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PREFACE 

Under Con t rac t  N o .  NAS1-6833 w i t h  t h e  NASA Langley Research 

Cen te r ,  t h e  Emerson Electr ic  Company has conducted a program t o  

compile and e v a l u a t e  a l l  a v a i l a b l e  d a t a  r e l a t i n g  t o  t h e  e f f e c t s  

of ( s p i n )  a c c e l e r a t i o n  on solid p r o p e l l a n t  rocket motor perform- 

ance.  Th i s  cornpi la t ien of. Rocket Spin Data (CRSD) program w a s  

i n i t i a t e d  $ November 1966 and coTple teb  i n  August 1968. 
\ > -.._ 

The CRSD program w a s  d i r e c t e d  by M r .  Leo  J .  Manda of Emerson 

Elec t r ic ,  w i t h  a s s i s t a n c e  from M r .  John E. Mosier, p a r t i c u l a r 1 1  

w i t h  t h e  computer programs genera ted  du r ing  t h e  cour se  of t h i s  

s t u d y .  The program e f f o r t  w a s  monitored by M r .  Melvin H.  Lucy 

of NASA Langley, who also provided a g r e a t  deal of a s s i s t a n c e  w i t h  

t he  data a c q u i s i t i o n  e f f o r t .  



ABSTRACT 

Test data coxpiled and analyzed during the Compilation of 

Rocket Spin Data program indicates that practically every pro- 

pellant formulation variable and motor operating condition will 

influence the sensitivity of a composite solid propellant to a 

spin environment. The increase in burn rate noted with spin is 

shown to be a function of motor size, spin rate, grain configura- 

tion, and operating pressure.; and also of aluminum (All particle 

size, ammonium perchlorate (AP) particle size, and type of binder. 

With qualitative data currently available regarding the effects 

of changes in A1 or AP particle size, a research program to 

quantify the effects of different binders is recommended for 

immediate implementation. Additional recommendations include an 

analytical/experimental program to better define the effects of 

spin on motor gas dynamics and the usual reductions in nozzle 

efflux capability and gross deviations in end-burning motor per- 

formance attributed to the spinning gas flow. 
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SECTION I 

INTRODUCTION 

For a number of years, the NASA and other Government agencies 
have been instrumental in developing solid propellant rocket motors 
which are spun to provide dynamic stability or to reduce dispersion 
due to thrust misalignment. Prior to the use of metal additives in 
these propellants, no serious problems attributed to the spin en- 
vironment had been encountered in vehicles of interest to the NASA, 
although definite spin sensitivity had been noted in a number of 
spin-stabilized tactical rocket motors. However, with the use of 
aluminum and other metal additives in the more recent propellant 
formulations, various motor performance anomalies have been experi- 
enced with motors subjected to even low spin rates. 

Recognizing that a considerable amount of data pertinent to 
the effects of spin on solid propellant motor performance has been 
generated by Government agencies and contractors, the NASA Langley 
Research Center has contracted the Emerson Electric C o .  to compile 
and evaluate this data in order to provide: (1) an improved basis 
for dealing with the problems associated with motors operating in 
this environment; and ( 2 )  guidance for future research efforts in 
this area. 

The results of this Compilation of Rocket Spin Data (CRSD) 
program are presented in this and two additional volumes of the 
CRSD final report. These volumes are organized according to: 

Volume I - Acceleration Test Facilities: describes the 
various spin and centrifucre test facilities avail- 
able for testing solid propellant rocket motors in 
acceleration environments. 

Volume I1 - Literature Survey: summarizes the results of the 
extensive CRSD literature survey, documenting the 
acceleration effects experienced in various motor 
development programs and specifying the current 
state of the art in acceleration studies. 

Volume I11 - Data Evaluation and Recommendations: examines the 
test data obtained from the various Government 
agencies and contractors and recommends promising 
areas for future research activities. 

This third volume of the CRSD final report discusses the meth- 
ods used to acquire and analyze the acceleration test data accumu- 
lated during the CRSD program, and presents detailed analyses of 
some of the more closely controlled test data. Along with the re- 
sults of the literature survey, the results of these analyses form 
the bases of recommended future research activities devoted to the 
study of acceleration phenomena. 
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SECTION I1 

DATA ACQUISITION 

In an attempt to obtain a maximum amo in t f meaningful data for 
use in evaluating the effects of spin on solid propellant motor per- 
formance, the CRSD data acquisition effort was initially intended to 
be conducted in two phases. The first phase involved generating an 
acceleration data questionnaire for submittal to all known current 
or recent investigators of acceleration phenomena. 
involved personal interviews with the respondents to this question- 
naire to discuss their particular areas of endeavor. 

The second phase 

The acceleration data questionnaire is enclosed herewith as 
Appendix A. As indicated, this questionnaire is divided into four 
basic sections: 

1 - Reference Sources: requests a bibliography of reference 
material dealing with propellant, combustion, or exhaust 
gas behavior in acceleration fields, other than the refer- 
ences enumerated in (1) *. 

2 - Analytical Studies: requests a summary of the results of 
any in-house or contracted analytical studies of combustion 
or nozzle expansion phenomena associated with acceleration 
environments. 

3 - Test Facilities: requests a definitive description of 
both spin and centrifuge test facilities constructe2 for 
acceleration testing. 

4 - Motor Performance: requests detailed information on the 
motors and propellants tested during in-house or contracted 
studies of acceleration phenomena, or with which accelera- 
tion effects were found to be significant during (flight) 
test. This detailed motor performance data was intended to 
form the bases for the overall data correlation effort to 
be accomplished as part of the CRSD program. 

In February 1967, this questionnaire was submitted to the 33  
potential data sources listed in Appendix B. As indicated in (2) - 
(5), practically no useful motor performance data was obtained from 
the responses received. However, this effort was most successful 
in identifying previously unknown reference sources and acceleration 
test faciiities. 

"Numbers in parentheses refer to references included in Section VI 
of this report. 
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Failing to acquire any meaningful performance data, the origi- 
nal intention of using the personal interviews to discuss indivi- 
dual test results (and their relation to similar data generated by 
other sources) was altered to using these personal contacts primar- 
ily to acquire test data. However, this effort also proved general- 
ly unsuccessful. 

In general, most organizations which had been active in spin 
test work indicated that the lack of funds and/or available man- 
power to compile and organize the data had precluded their partici- 
pation in this data acquisition effort. Unfortunately, this situa- 
tion is symptomatic of a general lack of test documentation to any 
extent other than the minimum acceptable. One organization indic- 
ated that, although more than 1000 spin test firings of various 
motors had been accomplished, little if any of the data acquired 
would be acceptable for attempting an analysis of the test results 
to quantify the effects of the spin environments on motor performance. 
Moreover, a number of the tests had been performed on simply a go/ 
no-go basis. 

When dealing with phenomena (such as spin effects) which are 
not generally understood, good engineering practice would seem to 
demand that all test firings be documented as fully as possible, 
with an eye toward the possibility that an eventual analytic evalu- 
ation of the test results might lead to an improved understanding 
of the phenomena involved. Unfortunately, this procedure has not 
been followed in most motor development programs, thereby rendering 
the data acquired therefrom practically useless for quantitative 
evaluation. 

With the lack of suitable data from the majority of the motor 
development programs, the non-developmental research studies have 
been the major sources of the data analyzed herein. Such studies 
have been conducted primarily by the NASA Langley Research Center 
(LRC), the U.S. Naval Postgraduate School (NPS), and United Tech- 
nology Center (UTC). 
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SECTION I11 

METHODS OF ANALYSIS 

During the course of the CRSD program, two digital computer pro- 
grams were generated to compile, collate, and analyze the test data 
acquired. The COMSORT program is designed to compile and collate 
this data according to specified constraints. The DRN program is 
designed to analyze individual pressure and/or thrust histories to 
obtain motor performance parameters, and to compare these results 
with two different methods of determining burn rate augmentation in 
acceleration fields. 

COMSORT Computer Program 

The COMSORT (compile/sort) computer program is an integrated 
series of three sub-programs developed to compile and collate the 
results of the approximately 750 acceleration tests accumulatec 
during the CRSD data acquisition effort. 
for the Emerson Electric Co.'s Honeywell 200 digital computer system. 

This program was developed 

The three COMSORT sub-programs are specifically directed to: 
( A )  read the input data from punched cards and reproduce it on :lag- 
netic tape in the output format; (B) collate this random data in a 
sequentially ordered data file according to one major parameter and 
up to nine minor parameters: and (C) screen the data subject to as 
many as eight specified constraints, counting the number of cases 
satisfying each constraint, and selectively print out the results. 
As described in detail in (6), programs ( A )  and (C) are written in 
FORTRAN, and program ( B )  in assembly (binary) language. A detailed 
flow chart of the composite program is presented in Figure 3-1. 

The data accumulated from the majority of the motor development 
tests and research studies discussed in (7) was compiled in (6). 
However, because of the generally poor test documentation, frequent 
lack of reference values, and the fact that potentially significant 
factors affecting motor performance were frequently altered con- 
siderably during a development effort in order to "fix" an improperly 
functioning motor, this method of data analysis was found to be un- 
satisfactory for developing any quantitative estimate of the effects 
of a spin environment on motor performance. Thus the development of 
the DRN computer program was initiated to allow performing more de- 
tailed analyses of individual test results obtained from the more 
c lose ly  contrclled research studies. 

5 
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DRN Computer Program 

In addition to accomplishing the usual objectives of integrat- 
ing and averaging pressure and thrust histories, the DRN (Data Re- 
duction and Normalization) computer program uses the data thus ob- 
tained to compare measured motor performance with that predicted by 
two different methods of estimating burn rate augmentation in an ac- 
celeration environment. Written in FORTRAN, this program was devel- 
oped f o r  use with the CDC 6 4 0 0  digital computer system. 

Methods of Analvsis 

Two different methods of determining burn rate augmentation are 

Method [A] assumes that the augmented burn rate (rA) at a given 

employed in the DRN computer program. 

acceleration level can be described by: 

P I  rA = (AF)rt = (AF)rx (P/Px) 
n 

where rt is the theoretical burn rate at the measured combustion 
pressure (P), obtained from static (non-accelerating) burn rate data 
where rx is the (base) burn rate at the reference pressure (Px) and 
n is the pressure exponent (assumed constant with acceleration level). 
The burn rate augmentation factor (AF) is assumed constant with both 
pressure and time, and is determined by requiring that this factor 
times the theoretical web consumed (W,) over burn time (tg) be equal 
to the measured propellant web thickness (W). Thus the augmentation 
factor is determined from: 

(AF) = W/Wt = W/J rx(P/Px) dt te n 
0 

P I  

Assuming that the propellant density ( e )  and grain surface 
areas (S) normal (Sr) and parallel (Se) to the acceleration vector 
are known as functions of the web thickness (Wr), method [B] calcu- 
lates the instantaneous augmented burning rate (rr) as that required 
to yield the measured value of combustion pressure. Thus values of 
rr are calculated without reference to any predetermined burn rate/ 
pressure relationship, according to: 

where & = CDPA* is the total nozzle efflux 
and fie = ertSe is the mass generated by the (end) surfaces of the 

grain parallel to the acceleration vector, which are as- 
sumed to be unaffected by the acceleration environment. 
(Se = 0 for neutral-burning grain geometries.) 

7 



While method [A] assumes that the burn rate augmentation factor 
is constant over the burning interval, method [B] yields instantaneous 
values of burn rate augmentation factor (AF)i, given by: 

c4 3 

Thus an average burn rate augmentation (m) could be calculated for 
method [B] from: 

[5 1 

The basic DRN program logic is outlined in Figure 3-2. As in- 
dicated, either neutral-burning or cylindrically perforated grains 
(with 0, 1, or 2 ends burning) can be analyzed. Although a complete 
description of the DRN program is included herein as Appendix C, some 
of the salient features of the analytical techniques employed are 
outlined below. 

Nozzle Throat Area (A*) 

If the nozzle throat is 'found to erode during a motor firing, 
this erosion must be accounted for in determining nozzle efflux. 
Therefore, based upon the usual transient nature of the heating pro- 
cess, variations in A* are assumed exponential rather than linear. 
Thus the instantaneous nozzle throat area is given by: 

where A*i is the pre-test area and A*f is the post-test area, assumed 
to occur at final time (tf). From [6] the average throat area (E*) 
is given by: 

[7 1 

Figure 3-3  gives a sample variation in A, for a 10% overall increase 
in throat area. 

Mass Flow Coefficient (CD) 

From the conservation of mass, the nozzle efflux (io) integrated 
over total action time (tf) must be equal to the mass of propellant 
expended (m). Therefore, actual values of CD are calculated for 
each test from: 

A. 

=+ 
CD = m// PA*dt 

0 
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FIGURE 3-2: DRN Program Flow Chart 
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S i n c e  a l l  d a t a  p o i n t s  are r ead  i n  s imul taneous ly  and stored i n  m a t r i x  
form, t h i s  c a l c u l a t i o n  f o r  CD i s  performed a t  t h e  o u t s e t  of t h e  cal-  
c u l a t i o n  sequence, and a c t u a l  va lues  of CD a r e  used f o r  a l l  subsequent  
motor performance c a l c u l a t i o n s .  

I n t e g r a t i o n  Procedures  

Assuming l i n e a r  p r e s s u r e  v a r i a t i o n s  between d a t a  i n p u t  p o i n t s ,  
t h e  t r a p e z o i d a l  r u l e  is  used f o r  de te rmining  a l l  i n t e g r a l s  excep t  
f o r  t h e  v a l u e s  of web consumed c a l c u l a t e d  for method 
oped i n  (8), t h e  web consumed (AW) du r ing  any t i m e  i n t e r v a l  ( t 2 - t l )  
o v e r  whicli t h e  p r e s s u r e  v a r i e s  l i n e a r l y  from P i  t o  P2 (and P 2 # P 1 )  
i s  g iven  e x a c t l y  by: 

[A]. A s  devel-  

where r i s  t h e  burn ing  r a t e  (r) c a l c u l a t e d  f r o m  [l]. I f  P2  = PI, 
AW, is  given s imply by: 

A 

With no s p e c i f i c  burning r a t e  law assumed i n  method [B] , changes  
i n  web t h i c k n e s s  are de termined  us ing  t h e  t r a p o z o i d a l  i n t e g r a t i o n  
method. 

\ 
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SECTION IV 

I DATA ANALY S I S 

In an effort to fully evaluate the state of the art in under- 
standing the effects of spin on solid propellant motor performance, 
the test results obtained from a number of the more closely control- 
led investigations of spin phenomena were analyzed in detail. 
results of these analyses for selected exaEples of both end-burning 
and internal-burning grains operating in spin environments are pre- 
sented below. 

The 

MICOM Spin Tests 

Perhaps the least understood of all spin phenomena is that 
associated with the severe centerline coning of end-burning grains 
equipped with a single converging/diverging nozzle. As discussed in 
(7), this phenomenon has been oDserved by investigators at Picatinny 
Arsenal, the Naval Weapons Center, and the U . S .  Army Missile Command 
(MICOM) at Redstone Arsenal, among others. 

As reported in ( 9 1 ,  spin tests of a 40mm-diameter end-burning 
grain of non-aluminized polyvinyl chloride composite propellant 
yielded severe overpressurization of the motor, resulting in nozzle 
ejection and grain extinguishment. The two partially burned grains 
recovered from these tests were both found to exhibit the usual 
centerline coning, with the depth of the "cone" increasing with spin 
rate. The burning surface profiles scaled from photographs of these 
extinguished grain sections have been used as boundary conditic:!s for 
a computer simulation of motor performance. 

As indicated in Figure 4-1, the static-test pressure history 
obtained with this motor is considerably more progressive than would 
be anticipated for an end-burning grain. Although the cause of this 
progressivity has not been precisely determined, it has been attributed 
to a large initial heat loss resulting from the excessive chamber 
surface area and heat sink capability of the MICOM heavywall test motor. 
For the computer simulation, a time-varying mass flow coefficient 
(Cg) was used to duplicate the test results. This same variable CD 
was also employed in the two subsequent spin-test simulations. 

The increased operating pressures experienced with end-burning 

rate of the propellant along the grain centerline and from the re- 
duced nozzle efflux capability. Prior to the recovery of these ex- 
tinguished grains, there was no way to estimate the increased burn- 
ing rate with any degree of certainty. However, with these samples, 
it was possible to force the simulated grain surface regression to 
match the extinguished burning surface profiles. As indicated in 

-.-e...- p L u p e i i a i r t  l l - -  graifis  iiilder spin r e s t i l t  f r o ~  both the increased Lurliiiig 
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Figures  4-2 and 4-3, t h e s e  p r o f i l e s  w e r e  matched t o  a h igh  degree of 
accuracy by assuming t h a t  t h e  base burn ra te  under s p i n  ( r x s )  v a r i e s  
accord ing  t o :  

where R i s  t h e  r a d i a l  d i s t a n c e  from t h e  g r a i n  c e n t e r l i n e ,  r x  i s  t h e  
( s t a t i c )  base burn r a t e  a t  t h e  r e f e r e n c e  p r e s s u r e  Px, and K1 and K 2  
are c o n s t a n t s  determined f r o m  t h e  ex t ingu i shed  g r a i n  p r o f i l e s .  

from: 
With [lo] and [ill, combustion p r e s s u r e s  ( P )  w e r e  c a l c u l a t e d  

l - n  - - ( Q /CDPxA*)$rxs ( R )  dS 
112 1 ( P/Px 1 

where t h e  computed burning r a t e  i s  i n t e g r a t e d  over  t h e  burning s u r -  
f a c e  (S). 

P r e s s u r e  h i s to r i e s  c a l c u l a t e d  f o r  t h e  one-dimensional nozz le  
f low impl ied  i n  [12] are presented  i n  F i g u r e s  4-4 and 4-5 f o r  spii-. 
rates of 9840 RPM and 1 2 , 4 2 0  RPM, r e s p e c t i v e l y .  As i n d i c a t e d ,  thcx 
measured burning p r o g r e s s i v i t y  has n o t  been d u p l i c a t e d .  

As d i s c u s s e d  i n  (71, both t h e  ccrmbiistion p rocess  and nozz le  
e f f l u x  c a p a b i l i t y  are inf luenced  by a s p i n  environment.  Therefor<  I 

i n  order t o  determine t h e  e f f e c t s  of nozz le  e f f l u x  on t h e  p e r f o r n -  
ance of t h i s  motor, the  a n a l y t i c  methods of p r e d i c t i n g  t h i s  pheno-*.enon 
developed i n  ( 1 0 )  f o r  r o t a t i o n a l  f l o w  and (11) for  i r r o t a t i o n a l  f-ow 
were i n c o r p o r a t e d  i n  t h e  computer s i m u l a t i o n  by modifying t h e  (no:- 
z l e )  m a s s  f l o w  c o e f f i c i e n t  (CD)  accord ing  t o :  

~3 3 C D s  = c D ( & / i )  

where cDs i s  t h e  mass f l o w  coe f f i c i en t  under s p i n  and (fis/fi) i s  t h e  
r e d u c t i o n  i n  nozz le  e f f l u x  z a p a b i l i t y  c a l c u l a t e d  from (10) or (11). 

S i n c e  t h e  f l o w  emanating f r o m  t h e  s u r f a c e  of  an end-burning 
g r a i n  is  r o t a t i o n a l ,  t h e  a n a l y t i c a l  method proposed i n  (11) fo r  ir- 
r o t a t i o n a l  f l o w  should n o t  be a p p l i c a b l e  t o  t h i s  g r a i n  geometry. 

of comparison. 
HQ\qet-rer, these result- yere i n c ~ i ~ c 7 , ~ , ~  hp_yp_ic c_jmply for the n-ivnnce y"'r'Y 

As i n d i c a t e d  i n  F igu res  4-4 and 4-5, none of the a n a l y t i c a l  
a t t e m p t s  t o  p r e d i c t  t h e  s p i n - t e s t  p r e s s u r e  h i s to r i e s  w e r e  s u c c e s s f u l ,  
even when t h e  p r o p e l l a n t  mass g e n e r a t i o n  h i s t o r y  w a s  "known" through 
t h e  computer s i m u l a t i o n s  of the g r a i n  r e g r e s s i o n  p r o f i l e s .  Assuming 
t h e  v a l i d i t y  of t h e  experimental  p r e s s u r e  measurements, t h e s e  r e s u l t s  

15 
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and those of other investigators of end-burning grains noted in (7) 
indicate that nozzle efflux capability appears to be strongly time- 
dependent. However, the cause of this apparently severe reduction 
in nozzle efflux has not as yet been determined, although it is as- 
sumed to be associated with the as yet undefined gas dynamic mech- 
anism(s) whereby apparently highly erosive (tangential) gas velocities 
are developed at the grain face near the motor centerline. 

UTC Spin Tests 

In 1965, the first of a series of three Navy-sponsored spin 
study programs was initiated at United Technology Center. As re- 
ported in (12) t (131, (141, and the applicable quarterly progress 
reports, one of the primary objectives of these programs was to 
examine the effects of a spin environment on the performance of a 
basic PBAN propellant formulation and various modifications there- 
of. 

Propellant Formulations 

For the purposes of this discussion, the propellants tested 
by UTC are designated as: 

16.0% 
16.0% 
23.8% 
44.2% 

16.0% 
16.0% 
23.8% 
44.2% 

16.0% 
16.0% 
23.8% 
44.2% 

16.0% 
16.0% 
40.8% 
27.2% 

16.0% 
16.0% 
23.0% 
44.0% 
1.0% 

PBAN binder 
(46-micron) aluminum (Al) 
(9-micron) ammonium perchlorate (AP) 
(400-micron) AP 

PBAN 
(8-micron) A 1  
(9-micron) AP 
(400-micron) Ap 

PBAN 
(46-micron) dichromated A i  
(9-micron) AP 
(400-micron) AP 

PBAN 
(46-micron) A 1  
(9-micron) AP 
(190-micron) AP 

PBAN 
(46-micron) A 1  
:9-micron; AP 
(190-micron) AP 
Fe2O3 burn rate catalyst 
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(F) 16.0% CTPB (carboxy-terminated polyisobutylene) binder 
16.0% (46-micron) A1 
23.8% (9-micron) AP 
44.2% (400-micron) AP 

(GI 19.1% PBAN 
28.3% (9-micron) AP 
52.6% (400-micron) AP 

Propellant (A) is termed the "control" propellant in the UTC reports 
of the results achieved during this study. 

Assuming that the static burning rates (rt) of these formula- 
tions are given by: 

n rt = rx(P/Px) 

the base burn rates (rx) and pressure exponents (n) at a reference 
pressure (Px) of 1000 P S I A  are given below. 

Propellant 

Motor Confiauration 

A s  illustrated in Fiqi 

Base Rate Exponent 

.24 .21 

.28 .21 

.288 .31 

.38 .23 

.43 .236 

.172 .18 

.27 .34 

re 4-6, the basic UTC motor ses a 
cylindrical grain with inhibited end surfaces tapered to provide 
a theoretical surface progress5vity of less than 0.2%. With the 
0.607 I N  propellant web thickness, the centrifugal acceleration at 
the propellant surface increases 36.8% over the burning interval 
with a constant spin rate. 

Using Mager's analysis (11) to estimate the effects of motor 
geometry on nozzle efflux in the spin environment, it can be shown 
that less than a 5% reduction in efflux capability is anticipated 
at the maximum acceleration levels achieved during this test series. 
Thus this effect has been neglected in the analysis and interpreta- 
tion of the results. 
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Test Results 

The test results reported herein include those obtained in nine 
(9) different series of UTC spin tests. Of these, four series were 
performed with propellant (A) at different design pressure levels: 

Test UTC Design Theoretical Avg. Press. Series 
Symbol Series Pressure Avg. Press. at 1.d G 

A1 185 179 
A2 630 631 
A3 1110 1163 
A4 12 50 1006 

175 
604 

1060 
998 

0 

A 
5 

The remaining five test series were performed with propellants B, C, 
D, E, and F: 

Test UTC Design Theoretical Avg. Press. Series 
Series Pressure Avg. Press. at 1.0 G Symbol 

780 863 
680 695 
870 1052 
450 542 
450 507 

762 n 

i 642 
865 
447 
445 0 

Since there was no burn rate augmentation measured with the non- 
metallized propellant (G) at the acceleration levels achieved during 
these test series, the results obtained with this propellant have 
not been included herein. 

From the above, it is noted that there are some discrepancies 
between the UTC test pressure designation and the theoretical aver- 
age pressures calculated from the UTC - supplied burn rate data. 
These discrepancies can most likely be attributed to erroneously 
high values of base burn rate. 

Although the UTC grain is designed for neutral burning, the 
test results achieved at average accelerations of approximately 1.0 
G indicate normally regressive burning. As illustrated in Figure 
4-7, normalized pressure histories indicate a burning regressivity 
of as much as .78, with the largest deviations occuring during the 
first half of the burning interval. The cause(s) of these devia- 
tions from anticipated performance have not as yet been determined. 
However, recent motor extinction tests conducted at UTC have in- 
dicated that motor ignition is quite uniform over the propellant 
surface, thereby eliminating one likely source of the apparently 
non-uniform grain regression. 

The influence of the spin environment on the nozzle mass flow 
coefficient (CD) is illustrated in Figure 4-8. As indicated, values 
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of CD normalized with those obtained at 1.0 G do not generally vary 
monotonically with acceleration level. However, there does appear 
to be a trend toward lower values of CD with increasing acceleration 
level. Assuming that the reduction in nozzle efflux capability in a 
spin environment can be attributed to an effective reduction in CD, 
Figure 4-8 also gives the change in CD predicted by Mager's analysis 
for irrotational flow (11). 

A s  indicated in Figure 4-9, operating pressures averaged over 
burn time are found to increase with acceleration level in all in- 
stances, with those achieved by the CTPB bir,der propellant (F) ex- 
hibiting the greatest increases at the lower accelerations. With 
the exception of propellant (C)  with the dichromated aluminum, all 
other propellant modifications are found to reduce the overpressures 
below those obtained with propellant (A). 

The majority of the test results discussed below are presented 
graphically in the form of an instantaneous burn rate augmentation 
factor (rr/rt) given as a function of the percent of total mass ef- 
flux (mo/m). A s  discussed in Appendix C, the instantaneous burn 
rate augmentation is given by: 

[ 151 rr/rt = Go/q sr)  /rx (p/px) = (AF)i 

where rr = the burn rate required to yield the "measured" mass !?ow 
rate (ko = CDPA*) with a propellant surface area of 
Sr (= 86.6 I N 2 )  and a density ( Q  1 determined by the 
initial propellant mass (m,) and web thickness (W) accord- 
ing to: Q = mp/WSr. 

and rt = the theoretical burn rate at the measured operating prc 3- 
sure (PI. 

Thus (AF)i provides a measure of the actual burning rate require(' to 
yield the measured value of combustion pressure compared to that 
which would be realized at such a pressure with no acceleration-in- 
duced burn rate augmentation. 

As indicated in Figure 4-10, the burn rate augmentation experi- 
enced in series A 1  (nozzle throat diameter = 1 . 0 3 2  IN) appears to 
increase with the percent of web burned, with some change in combus- 
tion characteristics noted in a l l  three firings at 60-70% of the 
burning interval. 

Essentially the same effects are noted in Figure 4-11 for Series 
A2 (nozzle throat diameter = 0.639 IN), except that the maximum aug- 
mentation experienced at 110 G I s  is approximately 15% greater than 
that realized at a comparable acceleration level but lower operating 
pressure in Al. 

The reduction in (AF)i for series A-2 at 180 G ' s  for mo/m>45-50% 
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is also evidenced in Figure 4-12 for series A3 (nozzle throat dia- 
meter = 0.486 IN) at a much lower acceleration level (45 G I s )  but 
higher operating pressure. Again, this change in burn rate augmenta- 
tion is found to occur after about half of the web has been consumed. 

Essentially similar transient behavior is also exhibited in 
Figure 4-13 for series A4 (nozzle throat diameter = 0.50 IN). 

The effects of operating pressure on burn rate augmentation at 
essentially equivalent acceleration levels are illustrated in Figures 
4-14 and 4-15. At 25 G I s  (Figure 4-14) increasing the eperating 
pressure from 200 to 1500 PSI produces a 50% increase in maximum 
augmentation, while an increase to 1800 PSI yields no further augmenta- 
tion, but apparently causes the point of maximum augmentation to occur 
at a smaller percentage of web burned. At 100 G I s  (Figure 4-15) this 
same transposition of the point of maximum augmentation is also evi- 
denced with increasing pressure. 

As indicated in Figures 4-16 through 4-20, results essentially 
equivalent to the above were also obtained with the various modifi- 
cations of propellant (A). However, all modifications except the 
change from the PBAN to the CTPB binder generally resulted in lower 
burn rate augmentations. 

The effects of the various propellant modifications at 100 ' I s  
are illustrated in Figure 4-21. As indicated, the reduction in ;$P 
particle size (D) yields generally lower augmentations than thosf 
achieveable by reducing the size of the aluminum particles (B). 
Conversely, the change from PBAN to CTPB binder systems yields a 
propellant which is much more sensitive to the spin environment. 

As indicated in Figure 4-22, the use of dichromated aluminurl 
(which theoretically reduces the tendency to form aluminum agglo-crates 
at the propellant surface) produces a 16% reduction in maximum a < J -  
mentation at an acceleration of 180 G I s  and essentially equivale,,c 
operating pressures. 

Average values of burn rate augmentation (AF)i calculated from 
method [B] are compared to the burn rate augmentation factors (AF) 
obtained from method [A]  in.Table 4-1. As indicated in Section I11 
and Appendix C, values of (AF) are determined by requiring that the 
measured propellant web thickness be totally consumed over the burn- 
ing interval. That is, 

(AF)f:, (P/Px)dt = W 
0 

From the method used to determine rr, it can be shown that 
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TABLE 4-1: Burn Rate Augmentation Factors 

Test Average Average 

( G I s )  (PSIA) 
Series Acceleration Pressure (E)  i (AF) 

A1 1.0 175 .948 .990 
27.3 199 1.064 1.231 

109.9 313 1.625 1.805 

A2 .7 604 971 1.017 
110.2 1320 1.656 1.972 
179.6 1492 1.912 2.174 

A3 .6 1060 .938 .978 
18.3 1513 1.302 1.445 
23.7 1475 1.346 1.548 
45.0 1918 1.527 1.711 

A4 1.0 998 .994 1.043 
25.0 1799 1.457 1.660 
95.1 2062 1.590 1,802 

B .6 762 .968 .939 
102.5 1112 1.237 1.380 
187.6 1143 1.282 1.402 

C 1.1 642 .952 1.007 
25.2 756 1.136 1.248 

1.421 1.600 87.0 1110 
1.633 1.803 179.6 1519 

D 0.0 865 .863 .899 
25.2 963 .948 1.048 

104.8 1350 1.124 1,263 

.7 447 .864 .885 
554 1.029 1.116 

.993 1.117 
136.6 617 1.098 1.177 

E 
74.6 
83.8 579 

F .6 445 ,896 .974 
22.9 875 1.578 1.800 
59.5 1189 2.068 2.307 
107.4 1210 2.062 2.282 

40 



II 
, I  
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 
I 
I 
i 
I 
I 
I 

43 
where mo CDPA*dt 
and mp = the initial mass of propellant = QWSr 

provided at 1.0 G, values of (AF)i normalized with those obtained 
at 1.0 G are given in Figure 4-23. As indicated, all propellant mod- 
ifications except the change from PBAN to CTPB binder systems have re- 
duced the burn rate augmentation in the spin environment. At 25 G I s ,  
reducing the AP particle size (0) is more effective than using di- 
chromated aluminum (0). However, the significance of motor opera- 
ting pressure is evidenced by the fact that the results obtained with 
propellant (A) operating at 200 PSI (0) are essentially equivalent 
to those achieved at 960 PSI by reducing the AP particle size (0). 
At 100 G ' s ,  reducing the size of the A1 particles (0) is found to 
yield a reduction in burn rate augmentation equal to that provided 
by reducing the AP particle size (0). However, a further reduction 
is achieved with the addition of 1% Fe2O3 to increase the base burn 
rate of the propellant ( A  1 .  

In order to eliminate the discrepancies in the burn rate data 

In summary, the UTC test results discussed above have indicated 
that burn 

(1) 

rate augmentation in a spin environment is dependent upon: 

Acceleration Level - All tests have yielded increasin: 
motor operating pressures with increasing centrifugal ac- 
celeration levels. Although these operating pressures ap- 
pear to be approaching asymoptotic values in some instances, 
this observation is not borne out with all formulatic):!s 
over the 0 to 2 0 0  G acceleration levels examined here:n. 
Operating Pressure - At a constant acceleration level, the 
burn rate augmentation experienced with a giver. prepellant 
formulation appears to increase with combustion press3;re. 
Web Burned - Practically all pressure histories were ro- 
gressive-regressive with a grain designed for neutral burn- 
ing. For a given acceleration level and propellant f>xrmula- 
tion, the percent of web burned at the point of maxim::m 
pressure is inversely proportional to operating pressure. 
Similarly, the percent of web burned at maximum pressure 
is inversely proportional to acceleration level for each 
variation in the propellant formulation. 
Particle Size - Reducing the size of either the AP or A1 
particles caused significant reductions in burn rate aug- 
mentation at a given acceleration level. Which of the two 
modifications is more effective has not been established. 
Base Burn Rate - Burn rate augmentation is inversely pro- 
portional to base burn rate. 
Binder System - The change from the basic PBAN to CTPB 
binder system caused a dramatic increase in acceleration 
sensitivity, particularly at the lower acceleration levels. 

Thus the results of this study (as well as similar results recently 
published by the Naval Postgraduate School (15) and others soon to be 
published by Langley Research Center) have rather conclusively es- 
tablished that practically every propellant formulation variable and 
motor operating condition will have an influence on motor performance 
in a spin environment. 
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SECTION V 

CONCLUSIONS AND RECOMMENDATIONS 

As illustrated in Volume I1 of this report, numerous perform- 
ance anomalies have been experienced with the majority of the de- 
velopmental solid propellant rocket motors operating in spin en- 
vironments. Therefore, beginning about 1965, non-developmental ac- 
celeration research studies were initiated at the NASA Langley Re- 
search Center (LRC), the U. s. Naval Postgraduate School (NPS) ,  
and United Technology Center (UTC) in an effort to develop an under- 
standing of the phenomena involved and to identify the significant 
variables causing the observed deviations from static performance. 
In general, these studies have shown that all propellants are af- 
fected by acceleration environments. In some instances, there is 
a threshold acceleration level below which propellant performance 
is not affected. In others, there is apparently an upper limit to 
acceleration sensitivity, beyond which propellant performance re- 
mains essentially constant. Moreover, motor performance in a s:>in 
environment is further complicated by changes in nozzle flow 
acteristics, which compound the already complex combustion phenomena. 

Combustion Phenomena 

All three principal investigators of acceleration effects on 
propellant combustion characteristics agree that accelerations 
directed normally into the surface of a composite propellant will 
cause an increase in the apparent burning rate of the propellact. 
However, it has not as yet been firmly established whether this in- 
crease in regression rate is due primarily to localized "pockirL;" 
of the propellant surface which causes an increase in burning sL:r- 
face area, or to an overall increase in burning rate. Motor ex-- 
tinction tests conducted at both LRC and UTC have indicated severe 
surface "pocking" in some instances, but essentially smooth sur- 
faces in others. Based upon this evidence and the results of h i s  
studies at the NPS (15), Sturm has postulated the existence of two 
distinct combustion modes for aluminized propellants: (a) a fast- 
burning mode in which distinct agglomerates of aluminum determine 
the burn rate and increase in surface area; and (b) a slower mode 
in which the surface is essentially flooded with aluminum oxide. 

As exemplified by the UTC test data included in Section IV, 
results obtained with aluminized propellants indicated that the 
burn rate augmentation induced by acceleration can be reduced by: 
(a) increasing the base burn rate of the formulation by the addi- 
tion of burn rate catalysts; and/or (b) reducing the size of either 
the A1 or AP particles in the propellant composition. However, in 
developing his model describing acceleration effects on non-metal- 
lized propellants (15), Sturm cautions that the beneficial effects 
of reducing the AP particle size cannot necessarily be extrapolated 
to non-aluminized propellants. 

. 
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Although these and other qualitative conclusions have been con- 
firmed by all three investigators, their studies have not yet yield- 
ed any quantitative methods of predicting propellant sensitivity to 
acceleration other than Sturm's model for non-aluminized propellants 
and by a theory developed by Crowe and Willoughby of UTC for aluminized 
formulations. Unfortunately, both of these models require normally un- 
available knowledge of essentially the microscopic combustion char- 
acteristics of the propellant ingredients to allow prediction of the 
macroscopic acceleration sensitivity. 

Without question, progress toward understanding combustion 
phenomena in an acceleration environment has been hindered by two 
primary factors: (a) the inability to control the burning environ- 
ment; and (b) the inability to view the burning surface during the 
combustion process. 

Each of the three principal investigators of acceleration 
phenomena has employed a different experimental technique to deter- 
mine burn rate augmentation. As indicated in Section IV, UTC has 
used spin tests of a tapered cylindrical grain. LRC has used centri- 
fuge tests of a 0.5 IN thick slab motor with a 24 IN2 burning sur- 
face area. The NPS has also used a centrifuge to provide the ac- 
celeration force, but employs 0.24 IN square propellant strands of 
varying length as the test items. 

As is obvious from the UTC test results discussed previously, 

(1) Combustion pressure cannot be controlled during firing 

spin testing has three distinct disadvantages: 

to allow segregation of effects due to pressure from those 
due primarily to the acceleration field. 

( 2 )  Gas vortexing effects and changes in nozzle efflux due to 
the spin environment cannot be divorced from the combus- 
tion phenomena, primarily because there is currently no 
verified analytical method available for predicting spin 
effects on rocket motor gas dynamics. 

( 3 )  While operating at a constant spin rate, the centrifugal 
acceleration at the'propellant surface increases ( 3 7 %  in 
the UTC tests) as the internal grain diameter increases 
during burning. If the spin rate is decreased during the 
test to maintain a constant centrifugal acceleration, un- 
wanted radial accelerations are developed. Moreover, such 
a programmed decrease in spin rate requires pre-test 
knowledge of motor burn time, which may vary by factors 
of 2.0 or more depending on acceleration level. 

In addition, spin testing also suffers the disadvantage of not being 
able to determine propellant sensitivity to the angle between the 
propellant surface and the acceleration vector, which Northam of LRC 
has demonstrated to be a very significant factor in determining burn 
rate augmentation (16). 
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The LRC centrifuge slab motor tests have effectively eliminated 
the second and third disadvantages of spin testing, and do provide 
for varying the propellant surface orientation with respect to the 
acceleration vector. However, this test technique also suffers the 
serious disadvantage of not being able to control combustion pres- 
sure during burning. 

The NPS centrifuge strand tests have effectively eliminated all 
the disadvantages of spin testing by providing a plenum to allow 
combustion at essentially constant pressure. However, the small 
dimensions of the burning surface (0.25 IN x 0.25 IN) and encapsula- 
tion of the burning residue by the inhibitor "walls" of the strands 
could have considerable influence on the test results and their 
interpretation, particularly since the dimensions of the "pocked" 
areas observed in some of the LRC slab extinguishment tests are of 
the same order of magnitude as the total NPS burning surface. 

If the effects of acceleration environments on the solid pro- 
pellant combustion process are ever to be determined quantitatively 
on a macroscopic scale, the experimental test procedures employed in 
this attempt will have to incorporate: 

(1) Control of the combustion pressure during burning to in- 
creases of less than 10%. 

(2) Control of the acceleration levels between tests to c1i.f- 
ferences of less than 5%. 

( 3 )  Control of the acceleration level during burning to 
changes of less than 5%. 

Temperature control of the test specimen to within - +!O0F. 

from +90° - to the acceleration vector. 

the burning surface regression as a function of time. 

( 4 )  

(5) Provision for orienting the propellant surface at anc.?es 

(6) Provision for (optically or electronically) determining 

(7) Provision for photographically recording the combustion 
process. 

(8) Provision for acceleration levels up to a minimum of 
500 G I s .  

( 9 )  Provision for varying combustion pressure over a range 
of at least 200 - 2UUU P S I A .  

Incorporating all the above characteristics in a single test 
device would appear to necessitate the use of a centrifuge, similar 
to that already available at the NPS but with a greatlyexpanded 
capability for pressure control with much larger test specimeqs. 
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As a compromise between plenum requirements and the surface "pocking" 
characteristics already noted in the LRC and UTC tests, it would ap- 
pear that test samples at least 2.0 IN in diameter and up to 3 . 0  IN 
in length should be able to be accomodated. 

,I 
I 

Although the ability to view the burning surface during com- 
bustion will not likely yield any quantitative data, providing this 
capability should accelerate the development of new combustion models 
or the revision/verification of current theories. This is particularly 
true with respect to UTC's most recent model for aluminized propellants, 
which requires knowledge of the agglomeration mechanism and agglomerate _ _  
size as input data. 

To this end, UTC is currently using a centrifuge-mounted com- 
bustion bomb for photographic studies of strand burning under ac- 
celeration. The results of these studies are to be published in 
the final report of their current contract for the Navy (14). 

The test requirements outlined above are primarily designed to 
develop a more comprehensive understanding of the solid propellant 
combustion process and the effec.ts of acceleration on this process. 
Judging from the progress to date in attempting to define solid pro- 
pellant combustion mechanisms without acceleration, it would seem 
that the development of useful models for combustion in acceleration 
fields will be a lengthy process. However, it is quite possible 
that closely controlled acceleration studies may well provide the 
key to an improved understanding of the complete combustion mechanism. 

At present, the designer of a solid propellant rocket motor 
which is to operate in a spin environment is left little choice but 
to test the proposed propellant formulation in an environment 
closely simulating that anticipated. If the effects noted are too 
severe, the studies performed to date have shown that propellant 
sensitivity can be reduced by reducing the size of the A1 or AP 
particles or by increasing the base burn rate of the propellant. 
If these relatively.8minor modifications are not sufficiently ef- 
fective, a change to a different type of binder system is indicated. 
However, there is currently little data available which describes 
the effects of acceleration on different binder systems. 

As is obvious from the UTC test results presented in Section IV, 
the change from a CTPB binder system to a PBAN system produces a much 
greater reduction in acceleration sensitivity than any of the modifi- 
cations of the PBAN system. However, the reason(s) for this gross 
change are unknown. 

Therefore, in order to provide the motor designer with an im- 
proved basis for preselecting a propellant most suitable for opera- 
tion in a spin environment, it is recommended that an investigation 
of acceleration effects on different binder systems be initiated. 
In order that this investigation yield something more than the usual 
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qualitative observations, it is further recommended that this study 
include attempts to correlate acceleration sensitivity with: 
erosion sensitivity: (2) propellant mechanical properties; and ( 3 )  
burn rate sensitivity to strain. Moreover, whereas most test data 
obtained to date has been limited to temperatures approximating 
7 0 ° ~ ,  this investigation shou ld  include the full spectrum of anti- 
cipated operating temperatures. 

(1) 

Gas Dynamics 

The influence of a spin environment on combustion chamber and 
nozzle gas dynamics further complicates the acceleration effects on 
the combustion process. The apparent reduction in nozzle efflux 
capability with spinning internal- or end-burning motors causes an 
increase in combustion pressure. Moreover, in some instances, 
severe erosion of the motor head closure has been noted with in- 
ternal-burning grains, while end-burning motors have experienced 
severe centerline coning of the propellant surface, as illustrated 
in the MICOM test results discussed in Section IV. 

Studies to develop methods of analytically predicting the spin 
influence on gas dynamics have been conducted primarily by the 
Purdue University Jet Propulsion Center (JPC), and more recently by 
UTC. Sponsored by the MICOM Propulsion Lab since July 1964, the 
JPC effort has included both analytical and cold-gas experiment'il 
studies of spin effects on the gas dynamics associated with simulated 
end-burning and cylindrical-burning grain configurations. The more 
recent Navy-sponsored program at UTC has concentrated on flow 
visualization studies of a simulated end-burning grain. The results 
of these and other related efforts are reviewed in Volume I1 of this 
report. 

Although the studies conducted to date have rather firmly 
established that nozzle efflux capability can be significantly re- 
duced in a spin environment, progress toward developing a compre- 
hensive understanding of spinning gas dynamics has not been impres- 
sive. This situation is primarily due to the extremely complex 
nature of the generally three-dimensional (and often unsteady) flow 
phenomena involved, and complicated by the fact that the experimental 
measurement techniques employed frequently disturb the flow patterns 
to such an extent that the resultant measurements are worthless. 

Although the combustion studies discussed previously are es- 
sential to quantifying the effects of spin on motor performance, a 
satisfactory description of motor behavior in a spin environment 
will not be achieved until the effects on motor gas dynamics nave 
been evaluated and understood. In turn, this evaluation can be 
accomplished only by a thorough investigation of the analytical 
equations of motion governing gas behavior, in conjunction with 
selected experiments to validate or modify the results of these 
analyses. 
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In general, the results of the analyses performed to date have 
indicated that viscous effects are significant in determining the 
behavior of spinning gases. Therefore, it is recommended that an 
investigation of the complete Navier-Stokes equations be initiated, 
and directed toward application to both the rotational flow emanat- 
ing from end-burning grains and the essentially irrotational flow 
emanating from cylindrical-burning grains. The objectives of this 
investigation would be twofold: (1) to quantify the reduction in 
nozzle efflux capability; and ( 2 )  to determine the mechanism(s1 by 
which highly erosive velocities are developed at the centerline of 
an end-burning grain. 
ing numerical solutions to the equations of viscous-gas motion for 
specific grain/nozzle geometries and, with these, developing similar- 
ity parameters suitable for normalizing the results in non-dimension- 
a1 form. 

The method of analysis would involve generat- 

Verification and/or modification of the above analyses would be 
accomplished primarily by means of cold-gas tests, performed in non- 
spinning test fixtures in order to allow maximum ease of instrumen- 
tation. Spin velocities would be simulated by drilling the gas in- 
let ports at varying angles to the motor (fixture) axis. 

analytical/experimental program'to define the effects of spin on motor 
gas dynamics should allow the solid propellant motor designer to pre- 
dict the total effects of a spin environment on motor performance 
with a minimum of testing and re-design. 

In conjunction with the combustion experiments, this comprehensive 
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EMERSON ELECTRIC 

COMPILATION --- OF SPIN DATA PROGRAM - Acceleration Data Questionnaire 

THIS DATA SUBMITTED BY: 

name 

title 

mail station 

telephone ext. 

organization 

address 

city state zip 

area code telephone 

For personal interview to discuss data submitted, please contact: 

name telephone 



EMERSON 9- ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acceleration Data Questionnaire 
--_I_ 

PART I - Reference Sources 
Known sources of data on t h e  behavior of solid propellants 
in acceleration fields (exclusive of those listed in 
Emerson Electric Report # 2 1 2 2 - 1 ) :  
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EMERSON ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acce le ra t ion  Data Q u e s t i o n n a i r e  --- 

PART I1 - A n a l y t i c a l  S t u d i e s  

Program T i t l e :  

Cont rac t  N o .  : 

Contrac t ing  Agency (Con t rac to r )  : 

Report Number ( s )  : 

Concurrent  Experimental  Program? Y e s  N o  

Summary of Resu l t s :  

Is t h i s  o r  a re la ted e f f o r t  c u r r e n t l y  i n  p rogres s?  Y e s  N o  



I 
I 
I 

~I 
1 
I 
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I 
I 
I 
I 
I 
I 
1 
1 
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EMERSON 9 ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acce le ra t ion  D a t a  Q u e s t i o n n a i r e  --- 

PART 111 - T e s t  F a c i l i t i e s  

A) Spin  T e s t  F a c i l i t i e s  

Cognizant d i r e c t o r :  

Program (Con t rac t )  under which cons t ruc t ed :  

L imi t a t ions :  P lease  d e s c r i b e ,  i n c l u d i n g  - 
Maximum s p i n  r a t e :  RPM 

IN 

IN 

Maximum a l lowable  motor diameter: 

Maximum a l lowable  motor l eng th :  

Maximum a l lowable  motor m a s s :  

Maximum a l lowable  motor t h r u s t :  

LBnl 

LB f 

P h y s i c a l  d e s c r i p t i o n :  

P l e a s e  desc r ibe ,  i n c l u d i n g  pho tos ,  drawings,  0 1  

ske tches .  

_ _  .- Driv ing  power source  : 

Data a c q u i s i t i o n  equipment: 

P l e a s e  desc r ibe ,  i n d i c a t i n g :  (1) i n s t r u m e n t a t i o n  
used t o  measure, t r a n s m i t ,  and r e c o r d  p res su re / t ime ,  
t h r u s t / t i m e ,  and s p i n  ra te  d a t a ;  ( 2 )  c a l i b r a t i o n  
s t a n d a r d s  a n d  procedures .  

Automatic  d a t a  r educ t ion  equipment: p l e a s e  d e s c r i b e .  

Motor cond i t ion ing  f a c i l i t i e s :  p l e a s e  d e s c r i b e .  

Th i s  f a c i l i t y  would (no t )  be a v a i l a b l e  for use  under 
c o n t r a c t  w i t h  NASA Langley Research Center  by 
( d a t e ) .  

Comments 
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EMERSON 9 ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acceleration Data Questionnaire --- 

B) Centrifuge Test Facilities 

Cognizant director: I 
Program (Contract) under which constructed: 

~ 

Limitations: Please describe, including - 
Maximum allowable motor diameter: IN 

Maximum allowable motor length: IN 

Maximum allowable motor mass: 

Maximum allowable thrust: LBf (Oo to arm) I 
I 

LBm 

LBf (90° to arm) 

Maximum acceleration: g's at RPM 

Physical description: 

Please describe, including photos, drawings, or 
sketches. 

Yes No Multidirectional mounting capability: - 
Data acquisition equipment: 

Please describe, indicating: (1) instrumentation 
used to measure, transmit, and record pressure/time, 
thrust/time, and acceleration data; (2) calibration 
standards and procedures. 

I 
Automatic data reduction equipment: please describe. I 

I 
Motor conditioning facilities: please describe. 

This facility would (not) be available for use under 
contract with NASA Langley Research Center by 
(date). I 

I Comments 
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EMERSON ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acceleration Data Questionnaire --- 

PP.RT IV - Motor Performance 
Program Title : 

Contract Number: 

Contracting Agency or Contractor: 

1. Propellant Data: 

(a) Propellant Designation: 

(b) Propellant Type: 

(c) Propellant Composition (including particle sizes): 

(d )  Burning Rate Data: (Static) 

1) Base Burning Rate: IN/SEC at PSIA 

2) Burning Rate Exponent: 

3) Temperature Coefficient : 

4) Effects of Strain: 

- 
(e) Flame Temperature OR 
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EMERSON ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acceleration Data Questionnaire --- 

58 

Ratio of Specific Heats: 

Characteristic Velocity: FT/SEC 

Propellant Density: LB/IN3 

Exhaust Product Molecular Weight: 

Storage Characteristics Summary: 

Structural Properties: 

Relaxation Modulus as a Function of Reduced Time or 

Reduced Rate; Modified Power Law Fit: 

- 
Temperature Shift Factor; WLF Equation Form: 

Smith Envelope of Uniaxial Data 

Biaxial Strip Data; Maximum Stress, Strain at Maximum 

Stress vs. Temperature (Specify crosshead speed) or 

Reduced Time. ~ 

Linear Coefficient of Thermal Expansion IN/IN-~F 

If Case Bonded, Stress Free Temperature OF 

Insulation/Inhibitor/Propellant Bond Strength PSI 

I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
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EMERSON 9 ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acceleration Data Questionnaire --- 

2. Grain Configuration: 

Engineering Drawing of Grain 

1) Geometric Dimensions 

2 )  Surface Area vs. Web 

and Inhibitor 

3 )  Sliver Fraction: 

Summary of Processing (Non-Proprietary): 

Cure Temperature History: Cure Temperature History: 

Type of Bonding: Type of Bonding: - 

3. IgniteF characteristics: 

Drawing of Igniter 

Igniter Designation: 

Igniter Type : 

Weight of Charge: 

Initiator Type: 

Charge Characteristics: 

Orientation and Location Relative to Grain: 
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EMERSON ELECTRIC 

COMPILATION OF SPIN DATA PROGRAM - Acceleration Data Questionnaire --- 

4 .  Motor Configuration (Assembly Drawing) 

(a) Chamber Configuration 

1) Nominal Case Dimensions 

2) Case Material: 

3 )  Insulation Material: 

4 )  Insulation Dimensions 

(b) Nozzle Configuration: 

1) Throat Area IN2 

2) Number of Nozzles. 

3 )  Expansion Ratio 

4 )  Half Angle Degrees 

5) Cant Angle Degrees 

6) Baffle of Flow Straighteners (Description) 

5. Performance Data for Each Test: 

(a) Data Summary on Following Page 

(b) Pre-Test Acceleration History 

(c) Spin Rate vs. Time 

(d) Motor Chamber Pressure vs. Time 

(e) Thrust vs. Time 

(f) Results of Post-Test Inspection 

1) Unburned Slivers or Residue 

2 )  Char Pattern on Burned Insulation 

3 )  Erosion Pattern on Nozzle 

1 
1 
1 
I 



EMERSON 9 ELECTRIC 

----- 

Pressure Integral over 
Action Time (PSIA-SEC) 

2 

I 
I 
I 
I 
I 

I 
I 
I 
I 

~I 

~I 
‘ I  
I 
I 
I 

I 
I 
I 

~ 

a 

~ 

COMPILATION OF SPIN DATA PROGRAM - Acceleration Data Questionnaire --- 

PERFORMANCE DATA FOR (MOTOR IDENTIFICATION) : 

est Cell Pres 

Initial Mass (Poun 

Pre-Test T 

ressure Integral over 
Burn Time (PSIA-SEC) 

* Burn time is defined as 

**  Action time is defined as 
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APPENDIX B 

DATA SOURCES 
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DATA - SOURCES 

Aerojet General Corporation 
Sacremento, California 75814 
(916-355-1000) 

- L. Stone 

Aerospace Corporation 
111 E. Mill Street 
San Bernardino, California 92408 
(714-884-9211) - A. Garthenburg - A. Mager 

Arnold Engineering Development Center 
Air Force Systems Command 
Arnold Air Force Station, Tennessee 37189 
(615-455-2611) - Lt. Col. J. R. Henry 

Atlantic Research Corporation 
Shirley Highway at Edsall Road 
Alexandria, Virginia 22309 
(703-354-3400) 

- M. K. King 
- B. F. Rohrbach 

Auburn University 
Auburn, Alabama 36830 
(205-887-6511) 

- R. H. Sforzini 

AVCO Corporation 
Ordnance Division 
Sheridan Street 
Richmond, Indiana 47374 
(317-962-5511) - R. E. Dekoltz 

Ballistics Research Laboratory 
Terminal Ballistics Laboratory 
Aberdeen Proving Ground, Maryland 21005 
(301-278-5201) 

- E. L. Bannister 
- A. Thrailkill 
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DATA SOURCES 

Budd Company 
Philadelphia, Pennsylvania 19105 
(215-225-9100) - R. H. Marvin 

Cumins Engine Co., Inc. 
1000 Fifth St. 
Columbus, Indiana 47201 
(812-372-7211) - R. L. Glick (607) 

Douglas Aircraft Corporation 
Missile and Space Systems Division 
2000 Ocean Park Blvd. 
Santa Monica, California 90405 - T. J. Schweitzer (7438) 

Fluidyne Engineering Corp. 
5900 Olson Highway 
Minneapolis, Minnesota 

- J. S. Holdhusen 
(612-544-2721) 

Fluidyne Engineering Corp. 
Suite 203 
1000 E. Apache Blvd. 
Tempe, Arizona 85281 

- G. H. Nelson (602-966-0232) 

Hercules Powder Company 
Allegany Ballistics Laboratory 
P.O. Box 210 
Cumberland, Maryland 21501 
(304-726-4500) - K. B. Kramer 
I l l i i i o i s  I n s t i t u t e  of Technoiogy 
Research Institute 
Chicago, Illin6is 60616 
( 312-225-9600) - J. Pinsky 
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DATA. SOURCES 

Jet Propulsion Laboratory 
California Institute of Technology 
4800 Oak Grove Dr. 
Pasadena, California 91103 
(213-354-3108) - P. F. Massier - L. Strand 

Ling-Temco-Vought 
Vought Aeronautics Division 
Dallas, Texas 75222 
(214-262-3211) - D. E. Lee 

- S .  Tolbert 

A. D. Little, Inc. 
Acorn Park 
Cambridge, Massachusetts 02140 
(617-864-577'0) - E. K. Bastress 

Lockheed Missiles and Space Corp. 
P.O. Box 504 
Sunnyvale, California - C. Bernard 
Lockheed Propulsion Co. 
Redlands, California 93274 
(714-793-2211) - D. E. Cantey 

Naval Missile Center 
P.O. Box 15 
U . S .  Naval Station 
Point Mugu, California 93041 

- D. Stork (8184/7033) (805-488-3511) 

Naval Ordnance Laboratory 
White Oak 
Silver Spring, Maryland 20910 
(301-495-8153) 

- C. Boyars 
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DATA SOURCES - 
Naval Ordnance T e s t  S t a t i o n  
China Lake, C a l i f o r n i a  93557 
(714-377-7411) - R. B.  D i l l i n g e r  (9374/9328) - R. F e i s t  (9217/9394) 

Naval Pos tgraduate  School 
Monterey, C a l i f o r n i a  93940 
(408-372-7171) - E .  J. Sturm 

Naval Weapons Laboratory 
Dahlgren, V i r g i n i a  22448 
(703-633-2511) - R. B .  B u t l e r  

Nor t ron ic s  
500 E. Orangethorpe 
Anaheim, C a l i f o r n i a  92805 
(714-871-5000) - V. Peak ( 6 1 7 )  

U.S. Army Munitions Command 
P i c a t i n n y  A r s e n a l  
Dover, New Je r sey  07801 
(201-328-4021) 

- S .  J. H a r n e t t  

Purdue Un ive r s i ty  
Jet  Propuls ion  Center  
W. L a f a y e t t e ,  Ind iana  47907 
(317-734-9553) - M. L'Ecuyer - J. D. Hoffman 

Redel, Inc .  
2300 E. K a t e l l a  Avenue 
&iahefm, C a l i f ~ r i i i a  9 2 8 8 5 
(714-532-2586) - J. W .  DeDapper 
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DATA SOURCES 

U.S. Army Missile Command 
Propulsion Laboratory 
Redstone Arsenal 
Huntsville, Alabama 35809 
(205-876- ) 

- W. D. Guthrie (-0441) 

Rocketdyne 
Solid Rocket Division 
McGregor, Texas 76657 
(817-475-2811) 

- J. W. Wells (1669/1670) 

Rohm and Haas Co. 
Redstone Arsenal Research Division 
Redstone Arsenal 
Huntsville, Alabama 35809 
(205-876-9811) - L. J. Hurt - C. Thies 

Thiokol Chemical Corp. 
Elkton Division 
Elkton, Maryland 21921 
(301-398-3000) - W. G. Andrews (658) 

Thiokol Chemical Corp. 
Huntsville Division 
Redstone Arsenal 
Huntsville, Alabama 
(205-876- ) - L. H’. Caveny (-9558) - B. K. Hodge 

United Technology Corp. 
1050 East Arques Avenue 
Sunnyvale, California 94086 

- B. L. Iwanciow 
- P. Willoughby 

(408-739-4880) 
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DATA REDUCTION AND NORMALIZATION COMPUTER PROGRAM 
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SECTION C-1 

INTRODUCTION 

The Data Reduction and Normalization (DRN) computer program 
was developed by the Emerson Electric Co. for the NASA Langley Re- 
search Center as part of the overall program task associated with 
the Compilation of Rocket Spin Data performed under Contract No. 
N A S 1 - 6 8 3 3 .  A s  described in Section I11 of this report, the DRN 
program not only accomplishes the usual objectives of integrating 
and averaging motor test data, but also compares the data thus ob- 
tained with two different methods of estimating the effects of ac- 
celeration environments on solid propellant burning rate. 
the FORTRAN IV computer language to allow maximum ease of engine- 
ering interpretation, this program was specifically written for 
the CDC 6400 digital computer system. 

U s i i : q  

The data input parameters and format required are describc.6 
in Section C-2, with a similar description of the output parazeters 
provided in Section C-3. The complete program listing is inclL.,,ed 
in Section C-4. I 
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SECTION C-2 

DATA INPUT 

As indicated in Table C2-1, six (6) basic data input cards 
are required for each test firing. In addition, up to 30 pressure/ 
thrust-time data points may also be included for each test. With 
the exception of the test identification number (card #l), the data 
input parameters are arranged in 14-digit fields. Although these 
fields need not be left- or right-adjusted, each must contain a 
decimal. Up to 70 alpha-numeric characterers may be included in 
the test identification number. 

The limitation to a maximum of 30 pressure/thrust data points 
may be extended simply by revising the program DIMENSION statement 
to expand the data storage matrix. Thus the upper limit on the 
number of data points is a function only of computer storage capa- 
city. A NASA Langley revision of this program currently allows up 
to 60 points. 

Input Parameters 

All data input parameters are defined below, along with the 
units required. 

Card (1) : Test firing identification number. 

Card ( 2 )  : 

s = Si = initial propellant surface area;  IN^ 
XO = 1, = initial grain length; IN 

= 0.0 for centrifuge slab tests 

YO = ri = inside radius of cylindrical grain; IN 
= 0.0 for centrifuge slab tests 

Y2 = ro = outside radius of cylindrical grain; IN 
= 0.0 for centrifuge slab tests 

ENDS = E = number of (cylindrical) grain ends burning; - 
= 0.0 for neutral-burning grain configuration 
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Card ( 3 )  : 

RX = rx = (base) burn rate at reference pressure Px; IN/SEC 

E X P l  = nl = burn rate pressure exponent for P f PEXP12; - I 
1 
8 

EXPZ = n2 = burn rate pressure exponent for P > P E X P 1 2 ;  - 
PX = PX = reference pressure; P S I A  

P E X P l 2  = pressure at n transition, if applicable; P S I A  

~ Card ( 4 )  : 

CDTH = CDt = nominal mass flow coefficient; LBm/LBf-CEC 

RHO = et = nominal propellant density; LBm/IN3 

A*I = A*i = pre-test nozzle throat area; I N 2  

A*F = A*f = post-test nozzle throat area; IN2 

I 

Card ( 5 )  : 

WEB = W = measured grain web thickness; IN 

MEXP = m = mass of propellant expended; LBm 

GRAD = initial radius from motor centerline or centrifuge >xis 

I 
8 

to the propellant surface; I N  
= ri fox cylindrical motor spin tests 

GEOM = 1.0 for neutral-burning grain geometries 
= 0 . 0  for non-neutral grain geometries 

I 
PTS = number of input pressure/thrust-time data points (30.0 

maximum) 

Card (6): 

RPM = spin rate of test motor or centrifuge; REV/MIN I 
I TFIhJ-ql, = tf = f i n a l  ( r ~ t ~ ~ r n  to 0 PSI) a-ct ion time; SEc 

TBUW = tb = time to web burnout; SEC 

TOL = % tolerance desired for surface area convergence (10 ) ;  - - 4  I 
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Card (6): (cont'd) 

MP = mp = initial mass of propellant; LBm 
= mass expended (m) plus mass of residue 

Cards 7-36: 

T = t = time; SEC 

PC = P = combustion pressure; PSIA 

F = F = thrust; LBf 
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SECTION C-3 

DATA OUTPUT 

As indicated in the sample printout enclosed as Table C3-1, 
the DRN program calculates 47 motor performance parameters for each 
pressure/thrust-time data-input point. In addition, 11 parameters 
are provided at web burnout and 2 at final time. 

input parameters and two reference quantities calculated for each 
motor firing: 

For ready reference, each printout page is headed by the data 

PTH = Pt = the theoretical average motor operating pressure 
based upon the average propellant surface area 
and nozzle throat area: PSIA 

TTH = tt = the theoretical web burn time based upon Pt and 
the static (non-accelerating) burn rate/pressure 
relationship; SEC 

Output Parameters 

All data output parameters are defined below, along with t h e  
formulas used to calculate these quantities, where applicable. 

Column Quantity 

1 TIME = t = (actual time) - (initial time) ; SEC 

A* = A* = instantaneous nozzle throat area; IN 2 

= A*i + (A*f - A*i) (t/tg) exp (t/tB -1) 
CF = CF = thrust’coefficient = F/PA*; - 

a PC = P = measured combustion pressure; PSIA 

PTH = Pr = theoretical (instantaneous) combustion pressure 
based upon propellant surface area and no burn 
rate augmentation; PSIA 

PRAF = PA = pressure at which motor would be operating 
with constant burn rate auqmentation (AF); PSIA 

= px 



Column 

3 T/TBURN = t/t, 

PC/PTH = P/Pr 

PC/PRAF = P/PA 

4 

5 

t 
IPC 4 d P d t ;  PSIA-SEC 

IPTH =/Prdt; PSIA-SEC 

IPRAF = /:Adt; PSIA-SEC 

J 

0 

0 

Quantity 

RTH = rt = theoretical burn rate at P with no burn rate 
augmentation; IN/SEC 

RAF = rA = burn rate at P assuming constant burn rate 
augmentation; IN/SEC 

= (AF)rt 

RATE = rr = burn rate required to yield calculated mass 
flow rate; IN/SEC 

7 WTH = Wt = theoretical web consumed to time t with no 
burn rate augmentation; IN 

\ 

0 

WRAF = WA = web consumed to time t assuming constant burn 
rate augmentation; IN 

WRATE = Wr = web consumed to time t based upon rr; IN 
t c 
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Column 

7 

8 

9 

10 

11 

Quantity 
t 

P -  

WRATE = Wr = (moW/mp)dt = W(mo/mp) for CONSTANT SURFACE 
0 

WTH/WEB = Wt/W 

WRAF/WEB = WA/W = (AF1Wt-W 

WRATE/WEB = Wr/W 1 

= mo/mp for CONSTANT SURFACE 

MDRAF/MDR = i d i r  

MDO = mo = calculated nozzle efflux rate; LBm/SEC 

= CDPA* 

MDRAF = iA = mass generation rate from surface normal to 
acceleration vector assuming constant burn  
rate augmentation (method [A] ) ;  LBm/SEC 

= q s w - ~  
= (mp/W)rA for CONSTANT SURFACE . 

MDE = mer = mass’generation rate from surface(s) parallel 
to the acceleration vector for method [B] : 
LBm/SEC 

= o  for CONSTANT SURFACE 

MDRATE = mr = mass generation rate from surface normal to 
the acceleration vector for method[q; LBm/SEC 



Column Quant i ty  

11 MDRATE = mr = m, - mer 
= I;lo for CONSTANT SURFACE 

MDRAF/MDO = I~IA/I;L~ 

= 0 for CONSTANT SURFACE 

12 Mo = mo = nozzle efflux i n t e g r a t e d  to time t; LBm 

MA = mA = 
t 

J q  S~(AF)rtdt 
0 

= (AF)mpWt/W for CONSTANT SURFACE 

= mp at (CONSTANT-SURFACE) BURNOUT ( t g )  

13 

14 

MRATE/MRAF = mr/mA 

= (W/WA) (%/rnp) for CONSTANT SURFACE 

= mo/mp at (CONSTANT-SURFACE) BURNOUT (tg) 

MRAF/MO = mA/mo 

= (WA/W) (mp/mo) for CONSTANT SURFACE 

= mp/% at (CONSTANT-SURFACE) BURNOUT (tg) 

ME/MO = mer/mo = 1.0 - rnr/mo 

MO/MEXP = Q/m 

MRAF/MEXP = mA/m 

= (WA/W) (m,/m) 

= mp/m at (CONSTANT-SURFACE) BURNOUT (tg) 

- for __.-- CONSTANT SURFACE 

ME/MJEXP = mer/m 
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Column 

15 

16 

= mo fo r  CONSTANT SURFACE 

G = ins tan taneous  accelerat ion l e v e l  a t  t h e  p r o p e l l a n t  
surface;  G ' s  

s = S R r  = propel lan t  Surface area normal  t o  t h e  accelera- 
t i o n  vector f o r  method [B] ; I N 2  

F = F = measured t h r u s t ;  LBf 

ISP = Is = specif ic  impulse; LBf-SEC/LBm 

= F/mo 

MRATE/MEXP = mr/m 

AT BURNOUT ( t g )  

A v e r a g e  burn ra te  = W / t g ;  IN /SEC 
'8 - 

A v e r a g e  pressure = [ J P d t ] / t g  = ( I P C ) / t B  = P 

A v e r a g e  augmented r a t e  pressure = ( I P R A F ) / ~ B  = FA 

PRAFBAR/PCBAR = FA/Fc = 

B u r n i n g  r a t e  augmentat ion f ac to r  = ( A F )  = W / W t  

A v e r a g e  accelerat ion l e v e l  = 

PCACC = (P) ( E )  

A v e r a g e  theoret ical  pressure  = 

0 

( I P R A F )  / ( I P C )  

t o  
[ 5 G d t ] / t ~  = 

0 

it3 
[ I P r d t ] / t g  = ( I P T H ) / t B  = Fr 

0 

PTHBAR/PCBAR = Fr/P = 

PCBARN*N = (P) 

( I P T H )  / ( I P C )  

D e n s i t y  cor rec t ion  factor  = (?/e, 
= mp/wset  f o r  CONSTANT SURFACE 

= mp/m l o ( r o 2 - r i * )  
f o r  CYLINDRICAL GRAINS 
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AT FINAL TIME (tF) 

Average pressure = (IPC) /tF 
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SECTION - C-4 

DRN COMPUTER PROGRAM LISTING - 
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