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FOREWORD

This ceport (combined with Part 2 which was published in May 1972} is the
final pubiication of a plume signal interference research program initiated at the Naval
Weapons Center (NWC) over ten years ago. Funding for the program was canceled in
January 1974, causing a recuction in the number of sample problems inciuded in
Section 5, Problem Solving. No other recognized reduction in quality has resuited.

This report goes beyond the scope of the NWC studies in order to present a
balanced compendium which can be used for the solution of practical problems.
Support for the preparation of tius report was provided by ihe Navai Air Sysicius
Command (NASC) through AirTask A3303300/21€-B/IF-19332302. Other significant
support during the preceding decade was provided by the Naval Ordnance Systems
Command (NOSC)now Naval Sea Systems Commanc) and by the joint NASC-NOSC
consortium which once formed the Bureau of Naval Weapors.

This report is intended for use at the working level and does not reflect the
official view or final judgment of NWC.
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Advanced Technology Division Propulsion Development Department
I December 1974

NWC Technical Publication 5319, Part )

Published by . . . . . . . . . . . .. Propulswn Development Department
Collation e, .. . . Cover, 132 leaves
First printing e e e e e s s 270 unnumbered copies

N i

b
B .~ e e Dt

L i

RPN 2 R S RWEIR SRR T



AT

Iy b

Qe

Bl bl B ety *vig > Ry DY

NP W

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PACE /When Dete Entered)

JT REAQORT nUMBER

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETINC FORM

2. GOVY ACCESSION NO.
NWC 79 5319, Part 1

3. RECIPIENTY'S CATALOG NUMBER

4 TITLE (end Subsiile)
PLUME-SIGNAL INTERFERENCE
PART. 1. RADAR ATTENUATION

5. TYMPE OF REPOAT & PERIOD COVERED

. PEAFORMING CRG. REFPORT HUMBER

T. AUTHOR )

Andrew C. V.ctor

T CONTRACT ON GRANT NUMBER(S)

AirTask A3303300/216-8/1F-19332302

8. PERFOMMING ORGANIZATION “AME AND ADDRESS

Navai Weapons Center
China Lake, Calfornia

T S—————
10. PROGRAM en.e:cn'r. PROJECT, TASK

AREA & WORK UNIT NUMBERS

1t CONTROLLING OFFICE NAME AND ADDRESS
Naval Air Systems Command

12. REPORT DATE

June 1975

Nava! Ordnance Systems Comr.aand
Washington, DC 20361

130 NUMBER OF PAGES
262

1L~ MONITORING AGENCY NAME & ADDRESS/ I/ diiferent trom Controtling Oilice)

15. SECURITY CLASS. (of this raport)
UNCLASSIFIED

Sa, DECLASSIFICATION DOWNGRADING
SCHMEDULE

18. OISTRIBUTION STATEMENT (of this Reporrt)

Distribution limited 10 U.S. Government agencies only; test and evaluation; 22 May 1975.
Other requests for this documert must be referred to the Naval Weapons Center.

17. ODISTRIBUTION STATEMENT (of the adetract entered In Block 20, it diiferent froe: Report)

o g

18. SUPPLEMENTARY ROTES

18. KEY WORDS (Continue on reverse alde If nuceasary and | ity by blochk ber)
Exhaust Plume Plume Models

Rocket Exhaust Electron Suppression
Rocket Plume Radar Attenuation
Plume Signal Interference

20. ABSTRACT (Continue on reverae elde [f naceren<y and tdontily by block mumbes)

See reverse side of this form,

ar e ot s s WKk Dt il

Do ";2:‘!,3 1473 Eoi1TiON OF 1 nOV 8315 CesOLETE
S/N 0102-014-6601

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PACE (When Deta Bntee rd)

ST AT

e

DA e

Caiovioa 4.




o e s et i e = o

&) R T Y]
v 1 e st et o e s 2

UNCLASSIFIED
LTI TY CLASSIFICATION OF THIS PAGE(When Duta Entered)
(U) PlumeSignal Interference, Fart I. Radar Attenuation by Andrew
C. Victor. China Lake, Calif., NWC, June 1975. 262 pp. (NWC TP 5319,
Part 1, publication UNCLASSIFIED.) ¥
(U) A number of analytical techniques for predicting radar attenua-
tion by tactical rocket exhausts in flight and static tests are assembled
and described in this report. The results of many attenuation mea- ]
| surements are included for comparison with the calculations. These data 7 f .
.’ also form a data base which may be used for preliminary estimates of " L
attenuation and other plume properties on unmeasured propulsion
systems. v
;
!
i .
i_
g
&
UNCLASSIFIED

n R Ve e X TR . - -
L Nk o ’kﬁfﬁw{‘?‘-{l, SO T PRERE T ey YT e T TR R RS e TN

SECURITY CLASSIFICATION OF THIS PAGE(When Deta Entered)




T e R R R T T A T r g g

- e i ki T TR T

NWC TP 5319, Part |

CONTENTS
1.0 Introduction

2.0 Plumc Modcls

2.1 Chamber Reactions and Nouk Expansmn

Equilibrium Exhaust-Air Mixtures

Static Versus Flight Conditions

Base Keocirculation and Reactions

Inviscid Pl .

Compute Mixing and Afterbummg Plume .
Plume Mixing Models Incorporating Chem:c,al chtxcs
Prediction of tiie Effccts of Attenuation-Reducing Additives

1213 *o 121915 1Dt

0~ oo Wit

Interaction Models . )
Line-of-Sight Attenuation (dlculmons
Diagonal Refraction

Diagonal Diffraction . .o
inspersion ot Focused l‘wumwavc Beains in
Transverse Attenuation Measurements

3.5 Pulse Distortion by a Rocket Exhaust Plume

- w o
BN - T

4.0 Plume-RF Attenuation Data Summary
4.1 Static Transverse Attenuation Data
4.2 Static Diagonal Attenuation Data
4.3 Dynamic Transverse Attenuation Data
4.4 In-Flight Attenuation Data
4.5 RF Attenuation Suppressing Addmve Dﬂtd

5.0 Problem Solving
5.1 Use of the BYU Plumn Model .
5.2 Use of the AeroChem Plume Model
5.3 Concluding Remarks on Frobiem Solving

References

Appendices

A. Diagonal Linc-of-Sight and Ray Trace Refraction
Computer Programs . .
Diagonal Diffraction Computer Programs
Transverse Attenuation Data
Plumce Properties and Radar Attenuatuon for
Six Rocket Motor Firings

vow

PNFE . R TR T

11
13
13
16
n
38
43

53
56
62
66

78
83

89
91
93
102
108
112

123
124
126
135

137

151
173
187

249

.l ‘_. fﬂ‘"rd::_:-ﬁr};-w:mlw- -,. e B i




e

T

ey

P b i LA ap

i e le ¢ s L

e rr————— e s

T TR ) R T

NWC TP 5319, Part 1

1.0 INTRODUCTION

Afterbuming cxhaust plumes of rocket p-opulsion systems interfere with radio
frequency (RF) transmission. This interference is caused by absorption, refraction,
diffraction, rcflection, and modulation effects of the plumes on RF transmissions
through them. Such interference can prevent guided wissiles from achieving their
operational objectives, Other problems atise from plume interference with range
telemetry and range command-destruct signals.

This publication is concerned with signal interference by low- to medium-
altitude Hlumes (less than 75,000 feet) in which mixing and afterburning with air
constitutc . a major source of heat in the plume. Some of the chemical reactions
occurring at the resulting high température release free electrons into the plume flow,
predominantly by icactions related to ionization of alkali metal impurities in the
propellant. A minor degvee of ionization is due also to chemi-ionization, but this
source of free electrons needs to be considered only in very pure liquid propellant
systems with no chamber or nozzle ablation effects.

Plume signal interference at higher altitudes fal!ls beyond the range of most of
our work at the Naval Weapons Center (NWC). In such cases the plume does not
atierburn, and plume siruciuic aid other propertics can be caloulated by invisaid
techniques. From this point, the calculation of inteructions with RF radiation is similar
to that for afterburning plumes.

Theoretically, all RF/plume interactions are contained in the solution to
Maxwell’s wave equations in a time-dependent lossy medium. However, since this
solution has proved intractable for any real cases of interest, it has been necessary to
subdivide the problem into several specific types of interactions and deal with each of
those individually. In this manner, thieoretical assumptions and approximations can be
applied to the phenomena for which they seem reasonable without oversimplifying the
general problem. Thus, we may treat abserption, refraction, diffraction, and reflection
separately, although it is their combined effect which results in what we observe as
attenuation. We further separate modulation effects {and those closely-related ones
which appear as radar cross section) into a special categeiy ot time-dependent or
turbulence-related effects.

While it is not assumed that the reader necessarily has any prior experience in
plume-signal interference technology, a familiarity with interference problems is
presumed. Thercfore, the preceding discussion of the problem has been brief.

Although the “arcane art” of predicting rocket exhaust plume RF/interference
has grown vigorously over the past decade, no prior effort other than a recent review
paper (Ref. 1) has been made to summarize the techniques available for dealing with
the problem. When this report was originally conceived six years ago, it was envisioned
as a primer in radar attenuation by rocket plumes. The original draft was pariially
completed when progress was rudely jarred by the following realizations:
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1. Existing plume models did not account for flight effects in u realistic
manner. Most notably, the important eifects of missile base geometry were
jgnored in the models,

2. Existing RF interaction models based on lire-ofsight propagation tailed to
accurately predict diagonal atienuation for static tests of many high-energy
propellants,

3. There were inconsistencies between attenu:tion data on the same propellant
fired in different size motors. These inconsistencies could not be explained
by existing models.

: 4. There was lack of agreement between transverse attenuation measurements
and analytical predictions.

5. Plume-induced noise data did not fit predictions based or. plume turbulence
models.

6. No chemical models existed for predicting the suppression of electron
: density by propellant additives.

These difiicuiiies have been attacked in the intervening years. While it would be
foolish to think these difficultics have been conquered, we now have tools for dealing
with all of them. Further improvements in plume technology are being sought; in the
future, some of the techmiques described here will be superceded. Nevertheless, the a
time for collecting the technology and presenting it in one place now seems
opportune.

T W

R S A

This report is intended to serve as a guidebook for solving plume-signal interference
problems. An earlier paper (Ref. 1) summarized the problem, available data, and
analytical models. This report (Part 1) takes the next step and leads the reader
through the use of analytical models by actually solving realistic attenuation problems.
In Part 2, (Ref. 2) modulation or noise induced on RF signals by plumes is discussed
in terms of experimental data and a predictive model. Additionai aspects of plume
technology will be treated in workbook fashion in the JANNAF Plume Technology
Handbook now in preparation (Ref. 3).
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Analytical models of both plume dynamics and electromnagnetic wave inter-
actions with plumes range from the trivially simple to formulations which are too
complex to have yet been solved. Between these extremes is a wide range of models
which have been used with varying degrees of success to predict and cxplain the
results of piume-signal interference measurements in a variety of test and flight u
situations. Those models which have been developed and/or used at NWC are described
in detail with examples of their use. Other models, with which we have little or no
working experience, are discussed with reference to their sources. z
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The approach used in this publication follows that recommended in Ref. 4.
Figure 1 is a logic diagram to the solution of interference problems and to tocls
! available for their solution. Sections 2.6 and 3.0 of this report follow the logic
diagram through the techniques of plume property determination and calculation of
electromagnetic interactions. Secticn 4.0 is a summary of available data and Section
- 4 5.0 presents the solution of sample problems.

P

e

2.0 PLUME MODELS

Predictions of plume-induced RF attenuation tased entirely on calculated plume
structures and properties have been made since about 1965 (Ref. § through 10). Prior
to that time, the predictions were usually made for calculated exit plane conditions or
for data correlations in which clectron-density and electron-neutral collision frequencies
were “backed out” of measured attenuation values.

In order to calculate sready stare attenuation, one must first map the plume
electron density and collision frequency contours in space. Because of the complexities
of plume chemistry, this requires sophisticated calculations of other plume properties
including temperature, pressure, velocity, density, major neutral species and minor (but
critically important) ionic species. In some cases, especially where reaction rate
chemistry is included, some minor neutral species concentrations may also be very
important. The physics and chemistry of plume mixing and afterburning with air must
2 also be accounted for in the low-to-intermediate altitude (below 75,000 jeet) plumes -
of tactical missiles with which this report deals. A

) : Because the theory of plume flow fields has been dealt with many times in
3 . many places (Ref. 2 through 18), it will not be repeated here. For afterburning
plumes, it is often unnecessary to consider the shock intersection structure which has a
minor effect compared with the much larger volume of high-temperature high-clectron
density gas due to afterburmning. Even for low attenuating systems, very good
agreement has been obtained between data and theory by simple superposition of
independently calculated inviscid and afterbuming plume properties (Ref. 8) (Figure 2).

‘ The total plume structure model is outlined in Figure 3. For some cases, 1
B several tactors may be eliminated. For example, for a plume exhausting into still air,
) the freestream velocity is zero and the base recirculation is negligible. For optimally
- expanded nozzles with small exit cone angles, the shock structure may be ignored
without serious error. Multiphase flow is generally ignored in plume calculctions used
for RF interaction predictions. This approximation has not caused any failures that we
know of. However, it is well-kknown that high concentrations of fine particles have a
major effect on the gas properties in a jet (Ref. 19, 20).
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FIGURE 2. Comparison of Measured and Calculated Attenuation for Rocket
Motor With 5% Al/88% Solids Propellant. (NWC predictions include effect of
shock structure added to simple plume calculztion.) From Ref. 8. Thrust level
was approxiinately 8,000 pounds.
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In the remainder of this section, the various methods used at NWC for
calculating plume  properties preparatory to making RF interaction predictions are
described, Severul other methods are also referenced. The reader is referred to original
sources for computer programs and user manuals.

2.1 CHAMBER REACTIONS AND NOZZLE EXPANSION

All plume computations require as input the temperature and species at the
nozzle exit. The NWC plume model (Section 2.6.2) and the Brigham Young University
(BYU) base recirculation model (Section 2.4) have internal subroutines which compute
the exit properties from propellant composition and chamber pressure for later use
within the programs. When working with the other p' 'me programs described under
Sections 2.6 and 2.7, it is necessary to first perform the chamber and nozzle
calculations with an appropriate computer program. Several computer programs are
available for pertforming this one-dimensional calculation assuming chamber and nozzle
chemical equilibrium with isentyopic expansion (Ref. 21 through 23). At NWC we use
the Fropellant Evaluatior. Program (PEP) (Ref. 21) since it was developed here and
expertise in its use and modification is locally available.

More sophisticated 1 tment of the chamber combustion may be desired in
some liquid systems. For example, the CONTAM program (Ref. 24) developed by
McDonnell Douglas Astronauiics Company provides analysis of transient combustion
processes in the chamber, including feedline dynamics. injection, atomization, droplet
drag, heat-up/vaporization, gas-phase combustion, deposition on combustion walls, and
cjection of gas- and liquid-phase propellant into the nozzle throat. We believe that this
precise a calculation is rarely needed for tactical missile RF problems, aithough it can
be of major importance for plume impingement or contamination studies.

Chamber chemical non-cquilibrium was suspected several times in the past when
the failure of calculations to reproduce measured attenuation data was attributed to
characteristic exhaust velocity (c*) inefficiency (Ref. 23). Since c* varies as the sguare
root of rnozzle inlet temperature, theoretical attenuation values could be widely
adjusted by small percentage changes in ¢*. In addition to lacking strong experimental
evidence, this method of adjusting theoretical nozzle exit properties should be frowned
on because measured ¢* values usually belie their theoretical basis (Ref. 26).

The CONTAM program also provides an improved treatment of nozzle flow by
accounting for multi-phase transport including momentum and energy coupling betwcen
the phases. Additional sophistication can be obtained by including chemical reaction
rate effects (kinetics) in the reactions occurring during nczzle expansion. Both one-
and two-dimensional kinctic nozzle analysis programs are available (Ref. 27, 28). The
principal differences between the two programs are that the onedimensional solution
ignores nonaxial steamlines and shocks within the nozzle. These limitations are
overcome in the two-dimensicnal solution. A two-dimensional equilibrium nozzle
program is available in Ref. 29, and a turbulent boundary layer nozzle analysis
computer program in Ref. 30.
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For plume-signal interference problems, it is essential that ionization chemistry
also be considered so that the calculated properties at the nozzle exit include ionized
species concentrations (e.g.. Na”, CI”, OH ", and e”) as well as concentrations of
neutral species, temperature, gas constant, and the other gas properties output by all
of the nozzle programs.

2.1.1 The Fuel index

The fuel index was proposed (Ref. 31) as a convenient index of the relative
capability of a fuel-rich rocket exhaust to afterburn with atmospheric oxygen. The fuel
index is defined as the proportion of combustible gas to total gas at the nozzle exit.

Fl =(H +H, + CO)(H +H, +CO + €O, + H,0 + HCY) n

As indicsted in Figure 4, the transverse microwave attenuation increases rapidly
with increasing tuel index. This correlation can serve as a guide for determining the
relative meerits ot scveral propellant compositions. It seems unlikely that fuel index
could serve as a basis tor an empirical scheme for predicting in-flight attenuation
because too many other variables are involved. The exit temperature, metal (AD
concentration, binder and oxidizer type, missile shape and trajectory will all have a
major influence on attenuation level. Thus, although fuel index can be used to
estimate the relative attenuation to be expected for propellants within a given
propellant family, from the standpoint of the remaindcr of this report the concept has
little use.

S

ATTENUATION, d8

A

0 0.1 0.2 03 04 0.5 0.6 0.7 oe
FUEL INDEX

FIGURE 4. Effect of Fuel Index on Aitenuaticn for Typical Solid Propellant,
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2.2 EQUILIBRIUM EXHAUST-AIR MIXTURES

All equilibrium plume mixing and afterburning models yield (1) the ratio of
exhaust gas to air at each point in space, (2) the temperature and species concenira-
tions at each point, which result from allowing the mixed gas to achieve thermochem-
ical equilibrium, and (3) electron-neutral co.lision frequencies (if plume-signal interfer-
ence calculations are to be made).

Since cquilibrium chemistry is independent of the path which constituents have
taken to a given spacial point, it is practical to consider making this calculation prior
to commencing the equilibrium plumes calculation. The chemical calculation is
performad within the NWC plume computer program SUPPEP (Section 2.6.2), BYU
base recirculation (2.4), ABL plume (2.6.3) and BYU aft-plume (2.6.4) models. The
simple RPE mode! (2.6.1) contains no chemical computations and so, if that plume
model is used, the resuits of equilibrium exhaust-air afterburning calculations must be
input.

it is important that energy, mass, and momentum be conserved in performing
the afterburning calculations. In the past, workers have occasicnally forgotten to
include the contribution of mixing to the energy (enthalpy) equation. The basis of
that calculation follows.

The enthalpy in contours of constant f (exhaust gas mass fraction) is assumed
10 be equal to the sum:

(Exha: st gas static enthalpy within the contour)
+ (Free s:ream static enthalpy within the contour)
+ {Enthalpy recovered by reducing the exhaust velocity to the mixing
contour velocity)
(Enthalpy lost by increasing the free stream velocity to the mixing contour
velodity)

Static enthalpy in mixing contour

The equilibrium thermochemical computer program used in conjunction with an
afterburning program usually treats a total mass of 100 grams. Consequently, it is
convenient to use a fractional factor (f) in the afterburning calculation and retain the
100-gram basis of the calculation. Use is made of the following nomenclature:

T = mass fraction of exhaust gas in a contour of the mixing region = me/(me +mj)
H = stagnation enthalpy of 100 grams of exhaust jet gas (czlories)
h. = static enthalpy of 100 gramis of exhaust jet gas at exit plane (calories)

h, = static enthalpy of 100 grams of free stream air (calories)
h = static enthalpy of 100 grams of mixed gas in a mixing contour (calories)
y = J2c(H - hj) (for 100 grams) = exhaust velocity at exit plane (meters/sec)

11
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u, = free stream velocity (meters/sec)
u = velocity in & mixing contour (meters/sec)
2
. m* - 100
¢ = conversion factor = 41.86 ——-—;5
cal - sec*
m = 100 grams = total mass in mixing contour
m; = mass of exhaust gas in a mixing contour = fm

m, = mass of frec stream air in a mixing contour = (1 - im

From conservation of momsntum (with unity Prandtl (Pr) and Schmidt (Sc}
numbers)

mu = myy; + meu,
mu = t’muj + (1 - fmu, (2)
or
u= fuj +( - Dy,
and
f u - u u-ou,
(1-H=———f=—o
uj ue uj ue

For a static firing (quiescent free stream), u, = 0 and u = fuj.
From conservation of energy
m(h + u?/2) = mi(h; + u/2) + my(h, + ul/2) 3

and the general equation for enthalpy at velocity (u) is

(u?f 2y Q- Hul 2
h=h(® + (- Db + )+ = ! 2 O]
J

For a static firing Eq. 4 becomes:
- . sl _
h= h,-(f) +(1 - Dh, + 57 ha-1N
or

h=h(D +(1- Dh, + (1 - )H-)

12
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u-u, h- he
When it is assumed that Pr = Sc = 1, the relationship TR = F=h is
true, ] e ) ]

For non-unity Pr and Sc numbers, the relationship must be altered tc

Y LN 5
o, ST T, ©)

Under these conditions, for which there is a considerable body of evidence (Ref. 32),
a contour for a given mass fruction (f) will not be the contour for the same value of
velocity and enthalpy ratio. Thus, the simplifying relationships which underlie the NWC
SUPPEP plume mode¢l do not hold in general and in the newer, more sophisticated
programs (Sections 2.6.3, 2.6.4, 2.7.] and 2.7.2), these simplifications are not
necessary.,

2.3 STATIC VERSUS FLIGHT CONDITIONS

There are wmajor differences berween modeling static and dynamic mixing
plumes. For one thing, the six mixing plume models which follew have been used to
adequately predict static transverse attenuation, with no consideration given to inviscid
structure. The uddition of inviscid structure has provided additional improvement by
predicting local increases in attenuation due to shock intersections. One would expect
that mixing models based on the inviscid plume boundary or slip line should be
superior since they have a physical basis for locating the mixing region (Figure 3).

The situation is much more complicated for predicting plume structure and
properties with a moving free stream. The hase region, which separates the exhaust gas
and free stream at the nozzle exit, can make a major contribution to the aft-plume
geometry and cher istry. Mixing starts in the base region and, under some conditions,
ignition of the plume may also start there.

Downstream of the base, the flow conditions are no longer those of free stream
and nozzle exit. An inviscid plume must be defined and toth internal and external
pressures and velocities are needed, point-to-point. A mixing model can then be
superimposed on the inviscid plume. ldeally the whole plume, inviscid and viscous,
should be solved simultaneously downstream of the base region (Ref. 15).

2.4 BASE RECIRCULATION AND REACTIONS
It has been demonstrated that recirculation and combustion in the base region
of a flying missile can seriously modify the structure and properties of the rocket

plume (Ref. 33, 34). The work of Bcheim, et al, (Ref. 35, 36) and Dixon, et al.,
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(Ref, 37) served as the basis for a computer model of base recirculation and reactions
developed by Hedman, Smooct, and Simonser (Ref. 38, §13). Other work has becen
reported by Addy (Ref. 39) and Baughman and Kochenderfer (Ref. 40).

In the base region, jet-air mixing forms chemical and physical inputs to the
inviscid and aft-plume calculations. It provides ionic, species, thermal, and pressure
conditions in the base region. 1t determines the trailing shock geometry, the aft-
external and internal pressures and the effective plume size.

The base model of Ref. 13, as modified in Ref. 32, is used at NWC.! Several
sample base calculations are shown in Figure 5. It is easily seen that the greater the
ratio of the base to nozzie diameter, the greater the effect of the base both in
increasing the plume radius and increasing the temperature resulting from equilibrium
reactions in the base region. The “flower pot” base of Figure 5d causes particularly
high base temperatures. Neglecting base chemical reactions decreases the calculated base
pressure and temperature in Figure 5a by faciers of 1/5 and 1/3. respectively.
Lowering the recompression efficiency to 90% increased base pressure 13%, but caused
litte change in base temperature. Increasing base ratio (r,/ry) from 0.6 to 0.9,
increased the base pressure (+21%) and decreased the base temperature (-33%) as
shown in Figure Sb. Reducing the boai-tail angle from -10 degrees to 0 degree
reduced base pressure (-32%), with little change in base temperature (+7%) as shown
in Figure 5¢. These exampies are taken from Ref. 22

In addition to providing input for a mecthod of characteristics (MOC) inviscid
plume program (Section 2.5) and for the aft-mixing and afterburning plume program
(Section 2.6.4), the base model also has built into it several earlier versions of the
BYU aft-plume model (Ref. 13). The base program can be run with any of the
following options:

1. Compilete Program. Aill components of the program are run, with all input
parameters for the aft-plume being obtained internally from the base region computa-
tion. Runs can be made with ur without line-of-sight radar attenuation computations.

2. Without Base Effects. Components of the program for the chamber, nozzle,
and aft-plume regions (with or without a radar attenuation computation) can be rua
separately without computing base region stsucture, (e.g., to describe a jet where base
flow can be ignored).

3. Specified Aft-Plume Input. All components of u.. program can be run, with
any of several input parameters for the aft-plume subroutine being input directly,
rather than being obtained from the base region computation (e.g., to dciermine
effects of varying static pressure, free stream velocity, etc.).

1 peveioped for the Naval Weapons Center on Contract No. N00123-70-C.0274.
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4. Base Region Only. Components of the program for chamber, nozzle, and
base region can be run separaicly without computing the aft-plume properties or radar
attenuation (c.g., to obtain base pressure or base drag computations).

The program has 2 major weakness as a total plume program since the species
computed in the base region do not flow into the aft-plume. However, the calculated
base pressure and temperature and the calculated external environment do become <
input to the aft-plume. If Option 4 of the base model is used (base region only), the
calculated basc properties can be input directly (with ambient conditions) to the
intemmal-external MOC program (Ref. 32) of Section 2.5. Both the base and MOC 2
program outputs become input for an improved aft-plume model (Ref. 32) described in
Section 2.6.4 which can use the radially varying base properties as input, and can also
use the longitudinally varying pressure and velocities obtained from the MOC program.

JoT———

b

2.5 INVISCID PLUME

Whereas an inviscid plume model (complete absence of viscous effects) describes
the entire flow field of higher altitude rocket exhausts, it is only part of the solution
for plumes at the lower altitudes at which tactical missiles travel. The inviscid piume
describes the boundary across which air and jet gases mix as weil as the shock
locations within the jet. In this section. some simple models are explained in enough
detauil so that the rcader can use them without reference to additional sources.

-

Love, et al., (Ref. 41) summarired the results of inviscid plume calculations for
a wide range of initial conditions in the form of graphs, which are useful for
predicting plume boundaries.

Several simple empirical models for predicting normal shock (Mach disc) *
location in jets have been published (Ref. 42 through 45). Lewis and Carlson (Ref. 42)
reported excellent agreement between data and theory for normal shock locations using
the equation

1/2
-1
xft, = 1.38MJG;—’) (1 +0.197Mm;1-45 ¢0-65) (6)

for underexpanded pure- or gas-particle jets where x is the distance to the normal
shock, 1, is the nozzle exit radius, Mi is the nozzle exit Mach number, P, and P_ are
the jet exit and ambient static pressures respectively and ¢ is the particle-to-gas mass
fraction. According to this equation, jets laden with 10 and 50% particle mass will
have shock locations reduced to 82 and 62%, respectively, of the distance for a pure

AR M

Sl Ll

gas jet. Williams, Hartsock, and Buckley (Ref. 14) have shown that Eq. 6 also applies °
to locating the Mach disc for a jet in a dynamic environment. It should be roted that

the Mach disc diameter will be reduced for a jet with a moving free stream and with )
increased external Mach number, the Mach disc could completely disappear. *

16
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Buckley and Myeis (Ref. 46) described a model to correct a pazallel-mixing
plume model for nozzie underexpansion. As illustrated in Figure 6, the jet flow
expands through an angle (8, - 0,) to a pressure P, equal to the pressure reached

o
when the external flow is ccmpressed from P_ tiirough an angle 80 to F . Downstream

of the first plume wavelength, it is assumed that the flow js uniform and the pressure
is atmospheric. !

It is assumed in the Buckley-Mvers mode! that the inviscid boundary can be
described by

(r- T W - 7 ) = e bx M

where r, is the maximum radius of the inviscid plume boundary and b = tan (5,)/
(ry, ~ 1)) It is further assumed that :

(Py - PP, ~P)=cex (8)

where it is assumed that ¢ =b. Assuming uniform flow conditions st the nozzle exit

and at the downstreum location whete the plume pressure is that of the environment,
congervation of momentum vields

EXTERNAL SHOCK

INVISCID PLUME BOUNDARY

Y o / -
—

m m

FIGURE 6. Low-Altitude Inviscid Plume Model (Ref. 46).
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=7,Mf!’,-lP,{h—;g'jﬂ\/[l ty, - 1)M}/2]/[l +(y; - l)M},,/zj- 1} 9)

where

—y,

M, %/l/“j_ 2 +2(rjlrm)2(lepa)2[b|j2 +(, - I)M;‘/?.](v,-- 1)-

2
- 1/, - n}” (10)

Buckley and Myers (Ref. 46) also discussed the effect of free stream flow on
inviscid plume boundaries. The results are shown for M, = 3.0, 4, = 1.2, @ = 15 degrees
and y_=14 for a range 0< M_< 5 in Figures 7 through 10. The dynamic effect is
readily apparcnt in Figurcs 7 and 8 where the inviscid plume ic seen to compress as
M_ is increased. Figure 9 indicates that the plume compression is accompanied by an
increase in u , (velocity at fy ), which is particularly significant at higher Pj/PO. These
relationships can be used as inputs to modify perfectly expanded plume models to
account for the effects of underexpansion in static or dynamic environments.

Two different techniyues, illustrated in Figure 11, were used to correct the
input to the perfectly expanded flow model to account for the effects of under-
expansion. In Figure 11a, three different plume contours are shown for the same value
of P./P.. The thickest plume results if the nozzle exhausts into a static environment;
the plume boundary pressure being equal to P_. If external flow is added, the
maximum plume radius decreases from r, to r . and the pressure along the plume

0o
boundary now varies, decreasing from P, at the exit to P_ further downstream. The

0
third contour is for a situation in which the boundary pressure is not allowed to fall
in the downstream direction but is maintained at P, (corresponding to M_ = 0). This

[s]
condition result in a plume of even smaller radius (r_, ). The efiect of the streamwise

pressure gradient associated with the flow accounts for the difference between the last
two contours.

The first, and simplest, underexpansion correction is shown in Figure 11b. It is
assumed that the effect of underexpansion in a dynamic environment can be accounted
for through use of an cffective jet having a radius equal to r,, and a velocity of

. 1
um, obtained from Figures 7 and 9 at the appropriate values of PJ-/PB and M_. The
effective jot exit pressure, and that throughout the plume, is equ il to P_.
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FIGURE 11. Scheme for Correction Due to Effects of Underexpansion in a Dynamic
Environment (Buckley and Myers, Ref. 46).

The seccond correction scheme is shown in Figure 1lc. Here, an attempt has
been made to include the pressure gradient effect. If a flow effect had been present to
compress the flow to Ph at x = 0. but no gradient had existed, the plume radius

would have been 1 Thus. an effective jet with a radius equal to Ty and a velocity
equal to Y, (obl.nned from Figures 7 and 9 at M_ = 0, P/P“, P/'Pb ) is used to
represent this situation. The cffective jet exit pressure is taken as Pb Now to include
the pressure gradient effect, the plume pressure is allowed to decrease from P, at the
exit plane to P_ further downstream, in accordance with Eq. 8. The values of b and

21
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Pb are determined from Figures 8 and 10 for the appropriate values of M_ and P P

The actual jet radius is used in the computation of b. Through use of this leghmque
the radial location of he jot edge streamline in the far field should be close to that
achieved with use of the zero pressure gradient correction. The temperature in the
external flow at the jet edge is also varied in the downstream direction by using

T,=T. [l + (TbO/T» - 1) exp(- bx)].

The results of attenuation computations for flow from an underzxpanded
nozzle into a supersonic siream. with the two different pressure corrections given
above, are presented in Figure 12. Inclusion of a pressure gradient effect decreases the
peak attenuation and shifts its location further downstream. Also, the two attenuation
profiles are markedly different. Further study is required to fully assess the validity of
the underexpansion correction schemes presented and to completely analyze the

pressure gradient effect.

Another approach for determining the radius of an expanding plumc is
presemied by Draper and Moran (Ref. 47). Although this technique was developed for
high-altitude plumes, Rothschild and Stanford (Ref. 48) have used it in lower altitude
plumes. However, there is no experimental information on its validity for this case.
For an exhaust expanding into air:

Dl/Z
R = 0.3¢4 a

004 | I S N VAN
[ RY “j R
WITH /] . oo = 2.5
4§ 0.03 | PRESSURE / \
GRADIENT

- GRADIENT

i 1 | N | l

[+] 40 80 120 190 200 20
NONDIMENSIONAL DISTANCE

FRCM NOZZLE EXIT PLANE, lei

FIGURE 12. Comparison of Attenuation Calculations
in a Dynamic Enviionment With and Without
Consideration of Nozzle Expansion Correction
(Buckley and Myers, Ref. 46).
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The frec streum dynamic pressure, q_, is calculated from missile flight velocity and
altitude.

v
Q= %,
where
e, = free strcam density, lbm/ft3
v, = free stream velocity, ft/sec
Ib,-ft
8. = gravitational conversion, 32.17 3
¢ Ib, -sec

Plume drag, D, is calculated from exhaust gas thrust, T and a plume spreading
parameter, X (see Figure 13).

o Te
AT -
The exhaust gas thrust is that portion of the total engine thrust which is not produced
by particulates in the two-phase flow of solid propeiiani rocket plumes

Tg = T(l - ri‘siolid/rhmlal)

The plume geometric structure is scaled by (Ref. 47):

T1\/2
T- (Ig)
. Q.

so that x/L and R/L are the respective units of length and radius. This technique has
only been shown to be valid for conditions in which the missile body has negligible
effect on the plume/air interaction.

For overexpanded jets, an approximate method for calculating the shock and
separating streamline was given in Ref. 49. The following equations detennine the

radius of curvature, R, of the shock and r of the separating streamline (see Figure
14) by means of a first-order expansion about the separation point.

_:z__.~
- 2 (1 (-1t
=M; [(7+ 5 0+ Mﬁ)]‘ 5
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FIGURE 14. Determmation of Flow Separation Point (Ref. 47}.
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where
boc2 + b2 ¢

x:
‘ bzcl - blc2

bn".l + l:'I Co

Y Thye By

b, =sind cosB (- A+B+c] cot§,

b, = (l - sin § cos 85[- A +BD + c¢E] cot os)sin o,
b, =cos(o - §) |

¢, =F cot g

¢, =(G+FD)coso,

c, = H sin_(as - 68)
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Mls is the Mach number in the flow upstzeam of the shock; My, is the Mach
pumber in the flow downstream of the shock. The relationships between Mzs, M,,. Gp
and 8 are obtained from the obhque shock relations:
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If more accuracy is desired, a computer-generated inviscid plume solution must
be wused. ldeally, the inviscid and mixing plume computations should be made
simultaneously. Such an approach has been developed by Edelman and Weilerstein
(Ref. 15). Unfortunately, this method-of-characteristics with viscous effects (MOCV)
program is not available for general use. The elements of a similar program have been
described by Hoffman (Ref. 24, 50). A stream tube method for solving the problem
has been developed by Kelley and Pergament (Ref. 51).

in lieu of a combined inviscid-viscous solution, one must superimpose mixing
on a calculated inviscid plume. The Lockheed MOC program, in fairly wide use (Ref.
52, 53, 54), has been expanded by Simonsen (Ref. 32) to gencrate the external
flow-field properties as well as the internal plume and the separating slipline.2 The
results of using this program are shown in Figure 15. Hoffman has also described a
MOC program (Ref. 53).

2.6 COMPUTE MIXING AND AFTERBURNING PLUME

Six models used for computing the structure and properties of exhaust plumes
with jet-air-mixing and afterburning are, discussed in the following section. Each of the
models is self-contained in that ii functions independently of any prior base or inviscid
plume calculation, except for the model described in Section 2.6.4. This model (BYU
aft-plume) is used with inputs from a base mixing calculation and a2 MOC inviscid
plume calculation previously described (Sections 2.4 and 2.5).

For problems involving nozzle under- or over-expansion, some correction of the
other models has to be made. This is done internally in the NWC model. The other
models require some adjustment of the inviscid plume boundary. This can be obtained
from Love’s figures (Ref. 41) or by the method of Buckley and Myers (Ref. 46) given
in Section 2.5. It is also possible to adjust the boundaries of the finite difference
models (Sections 2.6.3, 2.7.1, and 2.7.2) by imposing longitudinal pressure gradients
which match an inviscid plume solution.

2 Beveloped for the Naval Weapons Center on Contract No. N00123-72-C-0274.
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All of the plume models except for the REP-1 model (Section 2.7.2) uge an
eddy viscosity mixing model based upon input assumptions about the eddy viscosity
coefficient (K). All of the models might be improved by incorporating the recent
correfations of eddy viscosity coefficients described by Stowell and Smoot (see Ref. 56
and Eg. 11). The model recently developed by Kelly and Pergament (Ref. Si) uses a
stream tube technique to compute inviscid plume properties and the conditions
downstream of the Mach disc. This program also computes the effects of nozzle
underexpansion and particle flow in a completely coupled non-equilibrium chemistry
model. The Stowell-Smoot eddy viscosity correlations are incorperated in this model.

2.6.1 Simple RPE Plume Model

Cummings, Williams, and Wilson (Ref. 49) of the Rocket Propulsion Estab-
lishment (RPE). United Kingdom, described a very simple model of a rocket plume
which they used earlier for attenuation calculations. Although the model is designed
only for use with a static environment, proper adjustment of the core length (L) and
the maximum radius of the inviscid boundary (r) would allow its use for crude
calculations in dynamic environments. For non-optimum nozzle expansion, the jet gas
is allowed to expand inviscidly from the nozzle lip until the tangent to the inviscid jet
toundary is paralle] to the jet axis (Figure 16). At this point, Xm the plume radius is
f,- The inviscid boundary can be obtained by any of the methods mentioned in
Section 2.5.

The simple RPE plume model is made quantitative by introducing several
mypirical relationships. The core length, L, is assumed to be a functlon ot‘ the Mach
Aumber, M on the axis at x_ and is given by

m

Lr, = 21M,)?

FIGURE 16. Method of Correction When Nozzle Exit Pressure is
Not Equal to Ambient Pressure (Ref, 47).
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The core (defined as the constant velocity, W, unmixed region of the plume) is
assumed to be coneshaped, centered on the jet axis, of base radius 1 and height L
s0 that the generator is given by

r/r, =1 - x/L

where 1, is the core radius at x. The velocity in the core (y;) is constant, but beyond
the core, <he centerline velocity, "‘(,‘_ varies inversely with x. .

u‘i /uj = L/x

The radial varigtion of the longitudinal velocity component in_the rmxmg region
is expressed as

. r- 5\
: u/pi = exp[ 2n(2) (v———r) ]

‘where . ‘
U ifx< L
y = u if x> L
,=0 ifx>1L

s is the half velocity radius, ie., where u= uil2. The half velocity radius is
determined from the equation

2
wlr,/%[2a + u?/2a% = EL(;? +r12)

i
where

a? =2 en(2)/rg - 1,)?

If x <L, then y, = y and rg can be found in terms of T, which is given above as &
function of x. If x > L, thenr; = 0 and y, = ujL/x, so that rg can be found directly
as a function of x. In this way contours of constant velocity can easily be defined.

The mass fraction of jet gas for this case was given in Eq. 5 as

f= (u/uj)s"'

R T
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-
-
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It is also true that

f u Sc
e W | —
f; [“i]

where the i subscript signifies the value at the edge of the core for x < L, or the

P centerline value if x> L. If onc further s:mphﬁes by assuming unity Schmidt number
; (Sc), then B

¥

g -

’ , r-ry?

o f=1 cxp |- (2) [;"":7

3 £ =1 x< L

f, = L2/x? x> L

RUAEE

With Sc = 1, the species concentration contours (f) will coincide exactly with
" the velocity conteurs (ufu.). Therefore, composition of the contours can be computed

by the technique given inj Section 2.2. The results of such computations are compared

for the simpie RFF modei, ihe NWC modet (Scction 2.6.2) and 2 BYU aft-nlume

model (Option 2 of Section 2 4) in Figure 17.
mem SIMPLE RPE

————e NWC
esosene Gy

TR | 7 TETRT O T AI ¢, 10 WA A

0 100

H
FIGURE 17, Compasison of Simple RPE Plume Mode! with NWC and Old BYU :dodeia for Static
Soa-Level Exhaust of Propelant Containing 88% Solids/20% Al (88/20). Numbm on ptph nfor to
vedue of f = mass jet gas/mass air.
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If equilibrium electron density and electron-neutral collision {frequencies are
computed for the contours, the model can be the basis for linc-of-sight attcnuation
computations or for any of the other eclectromagnetic interaction computations
described in Section 3.0 of this publication. In Figure 18 the models of Figure 17 are
compared for attenuation predictions. ’

In the use of this mode! as described in Ref. 49, the electron density in the
core has been assumed to be frozen at a level above equilibrium; the level is assumed
to exist at the nozzle exit. This value is allowed to persist into the mixing region to
the radius at which the equilibrium electron density exceeds the core value (Figure 19).

2.6.2 The NWC Plume Model

i The NWC mixing and afterburning plume model has been described in two
reports {(Ref. 57, 58). Based on the model presented by Libby (Ref. 16), several of
the variables are linearized to simplify the computation. The validity of the linearized
; model evaporates beyond the regions of significant electren density (f < 0.1) and
modifications would be required to use the model for radiation or impingement
calculations. The modei predicts core lengths which seem too short when compared
with other models and constant property contours (velocity, species concentration, and
temperature) which are too fat, especially near the nozzie (see Figure 17). Neverihe-
less, predicted axial temperatures and velocities seem to fit measured data well
(Ref. 59).

e

BT

Following a Von-Mises transformation, contours of constant velocity are
described by the cylincrical heat flow equations of Carslaw and Jaeger (see Ref. 16). The
result is a grid of constant velocity (also temperature and concentration) contours in “
L 4 Von-Mises space (Figure 20). The NWC plume computer program transforms these
contours back to physical (x-y) space according to the values of density predicted
from equilibrium combustion for each concentration ratio. (Generally, ten equally-
spaced contours of f = (u - ue)/(u’- - u.), between 1.0 and 0.1, are used.) Since Sc

TATB E TE, CTSTI N g

and Pr are assumed to be unity, calculated contours of temperature, concentratior and é
velocity ratio are coincident in space for the same ratios,

Unlike the computer programs given in Ref. 55 and $£6, the current NWC
plume computer program (SUPPEP) includes the thermochemical equilibrium calcula-
tions for the coniours of interest. In addition, changes have occasionally been made in
the ratios for contours in order to study contours further downstream than the 0.1
contour. This has been done for calculations of smoke generation (water condensation),
gaseous impingeinent pressures, and IR emission. .

PR TR

The program inciudes twc options to correct the plume geometry for nozale
underexpansion. The first of these (called “Continued Expansion 1o Optimum™) simply
continues the expanding nozzle flow at the nozzle half-angle to ambient pressure, and -

32
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B tions with Data tor 88/20 Composite Aluminized Propellant.
SEE
>
’r
/’ \\‘ X~DATA
< 7 ~ Q. XY
%.7 k &7 .
3 & *
. - .
! <
: S ®e BYU MODEL
| e ¢ .,
| *
3 ‘e
P L4
‘ N .
X ‘e e
, ) .0 Y | 1 -
B ! K 60 70 T80
} X/t
FIGURE 18b. Comparison of Simple RPE, NWC, and Old BYU Plume Model Attenuation Pre-
dictions with Data for 88/12 Composite Aluminized Propellant.
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FIGURE 19. Diagram of ¢ Typical Elsctron Density Profile
(Ref. 47).
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FIGURE 20. Velocity Distribution (in Transformed Coordinates) at .
Various Downstream Locations (Ref. 57). £

assumes that final radius to be the effective jet radius for parallel mixing. Mixing
czlculations ae started at that complete expansion point. The second correction
technique for underexpansion (called “Jet Radius Correction’) uses the values of
inviscid piume boundaries given by Love (Ref. 41) for a nozzle half-angle of 15
degrees, » nozzle exit Mach number of 3.0, and a jet specific heat ratio of 1.2 to
describe the growth of .the plume to an effective jet radius given by the maximum
radius of the first plume wavelength. With this latter technique, the mixing calcuiation _
starts at the nozzle exit and continues along the expanding plume boundary. ' 34
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Buckley (Ref. 14) has pointed out that the NWC “Jet Radius Correction™
defines an  effective jet having mass flux yreater than could actually exist. The
*Continued Expansion to Optimum™ correction is also in error because it assumes the
expansion 1o be isentcopic. Furthermore, neither correction technique accounts for the
cffects of dynamic environment on the radius of the effective jet. These flaws may be
partially responsible for the prediction of too fat a plume by the model. It is also
possible  that the mathematical formulation which led to Figure 20 is basically
incorrect gs a description of plume-air mixing.

The NWC plume thodel uses an eddy viscosity mixing model. in the original
formulation of the plume weodel the Libby (Ref. 16) ¢quations for eddy viscosity were
used. In the near field, eddy viscosity was assumed 0o follow

e = 0.00137 Xy - oud

In the far field, eddy viscosity was assumed to behave as
€ = Ks's"“q u!

with K¢ = 0.025.

Subsequoently, both the Donaldson-Gray (Ref. 60) eddy viscosity (K varies with
M. . half velocity Mach number) shown in Figure 21 and a sclectably variable viscosity
have been used. But no extensive study of the effect of eddy diffusivity coefficients
has been made with the NWC model as has been done by Pergament for the
AcroChem odel (Ref. 12). Of course, it goes without saying that for any plume
mixing model. the higher the ¢ddy viscosity coefficient, the faster the mixing and the
shorter the plume.

aos
003
004

o~
;‘ 0.03

002

a0

P (SN TSN T URNUR NUNY DU SN SR SR TR S B M
G 0t 02 03 04 03 06 07 08 0% (O 41 12 [B-]
Ilv', MACH NO. AT HALF VELOCITY RADWVY

FIGURE 21. Local Mixing Rate Constant Versus Local Mach Number at
the Half-Velocity Radius.
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Despite its weaknesses and many simplifying assumptions, the NWC plume
model has been shown by Webb and Smoot (Ref. 61) to be about equal in accuracy
to the other models in common use for most attenuation predictions. The critical

variable in comparing the different models appears to be the eddy diffusivity values

selected.

2.6.3 The ABIL Plume Mode!

The plume computer programn developed by Allegany Ballistics Laboratorv
(ABL) of Hercules, Inc. (Ref. 14, 48, 62) has not been distributed for general use;
hence, we cannot report first-hand experience, but only what has been reported

previously in the literature.

The ABL model is different from other parallel axisymmetric mixing and
equilibrium afterburning programs in that it uses a finite difference solution tc the
equations of conservation and motion. The BYU model (Section 2.6.4) uses an integral
solution; the simple RPE (Section 2.6.4) and the NWC models (Section 2.6.2) use
flinearized solutions. The non-equilibrium AeroChem (Section 2.7.1) and REP-1 models
(2.7.2) also use finite difference solutions. Use of a finite difference solution lends a

flexibility which is not possible with the other methods.

The ABL program can handle non-unity Prandtl and Schmidt numbers. After-
burning ignition can be delayed any desired distance downstream of the nozzle. The
Donaldson-Gray eddy viscosity model (Figure 21} is used in the ABL program.

Calculated temperature and species contours and values of predicted transverse
attenuation are similar to those for the other programs (Ref. 12, 13, 57). Differences
between the programs can generally be adjusted by modifying the eddy viscosities and

turbulent transport coefficients (Pr and Sc).

The most unique feature of Ref. 14, 49, and 62, which describe the ABL
model, has been the discussion of underexpansion and free stream fiow corraction

factors (see Section 2.5).

In a recent report, Williams, Hartsock and Buckley (Ref. 14) have described the
development of a new ABL Fiight Plume Model, a single computer program incor-
porating base structure, inviszid plume structure, free-shear and axisymmetric mixing.
Although described as being essentially complete, the program has not been checked

out by performing sample calculations.
6
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2.6.4 The BYU Aft-Plume Model

The latest version of the BYU aft-plume model (Ref. 32)® starts the piume
caiculation at the point where the trailing shock intersects the limiting streamline
(Figur¢ 3). Features of the model include (1) axial pressure gradient effects, coupied
with non-zero (but small) radial flow effects, (2) an improved mixing ceefficieni for
treating systems with finite cecondary flows, (3) inclusion of the exient of airfjet
mixing in the base region as initial conditions in the aft-plumc modeis, and (4)
non-unity turbulent Frandtl and Schmidt numbers.

Unfortunately the integral so.ution technique chosen by BYU for solution of
the equations of continuity and motion is not well-suited to inclusicn of non-
equilibrium chemistry. In describing the model (Ref. 32), Smoot, et al. have shown
that equilibrium and non-quilibrium chemistsy have about the same effecis on gas
mixture density versus reduced velocity {(u - u)/(y; - u.)}. Thereiore, it would be
possible to superimpose chemical kinetics upon the resuits of the integral calculation to
obtain a second apu.oximation which would modify the temperature and species
distributions while maintaining the mixture ratio and velocity distributions calculated
by the equilibrium technique. However, existing numerical schemes (Sections 2.6.3,
2.7.1, and 2.7.2) are more ap;ropriate for incorporating non-equilibrium chemistry.

The earlier BYU ait-plume model (Ref. 13), which has been used for
comparison with other models and with data (Figures 17, 18, and Ref. 61, 63), is
described briefly in Section 2.4.

Associated with the development of the BYU plume-mixing and afterburning
models, Tufts and Smoot (Rei. 64), and more recently Stowell and Smoot (Ref. 56)
have developed empirical correlations of the eddy viscosity coefficient for turbulent

mixing.
The Tufts and Smoot correlation shows that the difference between measured
(xp) and predicted (x,) velocity and concentration (x_ ) core lengths can be

represented by:

67.6/(UR)! 07

P o
'

>
#

87.8/(UR)! -23

>
1

>
fi

where UR = uj/u_, or u_/u, whichever i greater than unity, and the x’s are in

dimensionless units (x/r;). .

I Developed for the Naval Weapons Center on Contract No. N00123-72.C.0274.
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The more recent Stowell and Smoot correlation is based on the data of Harsha
(Ref. 65) in addition to all the data used by Tufts and Smoot. As a result of this
correlation, a new formulation of the eddy viscosity coefficient has been defined.

ey

K =c, (M) 2(pgl05)"? [(u6 + ug)f(ug - us)]°‘ an

where the coefficients ¢, ¢,, C3, and ¢4, are defined in Table 1. M, is the average of
the internal and external Mach number (Mg + M()/2. The subscripts 5 and 6 refer to
properties external to, and internal to, the flow slipline (Figure 3). For the parallel
mixing case, us and u, become u and u; respectively. For application to the ABL
model, they become u and u_, respectively.

Since Stowell and Smoot correlated temperature and concentration data jointly,
no differences are apparcnt for turbulent Schmidt and Prandtl numbers.

WEPRIAUE A0 Ty T SNy T o

Pr = Sc = 1.08(M_ ) 0-0! (o, [p)0-087 [(u6 +ug)(ug - usﬂ‘““ (12)

s il LA

These values for K, Pr and Sc were used in the latest BYU aft-plume model
(Ref. 32). This model is intended for use with the BYU MOC and BYU base
recirculation models described in Sections 2.5 and 2.4

kg

2.7 PLUME MIXING MODELS INCORPORATING
CHEMICAL KINETICS

Until recently the most general model in existance for possible use in describing
aft-plume structure supersonic missiles was the MOCV program developed by Edelman
and Weilerstein (Ref. 15). This model considers fully coupled, nonparallel, viscous
flows of supersonic external and internal streams with arbitrary initial conditions. A
technique for rapid, non-equilibrium chemical computations (Ref. 66) is formally
included for hydrocarbon combustion schemes. While a chlorinated solid propellant
kinetic package could presumably be added to this program, such kinetics are not
[ presently part of the system. Unfortunately, this program is neither fully documented
: in the literature nor available for general use.

The AeroChem plume model (Ref. 12) and the several REP models developed
by the RPE (Ref. 67) utilize a finite difference techinique and finite rate chemistry.
Both of these programs have a general chemical reaction capability in that they can
handle for neutral or ionic species any reactions of the following types:

(WA+B~=C+D

(2 A+B+Ms=C+M
B3)A+B=C+D+E
4 A+B=C

(Y A+M=C+D+M

38
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where M is an arbitrary third body. The AeroChem program has the added feature of
being able to frecze a reverse reaction by specifying “forward reaction only™ for any
of the five reaction types above.

Both computer programs utilize reaction rate coefficients of the general type:

K = AT" exp(B/RT)

in ml/molecule/sec units (mlzlmolecule2 [sec for termolecular reac:ticms).4
3

The two programs have reascnably economical computer run-times and both
seem to require about one minute of computer time per foot of tactical missile plume
on a UNIVAC 1108 computer. Tempetature contour plots for a particular plume are Q
compared in Figure 22 for NWC, REP-!, AeroChem and AeroChemn TKE programs.
The JANNAF Plume Technology Handbook (Ref. 3) contains additional discussion of
plume chemical kinetics.

In the latest AcroChem plume program, a stream tube inviscid structure
- calculation and particle flow are coupled to the existing capability (Ref. 51).

2.7.1 AeroChem Plume Model

The AeroChem plume model (Ref. 12) is a reasonably rapid, finite difference
solution for a co-flowing. parallel, axisymmetric, turbulent. free jet with rate dependent
chemistry. The chemical reaction rate data of Ret. 68 are used. The mixed implicit/
; explicit scheme used for the solution eliminates instability problems on the computer,
1 Implicit differences are used for the solution of species conservation equations and
’ explicit differences are used for the momentum and e¢nergy equations. Since the .
3 program is designed to handle axial pressure gradients, it is possible to adjust ihe
plume calculation for a non-optimally expanded nozzle or for the effects of base
recirculation and inviscid flow by proper pre-selection of the axial pressure curve and g
proper radial variation of the input species concentrations. i

Prandtl and Schmidt numbers are assumed to be constant throughout the plume
but need be neither unity nor equa! to each other. Turbulent transport is described by
an eddy viscosity model. Any one of six different eddy viscosity models contained in
| the program can be selected for use. In addition, Cashen’ has modified the

i o~

4 Jensen and Jones have published an extensive list of chemical reaction rate data (Ref. 68).
5 Dr. John Cashen, Hughes Aircraft Co., private communication, used:

coute (% + u‘_)o.oos) Py -0.213
Kmomenlum = 0.0284(Mm) | u, +u, a

and
"0.288 +

6375 u, +u, 0.823 [0
Ktempeta(ute = 0'0276(Mm) ) (uo - u..) r)

m

Also see Hughes Aircraft Company Technical Internal Cormespondence 2773.1/80, D. Bregman, 16
August 1973.
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Donaldson-Gray eddy viscosity coefficient in the AeroChem model by incorporating the
results of the Stoweli-Smoot correlation (Ref. 56 and Section 2.6.4). This new eddy
viscosity coefficient yielded excellent agreement with an empirical model previously
used by Cashen to fit jet plume IR data and has also improved the agreement between
rocket plume IR data and theory at NWC. None of the other eddy viscosity models in
the program fit Cashen’s data. The Stowell-Smoot correlations listed in Table 1 have
also been used at NWC. The entire AeroChem program is listed with full, clear
instructions for its use in Ref. 12,

Bl o el SRR o TUTPRETRN

Mikatarian® has recently modified the AeroChem mode! to incorporate a
turbulent kinetic energy (TKE) model. We feel this program needs further study to o]
explain its large differences from the other models shown in Figure 22. One should
also note the latest AeroChem model (Ref. 51) which was developed too late to be
fully examined prior 1o this writing.

2.7.2 The REP-1 Plume Model

The Rocket Propulsion Establishment (RPE) has been involved in the devel-
opment of increasingly sophisticated plume models during the past several years. The
first of these models, the REP-1 plume computer program (Ref. 67), uses a finite

PO

i difference scheme to solve the problem of an initially pariliei, axisymmeiric iurbuient

free jet.” Chemical reaction rates are modeled as described in this section (2.7). Solid

i particle reactions can be modeled and a range of padicle sizes can be included.

Non-unity and non-equal Prandtl and Schmidt numbers are allowed. A constant axial

‘ pressute gradient can be input to the program. For matching the program to the *
output of an inviscid plume calcuifation, it would be desirable to modify the pressure

gradient coding to aliow a variable gradient.

The unique feature of the REP-1 model is in the modeling of the eddy
viscosity coefficient. A two-equation turbulent kinetic energy model is used. That is to
say, in addition to the standard equations of conservation solved for the other plume
models, two additional partial differential equations are solved for the turbulent
3 properties of the flow. These properties are then used to determine the eddy viscosity
: coefficient. The two variables chosen are the turbulent kinetic cnergy, k = 1/2(u'? + .
3 v2 4+ w'?), and W = k/€%, where € is the characteristic length scale of the turbulence
' and W represents the square of the characteristic frequency of the energy-containing
eddies.

The transport equations are:

6 Private communication, August 1973, R. R. Mikatarian, Lockheed Missile and Space Corp.
(LMSC), Hunteville, Alabama. Also 8th JANNAF Piume Technology meeting, July 1974.

- 7 The program documentation is included in Naval Weapons Center Reg. 451-150-73, September

1973. .
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Turbulent kinetic energy

ok 3k _1 3 ) au\
puz + PUFL = T 5y [6& —a"'] + p(‘éﬁ) - CDPRWHZ

; .
s where the nomenclature follows Ref. 67. Thus, there are two additional equations
added to the conservation equations which must be solved simultaneously to define the
plume.

_ The local eddy viscosity coefficient, p, is then recovered using the equation

5 | u= pk/w!i2
. and the length scale of turbulence, £, from the definition of W, is

2 = (k/W)' 2

] The m- "=l is readily extended to consider other statistical properties of the
4 » turbulence. Fo: example, the mean square fluctuation of temperature and several
3 species concentrations can be generated by the program on input request. Thus, the
program generates eddy viscosity, turbulent scale and turbulent intensities from basic
equations. The turbulent properties are necessary for computations of plume-induced
noise (Ref. 2) or plume radar cross section (Ref. 69 through 73). The model uses the
chemical reaction rate data of Ref. 68. The model is based on the work of Spalding
(Ref. 74 through 77).

A modification to REP-1, known as REPSI, has recently been announced.8
REPSI comp*. s the - uc pressure field from the radial and longitudinal momentum
equations. i.csaits ¢ w.. calculation and data are shown in Figure 23.

Another new RPE program, BAFL, uses an elliptic iterative solution for
non-equilibrium chemistry. Because of the iterative solution, the program has a long
run-time. Its use has been limited {0 solving the problem of base recirculation with
chemical kinetics (see %.-iion 2.4 for equilibrium base solutions). Combination of
BAFL and REP has snown good correlation with both static and flight data.

>

8 Combustion Heat and Mass Transfer, Lid,, The Rocket Exhaust Plume Program REPSI, by
. Akshai K. Runchal, CHAM/631/1, April 1974,

-
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L» FIGURE 23. Comparison of Experimental and Computer Predicted (REPSI) Centerline Pressure for an
Underexpanded Rocket Exhaust.

2.8 PREDICTION OF THE EFFECTS OF
ATTENUATION-REDUCING ADDITIVES

B O

A number of compounds capable of reducing the electron density (and thereby
RF attenuation) of rocket exhaust plumes have been identified. Compounds of
molybdenum, boron, tungsten, vanadium, cobalt, tin, chromium, iron, and copper have
all beer shown to reduce attenuation in controlled tests. Experimental work done on
the problem prior to 1967 was summarized in Ref. 78. More recent measurements on
the same, and other additives, are reviewed in Section 4.5. These include several
simulated flight tests and a limited number of in-flight measurements.
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Until the introduction of theoretical mechanisms for additive effects by Jensen
(Ref. 79 and 80) and Pergament (Ref. 81), predictions of additive cffectiveness were
based entirely on analysis of cmpirical data. Fleischer, et al., (Ref. 82) postulated a
simple mechanism for boron additives which involved the chemical reaction

802 +e” 2802.

By assuming an clectron affinity of 3.5 eV for the BO, radical (80 Kcal/mole), the

=fiects of boron additives have been calculated using the NWC equilibrinm ther-

mochemistry radar attenuation computer program (Ref. 83, program described in
Section 2 6.2). Data and theory are compared in Figure 24. More comparisons of data
and theory for boron should be made to substantiate this simple model and to
compare it with the more complcte mechanisms described by Jensen (Ref. 80) and
given by reactions [7] through [9] on the following page.

Jensen proposed the tollowing quantitative mechanisms and equilibrium con-
stants for electron suppression by molybdenum, tungsten, and boron additives (Ref.
80, 84). Indicated reaction rates for molybdenum were proposed by Pergament (Ref.
14) for incorporation in the AeroChem plume computer program (Section 2.7.1), but
are no! nceded for the equilibrium models of equations 13 through 15.

80,0 D nerengnce FUEL
[ O LO% NN, OF,
D 0.873%
200 |- *29%
100 =
=
2 sof
3 =
= n PREDICTED POR
REFERENCE -FUEL
(Pes 28U PSIA)
10
< =
0.8 |- cacuLateo
- NN BF, ASSUMING
[~ (803 # o™= 90 + 8O Koal)
™ (Po =280 paie)
o4 i 1o .\ 1}
"0 10 20 80
O/F RATIO

FIGURE 24. Data and Theory fur Attenuation Suppression by Boron
Compounds (Ref. 83). '
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K+ H,MoO, & KHMoO, + H : « {1

Rate=6x 107!} exp(- 1000/RT)
K, = 3.6 exp(3500/T)

H,Mo0, +¢° 2 HMoO; + H - N1
Rate=3x 1079 '
K, = 24 exp(500/T)

HMoO, + H& MoO; +H,0 . : 3]

s Rate = 1.3 x 1070 exp(- 4000/P.T)
T K3 = (0.85 exp(10,400/T)

K, = 4.0 exp(2900/T)
H,WO, + ¢ 2 KWO, + H ' o : B
K =25exp(1300/T) |

HWO, + H & WO} + H,0 ' ol
K, = 0.87 cxp(5700/T)

K + HBO, £ KBO, +H (71
K, =37 exp(-2500/T)

Na + HBO, & NaBO, + H 18)
Ky = 12 expl- 3000/T)

HBO, + ¢~ @ BO, +H 19]
K, = 1500 exp(  10,000/T)

The possible ways in which additives can reduce clectron concentrations, as
described by Calcote and Kurzius in Ref. 85, inciude (1) electron attachment, (2)
compound formation by alakali metals (potassium being the principle source of
electrons), (3) suppression of hydrocarbon chemi-ionization by removal of chemi-ion
precursors (inciuding (H radicals and oxygen atoms), (4) suppression of plume
- afterburning by removal of radicals, and (5) acceleration of electron decay by
replacement of slowly-combining atomic ions by rapidly-combining molecular ions.
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Molybdenum, tungsten, and boron reduce electron concentration by mechanisms
1 and 2. Molybdenum and tungsten also appear to operate by mechanism 3. The
possibility that both of thesc additives operate through mechanism 4. as well cannot
be ruled out (Rei. 80), especially since apparant changes in afterbuming plume
appearunce have been noted to accompany electron suppression (Ref. 78).

‘ A scheme by which molybdenum may operate by mechanism 4 was proposed '
by Jensen (Ref. 84) but does not give results comparable to data: Y
H+ H+H,Mo00, 2 H, +H,Mo0, {10]
.
Rate coefficient ~ 107 %8 at 2,000°K .
HMoH, H 2 H,0 + MoO, [
Rate coefficient ~ 0.5 exp(30,000/T) .
MoO, + H,0 +M 2 H,MoO, + M [12] .
Rate coefficient ~ 1.4 x 10”23 exp(26,000/T) -
H,MoO, + H 2 HMoO, + H, (13} :

Rate coelficient ~ 0.02 exp(- 1700/T)

More recently, Jensen and Jones® have obtained experimental verification for
the schemes (where M represents Mo or W)

¢ ,
HMO, + H 2 MO; + H, 14
Tyo = 11 x 10710 exp(- 1400/T) '
! 1, = 1.1 x 10719 exp(- 1000/T)
MO, +H,0 & H,MO, (15]

Tyo=1x 107!
r, =1x 10710
H,MO, + H 2 HMO; + H,0 (6]

Tyo = 1.4 x 10710 exp(-300/T)
r, =3.3x 10" 10 exp(- 1000/T)

? Jensen, D. E., and G. A. Jones, Mass Spectrometric Tracer and Photometric Studics of
. Caualyzed Radical Recombination in Flames. Preprint (Proceedings Royal Society). 15 July 1974.
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Considering the other ionization reactions which occur in a rocket exhaust

K+HCL@KCL+H (171
K, 4 = 10.3 exp(-2100/T)

K+QaK'+or [18)
H+HCI & H, + Cl {19)
HCl+e- 2Cl' +H [20]

K,, = 180 exp(- 7600/T)
and further assuming that
(K*] = [CI"] + (HMoOy ] + [MoO3], [KCl} + [KHMoO, ] = (K],
and
{H,M00, 1 = [Mo],
where the subscript ¢ represents total concentration of the element combined, ionized,

or free in the plume, Jensen (Ref. 80) has generated the following expression for
calculating electron suppression by molybdenum:

[e‘]a_( KI[Mo]c)“/z( K, [Mo], K2K3iMo]c[H])‘”2

o1, =\ *K,,THCI] | +K,,THC * K, THCI {H,0] (13}

!
where the subscripts a and o signify the presence and absence of additive, respectively.

Table 2 shows some results of applying Eq. 13 to typical rocket exhaust
conditions. Similar computations for tungsten (Ref. 80) indicated somewhat less
effectiveness.

Pergament (Ref. 80) developed the similar expression given by Eq. 14 for
calculating electron suppression by molybdenum. (The notation has been changed from
that of Pergament to make it consistent with Jensen’s.)

le” ] K, [Mo) K. !
—i 2 < [H] 3

= = i1 |
e}, "’[H](l-r(pK]s[HZo])‘ l) ((H] +K,, (l""n;rz—GT (14)
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TABLL 2. Redecuion of Plume Electron Concenirstions by Molybdenun.

{e7] /{e"] Equution 13 Equation 15 with
Temperature, ° °
IMo)‘_ K
My =3x10 2 1> ? [ Hp=3xi0° [ Hp=1x10? K, | Kjtmod)
0.004 2600 0.5 0.86 0.90 092 0.96 0.98
2300 0.60 0.75 085 0.88 094 | 096
2000 0.38 0.56 0.72 0.80 091 0.95
1700 0.15 0.29 0.46 0.60 084 | 081
1400 0.051 0.088 0.16 0.25 068 | 056
1100 0.0066 0011 9021 0.036 039 | o2
0.001 2600 0.92 0.56 0.97 0.98
2300 0.84 0 0.96 0.97
2000 0.6¢ 082 091 0.94
1700 0.38 055 074 085
1400 0.12 0.20 0.34 0.51
1100 0018 0.031 0056 0.09

Note: Mo} and {H] are expressed as mole fraciions
[HCI) = 0.15; jH,0) = 0.20

The major differcnce between Eq. |13 and 14 is the inclusion in Eq. 14 of the
reaction.

H,0 + MoO; 2 H,Me0, (21}
K, = 7.1 x 107% ¢xp(26,200/T)atm™ !

In an earlier paper (Ref. 79), Jensen had given the simpler Eq. 15 to calculate
electron suppression by molybdenum. The effects of reactions {17], {18], and [19]

e 1, K,(Mo) T 1/
1, - | YK, THC

o

(15)

which are also inclnded in this mechanism, cancel out because they are assumed to be
unaffccted by the presence of molybdenum. In developing Eq. 15, Jensen had assumed
a different value for the equilitrium constant K,:

K,(mod) = 3.8 exp(4000/T)

The results of using Eq. 15 with both values of K, are included in Table 2. It she 11
be noted that changes in [H] have no direct effect on Egq. 15. Substitution of
K,tmod) for K, in Eq. 13 has no significant effect on the results of calculations.

Equation 15 is the second term in Eq. 13 and represents the efectron reduction
stemming from the formation of HMoO,. The formation of MoOj is the predominant
contributor to electron reduction at temperatures below 2100°K. Sinee this is the
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region in which molybdenum is predicted to be most effective, it is clear that Eq. 15
will not adequately predict additive effectiveness. This is unfortunate since the
equation is so simple and casy to use.

The term K,,{HCl}/(H] which appears in both Eq. 13 and 14 equals
{CU 1/le}: the relative concentration of chlorine ions to free electrons. In his
calculations, Jensen fixed the values of [H] and [HCl). On the other hand, Pergament
(Ref. 81), using Eq. 14, examined molybdenum suppression of free electrons while
keeping [Cl” ]1/[e"] constant. Equation 14 also includes a pressure effect in the term
p- By expressing (Mo} _ in terms of mass fraction, Yo Pergament set

W, IN,] )

v -~ 2
[MO]C = wMo (YMO)p( W [Nzlu

where W represents molecular weight and the subscripts = and p stand respectively for
values in free stream and propellant. (Values in the plume have no subscript.) This is a
convenient method for reiating dilution of Mo in the plume to diffusion of ambient
air into the plume. Typical results from Ref. 81 are given in Table 3.

In addition to using Eq. 14 to predict electron suppression effectiveness at
various temperatures, Pergament (Ref. 81, 14) has also used the equation for
calculating attenuation reductions in entire plumes. In generai, observzd attenuation
reductions by Mo are greater than those calculated by the equilibrium techniques given
by Eq. 13 and 14. Figure 25 is a typical comparison of data and theory. For the
limited comparisons that have been made, calculated values are somewhat closer to
measurements at higher aititudes. Actually, data are so scattered, as shown in Section
4.5, that there is no basis for accuratel critiquing the theory.

TARBLE 3. Calculzted Reduction in Electron Concentrations from
Equation 14 for §_ = XC'- [X.- = 100.

Prassure, atm
. XN2=0.1 XN2=O.6
Temperaturse, K
0.12 037 10 012 037 1.0

(Yyo), =001
1500 023 023 023 ] 068 067 067) _
2000 078 069 065] 095 093 092;le )/},
2500 098 095 092} 099 098 098

(Yyo), =003

1500 0.092 0091 0091] c41 041 041) _
2000 055 043 039 | 089 08¢ o081l 1./,
2500 095 08 080 098 097 096
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FIGURE 25. Comparison of Measured and Predicted Suppression of Attenuation for a 88/12
Propetlant (Ref. 81).

In his latest studies, Pergament (Ref. 14) incorporated the reaction rates shown
previously for reactions [1] to [3] for molybdenum in the AeroChem plume computer
program (Section 2.7.1). While the results do not vary substantially from those of the

cquilibrium model of Eq. 14, they permit examination of the influence of the

turbulent mixing mode! on Mo effectiveness. Results of these calculations are compared
with data in Figure 26. Perpament showed that an eddy viscosity factor (o) has a
major influence on the calculation of additive effectiveness. This occurs because
changes in o affect the distribution of species and temperature in the plume.

More study will be required to correct this technique to a useful predictive
tool. It is suggested that combinations of the mixing coefficients of Stowell and Smoot
{as given in Table 1) with the AeroChem model (as described in Section 2.7.1 and
including the molybdenum reactions) should be studied for a number of plume
conditicns which have been tested. Without such additional study. the theoretical
techniques will probably underpredict additive efiectiveness, probably due more to
uncertainties in plume mixing models than to inadequacy of the chemical models for
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FIGURE 26. Effect of Molybdenum on Attenuation of 87/10 Composite Propellant Containing 1% I
KCI0,. Additive is 1% M003. simulated altitude 36,000 f1. (Ref. 14) k-
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electron suppression. Therefore, unless the reader is prepared to pursue such a study, it
is recommended at this time ithat predictions of additive effectiveness might as well be
based on the crude empiricai conclusions drawn in Section 4.5. :

2.0 RF INTERACTION MODELS

In order to perform RF interaction calculations. the spacial distribution of
clectron density and electron collision frequency in the plume must be obtained from
one of the vlume computations described ir. the previous section (2.0). Of the
programs generally available, only the NWC and BYU programs generate line-of-sight
attenuation for any antenna orientation. transverse or diagonal. The AercChem model
generates only transverse hnc-of-sight attenuation (across the plume) for each specified
axial output location. In general, for RF interaction calculations it is probably most
useful to output the results of each plume model as an output grid of the following
variables: x, y, electron density, collision frequency, pressure, density, and temperaturs,
where the last three variables are for general interest rather than for RF calculations.
The output grid can then be used for line-ofsight attenuation calculations by the
method given in Appendix A. In addition, output of turbulent scale and electron
density fluctuation intensity are necessary output from the REP programs (Section
2.7.2) ior faier caiculation of plume-induccd noise or RE cross soction. (With any
plume program other than REP-1 or AeroChem TKE, the user must generate turbulent
propertics according to some sct of assumptions (Ref. 2).)

The interaction models discussed in this section are all approximate technigues.
Although Hasscrjian and Clark (Ref. 86 and 87) developed a sophisticated model of
RF interactions. which has becn made availabie to government agencies on request, its
use appears too cumbersome for the scale of problems enccuntered in tactical missile
plumes and it should probably be reserved for problems of the scope of the Saturn
plume, tor which it was developed.

In the following subscctions, interactions are subdivided into the types:

Line-of-sight attcnuation

Diagonal refraction

Diagenal diffraction

Dispersion of focused bcams in transverse attenuation measurements
(transverse refraction)

$. Pulse distortion

B

A computer program for RF noise calculations is described in Part 2 of this
publication (Ref. 2). :
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As will be seen in Section 3.1, the concept of electron collision frequency, v, is
important to all RF interactions with plumes. The numerical value of v is equal to the
number of collisions per second encountered by an average single electron in a plasma.
For electron-neutral collisions (which predominate in a rocket plume)

2 ;
v=nQ(§,§3—'; - . {i6)

The following variables are used in this section.
o = attenuation coefficient in dB/cm
B = phase shift coefficient in radians per meter

¢ = velocity of light in vacuum (2.9978 X 1010 cm/sec)
w = RF frequency in radians/sec = 27 X Hz

h »
P
PR

ﬁin —
wp = plasma frequency = ¥ Fg = 5.64( 104)\/!16 EadiﬂﬂSIsec
. €

v = electron collision frequency
Q = electron collision cross section for momentum transfer
n = gas particle density, pm’ticles/cm3
- -r_ = electron density, electrens/cm3
'm, = electyonic mass (9.1085(10™ 28) gram)

v, = electron velocity = 5.21(10%)T!/2 cm/sec
T = temperature, °K
¥ = Boltzmann constant = 1.3805 X 10”16 erg/deg

Approa mate expressions have been published (Ref. 88) for electron-elestron (Q,.) and
electron-ion cross section (Q,;)

Q. =21x1010T 2y

7 73/2
Jraaxae'T 'I(mks)
L J

14 3
Q, =1.25x% 10710712 Qn["“ Xnm T-IJ(mks)

However, because of the very iow concent:aticn of electrons and ions in yocket
exhausts the contribution of these two terms will be swall and can usually be
neglected.

Electron-neutral collision cross section values used for RF interference calciula-
tions at NWC are given ir Table 4. The use of thesc values in Eq. 16 will result in
small errors since the value of Q actually varies with eleciron energy and hence with

34

A . : L . . . -5
[ - oo S ' i
.- e °y “’.h'-.-' 'ﬂ) v . e T
R e T R PR .t e e »

I
i
P
¥,
i

TR RTINS
N A

"

\

vonr:

et g

*
.- ,-'%7—..': .._}\-.Ll?? e

pae




NWC TP 5319, Part |

TABLE 4 Collision Cross Sactions for 0.3 eV Electrons
{~3000K) With Various Species.

Species  Cross section, m? | Species  Cross section, m?
LiF* 6.9x 10718 HCr  20x 10719
P 60x 107180 H 14x1071?
¢ - LBf s0x10718k H, 14ax 10719
' AICF  4.0x 107180 0 12x 10719
HF* 6.0x 1017 0, tix 10719
* H,0 sox10!? HBr  9.0x 1020
HCN  40x 10717 N, 8.5x 10720
AICLS  34x 1017 0, 6.0x 1072
AIFS 34« 10°19 N,0 s.6x 10720
NH, 30x107'? cH, 28x10%

Note: A cross section of 1.0 x 107%% square meter is
assumed for most specics not in Table 4 or present in
concentratjons less than 1 mole %.

@ L-or polar molecules. Q =4.74 x 10720 (D?/E) squase
meter, where D = dipole moment Debye units), and Es=
eicctror eneigy {€V).

b Assunsed value.

temperature. More accurate caiculations require inclusion of this varation. Altshuler,
* Moe, and Molmud (Ref. 89) have uscd an expression

0=Cv2

where v, is the electron velocity and n may be +2, 1, or 0, and C is an arbitrary
constant. In the REP-1 computer program (Section 2.7.2) the general expression

Q=Cv:+B an

is used where both C and B are constants.

Generally these expressions for collision cross section include the effects of

< inelastic electron collsions in which the electron collision causes an energy state
change in the atom or molecule struck. Altshuler (Ref. 90) has shown that Q@ = 5.9

v;2 (cgs units) for water vapor. A list of electron-neutral cross sections used in the

AeroChem plume program (Ref. 12) is given in Table S in the format of Eq. 17.
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TABLE 5. Collision Cross Section, Q, as
Function of Electron Velocity.

ey e W f S e ok

.: Species Q,.cm2

i - - Co 2.08(1072%) 7 +2.46 (10°'6)
.00, Jar(107%y, !

e HZO 5.9v¢‘2

{ S OHO [ 18sy,?
N, 32910 By, .
H, 145010723, +2.9(10716)

“ Electron velocity, v,, = 6.2} 10%)
T2 cm/sec

N -

o . 3

3.1 LINE-OF-SIGHT ATTENUATION CALCULATIONS

Line-of-sighi aitenuation caiculations are bosed on computing the ahsorption of :
1 single RF ray as it passes through the plume. Along the ray path, the plume is "—
assumed 10 absorb as a series of homogencous plasma slabs normal to the ray. The 5
calculation is discussed in Ref. 91, 92, and 93.

The attenuation o (or cnergy absorbed) per unit path length is given by

o= 0.08686(%)[~ Lo +%ﬁ'1 - A+ A2(£-)2]”2 dB/cm (18)
where A = c.J‘%!(u2 + w?). Equation 19 can be substituted for Eq. 18.
n, fun? -
o = 0461 5 ((;) + 1) (19)
However, Eq. 19 is valid only under the condition that
c-.w?,/(v2 + w?) < 0.1
and ¢

[(.)3,/((..)2 + vz)] (—:3) < 0.85
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The phase shift coefficient, 8, is ziven by Eq. 20.

1/2
=\-/,‘—§ %’-‘El A) + /l - A) + Az((—:—ﬂ / radians/meter (20)
The total phasc shift through a length d of homogenecus plasma is given by
6=(-8,)d
where
b= ¢

The terms a and § are the real and imaginary parts, respectively, of the complex
propagation constant -y waich defines the electric field of the propagating ray where

E=F e X ¢ W=E ¢ (@ if) gt
and
Yy=a+if (21)

Under certain conditions the predicted line-of-sight attenuation is a reasonably
good estimate of measurable values. These conditions include focused-beam transverse
attenuation with intersection of plume and beam axes (Ref. 94) for a beam half power
radius no more than one-fourth the plume radius. Predictions of diagonal attenuation
by the line-of-sight method have been reasonably good for plumes of composite
propeilants ccntaining less than 5% aluminum. Such plumes have a maximum predicted
clectroni density of less than 10'% electrons/cm® and show a ratio of measured
maximum diagonal attenuation to measured maximum transverse attenuation of
between 7 and 10. Almost all line-ofsight predictions of attenuation show this same
ratio, e.g.,

(diagonal atten), . /(transverse atten) = 10 {predicted)

max

Figure 27 shows measured values of the mtio for a wide range of composite
propellants. The measurcd ratios range from 10 to 0.7. The foliowing sections of this
publication describe computations which can bring predicted attenuation values closer
in line with measured values.

Appendix A describes a computer program which will compute line-of-sight
attenuation for any plume for which o, from Eq. 18 is specified for 2 number of x, y
points. In addition, this program will compute linearly interpolated valves of the
gradient of the refractive index at the same points. A modification of the computer
program (A-11) also computes ray bending due io changes in refractive index.
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APPROXIMATE ATTENUATION
EXPECTED FOR LINEOFSIGNT
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ELP (FIG 89)
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FIGURE 27. Comparison of Diagonal and
Transverse Attenuation for 1,000-Pound Thrust
Motors (Except as Noted). Numbers mdncate
1% solids/% al. (Ref. 1).

Figure 28 shows predicted transverse attenuation and electron density using the
NWC model (Section 2.6.2) for composite propellants with 85 and 88% soiids
(ammonium perchlorate plus aluminum) and 2 to 20% aluminum, Figure 29 shows the
calculated chamber, exit planc and maximum afterburning plume temperatures for the
same propellants. One might use these as a rough guide to attenuation prediction.
Using the same model, calculated diagonal attenuation rangec between 8.5 and 10
times the transverse values.

Figure 30 is a nomograph for sea level static line-of-sight X-band attenuation
calculations for aluminized composite propeilants developed at NWC from similar
cafculations some years ago. To use the nomograph, one connects, with a straight line,
the percent Al (line 1) with percent ammonium perchlorate (line 2). The intercept on
line 3 is connected by straight line to the motor thrust level on line 4. The projection
of that straight line to line 5 and thence from line S5 through the appropriate aspect
angle on line 6 will give predicted diagonal atitenuation on line 7. Curve 6 would have
to be modified for other antenna positions. This nomograph can be used to estimate
in)uts for the diffraction model described in Section 3.3 and Appendix B (program
B-I). The nomograph is set up only for an antenna located 3 exit radii from the
nozzle centeriine (assuming optimum sca level expansion). Although antenna location
has a major effect on calculated linc-of-sight attenuation, the effect on ray diffraction
is less severe and reasonable estimates can probably be obtained from Figure 30 for
most operational anterna positions, if equilibrium chemistry applies to the particular plume.
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3.2 DIAGONAL REFRACTION

The refractive index of a medium is giver by n = c/v, where v is the velocity
of electromagnetic radiation in the medium and c¢ is its velocity in a vacuum. In an

absorbing medium the index of refraction is complex: n = n(l + ik). The complex

‘refractive index n is related to the propagation constant

o

y=atid ' Q@n

sincea=%nkand6=9£~,son— ot ®

The complex nature of the refractive index affects the path of the ray through an
absorbing medium and since Poynting’s vector cscillates in such a medium, the energy
path cannot be deduced from this vector This leads to computations of considerable
complexity. Epstein (Ref. 95) has shown that if absorption over une wavelength is not

_appreciable, then the complex law of diffraction deviates negligibly from the ordinary

Snell’s law for absorbing media
n, sin6, =n, sin o, 22)

‘where the subscripts refer to the media on either side of a boundary crossed by the
radiation. In this case, the index of refraction for each medium is given by

n; =Cﬁi/w 23)

The angles 8; are defined as the angles between a ray and the normal to the boundary
surface at which refraction {ray bending) occurs. When sin 6, (.e., n; sin 8,/ny) is
greater than unity, a reflection is predicted at the boundary between the two media.

In ar inhomogeneous medium, such as a rocket plume, the refractive index
varies continuously with position and the boundary for refraction is not necessarily
clearly defined. The basic equation for refraction in such a medium (Ref. 96) is

e (24)

where T is the unit vector in the ray direction, ¢ is an arc length along the ray, ¥n is
the gradient of refractive index (in the direction of fastest change of n), U is a unit
vector perpendicular to t and lying in the plane of t and Vn (i is tangent t> the wave
front). These vectors are shown in Figure 31.

Equating magnitudes in Eq. 24 gives

'do

ﬁ|= Ivni‘sm 04 (25)

- dt] .
where v is the angle bctwee‘n t and In. ‘Eil‘ is the curvature of the ray so R denotes

|on| sin y g
n -

the radius of curvature and R=
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A

FIGURE 31. Vector Diagsam for Continucus Refraction.

3
¥

} For very oblique ray angles, n = sin v 2 1 so that k= ivni and the ray will
VI be concave downward where it increases into the plume (i.e., Yn points downward) and
i the ray will be concave upward where Vn points upward. Both of these effects are
1 predictad at appropriate positions in plume by the raodel in Appendix A. Cashen has
‘ d also develope¢ a refraction inodel based on the preceding development by Kerr
‘s {Ref. 97).

‘ Equation 23 can be written in a different form as

1 dn

p 1 -

! do"' Un-t (26)

e

Combining Eq. 24 and 26 gives

d(nt) _

dg ~ M an

Equation 26 is subject to a number of manipuiations. For example, if we let j be a
unit vector in the 7n direction and assume that ¥n is constant in direction, we can
shiow that

d == 3
€ go(mixt)=0 -
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resulting in

d ) .
do (nsiny)=0 or n sin ¥y = constant

which is the simple form of Snell’s law, identical to Eq. 22 for a single refraction.

One possibie methad for calculating diagonal refraction through a plume is to
define a number of contours ¢f constant refractive index; apportion constant, linearly
averaged values of refractive index to the volumes borderiag the contours, and allow
refraction to occur at the boundaries defined by the contours in accordance with
Sneil’'s law. The rays are assumed to travel in straigh’ lines between contours. This was
done in Ref. 98, which demonstrates that a very large number of contours may be
necessary to overcome the fact that the contours are just a simplifying artifice. In
actuality, refraction is occurring continuously along the ray (Eq. 24 and 26).

For example, suppose that the plume is divided inio 100 contours. It i<
possible to trace the ray through the plume and calculate the refracticns (up to 200)
which will occur as the ray first enters and finally leaves the plume. Alternatively, it
would be convenient to examine nsinvy or n or a similar variable for invariance as it
moves between contours. The ray could then be assumed to travel linearly between
refractions for a distance which is based on the physics of the situation rather thaa on
arbitrary spacing of contours.

A diagonal refraction computer program (A-1I), which we developed more
recently. is included in Appendix A. This program is based on the solution of Eq. 2§
assuming ¥n js normal to the pjume axis throughout the plume and computes both the
bending and atienuation of a ray. The program is much simpier than that described in
Ref. 98, and is not limited to use with the NWC plume program.

The refractive index in a vacuum is unity. Since the phase shift coefficient is
lower in a warm plasma than in free space, the refractive index in a plume, given by
Eq. 23, will be less than unity. This is opposite from the normal dielectric for which
n is greater thzn unity. In the normal field of a typica! afterburning plum= the
refractive index decrcases from unity :s the ray enters the plume; toward the core
where the electron density decreases, n begins to increasz. The order is reversed as the
ray passes through the centerline of the plume and moves outward again.

Diagonal refraction is further complicated since the plume. as seen by an
arbitrary entering ray. is three-dimensional and co-planarity of ¥n, T and the plume
axis (two-dimensionality) is a very special case. The solutions descritxd in Ref. 9% and
Appendix A arc for the two-dimensional case only. Bence, they only provide a feel for
refraction by a plume but not a complete ray-trace solution. The results of several
two-dimensional refraction calculations are shown in Figures 32 and 33. It can be
clearly seen that very obhlique enterirg rays ave refracted in the direction of increasing
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FIGURE 33. Refracted Ray Calculation for 20% Alf
88% Solid Propellant (Ref. 87). Reference angles are
projected beyond plume outline.
n so strongly that they seem to almost glance off the plume. The comparison with a
line-of-sight propagation calculation shows sirikingly how much the refracted rays can *
diverge from their original paths.
Evidence from diagonal attenuation measurements (Ref. 1 and 99) indicates ¥
that diffraction is fur more important than refraction in determining the ultimate
destination of RF radiation through plumes. However, the combined effects of
diffraction and refruction are likely to give more accurate predictions of signal {oss
than diffracticn calculations alone. A computer progran, (B-II) utilizing this combina-
tion is described in Appendix B.
3.3 DIAGONAL DIFFRACTION
Simple computer programs for calculating diffraction of microwave radiation by
atterburning tactical missile plumes are given in Appendix B. One of these programs
(B-I) has reproduced experimental diagonal attenuation data fairly well (Figure 34).
Further substantiatior. of a diffraction mechanism was presented in Ref. 1, which .
showed very close agreement between plume attenuation measured for a 0.2%
potassium seeded, 207% aluminized rocket motor and the diffraction pattern of an
3 aluminum cylinder (Figure 35). Lower potassium and/or aluminum loadings of the k:
rocket propellant tesult in similar radiation patterns, but with reduced signal loss. v
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FIGURE 35. Comparison of X-Band RF Attenuation by 20% Al/88% Solids
(With 2,000 ppm Potassium} Rocket Motor Plume, Diffraction by S-Inch-
Diameter Aluminum Cylinder and Prediction by Model B-1l. (Cylinder data are
shifted 5 degrees to left to account for nonsimilarity of antenna locations.)
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There is no question that the line-of-sight model has been inadequate tor predicting
- diagona! attenuation in many cases. A comparison of the diffraction and line-of=sight
models with measurements is contained in Figure 34.

Since accurate diffraction calculations for an axisymmetric plume, such as that
.shown in Figurc 36, are extremely complex (Ref. 86, 87, 100, and 101), we have
developed a simple model bascd on the theory of line source diffraction by
semi-infinite wedges and strips (Ref. §102-111). Figure 37 shows the way the plume of
{ Figure 36 is mcaeled for calculating diffractisn by the programs in Appendix B.
One-dimensionai diffracting edges are shown by the heavy solid and dashed lines which
form the boundurics of the shaded surfaces.

The arca labeled B is modeled by a strip extending to infinity in the positive
and negative y directions. Radiation power in the shadow and direct radiation regions
of this strip is calculated by the Fresnel aiffraction method of Jenkins and White (Ref.
102). A brief description of Fresnel diffraction follows.

R g i e IR A AR S

For the arrangemont of radiation source S, diffracting strip D, and observation
point P, shown in Figure 38, the guantity

1= 1AV )+ AV, 28)

is defined as the ratio of the signal intensity at P in the presence of the obstacle D to
the intensity in the absence of the obstacle, where

A
I
‘1

1
A(\:=ﬁ fexp( ) 2(1+x) (29)
0

Sl it it n Ot L L2 4

and

S i o .

V=¥, 2amt/?

or more exactly,

/l + b}
V! 2 =a tun ll/l 2 (:bk -

where A is the wavelength of radiation in the same units used for lincar dimensions.

Shlaste e e

SO PO,

The integral in Eq. 29 is the Fresnel integral for which tables have been
published (Ref. 102). The form of the Fresnel integral solution is shown by the Cornu
spiral in Figure 39. The integral can be evaluated by noting the values of V along each
leg of the spiral and determining the corresponding values of C and S {thc real and
imaginary paris of A(V)]. Then A(V) = 0.707(C + iS). »
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FIGURE 38. Schematic Drawing of Geometry for Diffraction by a Strip.
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FIGURE 39. Comu’s Spiral, a Flot of the Fresnal Integrals.

For diffraction by a strip, the length of the vector drawn between V, on the
upper spirai, and V, on the lower defines the intensity of radiation received at P. For
diffraction by a single straight cdge (semi-infinite wedge), the vector length between
V, and the origin defines the intensity at P.

The preceding method is the one used in computer programs B-{ and B-ll of
Appendix B to compute diffraction by the plane B in Figure 37. The vertical distance
© from the plume centerline to the upper ¢dge of the plane B is the length HTA

(defined in Figure 40, which is locatad at a distance DIST from the nozzle exit. DIST
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! in program B-l is defined as the x coordinate of the intersection of the hLne-of-sight
ray of maximum attenuation with the plume axis. HTA in program B-1 is defined by
the intersection of the line-of-sight ray suffering 3 dB attenuation with the vertical line
drawn at x = DIST. This forms the location of the first diffracted ray [A(V})]. The
diffracting strip width extends to -HTA in the negative z direction also. This method
of locating the effective *“‘diffracting strip™ is unsophisticated; possible imiprovements

) are discussed in conjunction with program B-ll in Appendix B.

The line-of-sight method is also used to calculate, for the ptume of Figure 36,
. the attenuation of the ray which would intersect the bottom of the strip -HTA. This
aitenuation is entered into the calculation of A(V,). When the ray passing below the
plane B is attcnuated by 20 dB or more, the diffraction, for all practical purposes, is
identical to that for a semi-infinite wedge (e.2., A(V,) = 0).

In addition to the energy diffracted by the plane B, the energy diffracted
around the cigarshaped body of the plume must also be added in the shadow region.
This is done by treating the sides of the plane A as diffracting edges and summing the
energy diffracted by planes A and B with that which passes through the plume
according to the line-of-sight calculation. This calculational method will always give
attenuation values lower than those calculated by the line-of-sight method alone. In the

nf hinh nlanh-nn Aancity nlinmanr tha lnaafoioht snntehitina ie nwnnlinihia
Vi 1 VIV U Uiy pPiuiinilo, wal niilUstoigne CUNMio Ui 15 NCgIgiosc.

Noca
LT oy

In order to improve the fit of computer program B-l to existing data, it was
necessary to make a few empirical corrections to the program. One of these was the
selection, described above, of the 3-dB ray as the diffracted ray. A second correction,
described in Appendix B, is the modification of calculated signal loss by the
multiplication ‘actor

9. TR o)

*;' + log(ATMAX) - log(THRUST)

% This factor ratios the maximum calculated line-of-sighy attenuation for the plume
'.~. {ATMAX) to a value of 1,000 dB and the motor thrust to a 1,000-1b thrust level.

We believe this factor comes about as the result of ignoring the effect of
refraction on the propagation of the diffracted ray. Examination of Figures 32 and 33
shows that some refracted rays are bent so strongly that at the location on the edge
of the “‘electrical piume” where such rays would be diffracted, they appear to have
IE originated at some point in the nozzle exit plane much closer to the nozzle axis than
3 l the actual antenna. This is an effect which will not scale independently of plume
1 dimensions or of electron density and so may help account for the correction factor.

The B-l diffraction model was developed to fit data using the NWC plume
model (Section 2.6.2) to generate plume properties. The effect of using this diffraction
model with scveral other equilibrium plume models as well, is shown in Figure 41.
Several comparisons of the diffraction modet with data are shown in Figure 42.
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In a recent paper, Webb (Ref. 112) used the B- diffraction model f{or data
cerrelation on large motors. Very good agreement was obtmned, however, several of
the computer program input variables had to be redefined as follows:

—

. SHIFY - Figure 43
. DIST - The maximum length of the predicted 0.01 dB/cin contour divided
v by a factor of 4

3. HTA - Tie maximum radius of the 0.01 dB/cm contour

o

* , In addition, Webb used a correction factor for mass flow whick is similar in
effect to the term 1/3 log(THRUST) saowr earlier. This term was not used in Webb's
version of the program.

Webb’s formulation can be useu when the ray of maximum predicted line-of-
sight attenuavion dces a0t cross the plane axis, a situation for which the original .
- model of Appendix B-1 fails. P

7
[ ANTENNA :
TEST MCTORS  POSITION (IN) NOTE:
6 ~5 HOT 95 A+ MAXIMUM RADIUS OF 0.01
@ HUT 12.75 db ATTENUATION LINE
, 2 2'31» ‘:g 8 + DISTANCE FROM PLUME ;
3 o COlp 19.0 CENTERLINE TO CENTERLINE ;
‘_ &> SAM-D AT AHTINNA
' & ¢ W-657 |
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] r——m
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FIGURE 43, Correction Factor (Shift) for Diffraction Prediction Model Modifications by Webb.

177




L
,’

...__ - . ——— a
b . i P b A
et e v p—————

RSN RO BB S Tr e e

———— —— .. s .

NWC TP 5319, Part 1

One additional feature of the difiraction computer programs of Appendix B is
the inclusion of a subroutine (FUZZ) which can be used to treat ‘‘fuzzy edges” oi the
plane A (Fignre 37) by the technique of Walters and Waii (Ref. 111). Use of FUZZ
permits one to linearly vary the opacity of the plume from zero at the edge to
infinity at some internal surface. Nonknear methods are alsn described in Ref. 111,
Although the subroutine is raiely used, it is activated by a variable called “BEE{™”
which is the half-width of “fuzz” in cm (e.g., the distance between the 0-dB and 3-dB
points or between 3-dB and infinite attenuation points). As currently ccded, inclusion
of BEET = 0.01 in the B-l program effectively deactivaies FUIZZ and the subroutine
reverts to the standard Fresnel calculation.

Diffraction computer program B-I1 differs from B-l in that cume of the input
paranceters are derived from the ry trace (refraction) calculations given by program
A-ll. None of the fudge factors zssociated with B-l are contained in B-Il.

3.4 DISPERSION OF SOCUSED MICROWAVE
BEAMS IN TRANSVERSE ATTENUATION
MEASUREMENIS

Focused microwave radiation is {requently csed ir rader attenuation studies on
rocket exhaust plumes. Th: focsed beam technigue do:s nct simulate operational
attenuation problems but it does enabie an investigator to diagnose the plasnia
properties of the plume. This in tum can be related to operctional probiems.

Several expeririental arrangements have heen used for facuscd beam diagnostics
in which the plume cond beam axes are perpendicular, The mosi complex involve
simultaneously moving the beem horizontaily 2nd vertically through the horizen i
rocket exhaust plume (Ref. 113). Sicpler techniques invoive moving the beam
horizontally ti.rough the zshaust while beam and plume axes intersect (Ref. 114) or
measuring at a single position in the exhaust, agzin with intersecting axes (Ref. 115).

The simplest aralytical approach to the problem is to assume that all radiation
is concentrated in a “line” or ray that intersects the plume. If the path length of the
plume (d) and attenuation per urit length \a@) can be specified, this calculation yields
atteauation (AT) as the product of d and the average value of «, i.e., (&), or more
precisely

a
AT = f afs)ds = ad 30)
(8]

This approach is reasonable if tne plume diameter ic s.uch greater than the beam
diameter.
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In the second approach, described by Weston (Ref. 113), the beam is assumed
to have a finite extent. The focused radiation in space is assumed to follow a Besses
function distribution (Figure 44), which actually resembles the measured spacial
distribution. Equation 30 is then integrated over the entire¢ volume of the beam. The
plume and beam axes need not intersect. In practice, the problem is treated by
summing a large number of rays and allotting to each ray the energy apportioned by
the distribution in Figure 44, and the signal loss calculated by Eq. 30. The attenuation
coefficient (a) is assumed 1o be radially invariant. ln the work of Hedman and Smoot
{Ref. 116), radial variation of « is considered.

In the more sophisticated approach described in Ref. 94, the previous work is
cxpanded to include the effect of the plasma phase shift coefficient on refraction by
the plume and on interference phenomena that can affect the signal strength at the
receiver. Radial variations of attenuation and phase shift coefficients in a rocket
exhaust plume are included.

The interaction of a focused transverse microwave beam with a plume is shown
in Figure 45, which shows a beam larger than the plume. The effect of refraction by a
homogeneous plume on a single ray i shown in Figure 46. The effects of refraction
are to (1) change path length and direction of radiation in the plume and from tie
plume to the receiver: this changes the caiculaied signa! lose by attenuation and by
phase shift, (2) change location of signal in receiver pattern, and (3) shunt some of
the refracted radiaticn out of the receiver main lobe pattern completely.

The details of the refraction calculation can be studied in the computer
program listed in Ref. 94. Conceptually, the calculation is very simple. Complexities
arise because it is necessary to provide logical decisions for all unusual ray behgvior to
avoid failure of a computing run.

The general discussion of refraction in Section 3.2 has a bearing on this
section. Consider Eq. 27

For the assumption of radial variation of refractive index, r, Vn is always in a radial
direction from a fixed center. Let P be the position vector of a point of the ray
refe:ted to the center as origin. Since P and Vn are paraliel, the vector product of Eq.
27 by P yields

= 4 -
an;(nt)«o

Tl e ttin e st _SMade .
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FIGURE 44. Focused Microwave Beam Energy Distribution (x = 3.831 1/R, see Fig. 45).
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FIGURE 46. Modcl of Intersection of Ray With Refracting Plasma Cylinder.
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Now since
d 5 o dF . - 4 .
do (Pxnt)=xzxnt +Px 3-(nf) | &
dP . .
and do s tangent to the ray and hence parallel to nt o

X 5 (0D =55 (P xnD)

'Vl

and Eq. 27 becomes
(% Pxnt)=0
and
d .
a;(lPInsm v)=0

where v is the angle between P (and hence ¥n) and the direction of the ray, t. Thus
|PiVn sin v is a constant along any ray. This is the generalization of Snell’s law to t'e
case of a radially-directed refractive index grdient.

L i S A L A

The energy in a focused microwave beam has been reported to vary as a first
order Bessel function of the first kind (Eq. 31). This is showp graphically in Figure
4. For an experimentai arrangement

25,0 1°
E=|— GYH

with conical horns, x = 2%rf/A, where r is the radius of a chosen point for which the
encigy density is to be calculated, £ is tie ratio of lens radius to lens focal length,
and A is the microwave wavelergth. At x = 3.831, E = 0 and r = 1.52\. This defines
the radius of the first energy minimum, or the effective beam radius at the region of
focus. This first diffraction disc contains 85.9% of the radiated energy. If the receiving
antenna has identical characteristics, in the absence of refraction, 99.5% of the received
] energy comes from the first diffraction disc. Several test cases were calculated with
additionai discs of the Bessel function. These resulied, even when including refraction,
in only slight differences over the first <isc calculation. Therefore, for economy and
-‘t simplicity, only the first diffraction disc has been included in the computer program of

Ref. 94.

Y el N Linfih). <

DA RulndaiPk.

The model described in Ref. 94 was inspired by an earlier inability to correlate
large amounts of attenuation data. At that time, we had hoped to publish recommend-
ed values of transverse attenuation (in dB/I,000-1b thrust units) for thnse propellants -
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which had been measured. However, when the data were examined from firings on
diverse thrust levels, it was found that when reduced to the comnion units, the smaller
motors of identical propellant generally gave higher attenuation values. Theoretical
line-of-sight predictive techniques, when adjusted to duplicate measuired attenuation for
high thrust levels, would predict values too low at lower thrusts.

< The study described in Ref. 94 was intended to develop a tool which would
remedy such discrepancies. As indicated in Figure 47, it appears that this goal was
achieved. Figure 47 compares experimental transverse attenuation data from firings of
three motor sizes containing identical propellant (Ref. 117), with the results of the
3 model developed in Ref. 94. Thc refraction modei agrees with the data far better than
IS the simpler attenuation model. In using the model, a beam radius of 0.05 meter and
4 beam focal length of 1.0 meter were assumed. The plume parameters were obtained
iy from Ref. 118 and are shown in Table 6.

The results of additional calculations given in Ref. 94 indicate that phase shift
- interference does not appear to be important to received power calculations for most
rocket plumes, although the literature indicates that there are plasma regions
) (n. > 10! 2/cm3) in which it must be considered (Ref. 119). This refraction model
indicates why scaling laws, which fail to account for refraction (beam spreading), are
unable to correlate the extensive data on focused transverse plume RF attenuation.

G e iy et

e

3.5 PULSE DISTORTICN BY A ROCKET
EXHAUST PLUME

Rt a il

A rocket exhaust degrades a microwave beam that passes near or through it. A
continuous wave passing through an exhaust will suffer attenuation, a phase shift and
will be amplitude- and phase-modulated. A pulsed wave form wiil be further degraded
because the plume is a dispersive medium and will effect each of the spectral
components of the pulse differently. This distortion causes the pulses to smear into
_ each other, giving the possibility that a space may be interpreted as a mark or vice
versa (Ref. 120). If this happens, the error rates may increase in the received signal
: and thus degrade the information being transmitted (Ref. 120). -

For this analysis, the exhaust plume is considered “‘loss-less” with the only
degradation due to the non-linear phase distortion.

Pulse distortion by a plasma is generally treated by Eliiott’s method (Ref. 120-
123). Elliott’s parameter:

a=2/(R/70) * F’lﬁ (32)

* is refated to disiortion of a pulse form as shown in Figure 48.
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FIGURE 47. Comparison of Attenuation Dats With Theoretical Regults Both With and
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Without Refraction. Calculations are for conditions of Tavle 6.
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TABLE 6. Plume Parameters for Comparison with Experiment?
.". Plame | Relaiive | Contour radii § Contour radii | Contour radii | Eleciron
g contour | contour | forplume A, | forplume B, | for plume C, density,
3 no. radius meter? metert meter? N,.c cm” 3
i 10 0.035 00ss | 0128 13(10)
F | ~ 2 0385 0.03 0.047 0.109 26(10)
E 3 0.76 0.027 0.042 0.097 5.2(10)
E 4 0.7 0024 0.038 0.090 6.5(10)
‘A . s 0.6 0.021 0.033 0077 | 7800 |
6 042 0.015 0.023 0.054 7.8(10) .
7 0.3 0.0i 0.016 0.038 6.5(10)
8 0.15 0.005 0.008 0019 5.2(10)

Mote: Numbers in parentheses represent expenents of 10, ie., (10) = ( 1010,
Results uf calculations are compared with data in Figure 47.
3 T 995 GHz mdiation frequency assumed with I-meter focal length and
' ~ 0.05-meter beam radius.
¢ Correspouding exit radii {Figure 47) for the three plumes are: A = 0.02
meter, B = 0.035 meter, and C = 0.078 mcter. : '

Lid |

A

€ Collision frequency = 2.5 x 101} sec™!.
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Breil (Ref. 123) has prepared a simple computer program for calculating pulse
distortion by a rocket exhaust plume. Communications experts wam that values of “g”
a3 Jow as 0.1 can indic t¢ a serious level of communication pulse distortion. Breil has
shown that for conditions at which equation 19 applies (Ref. 124), Elhott 5 paumeter
can be rewritten as:

At A

N A 1112 S
[ 4 EA ’

Tf3l’

i

v &

_ In these equations the variables are defined as fcllows:

“ T = pulse duration, sec
¢ = speed of light, cm/sec
-1 = index of refraction of plasma
f = carrier frequency, Hz
plasma frequency = 5§6,0004/n_
electron density, cm™3
electron collision frequency, sec™!
2xf
attenuation over the path S, - S,,db

>E€ waw
Woor A&

3 For a numerical calculation of Elliott’s parameter, consnder an exhaust plume '
4 with the following parameters: » co Lol

SR v=19x 10! sec”!
3 -wp = 2.6 X 1010 radian/sec
= 29=6.28 X 1010 radian/sec . R ,
. = 2.15 x 101! electron/cm ~ :
o T=lxlO9se"-0001usec
attenuation (predicted) = 50 dB

i s e e S

10 1 172 .
0.088 Loy 1q!t (628X 10 ) +(1.9x 10 L

a=
1x 109,109y (1.9x 10“)

a=0.29

NSIIPD

This large value for *‘a” may huve a serious effect on the quality of the information ‘
being transmitted, depending on tt  specific modulation scheme employed (Ref. 120). .

‘ 4 The above analysis is only strictly valid for the underdense plume where
. Wp/w> w. A more general formulation of the problem i3 needed to determine the

pulse distortion for an overdense exhaust plume. Given a value og‘ “A" the foliowing
computer program predicts the resulting waveform. oo
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- Computer Progrum to Predict the Puln Shcpe Given A (B!llom l’mmom)

P

READ, A

_PRINT, A ' e
XX = 0

14 CONTINUE
Yl ~ ERRF((XX + 1)/A)
Y2 = ERRF((XX - 1)/A)
CALL PRENEL(((XX + 1)/A) 2, C1, 81)
CALL FRENBL(((XX - 1)/A) +2, C2, S2)
PULSE = .S*SORT((YL - YZ) 12 + (c1 -~ 81 - cz + sz) ez)
XX2 = XX/2 . . ,
PRINT 21, PULS, XX2
XX = XX + .1
IP(XX - 2.1)14, 14, 15
21 FORMAT{2F20.5)
15 END : SR
PUNCTION ERBF(Y) _ N
DIMENSION A(7) . )
A(l) - 1' ’
A(2) = 70.5230784% = 3
A(3) = 42.282C123E - 3
A(4) = 9.2705272E -~ 3
A(5) = 1.520143E -~ &
ALR) = 2.7656T2E - 4
A(7) = 4.206388 ~ 5
YY = ABS(Y)
IP(YY - 6.0) 1, 10, 10
10 ERRF = 1,
GO T0 2
1 IF(YY - .00001) 12, 12, 6
12ERRF = 2.*YY¥/1.7725
GO T02
6 SD¥O = 0.
PO S1wl, 7 -
5 SDFQ = SDFO + (A(I)) & (YY#A(I - 1))
ERRF = — (SDFO**(- 16) = 1.)
2 EBRF = SIGN(FRRF, Y)
22 = EWRP
RERTURN
END
SUBROUTINE FRENEL (X, C, S)
SV e X
ABS(X)
(1. + 926%X}/(2, + 1,7920X + 3.104%X¢2)
1.7(2. + 4.1420% + 3.4924X42 + 6 67*!13)
3.34159%X+2/2,
W5 + PASIN(U) - GACOS(U)
5 = FACOS(U) ~ G*SIN(VU)
v) 3, 4, 4 _

- c R

-8 FE RIS &

‘ﬁAllllll

o 4"5’”“‘? & :
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Large amounts of radar attenuation data for a variety of rocket motor plumes
have bcen gencrated over the past decade. Table 7 outlines the major variables which
have been studied in the tests.

2. Orientation of test
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4.0 PLUME-RF ATTENUATION DATA SUMMARY

TABLE 7. Variables in Plume-RF Attenuation Tests.

-

+. Test Characteristics

1. Microwave (RF) equipment
a. Focused beam (curved or Fresne! lenses)
b. Unfocused beam (standard open antennas)
¢. Single- or multiple-frequency o

3. Dynamics of tests
- ’a. Satic
(1) Ses level
(2} Simulated ahitude
(3) Inert atmosphere cffects (e.g., N, shroud)
(4) Speciai effects (e.g., flameholders, torch, air injection)

b. Dynamic (flowing free stream)
(1) Wind tunnel simulption
(2) Flight test
(3) Inferences from fligh: data on snissile evaluation iests

B. Motor Characteristics

1. Chamber pressure
. 2. Expansion ratio
3. Propellant composition
a. Solids Jevel
5. Aluminum level
<. Alkali metal imapurity level
d. Suppressant additives

4. Thrust feve! i
The following paragraphs generalize about the variables listed in Table 7.
Test Characteristica
1. Microwave (RF) Equipment. Focused beams are generally limited to short
path lengt’s between antonnas and hence to transverse orientations (with a

B

few exceptions). 1t is very important that the beam diameter be considerably
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smaller than the plume or complicated analysis will be required to extract
meaningful data from the tests (Section 3.4).

Unfocused beams do not give easily analyzable data except for those cases

“where plume-RF interactions are so weak that line-of-sight approximations

can be applied. Unfocused beains are generally used for diagonal tests.

Multiple frequency tests have the advantage that eclectron deusity and
electron collision frequency can both be inferred directly from measurements
and further that any inconsistencies due to beam sice can usvally be
spotted.

Orientation _of Test. Although the diagonal orientation (RF “beam” at an
oblique anple to the plume axis) simulates missile in-flight system geometry,
it is generally used only for static tests (or naturally for flight tests). Since
in this static case no other test variables, other than orientation, actually
Tesemble an operating missile system, the diagonal orientation is ornly useful
to cvaluate electromagnetic interaction mode!s for already well characterized
plumes.

Transverse tests with focused beams provide a diagnostic tool for eval-
uating predictions of electron density distribution. Transverse measurements
cann be made for all dynamic situations (except flighi iesi); however, it is
usually impossiblc to traverse (longitudinal travel) a sufficient length of
plume in a wind tunnel flight simulation. Transverse measurements have also
been made while moving the plume in a second dimension, normal to the
beam axis, to measure attenuation off the plume axis; very fine collimation
of the RF beam is required for sensible results in such measurements.

. Dynamics of Tests. Attenuation measurements on_static plumes have been

used to evaiuate the simplesi plume models. After verification of transverse
predictions, a comparison of diagonal measurements and predictions can be
used to evaluate diagonal interacticn models. The plumes ¢f missiles in flight
are so Gifferent from static plumes that a static test really may not provide
much information about the attenuation properties of an in-flight plume.
Special static tests have explored the use of fiameholders (Ref. 125, 126,
127, and 128) to cause increased plume afterburning, but the resulis did not
fully simulatc the moere dramatic effects noted in flight plumes. Early t_.ts
to demonstrate the importance of afterbuming with air were performed in
which static plumes exhausted into inert atmospheres or were shrouded with
nitrogenn (Ref. 129). Tests at reduced ambient pressure (simulated aliitude)
have shown differences from static sea level resulis {generally higher attenua-
tion at reduced pressures), but it is not known how much was a1 pressure
effect, and how much the result of inadequately focused beams. Theory

.does predict rate-dependent chemical effects at reduced plume pressure
.which result in increased electron density.
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Dynamic plume tests, with 2 co-flowing free stream, provide the closest
simulation of an in-flight missile. Wind tunnel. restrict the placement of the
antenna and can cause undesirable shock reflection effects. The best mea-
surements are limited to tra.sverse focused-beam attenuation studies of
clectron density distribution. Only in actual flight tests can one obtain all
the variables and then it can be very difficult to monitor them sufficiently
well to obtain useful signal loss data.

Motor Characteristics

Motor characteristics have been shown to have a significant effect on attenua-
tion measnred in tests of ail the types described abtove. The type of propellant cap
strongly affect the pattern of afterburning in the plume and hence the attenuation.
Attenuation increases with increasing aluminum level for all propeliant classes. For
rubber-base composite prupellants, increasing the solids (oxidizer) level seems generally
to decrease attenuation. For all propellants, attenuation increases approximately as the
square rooi of the concentration of potassium or sodium impurities, and approximately
as the square toot of thrust level. Increasing chamber pressure seems to decrease
attenuation. Underexpanded exhaust plumes have a pronounced shock structure which
can cause high atienuation levels near the nozzle exit. When these act as ignition sites
for ofterburning, piume attenuation may increase significantiy with decreasing expan-
sion ratio. Ovevexpansion does not appear to significantly alter the attenuation
observed for optimuin expansion conditions.

4.1 STATIC TRANSVERSE ATTENUATION DATA

The Thiokol Chemical Ccmpany IR&D programs sponsored an extensive review
of transvessz attenuation data obtained from static motor firings. These data are
presented in Appendix C in more detail than has been previously published in Ref. 61
and 130. The Lockheed Propulsion Company summarized their radar attenuation data
obteined betweern 1963 and 1969 in Ref. 131. Pertinent data come from sources more
nuimerous than we could review completely. Whenever possible, prior reviews have been
used.

Some measured effects of simulated altitude and motor scale on transverse
attenuation are shown in Figure 49. The data were scaled by dividing both attenuation
and distance from the nozzle exit by the squarc root of mctor thrust. Although this is
not a perfect scaling law, it does describe the relationship inherent in equilibrium
plume models. Discrepancies could easily be due to experimental uncertainties; too
large microwave beams for the smailer motor plumes or an inadequate scaling concept.
Seen in this light, the agreement is remarkably good, since in every case peak
attenuation is within a factor of two, and locations of attenunation pcaks are within
reasonable agreement. (See Ref. 130 for comparison parameters.)
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Many additional simulated altitude measurements have been made at the Naval
Research Laboratory (NRL) (Ref. 132). Although most of these remain unpublished,
: | { some can be traced reasonably well through the JANNAF Radar Attenuation,
| Plume-Signal Interference, and Plume Technology Meeting Bulletins (Ref. 13 through
15, 18, 21, and 22 of Ref. 1). These simulated altitude studies attempted to determine
which propellants would produce serious attenuation in flight by looking at the effect
. of external static pressure alone. In a gross way, the technique seems to work since
o “bad actors” spotted in reduced pressure tests (but not in sea level tests) did in fact *
give serious flight attenuation. The technique is less useful for determining the altitude

sensitivity of in-flight attenuation because so many other effects influence the plume
in flight.
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Breil and Victor (Ref. 125) attempted to repsoduce worst-case flight attenua-
tion effects by inserting flameholders into the plume within 6 inches of the nozzle
exit. ATJ graphite flameholders, backed by stainless steel, failed before attenuation
data could be obtained (except in the case of Propellunt “C”) because of the severe
oxidizing and corrosive conditions. Later repetition of the tests with cylindricai
tungsten flameholders gave the data shown in Figure 50. [t was hoped that flow
stagnation behind the flameholders would create conditions similar to base recirculation
and combustion induced in flight and simulated fiight tests on some propellants. There
is a resemblance between 88/12 Tlameholder data (Figure 50) and simulated flight data
(Figure S51) (also see Section 4.3). For ELP and Propellant C the flameholder tests
failed to reproduce the very large increases in attenuation observed im both simulated
and actual flight. It should be noted that tungsten bas been demonstrated te be an
effective electron suppressing additive and eroded tungsten may have reduced attenua-
tion in the flameholder tests.

There is no evidence that composite propellants experience very large attenua-
tion increases at flight conditions. Although it has been shown that reduced atmospher-
ic pressure increases attenuation (Figure 49), the addition of free stream velocity has
countered this increase in all known tests (compare Figures 49, 51, 52, and 53). The
only reasonable explanation for this behavior is that the exhaust gases of composite
propellants are already so hot that complete afterburning of the gases occurs in the
atmosphere without the addition of extra heat from base recirculation or shock
stagnation. [f this is the case, the Hfilure of the flameholder tests to cause large
attenuation increases, except directly downstream of the flameholder, is understandable.
However, the absence of a significant effect with ELP and Propellant C is contrary to
both flight and simulated flight data.

4.2 STATIC DIAGONAL ATTENUATION DATA

There are fewer data from diagonal attenuation measurements than from
transverse. Primary reasons ar. the additicnal space and instrumentation required for
diagonal measurements. Because of the complexities of diagonal RF propagation
through and near an exhaust plume, diagonal attenuation measurements do not give
much information about plume electron density or collision frequency distributions.
Furthermore, since plume properties can vary drastically with flight conditions, the
diagonal data obtained in static tests may have little relation to flight data obtained
with the same measurement geometry.

The value of stati diagonal measurements lies in their use to confirm diagonal
prediction models. The following logical steps are involved:

1. Static transverse attenuation data are used to confirm the static plume
model.

2. Dynamic (wind tunrel) transverse attenuation data are used to confirm the
in-flight plume model.
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3. Static diagonal attenuation data a- <wxd to confirm the diagonal
propagation model for the alread: con_.med static plume.

4. The diagonal propagation model is used to extrapolate the dynamic model
to a flight situation.

Static diagonal data are vaiuable only from this analytical standpoint, and then
only if enough data are obtained to characterize the plume over a wide range of
aspect angles. ldeally, the motor should be rotated in the RF field so that a
continuous variation of attenuation with angle can be measured. Good measurements
have also been obtained with multiple receiving antennas spaced at angles in the field.
However, data from continuous angle measurements show that the use of multiple
receiving antennas is likely to greatly decrease the value of a measurement since so
much information, valuable for assessment of propagation models, will be missing.

Although diagonal attenuation data have been reported numerous times, the
only attempt at a consistent study is described in Ref. 133.

The data in Figure 54 show the effect of varying propellant composition on
diagonal attenuation for one antenna orientation. The motors were rotated during
finng so that a continuous tiace of attenuation versus aspect angle was obtained.
Figure 27 compared peak vaives of diagonal and transverse attenuation for a number

A e £ifaon
Ol MotoT Viiings.

The relationship for the straight line in Figure 27 is given by the equation.
log D =0517 log T + 0.363 (32)

where

D
T

peak diagonal attenuation, dB
peak transverse attenuation

It would be unwise to attach too much significance to Eq. 32; it is only an
empirical relationship which has been derived from data on fairly small motors.

Additional diagonal attenuation data were shown in Figures 34 and 42 (Section
3.3) where they are compared with calculated values.

The results of extensive measurements of transverse and diagonal attenuation of
the composite modified double base (CMDB) Propellant ELP are shown in Figure 55.
This propellant and the Propellant FDS are discussed further in the following sections.

Mecasured diffraction by an aluminum cvlinder {(similar in size to an exhaust
plume) was compared with diagonal attenuation data in Figure 35. On the basis of
that comparison, it secems safe to say that such diffraction by a “perfect conductor”
sets an upper limit to dizgonal attenvation. This could be a useful relationship for
estimating in-flight attenuation.
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4.3 DYNAMIC TRANSVERSE ATTENUATION DATA

The Navy has sponsored five mgjor studies of plume attenuation with wind
tonne!l simulution of the free stream (Ref. 134, 135, 136, 14, 126, and 137). The Air
Force co-spomsored the study of Ret. 136. In all cases, the goal was to obtain
information to assist in developing or evaluating in-flight plume attenuation models.
Nonce of the studies was conclusive, in that flaws in planning or execution created
eftects with unknown influences on the data. The first tests (dimensions in Tuble 8)
were hmited mosthy to the Propellant ELP, an Al-Mg containing composite modified

TABILE 8. Dimensions of Components for | igures 56 and S7.

¢ Nes L
¥ 4

Dimension OPC.in. TPC,in. FPC,in.

A 45 7.5 150

B 1.5 1.8 4%

C 2.5 45 8.4 '
) 1.655 2.628 5.476

E 4954 7868  11.72

F 0.712 1132 2.355

Base ratios (D/E)

OPC/OPC? 0.334

OPC/TPC 0.210
TPC/TPC 0.334
TPC/FPC 0.224

FPC/FPC 04067

Note: All boat tails were angled at 3.88
degrees, all € = 5404, all Pc ~- 250 psia.

¢ The designation OPC/TPC refers to an
OPC motor (ABCDF) m a TPC missile (E),
etc.
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double base (CMDB) propellant, which s not typical of present high-cnergy solid-
rocket propellants. The studies of Ref. 135 and 136 utilized  composite  solid
propellants with 12 or 207 aluminum (some containing molybdenum or MoO, additive
for attenuation suppression).

The study of Ref. 14 used concentric air and rocket nozzles and 87/10
composite propellant (see Ref. 134). The rocket nozzle was contoured to minimize the
effect of shocks and base mixing which have major effects on in-flight uttenuation.
This was intended to make possible reasonable comparisons with the many plume-
mixing models which ignore shock structure and base recirculation. Unfoitunately, the
beam width (X-band) appears to huve been too large for the plume and the meaning
of the data muy be ambiguous. Bewn width corrections applied to the data brought
reasonable  agreement with calculated  values. Some of the data from Ref. 14 were
comparced with theory in Figure 6.

The tfth test series demonstrated base-induced afterburning quite strikingly for
scveral propellants in small rocket motors.

From the dynamic test data availuble on the first three test series, selected
excerpts are presented in Figures 51 through 53 and $6 through 59. It would be nice
ii one could discerii ccrtain trends from  these figures which would permit easy
extrapolation of static data to flight, or from one flight c¢ondition to another.
Unfortunately, the differences in behavior of the two propellants shown seem to be
qualitative, thus obviating analogics between them. For the 88/12 composite propellant,
the two sets of independently obtained data ure so dissimilar that comparisons of
numerical values tell us nothing. We do know that the normal shock 1s the major
eftfect seen in the AEDC data and that any significant afterburning (if it occurred) was
downstrcam ot the observed positions in the plume,

The Ordnance Acrophysics Laboratory (OAL) data on ELP propelant show
some interesting behavior (Figures 56 and 57). The attenuation increases with altitude
for all data at a given velocity. Varying the base ratio has a significant effect on
attenuation. The only “strange”™ datum is that for the TPC/FFC motor/*“missile body™
pair. Offhand one woulc expect this largest base/nozzle ratio to give attenuation values
about two or three times the OPC/TPC pair. The actual measured values are
comparable to the OPC/OPC data. The implications of this would seem to be that the
basc effect is more complicated than one of base ratio alone, and probably involves
scalc as well. There is also the unhappy possibility that the larger FPC system created
“scale™ effects in the wind tunnel which completely hid the plume/flow effects being
sought. s

Therefore, the best one can do for predicting flight plume effects is to use
models to match dynamic data which seem most consistent and extrapolate to the
flight case.
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8 *(FAOM REF. 134) TPC/TPC, P, = 406 PSIA

ATTENUATION, D8
F-3
T

\ 88/10 (1.5% MoO5)®

88/12

88/12(2%Mo05)

] 1 1 }
1 2 3 4 6 ] 7 8

: ' DISTANCE FROM NOZZLE EXIT, FT =
’ FIGURE 58. Simulated Flight Data OAL Tests, Composite Propellants, 28,000-Ft Simulated Altitude, 7' .
’ Mach 2.2, Effect of Propellant Composition (Ref. 135). 3
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w
|

ATTENUATION, DB
~
I

88/12

\ : YV \aeri2 2% s
o :
) 1 2 3 .
DISTANCE FROM NOZZLE EXIT, FT

FIGURE 59. Simulated Flight Data, 88/12 Propellant, 29,000-Ft Simulated Altitude, Effect of
Attenuation Suppressing Additive (Ref. 136).

The fifth series of simulated flight tests made at OAL (Ref. 126 and 137) on
six propellants are summarized in Figure 60. Onily the tests which gave the largest
attenuation are shown. (Three different motors were tested for each propellant and the
peak attenuation occurred at the maximum free stream velocity in all cases except
one, Propellant E). Propellaint E was unusual in that it contained 3% potassium
sulphate. Knowing this, the relatively low attenuation shown in Figure 60 for
Propellant E is an indication that full afterburning did not occur.

Cinema photographs of the tests show that afterburning attached to the missile
base occurred for Propellants G, F, and C only for those tests summarized in Figure
60. For the other tests, on these and the other three propellants, attached base

burning either did not occur or occurred only intermittently at igniticn or during
tailoff.

Attached base burning was observed only during tailoff in the AEDC tests at
Mach 2.0 (Ref. 136). Unfortunately, the microwave equipment was not in a position
to measure attenuation during the phenomenon.

Propellant C used in flamehoider tests (Figure 50) and Propellant C discussed
here are believed to have been of the same composition. All simulated altitude tests on
Propellants C through H gave values of attenuation helow the sensitivity of the
measurement system (0.01 to 0.05 dB) (Ref. 126 and 34) and were not indicative of
the potential in-flight attenuation problems. These simulated flight tests and in-flight

measurements on the same propellants are discussed more fully in 1the next two
sections.
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CALCULATED
5 FREE STREAM _ CHAMBER
G VELOCITY TEMPERATURE
PROPELLANT FT/SEC AT 50 ATM °K
[od 2,897 2412
D 2897 2,366
E 2,793 1967 .
4L., F 2,750 1,963 ~
G 293% 2,170
H . 3,049 2,243
1
L ]
o 3
a
z
o
[
<
=]
5 o
c
L4
A I
-
0 o ol )
0 1 2 3 4
. DIiSTANCE FROM NOZZLE EXIT, FT
: FIGURE 60. Simulated Flight Data for Six Propellants (50-Pound Thrust, 33,000 to 38,000-Ft
r Simulated Altitude).
1.
‘ 4.4 IN-FLIGHT ATTENUATION DATA
;l Extensive in-flight attenuation data reported by Poehler (Ref. 138, 139, 140,
;! l ana 141) were obtained from strategic or spacc vehicle launchings. Since these data are
: for RF transmission through plumes at higher &:titudes than are of interest in tactical
missiles, they will not be discussed in this report. 3
.. In-flight attenuation data were examined by Smoot in a 1970 report (Ref. 34). . k-
; It was hoped that enough good flight data might be available for evaluation of models
4 then cxisting—or to serve as a guide to the improvement of the models. It was also £
F huped that piggy-back techniques would become obvious by which more flight
attenuation data could be obtained from tactical missile system flight tests. It soon .
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became clear that existing prediction models were not adequate to explain the data.
However, by examining the data, improvisations and improvements to the models have
been made.

Unfortunately too, piggy-back testing is disliked by systems development people
because it can interfere with their objectives and schedules. It is also rare that one can
add sufficient instrumentation in a piggy-back tc obtain enough deta for full analysis
of flight attenuation. Figure ¢1 is an example of data from a well-instrumented
attenuation flight test. Four such figures may be constructed from dGata in this one
flight: for wtwo different RF frequencies and two different receiver sites. Rotation of
' th: missile during flight (1 rps) provided positive and negative aspect angle data and

data out of the antenna/nozzle axis planc. Such data are helpful for confirming
diagonal propagation models.

PR MR SR O 5,

In-flight attenuation data (for positive aspect angles, i.e., “‘through the plume”)
for the propellants of Figure 60 are swnmarized in Figure 62. The order of
attenuation is grossly different for the simulated flight and flight data except that D
and H had the lowest attenuation in both test series. Propellants C aad D were
identica! in composition except for the addition of 1% lead chromate to Propellant D
as an clectron suppressant. This is discussed further in Section 4.5.

€ PAEDICTION - 0 DEGREE (AEF. 144)
g @ PREDICTION - 180 DEGREES (REF. 144)
=4
ELE<s y |
3 -~ - (& ]
> N &« - -
3- . - - .
- Ed
[ /u -
“soLo—hs—
- =
spofol | _oomomc
— 'c o®
ho{ ooecnee
RELATIVE
013 ANGLE -
-~
1 -Fo- L
Who oo 180-DEGREE
61 RELATIVE ANGLE
povo-
1 4 .
o e
S W i L 1
6 1413 12 0 10 e 1"
ABPECT ANGLE, DEG A
" FIGURE 61. In-Flight Attenuation for Propellant C (Rolling Miasile).
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All of these propellants had impu-ity levels of 170-345 ppm sodium and 50-75
ppm potassium. Missile nozzie/base diameter ratios were small, 0.32, indicating a large
base and likelihood of significant base recirculation. Photographs of the missile flights .
show onset of vigorous afterburning attached to the base at flight Mach numbers of
2.1 to 2.3 (which occurred in the altitude regime of 19,000 to 25,000 feet). Altitude :
is belicved to be of minur importance to the onset of afterburning, provided only that |
. sufticient air is present to support afterburning. (The Terrier missile observations (Ref. i

[Ty ——

128 and 142) show the same velocity dependence for the initiation of afterburning.)

The data and the appearance of full base burning during tailoff in AEDC tests
¢ (Ref. 136) noted in Section 4.3 adds credibility to the suggestion that there may be
some critical combinations of the variables {1) free stream velocity, (2) base/nozzle
diameter ratio, (3) boat-tail angle, (4) exhaust gas velocity, (5) =xhaust gas tem-
perature, and (6) exhaust gus fuel index, and species and reaction rates required for
ignition in the base region. All of these variables (except the reaction rates} enter into
the equilibrium base recirculation model {Section 2.4). However, since combination of
that model with an aft-plume calculation has only recently been developed, little
evidence has yet been devcloped to prove the adequacy of the model. A new
non-equilibrium base recirculaticn model was mentioned in Section 2.7.2.

: Pergament {(Ref. 143), Victor {unpublished) and Smoot (Ref. 34) have cal-
culated plume properties for some of the Propellants C through H. Victor and Smoot’s
equilibrium caiculations gave electron densities much lower than those necessary to
expiain the data seen with full base burning. Pergament's non-equilibrium calculations
) (without base effects) predicted peak afterbuming plume temperatures much lower
H ’ than the equilibrium models (1,800 versus 2,100°K). However, because of the rate
coefficients in the calculation, Pergament predicted much higher electron densities (6 X
101! versus 8 x 10'0). Pergament’s predicted electron densities are of the order
required to explain the simulated flight data of Figure 60. These electron densities,
when applied to fullscale diagonal line-of-sight attepuation calculations, lead to
predictions of the order of several hundred decibels. Victor and Breil used a simple
diffraction mode! (Ref. 144) to calculate propagation “through” Pergament’s plumes
(propetlants C und H) and obtained agreement to within 2 dB of the flight data at
il aspect angles of * 0 degrees (sce circles in Figure 61).

v mrrman o n

Flight data from the Terrier missile and two experimental rocket test vehicles
(RTV) are shown in Figwe 63. The experimental propellants are examined more fully
in Section 4.5. The Terrier double-base propellant fajled to attenuate RF signals in
static tests (much like the propeilants C through H). The propellants in RTV-1 and -2
(ELP and FDS, respectively) are described in Section 4.5. Static sea-level attenuation
data on ELP and FDS were shown in Figure 55; simulated flight data on ELP were
shown in Figures 56 and 57.

e et e e e ———— b

. Simulated flight tests on FDS propellant gave constant attenuation of about 0.1
dB aiong the entire plume except for peaks of about 1 to 2 dB at ignition and 0.4 to
- 0.6 dB at tailoff.
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35 TERRIER LTV-3
{(X—BAND)
o« paome
=
S o} y
. .,2 RTV-1 {ELP)
2 16 (C-BAND)
‘E '
< 10
{X~-BAND) (FOS)
-
6 ——— \
[} RTV-2 ——
0 1 L 1 I T i
3 10 16 20 25 20

ALTITUDE, KFT
FIGURE 63. Flight Attenuation Data.

4.5 RF ATTENUATION SUPPRESSING ADDITIVE DATA

i, 5
n hd

Additive data obtained prior to 1967, which were reviewed in Ref. 78, are .
summarized in Figure 64. Unfortunately, more recently published data, although T
covering additional additive substances and test conditions, have not decreased the
uncertainties concerning the quaniitative effectiveness of molybdenum, the effect of
propellant aluminum conient (through its eff:ct on plume temperature) or the
relationships between attenuation suppression at test conditions and in operational
flights.

T

S Smoot and Hedman (Ref. 145) summarized the results of four additive studies:

1. Selected additives at weight percentages of one or two can reduce peak
attenuation by factors of 2 to 6. Optimum additive concentrations have not
been established, but will probably be close to 1%.

2. Compounds containing molybdenum seemed to be the most effective ad-
ditives. Molybdenum metal was recommended as the best additive for
rubber-based composite propeilants.

e i ol
PP S

way to reduce attenuation. Attenuation varies about as the square root ¢f

3. Reducing alkali metal impurity content of the propellant is a very effective
' potassium concentration for all test conditions. . 1"

112
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: FIGURE 64. Comparison of the Results of Dif- i
1 ferent Additive Studies (Ref. 78). 1
g
i . . . . . . |
- 4. Attenuation reductions greater than 90% are possible by using ammonium §
| perchlorate with reduced potassium in conjunction with an effective additive ;
| ; like molybdenum.
.
! '
i Myers, Jenks, and Hartsock (Ref. 146 and 31) continued the Hercules additive
i study program and measured the effectiveness of a number of additives in tests which
g included simulated flight conditions.
} 4
} At NWC, Harp (Ref. 83) performed the boron additive studies shown in Figure
f | 24. Under NWC sponsorship, wind tunnel tests at AEDC (Ref. 136) demonstrated the
! effectiveness of molybdenum at simulated flight conditions.
|
; ‘ Aitman, Thompson, and Sukanek at the Air Force Rocket Propulsion
Laboratory (Ref. 147) measured the effect of a number of additives at concentrations
of 1 and 3% on diagonal attenuation with composite propellants containing 7, 12, 16,
: ' - and 20% aluminum. :
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FIGURE 64. Companson of the Results of Dif-
ferent Additive Studies (Ref. 78). b

4. Attenuation reductions greater than 907% are possible by using ammonium
perchlorate with reduced potassium in conjunction with an effective additive
like molybdenum.

i : Myers, Jenks, and Hartsock (Ref. 146 and 31) continued the Hercules additive
- study program and measured the effectiveness of a number of additives in tests which
included simulated flight conditions.

[ ORI S

y : At NWC, Harp (Ref. 83) performed the boron additive studies shown in Figure
B ’ 24. Under NWC sponsorship, wind tunnel tests at AEDC (Ref. 136) demonstrated the
k! effectiveness of molybdenum at simulated flight conditions.

Altman, Thompson, and Sukanek at the Air Force Rocket Propulsion
Laboratory (Ref. 147) measured the effect of a number of additives at concentrations
: ! of 1 and 3% on diagonal attenuation with composite propellants containing 7, 12, 16,
- and 20% aluminum.
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In tests of static sca level diagonal attenuation and noise, Fuller and Williams at
the Lockheed Propulsion Company measured the effect of molybdenum addition on
diagonal attenuation by motor plumes containing 12% aluminum and both standard
(STD) und reduced levels of potassum (MP) (Ref. 133).

All of the transverse additive data obtained on molybdenum additives (including
Mo, MoO; and MoS,) are summarized in Figure 65. Diagonal data from Ref. 133 are
included also; however. those from Ref. 147 are left out for reasons shown later in
this section. The shaded area from Figure 64 is included in Figure 65 for purposes of
comparison. The heavy solid line represents the upper possible limit of additive
effectiveness (i.e., 100% reduction of attenuation). The two lighter solid lines represent

\ g,
18 \ Dok AL
\ V 20% AR
§ X VU CORDITE, DIAGONAL

SOLID POINTS ARE

SIMULATED FLIGHT DATA
N _UPPER LIMIT (0 dB)

-t
o

]
|

o

R = % REDUCTION/O.1 WT % Mo

L MoS,
8 LEAST SQUARES DATA FIT
6 —
80% REDUCTION
4 DIAGONAL DATA
(STD & MP)
2 = REDUCTION
/Jm uc
o 1 } MoO, | Mo |
0 05 1 15 2
E=WT % Mo

FIGURE 65. Summary of Molybdenum Attenuation Suppressing Effectiveness.
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80 and 20% attenuation reduction, corresponding to the apparent upper and lower
limits of the data. The dashed line represents a least squares fit of all the data to a
quadratic equation:

R =123- 9.1E + 2.2E! 33

The equation is about the same, whether fit to ull the data points or only to the
mean values, at each of the indicated weight percentages of elemental molybdenum.
When fit to the means, the quadratic curve is statistically significant. However, because
of the scatter of individual data poinis, the quadratic curve is statistically insignificant
when compared to the best linear fit to all the points (R = 8.9 - 3.2E). The linear
curve would seem to imply an optimum mean-effectiveness of 60% at 1.25 weight
percent Mo and reduced effectiveness at both higher and lower weight percentages.

Altman, Thompson, and Sukanek (Ref. 147) showed an apparent dependence of
attenuation reduction by Mo on the aluminum content of the propellant in diagonal
tests. Both 1| and 3% of Mo and other additives were studied. The results for
molybdenum and boron additives arc summarized in Figure 66. The greatly reduced
effectiveness of Mo at high aluminum content might be thought to be due to the
mode of RF propagation in the plume (sece Section 3.3) rather than to a lack of
electron reduction, At least, this might seen reasonable in light of the apparent
insensitivity of the transverse daia in Figure €5 to aluminum content if it were not for
the nearly constant effectivencss of boron suppression for all aluminum concentrations.
At first glance this is in agreement with the models of Section 2.8 which predict
reduced Mo additive effectiveness and increased boron effectiveness at the higher
temperatures which accompany increased aluminum content in a propellant. This
conclusion cannot be made very strongly because diagonal attenuation is not directly
proportional to electron concentration (transverse attenuation is), but the results do
provide some substantiation of the equilibrium models of Section 2.8.

— 3% Mo
i \/2* Mo (REF. 133)
1% Mo
3% 8B

0 i | |
0 5 10 15 20

% AR

H

% REDUCTION IN ATTENUATION
Z
T 7

FIGURE 66. Effect of Propellant Aluminum Content on the Effect of Molybdenum
and Boron for Suppressing Attenuation at Diagonal Orientations (Ref, 147).
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Diagonal tests on 20,000-b thrust motors performed at NWC and United
Technology Center (unpublished) show the effect of 1% molybdenum additive, by
implication only, since no control was run with the 13% aluminum propellant which
contained the additive, However, propellants with 10 and 12% aluminum gave higher
attenuation than the 137 aluminum propellant with 1% Mo (Figure 67).

Much of the additive data from references 145 and 147 arc summarized in .
Figurc 68. There seem to be trends in the data, but the scatter is too large to make
definitive quantitative statements about additive effectiveness. Other data trom the
same references, but which have not been showr here, show inconsistent dependences
on simulated altitude and on RF frequency. Unpublished data from smali motor
diagonal measurements (30-degree aspect angle) at UTC are inciuded as circled symbols
in Figure 68. These data as well as the diagonal data from Ref. 14 show some
dependence of attenuation suppression on Mo concentrations.

In summary, the conclusions of Smoot and Hedman, cited earlier in this
section, still scem to be true. In addition, Mo additive effectiveness has not shown a
definite dependence on any test variables and seems to be generally capable of
reducing attenuation by 50% regardless of its concentration. The exceptions to this
have been noted. The dependence of Mo effectiveness on aluminum content shown by
Figure 66 is unsubstantiated by transverse tests and should be studied further. On the
basis of these data, obtained under controlled conditions, there is no evidence to

-~

contradict the theoreiical mechanisiiis discassed in Scetion 2.8,

Very limited flight data are available on additive effectiveness. Only the results
shown in Figures 62 and 63 were found. Figure 69 shows the results of propellant
tailoring cfforts to improve the attenuation properties of the CMDB Propellant ELP.
The final propellant selected, FDS was comparcd, in flight, with ELP in Figure 63 i
(Ref. 1 and 34). Propeliant composition data are shown in Table 9. Additional flight
data comparisons shown in Figure 70 for a lead chromate additive were also reported
in Ref. 34, These flight data (Propellants C and D) were discussed in Section 4.4 and
shown somewhat differently in Figure 62.
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FIGURE 67. Diagonal Attenuation Suppression by Molybdenum, 20,000-Pound-Thrust Motors.
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ELP PROPELLANT

1

S$% Alloy (70% Al, 30% Mg)

5% Alloy, 1.9% CoSnO3 - 2H20
3.6% Al

3.6% Alloy (70% Al/30% Mg)
3.6% Al, 1.9% CoSnOj3 - 2H,0
5% Al, 1.9% PoCrOg

S% Al

3.8% Al, 0.9% CcSnO3 - 2H0
3.6% Al, 2,7% CoSnQ3 - 2H20

Symbols indicate measured data points

FDS PROPELLANT o

L i 1 }

o 20 23
AMMONIUM PERCHLORATE, WEIGHT 9%

30 35 40 45

FIGURE 69. Summary of ABL Study of CMDB Prcpellants (Simuiated Altitude: 50,000 Ft; X-Band
Radiation).
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TABLE 9. Fropellant Composition Data?

P
3
z
e

Cunstituent RIV-L | RTV=2
ELP FDS
7 Aluminum 3s 36
" Magnesium 1.5
Ammonium perchlorate 20.2 42.7
.~ Resnrcinol 1.1 14
- Nitrodiphenylamine 1.0 10
Nitrocellulose 28.8 159
Nitroglycerine 37.2 268
Triacetin 6.7 6.7
Hydrated cobalt stannate .. 19
Calculated fuel index 04 0.16

2 Missile flight test from Figure 63.
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5.0 PROBLEM SOLVING

Prior to the budget cut which ended this study prematurely, 15 sampie

problems were being prepared for inclusion in this section. A six-month effort was

pianned for solution of these problems including the use of techniques and computer

programs (and any necessary adaptations or modifications) which we had at the Naval

Weapous Center. We had no intention of acquiring or developing new programs if the .
effort showed that existing techniques were inadequate. The objective of the effort was
to verify the adequacy of the existing models (both plume flow field and electro-
magnetic interaciion models} for the prediction of attenuation at the following
conditions:

1. Static sea level firings, transverse and diagonal attenuation
2. Static sea level rirings, effect of molybdenum additive
3. Siatic firings at simulated altitudes

4. Wind tunnel tests, transverse attenuation

5. Flight tests, diagonal attenuation

In order to check the validity of the calculations, only cases for which data
exist were selected. The selected problems, including four different propellants in the
problem matrix, are summarized in Table 10. It was felt that these probably represent
a reasonable spectrum of the propellant types responsible for serious attenuation in
low- to moderate-aititude flight. For all four of these propellants, firee eiectron
formation is due mainly to ionization of alkali metal impurities. This ionization is
greatly enhanced by the high temperatures due to afterburning of fuel-rich exhaust "
gases with air.

B
N
i
-1
I
s
3
3
A
k

Although all four of these propellants have fuel-rich exhausts, there are -
differences in the factors influencing afterburning. In particular, Propellant C is
calculated to have a very cool exhaust and has been shown to afterburn only at
conditions of supersonic flight (greater than Mach 2.2), with a large ratio of base to
nozzle exit radius. (The originial Terrier sustainer propellant behaved similarly.)
Simulated flight tests with the 88/12 and 88/20 composite propellants have not
demonstrated that flight effects have a significant effect on afterburning or attenuation.
If anything, for these propellants the dynamic free stream seems to reduce downstream %"
afterburning compared with data at static conditions. The Propellant ELP also -
afterburns at all test conditions. However, the presence of a large base/nozzle ratio "
seems to increase afterburning and attenuation dramatically, but no clear relationship
has been shown between the measured levels of attenuation for the variety of test
conditions. If a calculational technique can reasonably predict the behavior of these 15
plumes, then it can be assumed to be sufficiently general for use on unmeasured
systems. .

When our funding problems became apparent, it was obviously necessary to
reduce the scope of the study. A number of calculations had been made previously for ;
static test conditions (albeit unsystematically). Some which correspond to cases in

T
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TABLE 10. Study Matrix for Attcnuation Data/Model Compasisons.”
o Plumc models EM models Source
Propellant conditions 3 -
i 264 24 271 262 Transverse 31 32 33 Deta Calculations
! A. ELP
1. Flight QO Qv V| QO @O Q|me
o 2. Simulated flight
P sorciore | @ vV @ v v V |Fese Fie. 71
: b. OPC/TPC ® Q@ v N @ v v J |rese Fig 71
o crctre | @ @ VvV @ v v V |Fiese Fig. 71
[
- 3. Sea-level static v N N v + « |Fig.42.55 Fig. 42
: 4. 29 Kt static v Vv J Appendix €,
r test no. 87
g 5. 48 Kft static v N/ v Appendix C,
'§ test no. 87
' B. Propetant C
| 1. *Tght 0 Q@ @ QO QQ Qe Fig. 61
i : 2. Sea-level static Vv v N Ref. 34
£y
K C. 88/12
? 1. simuated tight | ) @ v V @ Fig. 51,52, |Fig 71
¥ $8.59
E‘ 2. Sea-level static v v v v v V |Fsaan lrge
i 3. 25 Kft static v v v Appendix C,
test no. 32
] ) 4. Sealevel 2% Mo v N N v Vv V |Fige66
D. 88/20 )
. 1. Sea-lcvel static v V) N v v « |Fige2 Fig. 42
2. 25 Kt static v N v Appendix C,
; test no. 33
E “ Computations actually performed are gircled.
j ® 3.4 (Base model) is part of BYU program (2.6.4).
{5 € 2,6.2 (NWC model) is uscd to obtain input for the AeroChem model (2.7.1).
B
Z.* Table 10 appear in figures carlier in this report. The corresponding figure numbers are
) shown in the last column of Table 10. Therefore it was felt that the scope of the
study could be reduced to those problems in Table 1@ which represent flight or
¢ simulated flight conditions (see plumes numbered 1 through 6 in the first colurmn of
: ‘the table). These plumes had not been calculated previously. This change reduces the
¥ value and generality of the study.
Dr. L. D. Smoot was engaged to use the complete BYU low-altitude flight
é plume computer program to compute plume properties and line-of-sight attenuation for
P these six cases. This was much less costly than adapting the program (which needed
i‘ - some changes) for use at NWC.
] 123
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5.1 USE OF THE BYU PLUME MODEL

The resujts of Dr. Smoot’s calculations for cases 1 through 6 are summarized in
Appendix D. The technique used has three components: (1) base recirculation (Section
2.4), (2) internal and external method of characteristics (MOC from Ref. 32) and (3)
the aft-plume calculation with equilibrium chemistry (Section 2.6.4).

The base recirculation calculation (1) provides input to the MOC calculation
(2). Both (1) and (2) provide the inputs for the aft-plume calcuiation (3), which is
matched to the fluctuating pressures and velocities of the MOC flow field. Attenuation
was then calculated using the predicted equilibrium electron density and collision
frequency distributions (Section 3.0). Curves of calculated transverse attenuation for
cases | through 4 and 6 are shown in Figure 71. Figures appearing ecarlier in this
re- rt in which related data can be found are referenced in the figure as well as in
the next to last column of Table 10. The calculated results for case 5 were two orders
of magnitude lower than the data (Figure 61, Propellant C) and hence are not
included. Earlier work (Ref. 143) indicated that chemical kinetics must be included in
the plume model to explain the high measured attenuation values for Propeliant C.
This cace is explored further in Section 5.2.

For the Propellant ELP (cases 2, 3 and 4), the predicted values of attenuation
in Fipure 71 correspond to plumes about twice as long as those measured in simulated
flight tests. This couild be cxplained either by ioo low a mixing coefficient or by
co :  ding effects in the wind tunnel flow field. Otherwise, there is a rough
con. ndence between the measured and calculated data. The calculations clearly
show o =ffect of a large base/nozzle ratio. Since equilibrium chemical effects are
indep....ent of plume size, the effect of increasing the eddy viscosity in the BYU
aft-plume model can be simulated by compressing the X axis in Figure 71. If this is
done, cas~ 2 and 3 both show soine agreement with data. The data coiresponding to
cast 4 13 C/FPC) are lower than one would expect intuitively. One would expect the
TPC/FPr attenuation to be greater than that for TPC/TPC (due to the base effect),
but Fig... 56 shows that is not so. Strangely, the prediction for case 4 (when X is
scaled by a factor of 2) agrees very well with data for TPC/TPC rather than TPC/FPC.

The BYU calculation for case 6 (88/12 composite propellant) is quantitatively
quite good. The predicted level of attenuation in Figure 71 is quite close to the
measured value shown in Figure 52. The BYU prediction does not indicate the relative
attenuation peak which is measured near the exit, but instead predicts, attenuation
which is still increasing 10 feet from the nozzle exit. The measured peak may be due
to ionization in the normal shock, or to persistence of high electron concentrations
from the base recirculated region. Neither of these effects is calculated by the BYU
model. An error inadvertently crept into the definition of case 6. The propellant
contained 76% ammonium perchlofate, not 66% as indicated in Table 1 of Appendix
D. When the composition is nermalized to a basis of 100%, the effect on the
calculation is to make the composition 87/13 instead of 88/12 (solids/aluminum). A
crude correction, based on Figure 28, would lower the attenuation curve in Figure 71
for case 6 by about 28%.
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ELP (SEE OATA FIG. 56 AND 83)

CASE 1, FLIGHT

CASE 4. TPC/FPC

CASE 6 7 N\
88/12 {SEE DATA FIG, 51, 52, 68 AND 59)

-

ATTENUATION, D8
-~

8YU MODEL

1 i 1 1 i 1 i | i

AEROCHEM MODEL
{NO BASE EFFECT)

| | 1 M |

0 10 29 0 40 50 oo 70 0 20
DISTANGE FROM EXIT PLANE, IN,

W00 10 120 10

FIGURE 71. Results of Plurne Transverse Attenuation Calculations for Drynamic Conditions

Using BYU Model (Section 2.6.4).

Several calculations for case 6 made with the AeroChem model are also shown

in Figure 71. These are described in Section 5.2.

The case 1 calculations must be compared with diagonal in-flight attenuation
data (Figure 63) since there have been no corresponding transverse attenuation
measurements. To do this we used the electromagnetic interaction computer programs
of Appendices A and B (A-l, line-of-sight; A-Il, ray trace; and B-lI, diffraction based
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on ray tracing), as described therein. The predicted variation of attenuation with aspect
angle for the three calcutations is shown in Figure 72. she measured data for this case
are about 50% higher than the values predicted using diffraction model B-Il. Using a
reduced plume length (corresponding to a higher mixing coefficient as indicated earlier
in this section) did not change the calculations substantially. Figure 72 shows a
similarity of curve shapes for data and the B-li calculation. This may be misleading
since the data were taken over a range of altitudes. No really firm conclusions can be
drawn from this comparison for cas¢ 1 because the diagonal attenuation (as calculated
by diffraction techniques) is so insensitive to specific details of the plume flow field
for large plumes.

Equilibrium plume models other than BYU might have been used for these
czlculations. However, the other models lack the base recirculation and MOC calcula-
tions as well as the special mixing correlation for a dynamic free stream. Therefore
one would expect that, in a qualitative sense, the shortcomings would appear in the
other equilibrium models as well,

Failure of the equilibrium chemistry assumption for some cases was anticipated
in the planning of the study. The AeroChem plume program with non-equilibrium
chemistry (Section 2.7.1) was to be run for all cases for comparison. Economic
realities intervened here to0, and in the end we were limited to chemical Kkinetic
analysis of only that case for which the equilibrium model has always been inadequate,
Propellant C, case 5.

5.2 USE OF THE AEROCHEM PLUME MODEL

In the use of a plume model with non-equilibrium chemistry, it is very
important that accurate values are chosen for species concentrations at the starting line
of the computation. This is not a problem for major species such as CO,, H,0, HC],
H, or CO, which remain near equilibrium and vary little between the chamber and the
nozzle. However, it is very important for the H, O and OH radicals which trigger and
sustain plume afterburning. This often demands that a kinetic nozzle expansion
program be used instead of the more common equilibrium calculations.

Draper (Ref. 148) has pointed out that the two body reactions tend to remain
in equilibrium but that the three body reactions (reactions (2] and [5] of Section
2.7), which involve most re-combinations of the radicals and of free electrons, remain
below the rates necessary for equilibrium. Thus, the plume can build up an excess of
free radicals and free electrons at downstream locations. The radicals can drive
combustion even at temperatures below the equilibrium temperature (and we note as
in Figure 22 that non-equilibrium plumes are generally calculated to be cooler tnan
equilibrium). The build-up of free electrons can cause attenuation far greater than
would be predicted for an equilibrium plume even at higher temperatures (Ref. 143
and 144). i : '
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FIGURE 72. C-Band Attenuation Calculations for ELP Propellant In-Flight at
25,000-Ft Altitude. {Flight data are shown for the altitude range 15,000 to 31,000 2
B fr.) 3
3 127
B | i3




Sy

'
3
1
3!
|
.‘_'
R

A R 4

NWC TP 5319, Part |

The AcroChem model (Section 2.7.1) is generally used with a homogeneous
start line. For such a case, one need oaly specify the temperature, velocity and species
concentrations of the exhaust jet (which apply from the centerline to the jet
boundary) and of the free stream air (which apply outside of the boundary). These
conditions apply prior to the start of any mixing. There are conditions when the
program must be started with initial inhomogeneities. These are allowed for in the
AeroChem program. The condition occurs most frequently if the program stops prior -
to completion of a desired run: output cards defining an inhomogeneous restart can be
re-entered and the run continued, in the same way. inhomogeneous starting conditions
can be used for inhomogeneous nozzle exit conditions or to start a plume calculation
when mixing has already started, as is the case for an in-flight aft-plume with base
recirculation. The procedure for specifying an inhomogeneous start (other than the
self-contained restart) is not described in Ref. 12 but can be obtained either from the
authors of that report or this one.

The procedure used to set up the AeroChem program for case 5 involved using
the base conditions derived from the BYU model (Section 2.4), which generates species
concentrations only at the stagnation condition (region 7 of Figure 3) at the base. In
order to find the species in the mixing region surrounding the base, the NWC SUPPEP
program (Section 2.6.2) was used with the assumption thai the velocity in the
recirculation region equals zero. 1t was then assumed that these species concentrations
pass through the trailing shock without change, (Figure 73). This gives high free radical
concentrations at the start of the at ~p|un3é. The starting aft-plume pressure and

X
P_=P <027 ATM . ’

V, = 2400 FPS TRAILING SHOCK
(CALCULATED 8Y BASE MODEL}

\

b, = Pa = Py = 0428 ATM

OUTER MIXING SOUNDARY
=~ SLIPLINE

INNER MIXING BOUNDARY
Vg = 7206 FP5

Paase " Py = 011 ATM
s - // T, = 2402°K
‘\Y‘i V,'O

GASE REGION
AFT-PLUME REGIOM

ISTANCE FROM CENTERLINE, IN
%,
%
SN

P, = 142 ATM
‘
1
1 -
0 - | - —t 4 —— CENTERLINE
o 2 L] .
DISTANCE RCM EXIT PLANE, IN.
FIGURE 73, Calculated Base Region Conditions for Propellant C, Case 5. -
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temperatures were assumed to be those corresponding to equilibrium at the supersonic
conditions just behind the trailing shock. Although these aft-plume temperatures can be
calculated with the BYU buase program (Section 2.4, Option 1 - Complete Plume), we
found it less expensive and easier to use the BYU model, Option 4 - Base Region Only
to define the base region and the start and pressure of the trailing shock, and then use
the NWC SUPPEP model to calculate equilibrium temperatures behind the shock.

Ideally, the trailing shock pressure, Pbo’ of Figure 73 should be taken as the

starting pressure Of the AeroChem calculation. This pressure is then allowed to taper
exponentially to ambient pressure (P.) using Eq. 8. The constant ¢ in Eq. 8 is chosen
so that ¢(10 - ) = 1, where r, is the radius to the slipline at the start of the

aft-plume. However, a gross error may be made when onc assumes that the trailing
shock pressure applies across the entire jet at the start of the aft-plume. A MOC or
stream-tube calculation is required to determine the actual pressure distribution.
Typical results are shown in Figure 15. Since the parallei flow non-equilibrium plume
program (AeroChem or REP-1) is unable to handle a radial pressure gradient, the only
other assumption possible is that the free stream pressure applies throughout the
aft-plume region. Since we were unable to obtain economical solutions with the
AeroChem program for the varying pressure assumpiion, all of the following results are
for a constant pressurc plume (P = P_ = 0.27 atm). The variable pressure run cost
almost %200 for the first two feet of plume. The chemical reactions used for
Propcllant C arc shown in Table 11I.

TABLE 11]. Propellant C (Case 5) Chemical Reactions and
Rates Used in AeroChem Program.

f : K= A+EXP{B/RT 1/ ToeN
REACYIONS BEING COMSIDITED A N a
1 0 « 0 « N = 02 - M 1.000-29 1.0 or
‘t 2 0 « M *+n = 0N + M 1.000-29 1.0 o™
o 3 H + M - = M2 ¢+ n $.000-2% 1.0 o0 :
. . H 2 OM +m T HZ0 e+ W 2.000-28 1.0 o
: s fogs) + 0 *n = Co2 e+ M 1.000-29 1.0 -r48%,0 ,
| 3 oM . H2 = H20 e M 3.606-11 .0 ~€167.0
i 7 o + H2 T 0OH *+ N 2.900-11 «0 -9399,%
! ) 0] * 02 = M + 0 3.700~-10 -0 -16692."
9 ce + 04 = C0t2 4+ H 9,000-13 «C ~1013.0
; 10 oM ¢ oM = K20 s C 1.000-11 .0 -TT8."
) 11 ) + CL2 = HCL ¢ CL 7.0CcC~10 -0 -2881.7
. 12 cL . H2 T HCL ¢ M 4.000-11 «0 ~84372.7
13 H2¢C + CL = HCL + OH s.000-11 -0 -1378.0
| 18 oM + CL = HCL * 0 3.0c0-11 «C ~8968.C
13 X + HCL =T KCL ¢+ H 6.000-10 N ~4368.°C
16 ] + CL «n T HCL . ¥ 8,0CC-26 2.0 -
17 cL ¢ CL +n =0tz e ¥ 3.008-29 1.0 on
18 X « CL + M = KCL e M 2.000-28 1.C oC
19 Ke . E- * M =X .M 2.000-22 1.5 -0
n 20 X+ *CL- = X ¢« CL 1.0C0-08 .5 -
21 cL + E- + M R S *,000-30 -0 -,
22 HCL . €- = C- ¢ H 1.CC0-08 o0 -1¢8712.1
23 w2 + 02 EE LR 1.600-10 ot -yng9C.?
28 £c2 <+ 0 s ce + 02 1.2cc-C9 N -54187 .0
- tMOLECULT~%L~-SEC UNITS)

a4 See Section 5.2.




P TR AT R e e e
— e S .

NWC TP 5319, Part |

Figure 74 shows the X-band transverse attenuation calculated by the AeroChem
program for the propellant C constant pressure flight plume. Experimental wind tunnel
data (Propellants € and F) from Figure 60 are also shown for comparison, These data
have been scaled by multiplying the measurcd attenuation and the longitudinal axis by
the ratio of the throat diameters for the flight case/wind tunuel case (6.834). Since we
have no experience in scaling a flight plume, we cannot tell if this simple method
should scale the non-equilibrium calculation. In the wind tunncl tests (Figure 60) there
was no attempt to scale the base/nozzle ratio of the model 1o the flight missile 1atio. a
The wind tunnel model base/nozzle exit diameter ratio was over twice as large as that
for the missile: 6.5 compared to 3.0. The wind tu ¢l model base diameter was S
inches. Comparison of Figures 60 and 62 shows a failure of scaling comparisons .
between flight data and wind tunnel data. It is possible that this may be due to
non-reproducibility of the wind tunnel tests which did show considerable data scatter.
In that case the attenuation levels of the wind tunnel tests would not be expected to
scale in a predictuble way., However. it is obvious in Figure 74 that the longitudinai
axis relationship (i.c., position of peak attenuation) scales as the nozzle ratio.

- ,”~
CALCULATED FLIGHT PLUME
w I ﬂ
[} \
! \

K. — ] 1
2 - l \
. ! Y .
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.8 - ) .
3 -
e -
S 24 r- /
z 7~ ’
'E‘ ! AL ’ \\
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FIGURE 74. Calculated Transverse X-Band Attenuation fo: Propellant C. -
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To further study this scaling, the AcroChem plume program was rerun for
Propellant ¢ with a S-inch base diameter and with the nozzle exit diameter also
reduced by the same 0.32:1 scale. This was not a simulation of the wind tunnel
experiment; such a simulation would have required inore work than our resources
allowed. 1t was just 4 way of determining if the afterburning could occur with shorter
frec radicel residence times. The calculated transverse attenuation for this case (subscale
' plume) is also shown in Figure 74,

The plumie length for the two calculations does scale as the ratio of base (and
nozzle e¢xit) diameters. however calculated peak attenuation for the smailer model is
| reduced by a tactor of only 0.47 rather than by the diameter ratio (0.32). The initial
attenuation peaks (21 and 8 dB) do scale as the diameter ratios. Detailed examination
of the AcroChem output showed that the difterence in attenuation by the two plumes
is duc entirely to a higher level of electron density and an effectively wider electrical
plume for the subscale plume. The calculated temperature and electron density profiles
for the flight and subscale plumes are shown respectively in Figures 75 and 76. It is
intergsting that the smaller plume is cooler, yet has a higher average electron density.
Except for the difference in base and nozzle dimensions, all other factors in the two
calculations wuse identical. From this comparison we believe that more detailed
analysis ol the wind tunnel plumes will be required to investigate scaling effects. We
z2lso teef that aiihough the afterburning is rate limited to some extent, it is not the
myjor factor affecting the c¢lectron density level for this propellant. Therefore, the
electron level scales more linearly than the afterburning chemistry.

Diagonal attenuation calculations for the plume of Figure 75 were made using
the line-of-sight (A-l) and ray trace (A-II) computer programs of Appendix A. The
results are compared in Figure 77 with the results of the calculation for the same
system reported in Ref. 143, The difierence in angle dependence between the present
calculation and that of Ref. 143 is due to the addition of the base zffect to the

40. -45. 19. 160. 14.5 7.3 5.8 30. 0. 27. 37.

]

i present plume.

! The results of programs A-1 and A-ll were used to define input for diffraction
' programs B-I and B-lI, respectively, of Appendix B. The results of the diffraction
! ' calculations are shown in Figure 78. Two points from the flight data (Figure 61) are
1. ; included for comparison. The inputs used for programs B-l1 and B-ll are listed below.
b B-l Input

| THRUST HTA ATTEN DIST AL WAVEL SHIFT HTlI ANTE ATMAX

l 4000, 30. -50. 161. 14.5 7.3 5.0 30. 0. 1000.

:’ .

i B-Il Input

! - HTA ATTEN EFAT DIST AL WAVEL ESHIF HT! ANIE HT2 ATH

i

{

]

sy e .

i
!
1
{
1
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FIGURE 75. Calculated Plume Temperatures and Electron Dentity
Profile for Propeliant C.
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FIGURE 77. Calculated Propeliant C In-Flight Attenuation by Line-of-Sight {A-1). Ray Trace
(A-I1) and AeroChem Line-of-Sight (Ref, 143).
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Data from Figure 61 (®) are included for comparison.
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The variables SHIFT, DIST and HTA in the B-l program were defined in the
manner of Webb (Ref. 112) as indicated in Section 3.3. The information required to
generate these variables is part of the output of programs A-l or A-Ii. The variable
ATMAX was chosen as 1000 in order to cance!l its effect in the B-I program and
insure compatibility with Webb’s modifications.

The B-ll program was run assuming that the plume edges are linearly varying in
electron density. The results of using these input assumptions are in excellent
agreement with both positive and negative aspect angle flight data. This is probably
fortuitous considering the coarseness of model B-11.

While this report was in the final review stage, an opportunity occurred to
briefly examine cast 6 with the AeroChem program. The BYU base recirculation
program was run for the correct composition (88/12 solids/aluminum). The result was
coupled with the AeroChem program in the same manner as for case S. The resulting
K-band attenuation prediction is labeled *“base effect” in the lower half of Figure 71.
Cuse 6 was also run without the base effect (also shown in Figure 71). In both of
these runs all core region chemical species were assumed to be in equilibrium at the
start line of the AeroChem calculation. Two additional runs were made assuming
elevated concentrations of core region free radical and ionic species at the start line.
The run which included an afterburning base resulted in an attenuation curve nearly
identical to the base effect curve ni Tigurc 71. The other run, for which a
non-afterburning base recirculation region was assumed, gave a very similar resuit to
the “‘no base” curve in Figure 71 except that the slight peak 2 feet from the exit
plane was not predicted. An AeroChem attenuation prediction for a static firing at S
psia ambicnt pressure is also shown in Figure 71.

The results of the calculations on case 6 leave much to be desired. By assuming
a reacting basc recirculation region it is possible to predict the attenuation peak which
is measured about one foot from the nozzle exit. However, the resulting elevated
radical concentrations lead to more predicted downstreamm combustion than the data
support. The downstream prediction is nearly the same whether the radicals originate
in the base region, core region or both. In fact, even changing exit plane radical
concentrations by two orders of magnitude has no significant effect on the total plume
calculation. A small part of the difference might be explained by using the dispersion
technique of Section 3.4. The same technique should be used for all transverse
calcuiations on small plumes when fine details are being investigated. The data related
to case 6 are also unsatisfying because the AEDC measurement section was only 4 feet
long. Some of the OAL data indicate persistence of moderate attenuation levels.

It would be worthwhile to thoroughly examine the reaction rate set used for
these caiculations. Changes in some of the recombination reactions or reaction rates
would change the predicted attenuation. As things now stand, the equilibium model
appears to be a better predictor for some regions of composite propellant plumes
than does the non-eguilibrium model.
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5.3 CONCLUDING REMARKS ON PROBLEM SOLVING

It should be the first order of business, when this report is used to evaluate a
future operatior.al missile problem, to compute the other sample problems in Table 10,
particularly those which resemble the operational situation. Only in this way can the
general utility intended for this report be guararteed.

Other considerations are:

1. For the solution of plume-signal-interference problems, the author suggests
that Figure 1 of this report and Ref. 4 be consulted carefully for the v
guidance they offer.

2. Hasty evaluations based on equilibrium chemical assumptions or on Figure
30 should be viewed and presentsd with caution.

3. The refraction model, A-I, is only a two-diraensional representation of a
three-dimensional phenomenon; its true physical utility does not extend
beyond defining input for the diffraction program B-1l or for its listing of
axially symmetric refractive index values based on mean plume properties.
In practice, A-ll is used as a Monte-Carlo technique with the density of
input rays corresponding to the antenna pattern. Some ray trace paths
may be fraught with error because of excessively large refractive index
gradients, but these rays can be neglected if a large enough sample is
taken. Such erroneous rays are indicated in the program output. An
iterative technique to reduce bending angles would eliminate this problem. .

4. The diffraction models of Appendix B are gross approximations and could
be improved by modifications based on coriparisons with data. Program -
B-II, in particular, warrants a more sophisticaled tieatment of some of the
basic assumptions and probably a complete revamping.

5. Improved plume models should be used if and when they are available.
6. Use Appendix C as a guide to existing static attenuation data.

7. New attenuation test measurements should be carefully planned in view of
the related operational problem and the difficulties that can occur in
relating test data to other test or operational conditions. Will the planned
test yield new and useful information?

8. The results of sample problems in this section indicate that even the
results of sophisticated calculations must be suspect without good exper- s
imental verification. Always bear in mind that the calculation represents
an average of microscopic spatial and temporal fluctuations and it is by
no means certain that the plume calculations provide proper or consistent
averages.
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Appendix B

DIAGONAL DIFFRACTION COMPUTER PROGRAMS

This appendix  presents two  computer programs for predicting microwave
diffraction by rocket exhaust plumes. The progrum B-l is designed for use with cutput
from a line-of-sight attenuation program (A-I) and contains coirections {fudge factors)
to adjust it for scale effects (see Section 3.3). Frogram B-Il is intended for use with
output from a ray trace attenuation program (A-fi). B-Il has no “fudge” factors and
uses the ruy at the himiting refracted angle (Figure A-2) as the diffructed ray. Roesults
ol programs B-l and B-1I are compasred in Figure B-1 for the plume discussed in Figure
A-1. Another comparison is shown in Figure 78.

Diffraction Program B-l

1. Run u diagonal line of sight attenuation calculation (A-1) for the plume of
interest. Note the following purameters:

a. Maximum diagonal attenuation (ATMAX), dB

b Aspect angie of maximwm attenuation (SHIFT), degrees (sce Section 3.3)

¢. Attenuation at an aspect angle twice the size of the angic in b,
(ATTEN), dB

d. Aspect angie of ray aftenuaied by 3 dB, degrees

2. Set up u scale drawing of the plume as in Figure 40 (main text). Locate the
antenna.

a. Draw a line at the angle obtained in 1.b to interscct the plume axis

(SHIFT), or determine shift from Figure 43.
b. Draw a line (dashed) from the antenna at the aspect angle of 3-dB

atteauation (determined in 1.d).
¢. The perpendicular line (heavy) from the intersection of the first line

(formed by the angle SHIFT) to the second line {3<IB projection} is the
half-width of the diffracting edge axis called “HTA™ in the program.

3. Input to the program is ¢ntered in the following order. Yhere are 10 input
variables.

THRUST, Ibs - motor thrust

HTA, cm - half-widths of equivalent difiraction strip for plane B
i yee Figures 37 and 40, or Section 2.3.)

ATTEN, dB - (negative number). predicted attenuation at aspect angle

of 2 x SHIFT. No need to ever make it larger than -20.
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; DIST, cm - distance along x axis from exit plane to HTA (See
: Figures 37 and 40, or Section 3.3.)
: AL, cm - distance from plume axis to antenna location along z
axis. i
WAVEL, cm - wa-clength of rodiation (X-band = 3 cm). i
SHIFT, degrees - angle defined in Figures 40 or 43. This is equivalent to
the shift from 2n axially mounted transmitting antenna.
HTI1, cm - nozzle exit radius.
- ANTE, cm - effective radius (in y directior) of exit plane antenna.
ATMAX, dB - (positive number), maximum diagonal attenuation

predicted by SUPEP, occurs at aspect angle SHIFT.

inpui rermat is (8F10.0). User instructions for program B-] foilow.

LiSTING OF DIFFRACTION CGMPUTER PROGRAM B-1 WITH SAMPLE INPUT

YN 412050, 185321C70)50, 95 402037373 . MANYT 735 ¢ VIFI WU TIN 9T
~FCReT JHATH
SsecsseeresNI "I IALTTON PANGRAN 3-T
, Lycep
{ 17 ) AN e THRUST e HUT A e ATTENGNIT Tk, o WAYTL s SATF T 44T, AT I 0 ATYAX
FRINY anif
STLY4TRILG
x]:Cl H
X2:375Y
AIZ=2.001SY
! 4722474
HY3=D.
THAZUMYNZYT,
ANG=ZYHEMTY
THETACANI-SHIFY
DTSTATL 'SY
HJUTRATANT4TAZOYSTAS
HUzABS (HW)
A72¥ze2
PEESATANIBEET/DIC)
ACT: ARG {OEE)
SPECT-RPEFY
20 90 I:1:+52
THEYAZ.0174¢THETA
3210010,
- FI2=HW-THFTA
TI2=SINIFI2)
FI1=HU-THEYA
TT3I=STNIFTILY
. TAP (2 o (BeNICT21/E/DTSTAZUAVSL)
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; TAPZARSITAPY
| EAC=DTYSTASSGRY(TAF)
; 3TTP-TA~SBEE
' BEEPT-1./BEEP
VISTACeTYY
V2=FACsFT>
: SALL TACNFLECYLeZ057)
! AVIRZoIN 701 C2=e")
AV1T=,707c¢(%2~,.5)
TALL TREMELIV24CheSh)
AV2R= 70T #{CU=-,SY o010, )eel8TTICY/11.)
i AVZ2 T 70 780SK-L,E)s( 10, )8 (ATTEN/SC,)
{ SRUDZAVIT+AV2Y
. fRUNDSCRUNS 2
SLUYTAVIAsAY?D
CLUDN=CLUD 32
TTRAYZSLUNDeETD1))
THCTACSTHEYA/ 01 74°¢
ANSZYAE TR eSYIFY
ANGLT =ANT
ANS-.CITHSeANR
BCTAZ1.571~ANG
SAYZAL/COSE{3FTA)
CAY-ARSICAY)
; Y=ALe TAM{QETA)
{ XZABS X}
WHY-ANI /., 01748
KYSSHIFTeHW/. 017" ¢
TRYZSHITT-4K/, 01745
IFLWHY-MYI 20420 ¢ 20
*] HAYSH W L}
FFA1=FFRAY
? SAVINTSTA .
i IF(LHY-TRYIGGoEC oL
I3 SALL X2 {XeiToXEoX20K3eMTLeHT,473)
KA T=HY-ANTE
YAYSASTN(MAT/ZCAY)
HAYT-ARS (LAY
80 TOT=(2, ¢ {B+CAVI/ZIZSAT/NAVTL)
TOT=ARSEVOYS
*ACTTCAYSSOOT(TIT)
SREF-ATANISREFT/CAY)
SBEZ=ARS(SBrS)
SECUPIFACESSBIf
SBEZPIz1./7S%C€FP
VIZFACE*HAY -
TALL TUT7(VI¢SAEIPT.C1eS1)
AV3Q:-'Q7F7"CI'0 c)
AVIT- . 7CY¢(%1-,5)
G=2.*4¥3R

P e et
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3SQ=35e3
CASAV¥3Is2.
SASQA=TAs3A
R1=CGSA+CASG
FTYAIZTTRATS31
IF(RHY-HY)IS0eSCeel
57 4APY=-HE/. 01745
? FFAI:BI'(ANGL{*TFV)lZ./HAFY#FFRlT‘dHY'&NGL[)/?./PlFV
60 JIF1=8,3439%ALOS(IFFAL)
ATFACTU343as Al CGLATHAY )/ 2,
ATCAC=.83439¢ATFACCALOGITARUSTI/ 2,
DIF1=NYIF 12 ATFAC
ANG=AN3/.C1786
PV =HN/.C14T
I-(LY-SCIR0T72,7)
70 LV=O
90 PRINT 3N?2CeANGyIIFL
THETAZTHI T A-DEL THE
LV-LYe+l
. BRZ 01T SHY
F Qs 2ONTTNIC
d £0 7C 10
9300 TORMATIST1I0. O
og1y FOCRMAT(*1PRFDICYED ATTENU AT IOV AT SUF IRG DIFFRACTTAN EW SY ROCKIT ¢
1 X4 AUST PLUME USING FTN PRAGTIAM ARYTZIY ZSo¥oILEN OWN BYEFIA,%/ /7% ASP
26T ANSLE  ATYTEMLATION®/)
£ Q020 “ORMAT(IXe2F12.2)
H ’ END
#T00,I oFRINEL
! SUBROQUTINE FREAMEL (XaCeS)
» Y=Y
XzABS{X)
’:(1.*.QZBOX)II2.01.792°X’3013\01t02’
Crl./l 2-"..1‘.2"’3.“9?‘!"2" .BT.,.nBi
S Us3.15159sXes2/2,
f C=.5+" sSYNIUI-G*LCSTU)
52.5-"¢COS{UI~-GsI INCL)
TF(S¥) 1020+ 2C {
13 2:==C '
v S=z-S
: ?3 RITURK
END
uT0%,T oCUZY
SUBROUTINE cU221iCeEsFRFALoFIW)
z2=x70+1,.,/8
o - 21-20-1./8
s 2259=45¢3.,10168172¢02)
2150:-5'3-1@18'(11"2’
SALL TRCNFL [22952052)
. CALL FRENEL €21+C1,51)
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TRIALZ-, S8 CZe L) -, 598876 (CP2-C )+ ,5003/3. 81KR)e(SINIT"SI)-
1 SINU71<@ii¢at
TRIAL=TRTAL-.S
FREALZ--CQF AL
TIMIL S (S22 1) -, 5230 708 {S1-5232.5¢ {3/ X,1413)(COS(2253)-C05 (215 QY)
T -5
TIMZTIMe,S
RFTURN
TND
uT0Pel EX2
SUBROUTYNT EX2(XaHT e X1a¥23X3eH4T 1472, 4T
A-HT1
ST N2-2T )/ {X1-X2)
CoiCFetHTI-HT2)~IHTI2-HT ) I/ (CO* (X199 2-X298 ;)= X206 2~X2T302)
B(4Y?2=-A=-CsX2s82) /X7
HTZA+42 sX3Co) o222

R TURN
END
BMLT, TN
n¥Q3T
INCe R. 3 =?5. 8‘. ’.00 Te LS 2.
Ce 5% .
n~IN
wTIF

DIFFRACTION COMPUTER PROGRAM i 1 SAMPLE OUTPUT

on”)ITZTEY ATTINUATTON ASSUVING JTFTIRACTINN BY
ROTKIT EXHAUST PLUME LSING FTIN PROCRAM ATYFIN C(MPTLEN CN DIiFFRE,

ASFECT ANCLE ATTENURTICA

30.0N3 ~3.29
29.n0 -3.219
28.50 -3,213
27.3C -3.3C
26.00 -3 32
2%5.00C 7.3
24.00 -3. 33
23.0C -3.33
22.103 -%. 34
2100(‘ -303“
20.CI ~3. 35
19.0C -T,3%6
14,00 ~%. %5
17.0C -2.34
16.03 -3. 133
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15.0C -31,32
1".0] ".11
13.0C -2,09
12."9 ‘3.25
ll.CD ‘30“1
1062 -%,.58
9.00 -31.75%
‘ 3.03 -3.30
7.00 -4.,Cl
6.03 -‘0.12
. 5.00 -4.12
8,03 -4,.13
3.DC "?.7‘3
2-G3 ‘3.“2
fi. 1.0C ~2,.91
‘__ - —e” -2,39
# -1.0C ~1.97
i -2.G3 -1.35%
-3.0C -.87
’QQDI -oq}
-5.00 -«CY
-6.03 27
~75C .80
-9.03 «h3
-9,0C Ny
~1N.N3 31 3
-11.00 20 k<
* ~17.13 -e12 ]
-13.0C -ty 1
”IQQCJ "eql 3
oD -15.00 -.26 E
1 ~15.03 13 .
-17.00 «3F 2
k2
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Diffraction Program B-11

This program is best understocd by reference to Figure A-2. Its appiicability is
based on the assumption that the ray bending predicted by computer program A-1I
defines the effective diffracting edge. The “‘limitii 2 refraction angle” is also defined as
the incident angle of the diffracted ray. Regions of greatest electron density (as
evidenced by maximum refractive index gradients) are used to define the x distance
from the antenna to the diffracting edge (DIST). Refracticn of the limiting ray is
assumed to change the effective antenna location (EFAT shown in Figure A-1). At this
stage the program is crude and has not been checked extensively. (See problem
solution in Section 5.0 of the main text.) However, it is believed that with some
excrcise, it can become more flexible than program B-l.

If needed changes to the program become apparent to the user, they should be
made.

I. Run a diagonal ray-tvace attenuation calculation (A-II) for the plume of
interest. Note the following parameters:

a. Limiting angle <f refracted ray (HW), degrees

b. Aspect angle, zeta, of first ray crossing the plume axis, reconvergent angle
(ESHIE), degrees

Attenuation at an angle ecual to (2 X ESHIF) ATTEN, dB

Y axis intercept of limiting refracted ray (EFAT). ¢m

a e

@

Value of x arter limiting ray undergoes major angle changes {DIST), ¢m

e

Vulue of y after limiting ray undsrgoes major angle changes (HTA), cm

tan (2 X ESHIF) _
03X HTA 3t x=

g. Value of y where attenuation coefficient o -

DIST, HT2, cm
h. Value of y where attenuation coefficient o = tan (2}:'[ .ESHIF), at x =
DIST, ATH, cm A

2. Input to the program is entered in the following order:

HTA, cm see If,

ATTEN, 4B sec lc. (always input as a negative number or zero)
EFAT. cm see Id.

DIST, ¢cm see le.

AL, cm distance from plume axis to antenna location on y axis

WAVEL, cm wavelength of radiation (X-band = 3 c¢m)
ESHIF, deg see 1b.
HT1, cm nozzle exit radius
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ANTE, cm effective v lius of exit plane antenna
HT2, cm ig. . . . ,
ATH, ccm Ss::: lfx. These variables aifect us: of subroutine FUZZ

Input format is (8F10.0). User instructions for progiam B-11 follow.

LISTING OF DIFFRACTION COMPFUTER PROGRAM B-Il WITH SAMPLE INPUT ?

- WRUN 1201 1+.14¢502107005Gc45108312+1020070 « §ICTOR 73042
wF R ,18 MATIN !
Coss0cecsveNICFRACTION PROGRAN B-1X i

LVZSD ;
10 REA] 00D HY < v ATTENGIEFAT o DIST o AL o WAVEL HESHEF o MT 1o ANTESHT2oATH
FOINT COINcHY Ao ATYENOEFAT oD ISTobL oNAVFLoESHIFoHTEvANTE HT2 o ATH
DELTHEZ1 .1
X1z0.
X220 ISY
XIT240D1ICT
HY3zO.
THENINZ3U,
ANGTTHEMIN
1F (ESHIF-ANGT 110e 1itie 300
100 SHIFYTATYAN(FFRT/ZDIST)
GO0 YO 120
- 111) SHIFTTESHIF
120 THETEZANG-SHIFTY
DISTAZDINY
’ HW=ATANIHYA/DISTAY
HW=ABS tKW)
PEET=.01
BEC-ATAN(BEFT/DISTA!
BEEC-4BS{RFE)
SBEETBEFTY
D0 9N I=1.50
THETAZ .01 T4S+THF TR
B=i0000n,.
FI2-HW-THETA
FI2=SINI(FI2?
FIITHW S THETA
FII=SINIFILY
TAPZ(2¢(Be¢NISTA}/B87DISY Ay NEVEL |
TAP=ABSITAF)
. FACZ=DISTAsSQARTV{TAP}
BEEFP=FACABEF
BEEPI=1./8¢ECP
VI=FRCeFI1
. V2=FAC*FI2
CALL FRFNFELIVICZuSTY)
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AV1A=,7N7etC2-05)
ANIIZ TN T0{SZ-s52
CALL FOFRNFLIVZ2eCHeSK)
AY 2RI Tl M M=aSIs {10 Vo (ATTEN/TID W)
AY2TIZ T (U= S Pl 0a )t ATTEN/1NL)
CRUD=-AVITe V2T
CRUDQZCRUTCs 2
CLuUDz-aviRre V2P
CLUDNZCLUN®«?
FFRATZCLUDD+CRUDD
IRETATTHETAZ,NL 748
ANGZTHETA+SHIVY Y

ENGLE 28NS
ANGZ.01745¢A8NG
BLTA=Y.571~ANG
CAYZAL/COStRFY&Y
CAYZ2QS(CAY)Y

Yz AL »TANIPFTYAY
XZABT X

WHYZANG/Z DYT74S
BYSSMYIF T¥HW/ N1 745
TRY=THIFT-HK/ 1745

IFGWHHY=-HY 221, 20} 3N

HayYzZHY

FFal=FFrRrRAY

CAaY=NISTA
IF(WHY-TRY)EMN6Ne 40

CALL EXYZIXoHToeX1eX2eXTy HIIvHTYZ2¢HT3)
HATZHT~ANTE

HAYZASIN(HAT /CRY)
HRYZABS(HAY Y
TOTCU2.8(B4CAY) /B/CAY/WAVFL)
YOr=-aas{vTom)
FACE=ZCAYSSQGRTITOT)

BEEF = ARSIHT2 - ATH)

SREE - ATAUNIRBEEF/CAY)
SRCEZMRS(SHEE)
SPRELFZFALEsSBFE

SAEEF I=1,/SRFFP
V3ISFACEsHAY

CRLL FUZ7(V3IeSBEEFIeCloS )
AVIE=, 7N T7e(C1-,5)
AVII= . TNTe(S1-.51}
G=2.,9AV3R

GSQ=BeC

GRzAVYII2,
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CASA=GAReGA
R1:-GCSA+4GES G
FFAL-FFRAT ¢H]
JFIWHY-HY)ISD+50c 60
S0 HAPYZ=HW/.M1745
FFll:ElﬂthnLE-TRYDIZ./HAPVcFFRAYolHY-ANBLE)IZ.IRIPY
6U CDIF1=4,3433¢ALDBLEFFAL)

ARG T

e

.
s
>

g. ANG=ANG/.(1745
pa HW=HW/ 1) 745
g IFLLY=-5N18( 7070
B 70 LV=0
£ B0 PRINT 20200 8NGsDIF1
L THEYACTHF TA-DFL THE
i LVSLVed
Iy HW=.01745 oMW
i a0 CONTINUF
o 6e 10 10
v 300 FORMAT(BF10.0)
P 3010 FOAMAT (SIHTAS Y, IPEIN.37* ATTENT'ELD3/7 EFATS ¢4E10.37° DI57=
B t*eE10.3/° ALZ V2 E10.3/7" WAVFL=Y9E10:3/7°% ESHIF=*e§10.3/7% HTIZ 4
§? § 2E10.37° ANTEZ "9 EL10.37% HY22  *9F10.3/° ATHZ "e€10.3///° PIENICTE
e 1 20 ATTENUATION ASSUMING DIFFRACTION BY®/" ROCKET EXHAUST PLUME USIN
: 4G FTN FROGRAR ATTTIN COMFILED ON DIFFPA."///° ASTALT ANGLY ATTONY 3
SATION?/7) i
9020 FOOMAT(1X,2F12.2) i
END i
REQRYIS £ AENEL
- SURPOUTINE FRENFL (XeC»S)
Sv=X :
XxXzagstx) E
4 Fo(1e4e9268%07{2.241.7929%X+3,1NqsYes?) R
GZ1o/12:48e1029%X+3,392eX842+6 .6TsX003) %
U=3.18159eXe22/72, :
C=o54FeSINIUI-G*CDSIU
SR Ze5-FsCOSIUI-G*SINIU) :
e IF1SVI10s 20420 i
Mg 10 c=-C ;
::_ = S:“S °
R 20 RETUQN
S END ,
= uFGRyTS FUzz ;
.. SUBROUTINY FUTZIZO»ByFREALWFIV) i
& 22:70+1./8 :
N 21=20-1./8
: 22S02.503414169 (72402}

- 2150-.5+3.,1415¢(21092)
CALL FRENFL (Z22C74521)

CALL FRENEL (21+C2951)
FREAM S-o50(C2¢C1)-e5¢830700(C2-C1)¢.5+18/3.,1016)e (SINE725€)~
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1 SIN{21S0)}i+e5

FREAL=FRFAL~,5

FREAL =-FREAL

FIMZ 50052951 0=, 5¢B¢202(S1-S2)19+50(B/3.1416)1e(COS(Z25TI-COS(2152)])

1 =5
FIMZFIMe,.S
RETURN
END
aF RIS Fx2
SURROUTINE FX2UXoHT o X1 9X2eX3e4T1 HT2¢HTI)
ETHY1

CFo(X2-X3V7(X1-X2)
C:(cFotHYI-HYZ)—(HTZ-HTSDlllCFOl!l“2-X20'23-(X2"2-X3"2))
BT(HTO2~A~-CoX2802}/X2

HY=A+RsXYXeCeXee?

RETUNN

END
nxq7
4.3 "330 9.“8 ug, ’D' 30 9.06

e 4.6 5.8
uFIN :
#E 1N
DIFFRACTION COMPUTER PROGRA.1 B-1l SAMPLE OUTPUT
S A e TICe N

e PR S

l-—i(vt ‘.‘\/"“f‘n
TIvT- USRI A |
At = 1,707
'.'A"—' - -y.nrr+rp
: e o ~ ..
Sl B IR T R )
Lol et EX thal R
&\v-- _q.-vﬁﬂ

R B “.-"l(\Qﬁ_"
L SO Ratal dole

AOTITITI) ATTTNINITTON ATTNMTN DITFRACTICON AY
RPAKET TYhaALEY DU v maMo FTR PR(CCAM ATTTTN CCMPYLET O RITF A,

- . -

ATRETT ANTLY ATTONCATTON
1.7 -,

?7.%C -5en?

7270 SPRL

27,70 -". 29
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224010 -5,34 {
?'-"‘f‘ ~-F4 793 :E
71‘.0{'. _C.T'S ‘.
271,00 -%fe €1 |
22,17 -5 .51 :
21.00 -%e "4
?20.00 -3 .47
' 19."°C -8, 28
1.0 -3673
17."C -8, 1%
1".‘: "30'11
M 15.07 -4. 33
tu.”" -4 o7
11«70 -4e 21
13,70 -5 ,%1
11.PC '5077
1%.70 -5.11
ae "l -C, 147
i 2,12 -3e7H
| Te T A
| S -54.35
ol -Fe ™3
: Male ~5 475
; 2.0 -fe?”
: .70 ~% .77
l 10 =T T
‘ ".-‘g "2.’".
‘ ' -1.00 -1. 04
: -2.Aar -1.71
‘ -T.0 -+ .5
|

' -1 o':r‘- o:u
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Appendix C
TRANSVEKSE ATTENUATION DATA
by

: ‘ Keith Webb

Thiokol Chemical Corporation

v The following information was supplied by the Thiokol Chemical Corporation.
Wasatch Division. It had been accumulated and studied in the work which led to
publication of References 61 and 130. It is the most complete compendium of static
transverse attenuation data in existence.
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Appendix D

PLUME PROPERTIES AND RADAR ATTENUATION FOR
SIX ROCKET MOTOR FIRINGS
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IRTRODUCTION

Work Statement
At the request of the Kava) Weaponst Center, under NWC contract

i
N60530-74-4330, (74 January 07), Associated Technical Consultants have

complated a serias of computer computations for six (&) rocket motor

tirings. The specific work statement for this project is as follows:

1. The contractor shall perform calcuiations necessary to fully define Y

the plumes and radar attenuatfon for the six (6) rocket motor firings
described in ATTACHMENT 1. Calculations shall be made to (1) define

the fiow velocity, pressure, tempersture and species in the missile

R I

w

~
e IR Ak — o —— 1

base region using the Base Model Component Computer Program of MWC
™ 5521, (2) define internzl and external inviscid pressure ang
velocity using the MOC Model Component Computer Program of NWC TP
6521 and (3) define the velocity, temperature, pressure and

species (including free electron density and electron oo lieion fre-

quency} in the aft-piume mixing and afterburning flow using the aft-

Plume Model Component Computer Program of NWC TP §521.

Transverse and diagonal attenuation shall be calculated for all plumes

[k iarkataabeto L an ST ~
> e = R -4t Ran By Ll

e
W
]
.

at the frequencies indicated in Table 1. There shall be a minimum of

RS

ten {10) transverse attenuation calculations for each plume between

VAL e

the fore and aft po.itions where attenuation is 10% of the transverse

—ry: e

maxirum. There shall be a minimum of 15 diagonal attenuation calcu-

lations approximately equally spaced at angles between minus {(-) 4

degrees and plus (+} 25 degrees for the antenna positions shown in Table V.

TN e -

=
AR
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DATA FOR PLUME AND ATTENCRT TN CALCULATIONS
System identification Wumber

Propellant Composition 1 2 3 4 s s DR

TABLE 1 (Provided by miC) | 4

| RN
\ Nitrocetiylose (12.6%M) 27.33 2.0  Saas  Seme ¥
T Nitroglycerine .23 8.3 4
Ar/ig {10/30) alloy n 4.9
Triacetin 71.66 7.2 3
o 2-Nitrodiphenylanine .0 1.0 .
i Wecorcinel 1.02 1.0 !
Masonium Perchlovete 18.06 19.6 75.0 66.0 |
Polyurethane 2.0 :
R : 1.0
Sutavez [1 8.4
L 496 3.0
HX 868 .26
P Mapo U
Aluminus : 12.0
Potassium . 002 .002 .002 .002 .007 .0075
Sodium .00S .005 .00s .008 022 .00%
Radar Freq Hz - hatad 9,3 9.3+ 9, 3w 4.1 -
o Antenna off axisloc. in. 4.187 2.5 2.5 4.0 5.1 2.5%*
Aliitude, Kft. 25. 8. 28. k1] 32 27+
N Veiocity ft/sec 1700 2400
\ or Mach No. 2.16 2.16 2.17 2.0
! Total Temp. TTO, °F 375 KY[\ 360
l'b::le expansion half angle, 12.5 12.5 12.5 12.% 9.3 18
q.
Chamber Presgure, psia 250 260 235 2715 572 1243
Mozzle exit diumeter, in 6 1.655 1.655 2.628 5.27 2.4
Nozzie throat diameter, In 2.68 J12 .na 1.13% 2.54 .8
€ 5 5.4 5.4 5.36 4.3 9.
Missiie Bate Diamoter, in 13.2 4.95 1.87 W.722 15.98 12.7%
i Boattail angle 0 0 0 0 0 0
* For system 6 use 35 GHz for transverse and 9.3 GHz for diagonal.
[ ** For all systems yse 9.3 GHz for transverse and for diagonal use fnqmc,y shawn .
+  Changed from 29 by contractor.
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3. The distribution of species and temperatures lTeaving the base regfon
and the X-Y distribution of pressure and velocity which result from
the combined calculations 1(1} and 1({2) shall be identified so they

can be used as input for other aft-plume calculations st the

caa— o -

MVHPNSCEN. ]

COHPUTER PROGRAMS
During the six week study, a total of eighteen final computer
program computations were completed for the six rocket motor firings with
three for each firing. The three computer program codes used in these
computations were:

(1) Missile Base Mode! Component Program (NWC TP-5048)

o P e wts e st s

(2) ™OC Model Component Program (KWC TP-5521)
. (3) Improved Aft-Plume Mode) Component Program (NWC TP-55213
In order to conduct iie reguived camputations, the fallowing revisions

were required in the referenced programs:

7. Initfal attempts on 2 of the 6 base flow component computations did i
not converge. The program operated successfuily on the remaining 4
cases. For the 2 cases, tive base pressure was sufficiently low that v
negative pressure values were selected during the convergence grocess,
which caused computational termination. The program was modified to

provide a positive pressure esiimate in the Jow pressure regicn. In

e mmpe e g

addition, 1f the trailing shock pressures failed Lo converge with the
specified sccuracy fn a set number of fterations (25 in these computations)

the firal pressure estimate was selected and the computations were continued.

O UL e R i AvAry,

Using these new techniques, the remaining two computations were com-

pleted with acceptable accuvacy.
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2. Initial run attempts on 4 of the 6§ MOC computations failed to converge.
The major problem was due to estimated fiow turning angles downstream
of the trailing shock that were too great for the program to negotiate.

The program was modified to permit initial assumptions of smaller

L3 turning engles. With relaxation of convergence tolerance, all four
of the remaining cases were successfully run with acceptable accuracy. ‘
” The results of these computations imply that test conditions were at
the physical Timit of the model to predict the inviscid structure,
possibly due to onset of detached shocks.

w

The aft-plume program had never previously been successfully run with
MOC input. Development of a subroutine to read and interpolate MOC
output for convenient aft-plume input was completed during this study.
! Several significant changes were also required to the aft-plume program
in order to predict plume structure with manually-input MOC data, A} '
required changes were completed and all six aft-plune predictions were
completed, including diagonal and transverse radar attenuation

4 predictions.

J g LI

It should be amphasized that the program decks of these programs supplied
| to NWC under a previous contractual study cannot be used to compute all of

. the cases considered in this study since the changet summarized above are not
included in the RWC decks.

ADDITIONAL INPUT DATA
Table ) summarized input data furnished by MWC for the 6 motor firings.
Additional input data that were required were located in key references

(principally BYU-010F). A summary of all required input data ara given in

Table 2 for all six cases and all three program components.

|
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Input card decks for each of the wotor firings have b2en furnished under

separate cover.

PREGICTED RESULTS
Bur ing this coatract study, al)l three mode] components were success-
fully run for each of the six mitor tirings of Tabie 1. Known Timitstions
of the output include the following:

(a) FfFor case 1,only transverse atteruatiun predictions were shtafned.
A negative argument was odtained for the first ciagonal computa-
tion. No attempt was made to solve this protilem,

{b) F;r case 5, some of the thermochemical computaticns did not con-
verge compiefely, so thermochemicul properties could be somewhat
ir error. Tiis problem is a basic difficulty with the EAFB Ther-
sochemical progran -used in this study, and no attempt was made to
solve this probiem. In additicn, only transverse radar computs-
Ligas were obtained for case 5, for the same reason identified
above.

Coxputer output for these 18 computer analysis has been furnishad under
sieparate cover. Toward the compierion o! the computer computaticas for this
contract, the ISM 7030 macihine devaloped fnput conversion crrors. At tals
point 811 pase componcit and MOL cumponent run; had been completed. tYa addi-
tion, a7t-plume components for cases 1, 2, and 5 were 2130 completed. After
waiting for a perfod of about two weeks, at which time the .88 7020 machine
was stiil not fully functional, ¢he aft-plume program was coaverted to the

UBEC-10 computer. The fina? three cases (3, 4, 6) were run on this machine,

The Gutput for these vhree cas:s shews some irreguiar use of the # symonl,
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However, the predictions were sti!l readily interorétadls.
A nwmary of selected predicted peramcters from each of the mudel com-

ponents is shown in Table 3. A computerized graph of the constant welight
fraction lines is shown in Fig. 1 for Case Ho. 2.

This repart, together with the input cards wnd printed computer cutput,

constitute completion of the contract study.
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