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This was derived for composlte propeilants of the ammonlum perchlorate -type
on the basls of a phys!cal model of the reaction zone called the "granular diffusion
flame." The parameter a , called the gas-phase reaction time parameter, was defined
as follows:

‘e e
= BRG [G(h-T)-0:7 % Tas(ri - Tl o

Ad A aynl-F/RPT.)

IW’ M 2 R £ 4

in which the Arrhenius function In the denominator pertains to the gas phase oxidation
reaction, T., T, T, , T, are tem~eratures respectively at ambient conditions,
at the surfaCe, at the effective region of the gas phase reaction, and at the hot end
ot the flame zone. The name "reactlon time parameter' indicates that it varies
inversely as the chemical reaction rate in the gas phase, although the dimensions of
a do not correspond to time.

The parameter b , cailed the "diffusion time parameter' was defined as

% Y %
bg/“‘-”s RT\ [CG(T~-T:)—q:] AIA.Qz—z;z.Z
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where the gaseous diffusivity D, Is an average value for the diffusion flame,
taken a2t one atmosphere pressure, and is cne standard atmosphere in proper
units, The average mass content of the #lny pockets of fuel vapor generated at the
heteronensous propellant surface (s denoted by A& . The name "diffusion time
parameter” indicates that It varies inversely as the diffusivity of gases in the
reaction zone, although the dimensions of b do not correspond to time.

follows:

(3)

I+ was found experimentally (Ref. I, 3, 4) that Eq. (1) fits the r - p
data for a variety of simple propellant formulations based on Rohm and Haas P-13
polystyrene copolymer resin as fuel and ground ammonium perchlorate as an oxidizer.
To test the fit sensitively, it was necessary to make burning rate measurement over
2 wide pressure range, from sub-atmospheric pressures to about 100 atm., Data
obtained from other sources by private communication indicated reasonable agrasment
with the theoretical law, but gene-ally the measurements were not taken below about
20 atm, pressure, Some serious departures were found in some data from other sources,
for which there has been np exp.anation as yer.

In an effort to test this burning rate theory more decisively, and in crder
to examine the further implications of the particular granular diffusion flame model,
3 serles of questions has been set up as a basis for the present research program:

I. How reliable are the burning rates measured in a conventional strand
burner, and how do these rates compare with rocket motor determinations of burning
rate?

2. How is the b parameter related to average oxidizer particle slize or
the particle size distribution?

3. The theoretical !law was based on the hypothesls that the principal
mode of energy transter from the hot flame to tnhe surface is by molecular gas
conduction, and thar radiant transfer in particular is negligible. Can this be
verified by direct radiant energy measurements?
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ABSTRACT 1
This paper outlines @ number of basic problems in the theory of steady- :
state combustion of solid propellants, particularly of the ammonium perchlorate
composite type. It represents an extension of the earlier research at Princeton that "
led to a theoretical burning rate law for composite propellants that was based on the 1
concept of granular diffusion flame. This paper is in the nature of a progress regort : ;
in whlch,fS++hough~na~#+na+~eene$«s+ens-ef1r1kﬂnwndifhe new experimental approaches g
are described, and some puzzling difficulties are analyzed. Specificaliy, the - P
experiments deal with three topics: refinement of methods for measuring aurning r
rate; the role of radiative energy transfer in the burning process; and ihe connection
between oxidizer particle slize and the b parameter in .ne above-mentioned theore-
tical burning rate iaw{ ¢
F
A. Intfroduction 1
g
The general objective of the researches on steady-state burning ¢
that are underway in *he Princeton laboratory is fo determine critically the validity v
of the thecretical burning rat law presented in Rsf, | In 19538: 4
fc
Ll =a_.b ()
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This was derived for composite jprop:llants of the ammonlum perch orate ‘type
on the basis ot a physical model of the reaction zone called the '"granular diffuslon

flame."” The parameter a , called the gas-phase reaction time parameter, was defined
as tollows:

v - - - T ~
a = ﬁ“’—lg—a Ce(Ty A ~ /57 3 (2)
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in which the Arrhenius- furction in the denominator pertains to the gas phase oxidation
reaction, T,, Ts, Vg3, T, are temperatures respectively at ambient conditlions,
8t the surface, at the e?fecfive reglon of the gas phase reaction, and at the hot end
of the tlame zone. The name "reaction time parametsr" indicatec that it varies

inversely as the chemical reaction rate in the gas phase, although the dimensions of
2 do not correspond to fime.

The parameter b , calied the "diffusicn time parameter" was defined as

$‘ 9‘ . sp= 4‘
b= ug (REY LG(T-T)-@d YT A (T =T2)]
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where the gaseous d:ifftusivity Dy, is an average value ftor the diffusion flame,
taken at one atmosphere pressure, and p is one standard atmosphere in proper
units, The average mass content of the *lny pockets of fuel vapor generated at the
heterogeneous propellant surface Is denoted by . The name "diffusion time
parameter" indicates that it varles Inversely as the diffusivity of gases in the
reaction zone, although the dimensions of b do not correspond to time.

foilows:

(3)

It was found experimentally (Ref. i, 3, 4) that Eq. (i) fits the r - p
data for a variety of simple propellant formulations tased on Rohm and Haas P-13
polystyrene copolymer resin as fuel and ground ammonium perchlorate as an oxidizer.
To test the fit sensitively, it was necessary to make burning rate measurement over
a wide pressure range, from sub-atmospheric pressures to about 100 atm. Data
obtained from other sources by private communication Indicated reasonablc agreement
with the theoretical law, but generally the measurements were not taken below about
2?0 atm. pressure. Some serious departures were found in some data from other sources,
tor which there has been np explanation as yeft.

In an effort to test this burning rate theory more decisively, and in order
to examine the further implications of particular granular diffusion flame model,
a8 s:les of questions has been set up as a basis for the present research program:

. How reliable are the burning rates measured in a conventional strand

burner, and how do these rates compare with rocket motor determinations of burning
rate?

2, How is the b parameter related to average oxidlzer particle size or
the particle size distribution?

3. The theo. etical law was based on the hypothesls that the principal
mode of energy transfer from the hot flame to the surface is by motecular gas
conduction, and that radiant transfer in particular is negligible. Can this be
verified by direct radliant energy measurements?
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4, How o nropellants based or other fuels and oxidizers compare with
the theoretical burning rate law, and can deviations be explained in terms of an
altred flame medel?

5. Can the connecilon beitween particle size and gra uI flame zone
- s TR S P & ST U SN W P I S 7= e e
SITuC Ture 1eaad g an IlIIelplElG||Ull \_)I e siiecl O par Pt ie D142 Ul Bl ust ve U iy

Ttis paper is a progress roport on the first three of these questions,
Although final answers are not yet in nand, some of the results are provocative and,
we believe, worthy of wider attention, At the came time, some of the experimental
me: Thods deserve to be discussed.

B. Study of Techniques of Measuraments with a Strand Burner

Burning rate determinations are made in a standard strand burner of the
type described In (Rei, 2, 3, 4) and modified to include an upward purge of gas in
a chimney surrounding the strand as shown In (Fig. |, 3) The purge gas fiow rate is
controlled by a metering valve with micrometer control, which is left at a constant
setting for all runs, thereby providing a censtant flow velocity in the chimney.
Ignition is performed by a wire passing through the top of the strand and burning
proceeds counter to the purge gas flow.

Close conslderation has been centered on sources of errors in the strand
burning rate determinations made with This apparatus so that reliable comparisons
may bec made both with *the theoretical burning rate iaw and with the burning rates
obtained from small motors. Possible systematic errors were investigated with the
following results, Purge veloclitiec within the chimney ranging from 0.6 to 2.0 ft
per second dld not deiectably affect the burning rate at 500 psi, which was the
standard pressure for running these checks, The usual purge gas is pure N,, but for
radiation deter..inations which are described later 0% 0, Is added to the purge to
burn up the smoke that otherwise obstructs the optical path. Therefore, the effect
of Gy, In the purge gas was checked and snown to be wel! within the statistical scatter
up to pure air concentrations, Later work will extend the range of Op concentrations.
The standard me.hod uses strands wlth surface Inhibition conslisting of two coats of
Testor's Butyrate Dope (Blue), a model alrplane lacquer, plus two coats of 5% Balelite
V.Y,L.F., plastic In methylene chioride. Checks of inhiblted versus uninhibited
strands at 00 psig showed no significant difference either in rate or in standard
deviation of five r:uns repeated at each condition. This opens the question of the
desirability of continuing to use inhibitors for this work, which Is stlil being
studied, The effect of strand diameter was Investigated with 7/16 inch diameter
strands. Compared with the standard 1/4 inch strands at 500 psig, the 7/16 Inch
strands showed a 3 percent increase In burning rate over the 1/4 Inch strands,

The strands are manufactured by being extruded In the uncured 1iquid state
info wax molds from which they are later removed (Fig. 2). 1In cases where coarse
oxidizer particle sizes were used, it wac noted that when the curing took place with
the molds constantly in one position, a gravity induced settling of oxidizer took
place. To avoid tnis the curing oven was fitted with a rotary mold support driven
slowly by a motor to constantly rotate the molds about a horlzontal axis during
curing. This eliminated the gravity settling. However, checks were run to
determine the effect of possible separation of fuel and oxidizer at the mold surfaces.
Burning rates were determired for strands cut from a | x 5 x 7 inch block of propeltfant
and ccmpared for variaticons between outside and inside cuts. At 500 psig, the outside
cuts gave rates agreeing wlth standard cast strand data, but the inside cuts gave
rates 7 percent fowe~. This indicated some separation at the surface with the
resul*tant higher oxidizer concentration within the strand giving tre excessive rate.

-3 -



Non-flat burning surfaces may, In scme instances, glve Incorrect burning
rates. The flatness of ihe surface was checked by suddenly water quenching the strands
during burning (Flg. 4). The surface positioning was generally satistaciory, wlth
occaslcnal unsatlsfaciory large 11t possibly caused by off center ignition.

As opposed to the preceding sources of systemat!c errors, random errors were
avaluated, Webb (Ref. 3) glves the random scatter attributed to measuremenr uncer fain-
tles of pressure, timing Interval, and inltial temperature as approximately ¥0.7 per-
cent at 500 psia, with an addlfional I3 percent uncertainty attributed to non-unlform
propellant nroperties. Taback (Raf. 4) finds that knowr sources of error can account
for 1.5 to 4% scatter over hls pressure range, whitle hls experimental scatter is
about twice this amount, These results were obtainad wlthout the chimasy purge
system, The percent standard deviation ai 500 psig of sets ot 5 runs each has for the
present system ranged from | to 4 percent. The indication of the recent work Is that,
with the present system, care taken in the actual techrique of drilling, trlmming,
and setting the strands In the holder can significantly decrease the scatter, and
that with such care In technique the data can be expected to give approximately
2 percent standard deviation, which is accounted for by identifiable random errors.

It Is believed that thls degree of accuracy is adequate for the purposes
of thls research. There remain the questions of how to interpret the above-me¢a1tioned
diameter offect, the edge-versus-center strand effect, and tie overall questicon of
coimparison wlth motor burning rate data.

C. Measurement of Burning Rates in a Radial Burning Grain

Firlng tests were performed wlth hollow ftubular propeilant grains in a
smal! laboratory type rocket motor, In order to test the validity of strand burner
data. Divergent reports from other iaboratories on this question Indicated the need
for close examination of this point.

The firings wore made with ammonlum perchlorate, P-13 resin, propellant In
a radlal burning motor (Flg. 5). The radlal design, instead ot an end-burning design,
was chosen for two reasons: (1) With a single flring, it is possible to deteriine a
complete r - p curve over a reasonably wide range; (2) With charges |imited to
about |.4 |b., the capacity of the laboratory mixer, an: end-burning dasign would
require nozzles of very small aperture susceptlble to plugging by ash during flring.

A typical pressure-time trace is shown In Fig. 6. To determine the burning
area at any moment, It Is necessary to Infegrate the curve up to that moment to measure
the mass that has burned. To determine the burning rate, after the area has been
dete.mined, 1t Is merely necessary to note the instantanecus pressure and use the
theoretical p - k relatior given In Ref, 5,

Burning rate r - p curves determined In this manner are shown in Fig. 7,
In comparison with strand-burner measurements with |/4 inch round strands. The
mystery that is still not explained 1s why the motor rates are less by about 7§ than
the strand rates. Possible sources of dl fference betwsen motor rates and strand
rates are the foliowing:

I. Small dlameter strands tend to burn a few percent (about 3%) more slowly
than !arger diameter strands (See Sectlon B). But this Is In the wrong direction to
expiain our discrepancy.

2. Strands made by thews-mold process burn more rapldly, about 7%, thar
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strands cut from the interlor of a large grain (See Section B). This is in the right
direction.

3, Heat loss by outward radlation from the active flame zone, which affects
a strand but not a hollow-grain charge, would produce a caiculated lower strand rate
by about 48 (See Section E).

4., Heat return to the burning surface from the hot product gases in the
center cavity of a hollow grain charge, based on the experimentally measured gas
emissive power reported in Section £, would ralse the motor burning rate by about
2%. The latter two radlation effecfs produce & dlfferential of abou 6%, at 500 psi,
buv In the wrong direction.

The net effect of the four factors thus considered Is to nredict that 1/4
inch strands made by the wax mold process ought to burn about 3% more slowly than
radial motor charges, for P-13 propellant, 80:20 mixture, at 500 psi. The observed
discrepancy is about 7§ In the opposite direction. No explanation Is known for this
mystery, but a closer experlimental study of motor firings is indicated.

G. The Study of Particle Size Effects on Burning Rates

Empirically, It is well-known that the finer the cxidizer grind, the
greater the burning rate. In the research described in Ref, |, it was shown that this
effect of particle size is more pronounced at high pressures than at low pressures,
in general agreement with observatlons, The theory explains this by saying that the
pure chemical reaction rate is rate-controllling at low pressures, while gaseous
diffusion is rate-cuntrolling at hlgh pressure, (See Eq. | for the relative importance
of the tirst and second terms.)

The effect of particle size Iis contalned in the b parameter theoretically
in 1the factor A , the mass content of each tuel pocket. An estimate by Ea. (3)
of the value of,ﬂ‘ that is needed to produce the experimentally observed b for a
typlcal medium grind propellant leads tfo a mass that would be equivalent to about a
5 micron cube of fuel resin. It Is, therefore, suggestive to identify the average fuel
vapor pocket with the average cavify In the solid phase between adjacent perchlorate
particles. The mechanism that is visualized is that each such resin pocket (average
slze 5 microns) is rapidiy vaporized when I+ emerges to the burning surface, forming
a vapor pocket in the flame zone,

To verify this hypothesis, and to deiermine emplrically the connectlion
between particlie distribution and the b parameter, tests are planned on propellants
of well-defined particle size. Two requiremenis present themseives: (I) to be able
to measure particle size distributions; and (2) to be able to separate ground
oxidizer In reasonapie quantities into prescribed particie size ranyes, I.e., the
so-called ~lasslfying process.

The most common instrument for particle size distribution analysis in the
perchlorate industry foday is the Sharples Micromerograph, an alr column in which a
sample of the powder is allowed fo settie, the rate of accumulation of weight at the
bottom being converted to particle slze distribution by application of Stokes' Law,
Because of difficulties that have been reported by others with agglomeration of fine
particles to appear as coarse particles, and failure to achleve full recovery at the
bottom of the sample injected at the top, it was decided 1o purchase a different kind
of apparatus for our laboratory.




uel

The equipment we use 1s a Mine Safety Appliance Company 1lquid sedimentation
anal ,zer (Fig. 8 and 9), which works on the same princliple as the Micromerograph but,
using a liquid, In a lower range of particle Reynoids number. The rate of settling
is determ'ned, for the coarse fract'on down to about 25 microns in chliorobenzene, by
grav!ty settling, A centrifugs is used to determine the distribution of particies
smaller than this, Dispersing and settling liqulds that have been found saticfactory
are: benzene and chlorobenzene for the diameter range from | to 100 mlcrons, and
buty! sebascate and ethyl phthalate for the range from 5 to 500 microns, It has been
found that ihis insirument gives resuits that are more accepiabie than the air
sedimentation equlpment. More tests for comparative purposes are underway (See Ref, 8
for survey of slze analysis problem),

The second aspect of the particle size work Is separation In quantity from
a ground stock of broad distribution, For this purpose, varlous elutriation schemes
were studled, and the air stream elutriator of Fig, 10 was adopted (Ref, 6,7). T.n
performance of the elutriator 's illustrated by the measured distributlions of Fig. II.
Although not as sharp a separavion as orlglnally desired, |t Is cons!dered adequate as
a means for establishing the connection between particle size and the b parameter.

E. The Effect of Radlation Upon the Burning Rate of Composite Solld Propellants

The sole mechanism of energy feedback from the reaction zone to the
propeilant surface that was considered in the granular diffusion flame theory was
conduction. 1In order to account for possible radiation feedback, this theory has been
modified by the addition of a small radlation component. The results of this work,
referring to Fig, |12 and the following Ilst of symbols are given below. (For
comparison see Ref, 9).

Ig = radiant energy teedback from flame
I, = energy loss radiated from the flame
I, = energy radiated into the flame zone from external sources

(e.g., I.ore from a hot gas core in a holliow burning grain)
o = fraction of I, absorbed without reaching solid surface
Q. = enthalpy of combustion = CP,[T;(“) - Ted

T, - finai femperature of combustion products

“I(agy = final temperature (adiabatic case)
Tg = temperature of the solid surface
Tb = ambient temperature ot propeliant
fo = hypotheticai burning rate In absence of radiation
r = actual burring rate (with radiation) = ro + Ar
/Dp = density of solid propellant
C; = specific heat of solid




G. = exothermic heat of solid-to-gas reaction at surface

Cpg = specific heat of gaseous products .
Te = adiatatic time of gaseous reaction In flame
T = actual time for gaseous reaciion

For the general case the solutlion Is

AI‘_ *[Ir*("“r}IxJ Iy—-1 Lo (4)
R AL (T-T)-al T iicp(mo"ﬁ)] +3(¥-)
For the case of a burning strand where

. .
Ij=0i I =L, T < Tqatr; 5 <!

ar _ I t L +3 (
R - BALGIL-T) QJ L/elCr(Tiaar 'TS)J
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For the case of 2 hollow burning grain where it Is assumed that

I, LetIo ; Ip=21I; ; «x<<1; T, =T(ad

Al"‘

i v o 's i _ i
-ATC, (T, Tyegt ta ﬁCs( K‘To)'QJ+ [Co(Tea "Ts)]} (6)

Measurements of I from tlames of strands (80:20 mlxture) burning at
500 psi (Fig. i3, 14) came out to be 6.4 cai/cm? sec. This corresponds to a flame
emissivity of 0.075 based on a theoretical flame Yemperature of 2800K. Equating
I to I, the evaluation of & r/r, for strands from Eq. (5) leads to:

ar
Ve
Messurements ot 1.,.o _from the cavity of the test motor (Fig. 15) at

500 psi came out to be 2.4 cai/cm® sec. This corresponds to a gas emissivity of
0.029 based on the same temperature. (The evaluation of I.,., from the fiux

= .020 - .006 + 1/2(.93 - |) = -,02!



meas oment in Fig, |5 Involves an Integration over the hemisphere of gas adjacent to
the clement of solld surface and takes Into account Lambert's coslre faw.) This
emissive power, incidentally, is about one-fourth of the value computed for the
calculated eguillbrium gas mixture at the astimated gas temperature, using ths

charts of Ref, 10, Il. No firm explanation can be given for this, but the dliscrepancy
could be due to the very imperfect knowledge ot pure gas emissivities. The burning
rate correction In this situation, from Ec¢. (6} is:

—AF" = .040 + (.0075 + .0015) = + .049
(4

Consequently, the burning rate in a holiow motor can be expectied To exceed
that of a ¢trand by about 7§. This is apart from erosive effects, strand diameter
effects, etc.

The radiatlon intensity is greater as the oxldizer particle slze is increased,
with this effect most pronounced at lower pressures and disappearing as the pressure
increases. Experiments have shown a small effect of strend diameter on the radiation
intensity, with the larger diameters giving higher Intensities., Aiso, tests with a
receiver pickling up the radiation from the side as the flame burned past have shown
that *he radiating zone of the tlame Is quite thin and clocse to the solid surface,
as is assumed in the above theory and In Fig. 12.

The work to date indicates that radiat*ion is 8 minor mode ot energy transfer
in the propellant studied, so that the basic assumption of Eq. (I) Is justified.
However, it may, still cause significant increases in the burning rates of hollow
charges over strands.

The fact that this is not borne out by experiments, as explained in
Section B, s still an usolved mystery,

F. Conclusion

As a partial statement of progress on clarification of the factors that
aftect the steady-state burning of solid propellants, the foillowing results can be
reported:

1. The magnitude of radiant energy transfer in ammonium perchlorate ~ P-13

type composite propeilants 15 sufficisntly sme!l 4o justlfy the pure conduction

mechanism underlying the theoretical burning rate law, Eq. (I1).

» 2. There are substantial differences between the burning rates in hollow
charge motors and ordinary strands that are not explainable by known mechanisms.
This requires further research.

3. The liquid sedimentation parti:le size analyzer appears tc perform as
well as the micromerograph, and an alr stream elutriator appears satisfactory for
. particle separation in bulk amounts in the range from 100 microns down. This will
enable research on particle size effects to proceed.
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FIGRE IOILE

Schematic drawing of purged strand burnsr showing fyplical one-
quarter Inch dlametsr strand in ong inch I.0. chimney. Flow
velocity of nltrogsn purgs gas is usually about 2 ft/sec In
chimney. Included is rapid water Injection system for quenching
strands during burning to alliow inspection ot burning surface.

Photograph of wax molds, side and front views, and some strands
as removed from molds. At curing temperature of |185°F wax Is
soft and strends are easiiy cut out from molds,
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3 Photograph of strand In strand burner with one haif of chimney -
removed, Longitudinal chimney joint te right Is insulated-with
' tape while joint to teft is bare. Ignition and fuse wlraes are
thereby insulated to the right of the strand and grounded to the
left. :
;4 Close-up of strands quenched during burning. Flirst two on left

burned at 165 psig while two on right burned at+ 500 psig. Only
the strand on the extreme right did not have 8 coating of
Inhibitor. Tilted surfeces are shown on outside strands while
dished surfaces to be expected from ignition along & cylinder are
shown in center strands, Strands had burned about 2 Inches
before quenching. Onliy tne uninhibited case at the right is

cal considered unacceptable.

'

Schematic cut-away drawing of radial burning motor.

6 Typicai pressure~time trace ot radial burning motor. Thls trace
lilustrates typical sources of error such as lgnltion transisent through
which trace must be extrapolated for computing Instantansous burning
surface radius, and the relatively round cut-off at end of run.

7 Burning rate vs pressure curves from motor flrings and from strand
burner. Generally higher strand rate, with maximum discrepancy
at lower pressures, is clearly shown.

8 Photograph of MSA particle size analyzer showing from left, high
speed centrifuge, sediment column viewsr and tapar, eleciric
timer, and low speed centrifuge, with magnetic voltage reguiator
shown to rear of viewer, Note lnage of sedimentation tube &nd
sediment column in viewer.

9 Photograph of sedimentatlion tube showing sediment column. Sample
injector shown to right.

1o Schematic drawing of two-stage elutriator, Distribution of
i fractions among the coiiecting vessels is coarse, mediun, &nd
fine, from left to right.

ol Slze distribution of fractions ssparated by elutrlator. Separat!on
| of fines from coarses Is not sharp, but acceptable for initial
studies,.

12 Solld propellant energy flux dlagram including effect of radiant
energy added in addition to that originating in flame zone.

13 Schematic diagram of strand burner equipped for radiation measure-
ment, showing 0.25 inch diameter strand mounted in (.25 Inch
diameter chimney, and purged with 10§ O, plus 908 N,. Cross-
section of window hoider shows radlation screens and window
purge assembly, through which radiation Is fed to a blackensd

vacuum tharmocouple.
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Typical oscllilograph traces of radiation tharmocoupie output.
First bright dot which is seen to left on base line occurs at
Ignition while succseding three occur when fuse wires are
burned. Known position of fuse wires in bomb gives position

of flame at any time relative to radiation receiver. Decrease
in signal as burning proceeds corresponds to increesing distance
of flame zone from recé:ver,

Schematic diagram of radial burning motor showing collimating
apertures and radiation r«ceiver which sees onl, rays passing
through nozzlie. Radiation recelver is a blackened vacuum
thermoccupie,
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