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Abstract

Audible and ultrasonic acoustic waves are generated during def-

lagracion of composite solid propellants. The audible waves can be

sensed by microphones while specia l high frequency pressure trans-

ducers are required to measure the ultrasonic signals. These acoustic

emissions have a potential use both as diagnostics of the combustion

and as a means for the study of fundamental burning processes. To date

a family of composite HTPB-AP propellants have been tested. Results

which show the effects of pressure level , atmosphere in which burned ,

AP particle size, aluminum addition , and aluminum coating are presented

and discussed .
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I. Introduction

L)eflagration of composite solid propellan ts is a complex , unsteady

process involving a heterogeneou s material . Consequently, experimental

studlt s of the combustion dynamics are diff icul t to perform because of

both the inaccessability of the process and the relatively small sca le

of het.rogeneities . Average or integrated propert ies , such as the burn

rate or the characteristic acoustic impedances of the propellant sur-

f ace , have been measured during deflagration ; but the details of the

combustion processes must generally be s tudied by microscopic examina-

t ion of the quenched propellant surface. Recent studies have been made’’
2

which relate ultrasonic acoustic emissions to the details of the combus-

tion process.

This investigation is concerned with the use of audible and ultra-

son ic acoustic waves generated during deflagration to assist in the

study of the combustion dynamics . These emiss ions are a direct result

of uns tead iness caused by the he terogene ity of the propellant, and the ir

measurement exempl ifies the use of acous tic analys is in “turbulence”

diagnostics . This technique consists of analyz ing the frequency spe ctra

of the noise produced by the deflagra t ing solid prope llant and rela ting

spec tral characteristics to specific combustion processes. Deduced free-

f ie ld audible emission measurements were taken and cover a range of fre-

quencies from 40 Hz to 10 kRz. Ultrasonic emissions were also measured

and reliable data were obtained from 50 kHz to 300 kHz. The acoustic

f ie lds f or a family of AP-HPTB composite propellants , including coated

and uncoated aluminized as well as nonaluininized formulations, were ana-

lyzed. The AP particle sizes range from 0.5 to 400 microns, and the pro-

pellants were burned in air , CO2, and N2 at pressures from 10 to 30 Atm.

S
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fhi~• er .te ct s of mean p r e s su re , p ressu r i za t ion  gas , AL ’ pa r t i c  ft

s i 7 . e, t 1uI~’Hl ~n additLon , and a luminum coa ting are d iscussed. Theories

are  ~) r e . : e n t e d  which exp lain low frequency behavior (0—300hz) al though

:h~ h i .~~ frequency behavior , which accour~~s for most of the noise , is

o:~~r. to L;~t t -r pre t at ion .

II. Experiment

•r’ne defiaCration tube shown in Fig. 1 is used in this  s tud y and

:n or)L rate at pressures up to 70 Atm. The tube consists of a stainless

stCc~ pi pe 162 .5 cm in length with a nominal II) of 10.16 cm and an O.D.

of 15. 25 cm . The tube dimensions were originally chosen to sa tisf y the

following criteria : (1) the volume of the tube should be sufficient so

t~iat the mean pressure leve l does not increase more than l07~ dur ing a

run for the prope llant strands used in this study; (2) the tube should

be long enough to ensure fully developed wave propagation at some axial

distance sufficiently far from the propellant ; and (3) the first trans-

ver se mode shou ld have a frequency higher than that expected for the

p
~..ak of the sound power spectrum emitted from the propellants. Recent

kv ei opments in accounting for three-dimensional waves in the tube have

made it possible to relax this last assumption. Provisions are made

along the tube for pressurizat ion and evacuation. The gases used in

this study were N2, air and CO2.

A t one end of the tube, the solid propellant samp le is held with

epoxy to an aluminum sample holder which is bolted to a steel~ endplate

2,5 cm thick. Behind this endplate directly opposite the sample, a

Dunegan-Endevco Model D 9201 flat response transducer is mounted to

—~easure the ultrasonic acoustic emissions. To ensure a clean trans-

mission path for the signa l, high-vacuum grease is used between the

____  _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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I . I V  h o k d e r  .111(1 thu end p l at e  and a coupl ing  grease is employed at

the transducer-end p late interface . Electrica l connections on the end

plate .IlLow tnc ignition wire to be joined to the i ,~pi iter .

A t  iRe other cnd of the tube is another end p latt. to which a

r u p t u r e  disc is  at t ached , as shown in Fig.  1. Twenty cm away along the

. 1 \ j S of tue  tube a t e rminat ion  disc is located wi th  a vent hole in the

c e a t e r . F i b t r . ~iass  is p laced between the disc and end plate  to prevent

acou s t i c  1iet l D ; t ~~k .  The cavi ty  between the disc and the end plate acts

as a d et m h o l t z  resona tor  and reduces the high amplitudes which occur

a t  the Lower r e sonan t  f r e q u e n c i e s  of the tube so that better signal

resolution can be ach ieved at  the h igher  f requencies .  Di rec t ly  in

front of the termination disc , the aud ible transducer-a BBN Model

376A p iezoclectric sensor - is located. To minimize pressure differ-

entials across the transducer , it is surrounded by a cylindrical

cavity which is coup led to the deflagration tube.

A s shown in Fig. 2, the signals from both the audible and ultra-

sonic transducers are amplified , filtered , and then recorded on an

Anpex 14-channe l tape recorder at a speed of 60 inches per second.

~~~ FM mode is used for the audible signals and the AN mode is selec-

ted for the ultrasonic signals. The upper limit of response for the

tape recorder is 300 kHz. The signals are then played back at a reduced

rate for digita l Fourier analysis using an HP5451A Fourier Analyzer.

Typical results are presented in Fig. 3 for the audible signal and con-

sist of the power spectrum over a specified frequency range. The narrow

peaks occur at the resonant frequencies of the tube. A theory has been

- ‘ye loped to deduce the equivalent free field spectra from the tube

spectra and is presented in the next section.

~~~-_ _- 
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Il l . l~b~ ory

.5 -‘u :

ii~e t h u or u  i I  L i ILIVI- 5 Li~~at i o u  for the audible o mi s s ion s inc lude

~, 1) c u l cu l . i t i o n  ot the  e q u i v a len t  f r e e  f i e l d  sound powe r leve l and

spec  L r u ~ . 1 rou the defla- ~ration tub e measurements , (2 )  de t e rmina t ion

of L ~~ :, :d- ,s L i o w  noise  e f f i c ien c y  P/rn , and (
~ ) f or mu l a t i o n  of s ca l i ng

L .iw s L o a s s i s t  in combust ion  a n a l y s i s .

th~ ove r e l l  m e a su r e d  sound pressure  leve l and the spectrum , of

course , d c - u~~J upon the acoust ic  p r o p e r t i e s  of the tube . As shown in

F ig .  .~~, r esonances w i l l  appear  a t  th e-  n a t u r a l mo de f r e q u e n c i e s  of the

t u b e .  Fhc da t a  would be u s e l e s s  in an eng inee r ing  sense i f  they

c ou l d  o n l y  be i n t e r p r e t e d  as unique  to this c o n f i g u r a ti o n . Wha t are

a c t u a l l y  des i red  are the sound power and spectra l c h a r a c t e r i s t i c s  of

the prope i lan t  in the absence of r e f l e c t i n g  su r faces , i.e., the char-

acteristics that would be obtained if the propellant were burning in

a pressurized ar~echoic chamber, If this information can be extracted

then theoretical acoustics may be emp loyed to determine the acoustical

behavior of any rocket chamber in which the propellant migh t be p la ced.

Over the frequency range from 0 to 2000 Hz, plane waves exist in the

tube and the theory developed in Ref. 3 can be used to obtain the equiv-

alent free field spectrum and sound ower. Above 2000 Hz, however, three-

dimensional modes are present , so the one-d imensional theory must be ex-

tended .

Since the Mach number is small , flow effects can be neglected . Also ,

any feedback of the reflected wave from the disc termination can be neg-

lec ted. The governing equation for acoustics of the tube are given by

_ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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t a t  ~~
- a .laltz -qu t~ ion

2 2
~) + k  ~~ 0 (1 )

L 1 -

L~L ~~ c .’- .~.nL e : - tpe r n . .en t  , cylindri cal coordinates  are  a p p l ica ble  and

ub~. ‘~~ a t i n  ar c  a s s u m i ’U  r ig i d  ( 
~~

—
~
- = 0 ). The boundary  condi t ions

L LP~ - a,d , - ~ ~ Lt W. a re

op
A ô ( r )  (2 )

~L ii:~ ;~ru~~ 1 P i n t ’ S end ~~ie re the samp le is assumed to be a point

, - I C L of ~i ;~:ia l v e l o c i t y  f l u c t u a t i o ns located a t  r = 0, and

- I k y~ p = 0 ( 3 )

at the  other end of the tube . At frequencies greater that about

~OO hz , the a dm i t t a n c e  y~ is about the same as a short  nozz 1e~ A so lu t ion
oil t h t . form

= -
~~~~ =)  ~~~~~ ~~

k
mn

X + A e ~~ mn X ) J ( 
~~~~ 

) cos rn~~ (4)

U- a~ sumed . A p p l ying Eq. (2) gives

( -A~ + A ) 
m~~ =0 

1
ik 

~m ~
5
mn ~ ) cos m = A~ 1( r )

~- l u i t i p ly in g  bo th  sides of this  expression by J (S _ r) and in tegra t ing
N5

-
‘ 

over the end p la te  area gives

A
A A _ __________________ t t

÷
+ L t _ 

k < k

~ ~~
2k 0~ J 2 ( )

W:th the propellant located at r=0, only radia l modes exist in the

tub e .
4 

For t angen t ia l  modes ( m > 0 )  a pressure  node is located at  the

L - __S __ _S - --- - 5-—-— .— . 
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t ube ’ s c e n te r , But s ince  the propellan t is placed at r=0 , a pressure

anttnodc exists at the cen t e r  which means that the condition s for the

turu :~ition ot tangentia l modes cannot be maintained .

In the last expression the series in the denominator is restricted

to values ot k ~re’ater than the  cutoff frequency k .  At frequencies below

the cutoff v a i u e s  the racial modes decay rap idl y with axial distance.

A;~~1 y ing Eq. (3), solving for A+ 
and A _ , and substituting the ex-

pressions into :a~~. U~) gives , for the transducer located at x=~ , r=a :

~ = k < k  

A A *

~~~~~~~ r~ ~
2 

~ 
( S 0~ \ 2 

(k 2
’ y 

2 
cos

2
k ~ + k 

2
sin

2
k ~L o \ ã ~~

)
~~ ~~~~~~~~~ on on on

- 2 ky. k sin k .~. cos k ~)
1 on on on

(5)

For a flam e burning in the free field ,
5

A A *
P t = 

( R ) 2 (6)

so that measurement of AJ~A *  from p p * in the tube directl y us ing

Eq. (5) gives information about the free field source behavior through

Eq . (6 ) .  In addi t ion , once A A * is determined it can be used as a
J- w

boundary condition similar to Eq. (2) ift any generally shaped combustion

chamber.

To facilitate the computation of A A * from typical spectra l data
Sc

shown in l’ig. 3, the following observations are noted in Eq. (5). If

y. = 0, then at the minimum points of the spectrum where sin ~~~~ = 1 ,

L ,~~~~ -.5~~-5—_S—-5-5 ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ . ~~~‘ —-~~~~~~~ ‘ ‘~~~~~~- - .5--- ‘~~ ‘ ~~~~~~~~
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A A *
- 

k ~~~~ 
2 

(7

~~‘ I in t t ~~t~~ y test 01 the tube us ing a known sound source ind icat e  t h u

>‘ .~~ 
0 Lor inc Ler:sinatiOn disc at frequencies above 100 Hz, Below this

, tue  a~aP—to—trough hei ght in Fig. 3 is abou t 10 db which

j:~ l lc u t t s  that. is small. L’h Us , Eq. (5) is apparentl y a good

t 5 5ax~~, .~~~ ia Oe ow 100 i i z  as long as sin k~~~, does not approach zero.

.~uaL u:. (7 )  i n p i f e s  that A A *  can be measured d i r e c t l y  f r o m  the minima

of tue tube spectra if A A *  does not vary appreciably with f r equency .

Once A A *  is determined , two importan t prope l lant combustion char-

:t~~Lcristics can be obtained . The first is the shape of the free field

spectrum from which deflagration behavior diagnostics can be deduced .

Secondly , the acoustic power generation capability can be obtained f rom

t h e  re lation

A A ’ ~ d- L  (8)
“~~~~ 0 -

dy civldir: g the po~~cr P by the sciss f l o w  rate rn computed f rom the meas-

ured burn rate’s, ti e - mass flow noise efficiency Lam be obtained.

Combustion ctoi- ~ is basicall y produ ced by a velocity source , as

6
as sumed in , . ,2), in other flame types and there L5 no reason to

‘u-a’ect this U- not the case here . Veloc ity roughness downstrcdm of

t i le  i lame may easil y be caused by the heterogeneous character of the

propell ant. Following the development of Ref. 6 the equivalent open

flame acoustic power may be expected to scale like

- 4
- ~~r.

P~~~~— A  ~~~
—

~ — ;  ( 9 )
C ~ /

.5 -~~~~~--- S--— - - - -—--- -— — ---5--—— -—-—5-
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A Lest of this re lation was made- with  the cur rent  prope l lants .  That is ,

the power should sca le directl y with the prope l lant surface area A~ and ,

for  the same p r o p e l l a n t  energe t i cs  (s) ,  the acoustic power should in-

c rease  as the bu rn rate  r to the f o u r t h  power. Again , f o l l o w i n g  the

lead of Ref . 6 the m aj o r i t y  of the frequency content  of the noise should

be located near

~ 
) / - ‘ (10)

A ccording to Eq. (10) if the mean g r a n u l a r i t y  ( p a r t i c l e  s ize)  .t is

r e du c ed , the f r equency  content  of the noise should r ise , and an in-

c rease  in the burn rate  for  a fixed should increase the frequency.

In the c u r r e n t  t e s t s and 
~ 

have been held constan t so the only van-

:L D ! c - ;  investigated were propellant burn rate , burn ar ea and par ticle

si ze .

U l t r a s o n i c  A c o u s t i c  Emiss ions

Acoustic emission s can be brcadly defined as stress wave emissions

p r o p a g a t i n g  w i t h i n  a solid materia l in response to some type of loading.

The emission levels  are general ly wel l  below those associated with audi-

ble d isturbances and for many materials are on the order of microbars.

The investigation of deflagrating solid propellants by study of

the ultrasonic emission spectrum must , at present, be general in nature

for  bas ical ly three reasons. Firs t, the general meaning of the spec trum

has yet  to be formula ted  in any area of study. For solid propellants

the i n a b i l i t y  to precisely define the propel lant  acoustica l properties

and its inhomogeneity greatly complicate data interpretation. Secondly,

a suitable acoustic emission transducer with adequate bandwidth and re l-

ative ly uniform response above 100 kHz is unavailable. Finally, frequency

dependent attenuation of the waves caused by their dispersive propagation

~~~~~~ - -~~~~~~~~~ - -- 5-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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-h the  propellant and signa l distortion produced by r e f l e c t i o n

at interfaces eoIsj1ic. lte~ data interpretation .

ln the present investigation , studies of propellants with greatly

d P i T t~ rent properties were tested to determine if any genera l trends

can be r~~ticed . To account for the lack of flat transducer response

at the frequencies tested , a transducer calibration spectrum was used

to correct the measured spectra. At the outset , a cal ibra tion curve

determined by the manufacturer using an impulsive acoustic emission

technique (Ref. 7 ) was used for th is  purpose . This  curve shows a

smooth behavior from abou t 50 kHz to the 300 kHz limit of the

tape recorder; howeve r, c loser exam ination and discuss ion w ith the

manufacturer revealed that the “points ” at 50 kHz spacing are s imply

rms je-vel measurements using a tuned voltmeter and therefore represent

overaged output over a band centered every 50 kHz,

In orde r to provide finer spectrum detail , an alternate qualita tive

ca libration technique was used . Instead of measuring the transducer

output for a known inpu t stress wave (pressure), the electrical im-

pedance of the transducer was measured over the frequency range of

intere .- t , Piezoelectric material such as that used for the present

transducer generally exhibits a reversible behavior , that is, a char ge

is produced on cer ta in  crysta l faces in response to an app lied  stress

while a strain state can be produced in the crystal iii response to an

applied electric fie ld (Ref.8). The relationship is linear, but due

to anisotropy may involve extensive cross-coupling (e.g., uniaxial

stress may produce charge on several crysta l faces). In acoustic emis-

sion transducers , the output is measured as a charge on two parallel

_________________________
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e l e m t n t  f a c e s  produced in response to an app l ied t r e s s  f i e ld ,

Sm a l l e r  charge s are produced on other  faces  at  the same t ime , but

ar ~ not d e t e ct e d . Consequentl y ,  when e l e c t r i c a l ly dr iven in order

to  measure the impedance , the t ransducer  element  w i l l  v ib ra te  in a

manner that is similar to that ~~en subjected to an incident stress

W O V e . Si nce V O l L d N , -~~ (fields) are applied to only one pair of faces ,

a unique inverse to the inpu t condition is not  achieved. Ceramic ele-

at n i s , such as are  used for  mos t t ransducers  e x h i b i t  a s t rong p iezo-

ele ctric effect in the poled d i rec t ion  with much smaller cross-cou pling

e j t t ’ C L : ,  so that the transducer ’s driven electrical impedance will gen-

erally show a strong qualitative similarity to an actua l stress wave

calibration . ThU- has been born out in tests to determine the effect of

transducer coupling mechanisms on the calibration (9).

In the present work , this elec trical technique was used to obtain

finer qualitative calibration data than available from the transducer

maker. The electrical impedance was measured for the as-mounted con-

figuration and quantitatively matched at the peak response (near 100 kHz)

to the absolute calibration wave furnished. The most notable difference

was the presence of severa l small (1-3 dB) peaks near 180 kHz and above

300 kHz. Rolloff at 100 kHz for the “impulse” cal ibra t ion  r e f l e c t s  the

rolloff of the preamp used by th~ manufacturer in this test.

Not onl y is the transducer spectra l calibration subject to question ,

but as noted ear l ier , due to e s s e n t i a l ly  i n t r a c t a b l e  nonhomogeneities

and geometric irregularities in the t ransmiss ion  media , the received

signa l may bear Little resemb lence to the pressure wave produced at the

- - f - - - - 
_



- ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~‘-e~~r- - r  — ----- -- -- ------ “
~~~~

-
~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -

if-

e l.tf - -~SiOfl source • Three mechanisms can be inmiediately noted :

( a )  mat e r i a l d ispers ion  in the viscoe las t ic , heterogeneous pro—

~)C Ilant

(b) geometric dispersion for a stress wave propagating in a pris-

mat ic  bar

(c )  a t t e n u a t i o n  due to acous t ic  impedance mismatch  a t  ma t e r i al

interfaces in the transmission pa th.

The first two are difficult to define quantitative ly; h owever , quali-

tative ly , it is well known (10) that geometric dispersion is most pro-

nounced at wave lengths about equal to the cross-section dimensions of

the propagation medium. The table below compares the wavelengths at

100 Mix for longitudina l waves in the three ma te r i a l s  making up the

path. Geometric dispersion in the prope llant should be small , although

dispersion due to propagation through the heterogeneous material con-

tam ing AP particles comparable in size to emission wavelengths will

be larger.

Material E(MN/m
2
) c (m/s) c (m/s) X (cm)

MC-XXX 2.75 38.4 22.3 .022

Alum. 68.7 x103 5120 2970 2.97

Steel 206. 2x103 
5151 2987 2 .99

c ~~~~~ c = Rayleigh speed 0.58 c

Attenuat ion due to acoustic impedance mismatch will occur at the

propellant-holder , the holder-endplate , and the endplate-transducer

in t e r f a c e s  (Figure 3 ). To a first approximation the overall attenuation 

- - - - —~~--5 -5- - - —~~~~~--- -- -— . 5-- — _ _
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for complex wav es may be represen ted as :

A ttenuation =

1+

wh e re ~ = dens i t y , c wavespeed , and propagation is from 1 to 2.

For thc present  conf igurat ion, the net a t tenuat ion  is approximately

0.0026 so that less than 1% of the energy at the source wi l l  arrive

a t  the t ransducer  e lement.

Severa l mechanisms have been considered as potential  sources for

the measured emissions. They can be broadly grouped as:

(a) solid phase effects such as dislocation kinetics or crystal

f rac ture ,

(b) gas phase phenomena such as ignition t rans ients  or combustion

kinetics.

Since for these tests , energy has been increased over a 50 kHz to 300 kHz

band, the sources can be further grouped according to characteristic

frequencies. Solid phase effects are coimnonly observed as sources for

acoustic emissions in materials tests, and it is generally agreed that

a combination of dislocation movement and micro-fracture are prime

amongst these. However, the characteristic times are in the sub—micro-

second range so that the major energy release would occur well above

the present band (and outside the range of all but the most exotic

equipment), Furthermore, should this energy excite individua l particles

to vibrate, the characteristic frequencies (AP particles , for example)

would again fall above 1MHz. Since definite peaks have been observed in

the sub-300 kMz range, it must be concluded that other factors are

-.5 -—~~~~~~~~~~~~~~ —- - - — r n---—---~~~~~~~~~~~~~~~ -— - . 5— - -  .5 - - — — - — -~~~~~~~~- - — -~~~~~~~~~~ - -~~~~~ -~~~~
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r e s p o n s i b l e .

Chemica l k i n e t i c s  t imes on the other hand are typically on the

order of 10 ’ seconds so that energy in the 100 kli z area can be an-

tici pated . Three potential mechanisms were quantitative ly exp lored

and t h e  conclusions summarized below:

(U a~si nor flame mov ing through a volume of fuel  ixranediate ly

above an AP particle : In this case , the acoustic pressure

of interest is that across the flame as it propagates through

the fuel. [‘sing the momentum equation on this scale for a

flame speed of roughly 1 cm/s yields an expected pressure

fl uctuation of about 2 x l0~ a Bar. Consider ing only path

attenuation this wou ld produce a 50~~Bar signal at the

t ransducer .

(ii) Al ’ ignition transient as the gas above a particle ignites.

here again the momentum equation can be crude ly applied

ac ross the flame but now using the regression velocity rather

than tu e laminar flame velocity above. For typical burn rates

(lc m/s), the gas velocity normal to the surface can be esti-

mated by mass conservation as about 100 cm/s. From the momen-

tum equation , the pressure change will be roughly 100 t imes

that above , or about 2 x io 6~ Bar. This would produce a 5OOO~ .

Bar signa l at the transducer.

(iii) Exp losive ignition of a fuel-oxidizer mixture near the surface.

Considering typica l specif ic  heats  for the fue l , a rough e s t i -

mation y ie lds  gas ve locities over 300 times the previou s case.

Accord ingly , pressures in excess of 1 Bar would be seen at the

t ransducer .

-— --- - - - -
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IV . R e s u l t s

Burn Rate

The prope l lants were supplied by the Air Force Rocket Propulsion

Laboratory and are shown in Table 1. Al though no direct observation

of burn rate was possible , the rate was determined from the onset

and termination of the a u d i b l e  and u l t r a son ic  signals . These burn

rates for combustion in nitrogen are shown in Table I at the single

p re ssure of 300 psia.

As may be seen from Table 1, the propellants are basically hydroxyl

te rminated  pol ybutadiene - anunonium perchiorate (AP) - aluminum (Al)

propellan ts with some additives. Parameter variations are systemati-

cally made in AP particulate size, aluminum coating (AFCAN), and cata-

lyst.

In the test sequence, no reliable audible data were obtained for

MC-l74 and MC-175 because of the high burn rates. For these two pro-

pellan ts, steady state conditions were not achieved between the ig-

nit ion and burnout transients. Data for MC-l73 and NC-179 will be run

in future tests to determine the effects of catalysts on the acoustic

proper ties of the propellant. With the seven remaining propellants

the effect of AP particu late size, aluminum coating, and aluminum

addition can be studied. Also , the data are used to investigate the

scaling laws presented in Section III. The combustion efficiency is

presented along with the burn rates for those propellants for which

reliable emission data were obtained. This efficiency is computed by

integrating the audible spectrum over the range from 40 to 2000 Hz.

Preliminary results for the spectrum from 2000 to 20 kHz indicate

that most of the noise is produced at frequencies above 2000 Hz where

. 5 -  _ _ _ _ _ _ _  _ _ _  
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t ransverse  modes can e x i s t  in the tube . However , the tube character-

i~~tics above 2000 lIz will be thorough ly investigated before data at

these higher audib le  f r equenc ies  are presented . The data from 40 to

2000 Hz is sufficient to show the effect prope l lant properties and

to  i nves t iga t e  sca l ing  laws .

A l l  t e s t s  we re run wi th the p r o pel la n t s  coated w i t h  about  1/4-inch

of Dow Corning 140 RTV adhesive to prevent recirculating burning alumi-

num from igniting the sides of the propellant . Unless otherwise noted

tests were run at 20 atm in nitrogen with 1/2 x 1/2 cm samples approxi-

mately eight cm in Length .

Audible

According to Eq. (9), the total power of an equivalent open flame

can be expected to increase directly with an increase in propellant area

and to increase as the burn rate to the fourth powe r. From Eq. (9) the

acous tic efficiency should scale like

-c-- ~ i(I4~. ’\~m c \  c- ) (11)

From Table 1, assuming ~~, ~~, and ~ are the same , the combustion noise
/ r .~ 170e f f i c i ency  for MC-l70 and MC- 177 should d i f f e r  as 
~ r

” - ) or by
\ NC- 177 /

a factor of from 2 to 6 for the burn rates measured. The measured dif-

ference of about a factor of 8 is not unreasonable. Similarly the dif-

ference in P/i~i for NT-2 and NT-4 bears out Eq. (11) to within experi-

mental error. From the data obtained thus far, Eq. (11) is in qualitative

agreement with experimental data.

The scal ing of Eq. (9) wi th respect to area has been investigated

in this study and in Ref. 3. The results indicate that , to within 207,

the measured power is l inearly proportiona l to the prope l lant area . 

--- -——-~~~~~~~~~
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i- ar th e-- a lumin ized  p r o p el l a n t s , the e f f e c t s  of prope l lan t  proper-

L i e S  and pressurization gas on the measured spectra are presented in

L - L ~~~. 4 . Comparison of the curves for ~-IC— 177 burned in air and nitrogen

ind ictte s a 10 to 15 db rise in sound power leve l for the run with air.

ihe uift erence in the r e s u l t s  appears to be caused by aluminum after-

‘uir ~ t~~~~. fh~ u l f e e  t of an AFCA -l coat ing can be observed f r o m  comparison

~ f the  s p ec t ra  for  N C- 170 and 172 . The prope l lan t  wi thout  AFCAN appears

to have a s [igh t ly higher noise ou t pu t ove r the frequency range f r o m

~~, to 2000 Hz 1

Sho~rn on Fig.  4 are the burn- through f r equenc ies  computed f rom

c,. (10) using the :-~C-l70  burn rate  fo r  variou s AP and Al pa r t i c l e

sizes. Because of variations in granu larity , it is seen that the spec-

trum is rather densely occupied by available frequencies. No apparent

correiation of the observed spectra with these frequencies is evident;

none was reall y expected to be clear because of the roughness of the

estimate of frequency, the usual spread of particle size about the

stated value and the dense popu lation of the spectrum with these particle

frequencies. Nevertheless, mov ing from MC177 to MC17O propellant , wh ich

decreases the mean particle size and increases the burn rate (see Table

1), there is a genera l rise in the spectrum and a filling of the spectrum

in the frequency range from 350 to 1000 Hz (perhaps due to the l4aAP).

In the 5 range between 1000 and 2000 Hz the spectra for the aluminumized

p r o p el l a n t s  are- c o n s i s t e n t l y  f l a t  and the sound powe r leve l is the lowest.

In contrast to the aluminized propellants, the spectra for the non-

alum in ized propellan ts, shown in Fig. 5, indicate a genera l increase in

:a i - -e with decreas ing  p a r t i c l e  size over the 1000—2000 Hz range. Compari-

son of the curves show a genera l increase in the sound levels from 300 to

-~~~ —L - 
- -— 
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2000 lIz probab ly  caused by the h igher  burn r a t e  of NT-4 as ment ioned

p r e v i o u s l y .  Below 300 liz no gene ra l trend can be a sce r t a ined . From

2 to 10 kllz there  is a 10 to 20 db r ise in sound power leve l ove r the

noise  measured be low 2000 lIz . Using Eq . (10) this noise is produced

by sources on the order of one micron which is of the same order as

the- reac t ing  su r f ace  layer .  Inc luding  the noise over this  f requency

range increases  the va lues  of p/i~i computed f rom 0 to 2000 Hz by three

orders of magnitude and may explain the observed roughness levels in

rocket motors. An investigation is currently underway to check the

accuracy of the assumption that the propellant noise output can be

ap proxima ted by a poin t source given in Eq. (2). If these preliminary

data are valid , the majority of the audible combustion noise falls

wi th in  the 2000 to 10,000 Hz range.

U l t r a s o n i c

Ult rason ic  acoust ic  emission data were obtained for  all  propellants

in Table 1 except ~ c-l73 and ~C-179. The effect of the following van —

able s on the spectra l data are presented. (1) AP particle size, (2)

pressurization gas , (3) aluminum particles , and (4) AFCAN coating.

Details of the data reduction me thods are given in Ref. 3

4 

AP Particle Size: For the nonaluminized propellants-NT-2 , NT-3, and

NT-4-AP par ticle size has little effect on either the overall sound

power level or the location of the peaks in the spectrum . Based on

these data no corre lation appears to exist between the spectra l peaks

and the particle size as shown in Fig. 6.

Hffect of Pressurization Gas: The burning of MC-l77 in air as opposed

to nitro gen produces a definite shift in both spectral peaks and peak
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power as shown in Fig. 7. In a i r  there is a s t ronge r high f requency

c o n t e n t  than in n i t r o g e n .  There  is a l so  a genera l smooth ing of the

sp e ct r a  for  a i r  a t  tha frequenc ies below 125 kliz. These e f f e c t s  are

most probably caused by aluminum afterburning although correlation

between the spectra l peaks and the combustion process is presently

not  clear .

A Iun iiiurn P a r t i  1w A d d i t i o n :  As shown in Fig. 6 , AP p a r t i c l e  size

du e s not  have a pronounced effect on the spectra of the acoustic

e~~i s s i ons . However , the add i t i on  of aluminum does . Comparison of the

spec t r a  for  a l u m i n i z e d  (~~C- 177) and nona luminized ( N T — 2 )  p r o p el l a n t s

— i n d i c a t e  marked l y d i f f e r e n t  spec t ra l f e a t u r e s . The spectrum of the

-t a l uminu mized  prope l lant has a large noise content  a t  the low frequency

range below 125 khz . Al so, the peaks in the aluminized propellant spec-

trum are more distinct in the 125 to 225 kHz range. Above 225 kHz, how-

ever , relative ly little difference is apparent in the two spectra in Fig. 8.

Whether the cause of the differences is the emission source or propa-

gation of the ultrasonic waves through the propellant cannot be ascer-

tained .

Effect of AFCAN Coating : As reported in Ref.3 there was a general

increase in overall sound power when the aluminum is coated with AFCA1M

for MC-177 and MC-1 78. This trend also holds for MC-l70 and MC-172 as

sh own in Fig. 9.

Source Characterist ics:  Based on the earlier observations reported in

Ref .  3 , it was s trongly suspected that the AP def lagra t ion  mechanism was

primarily responsible for the observed emission spectra. The considerations

summarized in Section III of the present report provide a crude
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thL!oret ical  aisis ~or this hypothesis as well. The rms acoustic

4-mission levels at the transducer consistentl y range between about 800

to  3s00 ar.  The~ e levels  are somewhat above the  range for the laminar

i l a ~ e nodel , ( i ) , but  are genera l ly  consis tent  wi th  the AP igni t ion

Irancien t  model , ( i i) .  The chemical k ine t ics  times associated with both

of t h e s e  processes are on the order of l0~~ sec so that  the accompany ing

uns t eady  pressures  would be expected to show re la t ive ly  larger spectral

energy content near 100 kHz. Again , this is consistent with the earlier

observations of a large , 15 — 25 dB , peak in the elrission power spectra

around 100 kliz. Furthermore , s ince these charac teristic times should be

onl y weakly affec ted by pressure and unaffec ted by AP size, the principal

alteration in the emission spectra should be a change in the relative

height of the 100 kHz peak as AP sizes and burn rates are varied. In

this case, the change in level is associated with the changing source

areas.

Unfortunately, as shown in Figure 6, there is no clear difference

in the shape or level of the emission spectra as the AP size is varied

from 50 m to 200 m (NT series). The spectra show some fine structure

but are bas ically flat within the tolerances of the calibration curve

used. On the other hand , as shown in Figure 8, it is much more likely

that the observed peak at 100 kHz can be attributed to the Al present in

the more complex MC propellants. This possibility has not yet been fully

explored in tests to date, although several comments might be made. From

the levels involved, the signals would likely be produced before the Al

agglomerates have left the burning surface (there is some indication ,

however, that the peak may he due to Al particle impact on the inner

L __ ——-—~~~~—--—-- - ------ -~~~~~ _ _ _ _ _ _ _ _ _ _
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tube w a l l s) .  Emiss ions  from the solid phase Al due to dislocation

a c t i v i t y  or m i c r o— f r a c t u r e  are well above the 100 klIz range. Propellants

w i t h  a range of Al sizes and quant i t i es  wil l  have to be tested in order

to f u r t h e r  c lar i f y these observations. For example , insens i t iv i ty  to

Al s ize  could indica te  a source mechanism associated with the agglomerate

phase.

V. Conclusions

There is a ma rked e f f e c t  of pressur izat ion gas on the audib le and

u l t r a son i c  emission . The audible spectra shows a 10 db increase in

sound power leve l . No distinct differences in spectra l shape are

apparent  be tween two prope l lants  of d i f f e r e n t  AP pa r t i c l e  size.

H owever , the audib le  spectra do indicate  an increase in overal l

powe r output  w i t h  a decrease in AP par t ic le  size probab ly caused

b y the increasing burn ra te  with decreasing par t ic le  size .

The theory presented in Ref. 3 adequately describes the behavior

of the audible noise outpu t in the range of frequency from 0 to 2000

Hz . This theory assumes that the mechanism of the noise is a velocity

source caused by the heterogeneity of the propellant . Above 2000 Hz

the wave charac teristics of the tube must be better understood before

comparison be tween the theory and experiment is made.

In contrast to Ref.3 , the effect of aluminum coating (AFCAN ) on

the audible noise is not significant when burning in nitrogen. However,

there is a general increase in the ultrasonic emissions when AFCAN is

used . 
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V t  • ‘a3c~~L-I[L ~a L u re

A combust ion noise source s t r eng th

prope i lan t  surface area

c speed of sound

I frequency of maximum radiated sound power

h c ombust ion  noise monopole source s t r eng th

k wavenumber , w/c

tube l eng th  -
.5

mean g r a n u l a r i t y  d i s t ance

mass f low of propel lant

p acoustic pressure

p mean chamber pressure

r rad ica l  d is tance  or burn rate

R d is tance  f rom the source

S tube c ross-sec t ion  area

S power spectra l density (PSD)

t samp l ing time of Fourier transform

X axial distance

t ime average

-i 957 confidence limits for PSD

ratio of specific heats

Dirac delta function

specific acoustic impedance

density

mass flow noise efficiency, P/i

p tangentia l coordinate
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Sub sc  r i p t s

-~ at tube length

Fourier transform

s solid phase

r real par t

i imaginary par t

Supersc r ip t s

* Comp lex conjugate

- Steady State Values
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