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ABSTRACT

The analysis of a plane wave propagating through a homogeneous
plasma region of dimensions large compared to the signal waveicugth
has shown that the wave attenuation can be related to physical param-
eters of the plasma such as electron density, temperature, and pres-
sure. In this report, the plasma in the combustion chamber of a small
solid propellant rockec motor is used toc investigate the feasibility
of determining the temperature of the plasma by using microwave atten-
uation data.

Potassium perchlorate is substituted for some of the ammonium
perchlorate in the propellant to give an electron dersity that pro-
duces ar: easily measurable attenuation. The theoretical results show
that for a known propellant composition and potassium perchlorate
concentration, both the plasma temperature and chamber pressure at
equilimiium may be found from one attenuation measurement. Alss, for
a known t iermodynamic state of the plasma, the electron density may
be found fr.m the attenuation data.

The mechod of microwave analysis is shown to be very useful in
the study of transient phenomena in that nc transducers are required;
hence, the time recponse of the measurement is limited only by the
microwave detection circuitry. This technique may be used to study
lecalized disturbances within the plasma region.

Experimental data are presented to support the theory for an

ammorium perchlorate-polybutadiene acrylic acid propellant which was
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burned at chamber pressures between 20 and 80 psia corresponding to
a temperature range of 2550°K to 2600°K. The data show that temper-

ature changes of lese than ten degrees can easily be detected by
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microwave attenuation measurements wher the propellant is seeded with

Sl

g

2-10 percent potassium perchlorate. Seed:ng other propellants with

alkali metal compounds is expected to yield comparable results over
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the combustion range in temuerature and pressure of the other propel-

laats.
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1. DESCRIPTION OF THE INVESTIGATION

1.1 Introduction

The difficulty of measuring the temperature of a hot plasma
by conventional probe transducers has indicated the need for another
temperature measuring method. A method that usee microwave tech-
niques to analyze plasma parameters has been developed.! This method
has been applied to the analysis of the exhaust plume of a rocket and
yields information about the plasma temperature, pressure, and elec-
tron density from changes in the propagation constants of an incident
electromagnetic wave. The present investigation concerns a modifica~
tion of this method and considers a small, solid propellant rocket
motor in which quartz windows are used to allow passage through the
combustion chanber of a focused microwave signal.

The propeliant is seeded with various amounts of pctassium
perchlorate to furnish a significant electron density to enhance the
€lectromagnetic wave interaction. It is assumed that the partially
ionized potassiux is the only source of free electrons, and the temper-
ature of these electrons can be determined from a measurement of the
wave attenuation and a knowledge of the chemical composition of the
propellant.

The theoretical basis for the determination of the plasma param-

eters; temperature, pressurz. and electron density is given in the

B

! A. &, Jones, C. C. Johnson, and R. W. Grow, IEEE Transactions, Nuclear
Science, Vol. NS-11, January 1964, p. 277.
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following section. The experimental apparatus is described in Chapter
II and the results and conclusions in Chapter III. It will be seea
that the presented analysis gives instantaneous information about the

plasma and is well adapted to the study of conditions in various re-

gions of the chamber.

1.2 Theoretical Basis

The interaction o an electro-agneﬁc wave with a high tempera-
ture, multispecies plasma is discussed in this gection in terms of the
attenuation of an incident plane wave propagating through the combus-
tion Mer of a solid prorellant rocket motor.

The dispersion equatior describing the propagation of the wave
through the ylasma region is first derived using Maxwell's equations
and the Langevin force equation. These mathematical relations will
describe the wave attenuation in terms of the frequency of the wave,
the electron density of the plasma, and the electron drift wvelocity.
The physical parameters of the drift velocity will be shown to give
the mean electron velocity as a function of the species of gas presznt
and their electron collision cross sections, gas pressure and tempera-
ture, and wave frequency.

In the propellant, potassium perchlozate was sutstituted for
some of the ammonium perchlorate. Potassium. having a relatively low
ionizatiot‘i potential, furnishes enough electrons o swamp the vandom
generation of free electrons and produce a measurable attenuation in

the pressure range of 20 »sia to 100 psia. The final form of the at-




TR TSRS TR e A TR, S YRR, SO g 2,

tenuation expression is then given in terms of the wave frequency, the

compcsition of the guas, electrcn density, gas density, and -emperxature.

1.3 The DPispersion Equation

The mathematical description of an electromagnetic wave propa-

gating through 2 conducting medium is given by Maxwell's equacions,z

vxﬁs‘J’T+§ (1.1)

R )
VXE=-B 1.2)

where the total electronic curreat density,.JT, is defined by

i =pv 1.3)

The velocity, v, in Eg. 1.3 is the average drift velocity of the

2lectrons caused by the impressed fields and is not the random ther-

mal velocity.

The scalar wave equation for the electric field intemnsity de-

rived from the above relations is

VE = up v + ue E (1.4)

2 ¢, €. Johnson, Field and Wave Electromagnetics, McGraw-Hill Book Com—
pany, New York, 1966, p. 10.
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That Eq. 1.4 18 a scalar relation can be assumed from the geometry

of the test aotor and the frequency of the applied signal. The

Y ;
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quartz window apertures of the combustion chamber measured cne by
twe inches; and since the 22.275 GHz frequency wave, having a free

space wavelength of 0.519 inches, was focused using wave guide horas

R R AT TRy T

and dielectric lenses, the plane wave analysis appears to be well

justified.

tU AL E

A damping term is used in the Langevin force equation to

g dy

account for the energy loss of the zlectron-particle collisicns.3 The

force equation is
vigr=e/mE - (1.5)

which, for a given harmonic time dependence, has a solutfon of

E
vee/n R (1.6€)
For an electric field intensity having a simple one-dimensional
space dependence givea by .
- =Tz
E=E e (1.7)

the simultaneous solution of the Langevin equation, Eq. 1.6, the wave

3 1bid, p. 394.




equation, Fq. 1.4, and Eq. 1.7 for the propagation constant, T, yields
the dispersion equation,
2 2 2 i
" +k -kpg+i.w'0 (1.8)
vhere k is the propagation constant of free space and kp is defined
by
w
= £
kp - (1.9)
The quantity uz is the plasma frequency squared and is given by
p e
Wl =L (1.10)
p nme
o
the gquantity, o e’ is the electron charge density of the medium in
coulombs per unit volume. In the dispersion equation, the complex
quantity I is usuvally separated such that
F=¢g+ jB {(1.11)

wvhere o is the attenuation constant in nepers per meter and £ is the
phase constant in radians per meter.
The parameter g in the ‘orce equation has limensions of fre-

quency, and for a simple plasma where g is independent of electron
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velocity, it reduces to the collision frequency of the electrons.” The
combustion chamber plasma assumed constitutes a very hot, dense mixture
of gases, and under these conditions, the quantity g may be complex and
unequal to the collision frequency. In order to allow for this possi-

bility, the solution to the force equation may be written as

ve %? (8 - iD) (1.12)

a form used by Molmud.> The quantities B and D can be related to the
cenductivity of the plasma by noting the expression defining current

density and combining this relatior with Eq. 1.3, Eq. 1.10, and Eq.

1.12. The current density is

J = oF (1.13)

And the use of this equation with the other relations yields thke medium
conductivity,

G = ulz’co (B - 1D) (1.14)

% N. A. Uman, Introduction to Plasma Physics, McGraw-Hill Book Company,
New York, 1964, p. 42.

S p. Molmud, "Langevin Equation and A C Conductivity of Non-Maxwellian
Plusmas,” Physical Review, Vol. 114, April 1959, pp. 29-32.
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The modified dispersion equation is then

I‘2+k2-jk:m3-k§wnso (1.15)
If the propagation constant T' is represented as in Eq. 1.11, the de~
terminental equation of Eq. 1.15 can be separated into real and imag~
inary parts:
1/2
2 7)1/?
2 2 2
k |(% % %
a= < uw-1]+ w-1j + [} (1.16)
2 1\ 2 2 2
. W © © y
- 71/2
2 1/2
2
w? o W2
g=X lf1-L2up]+{{2wp-1] +{-Lus (1.17)
2 2 2 2 )
I w [
| d

It is seen that g and B8 are functions of the fraquency of the wave,

the plasma frequency which is related to electron density, and the

coaplex drift velocity terms, B and D.

1.4 Investigation of the Drift Velocity

in order to present the attenuation and phase constants in

termms of the measurable parameters of the system, the functionzl de-
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] pendence of the drift velocity terms must be investigated. It will
k be recalled that the drift velocity introduced in Eq. 1.3 is an aver-
age velocity of all the electrons in the gas and is in the same di-
rection as the electric field. For amn electric field in the z-direc-~
tion, the average drift velocity of Eq. 1.12 is actually the average

electron velocity in the z-direction. Using Maxwell's law of the

5 velocity distribution, the average drif: velocity is written as
b
: [_J
3 I v_fdt
2 z
3 ¢ - [*)
v, * e (1.18)
3 [ fdr
: s
3 o
3 The function f must satisfy the Boltzmann equation which is a state-
ment of the conservation of electrons in phase space,®
N (-:{) (1.19)
collisions
Margenau has shown that the solution to Eq. 1.19 has as the
7% first terms of its expancion,
f=f +%Ev |f cos ut + g, sin wt (1.20)
o =2 z|1 1

5 M. A. Uman, cp. cit., p. 36.
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E where fo’ fl’ and g, are coefficients of the expansion.’ Equation
E 1.18 may then be written as

3

24“ n [ )
v, [(f 1 Cos wt + 24 sin ut) vz] vzdv sin® do 44
¢=0 6=0 vzao

v, > - o (1.21)

L2 e i L o0 e

fovzdv sin6 406 d¢
=0 0=0 vz-O

In addition, relaticns may be developed among fo’ fl, and g, such that

SNSRI Lastidy

Eg. 1.21 may be expressed in complex form as

Y2 _w
el 4 Amv n 2kT 1w 2
_ [ J ! = v dv v2+u2A2 n ZlkT) e (1-T)cos 0 sind dO d¢
vz = 2 (1.22)
3/2 _wn"
- o 2kt 2
4 I j I n (2-———-’&,1. e v 8inb d6 dv d¢é

Ml b

vhere A is the mean free path betwcen collisions and n is the electron

% density.® If a change of variable is made such that

Lt f A

s

7 H. Margenau, "Conduction and Dispersion of Ionized Gases at High Fre-
quency," Physical Review, Vol. 69, May 1946, pp. 575-~585.

3 8 1pid.
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v = % (1.23)
and the 0 and ¢ integrations are carried out, Eq. 1.22 becomes
® 32 4 e’ dv
v =SxeE) o (_5.) v e (1.24)
z 3 m " fs + v ‘
[+
where
m
8 = KT (1.25)

For so-called Maxwellian gases, in which the potential between
electrons and neutral molecules varies as r.l', the collision fre-
quency is independent cf 7, allowing immediate integrations of Eq. 1.24;
however, for a mixture of various types of gases, the average colli~-
sion frequency is found from the average electron-molecule collision

cross section given by
D EY a.z)

where the ni's ate the mole fraction averaging factors of each species
of gas present. Since the collision frequency of the electrons and a

particular neutral gas is given by

- 10 -
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% :
2 - ;
% vy pvQ1 (1.27) i
E :
? where p is the gas particle density. The average collision frequency
? for a given electron velocity is :
3 3
Vavg = P"yg (1.28)
Substitution of Eq. 1.26 in Eq. 1.28 gives :
vavg = ov Z miQi (1.29)
The average drift velocity of electréns due to the incident 3

microwave signal as given in Eq. 1.24 is now a function of the fre-

quency of the wave, the mole fraction of each gas species, and each

collision cress section:

2
- 81 eE (8)3/2 f vl' é-ﬁv dv

1. ]
To + v | m,Q, (1.39)

To obtain useable expressions for the cross section terms in
the summation in Eq. 1.30, a power series approximation of the colli-
sion cross sections will be used. This approximation is valid for

enly a limited range of velocity; however, it is known that the varia-~

- 11 -
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tion in the combustion gas temperature for pressures between 20 psia
: aud 100 psia is only about 50°K out of an equilibrium temperature of

2600°K, indicating that the thermal energy of the electrons actually

changes very little over the entire pressure range considered. It

T IRAAT R TR

will be shown in Chapter II that the significant coilision species
in the plasma are water, hydrogen chloride, carbon dioxide, carbon

monoxide, diatomic hydrogen, and diatomic nitrogen. Adbundant informa-

T TR

tion exists about the dependence of the collision cross section on

electron energy for these substances.?s10511 Using the fact that the

daas s ki RSt o

thermal energy of the plasma electrons is of the order of 0.22 elec-

AR Ll

tron volts and varies only a few percent frox that value, the follow-

ing expressions ‘represent good approximations to the collisioa cross

OV JW}; v,

sections for the given gaseous species:

§ 3

. 5.30 x 10~
! B mm mr———
% o 3 (1.31)
i 2 v
_1.835 x 1070 P
U1 2 .

e piam o ner

? 1. P. Shkarofsky, T. W. Johnson, and M. P. Bachynski, The Particle
Ainetics of Placmas, Addison-WesleyPublishing Company, Inc.,
] Reading, Pemmsylvania, 1966, pp. 175-184.

10 5, s, W. Massey and E. H. S. Burhop, Electrcnic and Ionic Impact
Phenomena, Oxford University Press, london, England, 1952, pp.
205-210.

11 g, Altschuler, "Theory of Low-Energy Electron Scattering by Polar
Molecules,” Physical Review, Vol. 107, No. 1, July 1957, pp.
114-117.
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" . 7.16 X 10 —
E Q002 s (1.33)
-20 -25
Q, = 2.65 x 10720+ (2.08 x 10 )v, (1.34)
q, =8.92x 10720 4 (i.asa x 10’25)v (1.35)
2
(1.36)

0 - (é.7o x 10’25)v

that the summation in Eq. 1.29 contains terms of the form

Qvt = const. = ¢

so that the constants of Eq. 1.37 appear, becomes

5 —8v2

where v is the thermal velocity of the plasma electrons. It is seen

(1.37)

where the value of r i{s 2, 1, 0, and ~1. Equation 1.30, when written

(1.38)

;-ﬂ&&sefn[ v’ e dv
2
3m W o io + m,C 0 + w, ¢ 0V + uocopv + m_,C_,pV

Making the change of variable such that

- 13 -
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y=8 v (1.39)

; and substituting Eq. 1.39 and Eq. 1.12 into Eq. 1.38 gives

Miladan ke de b iy

5 -y
- .__8._ By e dy
pr i 3'"] iwBy +nm,c 983/2+mc eBy +m ¢ 081/2 2+m ¢ .p 3 (.49
o 1URY THyTy 1€2FFY T8:% ML I 124

Upon rationalizing the denominator, it is seen that

2

® ! - _
] (m c 983'2+m c,pBy+m c 961/2)‘2 +m .cC pyi}eyse y dy -
E Bss 22 171 o 0 . =1"-1 (1.41)
“ 3 2 3/2 /2.2 3n?
o (uBy) +(m2c298 +m,c.08y +m c 087 Ty 4w_jc_,0¥ }
] and
4
1
© 2
26 -y
D= 8 wl'y e dy (1.423

3

2
o (uBy) 2, (nzczp 8312 +®, ¢, 08y +noc0;:31, 2y2 + u.lc_lpy3)

£ utahal L B

With the determination of B and D as functicns of the incident

el

wave frequency, gas composition, dnd temperature, the propagation con-
stants of Eq. 1.16 and Eq. 1.17 are determined except for the value of

the plasma frequency. Once the electren density is known for the plasama

g

-~ 14 ~

i
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of a given propellant, the wave attepuation is completely determined

and can be theoreticaliy predicted for a given geometry.

1.5 1Investigation of the Electron Density

In this derivation of the propagation constants for the inci-
dent electromagnetic wave, the temperature contained in ihe expres-
sions thus far is the temperature of the electrons and was introduced
through the mran velocity expression, Eq. 1.12. Wheu the electrons
are in thermal equilibrium with the gas molecules, the teaperature in
a and 8 can be equated to the gas tcmperature, which, in turn relates
tc the gas density through the perfect gas law

= fg. (1.43)
where No is Avogodro's number, R is the gas constant, and p is the
piessure. The perfect gas law then allows the expression of density
in terms of temperature provided the pressure is known. The equilib-
riun electron density then may be derived from the thermal state of
the gas. It will be assumed that the source of electrons is the seeded
potassium perchlorate and that the mechanism of free electron produc-
ticn is thermal ionization. There are two ways of consideriag the pro-
duction of electrons; they are:

1. Assuming that no sinks for electrons exist in the gas.

2. Assuming that chlorine acts as a sink for electrons.
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Assuming No Electron Sinks

For the simple reaction

K+K 4 e (1.44)

Saha's equatior may be written as

[2xke -
8 _[17%®e) 312 "
— —2) /%, (1.45)

vhere N is the total number density per unit volume of potassium,

X is the fraction of those atoms ionized, k is Boltzmann's constant,
h is Plank's constent, L is the electronic mass, e is the electromnic
charge, and I 1is the fonization potential.lz For a given temperature,

the number density for electrons per unit volume is simply

n, = XN (1.{06)

and the plasma frequency defined in Eq. 1.10 becomes

Y= (1.47)

e o

2 (nee)e

12 g, Altschuler, P. Molmu?, and M. Moe, "The Electromagnetics of the

Rocket Exhaust," Space Technology Laboratory Report, GM TR 0i65-
00397, June 1958, p. 130.
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Cons,ideration of Electron Sinks

When electron recombination is takem into account, not only the
-number decnsity of the electron source, but also the number density of
the electron sink must be known. Chlorine will be assumed to be the
only effective electron sink because it is the only constituent pres-
ent in substantial amounts in the propellant that has an electron af-
finity of the order of the low ionization potential of potassiua. :

With the following two reactions considered, the chlorine elec-

tron sink is defined:

K- K +e (1.48a)

Cl+e -Cl” (1.48b) i

The chemical equilibrium constants for this pair are given by

[«*]le”]

——— =

) X 1 (1.49a)

{étlgii] -a, (1.49b)
c 2

When the bracketed quantities denote concentrztions in number per

unit volume, the equilibrium constants may be wiittea as

-17 -
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a _( 2;1::.) 32 W 1.508)
and
e _
a, = 4( Z;h).riilz S (1..50b)

where Ik is the ionization potential of potassium and DCI is the
electron affinity of chlorine.l3

Defining the total quantities of the reacting elements by the

following equations:
A = [&] + [¢*] (1.51a)
and
by~ [a] + o]

it is posgible to combine Eqs. 1.49 and 1.51 with the neutrality con-

dition,

[e]+[c] =[] (1.52)

13 g, Glasstone, Textbook of Physical Ckemistry, Van Nostrand Company,
New York, 1947, p. 882.
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to tom a cubic equation in e_ectron density,

udhN R

n3+An2+nn+c-0 (1.53)

where

n=[e] (1.54)

and the coecfficientz are given by

A= ay + a, + A2 (1.55a)
B= cl(A2 - Al + az) (1.55b)
C= —alazAl {1.55c)

Y S b A AR B AN A Rt RN N A R, WA el A

The determined vzlue then establishes the plasma frequency through

Eq. 1.4C.

1.6 Plasma Temperature from
the Attenuation Constant

To relate the attenuation of a microwave beam in a plasma to
the temperature, consider that a plane wave normally impinges upon
a plasma region and passes through the plasma into free space as
illustrated in Fig. 1. At plane I in the figure, due to differences

in the characteristic impedances of the plasma and free space, a re-

-19 -
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flection coefficient may be defined in terms of the two impedances by

zl - zo
1 o

where Zo is the characteristic impedance of free space and Z1 is that
of the plasma. 1If it is assumed that the reflection coefficient is
small compared to unity, then the amplitude of the transmitted wave
an infinitesimal distance to the right of plame I will be essentially
equal to the amplitude of the free space wave. If the transmitted
amplitude of the electris field is designated as BP and the incident

wave by Eo, then the amplitude of the electric field within the plasma

is given by

-T'z
EP - Eoe (1.57)

where z is measured to the righkt of the plasma boundary I. If the
assumption of a small reflection coefficient is again made at plane
11, then the electric field amplitude at plane II designated by E’l‘

is given by

-TL
E.r = Eoe (1.58)

The attenuation of the transmitted wave in decibels by defiaitiom is

-21 -
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A= 20 log,, -BE:[- (1.59%a)
o
or
-T'L
A= 20 loglo e (1.5%b)

In terms of the magnitude of a of Eq. 1.16,

A = 20 oL log,, e (1.60)

Substitution of Eq. 1.16 into Eq. 1.60 yields

1/2
, , 2, N2 1/2
o ) [™)
A=10/2 KL log e -%..sd - {{Zw-1] + 2w (1.61)
[ ] (-] (")

It is seen that one attenuation measurement through a specified path

length of plasma of a Fnown composition and pressure can yield the

plasma temperature.
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II. APPLICATION OF THE THEORY

In this chapter, the relations derived in Chapter I are applied to a
specific test situation. Inasmuch as the theoretical attenuation de-
pends on the geometry of the combustior. chamber and composition of the
propellant, the test unit will be described first. Second, a descrip~-
tion will be given of the computer program that was used to solve for

the theoretical wave attenuation. Finally, the results of the analy-

sis will be presented.

2.1 The Test Unit

Figure 2 shows two photographs of the test rocket motor used in
this investigation. The inside diameter of the combustion chamber was
two inches while the perpendicular distance between the two quartz
windows measures 2.20 inches. Various nozzle diameters were used to
produce pressures ranging from approximately 80 psig for a 0.235 iach
diameter nozzle to 18 psig for a 0.3125 inch diameter.

The solid propellant used in the test motor was a variation of
ammonium perchlorate (AP) and polybutadiene acrylic acid (PBAA) bonded

with Epon 826 recin, the percentage by weight given by 82 percent, 15.3

percent, and 2.7 percent, respectively, and the variation being a sub-
stitution of potassium perchlorate (KCIOA) for some of the AP. Four

zoncentrations of potassium perchlorate were used; 1 percent, 2 percent,

A B R I L TN A Wy P (12

foln

5 percent, and 10 percent weight.

Pressure war measured with two devices; a Kistler gauge was in-

serted into the rear of the chasber, and a Statham gauge was conanected

- 233 -
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to the port above the windows as shown in the photographs.

i B I “

The microwave portion of the test unit consisted of a klystron
oscillator wave guide fed to the chamber through a 1 kHz ferrite modu-
lator. The wave guide horns and dielectric lenses used for focusing
the beam can be seen in the photograph (a). After passage through the
combusion chamber, the K-band signal was sent through a series of at-
tenuators to lower the power level for crystal detection. One attenua-
tor was a precision unit that served as a calibration reference. The
detected signal was connected to a power indicator and recorded on a

Sanborn strip recorder along with the Statham gauge pressure reading.

2.2 The Computer Program

The sol.:-ion of the plasma attenuation constant was carried out
on the Univac 1108 computer at the Yniversity of Utah Computer Center.
The program listing is given in the Appendix, and it is divided into
three major parts:

1. Initialization of constants representing a specific condi-

tion of gas and electron temperature.

2. Calculation of the mean velocity terms B and D, electron

density, and attenuzcion.

3. Printing the calculated attenuation and other pertinent

parameters of tne plasma.

Initialization of Constants

The initialization section defines physical constants such as

frequency, velocity of iight, etc., and then reads from the data deck

- 25 -
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the mole fraction concentrations of the important constituents of the
combustion. Values used for the representative mole fractions were
taken from a free zvergy analysis of the combustion. The particular
method used was a theoretical specific impulse (1SP) computer program
furnished to the University of Utah by the United Scates Air Force
Rocket Propulsicn Laboratery at Edwards Air Force Base, California.
Given the chemical composition of the propellant and a stated combus-
tion pressure, this program will print all the equilitrium constants
and chemical components of rhe resulting gas. For the propellant com~-
positions and chamber pressures described earlier in this chapter, more
than ninety-eight percent of the equilibrium mass is accounted for by
six gaseous species:

1. diatomic hydrogen

2. water

3. diatomic nitrogen

4. carbon monoxide

5. carbon dioxide

6. hydrogen chloride
The mole fractions for these constituents were taken from the program
print out znd constitute the valvues in the summation of Eq. 1.29, which
exprcssion is used in the calculativn of the mean velocity terms B and
D. A table of mole fraction values that ccnstituted the data deck is
also given in the Appendix.

After the data are read in, the temperature is initialized at

2000 degteés absolute. This temperature does not represent the equlili-

s
o e AT
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brium temperature of the gas predicted by the free energy analysis, but
it merely serves as a startirg reference temperature for attenuation
calculatfons. During steady-state conditions of combustion, 1. can be
assumed that the eleccrons and gas are in thermal equilibrium, yet it
is conceivable that in a transient situation, the emperature could
change from the equilibrium value and alter the attenuation. For this
reason, a range of temperatures in a neighboranood about th: equilibrium
gas temperature is used; hence, for a given gas state. a number of at-
tenuations will be calculated for a group of surrounding temperatures.
Two other chemical concentrations are read from the data deck. These
are the ejuilibrium amounts of potassium and chlorine, the assumed

source and sink of electrons, respectively."

Calcuiation of Attenuztion Quantities

After the physical constants of the plasma have been defined, it
is necessary to calculate three quartities:

1. The mean velocity tarms B and D.

2. Tbe numher density of electrenms.

3. The theovetical attenuation itsalf.
First is the evaluation of the integrals of B and D from Eqs. 1.41 and
1.42, The integrands are continuous, positive functions, and the ia-
tegrals are easily ecvaluated hy a simple trapezoidal method.

The number density of free electrons 12 next determined from Eq.
1.53 using a subroutine to solve for the roots of the cubiec equation.

1t must be stated that for some outlying temperatures, the coefficients

- 27 -
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of the cvhic eauatlon wera such that round off error in the cubiec cal-
culations gave no positive real rnots. This fact is equivalent to the
obviously nonphysical situation of assuming a temperature far away from
the equilibrium value. The relatively large amount of cilorine com-
pared to potassium rendered the cubic equation root locus sensitive to
lower than equilibrium temneratures. The occurrence of no positive
solutions was not felt important because the temperatures giving no
roots were always more than one hundred degrees from the indicated
equilibrium value.

Earl: in the experiments of this investigation, it was seen that
the assumption of no electron sinks gave predicted attenuations that
were much larger than those observed in the test motor; therefore, the
use of Saha's equation will be assumed incorrect, and the computer pro-

gram uses only the cubic expression to determine the electron density.

The Computer Print Cut

For an assumed gas composition and temperature range, nine plasma
quantities are printed. They are temperature in degrees absolute, gas
density in number per cubic meter, charge demsity in coulumbs per cubic
meter, B and D integral evaluaticns from Eqs. 1.41 and 1.42 in units
of inverse frequency or seconds, electron number density in number per
cubic meter, the plasma frequency as defined in Eq. 1.10 in units of
frequency or inverse seconds, and the attenuation listed in both nepers
per meter and decibels loss p::r a 2.20 inch attenuation path.

Each printed page contains a temperature range of 2000 degrees

- 28 -
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to 3000 degrees, and a total of twenty-four pages is printed accouat-~
ing for the four potassium perchlorate concentrations and six chamber
pressures, 120-, 106-, 80~-, 60-, 40~, and 20-psia for each KClO4 seed-
ing. From the computer print out, the theoretical results follow

directly.

2.3 Theoretical Results

From the calculated attenuations of the computer program and
the equilibrium temperatures predicted by the Air Force ISP program,
three plasma attenuation characteristics may be derived. Omne set of

curves represents non-equilibrium states of the plasma and is a graph

™

of attenuation versus temperature cver a temperature range about equi-
librium. The other two graphs are for ar assumed equilibrium state;
one shows attenuation versus texperature for the various compositions
of propellant, and the other shows attenuaticn versus pressure for
different compositions.

Figure 3 is a plot of the non-equilibrium states of the plasma
taken directly from the values printed by the attenuation prcgram for
a KCIOQ concentration of 10 percent. Figure 4 is a similar grapbh for

a 2 percent seeding of KCIOA. It is seen that the predicted attenua-

tion is a strong functioa of both the initial KClO4 content and pres-
sure,

Figure 5 shows the theoreticai attenuation versus temperature
for the equilibrium condition. From the lines of constant pressure

that are shown, it is again seen that the attenuation is a strong func-
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tion of pressure. Figure 6 gives the attenuaticn versus equilibrium
chamber pressure. This graph is merely a modification of Fig. 5 to
show more clearly the attenuation-pressure relationships since these
quantities were used as measured parameters in the experimental tests.
The presented graphs clearlv show how much atteauation is to
be expected in a K~-band signal incident upon a 2.20 Inch cross sec-
tion of homogeneous plasma of assumed composition. The experimental
verification of these predictions and the conclusions of this investi~

gation are given in the following chapter.
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é III. EXPERIMENTAL RESULTS AND CONCLUSIONS

In this chapter, experimental data are given to support the
theoretical resulis given in Chapter II. It will be shown that for
the equilibrium conditions of the combustion chamber assumed in the
theoretical ISP program, the measured wave attenuation of the test
rocket motor closely agrees with the predictions of Figs. 5 and 6.
Also given ir this section is a brief summary of the practical con-
sequences of the results of the investigation along with some general
conclusions of the technique of using microwave methods in the analy-

sis of a combustion chamber plasma.

3.1 Experimental Verification

The test configuration has been described in Chapter II, and
only the experimental results are presented here. Figure 7 shows a
representation of the strip chart recording of a typical firing of
the test motor. The basic features are obvious from an examination
of the figure. The slow shift in pressure has been attributed in some
measure to acoustic waves in the chamber; however, the experiment was

not designed to analyze such high frequency pressure phenomena, so the

slow changes in pressuvre during the “urn do not enter into the present

investigation.l®

1% ¢. L. Oberg, "Acoustic Instability in Propellant Combustion,” unpub-
lished Ph.D. Thesis, Department of Chemical Engineering, Univer-
sity of Utah, Salt Lake City, Utah, June 1965, p. 72.
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It is interesting to congider thc ailtenuation versys pressure

SR TN

parametrically described by the * ‘e during the bum. Such a graph
corresponding to the firing represented in Fig. 7 is given in Fig. 2
8, where the theoretical equilibrium attenuation versus pressure is %
shown as a dashed line. It is obvious that the equilibrium predic- g
tions of at:icnuation do not follow actual results during initial pres- {
surization and pressure termination; nevertheless, there exists a
period of time during which the measured attenuation agrees with the
theory. It will be assumed that during this interval, the combustion
zas is in an equilibrium state and that the plasma electrons are in ;
thermal equilibrium with the gas. It then appears proper to ascribe
the non-correlation points of Fig. 8 to a dynamic state of plasma for
whick the theory does rot apply. The attenuation seems tc lead the
pressure rise and lag the pressure decrease at the end of the burn,
and while the measured attenuations present interesting questions per-
taining to electron temperature and gas composition during ignition
and burnout, the developed theory cannot be used to predict the micro~
wave beam intecraction for these conditions; hence, it must only be
applied during the times when an equilibrium condition may be safely
assumed.
The graph of Fig. 8 shows more time of assumed equilibrium at
the end of the burn than at the beginning. It seems justified to ac-

count for a lot of the relatively long time between ignition and equi-

librium in the thermal mass and characteristics of the heavy motor

casing.
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Figure 9 shows experimental attenuation measurement results

foia

for a 5 percent zeeding of KClOa. The representation of Fig. 9 and
that of the subsequent three figures follows the format of Fig. 8 in
showing the time evolution of attenuation during the burn. An abbre-
+iated form of the firing shown in Fig. 8 1s seen in Fig. 9 on the

far left. Flgure 10 depicts experimental data for the 5 percent seed-
ing versus equilibrium temperature. Figures 11 and 12 show experimen-

cal data for a 2 percent seeding of KClO4 and correspond to Figs. 9

and 10. The four graphs clearly show a very good agreemen~ with the

. ———

theoretical atteniations.

it will be noted that the presented exverimental results agree
with the theoretical predictions based on the assumption that there
exists both scurces and sinks of electrons in the plasma. The assump~—
tion that no electron sinks exist leads to predicted attenuations that
are ai. rder of magnitude higher than the measured resul:s. It is
then obvicus that the chlorine, acting as an electron sink, plays an
important role in determining the amount of attenuation in the cham-
ber.

Thé logical conclusion t> this section is that for the stated
conditions, the theorv of Chapter II does represent an acceptable mathe-
matical model of an electismagnetic plane wave p¢netrating a homogen—

eous plasma. The practical consequences of this conclusion may now bz

presented tc indicate some of the uses of tne thecory.
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3.2 Consequences of the Ver-
ification of the Theory

Using the assumption that the developed model is correct, many

i
i
)
§
;
{
{

relationships are seen to exist among the four quantities; attenuation,
pressure, temperature, and potassium perchlorate concentratiorn. In
addition, some transient conditions may be analyzed under restricted
circumstances even though the periods of ignition stabilization and
burnout represent a presently undefined stat: of plasma and cannot be

considered. The steady-state relationships are considered first.

A. Steady-State Analysis

When the four quantities noted above are taken as variables, the
results show that for a plasma meeting the specified requirements, the
determination of any two of the variables will establish the value of

the other two. A brief description along with a possible application

wiil be given of each situation.

a. Given a Measured Attenuation and KCIOQ Concen—~
tration, Find the Pressure and Temperature

This method affords a verv simple way to determine the thermody-

namic state of the gas from the attenuation alone provided the KClOa

The wave generating and measuring apparatus is the

is
closely controlled.

only equipment required in this instance allowing this system tc be ad-

vantageous for very high pressures where pressure is not easily meas-
ured directly. This method would be useful if:
1.

A sufficient quantiiy of electrons could be produced at the

- &4 -
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2. The transmission windows could be made to withstand the

high pressure.

b. Given a Measured Attenuation and Pressure,
Find the Temperature and Amount of KC10,

These conditicns constituted the basis of the experimental test
unit except that the percent KCIO& was known. Since the attenuation,
however, was found to be monctonic with respect to both pressure and
KC104 concentration, one attenuation measurement for a given pressure
will determine both the temperature and KCIOA in the propellant. This
choice of variables would be useful in the correlation and calibration
of other temperature measuring devices and would be helpful in the
study of the thermal equilibrium characteristics of differeat combus-
tion chamber configurations. A plot similar to Fig. 8 wouid deternine
the length of time required to establish an equilibrium.

The determination of the KCth concentration could be used as
a quality contrrol check in the production processing of the propellant.
The attenuation can correctly indicate the Included amount of potas-
sium or any other ionizable substance, and if a studied constituent of
the composition could be made proporticnal to a reasonable zmount of
electron producing material, the attenuation measurements from the bum
of a ba.ch sample would indicate the amount of the studied component

present .
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¢, Civen a Msasurcd Attenuation and 1€mperatuie,

Find the Prescure and KC10, Concentration

This method could be used in the absence of a pressure trans-
ducer to find the pressure for a given attenuation if the temperature
could be established using other than microwave means. The amount of
KCIOA is also established, and the utility of this information is as
listed in b; however, the difficulty in measuring the plasma tempera-
ture would seem to limit this type of system.

d. Given a Measured Pressuve and Temperature,
Find Attenvation and KC10, Concentration

These conditions are the converse of tirose in a and predict the
behavior of the wave in the plasma and amount ¢f ionized material for
a known gas state. The prediction of wave behavior could be of impor-
tance in designing circuits utilizing the plasma as an element, for
when the power loss in the plasma is determined, the system power level
can be optimized with respect to the rest of the system. Unfortumately,
the assumption of a given temperature suffers the disadvantages listed
in ¢, 50 wave behavior is best determined in the following way which
assumes no known temperature.

e. Given a Mzasured Pressure aad KCl0, Concen-
tration, Find Attenuation and Temperature

For a controlied amount of KClOa as in a3, only the pressure is
zequired to determine wave behavior. The tenperature is also estab-

lished in this method.
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f. Given a Measured Temperature and KC10, Con-
soy

..... 2 o hd
céniration, Find Atteneation and Precgure

For systems in which the temperature might be more reliably
known than pressure, this method could be used to find the wave at-
tenuation and pressure where the amount of KClO4 is knowm.

As a summary to the possibilities presented, it will be seen
that there are three ways to obtain each of the four variables, each
way containing inhereat practical considerations yet contributing an
avenue of solution. Of the most easily seen features of the results
is that the attenuation becomes low and flat for high pressures and
high and steep for low pressures. The system parameters must be ad-
justed to allow sufficient confidence in and measurability of the re-
sulting attenuation. In correspondence to this, the temperatures at
high pressures change by smaller amounts than at low pressures for a
given pressure shift, and the resulting attenuation changes could pre-
sent a problem in resolution.

Another consideration impiicit in the calculation is thzi the
attenuation sharply increases as the electron density becomes great
enough to make the plasma frequency approach the incident wave fre-
quency; therefore, while four criginal variables were ass.med as sys-

tem paraneters, the wave frequency is seen to require optimization.

B. Transient Plasma Analysis

To ascertain the usefulness of the theoretical conclusions in

the transient nlasma coendition, the sources of the imposed limitations
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are first discussed. Iniiially, there is the cowplicated serics of
events subsequent to the instant of ignition of the surface of the
propellant. At ignition, the surface outgases any contaminants that
may have diffused into the surface, and it thus represents a thin
layer of unique substance because of this diffusion and also because
of chemical reactions of the surface with the atmosphere.

The chamber volume at ignition is filled with room temperature
air which atmosphere then becomes mixed with increasing quantities of
combustion products until pressurization initiates nozzle flow.

The heavy chamber structure at ignition is at room temperature
and represents a considerable heat sink to the gas molecules which soon
rise to a temperature of nearly ten times room temperature.

The complexity of the three initial factors; the inhomogeneous
propellant surface, the vapidly changing chamber gas composition, and
the large thurmal mass of the chamber; easily shows why the attenuation
measured during pressurization cannot be described by the cheory. It
appears that the order of stabilization of these three factors in time
is the order given above, respectively, for three reasons:

1.- Ignition of the highly sensitive surface appears to be almost

instantaneous.

2. The pressure rise time from 10 percent to 90 percent of peak

value has exhibited time periods of the order of one second.

3. The totai time taken for the measured attenuation to approach

the theoretical value is several times the pressire rise

time.
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It can then be assumed that after ignition, the propellant first
beécomes a homogeneous burning surface, then the chamber volume becomes
a homogeneous though time-changing atmosphere, and finally the thermal
mass of the case becomes a constant heat transfer medium. During the
initial stabilization of tﬁe plasma in the chamber, the attenuation
results from a series of nearly totally undefined conditions of com-
bustion, atmosphere, and temperature, and might be expected to disa-
gree with the steady case. Indeed, this is true, as Fig. 8 shows the
initial attenuation characterized by a high early peak and a greater
signal irregularity than during any other time of the burm.

Conditions at the time of propellant burnout are of a similar
complexity, and ambiguities arise frcm the transition of a hot, dense
gas to a stagnant pool of spent reactants and chamber residues. As
combustion terminates, the ccmponents change with adherence to consid-
erations of inst -taneous nozzle-determined pressure, the rapidly cool-
ing chamber walls, and the reaction rates of the components. These con-
ditions again make it impossible to predict the attenuation, and they
explain why the attenuation quickly diverges from the theoretical re-
sult once combustion has ceased.

The conclusion of the transient analysis limitations show that
the developed model cannot be used in the analysis of large changes of
state in the chamber; however, those fluxuations occurring when an equi-
librium condition is apparent, that neirhes alter the gas composition
much nor change the temperature appreciably may be analyzed. One such

transient event allowing analysis is pressure variations and irregu-
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larities. During several experimental burns, fragments momentarily

clogging in the nozzle caused sudden, brief, and measurable pressure

]
21
2
H
i
1

rises and corresponding instantaneocus dips in attenuation. Unfortu-
nately, the apparatus was not designed with the capability of chang-
z ing the chamber pressure during burn, so this feature could not be
investigated; nevertheless, there is strong indication that this

method could be used to analyze nozzle characteristics and degrada-

Dt AR N B T KA

tion in the absence of a pressure transducer.

YT

Another transient analysis that could be performed on the

: plasma is the time analysis of different regions throughout the cham-

: ber. The periods of equilibrium could be determined as in Fig. 8 for
various cross sections in the plasma provided the beam could traverse
the path without appreciable diffraction. Such an analysis might

§ facilitate the design of combustion chambers by yielding information

- about the thermal equilibrium time lag throughout the structure.

This brief summary of possible applications of the theory indi-
cates that the microwave diagnostic method provides pcwerful tools in
the evaluation of many properties of the entire system of plasma and
container. Once the parameters of beam wavelength and ionizing mate-
rial have been optimized with respect tc the resolution of the measur-

ing equipment, a very critical analysis of the rocket motor system is

; afforded.
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3.3. Conclusions and Contribution
cf the Investigation

The fundamental conclusion of this investigation is that there
€xists a useable relation between the equilibrium thermodynamic state
of a given howogeneous, combustion chamber plasma and the attenuation
of an incident plane clectromagnetic wave of wavelength seall with
respect to the plasma dimensions.

The consequences of this conclusion have indicated many ways in
vhich a microwave signal can be used to analyze and optimize the opera-
tion of a rocket motor. The plotted rasults show that a change of sev-
eral degrees of temperature out of several thousand can be easily de-
tected by the iacident beam; moreover, the oniy perturbation of the
measurement is the requirement of transmission windows in the chamber
walls and a measurable number of free electrons in the combustion gas.
Some of the advantages of the microwave analysis of a chamber are the
instantanecus response of the system, the ability of analysis without
other transducers, and spacial re;olution in studying localized dis-
turbances in the chamber.

The basic assumptions of the method require:

1. That a plane wave propagatee through a plasua of essentially

negligible reflection coefficient.
2. That the electron collision phenomena be defined.
2, That the number of free electrons be measurable.
With respect to the first requirement, a plane wave cam easily be ob-

tained ir proper microwave techniques are followed; the reflection co-
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efficient is no problem for a gas whose plasma frequency is lowe: than
the incident vave frequency.!5 That the second requirement can be sat-
isfied in generul is evidenced by the.ability of the complex collision
frequency analysis (Eq. 1.12) to produce verified results over a range
of pressure. To establish 3 aumber of free electrons in the plasma was
the reason KCIO,‘ was added to tke propellant. This additicn effectively
svamped the randon generation f electrons, but the large amount of
chlorine had to be considered as a source of considerable electron re~
combinations. Again, the validity of the method used to determine the
number density of electrons is shown by the verified results over a
wvide range cof Kcm4 amounts. It can therefore b2 concluded that the
assumaptions of this technique do not in general pose a problem where
combustion plasmas are concarned.

The contribution of this investigation is the manifestation of
the usefuln=ss of the incorporation of a aicrowave transmission systea
into the evaluation of the thermodynamic properties of the combustion
plasma of a solid propellsnt rocket motor. The evidence indicates that

the microwave method has a definite place among the toois of rocket
analysis.

15 G. Gal snd W. Gibson, "Electromagnetic Wave Interaction %ith Cylin-
drical Plasma,” IEEE Transactions on Antennas and Propagation, Vol.
AP-16, July 1968, pp. 468-475.
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ATTENUATION PROGRAM B

HIPRISICH RpGTEEI e HMIOL (I LT oI iDoDOCTL o XE1RD o WP (12} 2ATTNEEL D
TIATTHOBLLL) 2T(21)

REAL MOF1H2¢ MUFH20, #0FM2e MOFCO2s MOFHCL s MOFCO o MMFH2  MMFIR20 4
1 MMEH2 e MMFCO2 ¢ MMEHCE o KMFCO MOTUT o MMFK

COMPLEX PeQoRoYCUNF (2

READ Ift ALL CONSTANTS

DATA VLA ZMASSBOL 720 ZCHARGP1e AVOGs FREWs QVYSH20,
1GVSHCLe UVCO02+0C0s 4129 QOVCOs UOVH2 ¢ QUVN2/6.6251TE=34
29,1083E-3191,38044E-23+1,.0021E=19¢3,181596+¢6.0224E23,22,72:E9¢
39:.926=801.8395E=80 T 16L=1422e65E=20¢ 8B+32E=200 24 08E=25¢ 1 4 864:=25,
32.7&'25/

Wz2.8PIsFREQ

WSOskee2

CL6T=2,99793E8

CK=¥/C.6T

C=8.7(3.3SO0RT(PI))

2UASH . 0220823

Ev=a, 31

0Y=0,05

JOJ=1
HEAD IN THE PERCENT oF POTASS1UM

48 READ 50,PERCNT

IF(PERCHTY To7047

87 DO 25 131,06

READ 1ti PRESSURE AND MCLE FRACTION DATA

49 READ 5%¢ PRESPoMOTOT . MMEIIZ ¢ NUEH20 0 MMFN2 ¢ MMFC 02 s MMFHCL » MNFCO 0 MMFK

51

READ SU«CL

IF(PRESP: 7,7+51

K=1

PRESSPRESP/14,7

MOFHZ= MMFH/MOTOT

MOF H2C=HMFH20/M0TOT
MOFH2=M¥12/M0TOT

MOF CO2=MMFCO2/NOTOT .
MOFHCL=MIFHCL/MOTOT
MOFCO=MMFCO/MOYOT
ZHEMMFK/MOTOT$ZHA
ZIKL=CL/MOTOTSZHA

TEMP=2,.E3
C2=MOFH20+0VSH20+MOFHCL#«QVSHCL.
CASMOFCU2#UVCO2
CZ=MOFCUsOCO+MOFH220H2

CM=MOFH2 «QUYH2 +MOF N2 9 UOVHZ + MO CO4B0VCO
IF{K=12) 69¢2¢2

CALCULATE THE INTEGRAL:V DBAR=B~JO

02 BETAZZMASS/(2,sU0LT7+TEMPY

RHOKISPRESSAVOG/ (82,05 TEMP 21.E6
TWSWsUETA

T22C2eRHOIK) . (SGRT(RFTAY ) 223
T1SCleRHUIK)ISBETA

TZ2CZoRHO(K) 2SCRT(BFTA)
TM=CMeRHO (K)

uise,

lzo,

B=Y,

b=v,
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C

J=u
30 Y=YeY
JRJSESDY
IF(J=85%) 70,108,100
T¢ DENOMIS(TNSY) o822
8L=B
pLsD

TR T

YPOLY:12+Y1‘Y+TZtYo.poTMcYa03

DENOMZZYHOLYS %2
GENOMSDEH0M 1 +DELIOMR

B:Ct??OLYtY;tthXP!-YtaZ)/DENOMtHETﬁ

D:CticaﬁfAthtatFxP(-Yttzv/UENOManETA

GRZ0,5¢ (3L +H) +DY
SDD2 . S¢(DL4D)Y oDY
811408
DI=NIs0VD
60 T0 3¢

109 [BiIX)=u?
DS(K)=D1

DETERMIIE THE ITONIZATION AND PLASMA FREGUENCY
Z£XPK:EXP(-ZCHAR60£V/(uOLIZtrEMP))

ZEXPCL:EXP(-ZCHARG‘S.78/(80L71‘7£MP)l

ZTEMPZTEMPSSART ( TEMP)

ZCONST=(SGR?(2o$PX$Q.1083010300““)/bo62517)t¢3‘1-E21
ALPHAIZZCONSTtZTEMPOZLXPKtlsF-20

ALPHAZ:“.aZCONSTcZTFMPtZEXPCle.E-ao

Al=ZtelE=20
A22Z2MCLe1 E=2y

Pz CHPLI(ALPHA!*ALPHAZ{A?,u.n)
Gz cHPLX€ALPHA1t(R2-a14ALPHA?)oo.u)
RS CHPLX(-ALPHAI:ALPHAZ'AIvu.u)

CALL CUBIC(P,Q,8R,YCIME)
DO 500 Liz].3
LZ=LL

IF(REAL (YCUBE(L2))) S0usSun, L2

590 CONTIWE
PRINT 99, TEMP

99 FORMAT(5X, *NO SOLUTi0NS ARE FOUND FOR A

Xtk)=o0,
RHOE“():ﬂo
wPiKy=o,
ATTHIN)=O,
ATTHOB(K) =0,
G0 YO 37

502 RHOE(K):REAL(YCUBEII7)Itl.h2ntZCMARG
X(K) IS TME MNUMBER DFHSITY OF ELECTROMS

X(K):REAL(?CUUE(LZ))zl.EZu
ZHESRHOE (K)

WP5Q  =21E21.602/9, 5U83230., sPIs],E21

WK} IS THE PLASMA FREQUENCY
WP{KISSORT(ARS{WPSWL) )
T(K)=TEMP

TEMPERATURE OF

USING BBy D WP, AND TLMP, CA:CULATE THE ATTENUATION

TERMl:HPSO/dSQtuaDDtK)-l.

1£RM2:SORT(TERHltt2+cwpsaluSo;w‘BB(K):t¢2)

ATTH(R) IS IN MEPERS/METER
IF{TERMI+TERM2) 50%.51u,520
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5u5 PRINT o006 TEMP
AUG FORMATILY, ¢aTTT
tFu.tz77)
AT R) =6,
ATTHOBLK) =0,
60 YO 37

afa
VY

-w

$10 ATTHURIZSORT(TERML ¢ TFRM2) $CK/S0RT(2,)
< ATTIOB 1S Dis ATTENUATION PER 2.20 INCH ATTENUATION PATH

Lt e el A

EOATIVE FUR A TEMPERATURE OF

ATTHUBIR)IZ20.84: 342048842, 54F~282, 29 5ATTNIK)

37 TE(RIZTEMP
TLMPZTEMP4100,
Kahet
60 7O 1}

2 PRINT 341RESHPERCKT
PRINY 4
PRIIT S

AKX}

PRINT 00 (TE) +RHO(UY LRHOE(J) JHBLI) 2 DDUUY o X( U WP L) s ATTNI ) »ATTNDE

1(d)euztet )
25 PRINT 10
60 710 &4
T CONTIIML
10 FORMAT (1Y)
S50 FORMAT(FB,1,8F8,5)

3 FORMATIL7Xs *CALCULATED ATTEMIATION PAPAMETERS FOR 7+F5.10% PSIA AN
1D *oF4, 1, PERCENT POTASSIUM PERCHLORATE'///}

4 FORMAT{IX,*TEMPY,* GAS ! CHARGE ,°*
1R INTEGRATION ty ELECTRON? , * PLASHA
2ATTLHNUATION L}

S FORMATILX,? DENSITY ' CENSITY
1 DELSITY ¢, FREQUENTY *o* HEPERS/MLTER

6 FORMAT{LIX F7,19E12,7,6E15.79F10.3//7)

eI

@l FOR CUBIC
SUBROUTINE CUBICIPsO.ReY)

< sROUTIIE TO SOLYE A CUBIC EQUTYJON,
COMSLEX 1,0,RoY(3),A,8,W,PC>71,T
DATA W/ (=05 0805U0%484%)/
POSP/3.u
A=Q/3,0-P0322
A=P038340.5¢ {K=0%03
Z12-3
IF (ABS(RLAL (A I +ABS (AIMAGIAYY) 1,.3,1

1 TSCSORT{Ast3+1i8s2)

21==-B+7T

IF(REAL(I3I) 3,3,2

21=~B8=T

IFIAIMAG(ZE) 1590425

Z1ZCHMPLX(CHBRT(ZEAL(Z21) ) 0,0

GO T o

Z1SCCHRTIZE)

DO 7 R=ie3

Y(h)z=21=A/21=FP0

212wl

RETURII

X B

W XQT MAZil

o\ LT

~d

V BA

99X "B 913X tD*96Xe "

0Bte//)

cusId
cuBiIC
cuslC
cuBiIC
cusiIc
CuBIC
cusicC
cuBlC
cuslc
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CORUSTLOIL PLASMA COMPOSLITION DATA

- - -

1.U PERCEHT KCLGY4 BY WEJIGHT »

b, S omases - - -

: CHAMIER TOTAL HMCLES uoLtsS MOLES MOLES MOLES MOLES MOLES MOLES
PRESSVVE MOLLS OF OF Of CF OF GF OF oF

3 PsIa GAS 12 +120 12 co? HCL co K cL

12u. 4.227 +01008  1,30185 359u7 30591 67232 .91438 .03905 L.01709

1uv. 4,229 «61u6b  1.30877 35905 38395 L67119 ,91455 .00005 .01931

M taitt s

8o, 4,232 61137 1.299Uy 35903 30603 66951 .9142f .00006 .01990

Ty

s

CUe 4,235 e0123%F 1.29756 .3589Y ,.30616 L.66733 ,S1415 .006006 .02209
3 QU. 4,24 .61507 1.?9“72 -358?5 « 30642 « 56398 091391 000008 «+ 02546

2ue 44251 61019 1.28934 25886 30702 .65751 .21333 .0001 «03195

D o E ST 0 G o P P o WD 1, T 4 WD amte - g g - -

T opay

- *
2.0 PERCENT RCLO4 BY WEIGHT

£ g g -, -

CHAMHER T0TAL HMOLES  ROLES  HMULES vOLES MOLES MOLES !OLES’ MOLES
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The analysis of a plane wave propagating through a homogeneous plasma region of
dimensions large compared to the signal wavelength has shown that the wave attenuatios
can be related to physicsl parameters nf the plasma such as electron density,
tempera*are, and pressure. In this report, the plasma in the combustion chamber of a
small solid propellant rocket motor is used to investigate the feasbility of
deternining the temperature of the plasma by using microwave zattenuation data.
Potassium perchlorate is substituted for some of the ammonium perchlorate ir the
sropellant to give an electron density that preoduces an easily measurable zctenuation;
the theoretical resuits show that for a known propellant composition and potassium
perchlorata concentration, both the plasma temperature and chamber pressnre at
equilibrium may be found from one attenuation measurement. Also, for a known thermo-
dynamic state of the plasma, the electron density may be found from the attenuation
data. The method of microwave amalysis ¥i shown to be verv useful in the study of
transient phencmena in that no transducers are reguired; henc2, the time response
cf the measurement is limited only by the microwave detection circuitry, This
technijue may be used to study localized distrubances within the plasma region.
Experime 12al data are presented tc support the thecry for an armonium perchlorate-
polybu dience acrylic aciu propellant vhich was hurned at chamber pres-ures betweea
20 and 80 psia corresponding to a temperature range of 2550°K to 2600°K. The data
show that temperature changes of less than ten degraes can easily be detected by
microwave attenuation measurements when the propellant is seeded with 2-10 percent
potassium perchlorate., Seeding otherpropellants with alkali metal compounds is expecjfé
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