoke content of solid 
rocket exhaust pliinies. The rcsii!t of theid efforts is reported 
in reference IS, and is srinunarized hclow. 
The heart of tlic propocetl systeiii is tlic rcalizalioii t,hat the 
characterization prohlem woiild be greatly siniplified if the 
primary and secondary smoke characteristics of a propellant 
arc classified scpiirately. The proposed clnssification system 
is compriwd of two letters. Tlia first lrttcr iridicntrs the 
propellants propensity to protlricc primary smoke: A being 
the least smoky through B t 3  C hei:Ilg the most smoky. The 
second letter indicates the propellant propensity to produce 
secondar; sniokc: A being the l e d t  smoky tlirorigh B to C 
being the irtost smoky. The resulting niatrix is illustrated 
in Figrilr 11. PropellaIlts classified i s  AA, AB, CC woidd 
correspond roughl:. to minsmokc, rediired smoke and smoky 
propellants, respectively. 

I 

AGARDS - 
AMBIEKT R.H To 

PRODUCE S A N p l l O N  

I J . - 0.90 - -  0.5s - -  0.0 

0.0 
M AB AC 

0.35 

BA 88 BC AGARDP 
o8suwno?I &, 

C A ,  CBb CC 
I .o 

1 

Fig. 11 AGARD PEP WG-21 Propaad Primary and 
Secondary Smoke Clsssiflcation Scheme, ref 18. 

Characterizing primary smoke by its ability to transmit or a 
signal thru the plume has certain inherent advantages. The 
measurement is relatively easy to make mci can be easily 
reproduced in the laboratory. Care must be taken in mak- 
ing the measurement that the test cor;.figuration does not 
bias the memurement and thot secondary smoke formation 
is avoided. Some care should also be taken in selecting the 
wnvelrirgth df the laser used to make the measurement to  
avoid interaction with water vapor or carbon dioxide in the 
plume. Also, the index of refraction of the plume partic- 
ulate matter niay'vary as a function of wavelength in an 
unknown manner so tha t  characterizations made at  two dif- 
frrent wavelengths nia;. not correlate very well. 
Prediction of the trairqiiiission can be quite complicated. 
The equation for transmittance of a si nal through a poly- 
dispersed particle cloud, taken from referewe 18 IS: 

Tr  = ezp(-3 &C,L/2 0 3 2 )  (34) 

wherr: 

Tr = Transmittance = I / I o  
Q = Mean extinction coefficihnt 

= a function of wavelength of incident 
light, complex index of refracton, 
and particlr size distribution and siiape. 

032 = Saliter mean siirface to volume diameter 
C, = Particle volume loading, 

volume of prrrticles/volume of mixture 

L = Length of path which contniirs particles 
I = Intriisity o f  transinitt,eri light 

Io = Intensity ot' incident. light 

Some approximations are necessary P .- ;mid having to solve 
the Mie equations: 

C ,  = C ,  x particle material dcnsity 
= mass of particles/mixtrire volume 

Tr  = e x p ( - 3  Q L / 2  0 3 2  C,/SG) 

N = -3120 L 0 3 2  = 1.0 nssiimccl 

Setting N = 1.0 eliminates all the ternis that are unlcnown. 
Replace C,, with: 

= c r p ( N  C , /SG)  

= Mass particles/Voliinie gaq 

where: 
' M p  = Mass of particles 

I? = Universal gas constant 

T = mixture temperature 
Mmix = Moieciilar weight of niixt,iire 

P = Prcssiue of mixture 

40: 





I 

I 

I i ,  J 

where 
%Mpi = M ~ s s  percentage 

SG; = Specific Gravity I 

Ni = Optical propcrty constant 
= 1 .O for ror~gh calcrilations 

i = species considered 

l l i is  expression i shni ted  by the fact that the optical p r o p  
t*rtics, laser wnvelangth nntl pnrticlc dinmrter distrihutitm 
i11fori:iation wrm lost. Tlic authors rcnlizrd this ant1 rw- 
oininrnd tlint thrsc piunmcters br irlclridrd in any analysis 
\rlicn they arc available. It should 1)r pointcc1 oirt thnt what- 
rver the sliortcoinings of the prrtlictivr method sriggestrd. 
.that proprr cxperiinental procetliirc rnii st,ill protlricc highly 
accurate, and thcrcfore risa1)le data. 

8.3 Secondary Smoke 

Tlic: s i w d a r y  sniokc. ~ir ini t~iral  rating, AGARDS. is takrii 
to bc tlic aml)ic!iit rclativc 1iiu1iidit.y rircrssary to intliiw con- 
tlcnsatioii ;,, thc rxhnrist pliimc ~vl ivi i  thc pliimr is cxpniiclrtl 
to 101,32;* I'n prcssrirr. ; r n d  dilrrtrtl Iby niitl in rhcniicnl niid 
tlicrrnal rqriiliI)ririiii wit.11 1000 partk oi air a t  375.13 I<. Tliv 
sriggrsted procctlrire tnkcn directly from refcrriicc 18 is: 

1. 

( i )  Detcririiiie thr H 2 0 ,  HCI aiitl H F coiitrnt iri niole frnc- 
tioiis of tlic. proprllnnt rxhaiidt procliirts from n tlirr- 
morlir~iiirnl prrdirtioii for n shiftiii~ iqiilil~riiiiii c i c ~ z z l c ~  
flow. 

(ii) Rrfcrririg t.o Figrirr 12, tlcteriii:inc: tlir crirvc which Iwst 
corrcspontls to the tot,al halogeii cxliaiist p s  inoli: frar- 
tion arid sclcrt n point on tlic l i i i c -  whosc- aliscissa cor- 
rrspoiids to tlic! H 2 0  inoh* frncit,ioii of tlic. rxlinrist.. 

( i i i )  Tlir orclinntr of t h :  srlrctcil poiirt is t l i r  ninl)irnt Iiri- 

iiiiclity rcqriirrd for srluratiori, ix., sc~roiidnry smokc 
formation. Thc point also cle'fincs tlic AGARD "A", 
"B". or "C" secoiitlary sniokc classification for thr  pro- 
pcllant . 
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8.4 Sample Calculations 
(36) 

2 30% 
. 20% 

The sample calculatiori given in reference 18 is repeated 
here. Given thnt the exhaust plane chemical composition is 
88 in t.able 2. 

To.ble 2: Example of Exhaust 
Chemical Composition 

MASS MOLAR 
SPECIES FRACTION FRACTION 
.Y, .lo23 .0944 
CO2 .2368 .1391 
CO .1161 .lo71 
HzO ' .3488 
H2 .OOP8 

.3569 

.1130 
H t l  2577 .182G 

AliOj(.q) .0189 .0048 
FeClb . r ) l O G  .0022 

Thc: coiitlc*iisnhlr sprcios art- AIzOs( .s) and FcCI?. Froiii 
rqriatioii (3G): 

AGAhDP = 1 - crp(  -[(  1.80 x 1.0/3.97) 
+ (1.OG x 1.0/3.1G)]) 

= 0.56 

wliicli yirlcls n priniary siiiokr clasificntioii o f  B. 
To rrilrril;it,t! t . 1 ~  sc~coi i~l i iry r;iiiokv c.lnssifiriit,ioii. WI' tnkv rlir 
~ i i o l c *  friirtioiis o f  If10 iiiid HCI froin Tii1)Ii~ 3 iis 0.35GO 
and 0.182G, rc*spcrtivrlg. for n tot.nl iiiolr frnctioii of 0.5395. 
Siiirc tlic partial prcssiirc: of tlic watrr vapor plrrs tlic partial 
prcssiuc of c*xlini~st coiiclciisihles riiiist cqiial tlic saturation 
partial prcssiirc for roriclimsntion to orcrir, aii~l  t.hc partial 
prrssiuc is rqtrnl to tlic totnl (nt.niosplirrir) prrhsrirr inrilti- 
plicvi hy tlw iiiolr frnct.ioy, j ,  t h :  

Thr noriiinl satiiriitioii prc*ssiirc of wa' 'r vapir is drprcswd 
hy a factor, I;, that tlcpriicls ripoii t Iir roiicc.iitr;itions of 
HCl aiicl/or H F .  Tlir satriratioii prrssiirc. o f  water a t  273.1 5 
K is 6.10i8 iiibar (G10.78 Pa). Tlirii: 

Pmal = li x 6.10i8 i i i h  (38) 
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Fig. 13 Oliver Depression Factor for Acirl/Water 
Vapor Equilibria at O”C, ref 18. 1 

9. CONCLUDING REMARKS’ 
The prcdict,ion of secondary smoke is prrlinps t . l i e  most dif- 
finlit taqk the plume community has set for itsclf. In this 
context, the proposed PEP WG 21 smoke classification sys- 
tcin for solid propellants is n tremendous improvement over 
tlic olclrr nictliocls. and slioidtl nid rcstrarcli in this area ini- 

The resulting particulate diameter and num& density dis- 
tributions which are a function of the radial position at  the 
nozzle exit plane are strongly affected hy the. internal ge- 
ometry of t.hc hirning surface of tlic grain, arid thr nozzle 
cntrnncc!, t h a t  ancl rxit ront.oiir. This well estnldislieil frtct 
shoiilcl br takwi into account in  any serious coinparison of 
propellants using different geometry test motors. 
The data haw rcported in thP open literature on hetero- 
geneous nucleation sites in solid rocket exhaust plrimes is 
sparse in terms of the number of trsts w d  data points. 
There appears to  he little or no data taken on the variation 
of heterogeneous nucleation sites as a function of nozzle ra- 
dius and there is no discussion on the possibility that this 
effect could he significant. 

There is no recordid atteiipt in thr  open literaturc *U es- 
tablish what the accuracy requirements are for prediction of 
secondary sniokc cffccts. Without rcqiiirmicnts it is impos- 
sible to evaluate the predictive metliods and to justify the 
expenditures nc*crssary to obtain thc: extensive data base of 
high quality data that is a necessary prewrmr to developing 
accurate predictivc models. I 

The redictive nic:thods dcscribed in the open literatiire are 
u n v a h h d  T h e  lias been no attempt reported to cs- 
tablish the rahgc nf application of the codcs or tlic’level of 
acciirary that can be cxpccted. Rescarrli in this area is not 
as intensive as it has been in the pact. Most of the papers 
available were old, or if recent applied tecliiiolo(Ur developed 
some time ago. 

It rriay he clesira1Jlr to devrlop or ndapt a Ruite of highly nc- 
curat.c reseiirrh cotlcs for the prediction of scro~iclnry smoke 
tuid its opticid chnmctcristirs. Thrsc codes could lie used 
to evaluate the siinplifying assumptions made in develop 
ing the predictive codes currently in use in the field. Any 
new super code will not be a substittite fm accurate and 
extensive Bight data. 
The existing nimierical models of condcnsatio.. effect8 and 
Signature prediction are very conservative in thc URC of com- 
puter rmources. The nimwrird mcwlelr linve too mnny frrc 
con3 t ant n. 

incnsdy. I 
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ROCKET MOTOR PLUME FLOWFIELDS: PHENOMENOLOGY AND SIMULATION 

Or. Sanford M. Dash 
Science applications lntdrnational Corporation 

Propulsive Sciences Division 
501 Office Center Drive, Suite 420  
Fort Washington, PA 19034-321 1 

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

1. INTRODUCTION 
The analysis of the complex flowfield generated by the 
interaction of an exhaust plume w i t h  the missile airframe 
external f low involves the consideration of f low regions 
w i th  widely varying characteristic features and length 
scales. The supersonic exhaust plume issuing from the 
missile is imperfectly-expanded at  typical flight conditions. 
It equilibrates to ambient pressure levels via a decaying 
sequence of expsnsion and shock w a v s  which can be 
quite strong in the plume nearfield. The plume is additional- 
ly characterized .by the turbulent mixing that occurs be- 
tween the exhaust and external stream, and by the after- 
burning of the unburnt exhaust products with the entrained 
air. For solid-propellant missile exhausts, a multi-phase 
flow must be dealt w i th  where the influence of gaslparticle 
interactions on the plume structure can be quite pronounced 
at high particle loadings. The det?;led analysis of a missile 
exhaust plume can entail the integration of over 100 partial 
differential equations which describe the cdmplex interplay 
of wave/turbulentlchemical/ particle processes occurring in 
the plume. The analysis is complicated by the requirement 
to adequately resolve the varying IengthlI~on-equilibrium 
time scales over which these processes occur. 

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

I 

lence for complex 3 0  chemically reactinglmulti-phase f lows 
progresses. 

2. CHARACTERISTIC FEATURES OF ROCKEY MOTOR 
EXHAUST PLUMES 

2.1 Plume Fluid Dynamics for Conventional Missile 

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

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

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

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

Exhausts 

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

For engineering applications keyed to  missile detection, 
guidance, etc., the overall plume structure is of intere5t 
with attention generally focused (e.g. in IR-relatcd ap31ica- 
tions) upon the farfield solution (Ref. 1). For such applica- 
tions, the nearfield solution serves to  provide starting 
conditions for a farfield, constant pressure mixinglafter- 
burning calculation and may be adequately represented by 
very. simplistic techniques (Ref. 2). The plume structure 
beyond the nearfield region is simplistic and the discussion 
here wiU thus focus upon the details of the plume nearfield. 

A schematic of a single inviscid shock cell of an underex- 
panded plume is exhibited in Fig. 2. The flowfield is irritially 
characterized by an interaction at the norzle lip to achieve 
a pressure balance between the exhaust gas and external 
f low. The ensuing plume interface (which separates the 
exhaust and external streams) has a monotonically decreas- 
ing slops, thus generating downward running compression 
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waves into the exhaust flow. These wove coalesce and 
form a barrel shock which progressively increases in 
strength, ultimately collapsing to form a Mach disc. The 
I t . ) rrr I  <hock divides tllo t * x l l > q i < t  r1:1*: i i l t r l  ~ t , * t $ ,  . I V ~ , .  I t \  f!ln 

core, which behaves independently of 1117 cxtcrrial :;trcam; 
and, (2) the bsrrel shock layer, which contains exhaust gas 
which has interacted with the external stream. Down- 
stream of the Mach disc station, the reflectcd shock again 
divides the exhaust gas into two zones. In addition, a third 
zone exists comprising that portion of the exhaust flow 
which has traversed through the Mach disc. The inviscid 
shock cell terminates at the axia) station at which the 
reflected shock intersects the plume interface. This shock 
cell pattern continues subject to an overall decay by 
turbulent diffusive processes. , 

Cvonoll.uerav 
aa1aa81en ton t - ShOCL lor.? 

I a t l a c i a a  aha81 

Figure 2. Wave structure in flrst shock cell of underex- 
panded ]et in inviscid limit. I 

Now consider the nearfield viscoushnviscid structure of an 
underexpanded plume exhausting into a supersonic stream 
(Fig. 3). Turbulent mixing processes are initially confined 
to: 

(1  1 the plume mixing layer, which comprises the curved 
shear layer growing along the plume slipstream (or inter- 
face, in the nomencla!ure of Fig. 2); and, 

(21 the Mach disc mixing layer which grows along the 
slipstream separating the hot, initially subsonic flow which 
has traversed the Mach disc, with the colderlsupersonic 
outer portion of the exhaust flow. 

Mac* O l l C  

Figure 3. Structural teatures of plume nearlield at super- 
sonic flight conditirns. 

The magnitude of viscoushnviscid interactions in the 
nearfield is hiohly problem-dependent as discussed and 
exemplified in earlier publications (Refs. 3-6). Significant 
\,i.;c-nit.:/iiiviscid interactions are associated * i t t i  I Ilrll~,mena 
such as: 

(1  I shockkompression waves produced by the positive 
displacement effect of rapid chemistry andlor high Mach 
number viscnus dissipation in the plume shear layer; 

(2)expansion waves generated by the "washing away" 
of initial mass defect regions downstream of baselseparated 
flow zones; 

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

(4) the shocklshear layer interactions occurring at the 
end of nearfield shock cells. 

2.2 Plume Thermochomiatry 
Tactical missiles generally contain double-base or composite 
solid propellant rocket motors. The double-base propellants 
are typically 'referred to as low or minimal smoke propel- 
lants. Composites are high energy solid propellants contain- 
ing metallic fuel additives (e.6. aluminum) and ammonium 
perchlorate as an oxidizer. Table I lists the chemical 
species typically comprising such systems (and also 
includes typical species for airbreathing ramjetlscramiet 
type missile systems employing hydrogen or conventional 
hydrocarbons as the fuel). 

Teble 1. Chemical Species for Various 
Propellant Types 

Eleman18 W O  cmio Cnl'O'Cl 
IAU 8V81.WU 
conlitn N, as an 
inen a m u s 1  

Numoar of SD.cU8 7 9 13 

NumMr 01 Rortons E 10 16 

The chemical reaction mechanisms and reaction rates for 
these rystems are given in Table It. These reaction mecha- 
nisms represent a 'compromise' bbtween the total number 
of reactions that could be selected and a practical set for 





the afterburning environment of tactical missile exhausts. 
The reaction mechanisms listed were determined by Miller 
and Pergament;' the rates are based on a literature survey 
(the specific references for each reaction ore given in Ref. 
7 )  and generally concur with the rates listed in the earlier 
surveys of Slack and Ludwig,' Koll)  1 s t  ; i t  ," . i t i t3 Jwsen ani1 
Jones," all geared to the plume afterburning environment. 

The prediction of the plume chemistry islinitiated in the 
rocket combustion chamber (where an equilibrium assump- 
tion suffices), and must be continued through the throat 
and supersonic expansion region of the nozzle where the 

' chemistry may be well out of equilibrium. The accurate 
determination of nozzle exit plane Mach numbers and 
pressures (which influence the plume,expansion process) is 
somewhat contingent on the representation of the chemis- 
try in the nozzle. For two-phase exhausts wit9 significant 
particle loading, the nozzle flow is hlghly nonuniform and 
the coupled effects of chemical and gaslparticle nonequil- 
ibrium must be accounted for, as will be discussed below. 

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

Aemwn 
N O .  

k, = A T "  exp (EIRT) 

Sn1.m I . HydroQon10mvO.n W O 1  A ti E 
Aucllon* 1.8 

1. OH + C 
2. OM + H 
3. OM + O M  
4. OM + H. 
5. H + H + M  
6. H + O + M  
7. O * O * M  
8. M + O M + M  

H + 0, 
H, + 0 
H,O + 0 

H, + M 
OM + M 
0, + M 
M,O + M 

H,O + M 

Sv8r.m 1 . Corlmn1Hvaro0en1Oav~n lC.H.OI 
ReUlwn8 1.10 

'3.01.111 . l .O  -960 
'1.41.141 .1.0 ,7000 
.1.01.111 0 ,1100 
' 3.Sl.111 0 . I 180  

3.01.701 1.0 0 
! . O I . P S I  1.0 0 
3.01.341 0 1800 

' 1.01.251 2.0 0 

I 

9. OH + CO CO, + H 1.81.171 .1.3 660 
io.  CO + o + M a CO, + M 6.51-331 0 4360 

11 C l  + M, P HCl  + H 1 4 1 ~ 1 1 1  0 ,4160 
I2 C1 + H,O . MCl + OH 5 0 1  11' 0 ,17600 
13 HCl  + 0 a OH + c i  6 01.121 0 boo0 
14 H + C l ,  n ncc + c i  1 %  101 0 1100 
I S  c l  + c1 + M n ci ,  + M 101 331 0 .1800 
16 M + C l  + M  P M C l  + M  4 0 1  261 2 0  0 

Typical nozzle exit plane conditions of conventional tactical 
missile exhausts encompass: pressures ranging from 1 - 3' 
atm; Mach numbers ranging from 2 - 4; and, temgeiatures 
ranging from 800 -1 200 O K  for double base propdI&is, o r ,  
from 1500 - 2500 O K  for the more energetic *&pos$e 
propellants. The nozz!e exhaust can contain tsgrtificant 
amounts of unburnt fuel and intermediate combustion prod- 
dcts (e.g., OH, CO) which afterburn wi th the air entrained 
into the ensuing exhaust plume. The plume afterburning 
process for energetic propellants is very much akin to the 
combustion occurring in classical turbulent diffusion flame 
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problems, except, it now OCCllrS in il complex, multi-phase 
environment with strong shoc:k/expansion waves. 

An exemplary solution for the complets exhaust plume 
structure of a typical tactical missile flying at sea level with 
I I - r ~ h l y  morfptic Dropellant (system 3 of Table I) is exhibit- 
eo 0 1 1  I I H  ,. n i  ~ v i t l  II. Particulates ( 1 C  I 1 i . i '  '*nt aliiminnm in 
the propellant) were equilibrated with the gas.p, :.c in 
performing this calculation. Figure 4 dc2ict- the variation 
of centerline temperature, and the mole fractions of CO2, 
H20, CO and H,. Departures in decay rate from that of the 
inert species are indicative of species productionldepletion 
due to afterburning. The afterburning is quite rapid at sea 
level, wi th the significarst amounts of unburnt CO and H, in 
the exhaust depleted within 100exit radii. The temperaturs 
variations produced by the shock structure in the nearfield 
(< 1 0  exit radii) are shown in Fig. 4. The farfield tempera- 
ture variations are shown in the contour plots of Fig. 5. 
Nonequilibrium gaslparticle calculations for this system 
would produce substantial differences in the overall flow 
structure due to the relatively high particle loading. 

Figure 4. Centerline variations of temperature and species 
for energetic tactical missile exhaust plume based on 
equilibrated gaslparticle mixture solution. 

'# 

1 / v ,  

Figure 5. Temperature co?tours in farfield of energetic 
tactical missile exhaust plume. 
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For tactical missiles at, higher altitudes, tM rate of after- 
burning decreases due to the reduced pressure levels. 
Above 10 ~ 15 k m  and/or for 'colder' double-base propel- 
lant systems (i.e. those w i th  exhaust teinperatures less 
than 103O0K). the ability t o  afterburn can sometimes be 
controlled by the conditions in the base region of the plume. 
The role of the base region as flameholder has been noted 
andlor exhibited in a numb( of previous studies."." The 
combustion that occurs :he base can produce after- 
burning in the bownstre;'n plume shear layer that would 
not OCCiJr i f  base combustion were neglec7ed. This is due 
to the increased initial temperatures in the plume shear 
layer and the increased concentration of free radicals. The 
inlluerrce of thc base region is exhibited :in the predictions 
of Jensen et al." for a motor w i th  a [ l ow  temperature 
exhaust (T = 780°K) at sea :level, w i th  a flight Mach 
nulnber of 0.9. Calculations made w i th  the base included 
predicted afterburning to  occur; those made neglecting the 
h x e  exhibited PO afterburning. The predicted centerline 
temperature variations and 500°K temperature contours 
w i th  and without the base analysis included are exhibited in 
Fig. 6 sllowii-g the differences to (e quite pronounced. 

CLNXRLINC TCWCRANRLS 
? 

I 

~~, SO0 * X  CONTOURS , 
't I ?  

M; I I /. 

" .I. 

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

2.3 Two-Phase Flow Processes: 
The particles in solid roclcet 3 o t o i  exhausts are lormed 
from condeciscd combustion products of metalized fuels 
1e.g. metal oxides such as A1 203 in aluminized propdlants). 

For heavily metallized propcllants. the particles can have 
mass loadings (mass flux particlesltotal mass flux) of 50 
percent. Secondary sources of particles in the motor come 
from propellant stability additives and from ablation of the 
motor case. The particles are generaily well  out of equilib- 
rium at  the nozzle exit plane due t o  lag effects caused by 
the rapid nozzle expansion process. Particle velocities will 
be less than, those of the gas, while the particle tempera- 
tures will be higher. The degree of gaslparticle nonequil- 
ibrium is dependent upon the nozzle chxecteristics and 
particle sizes. The radial variation of particles at the nozzle 
exit plane is nonuniform; the larger particles, being relatively 
unresponsive to  the gas expansign process, remain concen- 
trated in the vicinity of the axis, while the smaller particles 
expand with the gas. This results in a highly nonuniform 
gas-phase exit plane distribution, with me higher tempera- 
ture, slower gas concentrated near the centerline. 

The particle lag processes occwring in the nozzle expansion 
continues in the nearfield plume expansion. Relaxation 
lengths for gaslparticle equilibration (for a significant range 
of particle sizes) are, typically, comparable to  inviscid plume 
length scales; hut. nearfield wave processes are abrupt and 
quite strong. Thus, the path to  equilibration is repetitively 
disrupted by passages through strong gas-phase discpntinu- 
ities. For significant particle loadings, the nearfield inviscid 
f low pattern can be substantially altelerl by gaslparticle 
interactions w i th  wave processes being dampened due to 
the viscous dissipation associated with particle frictional 
drag. 

To exhibit the influcnce of these lag processes on the 
inviscid plume expansion, consider the calcuiation of a two-  
phase underexpanded exhaust with the following uniform 
land initially equilibrated] nozzle exit plane conditions: 
Mach number = 2.4 ; temperature = 1000OK; pressure = 
1 aim; 12 percent loading 16 percent 2pm radius and 6 
percent 4pm radius) of A 1  203 particles (distributed uniform- 
ly across the central half of the exit plane). The results of 
this calculation (taken from Ref. 13) are shown in Figure 7. 
The initially equilibrated particles are seen to geometrically 
lag behind the gas streamlines (emanating from the same 
point) in passing through the multiple cell wave systems. 
The lag effects are readily evidencedin the axis velocity (U) 
and temperature (TI variations where particle velocities are 
lower that the gas velocity in expansion regions and higher 
than the gas velocity in compression regions. Exactly the 
opposite lag ef fects  occur for temperatures, and, as 
expected, the lags for the larger l4pm) particles are Seen to 
be yreater than those for the smaller (2pml ones. There is 
a noticeable dissipative trend ii! both sets of axis curves 
showing a gradual decay in velocit.; levels and an increase 
in temperature. 

The damping effect of particle drag on the axial pressure 
variation ;:arried out for 200 radii) is also exhibited in Fig. 
7 by comparison of gas-only and gas-particle variations. In 
the single-phase (gas-only) calculatior,, significant damping 
IS exhibited in the first three shock cells (peaks indicate the 
end of each cell) due to shock-induced viscous dissipation, 





while beyond the third cell, wave proceplsos are lin?ar end 
no further damping occurs. In the twO-phOse (gas-gartick?) 
calculation, the damping is continual and much more pro. 
nounced and the position of the cells is modilied (see the 
llowfield schematic also). It should be noted that while thQ 
averaged particle loading in this case is only 12 percent, t b  
local loading in the axis region can be significantly higher 
since the particles expand non-uniformly. 

b- 
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Figure 7. Influeiice of gaslpartkle nonequilibrium elfects on 
inviscid plume structure. ' 

A region of significant gaslparticle nonequilibrium in the 
plume nearfleld is the embedded subsonic zone behind the 
Mach disc. Gas-phase temperatures immediately down- 
stream of the disc are quite high and t d  velocities quite 
low. Temperature differences between bas and particle 
phases can exceed 3000°K, while velocity dillerences can 
be of the order of 10.000 ftlsec. For single-phase flows, 
the acceleration of the subsonic Vow in the Mach disc 
stream-tube to supersonic velo:i!ies i s  governed by the 
local Pressure gradient and turbilient mixing processes. For 
two-phase flows, gaslparticle interactions can initially 
provide a significant accelera!ive (mechanism and thus 
appreciably alter the flowfield charjcteristics in this region. 
In addition, nonequilibrium phase change elfects can occur 
and, possibly. combustion effects lor m i n e r t  particles 
(e.g. boron particles in rockets, using boron-loaded solid 
Propellant '. Figure 8 exhibits the predicted centerline 
temperature variation in the plume nearfield of a heavily 
metallized (0.42 mass loadi,Gy of Al,O,I solid oropellant 
motor missile exhaust. The particle size distribution was 

equally parce&xi into 1, 3, and 1 O m  rodirrs porticulateo. 
TRa crignificaht dep~rea of nonequilibrium just behind ths 
Mach disc and thQ relative relaxation scales for each of the 
particle sire groups is quite evident. These Wnequilibrim 
predicrions are compared with a calculation performed in 
tha limit of full gaslpanicle equilibrium (particle properties 
equal those oi tha gas-phase). The equilibrium assumption 
is generally not a valid assumption in the nearfield of 
tactical missile exhausts, and the two-phase nonequilibrium 
equations to be discussed in the next subsectibn must be 
utilized. 

c t c  so 11q 
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Fimre 8. lnlluence of gaslparticle nonequilibrium elfects on 
Mach disc region structure. 

2.4 Gmwdizd Two-Phase Flow Equations 
The equations governing the two-pha ! flow of a dilute 
gaslparticle mixture in inviscid (non-turbu;?ntl flow regions 
are well established.'''18 The dilute assumption implies that 
the particulate phase occupies a negligible volume lraction 
of the flow, and, that the particles are collisionless. The 
dilute assumption is generally quite reasonable lor the 
heavy particulates 1e.g A1 rO,) in tactical missile exhausts, 
but i t  can breakrjown in localized regions of very high 
loading 1c.g. nozzle wall, nozzlelplume centerline). Gaslpar- 
ticle coupling in inviscid flow regions is representable by 

I 

..", 
(t > .1. 
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forcing furictlon terms expressing the tromler of momen- 
tum and energy between the t w o  phases. Since rocket 
exhausts contain particulates of vary;:)@ types and 
sires,"." the particulates of each type (e.g. A12031 are 
divided into a irumber of characteristic size groups. j 0 1, 
2, ..., NP. each of f ix@ radius. r, and continuum4ike 
particle cloud equafions" I' are solved for each sire group 
coilstdered The net contribution of all site groups consid- 
ered is' \summed in evaluating the contribution of the 
pJ:tic:uiatc:c O I I  gas phase properties. The'generalired two. 
phase flow i:rluatini'is describing the flow in solid propellafit 
rncki:t C k h i S 1 S  ari! listed in Tab!c 111 (from flt:l. 171. 

T&le Ill. Gi:iwralircd Two  Phasn Flow Equations lor 
Tactical Missile Exhausts 

The gccreraliied formulation presented here includes a 
formal equilibrium limit and simplified expressions for 
turbulent particle diffusion. Via this formulation, the 
complete spectrum of particle-to-mean f low and particle-to- 
turbulen' time scale ratios can be analyzed." In a problem 
encompassing particle groups of diverse size, the formula- 
tion yrovides for concurrent equilibrium treatment of the 
Smaller isubmicronl radius particle groups and nonequil- 
ibrium treatment of the larger radius groups. 

This hybrid formulation is desirable for analyzing plume ex- 
hausts, since the particle size distribution is a function of 
enginelpropellant characteristics," hut is independent of 

the plume enpsnsion ratio which characterizes the plume 
size and. knc.~, th@ mean flow l e w t h  and time scales. The 
ratio of particle-tomean flow l e q t h  and time scales (which 
indicates the abilitv of particles t o  track the mean flow) de- 
creases with increasing expansion ratio. Thus, at large 
expansion ratios, a s i~n i f icant  portion of the particulates 
may be eflectively equilibrated w i t h  the gas-phase. The 
reader is referred to  Ref. 17  for further details of this hybrid 
formulation. 

2.5 Turtwlctnc~ ~ m m m s l S i n g l e - P a s e  Flows 
A technology area posing great uncertainty in simulating 
locket motor exhaust plumes is  the representation of turbu- 
lence processes. Turbulence processes occur in a highly 
compressible environment w i t h  large pressure gradients, 
chemistry, arid multLphase non equilibrium. Past work in 
assessing the performance of algebraic and two.equation 
turbulence models to  analyze axisymmetric single-phase 
rocket plume mixing has beecl performed by Pergament, et 
al. as reported in Refs. 19-2 1. The conclusions drawn from 
theso assessments studies weie a ?  follows: 

I 1  ) two.cquation turbulence models, whic'. solve 
coupled partial dilferential equation; fo: the variation of 
turbulent kinetic energy and a turbulent length scale 
parameter, are most appropriate for r o d  ct plume simula- 
tion Simpler. algebraic eddywscosity rirodcls are inade- 
quatc and canriot account for turbulcnce lag (nonequil. 
ibrium) cffi:cts associated w i t h  the passage of mixing layers 
through strong wavf! regions. nor for complex length Scab 
variations as would be associated with the interaction of 
the plume and Mach disc mixing layers; 

(21 'comprcssibiLty-corrL.cted- versions of two-equation 
modcls arc required to account for the observed decrease 
in turbulent mixing rates that occur at high Mach numbers. 
Standard 'incompressible' models (e.g. the popular kc 
series of models developed by Launder et al." do not ac- 
count for such effects); and, 

(31 hybridlional modeling is required whereby different 
turbulence model parameters andlor turbulence models are 
utilized to analyze the different mixing regions in the plume 
(i.e.. thin nearfield shear layers, wake.like Mach disc mixing 
region, and fully-developed plume farfield). 

Based on these earlier assessment studies, the compress- 
ibility-corrected k t  model formulation of Dash et al.," 
whose 'convective.velocity' like correction parameters 
were set by high Mach number free shear iayer data," and 
the kW turbulence model of Spalding." whose parameters 
were set by matching farfield decay rates in rocket 
exhausts," were recommended for rocket plume applica- 
tions. The 'fluid dynamic" data base used to  assess the 
pci lui inance of these turbulence models has included: the 
balanced pressure jet and shear layer data used in the 1972 
NASA Free Turbulent Shear Flow Conference;" the AEDC 
liquid rocket engine data;'e the NASA underexpanded jet 
data of Seiner and Norurn;" and. the CALSPAN balanced 
pressure jet data for Mach 2, 3. and 4 jets exhausting into 
still air arid supersonic  stream^.^." 





l e t  us first consider the imner(p8tic. .m-fWocrn’ &W 
shear lever data 01 Fie. 9 (one s t m m  me Qt M,. 
stationary) atscussed by Birch and Eggor8 tn ROB. 24. 
spreading parameters. U. is the inverse of t h  rot0 ol  spre&d 
(the larger the value 01 U. the slower t b  sbcr lover sgreod 
and thus the mixing rate) and i s  semi to imreoo0 013 tha 
Mach number of t,W moving stream. ItfJ,, eaCf30dO udty. 
Note that at MI - 5. the rate of r n i x k q 9  is r&m& by 
nearly a IPLtor 01 4, a dramatic el lect 01 dnect relevama to 
the coir.  * .riotor erhaust plume environment 

!mr i 

0 1 a J 4 8 
uaocruroa.w, 

Fiwro 9. Obncrvcd spread rates lor o w  stroem high.specd. 
i ) ~ C ~ I Q C l l C  shear Iaycrs arid perlormancelof several two. 
cquatiori turbulence models. 

! 

I 
The k( tuibulcricc madcl. which bas been commonly used 
for free shear ~IOWE. s b w s  no ability to reproduce the 
observed trrndq with Mach number and mixes ot thc 
tncomprcssrble sprcad pararnctcr value 01 U = 11 as noted 
i n  eaflicr arsessmcnt studics by i t s  prinClpJ1 devclopers.” 
The &W turbulencc modcl” duplicates the data at M i  = 7. 
w.dereztimatcs the mining rate at lowcr MI. and o v e r ~ s t i ~  
mates the tniring rate at higher MI. The  lat.cc model” 
dupltcales Ihe isoenergetic spread data as per i t s  Caltbra- 
tlon 

I 

A s  w e  move from sinwlc planar lree shear layers to axisym. 
fnctric lets. ttw tufbulcncc issues become more complex 
since length scale ISS’JFS arisr: isee the discussicn by Pope 
if1 Ref 321. arid. since compressibility c f lcc ts  which 
dominate frce shcar layer behavior do not appear to be 01 
significant t~d1ucn::e in thc fully.dcvclopcd let (downstrcam 
of the axial Iocattrm whcrc the shear layer reaches the let 
axis). Nur i~cr~cal  studlus by Dash and c o w o r k c r ~ ~ ’  indicate 
that 11 the prolik properties are known at an axial station of 
the let wltcrc‘ Itie (low IS lully-developed. the downstream 
bchavior i s  wcll  predicted withoyf the inclusion of com. 
pfessibility corrections (but with the inclusion of an axisym. 
metric correction77.’7 which has been caltbrattd by the l ow  
speed let database). 

\ 
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$t&s of k@ W, W d  Ooeesue jet data hrve 
knd%GP& P b P  0 bmld  tubulence modding 
eppmxh’‘ wkkh rap1!m8 the kccc model in the nerr(is(d 

r h o r  lovw r w n  00 t b  fat ( w M e  the shear lover wdth. 
8, to fRa pP WO wdth. r,,, is less than .SI and the hW 
WBI BowrroPoQom wodrs qwte well. figue 10 schema- 
t ires ths d o l  o d  show8 i ts performance for the jet into 
still air data of EQ!prsY (Mach 2.21 and of Johanocsens 
(Mach 1.4) with the tubc h n c e  models matched where F = 
blr, 0 .41 

1.0 

0 0  

0.a 

o a  

F i w o  10. Hybridlronal kf ,  CCkW tuftulcnce model and 
aralysis 01 htgh.spccd jet data 01 €goers and Johannesen 
(from Ref .  21 J. 

For imperfectly expanded jets. the turbulcnce models that 
worred best for the balanced pressure data also work 
reasonably well. This hJs been demonslratcd in coinpari- 
sons w i th  the Mach 2 jet data of Seiner described in Refs. 
4-6 where predictions were made employing the SClPVls 
parabolized Navicr.Stokes (PNS) code with tho kW :urbu- 
lence model (which works we l l  at Mach 2 - thc hybrid 
modcl predicts the same solution). A typical prediction of 
t b  muIti-shock~ceII ict structuro i s  exhibited i n  Fig. 11. 
along with comparisons 01 predicted and measured pressure 

i 
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A very recent dcvelopmenl .n tubulcnce mOdCllng lor Noh. 
speed llows has been lhe lOfmulJliofl Of campress#blc- 
daswatmn models'' 10 deal wllh h 0 h . m  comDress8bd~lv 
ellects SpmaIuatmn 01 sucn models to the k8 IIJmCWOIk 
has ruenlly been uerlormed Sv Dash md coworkcts lor 
hgh.spced )etr/shear l a v m  JI described in &Is. 33. 38 
and 39. The new k K D  turbuler'ce moderhas been l a d  
to reproduce a broad data base of lundwnental building 
Mack Iet/shear layet dit..= The wont rumt data contains 
tutxdent mlormation Ie.0.. Revnoldr ~ n d  norm1 strersesl. 
The krCD turbulence model is sunmuired Batow in Table 
IV. It prowdes the same campanson wlth the hgh.speed 
Ipread l i t e  data of Fl@we 9 as thm LeCC model. 
Htwwcr. tt also cortectly predicts the obsewod reduction 
in tumylent klnelc energv levels which the LICC model 
doer MI. Tho) 1s Brhbited in FQwe 12 using .hr r e c m  
data 01 Dulion and coworkers (Rets. 41 md 421. Similar 
observations have k e n  made with J vWIciy 01 data sets. 
For highmeed round jets, the Poper vmex-stret&hing 
C O f l U t m a l  is additionally required and ~ h e u ~ i s t i c  means 01 
'shuttingdl' the ComprcssibllitC ellect Ism Rets. 38 ~ n d  
391. The round le1 ertenam 01 L K D  lentoled kKD41 k.s 
been successlullv appbed to a variety 01 dJtJ sets including 
the very recent hot let data 01 Seim et at. (Rel. 43). 
Fiowe 13 compares kr and krC0 velocity pfoltle predictions 
lDoqh with Pave roiler-stretching corrutionl wlIhtheM.ch 

m n d  the cocllicmnts utilired w e  ~4 lollows: 
0, - 1 lume as Satkarl 
A - 1 lsame ~ ~ Z e m a n l  
4 - 60 1l1tS LJRC dJlJ the best1 

The eawtion lor IurbJml kinetu enwgv, k. IS given bv: 

where the turbulent productvon. e. in both the k JIM a, 
eauatnom utdwes the compressible U, 

1 0 ,  

3 t t  
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Figure 13. Comparison of ke and kfCD preditions with Seiner Mach 2, 900°F round jet data. 
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2.8 T&!3-3m c3csmmmwWmd-9 R-.m 
For twtO~@hoUe enhourits. the turbtgemo e;lueoion b X m 8  
qwte m r 0  comphcotad. Eorher doto fm tow rNs8 yt3iclo. 
laden let$ (see the survey of I\IJeIwil@ OM @regla) b d  
indicated the following: 

11) Porticulates are dispersed bv t b  twbulence in 
accordance with tReir ability to re~pOrtr9 to tha locol 
turbulent lluctuations (which is a function of t b  porticle 
sile and mrtcrial density. arid the chroctoristics of IPW gas- 
phase tirbulcncc strJcturel. Thus, sriollflight particulates 
will be highly responsive and dilluse like gas phase species 
while the largelhcavy particulates will $e non responsive 
.mi will not dilluse. The Stokes numbet. St *=o,Joc, which 
relates the particle relaxation timr! til tpP, Oiiid/turbulence 
time scale is a nwasure of  he particle's ability to undergo 
turbulent diffusion. 

121 The oarticulates can aporeciablv alter ?Re gas-phase 
turbulent mixing rate via mean flow lag effects (as in 
nonturbulent flow regions) and via airet? damping of the 
turbulent lIuP'Jdtion levels. The net effect can result in a 
significantly altered flowlield in comparison to the andlo. 
gous single phase problem. 

The inclusion of this phenomendogy into a rocket plume 
turbulence model IS quite cbmplex vnce the singlc.phase 
twbulcnce characteristtcs discussed above must be main. 
tained in the part:cle~free limlt. Earlier work in this area hac( 
been conlined IO low speed particle4adcn iets and includes: 
the two phase eddywscosity lormulation 0 1  Mclville and 
Bray." the scverd models invesligatcd by Shut-- rl al."." 
and, the more complex second.order forrl Jailon of 
Elghobash." None of these formulations i directly 
appllcablc to a tactical missile plume environnwil* Howev. 
er. the Melville.Bray lormulation employs B)articIr rcsponse 
concepts using an algebraic eddy-viscooity IC -rnulation 
which are readily exlcndJblz for use 'with IWU equaticn 
turbulence models. The extension of the Melvillc.Bray 
aiproach wr lorriiulaled by Dash," made operational by 
Beddim and Dash"." and applied l o  realistic tactile missile 
plume llowlields by Dash and  coworker^."^^^^^^ 

The particle relaxation time scale, U,. is given by' 

(1 I 

where p, i s  Particle material density, y i s  the laminar 
viscosity Of the gas.phase mixture. ri is t k  parilclr? rac'ius 
cf the jth sile group. and C, is the d:ag coeflicicvt (scaled 
to the Stokes flow value) which is a lunction c.' the :ag 
Reynolds and Mach numbers (see Ref. 17 for t h .  trrvo I i ts 
01 Heilderson, Hermsen and Croweiutillzed lor 'he wide 
range of conditions encountcrablc in rocket p1urrc.s). The 
charac!erislic fluidlturbulent time scale, vi. is  glv- l i  by: 

k t,-c,- 
a 
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where C, is  0 time scale Constant l o  be evaluated uaing 
appropriate Bote. 

Recent numerical simulationsM'" and experimental re- 
sultse'" suggest that there are three ranges of particle 
response to fluid motion depending on the va lws  of the 
Stokes number. For Stokes numbers miJCh less than unity 
lcategorv 11. t k  particles respond to changes in the ;low 
and thus cIosely follow the lluici motion. For Stokes 
number much greeter than one fcategorv 3). the particles 
ere nearly umlfected by changes in the (low and disperse 
much less than the Iluid. In the broad classification of 
particle diSperSiOn, chafacteczed by Stokes numbers on the 
order of unity karegov  2). the particles seem to become 
entrapped in the vortices (large scale structures) and flung 
outward by 8 centrifugal force. The centrifuging ellect 
result5 in particles dispersinq more than the carrier fluid. 
This phenomenon has been observed in both experiments 
and direct simula.ionS but has vet l o  be modeled. 

3. ZOWUICOMBONIEMV MODEL SLVULATION OF 
PLUMES AND MISSlLE AIRFRAME INTERACTIONS , 

3.1 Z o n d l C ~ m l  Rwne Mod& 
During the pe!';od 197576. the first ZonallComponenr 
missile plume modelee was developed at I2 . e ra1  Applied 
Science Labs. (GASL) which solved .the viscoushnviscid 
newfield structure in detail using boundary layer type 
coupling concepts, contained generalized plumr! chemical 
kinetics, and contained a twoquat ion ,  compressibility. 
corrected turbulence model. Based on U. S. government- 
sponsored 'plume olyinpics held in 1977, tha requirement 
for deveL)ping a new U. S. standardized pll-ne model was 
made evident. A program was initiated in 1978 to develop 
a new standardizcd low altitude plume model which would 
involve upgrades and extensions to the features of the 
GASL model. This resulted in the standardized Plume 
Flowfield model (SPFI, a primary tool used lor analyzing 
tactical missile exhaust plumes in the United States. 

t h e  JANNAF S f f  is a computer codo comprtscd of a unilied 
series 01 'modules' which provide for the integration of the 
flow equations in various l low regions; the inclusion of 
acneralized chemical kinetics, two-phase flow intcractions, 
various turbulence models; and specialized procedures lor 
interfacing with the external (low and for treatin2 embed- 
ded subsonic zones behind Mach discs. The various 
modules contained in the SPF are cxhibited in Fig. 14. 
There are presently three versions of the SPF that have 
been developed or are now under development. These 
versions are combinations of the numerical techniques 
rummarired in Table V. The specific features of the three , 
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Figwa 14. Modular structure 01 JANNAF stardard plume 
llowlield model (Sff ) .  

T&~Q V. ComOutational Techniques Used in sf f  

Procedure -- 1 Features 

_ _ _ ~ ~  

T b l o  VI. Versions of SW 

SPf/l fflodol 
A description of SPFll  methodoloy; is  available iri articles 
publ,<hed in the JANNAF 1 1 the7 and 1 2the’Bluriro:rechnol- 
ogy Meetings aid,in,,4AA  paper^."^.'^ The S W / l  model is . 

.$ ‘ . ..... 
, “  .. ;; ... i:.’ ’ . . 1 , .  

‘ . .. $..‘?* 

built upon two primipnl comgomto:  11 a shock-captuing 
inviscid plum0 model” lentitlad SCIWY): and 2) a tubdent 
mixinglafterburning  model"^" lentitled BOAT). In thg 
plume warfield. on overlaid procedure” is utilized to couple 
tRz VISCOUS s k & o  laver and inviscid plume solutions; in the 
(orfield, o conslant prasouoe mining solution is utilized. The 
Mach disc pioblcm io treated inviscidly using a sting- 
approximation for small discs and the Abbett orocedure (01 

larger discs (see Ref. 13 for details). 
8 
The overlaid coiicept is a direct ertension of classical 
boundary layer methodologv to the analysis of arisymmetric 
shear layero. In boundary layer theory, the iriviscid flow 
pattern is  first calculated lollowed by a boundary layer 
calculation wi th edge conditions and pressure gradients set 
by t k  inviscid flow pattern. In the direct ertension of this 
approach to warfleld axisymmerric shear layers. th@ inviscid 
erhaust plaime and external f low patterns are first deter- 
mined and the shear layer calculation is then initiated along 
the invtscid plume inferface (Fig. 15). Local edge conditions 
and pressure gradien!s are set in accordance with the 
calculated inviscid flow pattern and the rate of growth of 
the shear layer. 

Figure 15. Overlaid grid network for coupling of turbulent 
shcar layer with nonuniform jetlextcrnal flow inviscid 
solutiorrs. 

SPFn Model 
SPFl2 uses the same melhodology as SPFll but adds 
capabilities for treating two-phase l low and viscous pro- 
ccsscs downstream of Mach discs. A description of the 
proccdures developed for dealing with thew problems in 
SPFl2 i s  available in articlcs published in the JANNAF 
1 1 3th7*, 1 4th6’, and 161h‘~ Plume Technology 
Meeting Proceedings, and in Refs. 17 and 49. As in SPFl1, 
SClPPY and BOAT serve as the principal components, 
extended lo  incorporate two-phase nonequilibrium effects 
as described in the above relerences. 

In SPFl2, an approach to account for the strongly interac- 
tive viscous and two.phaso flow processes behind Mach 
discs has been developed. This.approach is in.oler,?ented 
within the conlines of the two-step overlaid methodology 
via extensions to only the shock-capturing SClPPY model 
which permit spatial marching through this region (i.e., the 
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extended version of SCBPW colculotgo tPr, h i > x i d  mod&kil 
strwtmia ond Wm coupled fflach disc mixin3 regiosl in 8 o n  
pass mode ol  operation). 

The Sm/2 analysis of a two.phase plvnra ro~ulreo t b  
otipulaticin of irozrle exit plam conditione to InitiatizQ tha 
calculation. based on 1) wmparable rreatmcnt of nonequil- 
ibrium procecscs in Ih@ rmrle.  Unlil qurle recQntlw. 5Wh B 

code k c !  pot hccn JvJ;bble. 4 wwly developed Navier- 
Stokes code. PARCHIAN. is now cmployed whose dcscrip- 
t l r i r  will be dc'crred to a Iatcf SccIion of this chapter. 
rarlier calculations, with SPFIZ employed on cntended 
version of SCIWY lor the nozzle ena!ysio as described irl 
Rels. 75 and 76. 

i 

I 4 o n 1 0 1 :  ,.- 
Figure 16. Lirnlting pafticle StfcJmli~ics in tactical missile 
nozzle. analyred using five particlo slzc groups. 

3 10 13 20 2 3  
0 / I  

Figure 19. Gar an0 particle temperature variations alone 
plume ncarficld centcrline. 

Fiown 20 Gas and particlo tcmpcrolurc and pre 
var ia f ims  along plume nearficldlfarfield cmterline. 
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SPFll ortd 2 did rot deal wi th PPra a t rov ly  interactive 
phenomena 0ssociiJted with plurnelmiooil8 c31rlrome i IterOC. 
tians (e.g. base region pknomei-m orrd p ! u n ~  onduced 
separation). and the fullywscous transittom1 region of tP@ 
plume. Th0 SW/3 model has been BewdoWP to ~ rov ide  
these types Of StroiqIl( intoactive capaboliPino.' T b  dewel- 
opmental work is based on the use ol two @rir#:ipal compo- 
nents. SCIWIS end SRITP. SClPVlS j s  n vincouo extension 
of the SCIWY shockxapturing model orrd 15 described in 
detail in Refs. 6 and 6. It has bcen' Qpgliad ton a stand- 
a!onc! ~JSISI to the analvsis of undercapsnded jets into 
uniform supersonic ancl quiescetit external aceam$ as 
described earlier in the turbulen%ce model discussions. 
SPLlTP woo initially formulated ah a genarnliucd implicit, 
parabolic solvef for camplcx inixing pfoblemn. , SRITP woo 
extended to encompass PNS.tyoe capnbi?itim for both 
subsonic rcgions lusing the pressurc.splittirPg methodology 
described in nel. 771 and supcrsoni', regions (using tha 
charat.teristic.based wave solver methodologv described in 
Rel. 781. I t  has also been used as a rescarch tool to 
investigate jct/poteritiaI f low cou>ttng techni$ues" to 
provide the technology base lor treating let interactions 
with a subsorucltransonic cxlernal stream. 

SClP 'IC ct?d SPLITP can be thought of 6ps tcplacements for 
the '3CIPPl and BOAT components 00 SW/l  orsB 2. The 
SPfl3 version 01 SCIWIS contains 011 earlier SCIWY 
methodology including the PNS based Mach disc miming 
formulation. SPLITP has been dcmonstrated to pcr1o.m the 
analysis of chemically.reacting plumes and r .JNCI~ shear 
layers yielding results eauivalciit to those I.,! UOAT in a 
more elficient fashion (SPCITP i s  fully~implicit: BOAT has 
explicit h i d  dynamics with coupled implicit chemistry). 
The use of S R l T P  acid SCIWIS for aoalyriog ihe plume 
nearfield (including baselseparated zone51 is  shematized in 
Fiqdre 2 1. The 'modernized' Chapman Korrt base region 
methodology is described in Rels. 79.82. 

I 

Figure 21. Use of SPLITP and SClPVlS components in 
SW13 analysis of plume nearfield. 

4. NAVIER-STOKES CODE SIMULATION OF 
ROCKET MOTOR PLUMES 

4.1 Overvlew 
While signilicarit work has been pcrlormed over the past 
10-1 5 years towards the develoDment of Navier-Stokes 
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I (mSl compvpd cd38 fat amlyzing rPlissile-relotsd flowfield 
problems, it io onlv owef t k  past several years th t  tNs 
mstlwdology hao bson ontended to encompass advanced 
thrmuchemicd cogabilities which permits tha realistic 
simulation of iaxhou~t plumes. In addition, significant 
odwsnces have k e n  made in the accuracv end robustnsss 
ol t b  numerical algorithms utilized in the RNS solvers, a h  
in the methoddlogv Vor distributing the grid points usiw 

col algorithms. tha reader is referred to the text of Ander- 
son et al.@' for background - our discussion will bs quite 
cursory. The reader is also referred to a recent AGAVD 
article by t b  author and coworke rp  for further details on 
the thermocbmical coupling methodology which will ba 
summarized in this chapter. and on numerical and validation 
studies. 

I 

I 

I 

I 
solution adaptive matMolcgv. In discussing RNS nwn07i- I 

Tha discussion of the WNS simulation of steady-state flows 
will distinguish between global time-asymptotic solvers dnd 
spatiabmarchitq solvers. Global time-asymptotic solvers 
calculate all grid points in the l low domain of interest 
'concurrently'. by advancing the solution in time until a 
s!eady.state is achieved (i.e., an clliptic mathematical 
pfoblem in space is converted into a hyperbolic problem in 
time). Such solvers integrate the lull RNS equations (or thin 
layer variants) and will be termed FYS solvers. They require 
t h  storaoe of all grid points in the l low domain 01 interest, 
and a solution can entail the use 01 very signilicant amount8 
01 CPU time. FNS solvers 'in principal' can handle all 
continuum (low regimes ~subsonicltransoniclsupersonichy~ 
personicl. and, can analyze recirculating flows as occur in 
baselseparated flow regions. However, different classes of 
FNS solvers are best suited for dillerent l low regimes (e.g., 
Pn FNS solver optimized lor hypersonic llows with strong 
shock waves may not be well suited for analyzing very low 
speed, nearly incompressible flow problems) which can 
pose computational problems lor simulating geneialized 
tactical inissilelplume interaction Ilowlieldq where varied 
flow regimes are eirountered. 

For supersonichypersonic flows with thin viscous regions, 
the RNS equations can be 'parabolized' by omi!ting ths 
stressldillusive terms in the streamwise direction. The 
resulting parabolized Navier.Stokes (PNSI #;quations are 
spalially hyperbolic permitting a forward streamwise 
integration from one streamwise plane tu tile nrxt. Here, 
only two streamwise planes need to be kept in slorage at 
a time (or three, for 2nd order accuracy in the streamwise 
direction) and CPU requirements are rather modest even for 
complex 3 0  !lows, However, even for supersonic flight 
velocities, all tactical missilelplume interaction problems 
contain regions of subsonic !low (e.():, surlace boundary 
layers. behind Mach discs in plumes, etc.) and possibly, 
recirculating f low (e.g., baselseparated flow regionsl,. I1 
subsonic regions are thin and ellipticlupstream inlluence 
effects negligible. numerical tri-ks can be employed to 
p.irmit spatial marching through these rcoions (e.g., the use 
of sublayer approximations in the subsonic portion of wall 
boundary layers). The most recent PNS solvers employ 
time-iterative concepts in a spatial marching lramework. 

e. . '. . 
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The inclusion 01 thcfmochcmistry into 'o ldv '  types of RpdS 
solvers has been available for manv years an8 will not be 
discussed in this chapter. The emphasis here will be on 
'modern' impIic;t/strongly coriservative solvers which 
i i t s t  became available for pcrfcct .~ss missile aerodynamic 
flowfield problems about ten ycars ago. The inclusion of 
tmite.rate chcmistrv into such soIvcrs io  n recent develop 
merv and has lollowed t w o  paths. namclv: 

1 )  the matfix.spIi1 method which looscfv cnuples the 
time i~crat ivc  solution of thu fluid dytiamic an6 chcmical 
SpeciesIEonctics equations but provides a etror~gly~coupled 
stcadv~statc solution with 'minimal' cm ercpense for the 

2) the largc-matrim rncthod which s s r o r ~ l v  couples the 
tluid and chcmical specieskinctics equations providing a 
high!y robust. but expensive procedwe lor iilcluding 
thcrmochcmistry . 

costly kinetic calculations; and, ' ,  

Each ol these methods has iiihcrcnl advantagcs for spccific 
problems, aiid an overview 01 both approaches will be given 
b j scd  011 the aufhor's expc:ricrrcc irr ltie devclopnicnt wid 
applicatinri of ihc PARCH IFNS) and SCRlNT 1PNSl matrix. 
q l i t  codes. and the CRAFT IFNS) and SCMAFT IPPJS) large- 
matrix codes whose basic fcaturcs are summarircd in Table 
VI1 bclow. The rcmainicr of this scction will: providc a 
b r d  overview of recent dcvelocments tn FNS aiid PNS 
mcthodalnay; dcscribc methodology for the the inclusion of 
chcmical aiid multifhasc nonequilibrium into modcrrr RNS 
codes; and dcscribc applications 01 such codes to plume 
related flowfield problems. 

4.2 Recent Developments in FMS AAetRodlology 

. Vdit21 VD. FPJS and F3lS Comwter Cod0s 
with Adwcnted Ykrmocbmistry 

Emm-Warming algvfifhrn 
Mo9ria cplit chomiotry 
l imo-kmtivo fromoworb ($On 

algorithm: Ch m,cV 
kc surbulonco moddo1 
Spocializod grid blanhlng . 
Implicit 01 explicit 8C 

Finite wlunw discretizatkn 

Rva/lVD algorithm: timo-itermtke 
Strongly couplvd/la~ga matrix 
ChBmlBty 
Fully implicit BC 
kr  lurbulonc@ model 
hnoorch Status: limited E/ 
blanking 

Rcccnt ARC relatcd methodology and applications were 
discussed by Pulliam and Stcyer in ht-fs.  9 2  and*93. ARC 
has formed the basis for numerous FN:' projcctile codes (PI 
typilicd by the work of personncl at the U.S. Army Ballistic 
Reseatch Labs throughout the 1960's (see, e.g., Refs. 94- 
961. Rcccnt upgrades to projcclile aerodynamic versions of 
ARC have involvcd the uti luation 01 2nd.order upwind 
niimcrics as rypificd by Ihe work of Shian and Hsu.*"* 

A malor extension of APC methodi.logy rrlcwant to the 
rrorrlc/ylu*nc environmcnt was pcrlormcd by Cooper and 
coworkers at AEOC during the period 1985.1987, via 
dcvelopmnnt of a propulsive version entitled PARC.'* 
Cooper incorporatcd the full stress terms, Generalized 
boundary conditions. and added grid blanking (patched grid 
approach) as schcmatizcd iii Fig. 22. which pcrmits patch- 
ing the overall l lowfield lo 'blank out- grid points occupied 
by cmbcddcd obstacics (rattier than coiltour thc grid about 
such obstacles as would bc rcquircd in conventional FNS 
codes). This lacilitatcs the treatment of embedded bound- 
arics such as steps, struts, cavities, ctc., which would be 

The discussion will initiate with the work 01 Pulllam, Steger difficult to dcal with if blanking capabilities were not 
and coworkers at NASAIAmcs" which led to the dcvclop. 'available. With blankiny, the overall.grid is broken down 
ment of the Amcs Rcscarch Code (ARC)'' in the early into a set of 'patchcs' for c x h  of the mapped coordinate 
1980's. This code solved the thin layer FNS equations in dircctions (i.e., patching is done in mapped computational 
a strongly-conscrvative manner using the implicit. approxi- coordinatcs, not in physical coordinates). The patches are 
mately-lactorcd schemc of Rc;im and Warming." Bcani. auton.?tically constructed from houndary inputs. Figure 22 
Warming' implicit numcrics prwir lcd sigriificnrif improve- illustrates the patching coriccpt lor a simple 2D problem. 
merits ir i  run timc to that of earlier explrcit numerics (e.g., Bniiridary conditions arc a>plicd along the outcr Computa- 
MacCofmack schemeee and variants). Supplcmcrited by tional boundaries as well o s  on the cmbcddcd boundaries. 
umradcs such as a fast diaaonalilcd malrix inversion arid arc gc!ncralired to pcrinil varicd fluxes lo cross thn 
procedure" nnd imprnvcd artilicial tlisaiDalion modaln W I I ~  boundarics. Tho AEDC P A W  cotlc has been quik popular 
DICSSUrC f i l IerS (10 l o c ~ l i r c  dissipafion 10 strong wave for propulsive flnwficld sifliulalion arid 1c;St facility Support 
rcgionS),w.Pi the Beam-Warming based ARC code proved 10 as dcscribcd in Refs. 100.106. H O W C V C r ,  all npDliCatiOns 
be the most popular FNS code in thc United Sf.;tcs in the were for single.phasc, pcr lectqps f lows and implcmented 
early 10 mid 1980's .ar solving steady subsonic, traansoni!: simple algebraic turbulence models. 
and supersotic aerodynamic problems 1.3 < M 3). 
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Figuurr 21. Patched grid methodology in PAHC code for 
treating iwgu la r  geometries with simpled grids (from Re!. 
991 

The work r)! the acthor and caworkcrs towards developing 
FNS plumclmissile airframe steady f low predictive capabili- 
ties has focussed on the computer code. PARCH. for which 
2 0  (plar,arlaxisymmctric) and 3 0  verstons have been devel- 
oped. PAMCH is an outgrowth of the PdASAlAmcs AflC 
aerodynamic code and the AEDC propuisive extension, 
PARC. The PARCH code developmental dctiuities have 
taken olace as follows: 

1 )  The 2 0  and 3 0  versions of ARC and PARC were 
unified into a basclinr PARCH20 Master Code and a 
baseline PARCH30 Master Code. The baseline 
PARCHZD13D Mastcr Codes contain all the desired capa- 
bilities available in ttic ARC and 9ARC codes. The coding 
was performed as iin upgrade to PARC which had many 
propulsive-ortantcd features not available in ARC, partic- 
ularly, grid blaiittinglpatching. 

2)  As a pit:rc:quisite to incoiporating extciidcd ther- 
mochemical and 1urbulcnce.modcIing; ccpabilitics, implicit, 
approxima!cly factored AD1 b a w d  'scalar swvers  welo 
develoOed to solve the chemical species and turbulci ice 
model convcctivelditfusive equations. These scalar solvers 
emulated the numerics 01 the PARCH h i d  soher. 

3 i  Matriu-split nwthodology was lormulatcd to incor. 
poratc the chemical spccics cquaticmc, arid tho firlitc.ratc 
chemical kinetics into the PARCH codes. lo' 
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Tha ccqwnt is l  dawolagment of PARCH and related welido- 
iicn Gtrtdiaa arb desc r ibd  in Relo. (34 and 100-1 13. For 
? i ~ c t ; ~ . d  rr, ssileknhaurst glume interaction VlowVtelds, two 
ag@ctaIizod versions have been developed, namely 
PARCHTTMP - a 3 0  missilelplume interaction model, and 
PAR@W/R(N - an axisymmetric rocket nozzle model. Both 
utilize diagonalized Beain-Warming numerics w i t h  matrix- 
split Cinite-rats chemistry. PARCHTTMP treats particulates 
using an equilibrated mixture approach; PARCH/RN prcvides 
for a full nonequilibrium treatment of pdrticulates. Other 
specialized version of PARCH have been developed for 
varied applications. 

PARCH is well  suited to andyze steady, conventional and 
nonconventional, tactical missilelexhauat $ume interactive 
flowfield problems. For problems w i t h  very strong shock 
waves (e.g., high velocity missiles, highly underexpanded 
jets, etc.) andlor unsteady f l ow  problems (e.g., short 
duration lateral control jets;, the shock capturing capabilities 
of the PARCH code may be deficient. Improvements to 
robustness and accuracy are obtained by moving from the 
finite-difference discretizationlccntral difference numerics in 
PARCH, to  finite-volume discretizationlupwind numerics. 
Such a chanac is substantive particularly w i t h  the inclusion 
of chemical kinetics, .;incc the matrix-splittina approxima- 
t ioi l  in PARCH would i ic t  bo consistent w i t h  the upwinding. 
The upwind matrix elements have to be carefully construct. 
ed using a strongly-coupled formulation to properly incorpo- 
rate the real gas behavior (see, e.g.. Refs. 114-1 161. 

,Current activities by the author and coworkers have 
focussed on the development of tho CRAFT code whose 
features are siJmmarircd in Table 'Al. CRAFT i s  an exten- 
sion of the TUFF NS crr.(r: developed by Molvik and 
Merklc"' which utilizes RoelTVD upwind nvmerics"8~1" 
w i t h  a finite~volume discretization of :he equations. a fully. 
consistent Roe real-gas avcraging, ; :Idpa strongly.coupled, 
fglly implicit treatment of the chcmical kinetics. TUFF i s  an 
aerodyn~mic code; CRAFT has been extcndcd to  provide 
plumclpropulsive capabilitics. Plumelpropulsive extensions 
to CRAFT have involved the inclusio? 01: the full stress 
term?; two.equation turbulence models; a d,"lamic grid for 
time-accurate applications of f lows with moving boundaries; 
and a generalization of the clean air chemistry to that of 
generalized ).olC/NIO sy4teins. The recent development 01 
a timeaccurate par\iculate solver fot CRAFT is described in 
Ref.  120 while generalized liquidlsolid propellant thermo- 
chemical upgrades are summarized in Ref. 12 1. 

4.3 Recent Developments in PNS Methodology 
As per the FNS discussion above, lor devclopmeilts in the 
PNS arena, w e  will again start with 'modern' codes which 
utilized lintre-difference Bcsm.WarminQ numerics as typified 
by thc: Schiff and Steger PNS code'" which evolved into 
the popular AFWAL 3 0  PNS code17J-the most widely us.:d 
PNS cb ' e  in the United Statcs in the early to mid 1980's 
lor high $&sed aerodynamic simulation. Significant, im. 
provements to  the AFWAL spatial marching PNS rnethodol- 
ogy were provided by the rcccnt 2 0  and 3 0  UPS PNS codes 
of Lawrence et al.124~''5 wrlich utiliznd Roc/TVO upwind 
numeric; with a finite-volumr? discrcti7ation 01 the equa- 
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tions. Air chemistrb was incorporated rn:O such codas by 
Tannehill and coworkers as described in R-ln. 126 arid 127 
using loOSCly.COuplCd methodoiogv. Tho author and 
coworkws had developed extcndtjd vcrsior’ls of the AFWAL 
and UPS FNS codcp for National AcroSpace Plane aerody- 
namic and prnpulsivc applications. The iibtrrnal f low code. 
SCRINT. was a n  AFWAL extension arid the external f low 
code. SCRAMP. was a ?IPS extension (see Refs. 128 and 
1291. 

Thc origirral vcrsioaC (71 SCnAMP and SCnfPdr COntJined 
nlily rc)t,ilil)riurn .iir tlrcrmocheinifitry. A rcscarch vcrsion, 
SCRINTX. was upyrnded to include con;bu5tion oricntcd 
finite.rate chemistry into thc dcam.Warmiiig numerical 
frarvework usitip a matrix-split appro3 ’ SCRINTX 
was applird to a variety of combustor arld noii le rclatcd 
flowfield prookms JS well as to irrlc~s. Its pcrformar>cc was 
compared with carlicr PNS codes with chemistry as de. 
scr~bcd tn Rcl. 13 1 .  I t  did qudc wcil for prablcms whcre 
:he central diflcrcnce riuflerics wcrc adepiiate to capture 
shock wavcs. 

I r i  2 0  rCsCitrCh wtth SCRINTX, l irst arrd secorid ortlcr (TVD) 
floc upw,iid i iuinrrics wcrc incorporated into thc cndc after 
the matrix spliiting was performed. This simplified ap- 
proach worked quite well lor ( lows w i t h  air chemistry. but 
worked poorly lor strongly combustirrg flow problems 
whcre the approrirnalionr entailed ‘broke dnan.’ Hcncc, 
thc succcss obtainrrl in this work laird the *ark of others. 
c,.g.. the work dcscribcd in Rt Is. 126 sfid 1271 for air 
ctcmistry. did no1 transler 10 strongly combusling I : ~ w s  
whcre ctwmistry strongly influcnccs thc wave ficld. For 
SUA flows. the Roo formulation requires use of strongly 
coupled lluid arrd chcmical spr!cics cqualion9. For space 
marching. such a Ro2 lor’mulation dcpcndo upon an clb?n’ 
decomposition wh txe  derivation is Quile diff iculi to 
perform.”’ The Pot (PNSI lormulation with chemistry is 
much easiw to devclop 11 the approximate nicmaiirr problcm 
IS posed 111 time rather than Space. For time marctbing, the 
eigcn4uwtions lor a wuch simplcr matrix arr! rcquirwl, .inn 
in Iact, this analysis has been corppletcu bv  .,cvcraI re- 
searchers. such as Molvik and Mcrtle. ”’ At  the 3 0  levcl, 
the PNS work 0 1  the author and co.worhcrs has conccn. 
tratcd on thc iiiclusion of 1lrnc.itcraiivc mc‘lhodology into 
existing lmitc volumc ISCRAMP3D) and Iinitc dil lcrcnce 
tSCRlNT3OI spati,il marching codes.”’ Significant im. 
pri.vemcntc in robustncss and accuracy. above that nrovid. 
cd by thc IIKI.J%~I>II of u ~ w i r i d  iiurncrics. havc hccn obtamcd 
by the use 0 1  time,itcrative relaxation methodology as 
discussed in lhc r i :cwi I  PNS survcy pap, ‘ o l  K r J w c i y k  ct 
d i . I y  Also. siyiidicarrt work W A S  perforir., d II~VO~VIII~ thc 
usc of advariccd grid gc-eralion tccliniqucs in the cross- 
(low plaric ;)rid grid blanbi:ig for the trcalrncnt 0 1  CQVIIICS 

and swept surlarS$. 

Prcltminaiv 3 0  PNS work with chemistry had conccntrated 
on the incliiswri 01 chcm:stry 11110 !he SCRINTJDT code 
which was a 3 0  crtc!nsion 0 1  the SCIIINTX codc w i th  time. 

rterativc PFlS Iiucirerics. SCRINT3DT was n m l c !  opcrstirinal 
with miffin ~ p l i t  chemistry and opcrated with Beam. 

Warming central difference numerics or simplified real gas 
Roc ~jwinc’ numerics (Ihc splitting was done before the 
Roc dccompositionl. A s  per the spatial marching expori- 
cnce with SCWINTX, i ts  ability to analyze strongly combus- 
ting f low problems with simplified Roe real gas upwind 
numcrics was found to  be problematic - the ohvious rr:medy 
was a rcformdation of the Roe real gas mrthodolog/ using 
a large matrixlfully.coupled framework. As this rather 
ambitious effort was 10 initiatc, the STUFF 30 iterative PNS 
code of Mclvik and Merklc”’ became available which had 
ihc Iargc~marrixlfully coupled Roe formulation done properly 
for clcan air chemistry. I t  was deemed morc cxpeditious to  
use the STUFF code as a baseline code than to upgrade the 
SCRINT3DT code. and the added benefits of the finite- 
volume formulation of STUFF became available w i th  this 
decisiot-. The upgraded vcrsion of STUFF is called the 
SCHAFT codc, and work to date has involved the general- 
i iat ion of the chemistry and thc inclusion of two-equation 
turbulcrice m~dcls,’”~’’~’’ ’ ’  very much akin to the CRAFT 
codc upgrades describcd above. The nearly identical 
structure of TUFFlSTUFF (and thus CRAFT/SCtlAFTI, 
facilitates coricurrcnt FPlSlPNS upgrades. 

In referring back to Table VII, there arc thus 2 classes of 
codcs for FNS and PNS solutions: f initedifference codes 
w i th  ct.iiiral dil i2!cncc/Bcam.Warming numerics and matrix- 
Cp~i t l~oosc~y-coup~cd chemistry (PARCHISCRINT), and finite- 
volume codes with Roe/TVD upwind numerics and large- 
matrix/stron~ly.couplcd chemistry (CRAFTISCHAFT). 
PARCH i s  currently the utilized for steady-s!atc tactical 
missile airlramclplumc intcrac’ive flowficlds. and there are 
distinct advantages to the matrix.splil apor1r:ich utilized for 
chcmistry lor dcaling with large numbl-rs of chemical 
spccics in a timc.asymptotic Cimulation. CRAFT is currently 
used whew shocks arc vcry strong and more robust 
ipwindlfinitc.volumc numerics i s  required, and for time- 

accurate studies. PNS requirements arc gcncrally mor0 
stringent than FNS rcquircmcnts, arid SCRINT has not 
proven capable of dcaling w i th  the severe rrissile plume 
environmcn!. Thc current cUdc of choice is SCHAFT due to 
i ts enhanced robustness f such flows. 

In thc rcst of this articlc, 3 brief clcscrtpticrr of PARCH code 
numerics and rclcvant applications to missile plume f low- 
ficlds is providcd. PARCH represents thc currcn: state.01- 
thc.art for such methodolo-y. PNS methodology is not 
applicable lor subson.c/tr.insnnic IIigl~t. nor for recirculating 
rcgions such as tlic vct~iclc: base rcgiorr. However, for 
supersonic flight vclocilir s. PNS mettintlology is applicablc 
downstrvam 0 1  the plumi, l i rs t  C F I !  rc:giori. PNS mcrhodolo- 
gy  h.3s ticen used in  conluiiction with FNS ina zonal manper 
as described in Rcls. 1 3 8  and 139. 

4 4 PAACtI FWS CodelGns-Phase Equations 
PARCh solves the R ~ y ~ ~ u l c l s  ’avcragud, compressiblc f low 
equations, cast in strong conscrvation form in gcncrahed 
cufviliricar coordinates: 

14 I 





, .- 

A detailed description 01 the fluid dynamic elenients in the 
above vector arrays and the transformation to generalized 
coordinates is provided in Refs. 86 and 99. The PARCH 
code contains options for SolvirrO thin layor cc:uatioils and 
Eulcr equations in addition l o  the lull NS equ:tions. 

With the addition of ns chemical species eqclations ii = 
1.2.3. .... ns) and the t w o  k t  turbulence model equations to 
the continuity, momentum and encryy equatic?is, the 15 + 
ns t 21 vector array of dcpenden' variables i'i given by: 

(6 )  

13 
Thc iriviscid (E,, F,. G,I and viscous (Ev, F,. G,I f l ux  vcctors 

1 
J 

E"= - 
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represent the r$etrics and Jacobian 01 the transfarmat;on; 
p is the fluid density; P is the pressure; U. v, and w j r e  the 
CmTeSian velocity components in the N, y, and z directions; 
U, reprcscnts lhc mass lraction 01 the i th  chemical species. 
p is the IaminiQr viscosity; q,.".# is the heat flux; k is the 
turbulent kinetic energy; and c IS the turbulence dissipaticn 
rate. U, V. and W are the contravariant velocity compo- 
nents. 

For turbulent flow simdation. the laminar viscosity and 
thermal conductivity' are replaced by thetr respective sums 
of laminar and turbclenr values ii.e.. L/ + pi, k + kJ. 
Additionally, the source term H is  comprised of the chemi- 
cal production ferms U),; the turbulenr production E, and the 
dissipation 01 turbulerit kinetic energy, c; and the gaslpar- 
t ide interaction terms HP.", HP,", H,, and He,, required for 
multi-phase flow simulation. 

4.5 Matrix-Split Nlethoddogy 
Applying conventional Beam-Warming algorithms to equa- 
tion (4).  utilizing Euler implicit time.differencing. yields the 
'delta' form finite-diflcrence expression written below lor 
Ihe 20 sysrcm of equations: 

In equstion (8). 6 is a central difference operator, AON = 
a"' - ON where N denotes the time step level, and, the 
llux vectors E and F, (which are nonlinear functions of 0) 
have becri linearized about ON, e.g., EN*' = EN + ANAON 
where A = JE/aO. Equation 19) i s  the unfactored lorm 01 
thc block algorithm and reprcscnts a sistenr 01 four h i d  
(live for 30 f lows), n I= ns) species equations, and two  
turbulenco model cquntions (which w e  will now dismiss to 
simplify our discussion of matrix splitting). We thus seek to 
decompose an n + 4  systern of coupled poiiations, to a 
system of four coupled fluid dynamic equations, and n 
scalar chemical species equations. Using the nomenclature 

'6b) 

where E = E, . E,. Analogous expressions are obtained for 
1he.F and G arrays, and, the source term vector H takes the 

(981 

form: 

1 H = -  
J 

171 

0, = ( a,, a2,  a3,. . . , uJr 

the n t 4 system is decomposed as: 

19bl 

The above system of matrices is split about the horizontal 

where A,, = JE,/aO,, A,, = -3EJ-30,. etc. 

In the above equations (indicated by the dashed lines) leading to the fluid dyriamic 
system written as: 

f (x.v.z), 17 ix.y,zl and d (x,y.z) 
represent the curvilinear coordinates in the transformed 
computational domain: Cx. C,. C,, tlx, f?", oa, 6,. 6,. 6,, and J 
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lwliere the source term Mi. having particulare coritributioris 
is treated explicitly. and has thus been incorporated into I?,.) 

This ex(!*cise in matrix partitionirig recowrs the original 
4 x 4 block slfocturc Of the perfect gas fluid dynamic 
formulatiori, w i th  addition 01 a forcing tunclion 011 the 
explicit right harid side and revised clenients of thd A,, and 
U,, m.ltrici:s oil the implicit lef t  hand side to account for 
generalired~multi~comporierit sprcics arid caloricalli, imper. 
fect behavior. The elements of the forcing ~ui ic t ion term. 
.bo,. coillain the rict irifluence of the chemical species 
Change [due to convectionldiffusiori/kir~eticsl on the fluid 
dynamic solution lhrough prcssurelspecies derivatives. The 
inclusion 01 this terin on the right hand side is iwt csscntial 
10 ObtJin a cniiverged steady-state solutiori arid i t  can be 
discarded. However, it carinot be discarded lor time 
accurate computations. For the same reason. i t  cannot be 
discarded lor a s i~acc marching PNS computation uiilcss 
tlrne itcfativc methodology is incorporated. 

4.6 Numerical Methodology in PARCH 
All work w i th  PARCH has focussed on the analysis of 
steady flow pioblcms using nnrvtimc accirratt? procedures 
to cxpcdite ccnvergcnce to steady.state. The block 
unlactored. matrix.split. fluid dynamic equation IEq. 1 1  \, 
with the explicit species term. A c e ,  removed, are approxi- 
mately factored as follows: 

Equattoii ( I  21 can bc! solved by block tridmgonal irwcrsion. 
which is compu:atiorially expensive per time stcp, but 
generally permits taking large time steps (e.g., Courant 
ndmbers of 5 ~ 101 and obtaining converged solutions in a 
very reasonable number of iterations (e.g., 300 . 3.000. 
depending on the problem at hand, the grid, the initial and 
boundary conditions, etc.). Equation (12)  can more effi- 
ciently be solved by using the diagonalized scheme of 
Chaussee and Pulliameg which uncouples the block system 
and reduces the work to the inversion of a scalar tridiagonal 
system. However, the implicit diagonalized solution is 
restricted to the Euler equations (the ViSCCUS terms do not 
diagonalize and must thus be IreJtcd expliciily), and the 
path to convergence for complex. viscous dominated f lows 
can be slow and sometimes problematic. 

The choice of the blocked tridiagonal inversion or diagonal- 
ized solution procedure for the fluid dynamic equations is 
available as a user option in PARCH and is problem depen- 
dent. With multi-zone versions, the diagonalized option can 
be used in some zones and the blocked option in others 
(e.g., for -a'missilelplume interactivc problem, the zone of 
stronDly !interact!ve f low can be handled by the block 
procedl!re. wi th  a l t  other flow zones analyzable by the 
generally more efficient diagonalired method]. With central * .  

dif ference fiumeriCS employed, artificial dissipation is 
required in W n V k C O u S  ragtons to ensure stability and 
dinnonal dominance. The impficitlexplicit seconC and fourth 
order dissipation niodcl 01 Jameson et al.,"' is employed in 
PARCH. Independent time steps are used to edv,ince the 
equations based an 3 user-specified Courant number (locally 
applied a1 each grid point) with a f lux change limiter (e.g., 
20 percent change in AOlOl, which cuts back on the local 
time step In regions of severe change. 

4.7 Chemicd SpcacieslWete Kinetics Algorithm 
Upoii matrix splitting and decomposition of Eq. (10). the 
lower half contains the chemical species transport egua- 
tions, writ ten as: 

Thr: second term on the right hand side contains the forcing 
fuiiclions from the fluids upon the species; which is 
discarded for time asyinptotiC steady.state solutions. 
Subsequent factori7ation leads to: 

Equatipn ( 1  41 represents !he numerically intcnsive task of 
inverting block NxN tridiagonil matrices. CPU costs and 
memory requiremeiV ci;n become prohibitive as the number 
of chemical species gct large. A n  ellicient alternative 
solution strategy h?s been devised, which breaks up the 
solution scquencc into two  steps: 

11  a point implicit so!utlon of ttle chemical kinetic rate 
equations IC yicld w,; arid. 

21 a globally implicit time integration of the species 
equations sequentially with the chemical source term 
specified from step 1. 
Step 1 requires the inversion of an n x n matrix at each grid 
point. Recent numerical studies (Ref. 140)  have indicated 
that this computation need nor be performed at each time- 
integration. For rocket nozzle flows, performing step 1 
once for every 50 fluid dynamic time steps, and holding the 
source term constant at the intermediare time steps has 
yielded the same converged solution obtained by performing 
step 1 for every integration step, w i th  no convergence 
penalties. Hence, this splitting can be extremely cost 
effective for chemically reacting f lows w i t h  a significant 
number of chemical species. 

4.8 Multi-Phase Flow Cspnbilltles 
The PARCH code contains multi.phase f low capabilities for 
the simulation of solid propellant rocket nozzlelexhaust 
pliime flowfields where the dilute. particle assumptioil 
applies and eliminates particle volumetric effects. Gaslpar- 
ticle interaciions can be treated in both the equilibrium limit 
(where particle velocities and temperatures are taken to be 
the same as that of the gas-phase) and the noneqyilibrium 
lir lit (where particle velocities and temperatures differ from 





those ot the gas.phasel. In the nonequilibrium linrit. the 
analysis is presently rertricted to l lows with a orimary 
stream dvise direction where the particulate equdtions can 
be spaliiilly int9graIcd. 

The partoculate equations, cast in strong conswvaticm lorm 
in generalized curvilinear coordinates. are lisred below for 
two dimensions. 

The inviscid lluw vectors (Ep, F,) take the lo lbwing lorm: 

The source term vector H, takes the form: 

1 
J 

I- 

Particulate equations are solved for differcnt particulate 
types (e.g., A1,0,) and for several representative sizes 
(e.g.. 1 pm, 3 pm. 5pm, ... 1. The nomenclature to desig- 
nate types and sizes has been eliminated for simplicity. I C  
the above equations, up and vp are the Cartesian particulate 
velocity components in the x and y directions and Up and V, 
are the contravariant velocity con',ponents. r,, rv, and rh 
represent characteristic pcrticle times for velocity and 
thermal eqbilibration. Coupling between the gas and solid 
phase is provided ,through the gaslparticle interaction soiJrcc 
terms in both the gas-phase and particulate equations. This 
has recently been improved by a fully-implicit treatment of 
the source terms (which can be stiff for small radius 
particulates which are near equilibrium), including mcthodol- 
ogy for dealing with phase-change effects (i.e., solidifica- 
tion in the noz?le!plume expansion process). In noz- 
zlelpluma applications, the particle solution is typically 
updated (by marchiny down the length of the nozzlc or the 
exhaust plume) every 5 0  iterations of the gas-phase 
solution (see Ref. 140).  

I ,  , .  , 
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The highly efljcient particle spatial marching techniqw is, 
of course, limited to flows where there are no recirculacr; 
features. Applications include rocket nozzle flow and the 
farficld of the rocket exhaust plumes. 'The miss;;@ aftbody 
and plume nearfield is significantly more comyiler, being 
characterized by base regions, plume induced separation 
and thus, significant portions of recirculating flow. The 
analysis of particulates in such regions requires the usage 
of a time-asymptotic, elliptic solver. A new time-accurate 
3D particle solver is (Ref. 120)  now used in CRAFT utilizes 
implicitlupwind numerics and finite-volume discretization of 
the Eulerian particle-cloud equations. This new solver is to 
be implemented in PARCH for time-asymptotic, recirculating 
flow regions. via straightforward modifications. 

5. NUMERICAL STUDIES 

5.1 PARCHMU Rocket Nozzle Studies 
A complete missile calculation requires the analysis of the 
rocket nozzlelpropulsive flowfield. For some problems, 
there can be strong coupling between the nozzle exhaust 
and the missile aercdynamic flowfields. A specialized 
vcrsion of PARCH (PARCHIRNI has been developed to 
analyze rocket nozzle flowfields, starting from equilibrium 
coldit ions in the combustion chamber. This version deals 
with multi-phase (gaslparticle) nonequilibrium, as well as 
chemical nonequilibrium and is described in Refs. 1 1 0  and 
113. 

Thc Back and Cullel perfect gas test case"' IS a popular 
one lor validation of nozzle codes since both wall and 
profile data are available, and the large throat curvature 
post!s a distinct numerical challenge to  simulate the flow- 
field in this conical nozzle. The reservoir conditions were Po 
= 713 psia and To = 5 4 0  R. The nozzle is a coriical oeome- 
try w i t h  4 5 O  converging and 15' diverging half angles. The 
throat radius is 0.8 inches with a small throat radius of 
curvature (R,IRIh = .625). Figure 2 3  shows the grid utilized 
and comparisons between the measured and the computed 
pressures on the wall and axis, for an Euler calculation. 'The 
agreement w i th  data is seen to be good upstream of the 
nozzle throat; however, the comparison is poorer down- 
stream of the throat. The cause of the discrepancy may be 
inadequati? grid resolution in the throat region and failure to 
resoive the significant gradients produced by the small 
throat radius of curvature. The agreement w i th  data is 
comparable to that achieved by most other investigators 
(see, the recent work of Marcum and Ho';fman in Ref. 1421. 

To illustrate oaslparticlc nonequilibrium capabilities in 
PARCH, a solid propellant rocket motor nozzle calculation 
was performed w i th  H/C/O chemistry (12 species, 16 
reactions), and w i th  Al,O, particulates 130% mass load- 
ing). Preliminary calculations were performed assuming all 
!he particles to have radii of 3 pm. Computations were 
performed w i th  and without particles to illustrate the strong 
influeilce of particulates on the gas-phase flowfield. Figure 
24 conipares the Mach number contours from the gas only 
calculation w i th  that of the multi-phase calculation. AS 
shown by tl ie Mach numbe: contours, the presence of 
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P J ~ I C U ~ ~ ~  tempsratwea lagping the gm temwratwe. AI 
the nozzh exit Plam?. the thermal m r r q u l i b n m  bhr- 

begin to solidify with the onset 01 phase changes indiwtd 
by the pamcle tempslatwe rcmalnng constant. Compari- 
sons with an earher spatial marchlng two.phase cods" are 
also shown do*vnstrham 01 the throat. 

the gas a d  Danklei IS llmOSt 300.K. AIIO. the Dancbs 
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Fipurm 25. Comparison 01 PARCH Dredictlons 01 nozzle 
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centerline gas and Particle temperatures with predictions 
Using earlier SPF methodology. Figurn 23. PARCH simulation 01 Back and Cuflel nozzle 

test: Qrid utilized and Comparison 01 predicted wall and 
centerline pressures with data. 
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Flwm 24. PARCH analysts 01 solid propellant rvckE1 nozzle 
llowtield: grid utilized and comparison of Mach number 
contours. 

This calculaliod was alS0 perlormed wilh three panicle size 
~roups. The total mass loading 01 particulates remalned tha 
same however, it was distributed into particles ot 3,5, and 
10 microns with relative mass fractions 01 .6, .3. and .1. 
Pressure. temperature. and Mach number contours are 
shown in FiQ. 26. The striations evident in the contours 01 
temperature and Mach number coinclde wath the limitinp 
particle streamline locations of the threebarride size proups 
13~1 is uppermost. 5r, is next. lop is lwest l .  

I 1 
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Flgve 26. PARCH prediction 01 rocket nozzie pressure. 
Mach numhr and temperature contows with PYlIPJniCiO 
n0nequill;rium lor 30% mass loading 01 A1203 distributed 
equally Into three size ~roups. 

PafIiCleS has a dramatic influence on the flowfield. The 
reflected shock disappears; the pan :le3 peel away lrom the 
nozzle a1 the throat and the limiting panicle streamline 
effect is clearly seen. Fioure 25 shaws the imoerattlre 

~ . -. - ._ - 
distributions along the &le centerline. Yotice the 
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the inflow planec. the lower 41 grid points fired ttu mzk 
conditions at the exit plane; the next 59 grid points w m  
used to resolve t te  base region above the nozzle exit; snd 
the remaining p in ta  lixed the inflow conditions from the 
missile body calculation. The nozzle exit plane radius WII 
52.8% 01 the missile body radius. The flow exited the 
nozile with an average Mach number 01 3.5 willi a nominal 
temperature and pressure 01 2700 OR and 2 aim. respec- 
tively. Figure 29 exhibits the predicted Mach number 
contours lor this nearlield plume zone. Note that no Mach 
disc is present. The overall scale 01 the complete problem 
is exhibited in Fig. 30. which shows the relative acales of 
the missile flow, the nearfield plume, and the farfield. 

5.3 T lc tk r l  Mhslh with Fou Motm 
The simulation of the generic missile airframe/nozzlelplume 
flowlield described earlier has been extended to a four 
nozzle configuration The missile body geometry, Ilowfield 
conditions, and computational zones are the same; howev- 
er, the missile now contains four nonles which contained 
the sard total exhaust area as the above single nozzle. 
The missile body and nozzle llowlields are obtained as in 
the earlier single nonle computation. and the near field 
plumebass is computed with the thrce-dimensional version 
of PAACH. Figure 31 shows the crossflow grid in the base 
region. Figure 32 shows a magnified view of the lirst 
shock cell for comparison with the above single nozzle 
case. Note the dromatic differences in the solution pro- 
duced by the lour motors versus the single 'equivalent' 
motor. 

PARCH has been applied to the simulation 01 a lour nozzle 
air.only laboralorv experiment for which pressure data is 
available. 11 consists of four circular MzzIes exhausting 
from a cwcular base region. The freesrream is quiescenl alr 
at 533A and 1 am. The nozzle exhaust is air at M-2.6. 
P=4.4(6 atm, and T=224A. Figure 33 presents contours 
of density in the X-2 symmetry plane. Note the complex 
wave structure within the jetsand the intoractions between 
them. Figure 34 shows a comparison between the experi- 
mental and computcd pilot pressure profiles a1 several axial 
locations in the X-Z symmetry plane. The results aoree 
reasonably well, with the greatest discrepancy being on the 
centerline. 

5.4 Mlaslles with Scvlsd Nozzles 
This unconventional propulsion configuration is sometimes 
used because the missile is guided by communications 
through a fiber optic cable attached to the missile base. 
Not only does this prmclude use 01 conventimal propulsion, 
but requires that the scarfcl nozzle configuration be 
designed such that the base region does nor entrain a 
signilicant amount of hot exhaust gas which could damage 
the cable. Figure 35 illustrates the scarfed nozzle 
geometry. In the calculation described, the missile airframe 
was analyzed without wings or fins and was performed for 
a (light Mach number .6 at sea level, at a 10' angle'ol 
attack. The conventional diagonalized Beam-Warming 
numerics in PARCH were employed. The chemistry was 
frozen and the flow was taken to be fully turbulent from the 

' 

5.2 T r t k d  Yhsk wlth Sham Mma 
The simulation 01 J complete, supersonic. paneric mmile 
airframelnorrlelplume llowlield has been ci:rformed to 
establish the ability to analyze a multi.?ofie problem with 
detailed grid resolution. The calculation was perlormed 
using air treated as a perlecr gas throughout. and employed 
the kr turbulence niodel for treating near wall regions. 
Figure 27 shows the g e m t r y  considered ~ n d  \he overall 
domain of interest. To allow for detailed grid resolution and 
computalional efliciency. the physical domain isdivided into 
lour ,ones which are anah.ed separately as shdwn in 
Figure 27. These four ?ones include: 

1 I the missile body liom nnse to base; 
2) the nozzle flowlield lrom chamber to exit plane; 
31 the mar field plumebase region; and. 
<I the lor field plume rugion. 

The PARCH code was utiliied in Zones 1 .J: however. Zone 
4. tho lar lield plume. was analyzed using Ihe spatial. 
marching SCHAFT PNS code which IC more ellicient lor use 
in that extended region. 

Flwra 27. Composite grid 01 the four zones used for the 
complete missile/ p l u m  flowfield calculation (grid tor Zone 
4 not completely shown). 

The generic missile calculation simulated a missile travelling 
at Mach 3 at sea level tP = 1 aim. T = 540 'RI. The 
generic missile had a 1 loot diameter and length of 13 feet 
and was represented by an ogive/cyiinder. The outer 
boundary for the missile calculation conforms to the shape 
01 the vehicle bow shock, and the grid is nearly uniform far 
lrom the body but is highly packed in the near-wall region 
to resolve the turbulent boundary layer. The boundary layer 
is assumed to be fully turbulent lrom the nose and an 
adiabatic wall boundary condition was applied. Contours of 
Pressure. temperature, Machnumber, and turbulent viscosi- 
ty are shown in Figure 28. Note that by the end of the 
missile body. the strength 01 the bow shock has been 
diminished substantially. and a large turbulent boundary 
laver has developcd lalmoat hall the missile body radiusl. 
A 141 x 146 grid was used for the near-field plume region 
analysis. The upper bnundary was a simple continuation 01 
the straight line fixed freestream boundary from Zone 1. At 
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F l w a  28. Computed pressure. 1empe~alu:e. Mach number and lurbulencl viscositv contours for Zom 1. 

'I ij I " i  11 

FIWm 29. Predicled Mach number conlours in nearlield plume zona lor missile single nozzle. 
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Flgwo 30. Computed temperature Contours and centerline temperature lor complete missilelplume Ilowlield. 

7 .  

Flgure 31. Base region grid utthzed tor generic missile with lour motors. . . 

Flpura 32. Redicted Mach number contours on nearfield plume zone for misstle with four nozzles. 
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mi! sile nose. Ths lu turbulence model was utilized for the 
surlace boundary hvsr and the plume aMw layers. 

' Mach number contous are exhibited in FLU. 36 in a plalu) 
cantaming the two nozzle axes 1e.g.. top view1 and in a 
plane rotated 90. le& side vkwl. The due view contours 
show a tr:n tuoulent b o d a w  layer on the windward side 
of the missile, and indicate scparated flow on the leeward 
side. The upstream influence 01 the propulsive jets is 
readily evident in the too view Mach number Contcwa. 

0.0 

- 5 0  
N 
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Figure 37 depicts Mach number M O W S  ~n the X-2 SV- 
try plane for r~lutioru obtained with PARCH with born 
central diffsrsnce and Roe upwind algorithns. The in 
mreractim llqwlleld ia predicted well by both algorithms 
wlth tM &Md CaICu(l1iOn exhibiting a l&#tMtirIlv 
smoother. ospllrtion free solution. Figue 38 s h w a  
pressure contour coinoariwms in the Y-2 plane at a location 
of 6.5 D downstream 01 the nozile. Comparison is ma& 
between the present catcutations ami ttl,. exp.rimentrl 
data. Agreement is seen to b" veq good. k i t h  the predict. 
ed jet exhibiting SOmewklt mora panstrhon lkln thedata. 
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.I. 1,. Figue 36. Mach number contouis lor tacticnl missile at 
loo angle of attack. .-- .-- 

Figure 37. COmDuted Mach number contours in the X-2 
symmetry plane. To establish additional validation of the PARCH numerics, 

prediction5 have been made for the interaction of dn 
inclined jet wvRh an ogivelcylinder missile llowlield at zero 
angle.ol-rttack IRef. 841 lor whch experimental dara 
obtained at ONERA is available. The missile body is a 
cylinder with a parabolic ogive nose. The jet issues from a 
rectangular hole located 8.5 D downstream of the nore at 
an angle of 70° lrom the inissi'? surlace. The cylinder IS 

considered inlinore and base ellects are neglecrcd. 
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Fiwrm 38. Computed and experimental pressure contours in Y.2 plane at x=6.511 downstream 01 the nozzle. 
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SUMMARY 

Of particular significancc to thc opcrational success of a missilc using microwavc communications is the 
intcrfcrcncc introduccd by thc rockct cxhaust plumc. As a hot and turbulcnt gas strcam the cxhaust has 
clectrical propertics that can scriously dcgradc guidancc and tracking. 

Also prcscnt is the potcntial for missilc dctcction offcrcd by cncrgy scattcrcd from microwave signals 
impinging upon the plumc to prcsent a radar cross scction. and an cxhaust signature from inhcrcnt 
emission sources within thc plume. 

This fipcr prwntcd in AGARD Lecture Serics 188, follc;r;s from AGARD Advisory Rcport 287 
submiltcd by Propulsion and Encrgclics Pancl Working Group 2 1 cnlillcd 'Tcrnlinology and Asscssmcnt 
Mctbods or Solid Propclliitlt Rockcl Ex)irust Signaturcs'. I t  providcs B dcscriplion of' tnicrowavc 
propagation through a rockct cxhaust. thc causc of signal attcnuation and thc gcncratiori of phase and 
amplitude sideband noisc. Considcration is givcn to the effccts of missile flight vclocity and altitude. 

Diffraction and rcfraction proccsscs arc discusscd, particularly in rclation to plumes containing kigh 
dcnsity conccntrations of frcc clcctrons. Radiation sourccs, mainly at millimetric wavclcngths. are 
includcd togcthcr with signaturc implications. 

Thc effects of exhaust intcrfcrcncc with communications is examined from a system point of vicw and 
some mcthods of rclicf from this intcrfcrcncc arc considcrcd. 

I' 
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1 .O INTRODUCTION 

Miciowave radar has  long been an 
cstablishcd mcans of missile location, trackiiig and 
guidsricc. It  is capablc of providing ;in all 
wcathcr function in a varicty of roles and lor 
succcssful opcration thc guidance and tracking 
communication links must be free of serious 
in tcrfcrcncc. 

In propulsion dcsign [or a missilc i t  is 
important that the propulsion cnginccr is aware 
that guidance and tracking signals may pass 
through the cxhadt plumc. Whcn thcsc signals 
arc conveyed by hicrowavc carrier, attenuation 
and unwantcd modulation of thc carricr can occur 
kcausc or intcractions bctwccn t~ic  carricr wave 
and frcc clcctrons populating thc hot. turhulcnt 
cxhaust gascs. This intcrfcrcncc from thc exhaust 
can scriously undcrminc communkations with thc 
missilc and thcrcby rcducc thc ovcrall opcrational 
cfficicncy of thc systcm. Furthcrmorc, scattering 
of cncrgy from the incident wave and radiation 
from cmission sourccs inhcrcnt in thLs plumc may 
offcr an adversary thc opportunity lo tlctcct 
incoming missilcs and takc countcr action. 

Thc difficultics and cxpcnsc of mcasuring 
cxhaust propcrtics for all missilc configurations 
and opcrational conditions makc rcliablc 
tcchniqucs for thcir prcdiction csscntial. Such 
prcdiction modcls can thcn be uscd to rcact 
quickly to dcmands for plumc information. to 
idcntify inlcrfcrcncc problcnis in thc vcry carly 
stagcs of dcsigii, and to cunducl rcscarch for thc. 
bcnifit of fuidrc systcms. 

I 

Microwave" is a gcncric tcrm uscd broadly 
to dcscrihc thc ccntimctric rangc of wavclcngths. 
Opcrating wavclcngtlis uscd for tactical misilc 
syslcms now includc thc millimctric rangc and 
frcqucncics fall typically bctwccn 3GHz and 
120GHz. For the purposc of this report the tcrm 
^microwave" will be cxtcndcd to covcr this rangc. 

2.0 

2.1 

PLUME MICROWAVE PROPERTIES 

Microwave At tenuatlon 

Following normal combustion proccsscs 
insr,,: the rockct motor. fucl rich ga.cs lcavc 'thc 
nozdc to form a high vclocity, turbulcnt gas 
strcam which cntrains oxygcn from thc 
surrounding atmosphcrc to promote conditions 
favouring thc onsct of furihcr combustion in  thc 
cxhaust. Whcn this "sccondary combustion" or 
'aftcrburning" as i t  is ofich callcd, occurz. thc 
high tcmpcraturcs attaincd pcrmit rcady ionisation 

. .  

of metal impurities found as intrinsic impurities in 
the propel!ant. Sadirim and potassium are 
common metal impurity species and, although 
present in small quantitics (Say Na - lOOppm and 
K - 30ppm), the ioni: ition process populates the 
cxhaust with a varying dcnsity distribution of free 
clcctrons. 

Thc clcctric ficld of a wavcfront incident on 
the cxhaust from a distant transmittcr accelcratcs 
thc frcc clcctrons prcscnt and in so doing, extracts 
cncrgy from thc wavc to bc dissipated as heat in 
collisions with surrounding ncutral molecules. This 
form of lo4 from the propagatcd wavc integrated 
alohg its path to thc on-board rcccivcr is rcfcrrcd 
lo tis linc-of-sight attcnuation or absorption.[ 11'' 

: Linc-of-sight calculations I1.2) a x  based on 
computing thc absorption of a sing1c.W ray as i t  
passcs through thc plumc. Along the ray path. the 
piumc is wumcd to absorb as a scries of 
hoinogcncous plasma volumcs normal to the ray. 

The attcnuation (Y (or cncrgy absorbed) pcr 
uii i t  path lcngth (dBm-l) is givcn by :- 

... ......... ( 1  - A )  + a = 8.686 (: ) [- - 
2 

2 2 2 - 1  

P 
whcrc A = w ( v  + w ) 

Thc phasc shift cocfricicnt f i  is givcn by 

p =  - 1 w  - [ ( I  - A ) +  , . . . ... . . ... 
f i C  

Whcrc w is thc angular frcqucncy of the 
incidcnt signal 

v is thc local clcctron-ncutral imly 
col1 ision rrcqucrlcy 

wp is thc plasma frequency 
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The total phase shift 3 through a length 'd' 
of homogeneous plasma is ' 

0 = (B -Bo) d 

0 

C 
where Bo = - and 

c = vclocity of light in vacuo 

The terms a and P arc the real and 
imaginary parts rcspcctivqly of t k :  complex 
propagation constant y which defines !he electric 
ficld of the propagating ray <. 

-yx -iwt - -  
E = E o e  e 

where y = a + 

Predictions of longitudinal (diagonal) 
attcnuation using this linc-of-sight mcthod havc 
shown reasonable agrccmcnt with measured 
attcnuation from lightly ionised plumcs, e.g. 
motors with composite propdlants containing IC\! 
than 5% aluminiiim and a predicted maximum 
elcctron density of lcss than 1016m-3.[2] Equally, 
focused-bcam transvcrse attcnuation prcdictions 
show similar agrccmcnt with mcasurcmcnts for 
conditions whcrc. at the point of intcrscction 
bctwecn plume and bcam axcs. the half powcr 
radius of the bcam d m  not exceed one fourth of 
the plume radius. 

2.2 Forward Scatter 
(smplltude and phase modulation) 

With the transmitter in thc far ficld the 
incidcnt plane wave illumina!es thc wholc plume 
and energy additionpl to that from the 
lined-sight path can reach thc ,on-board rccciver 
via a scattering mechanism. The geometry of the 
problem is illustraied in Figure la, which also 
defines some of the variables. Turbulencc induced 
eddies of fluctuating electron dcnsity exist ovcr 
largc rcgions of the cxhaust and hcconic .sources 
of incohcrcnr scattering moving at local cxhaust 
vclocity. Each source volume (dV) contributes in 
some mcasure to the ovcrall signal strength at the 

receiver, but' at a frcquency removed from that of 
the incidentiwave by a 'Doppler shift' impased as 
a result 3f I k a l  eddy gas velocity with respect to 
the rccei ving and transmitting antenna. 

Scattcrkd energy produced in this manner is 
recorded ai phase and amplitude sideband 
modulation :spectra with a frequency range 
dctcrmincd by incident wave frequency and local 
eddy vcloci.tics . in the plume. It must be 
remcmbcrcd I. that thQ propagated wave to the 
scattering squrce volume and from it to the 
rccciver suffers attcnuation in the way descrited 
in Scction 2.1. 

Calcula\ions ob forward scattering of 
microwave radiation by cxhaust plumes have been 
pcrformcd si.hcc the mid 1960s. 13-61 Received 
scattcred cncrgy is rclatcd to thc incident-received 
signal [3,7,8.9] by tnc equation :- 

G C  - = - $ -  pS 1 B2 a U dv (3) 
4xG VOI r2 

BI ' Pi 

whcrc P, /Pi is thc ratio of the noise power to thc 
signal pow'cr. GBI  thc rccciving antenna gain in 
the dircc!ion of the transmiltcr and Gb2 that in 
the direction of thc clcmcnt dv. The distance 
hctwccn thc rcccivcr and thc scattcring clcmcnt is 
dcnotcd by r and a is the volume scattering 
cross-section. The volume of integration includes 
the whole plumc. C, is the attcnuaiion loss factor 
along the path through the plume to and from the 
clcmcnt dv. 

The volume scattcring cross-section (a) is a local 
propcrty of the exhaust plume and may be shown 
to be :- 

(4) 
0 . 6 3 ~  32n4re2 n' sin2 w-a3 

(1 4- v2/&)2 B :  

' 

U =  

whcrc n' = [ncf12 the turbulcnt 

fluctuation of electron dcnsity [e-] and 

2 11/6 B = (1 + 4a2 k Sin d 2 )  

the Kolmogorov turbulcncc funclion. 
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In this equation re is the classical clcctron 
radius, V, the angle bctwccn the direction of 
scattering and the incidcnt clcclric vcctor and a 
thc scattcring angle. I is thc local intcnsity of 
clcctron conccntratlon fluctuations. n, is tlic Ic-cal 
m m  clcctron dcnsjty and 'a' the turblilcnt lcngth 
scale. Y is the local electron-neutral body collision 
frcqucncy, w the angular frcqucncy of thc 
incidcnt signal and k the wavc number (k - 2n'A) .  

In Equations 3 and 4 thc anglcs r/, hnd (Y 

and the distance r may b@ dctcrmincd 
gcomctrically; w, k and thc rccciving antcnnn gain 
function arc known charactcrislics of, the 
microwavc systcm. If  n,, w. I and a arc dCfiner.1 
throughout the plumc flowficld thc scailcrcd 
powcr mpy bc calculatcd. 

Flowficld 'calchlations can providc local gas 
vclocity, mcan clcctron dcnsity and clcctron- 
neutral body collision frcqucncy hut considcrahlc 
unccrtainiy surrounds thc turhulcncc charactcr- 
istics. Thc turbulcnt lcngih scalc (a) is commonly 
taken to bc thc corrclation lcngth for turbulcnt 
vclocity fluctuations which may ciiffcr imm thc 
rcquircd lcngth xalc  for fluctua!ions in clcctron 
conccntration. 1t can k calculatcd using a 
two-cquation turbulcncc r idc l ,  in thc plumc 
structurc program. Thc turbulent intcnsity (1) is 
oftcn sct to unity but cad also bc scrn ts a 
function of axial distance downstrcam or' thc 
nozdc cxit and a corrcsponding radii1 distancc. 
Both paramctcrs arc disciisscd in grcatcr detail in 
Rcfcrcncc 10. 

Thc 'Doppler' frcqucncy shift of thc powcr 
.cntcring thc rcccivcr from scattcring clcmcnts dV 
is writtcn :- 

U = - (cos 8,- cos ) 
A 

(5) 
I 

For a givcn clcmcnt (dv), if thc wavclcngth 
(A) of thc incitlcnt wavc and the local gas vclocity 
(U)  arc known the frcqucncy of thc scaltcrcd 
powcr for anglcs and P2 of Figurc 1 can bc 
obtaincd from this cquaiion. Summation of 
scattcrcd cncrgy from all parts of tlic plumc 
gcncratcx thc characteristic sidcband noisc 
associatcd with rockct cxhaust inlcrfcrcncc. 
Plumc propcrtics, which will change with altitudc 
and forward vclocily, govcrn thc total rcccivcd 
pwcr.  Comparisons bctwccn prediction and 
cxpcrimcnt arc shown in Figurc 2. 

2.3 Predlctlon Technlque 

Fundcmcntal to thc undcrstanding of 
microwavc propagation in rockcl exhausts is a 
dcscription of thc plumc structure. It is 
impracticabk to mcasurc all thc paramctcrs 
rcquircd and thcorctical flowficld modcls have 
bcen dcvclopcd to assist thc understanding and to 
gcncratc thc rcquircd thcorctical data for a rangc 
of applications. Microwavc prcdictioqs arc onc 
such application and rcly upon thc construction of 
modcls in which thc tinic avcragcd propcrtics of 
combustion and flow arc quantificd.[2,11-15]. 
Thcy arc csscntiaily thc same as those for all 
othcr plumc prcdictions but have additional 
propcrtics particular to microwavc intcractions. 
Thcsc arc :- 

(i) All ionisation clicmistry, cspccially 
thal for alkali mctal impuritics. Othcr 
minor spccics that may intcract with 
and affcct thc ionisation proccsscs. 

( i i )  Parameters that dcfinc thc plumc 
turbulcnt structurc which, as a 
minimum. include turbulcnt intcnsity 
rclatcd to clcctron dcnsity fluctuations 
and turhu1cr.t lcngth scalc. 

(iii) Tlic clcctron collision frcqucncy. 

(iv) Frcc clcctron conccntrations givcn by 
ionisation proccsscs.[ 1 O] 

Calculations start at thc combustion 
chambcr. From the propcllant composition and 
cnthalpy, stcady-statc tcmpcraturc and combustion 
products arc computcd. This is followcd by a 
calculation lo dctcrminc conditions at thc throat 
and the cxpansion uf gascs to the nozzlc cxit. Thc 
final slagc, whcrc high vclocity gases lcavc thc 
nozAc and react with thc surrounding atmosphcrc, 
is a model to givc thc plumc flowficld. This 
quantifics timc avcragcd propcrtics of thc cxhaust 
in an axisymmctric array, spatially idcntificd by 
axial and radial point rcfcrcnccs with thc origin 
on axis ai the noz;llc cxit. 

Paramctcrs will havc valucs dctcrmincd by 
thcir spatial distribution throughout thc plumc as 
indicatcd by thc contours of Figurc 3. Turbulcncc. 
quantities must bc appcndcd to the valucs shown 
in Figurc 3, ihcsc can he dcrivcd from turbulcncc 
kinctic cncrgy valucs uscd to dctcrmiiic thc shear 
laycr mixing for thc timc-avcragcd flow. 

Missile flight must rccognisc altitudc and 
forward vclocity, both affcct thc plumc shapc. The 
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former because, an increase' in altitude m a n s  a 
decrease in ambient pressure and allcration in 
plume expansion. the latter because of f;cc strcam 
flow ovcr thc missile surfaccs into :.hc plumc 
region. 

It  is important [2.16] to corsider the 
recirculation region cstablishcd at the tase Gf thc 
missile in flight when ,the hase diametcr 
substantially exceeds thc nbzzle exit diameter. 
Recirculation affects the ilcvclopment of the 
downstream plume and may be critical to the 
onxt  of aftcrburning. Calculations 117,181 of this 
region are commonly bascd on iterative solutions 
ovcr a fixed grid domain and normally confined 
to structural information closc to the nozzle exit 
where recirculation is significant. 

2.4 Meascrement Technlques 

The grcatcr number ;.IT plumc measurcmcnts 
have been madc under static, sea-lcvcl conditions 
with transvcrse and longitudinal prqagation 
paths. To a lcsscr cxtcnt wind tunnels and altitude 
chambers have provitlcd information .mainly with 
transverse. focuscd beam stuilics. Dedicated flight 
trials have becn rare and propagation data 
obtained is difficult to accurately match with 
missile nigh t at t itudes. 

2.4.1 Statlc, Sea-level 

Of facilities. thc most versatile is t tc  open 
range. static firing site where short and long rangc 
microwave measurements can be conducted and 
where exhaust smoke and emissions can be 
examined. 

2.4.1.1 Transvcrse measurements [ 19,20,21) of 
attcnuation made with focuscd microwave beams 
ovcr very short propagation paths through rocket 
exhausts offer the opportunity :to spatially map 
the extent of the electrical plumc by studying 
local properties at selected stations. Information 
gained in this way is especially valuable for the 
validatim of theoretical models. 

A system occasionally used in the U# 
operated with dual frequercy channels, 14.5GHz 
and 35GHz Separation betwecn each transmitter 
and its receiver was 1.22m and matched conical 
horns with dielectric biconvex lens formed the 
focused beams. The spatial resolution in the 
vicinity of the focus, midway betwecn the horns. 
presented an Airy disc radius of 0.057m for 
14.5GHz Rnd 0.023m for 35GHz. Each microwavc 
assembly was housed in a mctal acouslic cabinct 
on anti-vibration mounts to minimise airborne and 

groundborne vibrations. Thw were then 
mountcd on a frame which was raised and 
lowercd by elcctrically driven jacks. Systcm 
simplicity rcduccd lhc risk of false, mcasurements, 
each transmitter consistcd of a microwave 
gcncrator, an isolator and a microwave feed to a 
lens corrcctch horn via calibration attenuators. 
Similarly, the. receivers had lens correctcd horns 
tcrminated by a crystal dctector. Much the sanre 
cquipmcnt w+, uscd in the US through the early 
1970s whcn measurements of this type were last 
madc. A typlcal cxpcrimcntal facility is shown in 
Figurc 4a , with results from attcnuaticn 
measuremcgtd using such a system compared with 
prediction in Figure 4b. 

2.4.1.2 The concept of longitudinal measurements 
is one whcrc: propagalion path geomctries more 
nearly rwmdlc those of a missile system. The 
recciving antenna is mounted on or ncar to the 
test motor, commonly in the nozzle cxit plane. 
and the propagation path is to a transmitter in thc 
far ficld at sufficicnt distance to allow 
illumination of thc whole plume by a plane wave. 
Thc linc of sight betwccn the two antcnnac 
intcrcepts the plumc axis ai xlcctcd narrow 
aspect angles. Multipath intcrfcrence by 
rcflcctions from intruding objccts .i? . 'th"5;' 
propagation ficld should be avoidcd. A gdneral 
gcomctry is shown in Figurc 1. Rotation of a 
turntable mountcd rockct during firing permits 
attcnuation to be mcasurcd as a function of plume 
aspect (vicwing) anglc. Plumc inscrtion loss and 
amplitude modulation have becn mcasurcd for 
liquid and solid rockct motors at a variety of 
plumc axidwavefront intcrccption angles in the 
frequcncy range 1.OGHz to I40GHz 

A mcasuring system 1221 typical in plume 
studies consists of a microwave bridge in which 
one arm is an air path subjected to interference 
by the rockct exhaust and the second arm is a 
coaxial link providing an unmodulated reference 
(Fig 5). Propagation lies between two towers 31m 
apart and 9m high. A 1 . 4 ~ .  9.5GHz source' 
supplies power to an antenna on the transmitting 
tower and a lowcr power to the reference link 
betwecn the towers. The rccciving tower houses 
the rocket motor mounted on a rotating thrust 
stand with the recciving antenna attached to i t  
adjacent to the noulc. Both antennae are 
co-planar in the horizontal plane. Antenna polar 
pattcrns are shown in Figures 6 and 7 with the 
transmittcr pattcni, broad in the horizontal planc 
to illuminate the whole plumc at any aspect anglc 

.and narrow in thc vertical plane to prcvcnt 
spurious ground rcflcctions. Rcccived and 
refercncc signals are mixed with thosc from a 
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local oscillator and the resulting intcrmediatc 
frequencies (IF) are passu5 to thc main processor 
hou!;ed in a control room 9Jm from the towkrs. 

Attenuation is mcasurcd by mixing part of 
the rcccived IF signal with that from a crystal 
controlled oscillator to provide a low frcqucncy 
output for direct recording. I t  is sccn as a signal 
losyovcr a linear dynamic rangc of 40dB. Piode 
dctcction is uscd to extract amplitude modulation, 
while rcccivcd and rcfcrcnce IF signalk are 
compared in a phasc scnsitive dctcctor to obtain 
phask modulation. 

Fourier analysis complctcs the process to 
obtain the frcqucncy cornponcnts of a spcctral 
curve like those shown in  Figure 8. Coniporicnt 
signal magnitude is rcfcrrcd to thc rcccivcd 

. carricr signal lcvcl (i.c. aftcr attenuation) and 
quotcd in a 1.OHz bandwidth. The curvcs shww 
amplitudc and phasc modulation spcclra nnd arc 
compared with thc , amplitude modulation 
spcctrum (RPE) of ah indcpcndcnt, similar 
cquipmcnt opcrating simultancously at thc samc 
aspcct angle. Phase moclulalion of a 9.5GHz 
incidcnt wave has hccn rccordcd ovcr a range of 
rocket motors and, for small amplitudc 
modlllation signals such as lhosc gcncratcd in thc 
plumc, has yicldcd phasc spcctra that arc in 
agrccmcnt with simultancoiisly,rccordcd ampliludc 
spcctra. 

Typical Performance 

Dynamic rangc -40 dB 

W r c s o l u t i a n  (amplitude 
and phase modulation) 

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

" c m u l k  
% 

-I Signal A M  to PM 
PM to Signal AM 

-27 dll 
-30 dB 

Rcf AM to PM -10 dB 

C a n  be vertical or horizontal. 
Occasional USC of circular polarisation. 

2.4.2 Fllght Slmuletlon 

The exhaust structure of a missile in flight 

will vary ufidcr the effects of changcs in altitude 
and forwahd vclocity (sa$ sea-level - 3Okm. 
subsonic - Mach4). To simulate the range of 
conditions at ground lcvel requires the 
construction of cxpcnsive facilities. 

Wind tunncl dynamic plume tests. with a 
co-flowing rrce strcam at altitude. provide the 
closcst simulation of an in-flight missile. although 
thcrc arc oftcn rcstrictions on antcnnae placement 
ant1 undcsirablc shock rcflcclion and wall effccls 
to bc avoidcd. Transverse at tcnuation 
mcasrrrcmcdts are bcst suitcd to thcse facilities 
and havc lbccn uscful for analysing plume 
phcnomcna obscrvcd in flight. 

It can bc.argucd that bccausc of the control 
availablc. thc amount of information gaincd is 
niorc uscful.and cost cffcctive than that of flight 
trials whcrC intcrprctation is difficult. Such 
facilitics havc good valuc in rcscarch and 
prediction ;validation whcn studying plume 
cxpansion with altitude, nozzlcs. base flow effects, 
propcllants and additives. 

Similar remarks can be madc about wind 
tunnel prophgation mcasurcmcnts with vclocity 
simulatiorr only. Howcvcr, wind tunncl cxits can 
bc filbricatcd to producc airflow ovcr the missilc 
body whiclr, in somc rncasurc, simulatcs flight 
vclocit).. Givcn that the clrambcr cxits to an opcn 
sitc arca, a r ang  of microwavc'mcasurcmcnts can 
bc undcrlakcn both transvcrsc and longitudinal. I t  
must be emphasised that for thc lattcr casc, 
spurious microwave rcflcctions entcring the 
rcccivcrs from any ncarby objects or the ground 
must bc madc ncgligiblc. also any airflow 
intcraction with thc ground downstrcarn of the 
tunncl cxit may make conditions for longitudinal 
mcasurcmcnts unacceptable. 

Slcds propcllcd by the rocket along high 
vclocity tracks can simulate flight conditions but 
their use for longitudinal 'microwave measure- 
rncnts leave doubt about thc results obtained. It 
must bc kcpt in mind that although prefiring 
multipath rcflcctions can be reduced. the dynamic 
case raiscs thc possibility of plume rcfraction, 
diffraction or scattcring causing unwanted returns 
from the track and nearby objects. This method 
of mcasuremcnt should be approached with 
caution. 

Altitude simulation without the dynamic 
aspects of flight are of limited use but have 
considerable research valuc where ?n small scalc 
rocket firings, microwave probes can observe the 
effect of reduced ambient pressures on certain 
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chemical reactions, oh the properties of additives, 
or othcr fiindcmcntal plume aspccts. 

I 2.5 ReTractlon 

Variations of rcfractivc indcx across the 
propagatioii path of a microwavc bcam will cause 
distortion of its wavcfront and dcviared rays can 
promotc multipath cffccts in thc farficld. 

In a rockct cxhaust plume 'two factors 
dominate in dctcrmining the spati,tl ;variation of 
local time avcragcd rcfractivc indcx. ' One is the 
thermal inhomogcncity due to gradicnts of local 
plume static tcmpcrathrc. thc othcr is the partially 
ionixd naturc of the plumc gases causcd by 
rcadily ionisablc impllritics in the propcllant (e.g. 
sodium, potassium and calcium cpmpounds). Local 
valucs of tcmpcrature, prcssurc and chcmical 
composition, including conccntrations of cliargcd 
spccics (particularly frcc clcctrons) dctcrminc the 
plume rcfractivc indd  ficld. 

Calculations have cstimatcd that for any 
givcn point in a plume. changcs in rcfractivity duc 
to ionisation arc at l h s t  an order of magnitude 
greatcr than thosc dud to tcmpcraturc gradicnts. 

. 
The rcfractivc indcx of a mcdium is givcn 

by n - d v ,  whcrc v is thc vclocity of 
clcctromagnctic radiation in the mcdium and c is 
its vclocity in a vacuum. In an absorbing mcdium 
thc indcx of rcfraction is complcx: n - n(l + ik). 
Solutions to Maxwcll's equations for a 
monochromatic planc wavc ic frcc spacc providc 
the propagation constant y = a + which can be 
rclatcd to the complcx rcfractivc indcx (n) sincc (Y 

= mWc and /I = wn/c whcrc o is thc angular 
velocity of the wave. 

/IC+ *c . .n=- -  o w  

The complcx naturc of the rcfractive index 
affects the path of the ray through an absorbing 
mcdium. Poynting's vcctor oscillates in such a 
mcdium. conscqucntly thc cncrgy path cannot bc 
obtained from this vcctor . which lcads to 
compu;ations of sonsidcrab16 complexity. If 
absorption ovcr one wavclcngth is not apprcciablc, 
then the complcx law of diffraction dcviatcs 
ncgligibjy from Snell's law for absorbing media. 

n ,  Sin 0 ,  = n2 Sin 0, I - '  

whcrc the subscripts rcfcr to the media on either 
sidc of a boundary crosscd by the radiation. 

I t  is in the outcr rcgions of the plume whcre 
rcfraction can occur with little attcnuation of the 
propagatcd wavc. This leads to rcfractcd rays 
leaving thc cxhaust with considcrablc cncrgy. 

Calculation of rcfraction in t h w  rcgions of 
low rcfractivc indcx gradicnts can be achieved by 
the usc of contours of constant rcfractivc index. 
Wilt rccognising that the mean refractive indcx 
will gradually changc through the outer plume, as 
an approximaiion the path of a ray can be stepped 
through small volumc.. of constant rcfractivc 
indcx, changidg dircction at each intcrface. The 
stcp lcngth b n  vary according to the locai 
rcfractivc indcx gradicnt and Sne!l's law can 
apply 

Thc fact ihat thcse rays cmergc with little 
attcnuation can rcsult in multi-path cffccts in the 
ficld bcyond thc missilc which may intcrfcre with 
targct tracking or with othcr missiles in salvo 
opcration. 

Multiple ray tracing as pcrformcd in 
Rcl'crcnccs 23-26 will providc a morc rigorous 
method of calculating rcfractivc cffccts ovcr a 
rangc of rockct exhausts. 

2.6 Diffractlon 

Mcasurcd valucs of plumc-microwave 
intcrfcrcncc for highly-ionised plumes in 
longitudinal gcomctrics show many of the 
charactcristics of clcctromagnctic wave diffraction 
by solid objects. Simplc diffraction models [2] 
havc bccn uscd to good cffcct in dcscribing signal 
bchaviour. In morc sophisticatcd models rcccntly 
dcvclopcd the diffraction cvolvcs from the 
inathcmatical solution of the propagation 
cquations and dcmonstratcs that the cffcct is rcal. 
Currcnt modcl dcvclopmcnt in this area 
incorporates the combincd cffects of refraction, 
absorption. scattering, and diffraction. \, 

That diffract;on , may play a part in 
microwave propagation through highly ionised 
exhausts is indicatcd by Figure 9. It compares 
longitudinal attcnuation measurcmcnts for a given 
double base motor with prcdictions from the 
linc-ofsight codc. At small plume intcrccption 
anglcs from thc axis, attcnuations of lOOdB or 
morc arc prcdictcd. This is in markcd contrtst to 
the obscrvcd inscrtion loss which varies bctwccn 
-10dB and -30dB dcpcnding upon the location of 
thc receiving antenna. Morcover. at thcse small 
angles, the variation of mcasurcd insertion loss 
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with frequency is not that to.be expected should 
absorption be the dominafit IW mechanism. Only 
at larger intcrception angl 5, where comparatively 
short path lcngth3 close to the nozde exist, is 
there reasonable agrecmc!nt bctwecn prediction 
and measurement. This !s further confirmed by 
Figure 4b, where transvcrse mcasurcments at 
35GHz. using a focuscd beam system. agrcc wcll 
with calculated values of attenuation for the same 
motor. It is clcar howcver, that should 

. attcnuation measurd ovcr the relativcly short' 
diametric path at 3m be prescnt over long paths 
through the lcngth of the plume then attcnuation 
in excessof lOOdB would be cxpcctcd. 

More evidcncc of anothkr propagation 
mechanism in operation is given by Figure 10a 
and b which prcscnts plrimc attenuation at two 
wavelengths for a highly ionised exhaust plumc. 
The mcasurcmcnts arc compared with prcdiction 
at zcro aspcct anglc and two plumc axis 
intcrsccting aspcct anglcs: The antcnna 
displaccmcnt from thc motor axis was changcd for 
cach firing. 

Mcasurcd attcnuation at 35GHz shows good 
agrccmcnt with prcdictions at zcro aspcct anglc 
auggcsting conformity with thc lined-sight thcory 
of Equation 1 in Scction 2.1 which was used for 
the calculation. Howcvcr as thc incrcasc in aspcct 
anglc directcd the propagation path into rcgions of 
highcr elcctron dcnsity so that conformity 
Icsscncd. Even at zcro aspcct anglc i t  is thc 
stccpncs. of the curvc at 15dB which gives the 
appearance of agrecment. The bracketed point 
pair shows the difference in attenuation for the 
same displaccmcnt. Accepting unccrtaintia 
associated with prcdictions, expcrimcnt and 
theory arc not in great disarray, particularly 
below the lOdB attenuation level. 

Attenuation at lOGHz docs not show thc 
samc dcgrcc of agreement and with the reduced 
slope of the experimental curvcs i t  is evidcnt that 
they will cross those for 35GHz. Ekyond the 
intersection, in increasing aitcnuation. lhcrc will 
be a rcversal of exhaust pcnctrative powcrs 
between 35GHz and IOGHz, which is contrary to 
Equation 1. Slight differences in aspcct angle do 
not invalidate these observations since the family 
of curvcs allowr reasonable interpolation. 

Clearly, for exhausts where high electron 
dcnsitics exist, thc microwave propagation 
mechanism is not govcrned solely by absorption 
and other mechanisms such as diffraction should 
be sought. 

J I  I 

A g k .  theoretical description d plume 
diffraction has yet to evolve, it is a complex 
subject. [2,23,24] Recent investigations (W] have 
employed ray-tracing studies to estimate the 
tcmporal deVClOpmCnt of wavefront distortion and 
have indidled the existence of diffraction. From 
plume flowfield data of electron density contours, 
a thrce diirmsional model of the spatial variation 
and gradients of the coinplex refractive index h a  
hccn dcvclopcd. I t  was based on the discovery 
that the contours of cqual electron density. given 
by the thcorctical plume flowfield, could quite 
accurately be approximatcd by finding a solution 
to the cquation of intersection between a three 
dimcnsional "tcar drop" function and an angled 
plane. Figbre 11 shows the comparison between 
thb axial vhiation of plume elcctron density (Ne) 
for a given plurnc as computed by (i) the plumc 
flowficld modcl, (ii) a representation of the axial 
variation of Ne given by a simple exponential 
function and (iii) a 21st ordcr least squares 
polynomial curvc fi t .  The polynomial 
approximation is good, the complex stucture in 
Ihc rcgion closc to the nozde has becn smoothed 
to minimise thc ordcr of polynomial. Ray tracing 
Icd to an invcstigation of the progressivc 
wavcfront distortion cxpcricnccd by a plane wave 
propagatcd through the plume. Thc rcfractcd 
wavc front bccamc comprcssed in a pronounced 
focal region shown in Figures 12 and 13 and 
crossed ovcr itsclf prior to expansion and 
intcraction with thc undisturb2d wave. A 
physical optics modcl confirmcd that the 
diffraction was dominated by a highly localised, 
diffractive "stationary-phase" effcct locatcd in the 
rcgion of maximum overall ray compression. h 
cquivalcnt diffractor was cstablishcd, having the 
form of an idcal absorbing disc, combining the 
diffractcd ficld with the ficld from a direct ray. 
The cquivalcnt 3ffractor was rcplaced by an 
effective diffracting surface, positioned in the 
samc way. Three dirncnsional ray-tracing of a 
large number of rays and thcir truncation at a 
phasc-timc dcfincd by the assumed location of 
this surfacc, was used to dcfine secondary sources 
and rcprcscnt the stationary phase rcgion in a 
more natural way. The vcry high lateral spatial 
refractive index gradients in the rcgion betwecn 
the effective diffracting surface and the plane of 
the rcceivcr were recogniscd by incorporating 
gcornctrical masking into the diffraction 
calculation. For small anglcs with rcspcct to the 
plume axis. the effcctive diffractor approach was 
justificd bccausc the loss mechanism was 
dominated by the behaviour of the wavcrront in a 
highiy localised rcgion. It was also strongly 
influcnccd by the masking effect of the 
intervening dense plasma and a non-abrupt 
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interaction of the direct rai between transmitter 
and receiver. 

Ray tracing is illustra(ed in Figure 14 where 
the wavefront is seen to mdve through the plume. 
The contour shown is that of minimum electron 
density, given as 10iomi3, and defines the 
theoretical plume boundal:). Three microwave 
propagation frequencies a d  considered, 9.5GHz, 
3XiHz and 90GHz. The ankle of incidence is 2" 
and the distance between rQys set in this case to 
be 0.2m. The flowfield ihodel was that of a 
double base propellant motor of 30kN thrust, 
where elcctron densities ieached 1018nL-3. Figure 
15 shows a sample conlparisbn between calculated 
diffracted signal and measurqd attenuation for the 
same motor, The d i d  joints arc those of 
individual firings. the full '  line is that of the 
diffracted signal whicre WEi is the attcnuation 
level in decibds. Work is still procccding to 
evaluate this method for a rangc of rockct motors. 

3.0 OPERATIONAL IMPLICATIONS 

3.1 Guidance and Tracklig [27] 

Prom foregoing sections 0; the report i t  is clcar 
that guidance and tracking difficultic.. may arisc 
if the microwavc link pasws through. or close to. 
the missile exhaust. This is particularly so if thc 
rocket motor is rcquircd to burn uiahatcd to 
maintain closing vclocity in the terminal stagc of 
an cngagcmcnt and approaching maximum rangc. 
Attcnuation by the plumc must be sccn as an 
insertion loss within thc microwavc 
communication link. Furthermore, the sideband 
noise resulting from the scattering proccss can  be 
at frequcncics that may interfcre with semi-active 

' homing systems. , 

3.1.1 Beam Rider 

Beam riding missile systems can suffcr from 
plume effects because the missile lies in the target 
tracking beam. For a successful interception the 
centre of the tracking beam must be maintained 
on the target and this requires very precise 
angular measurement by the tracking radar. 
Beam attenuation or distortion due to ?he rocket 
exhaust could degrade the target definition that is 
so crucial in the closing moments before impact. 
Guidance signals to the rear aerial of the missile 
can pass through highly attenuating regions of the 
plume. 

3.12 Radar Command to Llne-ofSight 

The beam riding missile requires only a 

simple guidpce receiver which minimises the 
cost, weight and complexity of the guidance 
payload. This advantage is carried into the h d a r  
Command to Line-of-Sight (RCLOS) guidance 
system where the tracker locks on to tlie target 
and, when the missile is airbornc, continuously 
measlira the angle between the missile and the 
target. It is a technique that allows a relaxation 
of beam centre to target accuracy. seen as a 
problem in the beam rider, but to some extent this 
accuracy is how transferred to the mcasurem2nt 
of the midile to targct angle. A separate 
command link, usually operating at a wavelength 
diffcrent from that of the tracker, guides the 
missile to beduce the Angle to zero thereby 
maintaining > a  line-ofsight interception course. 
Rockct exhakt interference problems associated 
with the bcam rider systcm apply equally to the 
"RCLOS" system. Refraction of the outgoing 
targct trackihg signal in the outer rcgions of an 
exhaust plume can introduce multipath effects at 
thc target which causc rcturns at thc trackcr 
rcccivcr to producc false positional information. 
This rcsults in erratic manocuvrcs by the missile 
as guidance commands respond to this false 
informat ion. 

3.1.3 Seml-Active Homlng 

Thc principle of semi-active homing systems 
is one whcrc the target is illuminatcd and tracked 
by radar and the missilc is launched on an 
intcrccption course ahcad of the targct, 
anticipating its future position. A targci scckcr in 
thc nosc of the missile rcceivcs reflections from 
the target and dctermines its direction in space. 
Refcrencc signals from a direct link bctwecn 
missile and trackcr combine with the seeker 
output to establish target range and specd 
(Dopplcr) providing continuous 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 
recciver or as a contribution to "clutter', a 
commonly used term to describe unwanted echo 
signals from objects other than the target such as 
ground, sea, counter radar chaff and precipitation. 
To counter the effect of 'clutter', natural or 
intendcd, tracking and seeker radars often employ 
'rangcgatcs' and "spcedgatcs'. They are similar in 
concept. The 'rangegate' discriminates against 
radar returns other than those within a pracribed 
distance frame from the transmitter while the 
'speedgate' acts similarly in discriminating against 
those radar returns that fall outside a prescribed 
"Doppler" frequency band which can be related to 
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the veIocity,of ab: target. The signal to clutter some penalty. 
ratio is signfficantly improved by their use. 

in the context of scmi-active homing, 
incoherent pulse ,radar systems, giving range 
information, would ,e sensitive to the amplitude 
of spurious signals that may appear as "clut,ler" in 
the rangegate. Continuous Wave Dopplsr and 
Coherent Pulse Doppler systems would be 
sensitive to sip?lls having sideband freqdencies 
that may affect ;Be operation of the 'speedgate" 
filter. 

An indication of the "Doppler' frcqtiencics 
encduntered may be found in the himple , 
relationship fD - ~ v , / A  where f D  is the "Dcjppier" 
frequency shift for a given radial target velocity 
(V,) and stationary radar of wavelength "A". 

3.1.4 Active Radar Homing 

In a semi-active homing missile the seeker is 
a tracking radar without the transmitter for target 
illumination. The active homing missile has the 
transmitter included making the missile fully 
autonomous when iocked on to the target. The 
principle is that for semi-active homing but signal 
processing and computed course correction arc 
donc on board the missile. Only if the target falls 

. outside the range of the illuminating radar is 
there a need for a rcmotc signal link, this link 
givcs midcourse guidance to the missile IO 
maintain it on coursc and bring , i t  into radar 
contact with the target. During the autonomous 
stage' of flight the rocket plume is cnlikely to 
cause problems. in midcourse guidance the rear 
facing link could suffer plume attenuation and 
sideband noisc intcrfcrence. 

3.2 Srplvo Operation 
f 

Where two or possibly,more missilcs arc 
fired in a salvo the exhaust of one may scriously 
interfere with target ,tracking or with the guidance 
of another. This be complicated still further 
when the saalvo is :intended to engage multiple 
targets. The problems recoented in Sections 3.1.2 
and 3.1.3 are valid for salvo operations but with 
the addition of inter-link intuference. 

3.3 Dlscusslon 

!n trying lo odtline thc probkys associated 
with cxhaust/microwavc system ihxfcrcncc no 
attempt has bccn madc io offer dl'kions. Thosc 
available to the enginecr. depknd on the 
operational role. but few . overcome exhaust 
interference without recourse to expediency and 

SomekAutions might be :- 

Flight path offset at critical periods of 
flight to maid excessive signal losscs 
Penalty : h of optimum path. 

Provide electronic discrimination 
Bgainst interference. 
benally: I n c r d  electronic com- 
blexity, and cost. 

bse of multiple antennae or reflectors 
httacht*d to wing surfaces to removk 
Propagation paths from highly 
attenuating regions of the plume. 
Penalty: Lowered aerodynamic 
efficiency. 

' 

BoostcOast propulsion such that the 
exhaust is absent in terminal stage of 
useful flight. 
Penalty: Restricted terminal velocity 
(not always of importance). 

f i e  reduction of free electron 
conccntrations in the plume by 
chcrnical modification of propellant. 
I'cnahy: None; costs are in original 
propcllant formulations. However, 
should it be a remedial change of 
propcllant from the original then costs 
could bc extremely high. 

The use of an Active Homing System 
without midcourse guidance. 
Penalty: High cost, electronic, 
complexity and weight. 

While the broad principles of microwqvc ;, .f 
homing, guidance. and tracking reqain;&;/** ,. 
subsystem tcchnology has advanced&&i+a ;;; ' 
remarkable dcgrcc. Reference 27 details so& of,'A 
these advanccs. Where past niissile-borne systems 
have required large and heavy microwave and 
signal prowsing units, new generations of 
microwave equipment have become miich smaller 
due to modcrn circiit design and fabrication. 
Signal processing, with the advent of monolithic 
integrated circuit techdology, has led to 
miniaturization which has bcen carried into 
microwave tcchnology with stripline techniques 
and microwovc intcgroted circuits. 

Millimetric waves offer the advantage of 
small, lightweight systems having very narrow 
beamwidths with good spatial resolution, essential 





c;ualitics Tor high hccuracy and prccisc thrgct 
definition. Thc fihysical sizc or microWave 
circuiis arc proportional to thc irivcrsc of thc 
operating fi,cqucncy:and i t  is vcry noliccahk in 
antenna design. WhcrrAs at a frcqtJcncy of 
IOGHz thc antcana may have a dianictcr of 1.0m 
for a givcn bcam width. at 95GH:c. for thc same 
hamwidth, thc antcnraa diamctcf will I Y  0.Im. 

,r 
This m;iiiaturilation proccss nosy; makc?, i t  

pssihlc to have a c,umplcx homing systcm, siicli 
as that of adivc hotring. withiri a missilc of wmc 
120mm diamctc- Onc outcome of this reduction 
i n  sizc and payioad is thc opportunity to rcducc 
thc s i x  and thrust rcquircd of a rockct inolor for 
a givcn pcrformancc such that motors having 
coiiihust ion supprcstcd exhausts hccomc tlic 
prcfcrrcd opkion. This rclmrt will show that 
avoiding sccondary combustion (aftcrhrning) in 
thc cxhaust wil l prcvcnt exhaust tcnipcr;iturcs 
rising to caiisc ionisaiion and, without a largc frcc 
clcctron population. exhaust cmission will bc 
driimatically rcduccd whilc attcniiation and Ihc 
gcncratinn of sitlchand iit) isc will no longcr Ix a 
problcin. 

4.0 UACK SCATTER 
(Rotlor Cross Sectlan) s o  

Forward scattering from tlic soiircc volumc 
dcscrihcd in Scction 2.2 has i t s  countcrpart in 
cncrgy scattcrcd rearwards, hack along thc path 
lravcllrd hy thc iiicidcnt wavcfront. Again. a 
frcqucncy slxclrum from all cnntrihiitions is 
crcalcd and such cncrgy i s  rcfcrrcd to as hack 
Scatter and rorms the plume radar c r o s  section 
(RCS). Its ccho potential is usually scvcral ordcrs 
of magnitudc bclow thnt of vhc mis5ilc Ixxotly hut 
incrcasing usc of radar ahsorhiiig mittcriiils in 
stcalth body dcsign'is reducing tlic gap bctwccn 
body and plume radar return. 

S a c k  xat tcr  of microwavc radiation by a 
plume is calculatcd using thc Samc scattcring 
equations (3, 4 and 5) uscd for forward scatlcr. 
Some diffcrcnces occur in thc usc of thc 
equations for the two situations; for hack-scatter 
the angle, cr. i s  fixcd at 180 dcgrccs and thc 
absorption runclion. Ca. i s  madc of two parls that 
arc gcncrally thc Same on incidcrrcc and dcparturc 
from a scat!cring clcmcnt, dv. This contrasts 
with forward scattering whcrc cr assumes all 
values and C, differs in valuc. bctwccn that of 
incidence and dcpartuie. 

To measure backscatter from the plume the 
transmitter and rccciver arc usually in thc samc 
location (mono-static radar). The scatlcrcd 

rctrrrns into thc rcccivcr can be exprcsscd as an 
cffcclivc alca comparcd with a known standard 
rcflccrcr and rcprcscnl cncrgy in the a rm under 
the spcctral curvc. 

A n  impmant  flight tria1128) was madc in 
thc U.S. dedicated to t h  mcasrircmcnt of  
backa t t c r .  Thc rcsults wcrc comparcd with 
calculations. ' I n  gcncral. Dopplcr I rcqucncy shift 
rcIa ;cs to piumc flowficld vclocity componcnts 
along thc railar linc-of-sight through the plumc 
aiid can bc associated wi!h specific rcgicris of a 
flowficld prcdiction that ca'culatcs the spatial 
distrihution of velocity. I n  thc hackscattcr 
prcdiction cotlc. spk i r ic  RCS rctiirns wcrc 
asociatcd with spcciffc rcgions of thc plume and 
hcncc, with & m i f i c  vclocitics. Thcsc wcrc tlicn 
joincd togcthcr to form [lie total thcorc1ical"radar 
c r w  section of thc rockct plumc. Figure J6a 
shows thc total RCS h p p l c r  spcctrum nicasurcd 
in flight an9 was obtained by summing thc 
Dopplcr spcc!ra from ninc individually rcsolvcd 
rangc "bins" iil thc RCS flight data. Doppler shift 
data from caph of thc rangc 'hins' can also bc 
plotlcd. cach rangc 'hin' corrcspndiny: lo  a 20.2m 
length of plwnc. This tcchniquc provitlctl, in 
cffcct, i t  'diagnostic prolx' with which to 
intcrprct tlatit from the flight pliinic for 
corn par ison w i t ti  sI>ii t i;lJ!y resol vcd pl urnc 
Citlctll;tiionS. Valiics Troni cach of ttic nine "bins" 
arc comparcd, calciilatioli with cxpcrimcnt, in 
Figurc IOb. 

I 

5.0 EXIIAUST EMISSION 

Microwavc radiation from thc cxhausts of 
tactical missilcs can bc a mcans of tlctcction. 
lntcrcst centres Iargcly on the inillimctric rcgioii 
of tlic spcctrrrin whcrc propagation windows cxist 
in thc carth's atmosplicrc that allow thc passage 
of niillimctric waves ovcr rclativcly short 
distances. Figure 17 shows thc atmosphcric 
spcctral . transmis5ion rangc with windows at 
frcqucncics of approxirnatcly 35GtIz. 94GHz and 
140GHz. 

Thc physical proccsscs governing thcrmal 
cmi.ssion from rockct cxhaust plumes a i  
millimctric wavclcngths have bccn cxamincd by 
Sumc.1291 'rhc mcchanisms considcrcd wcrc 
frcc-frcc clcctron cmision (brcmsstrahlung). 
molccular band emission. frcc-bound clcctron 
cmission, and thc cmission from aluminium oxidc 
particlcs in ihc exhailst. Thc dominant 
mccliaiiism was found to bc thc frcc-frcc 
continuum cmission .Prom clcctrons. and is the 
only rncchanism considcrcd in this trcatmcnt. 
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LossCS during I'rcc clcctron-ncutral body 
collisions occurring rraturally i n  the ioniscd 
cxhausl form thc frcc-frcc cmission. which is a 
continuum radiation. I t  is govcrnnd hy thc 
ioni.saIion prnccssc.. supprtcd by 1 igh cxhaust 
icmpcratirrcs and alkali nicial iriipii. iiics in ihc 
propcellant. 

Electron conccritrations of ',015m-3 to 
iO"m '3  and coilision frcqucncy 0 1  1 0 1  IS-' are 
typical a t  sca Icvcl. 

5.1 Ernlsslon Theory 

Thc nioiiochrornaiic ctnission intcnsity along 
a linc of' sight p i h  of' Icnglh L through a 
:ion-isotropic. non-isothcrnial riicdiirrn is rivcn 
by :- 

where 11% (4. A )  is Ihc local hlaclc M y  emision 
iind : K(4) i s  the absorption cocfficicnt at 
wfavclcngth 2. Ttw ahsorption cocf'f'icicni. at 
angular f'rcqucncy (111 = 2.7rc/i.). ol' a pliisma with 
no magnctit field prcscnt i s  g i i u i  I,y Srirnc. 

K = 20i n2/c 

wticrc c i s  [tic vcI/xiiy ( 1 1 '  IigIit aii t~ 112 is  [t ic 
imaginary part of' the coniplcx rcf'r i ici ivc index 
(n). 

~ Following Siirnc 

2 
n2 = (nl - i n2) I 

I 

with V as the electron-ncuti al rnolccillc collision 

whcrc Ne is the clcctron dcnsity c m a  m are the 
clcctronic chargc and mass r a p t i v e l y  and is 
Ihc pcrmittlvity of frcc space, one now obtains :- 

n = [i (- (1 - ---) X + ..........., 
2 1 + z 2  

or if' 

Hcncc, if' tcmixraturc. clcctron con- 
ccntriition and clcciron-licutral rnolcculc ccllisiaii 
frcqircncy arc known along ihc linc c.f sight. thc 
criiiss'ioii can hc CiilciIl~itcd, Thc quantitics can al l  
ix: prctlictcd using stiintiard r w k c i  cxhaiist flow 
ricld ciilctllations. 

Tlic Mack l ~ d y  cinksion is givcii by i l ic  
Pliiiick cqiiiitioii 

Since apparcni t)riglitiicp, tcmpcratiircs arc 
rccliiircd. thc hliick hx!y criiission equation i s  
sirn'pl'il'icd hy ignoring t l ic f irst iB.rni (C, A-'), and 
the apparcnt I)riCtitiicss tcmpcraiurc is caiculaicd. 
The cnginccring qiianlily. Apparent Brigtiinas 
Tciiipcr:l:irrc. is  ticrc. tlcfiiird ?s that tcmpcraturc 
~ . l i i c h  is  required in Eqiration 7 1 0  givc ihc samc 
output criiissiori as in Eqiration 6 at wavclciigth A. 

Tlircc-diniciIsinrial gcoinctry is  uscd IC 

drl'iiic the I i r i f : ~  of sigh[. l l i c  p h i i o n  or any 
point along t l ic~c  lines of' sight may bc 
tralisrorriicd inio ihc plirrl~c f'ramc 01' rcf'crcncc. 
;iiid, ii .irig l i i ic i i r  i i i tc rph i io i i ,  tlic vi\llrcs of 
tci i i lwii i l lrc,  t Icc i ror i  tlci:sity iilid collisioii 
f'rcclucncy at  ariy ,point can bc calcirlatcd from (tic 

? i  

1 
I plunlc olllpu I .  
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Provision can also bc made for the pcissiblc 
transmission of background radiation from scwccs 
on thr far side of the  plumc to thc dctcc:crr. A 
uniform apparcnt brightncsr tcimpcraturc. 
spccificd by thc uscr, is asrumctl for Ihz 
background radiation. This is addcd lo thc total 
calculatcd cmissions at thc cnd of tach linc of 
sight, and is takcn as thc total cmission for lincs 
of sight which do not intcrscct tlic pliinic. 

5.2 Eniixslon Mearuremeots 

To datc cmission data arc sparsc. One U K  
based cxpcrinicnt affordcd thc oppi)rtuni<ky to 
undertake dual frcqucncy mcasur~:mcnts of 
cmissions from douhlc basc and conilwsiic rriotors 
of 30kN and lOltN thrust. rcspcc:ivcly. Thc 
frcquencics of interest wcrc nominally 35CiHz and 
90GHz and similarly constrw3cd radiomctcrs 
consisted of a dish antcnna, radiomctcr hcad with 
a Dickc refcrcncc. a mixcr ,with I.F. iirii~dificr 
lcatling to a tlclcctor and hand' :pas$ ariipliricr and 
finally couplcd to a corrc!a[cd, dctccior. Thc 
antcnna 3dB lobc widths $c.rc.:l.. dcgrxs and 0.8 
dcgrccs for 35GHz and ;,5@6&-, rcspcctively. 
Data from thc radiomctcr *$&e annlyscd by a 
dcdicatcd computcr. Figurc :8 shows tlic 
mcasurcd apparcnt brighlncss tcmpcraturcs for 
thc composite propcllant motor and Figurc 19 
shows similar valucs for the doublc bacc motor. 

5.3 Detectlon 

Short rangc dctcction of cxhaust rnillimctric 
radiation by passive scnsors is pssiblc and, with 
rcccivcrs having good spatial resolution, capahlc 
of proviiling accuratc targct harings. Thc iiscfirl 
dctcction rangc of an incoming missilc will bc 
strongly influcnccd by the sizc and thcrmal 
ionisation characteristics of its cxhaust. Much of 
the intcnse radiation may bc obscurcd by thc 

'missilc body whcn viewed at anglcs ncar to 
"hcad-on". Narrow anglc rcccption would rcquirc 
rapid scan opcration for survcillance purposcs. the 
iltcmativc of initial\ widc anglc rcccption is likcly 
to rcducc dctcctioh scnsitivity with iiicrcascd 

. background Icvcl. particularly at low clcvations 
ncar the earth's surfarc. As a dcfencc aid the 
dctcciion of cxhaust millimctric radiation may 
form, part of a hybrid systcm to providc 
surveillance, dctcction and countcr aktion. 

1 
I 

6.0 REDtJCTION OF EXHAUST 1 
INTERFERENCE AND SIGiVATURE 

It should be thc aim in rockct dcsign to 
produce a motor that yiclds no guidancc or 
tracking problcms and offcrs minimal signaturc. 

Microwave attcnuation, scattcring and emission 
have bccn directly aswciatcd with the prescnce of 
frcc electrons in the cxhaust brought about by 
ionisation of impuritics a1 exhaust tcmpcrature. 

6.1 Chernlcal Mocliflcatlon 

Rcadily ionisahlc alkali mctal impurities arc 
a niajor soilrcc of frcc clcctrons in rockct 
exhausts. Of thcsc, sodium, poi'assium and 
calcium arc commonly cncountcrcd, forming a 
vcry small, b u t  significant part of the piopellant. 
Typical concciiil itions of' thcsc metals in solid 
rockct motors would be 30ppm by wcight of 
potassium and lOOppm ,ol' sodium (and cvcn 
highcr lcvcls of calcii!m) dcpcnding upon the type 
of propcllant and iis nicthd of manufacture. 
Coniplctc wnoval of thcse impuritics from 
propcllants is difficult and prohibitivcly expcnsive. 

Coinpositc p:opcllarits incorporate caifiuin 
i n  ttlc phosphatc form to rcducc agglomcration in 
ammonium pcrchloratc, whilc the hydroxide is 
uscd to countcr thc acidity of nitro-ccllulose in 
double basc propcllants. 

Thc ionisation process vcry much dcpcnds 
upon i cxhausl tcmpcraturcs, should thcy be 
lowcrcd the clectron population will thcn show a 
rnarkcd dcclinc. thcrcby rcducing the scvcrity of 
microwave attenuation. Ultimatcly, if the plume 
is prcvcntcd from burning, vcry littlc or no 
attcnuation is cvidcnt. 

Exhaust combcstion is supprtcd by 
flame-propagation of frcc radicals likc H and OH 
and rapid rcmovd of h s c  radicals is thc aim of 
conhustion supprcssion. Although paradoxical, 
po tmiurn  salts introduccd into double base 
bropcllants as a small pcrccntagc of thc propcllant 
can stimulate thc radical-removing reaction 
proccws. I .  

K + O H + M  + K O H + M  

KOH + H -+ K + HzO 

Sodium has similar reaction propcrtics but. 
wcight for wcight, is unlikcly to bcttcr potassium. 
An important aspcct of flame supprcssion agcnts 
is that thcy should act in the gas phaw rather 
than producc condcnscd products. Potassium 
comlwunds havc bccn shown to bc cffcctivc 
suppressants for doublc base prcpcllants 
[30,3 1.321. 

Somc alkalin. carths havc bccn considcrcd, 
notably molybdcnum. iron, cobalt and tungstcn. 
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Suppression additivcs can be intrduccd in a 
varicty of ways. the most common .king as a 
propllant ingredient but othcr m c t t d s  such as 
annular spray rings, ablating rods or collars and 
charge or throat coatings arc possible. Whilc 
static rocket firings arc uscd to ascss  the 
performance of additivcs i t  must bc cagtioncd 
that in crilical 'hurdno-burn' cascs thc turbulence 
of forward vclocity or other pcrturbati/ins in flight 
may influcncc the onsct of exhaust komhustion. 
Wind-tunnel tcsts or ultimatAy flight tcsts may be 
necessary to ensure complctc coiifidcnc c. 

Thc casc for comlmitc prrp3li.nts is o x  
whcrc totitl supprcssion is unlikely to tx: 
succcssful. Somc rclicf froni attenuation can hc 
achicvcd by thc introduction of ccrtain mctal!ic 
compounds into thc cxhaust which will lowcr thc 
frcc clcctron concentration. Two chcniical 
mcchanisms arc suggestcd. One involvcs the 
process of clcctron attachmcnt whcrc frcc 
electrons arc replaced by hcavy, slow moving, 
ncgativc ions which contributc vcry little to 
microwavc absorption [35]. Using moIybdcnum as 
an cxamplc, such mcchanisms could bc :- 

C- + H2Mo04 - ~~MOO,-  + H 

I Tlicsc rcactions nwst ovcr-ridc thc already 
acting reaction 

C- + HCI -. Cl- + H 

Thc other mcchanisrn has thc objcct of 
lowcrinq thc frcc radical conccntrations in thc 
cxhaust but not lo thc point of flamc cxtinction. 
If chlorine is present in thc plumc thcri in gcncral 
lhc ionisation of alkali mctals(A) t aka  thc form 

ACl- + 3H - A+ + e-%+ HCI + H, 

whcre concentrations of electrons IC-! can i quickly 
fall if thosc of H (the hydrogen atom) drop 1361. 
It is important that the additivc should rcmain in 
the gas phase in the cxhaust, cqually it should not 
form stable compounds with ihe chlorinc. 

With doublc base pro:cllants any additivc 
forming stable ncgalivc ions i n  thc rxhausl will, i n  
somc mcasurc. rcducc frcc clcctron 
conccntrations. particularly sincc [Cl-] is not king 
gcncratcd. 

7.0 CONC.LUSIONS 

I t  is iarpcd that to fully evaluate the 
microwavc bropcrlics of a rockct motor exhaust 
for a spccific rolc. flight tests should he 
undertaken in thc proposcd opcrational cnviron- 
mcnt. This is known to be very cxpcnsivc when 
the full range of operating tcmperatures, altitudes 
and velocities arc rcprcicntcd. Also missile 
manocuvrcs and information on flight attitude at 
any instant can makc the recording of accurate 
flight data a difficult task. Addcd to this is thc 
fact that flight tests can only comc at the post 
design stagc when thc programmc is wcll 
advanced. Any fundamcntal changcs at this point 
arc often strongly rcsistcd and a compromise 
cntcrs thc project. Confrontcd with tlicsc diffi- 
cultics altcrdativc plumc studics wcrc sought and 
havc kcomc an intrinsic part of missilc systcm 
dcsign. Thcorctical studies offcring reliablc 
prcdictions at the time when design options are 
k ing  considcrcd would be the ideal way to 
optirnisc propulsion mrformance .against plumc 
cffccts. Application codcs nccd lo bc improved 
with bcttcr rnodcls for diffraction and rcfraction. 
emission proccsscs and radar c r o s  scction. But 
thcsc c d c s  arc only as good as the thcorctical 
plume flowfield inodcl and i t  is hcrc that wc find 
thc kcy and thc challrngc. I t  is largely recognised 
that furthcr plumc modcl dcvclopmcnt is essential; 
in $hock trcatmcnt; i n  hasc flow; in condcnscd 
parliclc flow cffccts and thc trcatincnt of timc 
dcpcntlant turhulcncc propcrtics. In this, thc 
advcnt' of small, but cvcr more powerful, 
cornputcrs makc possiblc the realisation of 
progrcss towards bcttcr modcls. For the present. 
plumc tcchnology has not yet rcachcd thc stagc 
wherc rnodclling tcchniqucs preclude rccourse to 
cxpcrimcnts. Thc aim of a plumc study group 
must bc to pcrfcct thcsc tcchniqucs supported by 
validation from wcll conccivcd cxpcrimen Is. 

Exhaust tcchnology is a ficld in which 
fundamciital rcscarch and system applications can 
profitably procccd, hand in hand. Syslcm t a t s  
and model validation c a n  be part of a common 
programme for rcscarch and projcct support. 
Facilitics for mcasuring cxhaust, microwavc 
propcrtics should offer maximum flexibility to 
support the following typical objcctivcs :- 

(i) To provide cxpcrimcntal data for ncw 
rcscarch conccpts. 

( i i )  To conduct cxpcrimcnts for the 
validation of prcdiction coda. 

(iii) To compare motors ' for specific 
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mission objcctivcts. 

(iv) To mrasurc : the microwave 
charactcristics ; of propcllants 
containing a rahgc of additivcs for 
plumc supprmsion and othcr 
interference rclicf. 

(v) To evaluate rocket motors for scrvice 
acccptance. 
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Plume Radiation 

by 
R. Dirscherl . 

Deutsche Aerospace AG 
Dynamics Systems 
P. 0. Box 801 149 

D - 8000 Murichen 80 
Germany 

1 

Summary 

The electromagnetic radiation'originating from the exhaust plume of I ctical missile motors is of outstanding 
importance for military system designers. Both missile- and countermeasure engineer rely on the knowledge of 
plume radiation properties, be i t  for puidance/interference control or for passive detection of adversary missiles. To 
allow access to plume radiation properties. they are characterised with respect to the radiation producing 
mechanisms like afterbuming, ii.. chemical constituents and reactions as well as panicle radiation. A classification 
of plume spcctral emissivity regions is given due to the conctraints imposed by available sensor technology and 
atmospheric propagatiofl windows. 

Additionally assesdment methods are prcseiited that allow a common and general grouping of rocket motor 
propcrtics into various tatcgorics. These methods dcscribc stntc of the art expcrimental evaluation techiiiques as 
well as calculation codks that are most commonly nseci by c'lcvelopers of NATO countries. Dominant aspects 
influencing plume radiation are discussed and a standardised test technique is proposed for the assessment df plume 
radiation properties that includes prediction procedures. These recommendations on terminology and assessment 
methods should be common to ri l l  employers of plume radiation. Special emphasis is put on the omnipresent need 
for self-protection by the passive detection of plume ,radiation in the ultraviolet (UV) and infrared (IR) spectral 
band ! 

i 

I 

1. INTRODUCTION Despite shrinking military budgets, many 
government agencies are willing to spend money on 

Duc to the changc in global balancc, NATO wcapon systcm updates including "dcfcnsive aid 
strategies are changing also. The future engagenicnt of 
forces will be more in local conflicts with conventional 
weapons for quick and internationally guided missions. 
Of paramount interest in this type of mission is the 
need of reconnaissance-, survejllance- anti waming- 
sensors and systems 

Both ground and air forces are threatened by 
hostile missiles. 90% of the planes lost in combat 
during the last years were shot down by missiles with 
IR seeker heads. The most evident way to Counter this 
threat is by sensing the hostile missile in order to direct 
countermeasure activities. The radintive emission from 
the missile's body, or more important its plume 
signature is used to perform this task. 

subsystems" (DASS) or "Missile Approach Warning" 
(MAW) systems to counter that kind of threat, 
especially for flying platforms. This motivation will 
direct and steer the future development and research of 
missile technology - namely its radiative signature, or 
rather the avoidance or minimisation of signature. 

Up to now smoke propenies were of prime 
interest for missile designers, because it is the most 
striking artefact of a missile being fired. The smoke as 
seen by the naked eye gives clear evidence of the 
trajectory, speed and distance of a missile. With the 
development of "min" smoke or smokeless motors, as 
described in earlier papers of this lecture series, this 
most evident signature is controllable. With the 





i '  
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advance of night vision and infrared seqsing dcvices 
surprise strikes are also performed duriiig night or 
uiider adverse weather conditions. This relativatk the 
smoke signature of rocket motors, but o,mphasisc':s the 
radiative pliime signaturc of missiles. 

At the moment there are two spectral regions 
most favoured for the passive de cction of tactical 
missilcplunies by missile launch and approach warning 
systems, namely the middle infrarcd spectral region 
between 3 -5 pm and the solar blind ultraviolet spectral 
region below 300 nm. 

Another concern of rocket motor plume sigrjature 
is its interference with missile guiding systems. h e r  
beam riders or guidance and control, systems are 
disturbed and limited by the infrared signature of the 
plume. 

Rocket designing engineers are working on its 
perfomiance by changing missile aerodynamics and 
motor propcrties. &sign of the rocket motor nozzle 
and missile afterbody geometry can be tailored to 
reduce IR plume radiation by reducing or eliminating 
zones of recompression and high temperature theirby 
moderating or suppressing aftcrburning. In this way the 
flight dynamic and accuracy is improved. But by using 
more energetic propellants burning faster, the radiative 
signaturc is also increased. This can be countcrcd to a 
certain degree by the usage of additives or a different 
motor design; nevertheless the radiative motor 
signature is directly related to motor performance and 
is of outstanding importance. 

I n  cases, where dual stage propulsion is used, the 
intensity of radiation in the end phase of flight is 
reduced by a raise of booster mass at the expense of 
sustaincr mass. A iiiodcm apprwdi to minimisc pliimc 
signaturc, is  to niakc thc missilcs cvcr fastcr - so callcd 
high veldcity missiles - where the speed is increased 
from Mach 2,5 to Mach 5 and more. The tactical 
missile is accelerated very fast with the advantage of a 
short boost pHase followed by a long ballistic flight 
phase after motor bum out. The advantage is a short, 
yet strung radiation emitting boost phase, with a . missing sustaiher plume, especially in the critical 
terminal phase where countermeasure deployment is 
pcrfomed. The approach for minimising overall plume 
signaturc is convincing. New problems, like high 
acceleration, explosion like boost phase, fast initial 
guidance arise due to changed missile performance. 

To address signature problems it is necessary to 
hnvc a thorough undcrstandinp, of the mcclinnistiis 
ploducing cini!;sions in plumes. 'lllc cliissificatioii of 
this emitted radiation into spectral regions. the 
operational role of the system which dictates spectral 
criteria, and the overall system design help in assessing 
comparative methods for rocket motor evaluation in 

terms of plume signature. From a designer's point of 
view the requirements are system dependent in 
practically every case and a simple grouping 2aiQ two 
or three system based categories might be consirlered 
like 

small tactical missiles 1 short range (low 
aftitudc) 
large missiles - long range [iow and high 
flying, booster phase and sustainer phase). 

This "AGARD advisory repon" can only give 
guidelines, general rules and basic mxzmendations 
for assessment methods such as: 

(i) theoretical calculation techniques 

(ii) measurement procedures 

(iii) presentation of results 

(iv) standards 

(v) units used4 

(vi) limitation of measurements and computer 
. .  ' j  ' 

' *  
codes 

The achievable prognostic results of plume 
radiation depend a lot on available measuring 
techniques and devices and on the effort and level of 
understanding that goes into the' computation of 
radiation phenomena. It is a continuous interplay 
between measured results, plume flow field parameters 
and radiation calculation dodels. 

2. CHARACTERISATION OF ROCKET 
MOTOR PLUME RADIATION 

2.1 General Description 

The hot combustion products of a rocket 
propulsion system produce a highly turbulent exhaust 
plume as they expand through the nozzle into the 
surrounding atmosphere. "hese products consist of hot 
gases from the burnink process, activated and 
dcaclivated moleculcs promoted by chcniical reactions, 
accelcrated particles of incompletcly burnt fuel, soot, 
metal oxide condensates and other solid constituents. 
The plume is an extremely complicated chemical and 
thermodynamic entity whose properties very largely 
depcnd upon the type of dropellant, motor and nozzle 
dcsign, jins tlynnmics niid flight conditions. Iliis 
clinptcr is niuinly concenicd with riidiiitiori fmni thls 
complicated source which is scattered. re absorbed aiid 
quenched during this clmission process. 

I 





In a typical propulsion system, plume solid 
particles, the nozzle and other parts which operate at 
elevated temperatures fall into the thermal emitter 
category. Thermal emitters produce radiation which 
can be partially described by Planck's spectral 
distribution of emissive power. Considerable energy is 
produced in thc infrared. The presence of this source of 
radiation is cf importance in weapon systems where 
themial seekars are used. Solid particles are evidcmt in 
the far fie:d plume region because they produce smoke 
but in this chapter we are concerned about the near 
fielJ region, where several types of solid may be 
exciteti to emit radiatioil. Soot is one type of species 
that is excited to emit raaiation. It exists predominately 
in rocket motors using carbon-hydrogen fuel with a 
C/H ratio of over 0.5. Metal oxides are formed from 
metallic additives such as Al. Mg, and Zr where 
concentrations between 5% and 20%!are used in 
composite-double base propellants. Boroxides are 
somctimcs produced in solid ramjets where Boron is a 
content of the fuel. 

Further flame emission comcs from molecular 
reactions which can be divided into the emission of 
rotational, vibrational and electronic spectra. 

In these normally compIicated..processes there is 
riIRly coniplete kilowlcdge of the kinetics of the 
chemical reactions occurring within the plume. The 
character of radiation from these sources is not simply 
described by blackbod), radiation and therefore more 
difficult to treat than that from so!id bodies. i 

! 

2.2 Phenomenology 

Rocket exhaust plumes are characterised by 
turbulent mixing and afterburning in a flow initially 
dominated by strong wave processes. The under- 
expanded exhaust equilibrates to ambient pressure via 
a sequence of expansion and compression waves. 
Mixing and afterburning processes commence and 
develop in the shear layer fomied between the exhaust 
plume and ambient external flow. 

T6e overall plume flow field can be subdivided 
into the three regions as seen in Figure 1, namely: 

the predominantly nearfield inviscid plume 
where wave strengths are strong and turbulent 
mixing processes are generally confined to thin 
layers. 

a transitional region where the mixing laycrs 
engulf the entire plume and wave strengths 

, diminish due lo tdrbulent dissipation. 
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0 the farfield fully viscous plume where wave 
processes have totally diminished and a 
constant pressure, turbulent mixing 
environment prevails. 

Given this complicated flow field regime, it is a 
challenging task to understand and predict its radiation 
properties. The objectives are .to define plume 
signature mechanisms, quantify their. temporal, spatial 
and spectal chalacteristics for various types of 
propellant and altitude regimes and list their 
importance for selected missile flight tasks. To engage 
this problem one has to secure agreement on key 
definitions, on the recognition of crucial geophysical 
constraints and on the way the parameters are 
described. Such agreement would establish a common, 
uniform method of information gathering and would 
likely describe: 

(i) the mechanisms that create or produce plume 
radiation. 

(ii)  the intensities of electromagnetic radiation 
produced over a given wavelength band, the 
spectral distribution of energy within that 
band and how measured or predicted values 
relate to the sourcc of emissions 

( i i i )  how these radiation properties are iifluenced 

. a) motor design (performance 
optiniisation, propellant composition 
etc.) 
b) conditions independent of motor 
design e.g. flight regime, atmospheric 
extinction, plume background. 

by 

This type of characterisation forms a parametric 
study9 i t  allows for an understanding of plume radiation 
phenomena and the formation of a radiation prediction 
technique for applications in support of missile 
detection, guidance and tracking. As rocket flight tests 
are extremely expensive and plume radiation 
measurements in flight are difficult to perform it is 
important to have accurate prediction codes. 

In designing passive sensor systems, battle scene 
simulation codes are. a vital aid. They must address all 
possible scenarios, a wide range of atmospheric 
conditions, variationb in background structure, 
turbulence, short motor bum times etc. To distinguish a 
missile operating in sukh'an inconstant environment its 
exhaust radiation must be characterised, emphasising 
unique spectral properties for positive identification. 
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Table 1:  PLUME RADIATION ME8:HANISMS AND MAXIMUM EMISSION RATES 

Approximale Maximum Spectrum-!nlrgraled 

Mechanirni 
Spectral 

with - 350 kgr - l (@)  Region 
Energy Supply h e :  for an Exhaiist 

1 Core Radiation 

2 Afterburning Radiation , 

3 Collisional Deceleralion Radialion 1 I 
I 
I 

4 lntemd Shock Racliatioi, 

5 Atmospheric Pumping Radiatioii 

6 Alomic Oxygen Cliemi luminescence 

7 High Altitude Molecular 

AssociationlDirrocialion Radiation 

Airglow from Rockel Vehicle Friction 

ScaiterinR of Chamber Radiatioil by Plume 

Solar Radialion Scattered hy Solid 

8 
9 

IO 

2.10 x IO3 I Wails , IH 
IR \ 1.97 x I O 3  , Waits (,h < 5 0  km) 

0 , Wails (bo 5 h 5 90 h n )  I I IWS/W 

I 1.8 x 10’ , Waur (h - o km) 

IR 

32.8 lo3 , (h 2 200 km)’. 

4 x IO7 . Watls/km (90 < h 5 I30 kmn) 

6.70 x I O 3  , Waits (h - 100 km) IWS/W 

6.73 10’ , walls in 
2.2 x lo4 ,  wait^ WS 

Panicles in Plume 

I I Solnr Radiation Scailered hy Gnreoiis 0 .19  , Wniiskrn \IS 
Species in Plume 

I2 Absorption of Solar W by Pilime Gases 7.48 x IOh , WallJ)tm I IWISI U v 
and Reemission in W .  VIS  and IR 

I 1 Pliirne-Rcflecled Brthshiiie 585  IO-^ , w ~ ~ ~ J ~ ~  IR 

* The ascendin€. rocket is assumed to follow a typical trajectory for near-carth orbit injection: 
h - altitude. Radiations given in watts/km refer to h n  of trail length with Vv - 3 kms‘l. 
** This value is for W - 350 kgs-I. Ustially at this altitude. a second or third stage is burning 
and Ihs radiation should be scaled down by a factor of 350/50 - 7. 

2.3 Origin of Plume Radiation - exothemial, radiation producing reactions 

Emission spectra are governed by the excitation 
energy of atoms and molecules throughout the exhaust 
which. among others, is a function of local energy and 
thermodynamic conditions. Gas phase radiation spccics 
present in the plunie arc, in major pan. detcmiincd by 
the 2ropellant composition and the reaction of its 
combustion products with the ambient air. In most 
cases a line-by-line model has to be replaced by a band 
model to describe the radiation characteristics. Table 1 
denotes a number of possible plume radiation 
mechanisms. 

Plume radiation can originate from: 

(i) chemical reactions in the burning process 

- molecular and electr mic excitations and 
transitions 
- chemiluminescence, fluorescerice 

( i i )  themial emission in the afterburning phase, 
plume/atmosphcre mixing and shock heating 
in  the afterburning region produced by liquid 
or solid p;irticlcs. 

4 

From the foregoing radiation producing 
niechanisnis we shall consider here in more detail only 
the chemistry of plumes, afterburning effects on plume 
radiation and particle radiation in,the plume. 

2.3.1 Chemistry of Plumes 

The variety of emitting species in thc complex 
flow system of a rocket exhaust i s  a result of the 
radiation. kinetics of collision processes in the gas 
phase. Contributions to the radiation stem from 
evaporation and condensation processes, particle- 





b 
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molecule reactions and reactive and inelastic 
collisions. A normal radiation produci!lg cheniical 
reaction (chemi1uminescenze)is written: 

A + B +C'.+ D* 

or e.g. CH + 02 -> C'O + OH* 

where one of the products of theiexothcrmal 
reaction is in an excited state (*) which is deactivated 
by the emission of radiation. The wavelehgth of this 
emitted radiation depends on the available energy so 
that emitred line spectra in the infrared. although 
broadened by the known effects of cbllision arid 
Doppler broadcning, come frcr? vibration!ll-rotationnl 
transitions, where UV and visible radiation between 
1 0  imi and 800 run have their origins in thc more 
energetic electronic transition states. A listing. 
representing classes and examples of plume chemical 
reaction, is given in Table 2. Classes of renctive and 
inelastic collision processes arc listed ;IS well :is thcir 
major effect on plume exited-state distribution. The 
first four reaction classes listed (A ~lirough D) 

represent bulk chemical rate processes where the 
rcactants and products are assumed to have internal 
state distributions consistent with "Local 
Thermodynamic Equilihrium" (LTE), and- all the 
energy corisumed or released by the reactions is 
reflected in the local kinetic temperature, 

These four reaction classes, along with 
condensation, evaporation and heterogeneous reaction 
processes are sufficient to describe most chemical 
effects in low-altitude LTE exhaust plumes. If LTE is 
not guaranteed, the hypothesis involved in developing a 
radiation model is no longer valid, since the radiation is 
dependent hpon the, population of upper and lower 
states which are ncj longer related by a Boltzman 
distribution. Rather, the populations of the states must 
be calculated by codes th;if include finite rate kinetic 
processes along strcamlines. This dit t'icult type of 
calculation has been pcrformed for the UV spectral 
rmge and yields values that range above those o f  the 
normal "Standard Plume Flowfield" (SPF) species 
calculations. 

To 3 large exleiit. emission from niolecular bands 

- 
Table 2: CLASSES A N D  EXAMPLES OF PLUME CHEMICAL kEACTlONS 

I I I 

A I1 . SI - Al l  . 51 

! 
A fl . Iir.11 - C I )  

Oll . I I ,  - Il,O . II 
CO 1 oil - Cci, . II 
I I  6 I I  51 - 112 . \I 
011 . I 1  . 51 - I l2O 1 5 1  

('0, . 0 -4 CO . 0, 

11,O 0 - 7011 

o2 . hl - 20 hl 
ll20 + \1 - I1 011 51 

I Reacttons That Creaie. k r l r n y  nr Tranrrniiie Exciled lnlernal Slaws 
- 

E Chemiluminesccnl 

Dimdccular Reactions 

F Chemiluminescent Com- 

bination Reactions 

0 Cdlidonal Eacits'ion 

II Colliuonal Quenching 

I RCJCIIW Oucnching 

I F ~ c i ~ r ~ i r n  Trrnder 

CO2 + CO2 - COZY . COj 
0 . 1120 - l 1 2 0 A  . 0 

coi . \1- CO2 . 51 
0 1 1 '  . bl - 0 1 1  . \I 

Excited electronic state 
I Exciled vibrational stale 
I Excilctl rotational s la t *  
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h 

is concentratcc! in the infrared spectral region, with 
emitting molecules and band cet!tres being documented 
in Tablc 3. Wlicn vicwing pluliic radiatioii ovcr long 
d i stancc.r., at niosp t ieric at ten uat : on becomc F import ant 
and detection is possible only in ,\tmospheric 
"windows". Dominant IR-emission is that from CO. 
C02.  and OH. If l3oron is abundant e m h i o n  from 
1-11302 and 13203 can be obt:iincd. Visible r;idiation 
originates prcdoniiiiantly from Alkrilinc Inclills such iiS 
Na 1'0.585pni). K (0.72p-n) or oxides lik.: 1302 arid 
AIO. Due to clieniilumincscencd 01 I-intenhitics call be 
higher, as described by Pla!ick's radi:ition laws. 
Examples of rate constants ancl spectra f(?r CO + 0 
chcmiluniinescent reactions are 1;ivcn in Figbrcs 2a, 2b. 
2c. Ille rcadcr is nlso directcd tnwiird Rcfckncc 12. A 
listing of important electrotiic cheniiluniincsccnt 
rcaction mechanisms is given in fablc 4. 

entrained air in the so called "Plkne Mixing Layer" 
after leaving the nozzle (Fig. 4). A descriptive term for 
this sccor:tlary combustion is "aftcrbuming". With 
cncrgclic pi;opclltints this oxidation is very similar to 
the conibuztion that occurs in turbulent diffuse flames, 
Zxcept tli;!! i t  now' occurs in a complex multi-phase 
expaiisio:i accompanied by strong shocks. 

. .  

As ill thc case of ordinary combustion, 
afterbuiiiiii$ is a. frcc-radical chain reaction process 
requiring ;I modcratc dcnsi:y of both oxidiscr and fuel 
spccics !o sustain the chain. a requirement that 
generally restricts this phcnomena to low altitude LTE 
exhaust plumes. Afterbuming can be suppressed at 
high niissilc. vclocitics which tend to "blow off' the 
aftcrbuniiiip plunic rcgions in much thc samc manner 
as tlic I l m e s  from a Bunsen burner can be 
cxtinguishctl by increasing the air/ftiel flow rate above 
;I critical v:iltic. 

1.96. 2.01, 2.06. 2.09. 2.77. 4.2G. 4.(13, 4.7d.  J 92. 5.1 7. 15.0 

4.66. 2.34. 1.57 

3.45. 1.76. 1.20 

0.94. 1.1. 1.38. 1 3 7 .  2.66. 2.73. 3.2. 6.27 

4.50, 6.17. 15.4 

2.87. 3.90. 4.w). 4.54. 7.28. 3.57. io.w 
1.00. 1.03. 1.08. 1.14. 1.21, 1.29. 1.38. 1.43. I 50. 1.58. 1.67. 1.76. 1.87. 1.99 

4.0. 4.34. 5.34. 7.35. !L(1(1 

- 

For iipplic:itiolis kcycd to missile dctcction. 
guidance. ctc., the ovcrall plunic structure and its 
radiation is of strong interest with attentihn gencrally 
focused o n  thc far field solution. 

FOI. detection purposes i n  the temiinal Ilight pha.,:, 
the plunic geometry and dimensions arc of grcat 
imponancc, because "side on" aspcct iiliglcs changc to 
a dircct "head on" situation were thc ccntrc pad of the 
plume is shaded by the missile body. as scen from the 
target (Fig.3). 

For such applications, the near field solution 
serves to provide starting colitlit ions for ii f:irIickl, 
coiistiiiit prcssiirc iiiixiii~aftcrliiiriiiii): ( * : \ l C ~ ~ l i ~ t  ion ( 14). 
I h t h  rcquircnie:its and thcir iiitctfiicc prcsciit a 
challenge to mathematical niotlclling. The fuel rich 
products of combustion inherent in solid rocket motors, 
often comhined with significant amounts of ignition 
residue, lincr and inhibitor. mix and hum with Uic 

'Il1c cllicl' inipoct tIii1t iiftcrhuniirlg chcmislry liils 
011 plumc r:itliation sigiiaturcs comes from tlic increase 
in plumc tcniperatures through heat release. Most 
rockct c.uh;itists produce Id2 ind CO as the main gas 
phasc spccics that fuel afterbuming rcactions with 0 2  
from tlic surrounding atmospherc to produce H20 and 
C02 .  'I'hc cncrgy transfcr in tlic aftcrbuming rcgion 
producing cxitcd vibratiotial. rotational and elcctronic 
states is mhcr  complex and we refer here lo the 
ciitcnsivc ;rv;iilablc literature. 

I'rcLiictions of exhaust plume tcmpcraturc pr.>files 
for ;I typical tactical missilc with a highly encrgctic 
propcllaiit is cxhibitcd in Figdrc 5a. 5b. Piiniculates 
( I  6% aluminium in the propellant) were equilibrated 
with the gas phasc in pcrfoming these calculations. 
'I'hc iiftrrl3iiniing is quitc rapid ;it sca .lcvcl, with 
sigiiilic;iiil tiii;iiititics 01' iinhiinictl CO :iiic1 I I2 iii th,: 
cxhnust t ~ . ~ > i g  tlcplctcd within 100 radii of thc nozzle 
exit. Non cquilibriun? gas/particle calculations for this 
system would exhibit substantial difference in the flow 
structure t 1 t . i ~  to the high particle loading. 





EXHAUST PLUM E ELECTRON IC CH Eh 11 I .  U M I N ESCENT REACTION hiECHIUJISMS 

Ch1.l 
Fmilting 

Species 
Possible Punrping Reaction 

c20 + 0 - CO' + CO 0 5 0 7.1, R 
h l  120.1 

000 73 
55901 , 
48687 

0 I54 

0 l h 4  
0 I I O  

0 I79 
0 2 0 5  

0 306 

CO 

OH 

0.3 I4 
o.3a: 
0.432 

3 I828 
25949 

231 50 
Cl I 

-4 C' .- CO2 
+ O2 - C2' 4. CO + 0 d 3 l 7  20022.5 0.499 c2 

N2 SO206 N21I2 + 0 - N2@ + lI20 0. IO') 

Nil  N2' ( A )  + NH - NH' + N2 29772.5 0.336 

NIl2 Unknown 
.- *A I 

A2.Z 43965.7 N2* (A)  + N - NO' + N2 0.227 

Na 2P I6973 or 56 OS89 N2@ (A)  + Na -. Na' + N2 
NaO + 0 - Na' + 0, 

- 
continuum ( I E I ~ )  c02 0.28-0.45 CO + 0 + M-- CO2* + M 

I 

I 
I36096 
j 49802 

0.277 

0 201 
(3 + O'+ x1- 02' + M O2 

I --- 0 + NO + ,U - N(12' + M continuum (28 2 I '  B2) - 
I 

0.48-0.8 
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In flight. as missile altitude increases, the 
afterburning rate decreases duc to a reduction in 
ambient pressure. Above 10-15 km and/or for “cooler“ 
double-base propcllaht systems (i.e., tlio,zc with 
exhaust temperntorvs less than IWK), the onset of 
afterburning is partially controlled by the conditions in 
the missile base region. The role of the base region as a 
flame holder has been noted during a number of studies 
and combustion that occurs at the base can induce 
aftcrburning in the downstream plume shear layer 
which would not otherwise be present. I’his is caused 
by higher initial temperatures in lhe plume shear layer 
and an increase in free radical conccntrations. 

2.3.3 Particle Radiation in the Plume 

In general. 
influence the 
plume rndiat ion 
signaturc in ai  
Ieosr fivc hays: 

temperatu+, and concentration (Figures 6 and 7). For 
ccrtain applications, such as scattering from laser 
beams it i4 also necessary to know the particle shape. 
Tcmpcrature is, in general, dcpcndent upon particle 
size (i.e. thermal lag), especially for small motors and 
high altitude plumes. In addition to the preceding flow 
ficld particle parameters, the plume signature also 
depends upon certain optical parameters, specifically 
the variation of emissivity with particle size, 
temperaturk, and wavelength. The variation of 
emissivity with size can be computed usins Mie theory, 
it  provides the scattering and emitting properiies of a 
spherical particle of known size and refractive index. 
The assumption of spherical shape is probably 
acceptable for emission, but it can lead tc serious 
errors in certain scattering properties if the particles are 
actually non-spherical. 

irticulatc matter in the plunie may 

Proprllanl Type Rdialion Mechaiiivn 

Aluminiscd Mid AP203 Pirlicle Themduminexmcc 

Conlporilt$ OH. CO + 0 Chemiluminercencc 
Af  0 VJ D Line Tliermoluminercmcc 
I 2 3” 
A! 0 , I I  0. COz’ CO fhenduminexence 
Ap20,, HZO. CO2 Thencduminncenct 

. .  

2 3  2 

chcmically reacting U itli/pluiiic g:iscs 

( i i i )  I,y catalysing p1iysic;il i>r cheniic;il changes 
in plume gases 

(iv) by emitting thermal radiation as n result of 
heating in the rocket combustion c l imber  3r 
pluI1ic iifterbLlrniilg regions j 

I .  

I 

(v)  by scattering radiation, such as sunshine, 
earthshine or conibustor radiation 
(searchlight effect) 

It should be noted that mcasuremcnts of plume 
radiation in the IR can be influenccd by the hot nozzle 
exit which also emits in the IR.  , I 

71ic prcscncc. of hot panicles in the exhaust pliirne 
generally leads to significant levels of radiation 
throughout the ultraviolet, visible; and infrared spectral 
iq ions .  Thcrc arc also othcr iniportiint pnrticlc cffccts 
such as tlie scattcring of su!ilight and the scattering ot 
emissions from the combustion chamber and other hot 
parts of the motor. The important particle parameters 
affecting plume signature arc their size distributiun. 

Wavtlenglh Rqim 

For plume 
calculations such 
in formation 
about particle 
properties is not 
generally 
available other 
than that for the 
more common 
m:i I cria Is of 
carbon and 
A 1203. Values 
for the 
absorption 
Coefficient of 

Aluniiniurn Oxidc (Icucosopphire) can be three or more 
ordcrs of niagnitude untlerestimatcd as experiments 
with particle% in flames havc shown. Absorption 
coefficients and indices of refraction for temperatures 
up to 29SOK are given in Reference 16. 

Size of motor and, as indicated in Table 5 ,  
propellant formulation arc two important factors in the 
computation of radiation from particles within a plume. 
The optical depth is the relevant non-dimensional 
parainctcr for determining the nature of the radiation 
transport and is the path integration (absorption + 
extinction) coefficient, or equivalently the ratio of path 
length to photon mean free path. If the motor is small 
and particles are present in small concentrations only 
as a stabiliser. the situation is one of low optical depth 
and the particle continuum radiation and gas band 
radiation may simply be added together linearly. At 
higher optical depths the two contributions must be 
combined in a non-linear fashion. For “black” particles 
such ;IS carbon. this is casy since the effects of 
scattering can be neglected. In such cases the plume 
signatures can be calculated using a simple, one- 
dimcnsiorial line of sight integration as used for 
gaseous emission. when scattering becomes important 

\ 





the signaturc calculatioh is considerably morc difficult 
a id  must recognise the three-dimensional naturc of the 
radiative transport process. 

comma: among important particle species in 
tactical mis:ile plumes are carbon and metal oxides 
such as ,41203. MgO. ZrO2 and ZrC. The optical 
propcrtics of thcse condensed species arc considerably 
more complex than those of gaseous species such as 
1-120 and C02 .  Carbon usually occurs as a product of 
incomply;e combustion and i t  is generally not pqssible 
to calculate the soot concentration in a plunie a priori. 
Soot partkle sizes tend to be strongly sub micron and 
undcr krtain conditions thcrc is cvidence of 
agglomeration. thc building of si1iiIller particles into 
longer ch;iins. Carbon is a stroiig cmittcr over the 
cntim ulirnviolct. visible and infrnred rcgion. 'Ihc 
{iptical properties are somewhat variable ?nd tlepcnd, 
among other.things. upon the hydrogen content. A1203 
occurs either ;is a product of nluniiniscd propcllrint 
combustion or ;IS ;I stabiliser when: i t  i s  ;itl&tl clircctly 
to thc propcllant in  smnll qunnti;ics to s1ipprc.s 
iicoustic oscill;itions in thc motor chiiliihcr. Tlic 
cfficiciicy per gram of  a stabiliser matcri;il is m;iximum 
for particles c[  micron sizc without iibsorbing cnergy. 
whcrcxis larger piirticlcs have lo\vcr sur fxc  :irc;i pcr 
unit iiiys. Typical riidiation niecli;iiiisiiis rcl;itctl to 
prqwll;ihts iintl wiiv~lcligtli rcgion ;ire givcn in  ' l ' ;~l~lc 5. 

Like the other metal oxides, A1203 is ;I kirgc 
band gap scniiconductor in thc solid phasc. 'Ihc 
cmissivity is high in the ultnviolct illld far iiilriircd but 
lower i n  thc visible and mid-infrared (traiisparent 
regime). 'To a large extent eniissivity in this rcgimc 
depend.; upon the semiconductor contamination level. 
A1203 is generally liquid in the motor chamber and 
solidifies in the nozzle and extcmal plume. There have 
beci; many attcnipts to model the formation of A1203 
particles. but progress has becn limited by lack of 
reliable size distribution measurenicnts. 

. 2.4 Classification of Rocket Motor Pluinc 
Signatures on Spectral Regions of,Emitted 
Radiation 

The design engineer must be aware'of'the spectral 
range of plume radiation whr::hcr it is his task to 
provide cffcctivc missilc dctcc! ion systems or, in (he 
case of rockct motor design, a s!calthy propulsion unit. 
F%ptlly, he must recognise the spcctral di:;criniination 
of atmospheric propagation am!, ii, particiilar, that of 
the rcgirnc undcr which a gtvcii niissilc operates. 
Spcctral i n f o n d o n  is important ,for riesign purposes , 
since the q u i r e d  techniques for differcnt pans of the ' 
electromagnetic spectrum can vary significantly. For 
instance, it is understood that ultraviolet ernission can 

\ .. 0 
. I I  ,.* 

6-9 

' be dominated by minor constituents of the plume, 
whcrcas th& infrared signature is generally dominated 
by the plume species of highest concentration. 
Theoretical models employ a range of application 
codes to cover rhe electromagnetic spectrum. 

With ,:a wide available ciisice of propellants. 
igniters and materials used for, or in contact with the 
combustion process it is important to remember that 
one spectral feature may uniquely identify a missile. 

I t  is possible to classify plume radiation signatures 
by dividing piume emissions into four principal 
wavelcngth .regions. 

0 Ultraviolet: I 0 0  - 400 nm 

Visible: 4d0 - 700 nm 

0 Infrared: 700 nm - 14pm 

0 Microwave: 2 - 3 0  Gklz 

'The CiiSc with which dctection can be achieved 
within c;ich rcgion will tlctcmiinc its operational 
inipcirtqiicc. Many factors govcm thc clioicc such as 
niissilc flight. ;iltitutle riiitl nttitutlc. type of propellant 
;in11 niotor. \vi\ys of scnsing, ;ind iiitcractions with local 
cnvironnient and atmospheric propagation. 

Until recently thc IR-rcgion was the most studied 
sub-region in plume radiation investigations. Infrared 
handbooks allow public scccss to all important facts in 
this spectral band, be it atmospheric propagation, 
rcflcctivitics and niater;al properties or even IR sensor 
tcchnology. Bccause of problematic background 
behaviour in the infrarcd newly developed sensing 
devices in the UV-region are gaining in importance. 
Table 6 dsfines the IR,  visible md UV wavelength 
regions of interest. 

2.4.1 Ultraviolet-Rad iat ion 

The Ultraviolet (UV) region can be further 
divided into the vacuum UV (VUV) (0.1 pm to 0.2pm). 
the mid UV (0.2pm to 0.3pm), and the near UV 
(0.3pm to 0.4pm). At VUV wavclengths atmosphcric 
attenuation limits transmission to extremely short 
ranges. Test ccll mcasurements can be made by 
operating in a vacuum arid viewing through appropriate 
window materials. For tactical missiles this region is of 
no practical interest. 

In the mid UV, or "solar t)lind" rcgion, 
atmospheric attenuation confines measurements. but 
the availabiiity of cxtrernely sensitive dctectors and the 
absence of naturiil radiation sources in this rcgion mdke 
the mid UV an attractive region for the dctection of 
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Table 6: Defiri tiori of Wavclerigtli Ikgioris of Jritcrcst 

L, 

-- 
VUV Vacuum-UV - A=2OQnm Q = 6,2 e'/ 

Am2280 nrn o-3 .6 . ld  mrn" (1=4,4eV 

"" uv-c 
FUV FAH-3V 

- 
- - g .r 2 W - 8  MID-UV 

.o U 

3 2 UV-A 

A-315 nrn 0-3.2.ld mrn-' 4-3.9 e V  >cl 
- U  

.- 
I - 
I i , -- 

h-380 nm V-7.9.101~ HZ a=2,1$-1dmrn'~ Q-3.3 e V  

VI s v i o l  e t  
b l  ue 

b l  uegreen 

424 nm 

486 rim 

517 nm 

&.'ee&- 527 nm 
ye1 1 ougreen 575 nm 

585 nrn 

647 nm 

- 
ye' ' ow 
orange 

red 

V - d h  frequency 
0 I 111 Wavenumber 
Q - h - v  Photon eneigie 
(h -  Planck's;  constant 

' 1 CY 1,602 * J O U ~ C )  

A - 780 nm ~=3 ,85 .10"  Hz a-13-ld mm" 4-1.6 e V  

A-3.0 pm 0-330 rnm-' Q - 0.4 e V  
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- dctection of tactical missi e plumes. in the near 
UV atmospheric transmission ixnnits measuremcntq 
over long rangcs, hut solar scattcr is promirlent. 

, 
i 
! 

2.4.2 Visible Radiation 

Visihlc radiation is easily tlctectaHlc by the 
h u m a n  cyc. Its atmospheric propag;rlion is tonstrained 
hy watcr clouds. Vciy advanced dctectoi technology is 
available using ;I range of silicon dcviccs 'as wcll as 
high gain photn multiplier tuhcs. Principal intcrcsts are 
in the strong sodium ( N a )  ;rnd potnssiuni (K) line 
emissions (Pig. X for  Na). 'Ilic emissivity is strong 
cnougii to t~ctcct inipuriiies at ~ e v c ~ s  of a few parts per 
million. 

Rccausc of the dominating hackgrouiid cluttcr 
from the sun and ;irtificial light sources causing high 
fiilsc alarm ralcs. thc visihlc :;pcctral Iwnd h;is hardly 
hccn ciiyloyed for :iutomatcd plunic scnsirig tlcvicc!;. 

2.4.3 lnfrarcd Radiation 

l l i c  1R region is suhtlivitlctl into thc near IR 
(0.711ni to 2.Spn1).  the mid IR (2 .Spm to Siriii). thc 1;ir 
IK (Spni to 14~rm),.iiiid tlic cxlrcnic IK  (14plil to 
iiiicrow;ivc), 'I'licsc regions . 1i;ivr ;itiiiospIicric 
tr:insniissiori wiiitlows. with sigiiil'ii*;iiit, ii;itiir:iIly 

occurring bxkground radiation sourccs (I:ig.!l). 

2.5 I'lumc Flowfield and Motor Design' 

The potential use of plume electromagnetic 
radiation to uniquely describe a missile fot wh:itever 
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purpose rcquircs detailed knowledge of the exhaust 
flow ficld properties that generate the chemo-physical 
emission mechanisms. Development of the flow field 
is govcmcd initially by conditions insidc the 
combustion chamber starting with the propellant, its 
formulation and the conditions undcr which i t  bums, 
the accclcrlit ion of gascs through the nozzle throdt and, 
their controllcd expansion to meet ambient conditions 
cxtemal to [lie motor at the nozzle cxit. Fuel rich gases 
exiting the nozzle mix with oxygen frcm the 
surrounding : air to promote secondary combustion 
(aftcrhumind) crcatini: an cxhaust flow field which is a 
ficrccly buniing, high!y turbulent gas jet. 

From thc forcgoihg i t  is clear that plume radiation I .ignaturcs for iI givcn motor can vary widely 
/clcpci:ding tipon tlic conditions undcr which 
measurenicnts arc performed, nnging from those of 
static firings to thosc of flight tests. Coniparison and 
iisScSS~i1CIit or missile plume radi,ation signatures 
should bc made utilising information from a variety of 
sourccs, using motor properties, flow field parameters 
2ii.d cxpcriiiitlitiil test results. A listing 10 indicate the 
rclcvant data rcquircd v. .,uld rcad: 

m)r proncnics promotinc ihc (low ficld 

I'ropclhnt foniitihtioii iiiclutling tr;icc 
c IC' n ic n t s w I I i c t i  11 I i g li t c rc:i t c non eqii i I i liri u ni 
pticnomcna producing highly excited states 
Thrust and m m  flow 

0 Nozzlc geomct:y and cxit Mach number 
0 I'rcscncc o f  flanic supprcss;ints 
0 I f  a liquid cngine. then fuel and oxidant 

comnosition and fuel ratio (F/O) 

Table 7: Rocket Engine Exit Plane Flowfield Pararnetcr/Chcmical Composition 

\ 

Rowf'ield Parameters 

M - 2.2 .' 

PS = 36.67 kh rn-, 
' J  I 2036 ms- '  
T 3 2199 K 
M W  - 26.14 I b d l b m  mole 
1 = 1.23 P 

C h e m  i cal Com ps i  t ion 
(Mole fraction, X I )  

CO = .164 

CO, = .2096 
H - .(I416 
f i 0 ,  = .0000712 

1-i 2 - .0324 
H,O = ,2843 
0 - - ,0458 
Ofi = ,0514 - .I'IOJ 

- 
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An cxaniplc of a one dimcnsional kinetic analysis 
is shown in 'I'ablc 7 and a calculation of plume 
rridiancc using thc parameters of Table 7 is givcii in 
Figiirc I O .  

\ 0 Rndionictric and spcctroscopic nicasurc- 
mcnts 

o Motor paramclcrs 
0 Viewing geometry and range 
0 Atmosphcric conditions 

I ' l i d i I  racliiition mcasurcmcntS 

0 Radiometric and spcctroscopic mcasurc- 
merits 

0 Time liistory of flight to relate to riieasurc- 
mcnts 
At mosphcric coiidit ions 
Time history o f ,  flight must rccognisc the 
missile altituda. velocity, roll rate, attitude, 
raiigc ;ind geometric rcl:itionsliip bctwccn 
the plume and measuring instninicnt Tor any 
instant during flight I 

I 
I 

Influcnces of ciivironmciil 

0 Flight trajcctory 
Altitude rcgimc 

.. I 
I hc tlct;iilctl plume shock structure 01' ;I rockci 

motor operating ;it simulated llight vclocity of Mach 2 
is shown in f-igurc I I .  I t  is based on photogrnphs and 
prcssurc nicasurcmcnts. ~ h c  motor cstiaust tlow 
cxp:inds to ;in ;iltitudc stotic prcssurc ;incl iiitcrsccts 
\villi tlic supcrsonic frcc-strcm airllow. 'I*!ic c.uh;iust 
gascs mix \villi the gascs i n  tlic hasc recirculation m i c  
which. iii turn. mix with thc frcc-stream airflow. Ilic 
flow do\viistrc;ini of each Mach disk (nomial shock 
w a w )  is subsonic and is rcacccleratcd to supcrsoiiic 
flow at thc sonic line. 

Constitucnts of surrounding air ancl inixing 

'Ilicrc arc iio gcncnlly ;icccptcd st;indards o r  
nicthocls in tisc to ; I S S C ~ S  tlic radiation propcrtics of 
rockctl niotor cxhnusts. I f  tlic radiation prodircing 
mechanisms arc known to a certain dcgrcc of 
confidcncc tlicn other aspects IO hc takcii into xcount 
arc: 

concentrations of panicles within the plume and the 
existence 0 1  any quenching molecules. 

( i i )  thc opacity of thc plumc's immcdiate 
cnvironmcnt to thc radiation rclcascd from thc plume 
which would, for example, include smoke or any other 
fomi of local obscuration in the line-of-sight to the 
obscrvcr. 

(iii) \he complex and multiparanictric problems 
of solar illumination. background radiation and 
atmospheric transmission where "windows" exist 
subject to various loss mechanisms such as Raylcigh 
and Mic scattering, niolccular absorption and aerosol 
attenuation. f'ig. I 2 shows atmospheric transmission 
windows. 

3.1 Expcriiiicntal Mcthods 

Ttic majority of expcrimcntal methods used to 
iisscss plumc radi;ition cniploy onc or more of thrcc 
typcs of instrumcnts 

0 Radiometric devices which measure 
radiation intcnsity in a specific, broad band 
spcctral region. 

spcctronietric dcviccs which measure the 
radiatcd plunic iritcrisity as a function of 
wavclcngth 

iinaging tlcviccs which rccord intcnsitics and 
radiating plunie gcomctries on a timc scale 
givcn by thc canicra type 

I t  is imponaiit to lioic tliiit spcctr;il nicasurcmciits 
pcmiit st;itcincnts 10 be Iilndc i i b ( > U t  thc cllcinicid 
coinposition of ;I plumc Icnding to the possibility of 
posi t ivc ni issi le idcrit i fica I ion. 

3.1.1 Radiation Esscntials 

As..:ilicasurcmeiits dcpcnd to :I large extcnt on 
"st;itc., or thc art" instrunicntation we shall avoid 
dct;iilixl ticscript ions of c(liiipmcnt. Ail outliiic of Iiow 
IO piy+ci is givcn i i i  I:iguivs i 3 to I S. t:igurv I 3 is 
csscidi$illy ;I tliagmii of tlic ;ncIi;itivc hcat triiIisl'cr 
cqytiibb:. i n  I'igurc I 3 ttctcctors anti artificial light 
sourcts over ;I broad spectral range are givcn. In 
Figurc 1.5 a calibration procctlurc for a 
c;riiicra/ratliometcr is prcscntrd in a gciicrrrl graphical 
for l i l .  

( i )  the opacity or optical depth of the plunic with 
rcspcct to its own cniissions to dctcnninc tlic radiation 
exiting the plume. This will dcpcnd on the size and 

\ 
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3.1.2 Test Techniques 

13ackcd hy technical and financial feasibility, 
rockct motor plume radiation characteristics may be 
dctcmiincd using a variety of tcchniqucs sclcc~cd to 
focus, upon tlic paramcter of interest with the desired 
accur'yy for thc charactcrisation. 

Plunic characterisation may he pcrformkd by 
coiiiput;itiotis, nicasurcnicnts tluritig static, sc:~-lcvcl 
tests, siniulation chamber tcsts.! or flight tests. In 
principle, ihe tlighl tcst is supcrior in that i t  providcs a 
real environment hut the cost nntl nieasurenient 
tlifficultics makc i t  gcnerally prohibitive. 'Testing undcr 
simulated conditiotis a t ~ d  simple static tcsting follow in 
ordcr of rcducctl expcnse and complexity. The 
altcmativc, that of cotiiputcr hasctl j tlicorctical 
modclling, is attractive hut dctiiiitids of confidencc and 
Iisually makc validation by test firings neccssary. 

3.1.2.1 Static Tcsting 

Opcn sitc. ground level. static tcstirig of a solid 
propcllant rockct provides ~ C C C S S  to tlic plume by 
radiometric instrunicnlatinn. I t  'is thc cheapcst ,and 
easiest test to conduct. In tcniis o f  utility it is thc least 
dcsirnhlc sincc t tic rockct motor docs not expcriencc 
thc conditions found in flight. conscquently the static 
plume docs not have burning characteristics identical 
to those in flight. Plume spectral and spatial radiation 
properties mny he nicasured and uscd to validate 
prcdictivc codcs for the static I:ondilion. Atniosphcric 
intcrfcrciicc can affect rneasurcmcnts in this type of 
test. particularly over long rangcs. I t  is tiecessary to 
adequately determine attendant atniosphcric conditions 
to calculatc signal losscs. 

I)uring a stirtic test gcncral motor pcrfoniiaicc is 
monitored. Dimensions. propcllaiit formulations, ;md 
the likc are predetermined bu! pcrfwiiance parameters 
such as thrusl, chamber pressure. temperature, and 
body defomialion can be measured. 

Illst ntnlciitiitiotl dc ploy;iic ti t is rcln t i\,cl y 
straightforward with fields of vicw and rangcs 
stationary and easily tlctcrniincd. . Limitations only 
exist whcre constraints produced by the test stand and 
terrain arc encountered. 

3.1i2.2 Altitude Chambers 

lxg&,wici\i!tn cli;itiilxrrs exist Ciip:thll: of tcstitig 
I 'UII-SC+ Ijiotrc~s anti suk>systciiis up IO .titiiul;ttctl 
altitudcs'of 30. kni. Ncar ficld data (nominally one exit 
dia-n$kfi):can be acquired which arc useful for start 

.+; : ..  .;'. 
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conditions to code predictions. An example is given in 
Figure 16. 

3.1.2.3 Simulated Flight Facilities 

Testing a solid rocket motor under simulated 
flight condition5 provides a more realistic plume than a 
static firing but oftcn has restricted access to the plume 
t)y radiomctric instrumcntation. Flight simulation is 
more expensive than thc static test although it is far 
easier and cheaper to conduct than a flight trial. In 
ternis of utility i 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 static tests 
apply equally to flight simulation and arc increased in 
nuniber by those introduced by simulation. (Fig. 17) 

Tcst cells arc available which can simulate flight 
conditions from sca level to altitudes of some 25 kin 
and from subwnic vclocity to ovcr M3.0. Ihc 
cap;ibility exists for fu l l  opcrritional s p e d  manoeuvres. 
1:ncilitics arc Ilcxihlc cnough to accommotlnic thc 
coniplctc propulsion system and during simulated 
flight tcsts, contlitioncd air flows past a stationary 
model arid flight characteristics arc measured. The 
airflow can bc distorted to simulatc cotiditions found in 
actual flight nianocuvres. 

The  major advantage of testing tactical missiles 
undcr controlled simulated flight conditions is the 
nhility to contluct cxtcnsive plume flow field and 
radionietric measurements of a given phenomenon to 
acquire data to validate flow field and radiative 
predictive codcs. The major disadvantage is the 
initbility 10 acquirc farc field data and perhaps that 
flight condition which idctitifics rhc onsct 3r 
termination of aftcrbuming. 

3.1.2.4 Flight Tests 

Flight tests offcr true &tlisni but they arc 
cxpcnsivc and prcscnt cxtrcnic cxpcritiiental 
difficulties. Observations (measurements) may be from 
fixcd ;)r mobile sitcs. Instrumentation may be ground 
base(! with either fixed or tracking mounts, i t  may be 
mountcd on mobile carriers (such as il tracking aircraft 
or niissilc), or i t  may be ~iiou~itcd on the vchicle. 
Generally, limited instrumentation is available from 
observation platforms to assist in the fu!l 
charactcris:ltion of the plume signature. 

I 

AS with static nieiisurctnents these tests suffcr 
atmospheric cffects which confuse measuwd 
quantities, conscquently. a need exists to adequately 
monitor atmospheric conditions. Normally, 

I 
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atmospheric temperature, pressiire, humidity, visibility, 
coiiiposition and wind conditioils an: determined. 

lrajcctory and nngc  arc aiso of grcat importance 
both from the point of detcrmirihg atmospheric effects 
as well as basic interpwtation of rcsults ltld must be 
adequately addressed. 

3.2 Calculation Methods 

. Any attempt to model &me radial.ion from 
rocket motors must rely upon .the construction of a 
theoretical plume in which flotv field properties are 
structured so as to interface with radiation application 
codes. M:iiiy such codes arc split into: 

(ii  

( i )  ;I jhcmiodvnaniic P iir[ (with input 
paramctcrs such ;IS propellnnt composition. 
pressure, temperature, expansion ratio ctc.). 

:I flow field Dart (with input paramctcrs such 
;IS nozzle cxit planc (lata. rclcwnt motor 
design fcatures, xlevant clicmical reactions 
with nonequilibrium chcmistry solutions, 
turbulence model. iItn1:>spheric dstn, altitude 
and velocity. etc.), 

( i i i )  ;I -r;\diiiIiOl1 par1 (with input par:\mctcrs likc 
input from flow f k l d  structurc. emitting 
chemical species, molecular band model. 
gaseous and panicle ri\di:itioIl, scattering. 
qucnching. geometry, aspect ;ingle. 

4 
3.2.1 $lume Fluid Dynamics of Tactical 
Missilks 

Calculation methods I 141 I IS] for plume fluid 
dynamics have been established in various countries 
like the USA, Great Britain and'France. They all have 
a similar approachjto solving problems. Most of the 
advanced codes are classified. Here, as an example, 
we describe in more detail the American Standard 
Plume Flowfield (SPF) model. Further codes for the 
prediction of ultra-violet plume signatures exist by the 
names of SkURC and P R U V  (21). In Great Britain 
the code be'ing used is called REP (Rocked Exhaust 
Plume). Frehch codes exi.;ts. like EMlR and AJAX, 
Canadian ones by the names IPHASE and 
FREEJET. 

A starting point for surveying the status of plume 
flow r'icld models prior to the year 1964 is Chapter 2 
of the Rockct Exhaust Plume Technolorv Handbook 
prcparcd for, IANNAf: (Joiiit Amiy, Navy, NASA and 
Air Forcc akcncies). At this time, the "standardised" 
US plunic iiiodcl was the Low Altitude Parabolic 
Plunic L,r\PP code developed at the AeroChem 
Corporation. The LAPP code is a balanced pressure 
farficld plume niodcl th:it contains a generalised. fully 
implicit, chemical kinetics package. Its use is restricted 
to cnginccriiig studies geared to predicting plume 
"obscrvablcs". and simplistic procedures are used to 
"globally" represent the influence of the nearfield 
structure. During the Period 1975- 1976. an advanced 
plume model was developed at General Applied 
Science Laboratories (GASL) which solved the 
viscous/iiiviscid ncarf'ield structure i n  detail usin 
bouiiilarj layer type coupling concepts, and containe 

Table 8:  Illock Schematic Modular Structure of .JA;VNAF SPF 
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n' two-equation, compressibility corrected turbulence 
mod? 1. 

Ucvclopmcnt of plume flow ficld models is an 
cvolutioiiary process to iricludc additional physical 
phenomena and morc efficient numerics. Physical 
processes i IE  added as they are better understood and 
as dictated to improve the accuracy of the prediction 
model. Numerics also changed to dccreasc computer 
run time whcn feasible. 

A JANNAF program was iiiitiatcd In 1978 to 
conibine the features of the GASL and LAPP codes 
which is now know as JANNAF "Standardised Plume 
1710wficld" (SPF) model. The currcnt version is SPF 
111. It  is the primary tool iii tlic US to analysc tactiwl' 
niissilc exhaust plumes. The modular structure and 
computational techniques used in the basic SPF arc 
givcn in the following block schematic (Scc 'I'ablc 8). 

3.2.2 Validation of Plume Radiation 
Calculations by Experirncnl 

Validation exists for thc infrared and visible 
regions. in many instances with sensible ;igrecmcnt 
taking into account the limitatihns of mcasurcnicnt 
conditions likc altitutlc. raiigc' of motor s i x  or 
simplilicd propcllant coiistituciits. In ccrtaiii 
circuiiistaiiccs not enough paramclers can bc 
incorporiitctl into the calculation methods to yield 
global emission characteristics. 

Ihc infrared rcgion 1 .Spm to 3pm is mainly 
concerned with water bands, thesc are strong emitters 
but radiation suffers from heavy absorption through the 
atmosphcrc and detection ranges arc short. 
coiiscqucntly little interest is showrl in this wavcband. 

Much intcrcst has focused on "CO2 blue spike" 
radiation a cominon feature in rocket exhausts. I t  
occurs in the very narrow spectral band of 4.17pm. 
has good atmospheric transmission propcrties and 
lends itself to casy sclcction hccausc of its narrow 
profilc. Background and othcr spcctral intcrfcrcricc can 
be minimised by thc .se of narrow band optical filters. 
Linc-by-line methods for modclling the blue spikc 
havc produccd ahsolutc spectral radiant iiitcnsitics that 
agrcc lo within about 20% of nicasurcd values. 

Emissions in the 4.2pm to Spm region come 
largely from CO2 symmctric stretch vibrations with 
contributions from CO and some N20. 17icy form 
what is tcriiicd thc "red wing". Rccaiihc i1 grmt 
n u n i k r  of  intlividuiil rotational liilcs contrihutc to thc 
radiation. the theoretical concept is to divide the 
spectral base into a number of bands each overlaying a 
number of rational lines. Each molecule in each band 
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is given parameters describing effective strength and 
shape and these quantities go to form the emission 
spectrum. As might be cxpected. this calculation 
method is known as a "band model" and can equally 
be applied to the 1 S p m  to 3pm spectral region. 

Band model predictions have been compared with 
experiments made over a wide range of circumstaiices 
resulting in a mixture of agreement. It has been argued 
!hat the uncertainty in absolute spectral radiant 
intensity given by predictions is typically a factor of 2 
although this varies up or down with the complexity of 
modelling circumstances. 

Propcllant metal impurities such as sodium and 
potassium, catalyst metals, ballistic modifiers and 
others fomi a source of atoms from which visible 
radiation id emitted. Line emissions from the first 
resonance doublet of sodium and potassium atoms are 
prominent in afterbuming rocket exhausts. For these 
and othcr line cmissions a line-by-line prcdiction 
model is adopted for the cr;lculation of spectral radiant 
intcnsities. Lorciitz and Doppler broadcning occurs 
and ;I Voight profile is commonly used to dcscribe line 
shapes. Although good agreement is sometimes 
achicved. it is considcred that unceriainties in the 
plunic flo*%* ficld structure and the radiation model. 
particu1;irly collision hroadcning pnranictcrs. can 
justify no bcttcr unccrtainty factor than 3 in absolutc 
radiant intcnsity. 

Thcorcticnl plu.iic flow field models have not 
bccn dircctly validatcd due to the difficulties in 
mcasuring the rclcvant plunic properties, i.e. spatial 
distributions of temperature. pressure and 
conccntrations of chemical species etc. Laser 
diagnostic tcchniqucs arc showing promise in this ficld 
of work. psrticularly since the. lascr bcam docs not 
disturb thc nicdium undcr invcstigation.'. Some 
examples of validatim of theory by experiment are 
given in Figures 3 and 18. 

3.2.3 Limitations of Computer Codes 

Limiting factors are: 

(i) lack of optical property data to adequately 
dcscribc particles and radiating gists 

( i i )  lack of codcs to handle base flow and an 
inadequacy showing the uncertainties of 

. turbulent chemical interaction models 



0 



. ,  ~ 1 

B 

i 

6-16 

(v; the use of simplified assumptions such a 
steady state conditions only, simple 
gcomctrics, no compression zones with 
pc rpciici iciiia r CO I I is ions. 

3.3 Discussion of Plume influencing Aspects 

Afterburning is a major plume effect. The nozzle 
area ration is an important factor in the prevention of 
afterbuming especially when considering radiation in 
tkc UV spectral region. Rase flow recirculation affects 
afterburning, i n  many instances anchoring thc flarnc to 
the base region. Contributions to plumc radiation arc 
strongly affected by propellant formulation. high 
metallic content produces a high continuuni radintior, 
in addition to gaseous emissions. Panicle optical 
propertics are very imponant, especially in areas 
where thcre arc no noleculijr spcctra. They also 
irifluencc scattering losses and the "searchlight cffcct". 

Fce-free clectron emission (Brenisstr;ihlung) is 
probably the dominant mechanism for niillimctric 
emissions. 

Fl;inic supprcssion in the Lxhaust hritigs about a 
&ked reduction in infrared crhission, for instnncc. i t  
has hccii fount1 to rcducc the j"rcd wing" (4.411111 to 
5.011 iii ) hy inorc I l ian a t i  order ol"niagti i t  utlc. 

Conditions favouring 11anid supprcssion arc: 
! 

( i )  LOW exit plaiic tcmpcimircs , 

I 

( i i )  Low concentrations of plume particulates 

( i i i )  Nozzle impcrfxtions (any stcp or burr 
increasing turbulcncc) ! 

(iv) Choicc of propellant and supprcssants 

Plume suppression can be assisted by thc 
introduction of additives into certain propcllnnts to 
;iccclcratc rcninval of flanic radicals I 1  and OH. 
Exaniplcs of thc cffcct of plume supprcssidn arc given 
for a double base propcllant in Figures 19 ;ind 20 
where the main sources of IR radiation are molccular 
band radiation such as  CO2 and 1-12. 

4. RECOMMENDATIONS 

4.1 General 

Knowledgc of rocket plume radiation properties 
is impoilant in  Ihc contcxt of guidance. tracking and 
detection. It is expensive and often difficult to measure 
these radiation properties and to dcterminc thcir 
dependence on operational parameters like missile 
forward vclocity. range. altitude and aspect angle. I t  is 
cvcii more difficult to acquire this information about 
rocket motors of an adversary. To ensure guidance 
system integrity. lo avoid inlerfcrence with friendly 
opportunities. the rocket plume and its properties must 
be regarded as an integral part of the missile system 
and. wherc possible, "tailored" lo meet operational 
nceds. 

The following recommendations comprise a 
proccdurc for asscssing rocket plcme radiation that 
will cnablc unifonii application of technology to: 

( i )  set quantitative technical requirements on 
rclckct iiiotor signature 

( i i )  compare rocket motors 

( i i i )  rccoiiiinciid ;I tcmiiiiology rclntcd to pluinc 
r;idi:itioii hnsctl on quantii;ilivc critcrix 

4.2 H~CotliI i l~nd~d Test - Prediction Procedure 

In trying to proposc ;I slandardiscd tcst tcchiiiquc 
for the asscsstiieiit of plumc radiation properties a 
gcncral outline is givcri Iicrc. Its fcasibility depends to 
a large cxtent on the availability of neccssary 
mcasuring dcviccs and instrumentation, rocket motors 
and prcclicticin codcs. Tlic lcgic behind the asscsstnciit 
process is as follows: 

( i )  Dcfinc the objcctive(s1 and rcquirements. 

( i i )  Ikfiiic the needed (lata base ilnd the 
cxpcrimcntal approach to ensurc that 
objectives are accomplished. 

( i i i )  Set up and calibrate equipment. 

( iv)  R u n  tiiost appropriatc tcst to acquirc data 
base. 

( v )  R u n  ncccssary(avai1;ihlc plunic and radiation 
codes IO til;ltch itcquirctl ht ; i  h;tsc. 

(vi)  Use nicasurcd results for theoretical model 
validation. 
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(vii) Use validates plume and radiation codes to 
prcdict plume properties at conditions 
appropriate to the defined objective. 

(viii) Present results, stating all assumptions and 
code modifications and using standard 
tcmiinology and units. 

Thc lbllowing eight stcps crilarge on tlicsc 
conccpts: 

I SmLL 

Clcar tlcfiiiition of objective and the rcquireiiiciits 
to mcct thosc objectives may be thc iiiost difficult part 
o f  ;I progriltii to conduct succc~sfuIly. 'Tlic olijectivcs 
might rcad: 

I 

0 dctcct, idcntify. track wid dcstroy a targct 

0 tlctcct, itlcntify a rniuilc threat .iiid cowiter 
with cvasivc action 

:ISSCSS the feasibility of guidnncc and 
! tracking nicthods 

dcvclop iI tlircilt couiiIcrnic;isiirc 

0 acquire phenanieiiology data for code 
validation 

0 influcncc motor clcsipi with <sign:iturc , 
control proposal , 

At this stage it i.\ important to dcfinc the system 
and thc spectral regions in which i t  is to function. If.  
for instancc, :I tlctcction systcm is c;illcd ,for, tlicn 
specific dctai!:, w' sciisor wavcicngth. haiitlwitltli. 
rcsolution. limiting noisc lcvcl and environmcntal 
details that affect signal transmission and distortion 
niust be considcretl. 'llicrc should be no compromise 
at this stcp. i t  is I l i c  lcast cxpcnsivc to pcrform and 
study topics ovcrlookcd at this point may rcniain 
overlooked to the detriment of the system or bc costly 
to be introduced later in  the program. I t  is better and 
more cost effectivc to includc tasks of' potcntial valuc 
in the definition stagc even if. for whntcvcr rcason. 
they subsequently become redundant. 

Dcfining thq infomiation needcd for :I pro.jcct 
data hasc ;ind the mc;isurcnicnt s rcqu i rctl to oht ;I i 11 t lin t 
infomiation usu:illy colls for a conipromisc dict:itcd by 
available funding. Within financial constraints the 
objcctivcs in Step 1 arc asscsscd and tlic rcquircmcnts 
and limits set. One obvious compromise is in the 

choice between flight tests and those undertaken in 
dedicated ground facilities where it  is possible to use 
scalcd, heavyweight tcst motors with reusable 
hardwire. 1Jse of thc wind tunqel, altitude chamber or 
static test site combined with standard measuring 
instrunientation will often satisfy most, if not all, of the 
data base requirements. 

Rockct motor experiments involve many 
technical staff and it is vital that test procedures are 
thoroughly docunicntcd ai!d the staff cognisant of  the 
data gathering process. 'I'he prospect of meeting an 
objective is advanced by the prudent use of theoretical 
predictions and experiment. Theoretical studies m a y  
play ;I part in plannitig the course of an expcriincntal 
program. Bcforc cnibarkirlg on such a program several 
questions arc posctl. not least among thcm is whcthcr 
;in cxpcrimcnt c;in hc niountcd that will dircctly or 
indirectly providc the data to satisfy thc objcctivc. 'The 
aiiswcr will tlcpend upon the c'xistcnce of test vehicles, 
tcst faciliiics aiid the correct diagnostic 
instrurncntation. Test vehicles arc generally available 
for ground or flight tcsts. tlowmcr. should the missile 
of' an adversary he uiidcr investigation then the supply 
of a test vcliiclc is improbable. I n  such a case 
calculations arc made using whatever data i s  available 
and rare cxpcrinicntal firings would only be thosc to 
siudy tlic plicnonielia for prcdiction validation 
~~urposcs .  'I'hc clioicc of tcst f x i l i t y ,  wlicthcr i t  he 
static, sca-lcvcl. ;in altitude chamber or wind tunnel 
depends upon the 'si mu la t  ion dc si red. 

I l ic sclcction of dingnost ic illstrumentation is 
govcmcd by tlic radiation prop*rIics to bc mcasurcd, 
focusing on spccIr;iI \v;ivcIcngth rangc, radiancx- Icvel, 
spectral. spi1Ii;ll ;incl temporal rcsolution and hciisor 
scrisitivity i\nd spced. Flow charts arc presentcd as 
guidclines in Figures 21 to 23. Types of optical 
tlctcctors arc shown in Figure 21. Rndiomctric 
iiie;isurciiiciits arc prcscntcd in Figurc 22 followed by 
;I typical radiomctric mcasuremcnt systcni in Figure 
23.  To avoid later problems i t  is important to ensure 
that the instrumentation selcctcd is well ablc to meet 
all tlic measurcmcnt dcniands and that i t  is backed by a 
full data analysis capability. 

S k Q L  \ 

'Ihc iniportancc of accuratc calibration, as  
indicatcd by Figurc 24, cannot be ovcrcmphasised.. 
Mcnsuremcrlts can be complicated or invalidatcd by 
atiiiosphcric absorption or extinction, obscuration by 
sn?okc, iiiiprnct ical or impossible scnsor positioning 
;ind c;ircicsstiess in ignoring txickground sigiisturc 
cfrccts. I t  is ;I v;ilii;ihlc cxcrcisc to rc1ic;irsc tlic ciitirc 
tcst proccdurc to iclcntify and climinatc any 
iiiterfcrencc bctwecn ins:niments or poibcr circuits that 
might cause a later tcst failure. 
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Thc way in  which the c:\pcriniciits is contluctctl 
(Scctioii 3. I )  is a critical factor in the acquisition of 
good data. Dctails of motor , pcrfomiancc, its 
cnvironmentnl tcst conditions s u c ~  as Mach number, 
altitude and trajectory; thc dcploymeiit of 
i ii st rumen t at iori giving aspcc t angles, a t nios phc r ic 
traiisniissiori path. ficlds of vicw aiid the like, all 
contrihutc cssctitial il,fonnatioii for aniilysis a11d 
project assessment. Radiomctric rcquircniciit wcrc 
discusscd in  Scctioii 3.1.1. Whcrc similar instrumciits 
;ire used they should show a consistency of 
measulriiient and all instruments should have a 
specifictl accuracy. Enor limits should bc assigned to 
all data scts rccnrdcd aiid assumptions, whcrc made, 
docunicntcd. If the prcccding stcps havc bccn properly 
observed thc measuknicnt programs sliould hc 
succcssful. To mitigale thc cffccls of any cquipnicnt 
failurc during a tcst firing i t  niay he possiblc to 
tliiplic;itc soiiic esscntinl nicasuri'mcnts. Instruments 
shoukl he sited to guard ;ipinst icciustic ;iritl grountl- 
homc vihration. equally they sliould bc protcclctl I'rciiii 

thc possibility of rocket motor 1:iilurc. 

l'lic purpnsi ot tliis stkp is to tomiulatc 
tcchniqucs for c:ilculiiting plumt. rxliation signatures 
against test tlatn ohtaincd from tl\c foregoing stcps. To 
coin pa re c;i I c ti I ;I t c t ~  ICVC I s or pl ti mc rad i at ion wli icli 
iiiciisurc:tl test results, tlic praiiiclcrs 1wfl:iiiiiiig to tlic 
tcst coiiilitio,ls must hc usecl as input h t n  lor 
calculatioiis. Ilic iiic;isurc o f  ;igrccincnt coining from 
t hcse coni pari sons (4 I ! dc tc mi inc t he con fi dcncc 
placed on the calculations for USC. whcrc 
iiicasurcnicnts arc not possihlc. 

A pluilie Ilow licltl shoultl be calculntctl for the 
conditions uiidcr which tlic actual tcst took place. 
dwcrving the prccisc propellant comlxisitinn \villi 
trace metal iiiipuritics antl niotor design fc;iiures 
affecting gas flow. Kadiat ion cotlcs should rcllcct 
sensor ur;ivclcngihs t;)gcthcr tvitli thcir dcployrncnr 
position iItid plume vicwing aspcct angles. tlic sp;itial 
antl tciiipiir;il 1i;itiirc 01: tl!c, r;i(li;ition aiitl  thc 
;it rnosphe ri c signa I a! t e nu;i t iori. I Y iiicas u rcmc 11 I s a rc 
niadc in  a \\inti IUIiiiel or on 3 iiiissilc plunic in flight. 
the approprhtc I'm-stream Ilow conditions must bc 
known. 

Prctliction of rockct cxliaust propcrtics gcncr;illy 
I'ollou tlic sliigcs intl/c;itctl iii I:igurc* ?S. I.'irst ; i n  

cquilibriiini clicmistry code is uscd t i i  c;ilculirte 
climber conditions and tlic tempxiturc, pressure and 
cquilibriiini chcmicnl species concentrations ;it the 
nozzle throat. Nozzlc cxparisioii flow calculations m y  

be n ide  in a number of ways ranging from one- 
dimcnsional chemical equilibrium, to thrce- 
dimensional multi-phasc flow with chcmical kinetics. 
Thc cxliaust slruclurc for static rnolor filings can 
usually well be simulated by a program (such as REP 
or SPF) which gives spatial distributions of non- 
equilibrium chemical species, temperature, velocity, 
pressure, aiid turbulent mixing based on limited 
assumption. For wind tunnel and flight. plumcs. base 
recirculation or separated flow effect with 'non- 
cquilibriiim chcniislry may havc to hc included IO 
obtain niorc accurate calculations of plumc structure. 
11ic appropriatz applications codc(s) are thcn applied 
to thc calculntcd flow field using the test gecimerry and 
applicablc transmission p t h  effocts to obtain the 
icsults that h a y  be conydred with thc measured data 
base. 

Comparison hctwccn calculatcd and nicasurcd 
valucs oftcn yiclds discrcpiincies. In t h i h  step 
:rppropriatc, judicious adjiistmciits to 11ic calculations 
,ir(' iiiatlc within undcrlyiilg scientific bounds to give 
closcr agrccmcnt with rncasured values. For instance, 
it tlic iic;ir ficld radiation values includes :I searchlight 
cffccl, the iiic;isurcd plumc continuum r;idinlim will be 
hrgcr ~ l i a i i  tliat prcclictctl by a codc iy iori i~g siiclr 
cftcc~s.  'I'hc tlcmands of prediction accuracy inay 
rcquire modificatioii of thc code to ::.-cornmodare this 
fcat u rc . A I I e mat i vc I y , tl i sagrec nic n t bet w e n  data and 
prctlict ioii rnny hc CiItIscd by Jiffcrcnt phcnoiiiciia. Ai1 

impurity iii tlic propcllant. siich as  sodium, niay 
produce strong emissions i n  thc visible spectrbm that 
arc not prctlictcd hy  the codc. Thix may be thc rcsull 
of excluding sodium reactions from the pisine flow 
ficld c?.lculations or an  inability of thc radiation code 
to prctlict tlicsc linc cniissions. 

A prediction Iccl:::iquc is strengthcncd if i t  can be 
confirnicd against a range of conditions including 
Ilight. Altliough thcse conditions may not complctely 
match thosc for thc systcnic of intcrcst (c.g. a diffcren' 
motor) thc validation proccss incrcases confidence in 
thc ciilculation putting i t  on a much broader base. 

S-lcnz 

11iis is thc step whcrc plunie flow ficld and 
application cotlcs arc run for the opcrational conditions 
of intcrcst. I+xlictctl valucs of plunic signatiirc and 
othcr cffccts yield inionnation from which dccisions 
iihoui system drsigii. tactics ; i n d  othcr system-lcvcl 
p;ir;inicters iii;iy I)c iii;idc. I)cpcndirig upon llic codes 
uscd for thc spccific tcst and opeiatioiial conditions. 
improvements can bc achicvcs when: 





i. allowance is made for radial prcssure 
gndients 

ii. noncquilibriun; IwCJ-phasc flo4.v (thermal 
;inti vclocity lags ot' kontlcnsed particles) is 
included. 

"h;)sc flow cffects" arc iiiclutlcd. i.e. when a 
flight niissile has a base diameter 
significantly greatcr thaii the nozzlc exit 
dinmcter. 

... 
I I I .  

iv. shock Ftructure effects arc treated 

If. for inst;incc. Ihc niissilc has a largc basc 
di;iiiictcr which could inducc IXISC flow rccircul;ition 
;incl aftcrhuniiiig. :I code witho,ut n hiisr fl(w modcl 
\vuuld not hc applicablc. cqu;illy. inappropriatc choice 
of ciiemical nicci1;iiiisiiis c;in +w.Iucc  false plume 
propcrtics rc!:ultiiig in incorrcci emission ti;ita. I t  is 
csscnti:il that ~ h c  tIicnnotlyii;imic. chcmical i i i i t l  

pliysic,i; :ittrihiitcs o f  the plume iiioilcllctl I7y tlic codc, 
tlic iiiotlcl liiiiit;itioiis ;inti thc iickcssity for cnliglitciictl 
use of iiiput h t i i  slioultl be tliorouglily iiiidcrslood if 
iicCtIr;itc ;rnalytical ;\sscssliicIif is to bc pcrfoniicd. 
Aftcr proper validatio-! tlic c:otlu C;III hc ;ipplictl lo 
mcct the twcr;ill systcm oh,jrc.tivcs. 

%.&L 

With thc continuctl ;idvnn$c 01' coinputer iisc in 
c s pc ri mc l i t  s ;I i i (  i m x I c  I I i ng i hi: ilii ;I I y s i s (3  f rcs ti I t  s 
Iwconics iiiorc "riiacliinc tlcpciitlcnt" ;inti I lie i i w r  I';iccs 
tlic proklciiis of iiicomp;itiliility 0 1  opcratiiig syslcnis 
for infomiat ion cscliangc atid I;iiigiragcs used to 
dcscrihe thc infomiat ion. 
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aSsessnient of radial symmetry, axial decay 
etc. A properly calibrated video tape can be 
exaniincd pixel by ' pixel to obtain 
information about the temporal and spatial 
distribution of "in-band" radiance frnm the 
p 1 unie . 

0 Pbwcr spectral density plots which may be 
perfomicd on the radiometric data to 
Jctermine pirime frcquencies. 

Rbdiaiit intensity vs time for variations in 
fdach numbers. altitude etc. 

An expcricnccd approach to data reduction is 
ncccssary th ensure that proper 'interpretat ions are 
made for Codc vaIitIation and the provision of 
sufficicnt ihoniiation for theii modification. 0: 
primary importance is the corrcct data for atniosphcric 
abyrption ;is discussed i n  Scctiori 3. 

I)ociiiiiuntatiori of rccortls should bc 
comprchcnsivc such that thcrc will hc no ticctl to 
rcpcat thc w o r k  sliould futurc interest arisc. 
'l'crniiiiology should follow the acccptrd standards 
givcii in tliis rcpon nnci universal Si-units. a s  defined 
in 1';ihlc 9, should hc usctl. 

Spectral ratliancc v s  \~~;ivclcngth 
(spcctromctcrs) and vs time 

0 In-txmd radiance vs timc (r:idioniL ' 'rs) . 
Kadi;iiit intensity vs  tiiiic 

! 

Othcr t! pcs of data presentation' hclpful i i i  

cvaluating the signatt!rc arc: 

Vidco tapes froni imaging ! ':mors which 
proviilc :I "false c x h i i r "  imagc of in-hand 
r;itli;mcc v c r s ' ~ ~  posiiioii. Ilicir iisc is [or 
suhs~qticiit ;in;ilysis of spaiiiil fliictii:iiioi~.~. 

. spccir:il irr;icIiiiiic~. skipc ;ill(' gcomc-try o f  
the radiating plunic (isoradiancc contours). 
In-band radiancc plume radini and/or ;ixial 
profilcs within the image ficld allow thc 





i 

'I'ahlc 9: Terminology of Speclronietry and Hadiometry 

I 

Symbol 

J, 

L 

L( i.) 

E 

E(A) 

_- ~ 

Tcrm 

radiant Iwtvcr 
powcr 

s pcc t rii I 
radian,[ power 

radiant 
intensity 

spectral 
radiant 
intensity 

rad i a n c e 

s iwcc t r ;i I 
rad iance 

spectrai 
irradiance 

radiant power 
responsivily 

spectral 
radiant power 
responsivity 

-. 1 G:its-] 

r;itc' of transfcr of radiant cricrgy W 

ratc t ) f  Ir;irisfer fiir rwliant cncrgy pcr unit w , l " i - l  

Wsr-l 

wavclcrigtli iritcrvnl ccntrcd at wavclcrigth i. 

ratlianl pocvcr criiittcd t)y a source into a gnit 
solid anglc 

radiant intensity pcr unit tvavclength intcrval 
ccntrcd a t  cvn\.clcngth i. 

Wsr-' pm-' 

-. 

I 

irradiaiicc pcr ii:iit wavclcngth inrcrval 
centrcJ ;it \\a\clcngth i. 

I 

the oirtpiit of an instrument for unit rzdiant 
powcr r n y t  units W- 

instrument 

rzdiant potvcr rcsponsivity per  unit 
interval cciitrcd at  \vaveIcngth E. 

inst rument 
units W'pm-' 

The oulput signai of radiornctcrs arid spcctrorneters is the ourpul voltage of the inslrumenl 
detecrorlpre-amplifier combination modified by subsequent electronic :.nd ~ i a t h ~ i i i a t i ~ a l  
signal conditioning. When rrscd in evaluating R and R 0.) i t  is usually referred to as a 

P P 
standard gain configuration of any variable gain amplifiers. 
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burning ratc and burning temperature are 
clbscly rclatcd to thrust and mass flow, but 
also to radiation signature. Performance 
iniprovcmcnt in many cases goes hand in 
d n t t  wit11 a raisc in radiation signature. 

I n  this ,lccturc scrics wc are cnnccrned only about 
tacticid mihilcs. 'Their range is limitcd to a fcw 
huritlrcd ki/otiictrcs. 13ut the miijority of tactical 
missiles have mecfiuhi ( - 5 0  kni) anti short ( - I C ,  hi) 
r;irigcs with iiccorrliti~!ly sliortcr and siiiallcr signatures. 
'I'hc very short r:in&, tiieii portable. shoulder tirctl 
SAM's  (lictlcyc. Siitjgcr. S A - I 4  type) pose a world- 
\viclc rlirczt io grounc! atit1 :iir tnrgcts, bcc;tusc tlicy are 
available io; and usrible Iiy unskilled pcrsonnel (also 
terrorists) aiitl ;ire cniployctl in  all kinds of conflicts. 

IK sciisors. goiiioiiicrcrs. guit1;iiicc I'ihrcs mid 
rad;ir iiitcrli'rcs \villi tlic niissilc iititl i ts  cxhaust plunic 
in ;I tiianiloltl u;iy. 

A ~ypic; i l  titiic sc;iIc 01' ;I rocker motor fiinctioiiiiig 
i x  sl io \vt i  in  I:igurc 20. II' r;idiation sensors arc usctl Ibr 
guid;iticc and control tlicy Iiavc to bc scrisitivc enough 
in ortlcr to tlistiiiguish rockct and target sigii;iturcs ;it 
t;irgct distance. Propapt ion of optical radiation is  
go\tcnictl h y  thc iittct1u;itioIi I;IW 

A = l l R 2  exp(-oR) 
\ 

1t.i I Ii : 

A - ;ittctiu;iiion in I W/ km2 sr pml 
I - sourcc signal strength in 

I W/sr pm1 
R - Range in km 
CT - extitiction cwlficiciit in  I IAnil 

CT is  usually broken t i p  into 





t 
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With givcn ;alucs for R ,  I and o thc irradiance of 
the optical giiidancc sciisor can bc calculated. Its signal 
to noise n t io  (S/N) under h;ittlclicltl :itniospheric 
conditiolis has to I,c hrgc cnoi!;:li to discriniin;itc target 
and missile (sec Figure 27). 

Problems arise due to the liniitcd dynamic range 
of scnsiiig dcviccs. During boost phasc thc rockct 
iiiotor cxliaust sign;itiirc is largcst ;ind plunic - sciisor 
(1ist;incc is siii;illcst. Aftcr ignition the strong optical 
(lJ\ '-VIS-lR) signnturC (up to k W  powcr raiigcs) 
irradiritcs the scnsing dcvicc arid fully saturates the 
scnsor to thc limits of destruction. I f  firctl from ii 
launchcr o r  flying platform containing the guiding 
instrunicntation (mainly in the IK-spcctral band). tlic 
exhaust giises 1ic;it t ~ p  thc I K  cntr;iiicc optics and thc 
;~tiiiosplicrc within the FOV ancl iiiakcs thc sensor 
iisclcss. A temporary sliuttcr iii front of tk sensor or a 
IocaI 'scp;iriit ioii of  rockct ;inti sclisor c;iIi circumvciit 
this prohlciil with thr ilis;\t\viiiit;igc of tcmpor;il 
hliiidiicss of ihc sensor aiid 1; possihlc loss of targct 
oimissilc during the Soosl ph;i!. . 

splitting the guit1;riicc in IIC:IT f ic l t l  ;inil f;ir 

ficld rcgiiiics \villi tliffcrciit giiitling 
Iviiiciplcs 
narrowiiig tloivii tlic usctl s cctr;il 1i;iiid 

morc n:irro\v spcctral pcaks witliiii the Zlim - 
3pni scnsit ivity hand o f  the sciisor 
shifting the guitlancc to ;I x*li:ir;iic 
\v;ivclcngtti h;iiiJ ivitli tlic iiitl of ;iilifici;iI. 
cotlcil lighi source on the tail 01' tlic niissilc 
irradiaiing the guiding sciisor. 

0 

0 cniploying niulticolour scIlsors. J e.g. t \ v o  or 

5.2 Detection and tracking of adversary 
missiles 

Solc its signaturc makes an adversary missile 
tlctcciablc. Ihc possibility of dctcction starts right from 
launch. Principally the dctcction of missiles can be split 
into two groups. 

( i )  tlic dctcction by active radiation 

( i i )  the dctcction by passive radiation. 

In thc first casc tlic missile is illuminated for 
dctcclion by lascr or radar beams. The reflected 
radiation is: detected and analyscd with respect to 
velocity iind distancc by thc principjcs of Dopplcr ::hift. 
Up to now Inin-wave radar is 'the most practised 
iiictliod for Missile Approach Warning (MAW) 
dctcctors. 

'fhc i~ifoi~liiitii~~i gained by pulse-Doppler-radar 
slioultl allow 111c iiccuratc cnlculatiixi o f  the timc to 
iiiipct. K;irigc is of outstaiiding iinponancc. I t  is in all 
:ipplic;itioiis :I iii;iticr o f  sigii;iI to noise r;itio ancl  the 
;ihility o f  ihc sciisor to pick up ;ind identify the target 
i v i l t i i i i  Ihc h;ickgroiiiid cluttcr o f  tlic sccnario. 'Ilc 
r ~ i g c  to tlctccl ;itt;ickiiig niissilcs is in this c;isc 
tlc*lc*riiiiiicil by tlit~ r;id;ir twain, its powcr and bcani 
tlivcrgcncc. tlic- i~Iop$yt ioii through the atmosplicrc 
;iiid i l ic ratliir cross scctioti o f  thc missile and its plunic. 
In most c;iscs thc plunic radar cross section can be 
ncglcctctl. 

M;i.ior t1is;idv;iiit;igcs of iiiissilc appmcl i  w;iniing 
by Doppler rx1;ir arc ils liniitctl riiiigc dcspitc high 
p o w r  radar aiitl [tic self cxposurc by the ratfar .bcani 
itsclf. I t  caii bc pickctl ufiitisity ovcr long distanccs 
;iiid c;in lis usctl ;IS lioniing sourcc f o r  counter att;ick. 

'l'lic sccoritl group of missile detcction is a passive 
oiic. K;iili;itioii eniittcd hy the missile itsclf is detected 
aiitl  usctl f o r  tlirccat milysis. 'Ilic easicst way is to sec 
the trail o f  priiiiary or sccontlary smoke wtiich ni:irks 
tlic fliglit rr:i,icctory of i l ic missilc 

I3cc;iusc tlic tiiiic sc;iIc for rcaction is vcry short. 
one trics to avoid thc 1ium;in within thc chain of actions 
;IS much ;IS possililc. Sciisors in the visihlc spectral 
r;ingc Iiavc ilic tlis;itlvantiigc o f  strong biickground 
cluttcr and i t  is h;irtl to circumvcnl this I'iict. 

A ncw way of establishing Missilc 1,aunch 
Ikicctors ( Y l l , I l )  and M A W  systcnis is by pa:;sivcly 
pickiiig iip t l ic  IjIiiiiic sigii:itiirc iii the iiifr;ircil o r  
iiltrwiolct spcctr;il h;iiitls. I n  hotti c;iscs tlic pluiiic 

rildiation is sciiscd, ;lnillysctI ;ind proccsscd by optical 
sciisors which belong to categories like 



0 



i 

0 non-imaging or 

0 imaging sensors. 

The imaging sensors again c a ~ i  be groulcd iiito 

- 
- 'focal plane iirr:iy sensors. 

scanning poinl- or linear array sensors 

Non-imaging sensors h;ivc tlic aclv;intagc of 
simplicity iiIid, I O W  cost. Ilicy givc. withiti ;I cliiailrant 
i:Ov, ;I threat warning iiidicatian. listin8 priority and 
crudc timc 10 inipilct. 

Imaging systciiis, although more eliiborate and 
espciisiyc. give much morc infomiation about the 
txgct likc i 

0 

0 tlynaniics o f  Ilight path 
0 tlire;:t priority ( i f  rii;iiiy targets 

high yxitial tlclcniiiii;ilion o f  torgcl l(>ciltioli 
in real time 

. .  

sim1ilt;iiicously. 
I 

In ;ill cases n certain ponion of the broad band 
optical cxh;iust plunic signature is ini:igccl with ;in 

ciitrancc optic onto Ihc sensor. The signal is i\iiiilyscd 
;iccortliiig to 

0 hc ;I real thrc:it 

0 tiriic franic for impact , 

nnglc of ;irriv;il 
0 tlirc;it priority 

hc ;I trirc iiiissilc sign;il 

f'ulfil certain iiiissilc specific hcliavioiirs 

C(minion systcnis ciin process from about IO  up 
to SO tlircats siniuIt;incously. 

The design of passive iiiissilc I;iunch detectors is 
ilictatcil ti! thc 

eniihsivity of thCplumc 

0 

tlic 'csisieiice of atmospheric windows ;it the 
stroiigcst cmissivi:y bands ' 
;ippcar;iricc of typical attack sccnarioh iii thc 
s;iiiic \vwc I C  iigl h h;nd 
:ii*;i i h h i  l i t  y of ;ippropriatc stvisor systcnis 

E' 
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improved S/N ratio in this spectral band and the 
adhcrent iniprnved false alarm rate. 

' The choice and preference of a certain system 
dcpcntls on many aspects like, price, range, false alarm 
rate, angular resolution. time needed for target 
identification, field of view in azimuth and elevation 
ancl reliability . 

llere only ihe plume relevant aspects shall be 
pointed out. From Fig. 27 and 28 the distribution of 
p!umc radiation strcrigth can be seen. It is  strongest in 
the 3 -5 ptii hand with emitted power ranges up to the 
k W range for tactical missiles. Signature emissivity 
originates as mentioned above, to a large extent from 
plumc uftcrhuming. Although plunic temperaturcs up to 
2500 K cxist in tlic inner zones, thc radiating envelope 
prolzag;it ing iiiosl of the radiation for detection has 
r:oolcd down t i ,  SO0 - IO00 K .  Its Planck curve peaks 
in  tlic 3-5pni range. A further cooling of the plume 
cxhiitlst down to 300 K would favour the detection at 
the iong IK wavelength band between 8 - 12pm. Due 
to high background'levels at low signal levels in this 
spectral band i t  is omitted in favour of the 3-5pm band. 

I3otli IK spcc!ral bands have good atmospheric 
Iraiisiiiissioii (see Fig. 121. A further advantage is the 
good iloctiiii~:ntatitin of almost every aspect of infrared 
optical rxli:ititw (see Ref. 3). be it scnsors, 
ntiiiosplicric prt)p;lgiitio11. material propcnics. 
rcflcctivitics. optical niatcrials and liltering or natunl 
ancl iirtificiol light sources. 

'lhc principii sensors used in  the mid IR an: 
sc;iiiiiing liiic m a y  sensors or staring matrix sensors. 
both of them k i n g  imaging sensors. Sensor materials 
are e.g. Platinum Silicidc (PtSi). lnSb or Mercury 
Cadmium Tclluridc (MC'l). They usually arc cooled 
donm to 80 K for  optimum perfomiance. Scanning line 
:irrny systems employ polygon sc;iniitm to scan the 
FOV in order to generate an image of the scene. 
Scmiiing systems have the advantage of large angular 
coverage (up to 180 degrees) a t  least in one dimension 
with thc disadvantage of a short dwell time, of the 
scnsor footprint on thc target. Staring array matrix 
sciisors continuously iniagc the whole FOV. State of 
thc art scnsors employ a temperature resolution of 
below 0.1 dkgrcc with a matrix of SI 2 by SI2 pixels 
and more. 

'Ihc plumc signal of imaging I R  missile approach 
warners is analysed by iniagc proccssing computers. 
Hccause of the highly resolved and stnrctured 
background in the IR band. the workload and storage 
cap;icity for  the image processing computers is 
enormous and can be niastcrcd only by very advaiiccd 
liartl nnd softwarc. 
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. Recausc of all these prohlcms a different type of 
sensor is considcred for missil : approach warning. It 
works in thc ultriiviolet spcctral bald eithcr its an 
imaging or noniinaging sensor. 'fie UV plume signal 
strength is wcnk conifiared to the IR and the useful 
ailnospheric propagation is limited lo wavelengths 
between 240 and 300 nni. Nevcrthcless there arc still 
advantagcs that makc thc UV spectral range a 
proniising candidate for niissilc dctcction. As 
mcntioncd earlier. major contributions to 1lV plumc 
radiation mcchanisms originatc 

0 from the afterburning effects 
0 hot plume particle radiation 
0 deactivation of exited niolecular states which 

mostly happen in the outcr plume cnvc lo~c  
and therefore emit UV radiation vcry similar 
to visible radiation 

An example of the spatial- and intensity prnfiles 
of  a tactical rocket motor plunie is shown in Figure 29. 
'The measurement was perfanncd simultaneously with 
3 imaging sensbrs in  different wavclength bands. Thc 
spatial extension in the UV and visible spcctral range is 
quite similar. as should be expected by the similarity of 
radiation producing mechanisms. The cameras were 
partly set to yield grey scale valucs in order to allow 
radiometric parameter evaluation. 

State of the a n  sensors used in the "solar blind" 
UV are either non imaging point scnsors or imaging 
focal plane array sensors with a resolution of 512 by 
512 pixels. In both cases the photoscnsitivc dctcctor 
matcrials are photocathodes with sciisitivity pc:;tking in 
the mid UV. as shown in Figure 14 and 'I'able 6. UV 

, 

sensors have the advantages to he compact, low power 
consuming with no cooling and moving parts required. 
With the uRe of adequate antiblooming and threshold 
scttings of the UV sensor the dynamic range is high 
cnough not to be blinded by plumes of own rockets 
being fired. Thc geometric extensions of entrance optic 
and sensor hre sniallcr than comparable IR systems due 
to thc shorlcr wavclcngth. 

17ic most convincing advantage of imaging UV 
scnsors is thc low signal to noise ratio which originates 
from the low background level of solar radiation and 
thc use of image intensifiers. n e  prime f u c ~ i o n  of 
iniage intensificrs is to raise the' image intensity well 
above the noise level of the read out device which 
enables to dctect essentially single photon events. 
Signal gains of up to 6 orders of magnitude are 
possible. 

'The workload for image processing equipment is 
comparatively low because of the missing background 
clutter although the signal strength is much less than in 
the IR.  I t  is quitc difficult to produce artificial UV light 
sourccs for deceiving purposes which, apart from 
missing scene structurc, considerably lowers the false 
alarm rate of UV missile detection systems. 

. 

Iniprovemcnt of thc design of passive missile 
plunie dctcction system is being worked 01: to Fulfi l  Uie 
rcquircnient of thc cnd-uscr. On the other hand missile 
motor designers arc improving to cut down on plume 
signature eniission and i t  will be a continuos interplay 
hctwccn hoth cfforts to pain ;idvantagcs over the other 
sidc. 
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Fig. 21) CO t 0 ~~lirliiiliiliiiiirsrriicr Iiitriirity Sprrtrn 

The points with indicated error bars as well as the solid line are 
the absolute intensity measurements of Myers and Bartle. The 
other hro m a  were normalized to the peak intensity of the 
Myers and Bartle m e .  
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