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ABSTRACT

The purposes of this research were to investigate fhe burning rate .
of a composite, solfh prdpellant in a“rockef motor and to perform a comparison
ulfh.resu;fs of the ear!ier Princeton research on the burnlnglrafe of a strand of
comp;slfo, solid propel lant which led to a theoretical bdrnlng rate law, The

role of radiative energy feedback to the propellant surface was of speclal

ihterest in this research.

A rocket motor incorpo-ating Interchangeable. grains, and inter-
changeable nozzles, which alIqwed‘prpgressive'byrnlng between var'ous .-,
pressure levels, was developed. Chamber pressure versus time was recorded during
each motor flrlng. By equating the rate of production of combustion products
from the solid propellant to the flow raf; of combustion produéfs out of the
nozzle an Instantaneous burning rate for an instantaneous chamber pressure was
calculated. It was found that, Iin general, the burning rate In the rocket
motor at any speclfled pressure was less than that of a strand burnlag at the .
same.pressure, A detalled investigatlon of the reasons for thls unexpected
behavior has been Initiated, but with no definitive results ag yet, |

The energy feedback due to the presence of radlative heat fiux, and
Its effect on the burnlng';a?e In a rocket motor, was Investigated. In particular,
the radiation tlux from the central gas column incident upon the propel lant
surface was theoretically. computed. The values obfa}hed proved to be of the same
order of magnitude as the measured radiation flux from the active flame zone.
However, preliminary experimental results showed the radiation flux frdm the hot

gas column fo the propel lant surface to be approximately twice that recelved

from the flame zone. This radiative feedback wds expected to make the burning
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rate in 8 rocket motor higher than that of a strand at the same pressure. As
noted aono, this was opposite to the experimental resuit. |

It Is concluded that more exact measurement of the burning rates,
particulariy In a rocket motor at constant pressure, should be made, At this
point, there are only two possibiliities to explain the burning rate dlscrepancy
noted: one, 8 fundamental difference bofwoen.largo, enclosed flames and':ﬁall.
open flames not yet disclosed In the current analysis; two, an unjdentified error

assoclated with the determination of burning rates. The next ifep should be to
check the latter possibllity,

- .
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CHAPTER I .
INTRODUCTION AND OBJECTLVES OF THE RESEARCH

.

» > .
I. Summerfleld Burning Rate Theory of Composite, Solld Propellants; Early

Tests and Results.

Early research on the properties of burning solld propelliants
revealed that the burning rate was a funcrlon ot the gas pressure to which
the propellant was subjected. Inlffally, double-base propellants were used
qu studied, and a falirly complete understanding of their combustion process
was,ob*alned. Double-base probellanfs are a homogeneous mixture of nitro-
cellulose and nitroglycerine. Later, composite propellants consisting of a
tuel matrix acting as a binder for solid crystals of Oxidizer evenly distributed

in the formulation were devejoped. Several empirical burning rate laws such

as Muraour's Law (r = a + bp) , St. Robert's Law (r = bp" whure 0.3€n£0.7)

and a combination of the two (r = a + bp" ) were applied but were found to

be valid for composite propellant combustion only over short pressure ranges,
This situation meant that many tests had to bu made In order to obtaln even
an empirical description of the burning rate-pressure relatic .ship for any
particujar propellant -~ a very time consuming task. In order to til| the |
vold-of understanding concernlng composite propellant combustion and to
defar?Ina a burning rate law appllicable over a wide pressure range, Professor
Martin Summerfield proposed a so~called granular diffusion flame model for
composite, solid propellant combystion, The relationship resulting from this

mode| was tésted with solld propellant strand data and found to agree very
L] L ]

well with the experimental results (I). This relationship is of the form;

I/r =« a/p + b/p.'/3 .

R




and (b) Is a constant determined by the diffusion characteristics of
L

the tuel and oxidizer vapors, which are rate-controlling for combustion

-

at high pressures (1),

. II. Experlimentally Noted Differences [n Rocket Motbr and Strand Burning Rateg .

A strong test of any composite, solid propellant burning rate law

is how well It predicts the burning rate as a functlion of pressure In actual

.appfléatlon. Prediction of burning rates of composite propellant strands
. e
using the Summerfield granular diffusion flame theory of combustion was

Indevd accurate when compared with the experimental results obtained from
[ ]

. 2.
L]
' In the above equation, (a) Is a constant determined by the chemical
. 'klneflcs‘oj the combustion which are rate-controllling at low pressures, j

burning strands. The accuracy with which the theory could predict the®
.
- bu;nlng rate of composite propellant in an actual rocket mator stlill remained
“to be defermln;a.by experimental tests however, .If was my plan to conduct
o these fe;fs. In general, resuits of industrial tests shoﬁed that the burning

rate of propellent In a rocket motor differed markedly from that ot a strand

of ldentlcal propellant; In most cases the burning rate In a rocket motor

was sald to be greater than that of a strand, though In some casus The reverse

was found for unuxplalned reasons, It was postulated that a ";cale“ effect

exlsted between a rocket motor grain end a propellant strand due to the -
difterent conditions under which cembustlion took place In the two cases,

Theemost obvlou§ reason for the existence of thls so-called scale effect -
Is the effect on the burning rﬁfe of radlant energy feedback to the propeliant

surface, Othor factors yet unknown may contribute to cause this scale effect,

o1t was declded to investigate theoretically and experimentally the magnltude of

. the'radlant flux from the combustlon gases Incident upor the surface of .




burning composite solid p}opellanf, and consequently to test the applicability
ot the granular diffusion flame theory of composite propellant burning rate

to rocket motors.

111, Ettec* of Bagiatlgn on ngggg te Propellant Burning Rates

The orliginal development of the Summerfield granulur dlffuslon
tlame theory assumed that radlation was a negliglble mode of energy transter
to the burning surface of a compoéife, solld propellant compared with cgnducfion
trom the flame zone to the propellant surface, The change In burning rate
due to the.inclusion of terms corresponding to radlant heat transfer In the
,qranular diffusion flame theory was developed by Professor ngmerfleld and
Is _reviewed later in this Theéls; Results are presented In (2) and In thlis
thesls. The posglble sources of radlant energy are the thin reaction zone of
the solld propellant flame and, In a rocket motor, the hot coﬂPusflon gases
present In the central grain cavity or "core",

Experimental determination of the radiant energy from the
propellant flame was performed by D, W. Blalr;'(?L, 9, (. A fheo}ef!cal
prediction of ;he radlant heat transfer from the hot combustion gases to the
propellﬁnf grain in the experimental rocket motor and an experimental check:
of the valldity of the predlictioniwas my task,

In meking these tests it was hoped that & reliable ewaluation of
the role of radiant energy In®solid propellant combustion could be made and
consequent|y réeveal the general appllicabllity of the modified Summerfleld

granular diffusion flame theory for the analyticdal determination of composlite,

solld propellant burning rates. .
. : A




Iv. o Stran urncr as a _Solld Propellant Research
L]

Use of thd granular diftusion flame theory of composite propellant
burning rates is dependent upon the accurate determination of the paremeters
(a) anduig)‘from measurements made from burning strands. Acc;rufe measuremen}
ot these parameters s possdble only It the research tool used Is capable of
producing data having a low scatter. Since, at present, the strand burner is
the usual research tool, It was decided to Investigate the desirability ot
uslné strands for burning rate measurements énd to develop Tthe strand burner
to a point where the burning rate data obtained had as low a scafter as
possible, preferably 1% or less. The data obtalned would jhen be compared
with rocket motor burning rate data. This Investigation (2, 9) was
performed in conjunction with the rocket motor tests. A summary may be found
in Appendix IV. The results of this investigation and strand burner

[ ]
development indicated that the random errors assoclated with measuring the

burning rate of a given glamefer sttand might be kept to a 2% standard *
deviation or less. Typical results of such testing were obtalned by the
author from 1/4" dlameter strands ot propelladf Identical with the,propellant
used In rocket motor tests and are shown In Flgure 5. The random scatter In

these tests was less than 1% standard deviation,




CHAPTER 11
t. BURNING RATE DETERMINATION FROM ROCKET MOTOR
. EXPERIMENTS WITH RADIAL BURNING GRAINS
[ .
I. Graln and Rocket Motor tlquration==Criteria un |
. In a solid propellant rocket motor the chamber pressure variation

]
with time Is rekated directly fo the area of burning surface ot the propel lant

tfor a fixed nozzle dlameter, There are three general classifications of
pressure~time relations In a solld propellant rocket motor using any particular
graln design and its associated burning surface, These classificatlons are
called pcogressl;e, neutral, and regressive burning characteristics and directly
Indicate the manner In which the asea of propellant burning surface varies with
time (6), A progressive burning charé?terlsflc Indicates that the burning area
of the propellant Increases with time, resulting In a continyous chamber pressure
increase, Regresslve burning is the converse of progresstve burning ;hd
Indicates that the chamber pressure decreases with time,while & neutral burning
characteristlc means that the chamber pr;ssure In the rpcket motor remalns

constant wlth time’ during the firing. There ®re combdnatlions ot these

- [ ] . .
characteristics due to speclal grain design but th'ese need not concern us at

this time.

. [ ] [ ]
Experimentally, V1 has been found that the blrning rate ot a .

solld propellant is a function of the pressure on the burning surface of

the propellant, A progressive burhlng graln was used because it reduced the
necessary ngpber of rocket motor test tirings by providing data over a range
of pressures ina single firing. A cylindrical grain having a cyllindrical
Inside port was chosen. This grain would burn radially outward from the port
su(face and provide an Increasing burning surface and Chamber pressure, In

theory, the surface of this *grain would be a series of concentric cylinders of .

;
|




[ ]
constant length. This qould moke relatively simple the analysis necessary

to obtain the burning rate versus pressure curve of the propellant from the
test tiring.

In the actual design of ¢he radlal burning grains to be used In
these tests, several related factors had to be.considered. These factors
we;eg the welght of propellant that could be formulated at one time, the
preventlon of erosive burning effects, the chamber pressure; obtainable from
any ratis, Ky, of burning surface area to nozzle throat area, and the -
minimum nozzle diameter (to be greater than or equal to 1/4 In;h) to: prevent .
nozzle constriction from thermal expansion during firing. Incressed burning
rates due to gas flow scrubblng of the burning surfBCu--eros;ve burning--were

eliminated by u8ing a ratio of graln port to nozzle throat area greater than

or equal to 10. The ratlo, Ky, 28.2 function of chamber pressure for a

typlcal propellant used In the Princeton Unlversity research on solid pro=

pellants was calculated from the equation

el
kelq/2
KN - PC_[ k(Z/k-‘ J . ‘
r FP[R%AW;(T&] 4
P. = pressure, psi .

r = purning rate, In/sec

g = acceleratlon of.gravlfy .

k = }atlo of .combustlon gas specific heats, 1,235 (6)
I:P = density of 8olld propellant, 0.0637 #/In3

R = unlversal gas constant

T_. = temperature 6? combustion, assumed to be adlabatic flame
9 temperature , 426(°R

MW = molecular welight of combustlon products, 23,45#/mole

- - .




P. and r data for a 75:25, P~-13, NH;bDO4, propel lant were obtained
~trom (5) end the resulting KN=Pe curve is shown in Figure 6, The welght of i
propellant that could be formulated at one time was formerly 600 grams,

Atter the motor and grain design was fIxed and the necessary equlpment

constructed, improved propellant tormulation procedures enabled me to make . i

twice thls amount_of_propellant at one time, i
The tirst step Iin desligning }he necessary grgin dimensions was

to determine the nozzle throat diameter using the abové mentloned four

tactors, This was done by writing an equation for the wélgh# ot the dropellant

grain In terms of the ratios mentioned in the design factors and solving

for the throat diameter.

6w
: 54 = V/F/Z;/?'ﬂ'ﬁg4[:(%ngi.[} (2) .

x
f

welght of propellant,#

Q
-+
|

throat diametfer, In,

density ot propellant

o
"

KN, = value of Ky at start ot combustion ) * %
KN2 = value of Ky at end of combustion . g
A derlvation of this relatien is glven in Appendix 1. The port diameter, . 5

grain length, snd outside ‘grain diameter were then defermlneJ by the equations:

c/,o -ﬁ56/f . (3)

ZL" Oé /gvl - ’
T qim : @,




where
dp = port diameter, in
L = grain length, In

D = outside grain diametor, In

From Flgure 6, the, values of Ky were found for the desired change

in chamber.pressure during the motor test. The corresponding graﬁn dimensions

and nozzle throat dlameter were calculated via Equations (2) through (5). The
grain dimensions arrlved at by the preceq¢ing method of calculation did not

Include the Increzse ln_graln spze due to the necesslty of Inhibliting the

[ ]
grain to prevent combustion from taking place anywhere byt on the grain port

surface, A |/8' thickness of Iinhlbitor was deemed necessary to prevent tha:

initlation of combustion on any surtaces, At the tIme that thls consideration

was brought to light, the grain molds and combustion chamber had 2lready been
constructed and the maximum Iinhibltor thickness gn the low pressure grain

could be only 1/16 inch. It was later found this thickness was satisfactory

. .
Tha medium and high chamber pressure

even at pressures as high as 1000 psi,
b °

gralns were smaller In dlameter and readily permitted a 1/8" inhibitor

thicknesg. In fact, It was decided to use enough Inhibitor on the outslde
[ ]
cylindrical portlion of the grains®to make thelr maximum dlameter correspond

to the Inside diametsr of the rocket combustion chambef. This elliminated the

] L]
necessity of providing a mechanical support for each.graln to hold it In the
L] L ]

center of the combustion chamber (Flguses 12, 13),"°

{3
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Having tixed grain dimensions and thelr associated mozzle dlameters,
[ ]
the physical design of the nozzles and combustion chamber was accompl!shed.

Since It was unnecessary to measure the thrust level of the

. e

rocket motor to défermine the propellant burning rate, a simple converging, °
choked nozzle design'was used for each range of chamber pressures. The

nozzles were made Interchangeable by designing them to be slipped Into the

nozzle holder plate at the rear end of the motof, see Figure 7. A metal-

to-metal seal between the shoulder of the nozzle block and the nozzle holder
plate, utillizing the motor chamber pressure to provide the sealing force,

preven;ed the combustion products from escaping anywhere but out the nozzle,
Fléhre 10, The nozzle converged at a 300 angle to the throat with a 0,5 Inch
radlus at the transitlon to the throat diameter, Copper was used, because of
Its high thermal conductivity, in the nozzle block fo prevent nozzle burnout,

and'a molybdenum Insert in the throat seotlon prevented mozzie erosion by the

Jiot, high velocity rocket exhaust, Molygdenum was selected for the nozzle Insert
[} [

waterlal because of 11s relatively high heat conductivity and lack of chemical

reaction In the reducing atmosphere of the rocket exhaust, No measurable

eroslon or chasnye In nozzle dipmeter was noted in tpe process of rocket motor
1usfln§. Lator, an all copper nozzle was employed for somg motor tests
without any measurable-erosion, ralsing the question of the necessity of using
a molybdenum Inse;T In fuf;re, short run duration, mo;or tests,
o It was decldcd to use one combustlon chamber size tor all grains
t; be tired, and the maximum grain length and diameter flixed 1his slize.
A spacer between the front wall of the combustion chamber and the grale was used
In each case to supply a stagnant pocketeot gas at the pressure tap and leave .

room for igniter placement, The chamber wall was designed to burst at 4000 psig

to minimize explosion hazerd In case of a motor maltunctlon, and a burst




disc assuably=-~disc burst pressure was 3000 psig~-~ see Figurg 8, was

employed, To faclliltate grain loading and nuzzie changling, the nozzle

holdor plate was designed to screw lnfo.the combustlon chamber and a gas
[ ]

seal was etfectod by a spiral wound, meta%-asbestos gasket compressed !

between the nozzle holder pliate and the combustion chamber. The motor j
mount wes slmply a sectlon of I-beam bolted to the test stand's concrete
floor with a slmble A-frame to hold the motor Itself.

11. L Inal Rocket Motor, Nozzle and Graln Dimensions

The tinal rockef motor, nozzle, and graln dimensions are glven

:

n Falil I, Appondix I; more detalls of the rocket motor are glven in Flgure 10.

I11. Graln Preparatlon

* The propel lant formulatlon used In making solid propellant

gralns was a standard type used In previous Princeton University research,
*
Thoe baslc constituents were ‘ammonium perchlorate crystals for the oxidizer
L]
and a styrene based, polyester resin as the fuel,e:-The oxldizer was obtained *

from Amerlcan Potash and Chemical Company deslignated "Aerojet As Recelved." .

The fuel resin was obtained from Rohm & Haas Company and had the designation’

° L ) .
"P-|3." The composition of the propeilant is glven In Table I with the .
L}
numbers Indicating percent of the total amSunt. This propellant formulation e

was densely loaded wlth, oxldlzer and consequently provldéa combustion * )
conditions closer fo sfolchlomefrlé fhan any other Princeton formulation,
This resulted In Increased combustlon effliclency but also a faster burning
rate than a less oxldized propellant, The Increased, burning rate meant short
tiring times in the rociet motor with only a small increase In the adlabatic

t lame temperature, Thus the heat loss to the rocket motor's metal

o o -
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components was loss than that loss would.have been with a slower burning

propel lant, It was felt that fPe decreused tilring time would not adversely
st fect the accuracy of the data obtalned from the chenber pressure versus .
time trace recorded ¢urlng each moto; test. Furthermore, the very vl;cous .

nature of thls propellant made It easy to fill the grain molds and Insert

the mandrels wlthout excess propellant trom the mold being lost through spillag

c w TABLE I
. . . .
. ’ Rocket Motor Solid ﬁrbpellanf'bomposlflon .

Designated AP 80:20, Princeton Unlversity

P =13 19.75
) Nuodex Cobalt : 0.1
Lecd thin, 0.1 , .
NH,C 10, P T
Unground 56,0 .. . ¢
Ground 24,0 :
Total Oxidizer 80.0 : . . .

Methyl Ethyl Ketone Peroxlde (MEKP) 0,05

Total . L : 100.0 .

e,




1V. Precsure Recording §!§fgms'

[ )
Two methods of obtalning and recording the chamber pressure-time .

history ot the rocket motor during a test were used, both being tested

concurrently to ascertain the best method. The first method utllized a .

minfature slide-wire potentiometer type pressure transducer. The transducur output
[ ] [ 4 b
was fed Into an oscllloscope set for a sweep rate ot one contimetor per socond

and & photograph taken of the resulting pressume trace. The transducer
L]

was mounted on the floor ot the test Tell to eliminate nolse slignal due to °

vibration during firing. The second method used *a bourdon tube sensing elcment
L
whose deflection was recorded on a chart recorder. The complete Jnstrument

was made by the Esterl|line-Angus Company., In both cases, the pressure sensing *
elements were protected by having the presshré impulse transmitted to them
by hydraullce fluid in a line trom the element to the rocket motor chamber,

In*the case of the Esterline-Angus recorder, the line was of a much greater

length and was fitted with a needle valve to act as a snubber for most &t

the high freduency, high préssure Iimpulses when the igniter wgnt off. It was
decided that the Esterlline-Angus recorder was the best as It produééh'a
physlcal!y larger data Image, making It easler to reduce the errors Involved

In calculating the instantaneous burning rate. In addition, since _the
® L]

electric pressure transducer had a range from 0-3000 psig, the high oscilloscop

seusltlylty necessary to get & useful trace at low maximum chamber pressures

.

revealed the Integral step™ In Thé dutputect the transducer when the siiding .
L ° . .
coptact changed from coll ;o c?il. This type of output made it imgossible to
[ ] L ]

get contlinuous chamber pressure versus time data. The only dlsadvahfage
in®using the Esterlline-Angus recorder was that the dafa.had to be replotted on
rectilinear, paper before the pressuro=time trace coule be used to obtaln burning

. . .

rate data,] This replotting could be done o an accuracy of about t 5 psl *trom

the Esfarllpe-Angus record charty which was ‘lfhln the + 10 psi accuracy’
’ L

avallable trom the recordor Itself, Due to the presence of 8 pressure pulse
. L4 [ ]




~ 3.

Snubger.ln the pressure pickup line to tho recorder, the response time

was known only to be ot the order ot 1/4 to 1/2 a second. For the purpose
[ [ ]

ot analysis, the start of steady-~state burning was assumed to be when th&

extrapolated pressure curve made an intersection with a line perpendicuiar

i
i
:
i
i

to the time Bxis, drawn trom the time of igniter discharge. Although thls

caused a slight error In ma8s consumption computations because the chamber

pressure bulld-up Time was neglected, the mass fraction se assumed was very
*  small compared to the total propel lant mass avallable,

V. Initlal Test Results

Inf}lul‘fbsf redults were qi}fe disappolnting since the pressure=-
- L] .
time. trace obtained showed a rather slow tall off--or cessatlon of chamber
.pressur; and hence burning=--rather than the sharp cut-oft expected from a
. [

. ! .
.uniformly, radlal burning gralin, Several expianatlons arose==non=unlform
L] L ]

ignition of the port surface, propellant wolds, cracking of the graln due
. . * . . .

to a hlgh pressure Impulse from the igniter, uncven ignition due to the
Inbudding of hot Igniter particles deeply into the propellant because the
fgnitar had been placed In the port of fhé grain, It was declded that an
investigatdon of the propellan} burning surface should be made Ly quenching
the grain during a motor test. Consequently a water *quenching iysfem was

set up, see Figure 15, . . .
. .
The possiblility of propellant volds causing a nop-radial burning

surtace was Investigated by forming some grains of a 75:25 composition, which

[}
was very soupy in the uncured stahe and easlly deaerated during the grain

s BT

moYding ppgocess. These grains exhiblited the same lomg cut-off perlod
]
hd L]
originally founc In the 80:20 graln formulation, This Iindicated that
. ] L] .

propsllant volds formed during the grain tormulation process werd not the .

.

cause of the long cut-oft puriod (herein referred to as "tall-otfud")



Water quenching of both 75:25 and 80:20 propel lant grains with fhé’lgnlfer
° L]
nlaced In the grain port showed that there were indeed holes In the radial

burning surfece, varying Pn diameter from about one~half Inch to one~and~ !
one-half inches, but no evidence of graln cracking was seen, It was
) : ‘

concluded that hot particles of the igniter were imbedding themselves in
" the propel lant surface upon igniter firing and causlng local holes to be
formed, Figure 16,

At this polnfvfhe igniter must be described. It was of the " jelhy
[ ]

rol v type consisting of magnesium powder mixed in a siurry, spread‘evenly -

thick on a cellophane back, and allowed to dry, The subsequent sheet was
° . .
cut Into strips and rolled around an electrical squib, It could be made .

in any desired weight., We used a 6gm Jelly roll, made by Speclal Devices,

Incorporated which had an ignjtion time to ignite all the magneslum powder

of approximately 20 mllliseconds. It was decided to obtaln a "skow acting" .
.

6gm ‘jelly roll and at the same.time develop.an Igniter using hot gases to e

Ignite the propellant. The hot gas ignifers used an electric match Igniting

a'BBE blackpowder and scrapings of solld propeliant. These Ignlters were

"found 18 proJLce égérlx repeatable Ignitlon resuits. With the arrival and-.testing

of the slow acf]ng Jelly rq!lalgnlfars,'fhe\bot gas lgniters were. pbandoned. o .
Quench tests of gralins, ignited ;lfh the slow acting+jelly roll were

made. The igniters were ;nchored.ln the spacer so that the burning magnesium -

particles were swept past the scraoped surface of the grailn pdrf. Th& quench

 tests showed that there was no pltting of the propellant and uniform, radial

burning. The Ignition problem was then considered to be solved. LT

As Indicated above, the water quenching of burning grains was very
successful In the interruption and oxflngulshing of the burning grains. The .
method usod.lncorﬁorqtoq;qyaﬁkny roke, This spray rake was insqrted In the

. o il e : o : -




. frorﬂ' end of the rocket motor on Its centerline and projected a heavy, .
radial spray of water on the graln port surface In the combustion cha:nber,
Figure 18, A water flow rate of approximately flfty gallons per minute
immediately quenched the burning, as indicated by the pressure-time frace .
" of a quenhéd gralin in Figure 17, .
. F ° Examination of several .quenched grains, burnl.hg at low and hlgh.
. chamber pressures, revealed an Interesting, gener.aj cheracteristic of the

. burning surface, Figure |8. A sketch of a typical, quenched grain surface

[ ] ®
Is shown below and

may be Interpreted in terms of the propertles of cast propellant learned

. . from the studies conducted by D. W. Blair on strands, The £mall dip--

| exaggerated In the sketch but uniform all. around the graln==ip the ‘propellant
. o * ¢

surtace Is explained by the tendency of propellant to burn faster near a

{ molded surfage, A "molded surface" |5 that portion of a casfing of solid

. propallant which was in confact with the surface’of the casting mold. ‘The

rgasdn for the small rise in the surface level, Immediately adjacenf to

the Inhiblitor, may be .explalned. by fho compléfe' removal ot oxlidizer cr.ysfals
[ ] [ ]

. at the grain surface during the removal of the mold retease agent assoclated

%
§
4
i

with the preparation of the cured graln for Inhibiting. The lack of oxldlzer
* Immediately next to the grain surface would cause g slowing of the bu'rnlng .
rate at this surfale, The .lnc}ease in area due to the dips was small and

It was concluded that .for the purpose of «data reaucflon, radlal burning

took place until the dips reached the outside Ighibifor surtace. At this

. point, the burning surface ereogtqm ,1"0 decrease as the edges Jt the‘dip




. .
burned toward the center,of the grain. The resulting decrease in slrface

area, once the dips reached the outside Inhlbltor surface, chused the chamber
. [ ]

pressure to decrease as the remaining propellant was consumed and formed

the observed "tall-otf".~ The final conclusion concerning data reduction was

. L

that the burning rates could be calculated safely up to the point of maximum

chamber pressure, .assuming “hat the burning was unlformly radial, The area’
[ ]

. . L ]
increase due to the dips was |ess tharf 3%,
. [ ]
The Initial testing also revealed that the calculated Ky data used
[ ]
in the original design of }he graln and nozzle diameter was low. That is,

*ratios ot Ky greater than calculated were necessary to obtein sthe desfred
L J

[ 4
pressure varglations. T see this, see the curves on Flgure 6., Subsequent

experimental Ky Qalues of 80:20 p;bpellanf’wéﬁe determined and It was found

- L[]

that the use of two new, smaller diamejér nozzles--o0f 0.359 Inch and 0.250 inch "«

diameter, respectlvely--and the low and medium pressure grain designs would .

produce the des{red range In presshre-varl%fion trom 200 psig to I50b pslg,
l;cluslve. ’ .

Calculation of burning rates at lowschamber pressures r;vealed
approximdtely IS; lower burning rates than those-determined from strands,
¢ It was decided to g to hlgher Taxlmum éhambe}'pressures.and determine the .
assoclated ‘burning pates to sbe It the ;feﬁd.cpntlnued. Th{s was done using °
the new, smaller nozzles and Tﬁé low and med]um grbssure.gfbln designs.

o .
VI. Data Reductlon Procedure

As mentioned previously, one of the advantages in using a radial
burnigg grain was the relative®ease of calculating the propellant burninhg .
rafe.from the pressure:flme-curve recorded during yhe°mofor test. The pcp-

cedure for these burning ratp calculations was to equate the propellab? mass

N




]
consumed by combustion to the mass outflow through the nozzle. A term in-
. volvlﬁg the rate of gas mass increase Inside the combustion chamber was very
L 4

smal| compared to the other terms and was discarded In the burning rate

analysis. s The mass of propellant consumed |s directly proportional to the
L ]

difference In grain port radius squared at a given time and the Initial.

port ﬁ?dlus squdred. Hence an expression for the Instantaneous radius as a
L
tunction of time, Instantaneous chamber pressure, the integrated area under

e

the pressure-time curve up to that time, and the characieristic valocity
c* could be obtalned. The time derlvative of this expression Is the

Instantaneous burning rate of the propellant. For a complete derivation of
L] L] [
the expression determining the burning rate, and an’example ot the data

reduction procedure, see Appendix II. This method of data reduction Is simllar

to that given In (8), R . .

. The, pressure-tige trace obtained directly from the.Esferline-Angus R

recorder was not a rectilinear plot since fhe.recorder pen, actuated by the

bourdon tube pressure sensing element, %raced an argc on the recorder paper,

Figure 19, “Therefore, It was.necessary to replot the recorded gata on -
recti binear ¢38rdinate paper sjnce aréa Is not conserved under transforma-
. .

tion of one coordinate In a two cdordinate system. This was done In all .

cases and a typlical pressure-time trace, replotted on rectilinear paper, Is

showg In Figure 20.°

] -
.

originally, the ln?égraflon of the area under the replotted pressure-

L]
time curve for each run® was done with a planlmqfer. This process was very
[ ]

time consuming and it was found that the method of trapezoids was much

”'-W-Tw'-c-wm~aonm+~a.w,-<~ R

taster and Just as accurate as a planimeter, A method of integration using

Simpson's Rule was also tried but the smallest corvenlent division of the |
time scale Into equal elements of time did not glve as good accuracy as the o

above two methods, and the method was dilscarded,




. lec

- ® °
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®

. [} . d
The avurage c* for each test firing was found by dividing the entire, . '

Intogratud orva under the pgussure-time qurve by®thu welght of propellant and.
[ ]

Inhibltor burned, . fk
. . Clxp. o= Afg_[Péd'f/w' §‘
Ay = nozzle throat area
* ) . CBxp. =. experl;enfal chargcteristic®velocity

3 ) Ttimal = totol combustion time o .
é’ ; P. = [Instantanceus chumber.pressurg. - .
i LI W' ‘= welght of propullant and Inhibltor burned .
i ) ‘e g = aCfeluraflon ot yravity . *
V% . The exporimentally duturmined c*™ showed o varlatblon from 4,300 ft/sec. to .
{ o .

* 4,710 tt/sec. In the tests roportud in this Lheuie. “IT wes duclided to use

an avuroge, uxperimental c* ot 4,520 ft/svc. for the data reduction to obtain
') »® °

burning rates., Thu percentade deviations' of experimental ¢*'s from this *
. b average &% arv approximately 1-5%. The total welight of prépellanf and In- .
g ‘ hibltor burned was used for these c* determlnatlons because a small quantiity

.of the Inhibitor was burned by thg hot combustion gases and subsequently

exhousted out thu nozzle, The weight ot inhibltor burned contrlbufed to the

[ )
chambur pressure and mass*f|ow,out the noZzle of the rocket motor and .,

[ ] . . *
thervbore had to be Included in the calculation of the experimental c*. W'

was determined by wulghing the Inhlbifad‘graln before tiring and welghlng

B, rep

the Inhlbltor atter flring, the ditferegco being the weight of combustion
° . e ®
gasus which flowed out the rocket nozzle. *
. . -~

The use of onby one wvalue of E*, 4,520 ft/sec., Instead ot on
[ ]

[
Instantanwvous c¢* for wach prussure in the calculation of the burning rate .

- e . .
as a tunction ofs prgssure resulted in a ducgeasw ‘of data point scatter of *

. wne * . L]
.. the burning rote vs, prbssure curve, . .
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: .

VII, Flinal Results of Motor eTests and Comparison with Strands

The calculgted burning rates as a tunction of chamber pressure
trgm the rocket motor tests are shown In Flgure 21. . These tests gave the

unexpected result that the average burning rate of tne propellant In the

rocket motor was lower by 3 to 13§ than the rate determined from extruded
[ ]

oStrands of ldgntical propellaﬁ?. It must be noted that the discrepancy

L] .
decreased as the chamber pressure Increased, though no meason for this is

avallable at present, At fir'st 4t was thought that the hoat loss and .

consequent decrgase in c* at relatively low chamber pressures (around 300-

500 psi) was regponsible for the 108 di'screpancy.. However a short alculation,

- ,8

assuming an upper limit of heat loss, resulted In an approximate ¥ecrease
.

in burningerate of only |.5% and did not gxplain the lOi discrepancy observed.

. lLater error calculations PAppendi; 1) show that the discrepancy lIs partially
L ]
. due to the uncertalinty of the dorrect value of c* used in the burning rute
calculations. . . .
. . . -

The investigations of Blalr (2), (9) show2d that extruded §Trands
tend to burn abolit 7§ faster than strands having no mqld surfaces. Since the

rocket motor test grains had very little.molded surface, it was fo be expected

that a low vafue of burning rate te found.” However, the effect of the

‘adlabaticity wlth respect to ra&la?}on" of a radial burning grain, was expected
to cause the grain to burn approkimately [I§ faster than ‘a strand of the

[
* identical propellant hgving no molded surfacds. This did not appear to be

:
the case, In view of these test results |+ was decided to*inspect closely
‘the role of radlation in 'solid propel lant combustion, both In a strand and

. in a radial burning gra!n.
[
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CHAPTER III
EFFECT OF RADIATION ON THE BURNING RATE

OF SOLID PROPELLANT IN STRANDS AND MOTORS

n s Showing A Due To Radlatlion

20.

The original derlva?lon.of;fhe4Summerfield Granular Ditfusion Flame

expression for composite propellants, (2) and (10), considered that

conduction was the dnly mechanism feeglng energy fo .the propellant surf;ce from
the reaction zone.
for possible radiative energy feedback,
referring to the foliowing sketch and using the followlng symbols Is glven

below, (Thls analysis may be compared with the results In (2).)

L]

.radlant energy flux feedback from flame
radiant energy flux loss from flame

radiant energy flux into flame zone from external

sources (e.g., Icore from a hot gas core in a hollow

burning grain)

Fraction I, absorbed before the solld surface

enthalpy of tombustion cp

(T ~To)
9 (aq)
final temperature of combustion products
tinal temperature (adiabatic case)

temperature of solid surface--assumed independent
of P, valld if Eact . 2.kcal/mole

ambient propellant temperature
hypothetical burning rate in absence of radlation
actual burning rate with radlation term included

density of solld propellant .

The results of this additlon,

Recently a radiation component. has been added to account




R N

-

and galn, the change in propebklant burning‘rate may be derlved as

@)
-
]

s
[}

T -

speclfic heat of solid propell::nf

exothgrmic heat of solbd to gas reactlon at surtface
speclflc hcat ot combustion products__

adiabatic gaseous reaction time in flame o

° .
actual time for gascous reaction
L] .

For the general case Including all types of radlative energy Joss

fol lows,

21,

With reference to the sketch below, *the energy equation for a burning strand

* ’ x.-ﬁa

. m Qc
g et
Xz -0

- From Equation 2, “dotermine T .
[ ]

3 [mC 7:"”'1fo -L] - —-—-—[mCJT(J)fI L]

may be written gs .

m. ¢ = mC (7; 73) 235(‘))()3 IF"'M(QC. QS) I (‘ XF)

V’—'
K=5S+
mCg(T-T) + I~ I,

o e - R .
X= 400 . .

()
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*
»

since ﬁ"Qc'ﬂ.'cg‘T(aJ)'L—)- Now solve tor (%})s’ In Equation |;

. i

(x) x T-Ts ,L(T(,/)f-_l}_ L —-T)

35 / mC. g (4)
. .
.
. o . . . .
where L |Is the dlsfa&ée between the surftace of the propeliant and the
flame front, Estimation of the vaiue of L may be done by assuming that :'
" the dénslfy of gas between ?h; surface and the f(ame tront per unit of
surface area Is a function oqlf of the dlsfance_befween the propel lant
- surface and the flame firont, It ;s also argued that thls }Isfance Is
Increased due to Incldent cad19flon qn.fhe propellant surface §tnce less ) :
energy feédback by conduction is necessary to vaporize the surtface * e )
proped lant. We may then write that
. ’ toe . - ;t . ¢
ICVQ = .lZL 2 l:o"égt 7-725 . (5)

fs

- - .
oo .

where the zero sugscrlpf.denoTes no radlation, adlabatic flame condition,
Substituting for (%(T)a expressed In terms of‘T. and t‘R into the energy
> .

equation we obtain .

- o em[C (-T)- Q,] 5 f(l-'(,.-)l] Ay Ry T + L L]l

(6} .

Q’.‘




v . .
° It has boun wssumed that T, Is approximately constant. This is true for
. large values of activation energies ant may be seen from an examination of

the mas8 flow rate with respect to the pyrclysis rate of the propellant.

) ) /;7 < rr%mlys’h hd )OPA exp ( faﬁm% ) -

”IJ}) écﬁm /lon

Low Eac/n’a !‘4’5/7

Since n") {s constant .nT a constant pressure, the above sketch shows that for
» a large activation energy, the surface temperature, Ts stays constant, /
* ° Noting that
1o (Tus™ ) : :
s(l(m/) s;] _
. g. - =Mm, [Cs.(Ts"’-E)"CDS]
> . Lo N
a four term equation, cubic n m , may be written from Equations (6) and (7)
with no further assumptlons as: .
. . .2 . .
m,[_C;(Ts"T‘) '.QJ - [Ir' ("'°<F)IF] m - mf[cs (7 -Te) - Qs] ("%‘) m
-__'”-7;(1:1‘ [C:(h-T) - &, T (—'5—)~o (8
. e Tol ~ ' ¢
3[1;0«‘)"7:]
To solve for("%,) assume‘ﬂ,’_ I|(<| Divide Equaflon (8) 7
v ) P
by o} [c‘(r,-‘a)-Q‘] and let (%"),}*J and retain only those fefms ot ?
(4] i 4 ) ;
order §° and S . Then [I,_-I:(l-otp)f, e (T, - 0)-(3‘] - and |
(I 1‘)/” Cch terms are of order S and the resulting equation {
Iss

o= (/¢35) [Ier0= L] . T (145) - % (Ix-1)
' Comfe % Dl ¥ T 4,5y T)
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L]

Now note that (tyfz) is order of (|+8 ) ; then
. (%o X(1+8) —*(%48) )
and To (I.-T.) (I‘ Z.) Using the
T o (T~ T5) (T B _
above relationships in Eq.uaﬂon (9) - we obtaln: ‘
Osz‘; -EI"(‘_“F)L‘ ) .(I,‘ 'IL)
0[C$(1; T) OS] m.q{[(ﬂ)’-’;j
arfd | ] *
I +(1-%) I, - 4 (T _]') )
é s~ 4a + _‘_2_(__(2_ ‘l) (10)

m‘k (Ty-T)-Qs ] MOCJ(T@J)-E)
Putting Cquation (10) In terms of burning rates, the general equation for
the change In burning rate due fo radiation, Af: divided by the burning rate

with no radiation Is ) .
AT . £[ L0 L] + £(L-L) +—L(;t'o ) an -t
3 - o
r CRla(h-B)-Ql ~ CpGUwR 2\
We are now able 'h.) Investigate the effect of radiatlonsin propellant

For the case of the burning strand where

.burning rates In strands gnd motors (2),

Ix‘oa];'IF', 71—<7l-(d) and /r‘//[ £ 1,"Equation (1) beco&ues: e
. . +Ie | £- oo 1y (12 i
T e L (5 )
r CRIG(h-Tm)-QT ﬁ,c,(m, -®) 2
In the case of a hollow graln‘ burning on 'rhe Inside surtace, I < chr'e*ft ) . A
I‘ 'I,._-' Ke <</ ) 'T‘ = _4/'@() and '2;/[ = | are assumed, Then
. ) .4.:::- IF + ?LLorg { l + { 133,
' R0 e et D) -GT o G




II. e f in ng Ragdia n ult . *
o« The investigation of the flame zone radlation was undertaken by

D. W. Blair, (2), (l1), and was accompl|shed by means of 'a strand burner

equipped with an optical window and a series of apertures shown In Figure 28,
L ]

Values of IL where observed for various propellants at a range of pressures,
L]

Measurements of I, from flames of strands (80:20 mixture), burning at 500

pslg came out to be 6.4 cal/cmsec or a flame emissivity ot 0,075 based on
Se

a theoreticai flame temperature of 2800°K. . Insertion®qQf this . IL Into
[

Equation (12) assuming I = I, gives . .
° __A__E,- - 0,02'0 —00006 + _L(0,93__/) = —0,0Z/
o <

Thid result means that the burning rate of a strand predicted by the granular

diffusion flame theory when the effects of radiation are included, is less

than the burning rate predicted by the equation —,‘:‘,=%f‘£'y’whlch neglects
radiation, by approximately 23. The effect of radlation Is Indeed small,

but is not negligible In the predliction of propellant burning rates.

111, TIheoretical Jnvestlgation of Radiant Ener eedback In a Rocket Motor

An Investigation of the radiant heat feedback to the burning

surtace of a radlal'burning grain In a rocket motor, due to the radiation of

the hot combustion gasé%,.was Inltlated, Previous research at Princeton gave

the approximate mole fractions of significantly radiating combustion producte

. for an 80:20, P-13 ?ropel1anf as; N *
L) ® [y .
Comﬁbnen* Mole Fraction
. .. o, o 0.059¢ 4
.. HQO ' T 0,244 .
. o * co ) 0.319 .

> - HCI ‘ e 0.151
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. N
g [ ] - . . .
® THe ‘shape of the radiating gas column was assumed to be a cy!inder .
. and the approximate optical path length was computed, from (16), to.be 0,2
teet tfor fﬁe radiation lmplnging on the cylindrical surface of the burning ,
propellant grain. Detalled calculation of the radiant heat feedback Is ‘
glven In Appendix III. '. T ’ . ;

. The emissivities of the water vapot and carbon dioxide present In the |
combustion géa’were éompufea,_from.(l4)‘To.be O.I82.and 0.0552.respectively, - .

. for a total *pressure of 500 psl| and a feﬁperafure.of %8®9°K. Since both '
CO2 and Ho®® were phgsenf it was necessary fb account for their mutual .
absorption and determine a combineh emisstvity for CO2 and H20 as 0,1472, )

Emissivitiés for Cd “and HCI holeaules were calculated using the
followlng quafion from (]2):
é_ = [I" exp(-keF; Lc)]éF * [/‘ C’XF(" '('Foﬁ.'ze)]éFo (13)
. ke .= average absorption coefficlent of fundamenfa!
.. vibrafion-rofaffon band for Ith component . i
KFo = average absorption coefficlent of first é
over?o;q vibration-rotation band for 1Th component ] %
é?F = emlssivity of fundamental vibration-rotation . . %
band . . ;
. £ FO = emissivity of flrst over fone vibration=rotation . * é
. . band §£
Pj = partial pressure of ITh component . * -
. . Le = op‘l'.lc'a I* path length . . ) ,.

" Equation(17) gave the emlissivity of CO and HCl at 500 psi and 2BOO%K as

N [ ]
0.0304 and 0.0318, ,respectively, for radlation to the grain's burning

surface, ° .

The total emissivity of the hot combustion gases at 500 psi and .

2800°K was then found to be 63- = 0,145 giving & radiant heat feedback
LA

PY .
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‘ ) 4
to the graln surtace, eccording to equation q = 6G”T , of 12,2
cal/cmzsec. This heat flux is approximatly twice the flux to the fiame

zone as determined by Blair,

IV. Experimental Measurement of Radiant Energy ofsCombustion Products In
Rocket Motor .
Since the preceding calculations showed that radiant energy
feedback to the graln surface from the combustlon gases was appreciable, o
)’ . .

It wad declded to check the calculation by experiment,

The rocket's combustion chamber .was modified to Include a window
on Itﬁ longltudinal axis, looking through the rocket nozzle. An aperture
system was designed so that a radiation thermocouple (Model RP=2, Charles

Reeder Co., KBr optics) could "see" through the combustlion gases in the

. *

rocket chamber and out through the rocket's nozzle., The radiation

thermocouple was exposed to radlation from®the combustion gases only, and*
none from the hof'mefal.comﬁonen#s of the rocket engine. A small Ny purge
was constructed to keep the window in the rocket motor clean during 3

motor tiring. A schematic of’ the experimental equipment Just described Is

shown In Flgure 24, .

The output from the radiation thermocouple was ampiifled by a

Kintel differentiat ampilfier and sent to an‘oscl | loscope where the signal

was photographed. Since the output of the radliatlon thermocouple Is due

to the difference in fbmperafure between the senstive element and the

thermocoupie case, It was necessary 1o reduce the test cell temperature
[ ]

to the ouflee, amt'l ent temperature to minimize the effect of convection

currents In the test cell during the motor test. The case of the

thermocouple was also Insulated to help stabiiize the case Pemperature,

One test was made using Auarfz optics and three Teifs were

B R e L
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made with KBr optics to allow radiation in the far Infrared to be

recorded, Allgnment of the thermocouple with the aperture system was

accomplished by placing a 100 watt titanium filament lamp at the rocket
nozz)e and placing the thermocouple In the center of the resulting beam
ot Ilqpf through the aperture system. The thermocouple recelver was
Isolated from vibration during a motor test to maintain alignment with

the aperture system,
A-typical radlation trace obtained from a motor test Is shown in

Flgure 24, The large peak at motor ignition Is due to radiation of the

burning magnesium from the Jelly roll igniter. The peak just before the

completion of burning Is due to the relatively large amount of glowing
soot from the burning Inhibltor at this point In the test, Radlant energy

measurements obtalned from the one test using quartz optics were

approximateiy twice the value of radiatlion measurements obtained using

KBr optics. Since the three tests uskng KBr opttcs torrelate quite closely,
.lf Is postulated that the aperture system, In the quartz optics Yest, was not
properly aligned and the radliation fhe}mocouple "saw' a part of the rocket

nozzle, which would have a much hligher emissive power than the combustion

products,

1t the results of the three radiatlion tests using KBr optics are

averaged, the radliant 't lux received by the radiatlon thermocouple at a chamber
pressure of approxithately.500 psi Is 275 mlc?owafts/cmz, or 1,05 watts per

steradlan subtended by the sensitive area of the thermocouple,
A theoretical prediction of the' radiant energy recelved by an

elemental area placed in the seme position’as the radiation thermocouple
was then made,, and the analysis Is glven Appendix I11. The extreme nrays

ot the aperture system define & small, cbrcular area, at the base of -the

bot gas column In the combustion chamber, which |s “seen® by the radlation

i S 5 e
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. *
rectanguiar in shape, 0.2mmX2wm, approximately. It can be shown geometrically, "
) .
that the circular area formed by the extreme rays of the aperture system

i3 N \
29. .
(‘, N . ~
. thermocouple. The sansitive area of the radiation thermocouple was o
intersecting the base of the hot gas column, assuming the }hermocouplo
sensing area to be é point, Is very nearly ldentical with the ellliptical S
area formed by considering the rectangular thermocouple sens)ng area. This.

clrcular diameter was 0.23 cm and was 6/.8 cm from the }adlaflon recelver,

Since the normal intensity at the center of the 0.23cm circle, at the base

Iintensity of“a hemisphere whose radius Is equal to the length of the hot

gas column, the normal lnfénslty ot this hemlsphere was determined. Thils

] . .
i . of the cylindrical gas column, cannot be differentiated trom the normal

intensity was used to predict the radiant energy recelwed at- the radiation .
. 4
recelver using the method outlined for radlant energy transfer between

P

elemental areas in references (|4) and (16). The radiant energy flux at

the radiatiop receiver was calculated to be |.49 watts per steradian

e

»= = - —gubtended by the recelver area. :The predicted radlant flux is high since

no data was avallable for emissivity corrections due to selt absorption .
In a gas mixture containing CO and HC| as well as Cbz and H,0 vapor,
However, the predicted radiant tlux was of the same order of magnltude .
as the measured‘radiant flux, leading to fthe concluslon thj.fhe method
employed to qéfermlne the emlissivity of the combustlon produc}s Is quite *
accurate. It may be coficluded that the calculgflon, determining fhe°;adlanf
energy tlux to the burnlug surface of the solld'propellanf grain, |e at least
ot the correct dordes of magnitude, .Therefore the effect of.radla1jon trom .

the combustion gases Is of significant Importance In determining the propellant

burning rate In & rocket motor because It Is a significant mode of heat .
L] * .
L]

. tragster, . .




-

.
As previously mertioned, the theoretical prediction of radlation
" from the combusthon gases to the burning surface of the radial burning grain
used in these tests was 12,2 cal/cmZsec, Using a value of Ig = 6.4 . .
cal/cm?sec and the calculated value of Icore ® |2.2‘cal/cm25e€, the Ar/rg
due to radlafion may be calculated from Equation 13 as ' ’
r/ro = 0,040 + {0,038]1 + 0,00762) = 0,0857 .. .
The net effect of flame and combustion gas radliation Is seen to be an

Increase of approximately I in the burning raterof the salid propellant In

the test rocket motor over the burning rate of a strand., This Is apart

" trom eroslve effects, strand diameter effects ,*and moid surface effects.
L

E,
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. CHAPTER IV

”

*FINAL STATEMENT ON EXPERIMENTAL COMéARISON OF BURNING RATE OF
SOLID PROPELLANT IN STRANDS AND ROCKET MOTORS

& ®

. 1. mm f | n riment r

Theoretlcal considerations led to the conclusion that the burning
rate of a solld.pr;pellanf grain In a rocket motor would exceed the burning,
rate of a strand of [denjlcal propel lant by the amount shown by equation |3,
Use of equations |2 and |3 coupled with experimental values of Ir and
dheoretical ialculaflon of I re showed that the bugning rate of the 'solld
propellant grain should exceed that ot a strand 6f ldentical propellant by
approximately lli. This Is apart from eroslve, strand dl;mefér, ‘and mold
surface effects. .

Experlhenfal results from motoer tests did not $how the expected
Increased burning rates,Figure {2!), The rocket motor burning rates averaged
from 13 to 2.5% lower than sfrand.burnlng rates. The fact that extruded
l/qflnch strands were used, means'fhaf the experimental curve might be
corrected for dléhejer and mold surface effects, One ;uarfer Inch strands

tend to burn about 3% siower than 7/16 inch strands, while extruded strands

tend to burn about 7% faster than strands with no mold surfaces. The net

effect |s that fh? strand burning rate curve shown In Flglres (5)JaBd.(2b)
.should be lowered by approximately 4%. However, this Is not enough to cause
the recket motor burning sate curves to show their expected |I$ faster
burning rate. The above mentioned 4% correction In strand burning rates in.
Figure 23 would make the’averaged motor burning rate 1.0§ faster than the
burning rate in sfran?s'af 900 psi.

The motor burning rates were not observed to be ||f faster than
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the strand burning rates. Therefore an investigation of the poss1blb error

In these motor burning rates is desirable, T

]

11, Errors Involved In the Calculation ot the Motor Burning Rate |

Examination of the plot of calculated burning rates versus pressure

Flgurq (24) rewals a nonunlformity in fhe'curve§. The nonuniformity may be
Interpreted as belng caused by a varlation In the constant of integration u$ed
in the Integral method of obtaining burning rates from the g;nessur.e time. tqst data,
The constant of Integration Is the Initial radius ?f the burning surface Just
atter complete Ignition, This varlation would account for the varlation
observed in the pressure time traces &nd could be due to the nonreproducible
ignition from the Jellyroll igniters. The Ihtegral r.nefhod of obtaining
motor burning retes averages the .previous hlsfory. of the burning rate up to .
the polnt of the calculaflc;n.

The flrst error analysis In Appendix II shows that the burning
rates calculatad at 900 psi have approximately 3_6.71. srror based o.h the
standard deviation of the calcul.aﬂon for any test,. .

Any calculation from‘a motor test gives an (~ versus P curve that
s 46.7% Accurafe and the variation sz the calculated burning rate curves:
trom their average at 900 psi is t5%s Therefore the total possible
uncertainty In the results calculated from all the tests ls.‘f_ll.H. The

strand burning rates are included within this error envélope, Therefore resu|ts

of comparison of strand and motor burning rates are Inconclusive,
A second independent check et the uncertalnty in the calculated .
motor b'urnlhg rates |Is desirable and should Involve the nonuniformity.of

the pregsure time test data, A good measure 6f the nonuniformity ot the

pressure time curves is the slope (J% ) . - The slope, ( %), Is measured, -

* from each 'fesf, at a constant, chosen pressure., A fundamental assumption In

L]
. . ° . .
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this whole investigation |Is that the propeliant Is reproducible becpuse I~
Is regarded as a property of the propellant., If this is not frge, then *
the apparenf. variation In {§=  trom test to test will be due to the.

variation in propellant as well as any error due to the Instrumentation,

There Is no effect of area In this error measurement because the factor

Involving area cancels out when finding the value of 4%;? « The .

second error analysis In Appendix II shows that at a particular pressure
the percentage variation in the i&sfanfaneous burning rates from test to

test ‘Is: . *
AC T A(”)

SN

L
.

3

At 900 psi, the percentage variation, from test fo test, of instantaneous
burning rate Is found to be approximately 158, very close to the previously
calculated value of the possible error in burning rate calcuiations.

Thq conclusion to be drawn from this error investigation |s that

the present calculatlions of motor Surnlng rates from radial burning motor
 test data are not accurate enough to provide a concluslive comparison with
the burning rates of solld propélfanf strands, Furthermore, I think that
a radial burning grain providing a progressive pre#sufe-tlme trace should

not,be used In further festlng of thls comparative nature. ,This Ig due

to the difficulties involved In obtalnlag reproduclble, uniform Ignition of .
the grfain, A system providing a relatively soft and controilable energy

Impulse tor Ignition would be a wonthwhl le research tool for: studles of 'this
-type. If this Ignition system, were avallable, a radial burning grain might

stl|l be usetul It propellant reproducibliity and/or recording Instrumentatjon

error problems could.be solved.

. e
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I11. Congclusions and Suggestions for Further Research

There has been some evidence In the outside |iterature that at

chamber pressures less than 350 psl, the combustlon efficliency of the sollid
L]

propellant, and the resulting value of c*, Is low., These experimental
results tend to bear out the correctness of this evidence since low values

of c*, at the lgyer chamber pressures, would lower the average c* for the
rocket test and-depress the calculated burning rates. Thls would tend to
explaln the lpw burning rates determined from these motor fesfg, but as yet

no certain explanation is avallable to explain the low combustion efficlencles

at low chamber pressures,
* Further rocket motor tests using grains wlfh.a AQQILQL burning
characteristic should be made to test experimentally -the valldity of the
conclusion that using a radial burning graln to determine propeliant

burning rates as a function of prassuke Is: unrellable and irreproducible.

It Is further suggested that the combustion mechanism bf composite
solld propellants at pressures below 400 psia be Iinvestigated. This should
be done to explaln the ver§ large discrepancy in strand and motor burning |
rates and determine the reason for the low v;lues of c* In the preésurg range
trom afmospherlc pressure to 400 psia, ’

In conclusion It mqy’be sald that present strand burning rate
measurement technliques produce more reliable data than rocket motor tests
using radlal burning grains, The,amouﬁf of radlant energy feedback to the
burning solid propellénf wag found in strand$é to be about a third of that
in a rocket:motor having combustion taking plaée ohisurfac;s Inside
the grain. The experimental measurement of the radiant energy feedback In'a
rocket motor graln showed that the analytical calculation was essentially

correct, Unfortunately no cenclusions may be drawn as to the validity of the

-
-
-
*
.
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Summerf ield granular diffusion flame theory for prediction of composite
propéllanf burning rates In a radlal burning rocket motor., It Is also

impossible to determine the reason for the Increased propellant burning

rates In a rocket or "scale" effect as observed by other research. OQur

" tests were unable to provide an accurate comparlison of solld propeliant

Jburning rates in rocket motors and streands. Consequently, the previously

suggested new research should be carrled out to explain our present test

.
results, ’ .

35,
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APPENDIX I: *

TABLE I: Final Design Dimensions for Rocket Motor and ‘Gralns

A. Rocket Motor Dimenslions
| Overall Length
oo Outside Dlameter
Inside Diameter ..
Combustion Cﬂamber Length

B. Grain Dimenslions

l. Low Pressure Graing

2, Medium Pressure Grain

3. High Pressure Grain

C. .Nozzle Dlameters
l. Low Pressure
2: Medlum Pressure

3, High Pressure

«®

11,75 In,
4,125 In,
3,625 in,
8,625 In,
dp = 2,02 In,
D = 3,40 In,
L =3,5 in,
dp = |,33 |n,
D = 3,33 In,
L =2,84 In,
dp = |,42 |n.
D =2,40 in,.
L = 7,00 In,
d.r = 0.640 ln.
d’f = 0.422 In.
dy = 0.452 In,

e



. Batch No, . + Denslt a3
N | 50 0.0616
. 54 0.0616
55 0.0618
* 56 0.0620
56 i 0.0614
* . : 56 0.0616

Average Denslty:

° error dug to weighing apparatus,

density was a naptha type fluid, "Skellysolve C.M

Note: Density varlation is within the |imits of measuring

0.06J6 # 0,0004 #/in3

Fluld used to determine propeliant

The average propellant

TABLE II. Density of Rocket Motor Propellgnt from Propel lant Several Batches

density was determined by these tests and used In burning rate computations. *

Derivation of tion for Nozzle Throat Dlameter from Design andlfl

Ny e

= RHF(0 %)

p 4,
lip_ i %
V77 ' Ku, = %DZ_L
"oje— L _.1 ¢

) JF=/}}—J[-

a2 JJZ kt |
I ’7’5’: #'&"(72:,‘/'5")

m =i ek [ (B )]
Y [Cm . /3
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APPENDIX I1: |. Data Reduction Procedyre: Calculation of Burning Rates

¢ 3 tor
. .
. . .
As previously explajned, the burning ratd ot the solid propeliant
s In a radlal burning graln may be caiculated by determining an expression for
the radius of the burning surface and differentlating thls e~pression with
respect to time. The derivation of thls procedure is as follows andls
similar to the meihod In (8).
. * Equate the rate of combustion gas generatinn trom the solid
propellant to the gas flow rate out the nozzle plus the rate of Increase of
* the combustion gas mass Inside the combustion chamber,
) e (7 = i ) /4{5/2
. , For a flrsf.approxlmaﬂon, assume ;72-'(@ l{)r.-. (o) . , then
‘ . AR
A Bl= fels
cT
. and substituting IE': C/&//{ end /‘4,?277'/?[ » we get
I . A 4
27KLG Iy = fcz*
| - Shs £
= A,
4'€ J L7 E ¢
e o2mlfp C*
) . . U]

()

(2)

(3)

(4)

R

PR
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In'rograﬂng, faking the square roof and letting gz%’ﬂ: weiobtaln
'~ (&% /FJt 743 % (s

e . 7%
i c*(.iﬁ#*f‘& . ©

and

The value of '7 Is known and constant for each particular

nozzle diameter and graln confliguration, c* Is the average, expgrimental c*

determined from the equation ‘ .

m/
¢ c* = Afj/
W )]

and Ry Is Initial grain port diémeter and a constant for each grdla, !

Hence by calculating the area under the experimental pressure time

curve on recﬂllnear. baper up to a time Z“' , the burning rate, l: ’

may be found for the Instantaneous chamber pressure /é’ at time {'[ .
é

. It should bei noted that there exlsts another method ot ‘calculaflng

the Iinstantaneous burning rate using the relations:

_ £ = Flkn) @

:. kﬂ\;% - .o (9)

. A 1 _—
27, Flk) Tt~ '

This method requires taking two derivatives trom experimental curves which .

(o) .

Is not a process that may be done accurately. The advantage to the Integral
method used In the data reduction Is that Integration of data Is a stabllizing
process and may be much more accurately doho.fhan the determination of the

slope of an experimental |ine. i _ . : y

—y o 5
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APPENDIX II: 2, _AC t r m
Chamber ° '
The effect of neglecting the Yerm a%/{é K,) in Equation (i)

may be Investigated In the following manner, The effect ot excluding the
ferm%{ﬁl/) Is to decrease the rate at which the ptropel lant produces gas’
or fq,decreasa the apparent, calculated burnlng nafe. Hence to determine the
eftect of the term J(f %) we may write an expression (F’- I")IL ﬁ,

which Is the increase In the rate of propellant gas producﬂon. Here g

Is the apparent burning rate neglecﬂng' ft_/ﬂ: %) and (" Is the actual

burning rate. We may then say that

: (A = oK) -

c//{ '
(ﬁ:V) f’ . U2)

Combining Equations (11) and (12) we obtain
Moz K o
(@) A fp cyg; *RTE (13)

The term ﬂ:c/‘%é Is the Increase in gas mass due to volume change of the
combustion chamber, Since this term is small we wlll approximate It by
saying It is equal to the volume charge of the grain assoclated with the -

apparent burning rate (g . Then

fc%?@”&"? (14)

Wkth this approximation tor V., the term Vc C/g/df becomes

L e 2k W/,;,»#)L S s

e S b e s ke
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Substituting Equations (14) and (15) info Equbtion (13) and
dividing by Ay fp  results in

.(v /3/‘ H#)
oare Meawist JAWNA) 4B p .
(r-0) =ar= /‘,ﬁ,KLT TJF T r—-ﬁé— . e

Calculation ot A for a typical mo‘ro[' test showed that it
was of a constant value of +I% over the entire pressure range.’ Thus the

eftect of neglecting the term ‘7‘?.:/& ‘é) ef Equation (1) i's Indeed negligible

and will little atfect the comparison of burning rates In rocket motors and

strands .

i
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APPENDIX 11: 3., Brror An is of Dat T r r
. L]
The burning rate of composn#e propeilant in the rocket motor is a .
function I~ = r-'([ ,CA LR /4; /ﬂ/f (;) . Specitically, (" may be
explicitely writteh as ¢

-

A3l Qg/‘égf
"flfc*&(,:z/fduc*ﬁ’)/z’ Lo

- while c* may be written as

/I "(/

C’—: Atj//yc/f
W..

Since the errors involved in calculating (("’) are independent, we may

write that the standard deviation of the burning rate, S_, is,Reference an,

I'a J 2 . (),— k4 J Ly} 1,.’_
Se 7 - JS f ) aﬂf Jﬁt)“i': + T)zci)% '{}“fg)f
S, 2 (5L) SL= ool
S/’ (jp)t Sﬁ: /0 )

SC.‘ ‘/{J/’t)s"t éd'/) (‘)w w 7 ‘

S P .Sh. SK.,= toos

-2 )
/ A 1.4210” (opheactron dye /oéea/ky .
Sﬁ'tg (%Y‘E{‘ ) :{ - I
¢

% /Uja No cuntrachon due ,6/64/7'

: Sa e < D (RS, . Spat)
Se 2 §e
_Sw 2.' SW S‘Wr Lo,/

Sjo =¥0, 003

I1=5




C ' - ) | 11-6

Sy,

nozzle during firing Is considered. For an order of magnitude approximation of

has two values depending on wiether or not confracfloﬁ of the

the amount the nozzle diameter might change during a run, it |Is assumed that:

the nozzle reachés the temperature of 2000°R to a Bapfh of 0.1 inches during

the motor test. If the temperature coefflclient of ,expansion of the Mb

- ' 2
and the CU s assumed to be approximately 7x10 6 in/in®F ,  the . S"e

due to nozzle contraction Is I.96><IO"6 compared to S; of 0,159x10™6
. ¢ _
for the zero contractlion case. . ' ;
Calculation of the necessary partial derivatives of the burning

(AL
ra.'re (b")‘;) and the associated values of standard deviation 5‘1‘. )

i

i

i

{

are tabulated In the following table. {
: !

H

i

|

rror Quahtity Jabula

Variable x -ﬁ) iﬁzl . Sx’:o (gi)%;‘ | | | 1

0,132 0.0174 , 10-4 I.74x10°© . \

Pe 3.06x1074  9,38x10°8 I.25% 102 1.72x1076 . | ;

T e*  0.431x10"3 0,186x10710 | 7,52x108 - 1.4x10"% - Nozzle Contraction

* 7. - 35%108 1.37x10™% . No. Nozzle Contraction '
R,  0.218 0.0475 2.5x10° 0.0118x1076 -

Ay 478 22,2 0,312x1076 6.84xI0"%  Nozzle Contraction |

. . . 0. 159’ 3,53x10™® No Nozzle Contractlion

Q.  1.04xi07*  1,08x1078 2.29x10° . 24,7x1076 =

¢ . |

. )F> 5.2 27 9x 106 2.43x1074
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* * The standard deylation of the burning rate, 5. VY %('ﬁ.‘) S’“"

- " S, Is the standard deviation. The percent error associated with the bbrnlng

rate determination Is shown In the table below: '

A

. | s % grror In ()3 S x/e0 Q
Case i s .
1) “No Nozzle Contraction (due to heating) 2.\052::!0'2 6.70%

2 6.76%

2) Nozzle Contraction (due to heating) 2,07x10”
The percent error In the calculated motor burning rate due to the
possible error in the varlables ?(" may be determined in the following
manner, Consider that the burning rate standerd deviation S Is a vector
whose coordinates are the errors In the quantities ’X;, . For example,

assume P, P, and c* are the variables ’Xj .

L _S',:-j@[:fBé'g +C& .

;- . lsr-l = /141248 + Ic|t « V-(%L‘;)‘S}’ ffﬁ)’%‘ +(§€:)§“.

The assoclated direction cosines are thus

cos(xz) = a:r‘ﬂ-‘ yek, ' )

. -

~ = : a®
The traction of \S"_u due 1o A , f(‘;, Is fp.en lélc“o? - T?:(t

Then the amou‘nf of Se due to A Is thus ﬁ,‘.‘g,\ -:‘A‘,", Mf/,g'_‘

«

and slmllarly.for.the other warlables, The percent change In motor burning rate

Is therefore 9___’4\'.',/[0 S tor each varlable 'X, ", These percentages are

.
L] [ ]

tabujated below; . .
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% Error in ("avg) due 1 Error In Variable

X L i
Va'rlable,'xi A IAr = ._A...ZL x 100, Fayg = 0:306 . !
X ‘ Favg - g )
L 0.84x]04 .0272 0.0271
Pe : 5.67x 1074 . 1855 . 0.185
. -4 .
C* 67.6x10 .
| 5 AP 2.190 2,220 .
R, 0.0056ix10™4 0.0001 0,000/
. -4
. A 3.))('0 -
. {mzxno 4 0.0564 0,111
a I1.95x1074 0.392 0.392
-4 .
P 117.5x10 3,850 —3.950
6.7000 6.7620

It. is theretore evident that the largest single errors In motor

burning rate determination are errors In propeliant density and In c* determination.
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APPENDIX II:

4. Motor Burning Rate Uncertainty Analvsis

Arp = KP. ; K = constant

Lot As2wlR

be the cylindrical area associated with a cylinder of mean

radius R, and differentiate above equation with respect to time, noting that

(= c‘_{ﬁ: . Assume that [~ may be described by r-_,a_PI) " Then
canp P . (L)%
iz/%‘a’”/’ f/tg' (p)Jt
+ Ror &2 =

e
p dt zr,{f It
r/a

rz—:(—z-%—,;- KP_J
s 08

/’ P
z_z_/_-P@_( ;%

= (’"n)iif .
Pt ~

At a constant chamber pressure, plcked for comparison of pressure

time curves, a’P-O

Therefore the varlarion of
Is:

{~ at this pressure, &I

e Ry |

. A= (/‘D)Z A(-%)

g

[

‘\\‘-’\ '
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The last equation shows that the test to test percent variation In

AC

_f: at a particular chamber pressure is edual to the percent variation in the

slope, (%—) , at that pressure. . |

Tho data on (c/%f) resulting from the rockgt motor tests reported

hereln Is presented below:

Low Pressure
Grain and 0,35

Medium Pressur<
Grain and 0,25

Diameter Nozzle Diameter Nozzle
9 ﬁ”!
900 2.32 9K .07
d 900 2,72 . 900 * 1,24
900 2.85 . 900 2.5
900 2,2 . .
600 1.75 600 0.90 .
600 2,22 600 0.98
600 2.1 600 0.93

600 i.52
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APPENDIX I11: |. Calculation of Radlant Eneray Flux to Graln Burning Surface

To spproximate the amount of heat transfegred back to the fleme of

*

the burring hollow charge of a solid propellant due to the core of hot exhaust

.

‘gases we may use the equation - _ 4
. . 7 - éa_??-
, ¢ According to Reference (7), the quantities of significantly radiating
!i . exhaust gases are: . 0.383 .moles: CO, )

2,067 moles CO

1,583 moles H-0

0.975 moles HCI .
r: ' in a total number of moles of products of 6.483.
‘ Assume that the height of the grain in question Is 5 Inches with

E o an Inside diameter of 2 3/4 Inchés. The equivalent radlus Lg Is glven by

Reference (16) as 0,9 —42!-— )
Isurdace

For the concave grain surface area,

X A
L. =(a.9}{4)-(__ﬁ”-§1fj <094 =« 0.ZH#

Pfo, _ 0383 _ o.089) -
| | Pr €. 163

Pheo . 1525 =004

,_9’_ &.983

2067 - 0.3/7
i ' 2 . €485 .

. : ., . 097 . o5l
' __”__cl - 6’83 . .

. * * !

X
[ |
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ure Gase 2 oference |2)

(Vv
£’'= [/-cxpCh-P0)] _%..[_i.:nﬂ_—-

/F(v) .
I ex,(-kpom)].%f_zﬁl’l"f— e

p(v)dv

*

L] : . °

€= [1-"etp(-kPD] €L ¢ [1-expl-kefh)] o # v oo ve

‘4

where k‘ is average absorption coefficient for 47 vibration rotation

band, P = partlal pressure of absorber, and ,Z = optical path length,
L -t ZZ_( [Rdv SR - e
. J

I [
AY n->nsl 20+ . n>ose Ayﬂaﬂi-l
J".)" 313 *

where o. Is the integrated absorpticn coetticient,
There is a restrictlon that R,P1<<,buf the same equatjons may also be used

when the total pressure is high as proved using Elasser's theoretical treat-

ment for equally Intense, equally spaced rotational lines. We may also write *
2 /
that L NeTép . Koy N?" 7 ;lx/ox mokcukes
2, ; - P
F 3/“‘”%»»:, )50 T ccatm

ence: ﬁ 1;) t AY) (T) . k (7") T Avgamz (T,_)
" k/’ 7; g Avn-)”ﬂ(r) ) k; (7) T AD”,,””(T)

. K ; = 71("'57‘) , . hm/aé’ 60”176”71 0;)
.75; (1:8%)" ° X ;:"‘a/c undor- consideration

- Jo—
MNA [EDRE 1. S ST TN A 1

El



Qa!gu!a‘r!gn of Ez for CO L

ke(m) . B 2Vaple) | g (T)e XKor (T}
- . /7=
kF ( 7;5 W A\%I?nu ( 7:) ' F A\’n—rnw ( 7:)

S ; -
Ke (300)* 118221 6% (ematm 'se
. 2Udcm’. 28 cmsec’

Ke(300) = 18.45 (cmatmy '

kF(Tz> s kF(T)[WAv”_,M(-,;)] .

s

3N
. KF (3000) = 0.62¢ Cem a:‘m)-‘ .

. "
kFO (300) = _..._........_.o<°’ (7‘-) = _____.__.__/'54"(0 -
v,,,,,,,, 2/13 A3 X10

Kep (300) = 0.0241 (cm atm)

koo (Y« KT 2Y120a (D]
Ty I"vn-amt]

/(,&0 (30065 * [.85. x/34 (cm ar‘m)"
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Compare éc‘, at two pressures, 500 psl = 34 atm and 1000 psig = 68 atm.

PRo . 0.319
rr .

P . 24(0313)= 1085m
PR < g8 (0.319) > 21.7 aPm

Qptical Path: _ja = 0,2 ft. to cylindrical surtface

i
PRod = 2.17 ¢+ atm = (2.17) (I2x2.54) = 66.2 cm atm

' PP:O,O‘- 4.34 t+ atm = 132.4 cm atm

Reference (12) glves dato for CO partial emissivities at values of 5 ft atm.

Hence calculate at thls point:

/ : /
co cCO

. (572 O)‘ . * [ 1-exp(-o0.62 x/32'.4)]o,o'3 ¢ Ji- ex;(—o./as‘xlzzl)]a.w

000 fsl
Z2800°K

« 0,03 f0,00l67

&' =0.0817; /000 psi and 2800K

. CO .




Ed i
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[ L ] .
We may note however, that the band width does not rapidly change with elevated

total pressure and relatively high values of absorber partial pressure. Hence

: /
the emlssivity of CO at 500 psig may be estimated using the same data for éf".
. (-]

/ R |
and ‘-‘Foc“ at 1000 Pslg. 4
o b

o
280 'K
- 0.02954 + 0.00089

CN [1- expt-ossessszs]oss s [ enplarspisbéc]aoy

(4
67&0 = 0,0304 | 520 psi and 2800%

Calculation of 5&2:
Reference (12) shows thart kpofor HC! may be directly calculated

from spectral data providing /(F Is known by the equation

k;o . /Xe (I"’ ﬂe)
KF (-3
where ’Ie Is the anharmonicity constant of the HC| molecule. '.rhe value

of 7e may ba computed as belng I.793x|0"2, (15).

-z
Keo —)8z40
Kr .
754N E -7 _ I -
;/u L = /3ENO (cm o) |
. ;
s -1
'(Fo = 20,7 x/0 (cma;‘r) X
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}
i
i
!
!
)
!
|
!
!

e g e o e s s o o e e e e

! .
PPicg = 0u51(34) = 8,4 afm

PPy = 10,28 otm

PP - & = 1028 Fan = 31.7 em afm | |

M(‘ﬂﬂ‘ = 2.6 ematm. . i

Total Pressure of 500 psl:

éf//cz‘ [ 1= exp(~112817%313)]Jo.07 + [/ «eﬁp(—é.o7x/34x3/,3)]o.l7z

é-,- = 0.03/8
Hel

Total Pruessure of 000 psi:

ér [ /- expl- //gfx/ax;zg)]o o7 + [ /ae,r,:/ zorx/ﬂxéféya./?z

& = 0.0379
Thee
Heat franster calculatlon, P =/000 /X" ) T-Zé’w;({

Pg‘,‘x 4,02’44;1. Pﬁ' 0° 16.€ a‘m PP“ + P—" £4.‘0#M
. . 10" * -
PPo by 0.602 Flabm PR, o le= 33 Hatn Pl e 2 3 fatn 3
/ ~ .

é‘.‘,’: 0098 5,20'00/4 - Cw¥l3 ' ‘

e,,zozo./sz .

Pl 0,05
PP fPQ%‘  OOG s aaf/«ﬁm(,p/(omu/ca kgc/ﬁﬂ"""'o'oy

€1 (Hoandct)«0,1172
T * Crmunco, * Enco t Ceo = 04168

?. - éro--f;f’v 7¢.1 walls bmt ;é ,gy//;lt/ﬂ;d!/ ﬂ//ﬁcc . %



Now compute q for 500 psiq, asg 2800°%K: . .
. pe =20 obm PP, Lo 0402 Hlatee
Co, z

. From extension of Hottel charts, éc;@dA {;a/nr adozw’k-aoa‘/. (’c%’/&

)‘, éco2 2‘. o 50408 \

© PR m8LYatm PPy ole b b :
o . ¢ éﬂgo = 0,094 ,0_40000/64"0/ VX174 #tJ‘ﬂ .:

Correctlon |s determined from (14).
PP. + P-= 36.0latus
Hg0 '

Pﬁ;‘olc =15 .

Hence extrapolation for correction factor ('w trom Reterence (14)

glves t‘w = g

A 67 ¥ 0/82
o

The correctlions for having both CO, and H,0 present, calcuvlafed

trom Reterence (14) Is determined for PPyo < 0.805 .
‘ PPCo,z* PP““; :
K Aécorree/_vfr;» ¥ -0,09 . §

y = 0.0828 | ].

é"'(#;o +C0z)

éT = éC"z*C//(‘,f + éc() - 0,145
. ’”7.0

| 9.= s7.0 w.a/é/,,;‘ o c,//a;/r/c'a/ ':'arrgc_.e.._ ‘
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¢ APPENDIX III: 2. Prodiction of Radiant Ene alvye
hermocoupie Dusin tor Test a 2 +

Experimental Results

A

B

. . ,
3 I .
4

: OAR . ' .
) . The normal Intensity seen by AR is the same as the normal Intensity

trom the hemisphere ot radiating gas H;. Total heat transferred to A} by

. cylinder C; Is the same as heat transferred by equlvalent hemlsphere of

radglating gas*Hz. For purposes of computing the heat transferred to elemanfa!
a}ea AR from elemental| area A|, we are only concerned with the normal radiation
Intenslty through area A} due to the cylinder &f gas ci. This normal radﬁ?flon
Intensity Is ldentical to the normal Intensity due ?o.fhe heml sphere H;. T e
. The total heat radla{ed trom the cylinder C; equals the total heat

radlated from the equivalent hemisphere Hp but the normal Intensity from C,

is the same as the normal Intensity from H;. Since the heat transferred to )

the area Ag Is a’ function 6nly of the norﬂql Intenslty from C), we need only -«

compute the normal Intensity of the hem] sphere H)"to compute the heat transtferred

to AR. This normal Intensity Is defined as the heat transferred to A| divided

k.




by 7 . The calculation Is as follows for

tlame temperatune of 2800°K. The radius of H, is assumed to be 7.2 inches.

111-9

[ ]
a total pressure of 500 psi and a

e B e e+ e

é‘oz calculation: f,g?‘zz 4,014/2»7
PR,, b= 242 Pt |
. £/, = 0068
' Coay T MM . ,
(A 0, @ 0775

é.”‘o calculation: P@z‘f /. € ot

PP“"O'.' p-r - 5006 d*‘ﬁ

= /0.0 #lﬁ"
4 ot Flce,
= 0,170
€po=977 .
Copo Zh . o echon - AE T 0.0
) H20 , pressure cort . o, +Hy 0" -0
/
é”z0= 0.2¢¢ .
& calculation for combined CO, and %0 :
. | : 6“1* foo® 0.0736™%0.266-0.10 = 0.239% .
éocalculaﬂon:

K= 0.626 Guatn T

K Fo = I .89’1(/-04 (cm afu).

Ep = JI-expl-0.4zs y33)Jo.os 4 [1-exp (-1353ic%199) Jo.07

£, = 0.0326

PP, L= 657 ffalne /73,0 cm ahn
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. L 4 ; $
* 5,“'2 calculation: k z//. 3810 [Mﬂ"") ! Pﬂ,cl- L =307 Fhato o« Y

kF - z.o7x/o {:/n a/m}. PPHc ool = 98.5 con afou

é//c:e - [ /- exp(~, Afsx/5§93.,~)]o.o7 Ve ex,’(—(,o?n;fays)]o,llz

ot en o

Totel Emissivity, Heat Transfer, and Normal Intensity:

: ) é 40 f//;.() co é‘c‘,é
| é-r’-O:?Z/ . ¢ .
‘4 7= ér 77-4- | . .
- | ' |
. ? = /13 WﬂﬂS/m‘- . J

T, = 8. = 260 wolkfem®
Vo sheradkm
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We are now in a position to predict the heat transter that a
receiver would experience when plac;d in the same position as the receiver In
the experimental apparafu; shown l‘n Figure 26. The area which the*radiation
thermocouple sees is approilmafely described by the extreme rays of the aperture

system, Thls diameter Is 0.0904 inches or 0.23 cm,” and the assoclated area

Is 0,0414 cmz.

@ Iy, .ig' (deg \)' b enadh
7

Lraen y Te) = 1,4
AO:::Z#M‘ ” e : ((Z-_!&) 1.499 W"‘V;ém//m:
. | “"‘2’,4 hod

The radlant heat transfer 1‘0 The radla‘rlon fh&rmocouple measured by

exper Iment Is (T) . This may be copverﬁred to giving the radlation per

steradian recelved from the emitting surface Ay through the sollid angle

as follows:

“)- ,4%, (et

The average (%) at approximately 500 psl experimentally found using
KBr optlcs Is 275/.uW/cM‘.

: (&)

Wi ‘anm,

which Is of the same order of magplfude as predicted., It is reasonable to

= (. 275 4/0% 3.820%18) = /}ao“m{% Lok .

a.ssume that the method uded to compute emlssivities and heat transfer by

radiatlon to the graln surtace Is approximately correct,




APPENDIX 1IV: rnl a ter f ran
Solid Propellant

l. Technlque Development

) In the research done on strand burning rates previous to the
period starting In the fall of 1958, there was a relatively large amount
of scatter in the data and the rate at which propellant strands could be
made was low. Baglnning in the fall of 1958, It was decided to undertake
an exaﬁlnafion of the radlafionlfrom the fI?me of a solld propel lant strand,
It begame desirable to lnfure the uniformity of the propellant strands,
Increase the quantity of strands that could be made at one time, and Improve

the design and operation of the strana burner. Thesg developments would

increase the rate at wh}ch data could be obfé]ned and reduce the scatter.
The necessary technlques were mainly developed by D. W, Blair, (2), with
some help from *the author. . :
2, Strand Burner Design and Operation

The original strand burner design was modified by the introduction
of a stainless steel fube or chimney surrounding ttra propellant sfrana, see '_ .
Flgures | and 2, The purge gas {(nitrogen) fl?ws Into the chimney, up past
the entire length of the ctrand and is exhausted at the top of the,chimney.
Flow rete of the purge gas, of the. order of 3 ft/sec was controlled by means
of a metering valve having a micrometer control allowing precise adjustment of

the orifice opening. The purge gas flow was laminar at least up to the level

of the burning surface of the strand. The chimney was, originally, to purge

eftectively the strand combustion products without disturbing the flame’
structure In order that the radiant energy emitted by the propellant flame

might be observed. TRe use of the chimney greatly reduced the scatter

o s b p—— e - -
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of burning:rate data and was.incorporated:in all strand burning rate

equ ipment,

’ Ignition v'las‘accompllshed by means of a wire, passing through the
E
i
é

top of ¥he strand, which is heated electrically until enough heat |s ,

transterred to the strand to cause ignitlon, The burnling surface of the strand

}rogresses counter to the purg; gas flow In the chimney. A water system was e
Installed, Flgurg |, and quench tests showed that when the ignition wire was

car;fully placed.very near the strand's top and along a diameter of the

sfrand,.*he burning surfaces obtalned wlith the upward purge were quite flat

and perpendicular to the strand axes, Figure 3, The burning rate of the

strand was obtalned by pfacing tusible wires at known dlsf;nces along the

: strand and connecting the wires to a clock circult, THB melting of the wires
stopped the assoclated clocks and hence the recording of elapsed time,
- ‘ The possible errors In the system for obtaining sfrand burnlng rates
were cldsqu Investigated at a standard pressure of 500 psig. Varlatlion in

purge velocity In the chimney ranging from 0.6 to 2.0 ft/sec did not affect

the burning rate detectably. Purge gas for all pure burning rate tests was

ﬁZ but for radliation s}udles, up to 10§ O, was added to get rid ot the smoke

In gas. The effect of O, concentration was Investigated and found to be well|

wlfhln:fhe sfaflsfl;al scatter, up to pure alr.concenfratlons. The stanhdard

burning rate defarmlnaflon meéthod was to use strands inhibited on thelr surface =
with two coats of Testor's Butyrate Dope (Blue)=--2 model airplane lacquer,plus
two coats of 5% Bakelite V.Y.L.F. plast!c ln.mefhylane chloride, Checks of ;

inhibited and uninhibited strands at 100 psig showed no significant difterence

In burning rate or in standard devlafioh of tive runs for each strand type.

The effect of strand dlameter Jn 7/16 Inch and 1/4 inch strands was tested




fo

burner. The sources of random error were uncertalnties In pressure on the

IV=3

at 500 psig. The 7/16 Inch diameter strands showed a 3§ increase in burning
rate qver the 1/4 inch strands, This might be expected from the decreased . ;
convective heat loss as the strand diameter Is increased. |
3, Strand Manufacture '
Strands were @anufacfured by mlklng the propellant under vacuum and
extruding the uncured propeilant, The uncured propellant was piaced In ?hé
extruder reservolr under wvacuum, and extruded Into wax molds from wh ich strands
were rem9ved after curling waS"complgfed, Figure 4, When coarse oxidizer .
particle size was used, J’s;;fllng ot the oxidizer particles was noted when
the sirands were cured with the molds constantly in one position. This
was avolded by cagsfanfly rotating the strands about fhe}r horizontal axis
during the curling time. fhe possible effect of a separation of the fuel and
oxldizer at molded surfaces was checked by casting the propeliant into a

Ix5x7 Inch block and cutting out I/4 Inch strands affer curing, At 500

psig the cut strands having at least one molded ‘surface had burning rates

ldenfléal with those of a standard cast strand but the strands cut from the
Inside of the blocg ha& a 7% lower burning rate, It was suggested that there
was a separation Pf the fuel and oxldizer at a'molg;d surface wifh the *
resultant hlgher oxlidizer concentration within'the strand, resulting In the | .

higher burhing rates of the extruded strands, but there Is no direct proot tfor :
¢ .. ‘
this. b

4, Soqrces of Random Error

The preceding sectlon dealt with the systematic errors Involved In .

measur ing the burning rate of solid propellant using the modified Sfrand

v ' [ ] L

burnlng'surface of the strand, In #iming wire placement, In timing clock .« .
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relay response, in the |imlts of clock reading accuracy, in the initial
S#raﬁd temperature, qu=ln,fhe€uﬁlformlfy~oflp#opellanf. - Webb . (3)
glves the random scatter due to these eftects as 3,7%; 3.08 of this scatter
Webb attributed to propellant non-uﬁlformlfy. However, present propel lant
tormulation and'sfrang mqnufac;urlng techniques were more closely éonfrolled
than those of Webb and the random scatter due to propellant non=uniformlty

was reduced to *1.0f or less., Taback (4) found that his known sources of

error other than propellant non-uniformity accounted for 1.5 to 4% scatter

over a pressure range of 30-1500 psig, while his experimental scatter was

approximately twice that amount, Using the chimney purge strand burner;

~extruded strands, and great care In the drilling, trimming, and gsetting of

the strends_in the burner, I was able to hold the scatter of data In a
complete burning rate versus pressure curve *(30-1500 psig) to If standard

deviation., That Is, the standard deviatlion a} any test pressure divided

by the average burning rate from 5 runs at that pressu*e.was I or less,

which Ié well within' the ldentifiable random errors.




APPENDIX V: n r ree

Motor Firing Procedure: About fifteen minutes prior to tiring,

the grass area subjected to the rocket exhaust was ‘wet down by a sprlnkilng
system, “to’ prevent fire. During this time the motor was preparqd for tiring.

The combustion chamﬁbr'ka; securely mounted In a pipe vise and the grain

spaéer, grain, and Igniter‘were placed Inside. Froé Téls point *the test

cell warning buzzer was activated to warn pe:sonnel of an.lmpeﬁdlng motor

test. The nozzle wasﬂ}heq Inserted In the nozzle plate holéer, the hbléer -
screwed into the combustlPon chamber, and.flghfenéd'wlfh a wrefich, It was
tound that a light coaf;ng of oll on the s;allhg surfaces in contact with

the metallic-asbestos gaskeT prevented seal surface scoring and Insured a
good gas seal. An electrical safe?§ 5|ug,was fh;n remqved from the lénlfer
tiring circult, cutting all electrical power to the circulft, Thls.plug was
thep personally carrled by.fhe ;pera+or during all further preparaflons.for
firing ané not reinserted in the circult until the firing sequence was begun.

The prepared motor was then mounted on the thrustmount, the igniter

wires connected to the igniter firing clrcult, the exhaust product quencher,

put in place, and the water turned on. The exhaust product quencher was: .

simply a one foot diameter, stainless steel tube with an internal water
spray; fts purpose was to absorb the gasgous HCl in the*rocket exhaust to
prevent adjacent personnel from breathingsthe fumes. The motor was then

ready for the flring eequence and the personnel In ad]acent Te§f cells

were warned of an impending test,
L)

The igniter arming plug was Inserted In the supply line from the

24V DC  power source and the Igniter power switch turned on, partially

arming the Igniter. The Igniter power. supply was then diverted through a
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high reslistanco, cousing 4.5 ma to flow through the tgnlter and regitter
on a milllammeter cn the control panel. This tested continuity In fhe.

igniter squib, A swltch cutting out the high resistance was then turned on

and the Ignlter clrculit was fully armed, broken only by the nokma‘ly open

tiring switch and the rocket was completely ready for testing, Figure 4.,

[ ]

Thirty scconds before closing the fire swtjch, the test cell siren

was turned on and*at minus five seconds the Esterline-Angus -chart dnlva was
turned on. After thlrty geconds of siren noise, the fire switch was ciosed,
allowing 2 amperes to tlow thrdugh the igniter and Instantaneous Ignition

occured. After completicn of the test, siren, warnlng tTZzer, and exhaust

product quencher were turned off, The motor was then allowed to cool and

dlisassembled,

-

.

t e
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GRAIN PORT PLUGS - BEFORE AND AFTER -
© " INSTALLATION IN GRAIN -

FIGURE 12
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