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INTRODUCTION

Tests in which propellant granules are ignited and purned in closed
chambers are used empirically as part of routins quality and production
control procedures (to determine propellant acceptability, to establish
charge weights, and to make laboratory determinations of propellant char-
acteristics).1=3 Closed chamber experiments of intecrest in this study use
high loading of nitrocellulose based propellant (e.qg., o 1 to 0.3 g/cmd) .
which produce high pressurization rates [dp/dt)y,, of 14 MPa/sec and
greater]) and high pressure: (e.g., 100 to 20 MPa). In this study, we
focused our attention on closed chamber cxper:ments a: a mcans of lrarning
. more about dynamic burnina and dvnamic chamber responses that accompany

ignition and rapid pressurizaticn.

The reader should make the distinction botwoen twe. “rcry ditferont
situations in which dynami¢ Lurning arnd dynam:. chamter 1e¢s[cnses are
of interest:

1. Production Control - In operationdl systems in which the pre-sur-
ization processes arc uniform and performance is rot aknormailv
sensitive to the propellant variations that cc.ur durina producticr,
relative changes 1n dp/dt vs p (urvally durara the middle 40
to 808 of the pressure range) ma; provide sufficient infcrmatir: 3
to establish the chearne weight for earh. nroduction prepellant lot. 1
However, further improvements of muzzlc e lrcite rredictions ha. ~d s -
on closed chambher results require a m-.» complete understantsue
and interpretatinn 7. clased chamber | reces:. ¢,

2. Research and Development - In develrim .nri’ syst-ms (e.g., where
maximum volumetric loading or optimized :ingle jr.ition ivrniters
are sought), careful attention must bhe :,ver to the dynamic
chamber and burning responses associat-a with 1qnition ané initial
pressurization. 1In these cases, 1t i necruire to glean :aritiv.,
éynamic bvrning, and chamber dynamics infermaticr frem spacially
devised closed chamber experiments. Thus, emphasis is qiven to
the initia] portian of the  vs t -trace. H

T

Recently, attention is boina: focuced on specific :ituaticrs which would
benefit from improved understanding of how projpellant variations affe -t
closed chamber processes, ¢.q., Ref. 1 is directed it m thods of predictitru
charge weights for production systems and Ref. 4 rc:ited nonun.form precs. €
gradients to overpressurc failures and abrormal muz-le velacity and ranac
dispersions.

b b

:v While the component prccoesses that occue in cluced chambexr cxperime .t:

P are reasonably well understood, t.one of the ~xicting analytival modals trotide

. a comprehensive explanation cf the interplays among these component frofesdes.

2 For example, uncertainties exist concerning the contributicns of dyndmic lurn- 3
- ing, real gas effects and the use of simple equations of state, hcat lcsses

L - from the gases to the chamber, variations of flame ~nd chauber temperatures,and

’ nonuniform ignition and surface ragression of granular propellant churces. !

)
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Por the most part, previous efforts considerod the middle of the burning
interval to avoid complications associated with the above stated uncertain-
ties. Approaches which do not treat adequately the ignition and early

pressurization phases ignore much of the information available from closed
chamber experiments.

By understanding the dynamic responses in the ignition and early pressur-
igation phases, wmportant insights into the instabilities and oscillations
that have been associated with malfunctions in uperational syztems (4) can be
obtained. In particular, the goals of the study are:

l. To develop ignition and dynamic burning rate relationships that can
re used readily in irtericr ballist:c codes,

. To jrov.de an analrtical basis for rdeviluping an improved method of
measuring dynamic responses of propel iunts at hiali pressures and
high pres.urization rates, and

!, To develu] a more complete model of the interactions bLetween ignition,
dynamiz hurning. chamber pre:ssurization, heat loss, etc.

DESCRIPTION OF CLOSED CHAMBER

(losed chamber: are usually designed to burn granular ;ropeilant charges.
Several characteristicz ~f these devices complicate the data interpretation:

l. Granular propellants ire usually 1gnited by an unevenly dispersed
secorndary solid propellant charje and, thus, uncertainties zxist
concerning tuce uniformity ~€ ignition and flame spreading.

<. Heat luss from the combustion gases to tne -hamber walls.

. Burning suria:s area veresus distance burned 1s altered by nonuniform
ignition taund thus noauniform surface regrecasiorn) and variations
an the muit .~perforated grain geometry.

4. Ignition charges usuaily produce gas compcsitions and temperatures
that dArife” significantly from those of the main charge.

For experimental detrrminations of batch-to-batch acceptability during propel-
lant production, the ubove four complications may not be objectionable since
unacceptablc jrejellunt can bhe isolated and charqe weight determined in terms
of relat:ivs changes in che prussure versus time trace. However, the complica-
tions completely mask chunges in burning rate, and in particular, the dynamic
responses that occur during iynition and the early phases of chamber pressur-
ization.

We propose a special purpose closed-chamber and propellant configur-
ation which is suited tor establishing the contributions of dynamic burning
and chamber responses. As shown in Fig. 1, the propellant charge consists
of thin sheets of propellant bonded to the inner wall of the cylindrical
chamber and t- the outer diameter of the cylindrical spacer. For this simple
geometry, the surface area vereus distance burned is known with a relatively
high degree of certainty. For the datum case configuration of Table I, the

-2-
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surface a~ea decreases 6.5\ as the propellant burns. Heat loss to the
chamber walls does not appreciably affec!: chamber pressure and temperature
since he propellant insulates the walls. We propose to greatly reduce the
complication associated with nonaniform ignition and with the uncertainties
of the gas composition by using ar igniter charge that consists of ultra-thin
shavings (i.e., 5 to 15y thick) of the mai.. propellant. These shavings will
loosely f£ill the chamber free volume and will be ignited by an electrically
heated nichrome wire; flame will propagate quickly through the bed of shavings
and provide an intense heat flux to the propellant surface. The rate at
which the propellant shavings burn can be increased by pre-pressurizing the
chamber. Heat flux from the iqnition charge will be measured using an outer
wall section instrumented with thin film calorimeters. The chamber will be
fitted with a blow-out disk to limit the maximum pressure whenever limited-
range pressure transducers are used to obtaii very accurate pressure measure-
ents at the lower pressures.

Figure 1b shows an alternate configuration ia which the propellant con-
figuration is a hollow cylinder which burns on the inner and outer cylindri-
cal walls and the ends. The advantage of this configuration is that the
propellant charge is easier to fabricate; the disadvantage is that the
chamber walls are fully exposed and, thus, the heat loss will be greater.

ANALYSIS

The chamber pressure and mass generation responses (indicated in Fig.lc)
will be calculated from a mathematical model whose primary components are
coupled throuyh numerical solutions to the energy equation for the prorellant,
the Zeldovich nonsteady heat feedback equations, the energy and continuity
equations for the chamber, and a generalized form of the equation of state.

Burning Rate Dynamics

During ignition and rapid pressurization, two opposing effects in the
combustion zone cause the instantaneous burning rate to differ greatly from
the steady state burning rate corresponding to the instantaneous pressure,
i.e., (1) the developing temperature profile in the condensed phase of the
propellant and (2) the out-cf-phase blowing effect of the reacting gases
leaving the burning surface. The contributions of these effects are mosit
easily explained in terms of an example which considers a rapid pressure
increase from a low pressure condition. At the lower burning rate corres-
ponding to the lower pressure prior to pressurization, the thermal wave is
relatively thick. (Similarly, slow ignition produces a thermal wave thicker
than the thermal wave corresponding to steady state burning.) As the pres-
sure increases, the propellant curface layer is in effect preheated with
respect to the thermal profiles at the higher pressures; the burning rate is
enhanced while the preheated surface layer is being burned away. This en-
hanced burning rate causes the flame zone gases to have an enhanced velocity
and, thus, the "blown" flame is thicker than the steady state flame corres-
ponding to the instantaneous pressure. This blowing effect decreases the
temperature gradient at the surface and the heat fzedback from the flame.
Thus, th2 burning rate of preheated provellant is moderated by the blowing
effect when the burning rate exceeds the equilibrium burning rate. The
interactions resulting from the rapid changes in pressure will also affect the
flame temperature and chamber gas temperatu-e. A primary objective of this
study is to elucidate these dynamic processes.

-3~




In this development, the dynamic burning rate calculations employ the
Zeldovich formulism (5) which offers the important advantage of considering
the burning race transients without having to understand the details of the
flame and surface zone reactions. Since the methodology is covered thorough-
ly in Ref. 5, only the application is discussed in this paper.

The analysis and ascumptions are discussed as they apply to highly
loaded closed chambers. Because of the wide range of e¢vents and special
purpose propellants that may be considered, the assumstions used in the
analysis should be reviewed for each situation considered. The standaxd

assumptions for application of the Zeldovich nonsteady heat feedback function
are:

1. The rate processes in the flame zone adjacent to the surface (i.e.,
the fizz zone) and in the surface reaction zones can be considered
quasi-steady in the sense that their characteristic times are short
compzred to the transiticn time of the pressure change. No such
limitation is necessary for the tharmal wave in the condensed phase.

2. No kinetic heat release occurs in the condensed phase bealow the
surface reacticon zone. Althrugh the surface reactions occur in a
zone of finite tnickress, the zone ic sufficiently thin that it cen
be considered as quasi-steady.

3. The condensed pha=~ of the prcpellant is accurately represented
as being humogenecus and isotropic.

4. Propellant combustion zones are not influenced by position and
external forces such as shear forces from the flowing chamber gases.

The justifications for assumption 1 closely follow the arguments pre-
sented in Ref. 5. Thus following Ref. 5, the characteristic times for the
condensed phase, surface zone, and yas phare arua:

T, = o /et (1)
T = RSS/ESTC = 0.1 Te (2)
e = Dop /O e )T, = 0.2 % 10'3prc (3)
For tne datum case conditiorns: J
E at p = 100 atm T, €.0003 sec and T, = 0.02T_ sec i
= 500 = 0.00004 and = 0.17,

Thus, over the pressure range of significant dynamic burning effects, the
flame zone responds very quickly when compared to the response of the con-
densed phase temperature profile. Furthermore, the flame zone reacts quickly
relative to thc overall pressurization time (typically, 0.001 to 0.008 sec).

-4~
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The energy equation for the condensed phase (-» < X, < 0) has the fcl-
lowing eigenvalue dependence on T (0,t) = T, (t)

2 . 2 ,
pccclaTc/Qt + r(Ts)aTc/Bx] = xca Tc/ux 4)

where under conditions of full ignition the burning: rite r is related to
the surface temperature through the pyrolysis law.

= As exp(-Es/RTs) (5)

Note that surface temperature is dominated by the heat feedback from the
flame. The initial condition for Eq. (4) is,

T(x) = Ty at t=0 (6)

The first boundary condition is
T =T, das. X > -» (7)
The second boundary condition is a series of conditions:

{1) heatup to ignition

For Ts ~T , = q, (t) (8)

(Until onset of surface regression, the temperature profile is calcu-

lated by a closed form heat conduction solution.)

(2) combined heating from ignition sfimulus and from gas phase and
surface reactions

a'r]
> -
For T 2>T, and t< tig’ kax/x_o qig(t) + A ¢lx.p] (9)

{3) burning dur'ng conditions of full ignition after the igniter burns

out
For T > T and t> t. , Réz = X ¢l[r,p] (10)
s = "ze - "ig’ 9x x=0 c

where 4 1s the Zeldovich heat feedback function developed in
Ref. 5.

The result of the foregoing analysis of the propellant igniticn and
burning is one nonlinear, second order partial differential equation,
[Eq. (4)] for Tix %), with a series of boundary conditions.

An expression for the dynamic flame temperature may be obtained under
the following conditions: (1) the product composition in the flame zone and

-5~




the neats of reaction in the surface reaction zone and in the flame zone
are not affected by the dynamic conditions, and (2) the specific heats
in the surface reaction zone and the flame are equal. It follows from

¢ = (r/ac) (Tg - Tg) that the energy balance for both steady and unsteady
states is:

rpcbhf = lc¢ + mccc('rf - Ts) (11)

Therefore by ronsidering a reference condition, the dynamic flame temperature
is

A 1 c

c_|l¢ ® c

T ($,x) = [] -= - T -T_ | +T (12)
£ Dccp,f lref T cp' s,ref s f.ref

Chamber Pressurization Dynamics

The analysis and assumptions are discussed as they apply to closed
chambers in which the combustion gases are well stirred, i.e., thermal
-gradients within the chamber are not considered to be important. The as-
sumptions for the closed chambers shown in Fig. 1 are:

1. Temperature and pressure variations can be accounted for by a
lumped parameter treatment.

2. The flame zone gases are fully reacted when they enter the control
volume which is adjacent to burning propellant surface.

3. Propellant surface ignites uniformly.

The condition of negligible total temperature and pressure gradients
of assumption 1 is more justified for our small free volume chamber (defined
by Fig. 1 and Table I) with a distributed propellant chaxge than for a
large free volume chamber with the propellant charge at one end. 1In the
former case, the combustion gases leaving the burning propellant surface
are distributed alcng the length of the chamber and have velocity components
(normal to the axis) which promote rapid mixing.

Assumption 2 is valid for nitrocellulose propellants at sufficiently
high pressure that the dark zone thickness is small compared to the dimen-
sions of the free volume surrounding the burning propellant. Establishing
the validity of this assumption will have to await analysis of experimental
data, since during the early phases of pressurization of high volumetric
loading chambers reactions in the chamber may be significant.

The validity of assumption 3 depends on devising the experiment so
that the interval of flame spreading through the propellant shavings is
short compared to the total burning time of the main propellant charge.

The derivation of the chamber equations was carried out without speci-
fying the gas law. During the numerical solution, gas properties are cal-
culated as part of the finite difference solution (either from tabular
édata or from an equation of state and thermodynamic relationships) for each
sat of calculated pressure, Pop’ and temperature, Tch' The initial

-6-

-




peT——

S
o I £~ Y

X

i A R T T e ¥

conditions are

r=20
pch = pinit
Teh = Tinit (13)

The mass continuity equation for the free volume in the chamber (see chamber
control volume in Fig. la) is

/ =
d(pchvch),dt mb + mig (14)

where m = pcAb(rb)r.

The chamber volume increase during burning is
dvch/dt = rAb + mig/pc (15}

Following ignition, the burning surface area is a prescribed function of

propellant geometry in terms cf distance burned, Ty
The energy equation in the chamber is
de .l m(h.-e +m (b, -e) -Q ] (16)
dt pvch ™ £ ig ig loss

For M~6 propellant a simpler form of the energy eguation can be used with :
very little loss in accuracy since hg, ¢y ard 0h/3T)p vary slightly i
(see Table II) and, as shown in Fig. 2, the Noble-Abel equation of state

is an excellent approximation. Accordingly, de = cvdT, and

ar 1
3t CVDVCh[mb(cp'rf ch) + mig(cp'rig ch) - Qloss] (17)

The generalized equation of state p = p/Tw(p,T) is expresced in differential
form (and then combined algebraically with Eq. 14):

do 1 dp_p dT p duw (18)
ds wT 4t 2 dt 2 4t
wT Tw

In the numerical solution, w(p,T) may be input in tabular form and particu-
lar values of w(p,T) are found by a two point interpretation.

The heat loss from the chamber gases to the chamber walls are approximated
by treating the chamber wall as severai thermally thick surfaces that are
heated by a combination of radiation and convection

n

4 4
QlOSS B gAw:n[%n[TCh B Tw;n] * GAl-z[Tch - Tw,n]] (19)

-7-




The wall temperatures are calculated by integral solutions to <re heat con-
duction equation [for discussion of Eq. (20) see Ref. 6]

t 2
3 Tw,n ™ “: T - -»q‘)'gih —-T;) -1y o 20)
' ' 3\, W 0 ch w 0

0

Equation (20) was obtained by substituting a third order temperature profile
into the heat conduction equation with a convective boundcry condition and
setting up the indicated integration.

As the igniter gases pass over the unignited propellant, they give up

heat. As a result, the ignifer gas temperature as it mixes with the chamber
gases is considered to be

Tig = xg,ref Abqlq/(cpmxg (21)

The primary result of the foregoing analysis of the chamber and propel-
lant burning conditions is a coupled set of three nonlinear, first order
ordinary differential equations (Eq. 14, 15, and 17) for pchns Tchs and
Vch and one nonlinear, second order partial differential equation, i.e.,
the energy equation for the condensr:d phase, Eq. (4). The energy egquation
for the condensed phase along witk its boundary conditions was solved using
the methods of explicit finite differences. Equations (14), (15), and (17)
were solved by a predictor-corrector technique employing a variable time

3
.
step.
i CALCULATED RESULTS
A series of parametric studies were carried out for the closed chamber
[
t
)

configuration shown in Fig. la loaded with M-6 (a single base nitrocellulose
propellant). The datum case combustor conditions listed in Table I, were
arrived at after using the analytical model to investigate a range of con-
figurations. The M-6 condensed phase properties selected for the study are
representative of typical nitrocellulose based propellant properties; a
consistent set of property measurements for M-6 has yet to be accomplished.
The combustion gas properties were calculated using the techniques of Ref.
7. As indicated in Table II, the ranges of M., 9h/dT)p, cy and Ty are
surprisingly small and, thus, mean property simplifications to the equations
are soundly based. A similar series of thermochemical calculations for a
double base propellant revealed that the ranges of these same variables are
approximately twice as great. Figure 2 indicates that the large departures i
from ideal gas theory and that, in the range of interest,simple real gas .

laws (e.g., the Noble-Abel equation) can adequately describe the gas proper-
ties.

Burning rate, chamber temperature, and pressure during the operating
sequence of the datum case are shown on Fig. 3a. After the propellant ignites, i
the heat flux from the ignition charge produces a burning rate overshoot
since it is the same order of magnitude as heat feedback from the propellant
flame. The second overshoot in burning rate is the increase in burning rate
produced by the rapid increase in chamber pressure. Note that burning rate

-f-




and chamber temperature dynamii’s are very prominent during the first oncu-
third of the burning interval. The short tail-off time cf the igniter charge
(i.e., 0.5 msec) produces the sharp demarkation between the burning rute
overshoot produced by the igniter and the burning rate overshoot during the
subsequent rapid pressurization; extending the tail-off time tu 1.0 msec
merges the two overshoots and tliere is no clearly distinguishable demarka-
tion between the overdriven Lurning rate during ignition and diring rapid
pressurization (see the comparison on Fig. 3b).

The most widely used result from closed chamber experiments is. dp/dt at
prescribed pressures. Figure 4 shows the strcng influence that londiing den-
sity has on dp/dt. Figure 5 illustrates the application of a widely used
parameter, relative quickness (RQ), to relate the dp/dt vs p results of
closed chamber experiments. One of the more widely used definitions of
relative quickness (RQ) states that dp/dt be recorded at four equally
spaced values of pressure in the middle portion of the pressure-versus-time
interval.(2) The dp/dt's are then comparei to datum case Or standard lot
values at the four pressures in the following manrer.

4
1} dp/dt
R =5 L (22)
4 n=1 dp/at) .
n

For the four pressures indicated in Fig. 5b (i.e., pj = 500, p3 = 1000,
P3 = 1500, and pg = 2000), RQ is referred to as RQg.s5-2.0-

Figure 5 shows how changes in burning rate exponent (while keeping the
burning rate at 68 atm constant) affect dp/dt ani RQq ,s-2,p- When consid-
ering the effects perturbing n, it must be real.Zed that the values of
RQ are very dependent on the pressure at which burning rate is held constant
(i.e., the pivct point, p, cena lnr versus 1n p plot). Indeed, as
the pivot point pressure is increased toward the mean value of p;, P2/ P3
and p4, A3RQ/In becomes very small.

Figure 6 illustrates that the Eq. (22) definition of RQg.s5-2,0 iv
totally blind to variations that greatly affect ignition and the initial
pressurization phases. Even though decreasing the igniter heat flux and
mass significantly alters the burning rate and chamber temperature responses
before p = 300 atm, after p = 500 atm is achieved the changes in dp/dt vs p
are not appreciable.

Figure 7 and Table III summarize the extent that changing propellant
parameters, the closed chamber configuration, and the model affect the
ignition and pressurization parameters. Based on the RQq 5.5.¢ definition,
variations in the burning rate coefficient and exponent have the greatest
influence on RQ. To illustrate how dynamic response data can be obtained
from closed chamber experiments, Table ZII includes RQy.05-0.2 calculations
based on pressures at 50, 100, 150, and 200 atm. Note that these values of
RQq.05-0.2 strongly reflect changes in dynamic response.

Figure 8 is a Zeldovich map which shows burning rate as a function of
heat feedback to the condensed phase of the propellant. Following the Zeldo-
vich formalism nonsteady burning rates car be related to steady state burning

-Q-
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parameters are the same for all three cases, hut ignition and pressurization

rate changes that correspond to changes in the rropellant's initial tempera-
ture. A detailed discussion of this relationship is given in Ref. 5. The

locus of burning rates illustrate the relationships between burning rate over-
shoot and increases in initial temperature. For example, the r/req * 2 over-
shoot following ignition (see Fig. 2) corresponds to the increase in staady
state turning rate obtained by increasing the initial temperature of the pro-
pellant from 298 to approximately 480 K. As the dynamic effects diminish, the
locus of burning rates merges with the burning rates corresponding to Tg = 298 K.

Several recent efforts have attespted tc develor empirical dynamic burning
relationships in terms of dp/dt and other instantaneous parameters. One such
relationship ocriginated with von Elbe (8) and has been extended by others (e.g., .
Refs. 1 and 9). To date none of these empirical rolationships :successfully com—
parad with the more complete dynamic burning rate models.(5,10) Two of the smever-
al reasons for this are (1) 1f the method ot R(t. b is used, the cssential fea-
tures cf the condensed phase temperature histery are lost since the computational
sct.eme uses a series of steady state temperatue profilec in the -cihdensed phase,
and (2) the method does not consider the dynamic coupling betweer. the heat feed-
back from the flame zone and the proj--llant surface conditions (i.e., tre rela-
tionship indicated in Eq. 10). Two examples of the lack of effectivencss of the
empirical models are shown in Fig. 9. If the empirical relationships are to be
useful, an approximate one-to-one relationship between r/rx and some Jdp/dt
parameter zust be found. The laft-hand figure shows that input parameters that
influence the dynamic ~esponse greatly alter the relationship between r/req and
(cc/riq) {(d 1n p/4dt). Praponents of the empirical dynamic relationship may
counter that since changirg op changes the propellant, the dynamic burning
relationship will change also. However, in the riqht-hand fiqure, the propellant

responses have been altered. Note that r/zeq is very dependent on the partic-
ular ignition and pressurigation response and is not specified (even approximate-
1ly) by the parameter (ac/r2 )(4 1ln psdt). Attempts to correlate othor dp/dt
parametars wars unsuccessful. Thus the burden of demonstrating that o particu-
lar empirical dynamic burning rate equation is a ynod approximate is on the
users of the equation. In the meantime, there 15 -2 justificaticn tor using
empirical dynamic burning r.te egqua*icn® to -alvuiate spe. 1510 burring ra%e
respnnges .

CONCLUSIONS

RO ANSRah < A R—
Weg———————— S SR L)

An analytical model hau been developed that considers the complete thermo-
dynamic saquence 1n the closed chamher configuratjon thuat if being proposed for
future studies of dynamic re: onses. The model cors far Le ond vrevicus efforts
to simulate closed chambers since :t combines for tne Iirat time the following .o
features: :

e b s

1. Heat up to ignaition.

2. Dynamic burring rate and [lame terperature Lased on Lransisnt d.ovel-
opment of the propellant temperature jrcf-le.

3. A generalized treatment of real gas effocts.

4. Heat loss to the chamber walls.

S. <Chamber wall temperature cal-ulated 13 a function ot time,

6. The chamber temperature Lascd »n a seluticn to the energy ecuation.
=10~
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| Based on the analytical results, the operability and the Table I dimen- i

, sions for the closed chamber shown in Fig. la appesar to ke realistic. Ef- '

o forts are proceeding to obtain data using the device and to explain the data

in terms of the model.

Present methods of mesasuring relative gquickness exclude the contribution ]

of ignition and early stacge pressurization events which are known to be the

precursors to serious overpressures and velocity dispersions produced by

improperly designed large caliber propelling charges. Accordingly, whenever i

dynamic response information is sought, careful attention must be given to

) the early portion of the p versus t trace. The routine quality control ‘
tyre of RQ's are totally blind to dynamic response irreqgularities since

;’

they use Jdata from the well behaved middle portion of the dp/dt versus p
trace.

For systems with smooth, weil behaved pressure versus time characteris-
tics, the routine quality control type of RQ (based on the middle portion
of the dp/dt versus p trace) is of value in establishing charge weight.
Under such conditions, this study shows that variations in the coefficien:
and exponent of the burning rate equation influence RQ most strongly and
that the assumptions of no heat loss, Noble-Abel equation of state, no dyn-
amic burning.. and ignoring the details of the ignition processes have little 1
influence on the calculated RQ values taken from the middle of the dp/dt
versus p trace.

it it
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Nowenclature

burning rate law coefficient for empirical relation ap"

propellant burning surface
pre-exponential factor in pyrolysis law

overall interchange factor for radiation
between gas and region being heated

specific heat

specific heat of combustion gases at
constant pressure

specific heat of combustion gases at
constant volume

activation energy in pyrolysis law

enthalpy

convective heat transfer coefficient

nel heat release during propallant combustion
masc flow rate

average molecular weight

exponent of apn burning rate law

pressure

heat flux from ignition stimulus

universal gas constant

relative quickness (see discussion of Eq. 22)
burning rate

time

temperature

initial temperature of propellant

threshold surface temperature for first flame
chamber volume

distance

thermal diffusivity

thermal conductivity

density

temperature gradient at interface between
surface reaction zone and non~reacting
condensed phase

Stefan-Beltzmann constant

temperature sensitivity of burning rate at
constant pressure (dln x/dT.)

covolume in liobie Abel equagign of state
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cm/sec

cal/g-x
cal/g-X

cal/g-K
cal/g-mole
cal/g
cal/cmz-sec-x
cal/g

g/sec
g/g~-mole

atm, MPa
cal/cmz-sec

cal/g-mole-K

cm/sec
sec
K
K
K

3
cm ,
cm

2
cm /sec
cal/cm-X-sec

3
g/cm

K/cm

cm3/g
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characteristic time sec
thickress of propellant burned cm
main and igniter propellant loading density in 3
chamber g/em

Subscripts

b burning propellant .

c condensed phase

ch chamber conditions

| eq steady state condition which corresponds to

instantaneous pressure

f flame condition, flame zone

ideal perfect gas

init initial; condition of a controlled environment

ig igniter

P constant pressure

Prop propellant

ref reference conditions: p = 68.08 atm (6.90 MPa), To = 298 K

s surface reaction zone
constant volume

w wall

ze temperature of flame development

0 ambient condition of unburned propellant
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Table I
Combustor Conditions For Datum Case

loading Density, U = 0.2 q/c-3
Grain Configuration: rod and tube

Leangth = 3,00 om

Chamber ID = 3.000 cm

Rod OD = 1.411 cm

Web Thickness = 0.050 cm

Chamber Volume: 14.47 to 16.45 cm3

Burning Area: 43.05 to 40.26 cm?

Igniter Burning Time: 1.0 msec plus 0.50 msec tail-off
Igniter Charge Mass = (0.0187 g

Heat Flux from Igniter = 200 cal/cm2-sec

Propellant Mass = 3,284 g

Exposed Wall Surface = 11.0 cm?

Chamber Material: Steel

Table II

Properties for M-6 Propellant as Used in Datum Case
COMBUSTION GASES: Range: 300-3300 atm and T = 2400 to 2800X

Hw = 23.28 g/g-mole 20.086 ( 0.4n)
3h/3‘1‘)p = 0.444 cal/g-K 20.012 (2 2.7%) } RANGE
c, = 0.349 cal/g-X 10,017 (% 4.9%)

PV/nRT in tabular form ranges from 1.033 tc 1.402

T = 2821 K ranges *5K(* 0.2%) as loading ranges from 0.1 to
0.3 g/cm3

CONDENSED PHASE:
n
ref (p/p“f) cm/sec
where n = 0.674
Fraf ™ 1.448 cm/sec at 68.08 atm (6.90 MPa) and 298K
0.0035 x~1

r =r

15,000 cal/g-moln

623K at 1.448 cm/sec

0.00073 cal/cm-sec=-K (* 0.00007)
1.58 g/em® (¢ 0.01)

0.37 cal/g-K (¢ 0.03)

T = 500K
ze

Q
QO © VWHMM'U
L}

ek~ o
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Table III

Sensitivity of RQ to Datum Case Parameters

A, it R

Variable Changed PI:E::ZZGI RQO.S-Z. 0 i‘%%(— RQO. 05-0. 2
x/x
n +0.074 1.15 2.04 1.036
n -0.074 0.87 1.78 0.965
n +0,020 1.038 1.924 1.010
n -0.021 0.963 1.860 0.991
a +0.020 1.019 0.988 1.020
a -0.020 0.979 1.023 0.978
4, Loading density +0.050 1.060 1.187 1.106
U, Loading density -0.050 0.941 1.173 0.948
o +0.143 1.001 0.005 1.048
Gp -0.143 0.999 0.004 0.989
mig' Igniter mass -0.25 1.001 -0.008 1.005
qig' Igniter heat flux -0.25 0.999 0.000 0.932
No heat loss to
end wall - 1.015 -- 1.019
Noble-Abel Eqn.
rather thanw (p,t) - 0.998 -- 0.294
Increase igniter
tail-off 0.005 sec -- 0.995 - 1.366
To +0.02 1.027 1.351 1.040
c, Specific heat -0.05 1.000 -0.007 1.038
A, Thermal conductivity +0.05 1.000 0.006 0.987
-16-
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(a) (b)

ROD-AND-TUBE PROPELLANT CON- HOLLOW TUBE PROFELLANT CON-
FIGURATION (SIDE WALLS NOT FIGURATION (SIDE WALLS ARE
EXPOSED) EXPOSED)

CONDENSED PHASE

SURFACE 70ONE
FLAME ZONE

r

Te

TEMPERATURE GRADIENT
IS NONSTEADY

. '.‘:.;'-.‘..-. &) . .
N ENLARGED SECTION
OF PROPELLANT

Fig. 1 Closed chamber configurations along with chamb
and propellant processes considered in mathematic el
formulation.
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X ~
% CALCULA.:.) RY
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THERMOCHEMISTRY CODE
REF. T
A 1 1
0 1000 2000 3000 4000
PRESSURE, ATM

F1G. 2a Departure of M-6 propellant combustion

gases from perfect gas theory in pressurc

and termperature range of closed chamber
experirents. (Note: Or the above plot thc
Noble-iAtel equation of state produces a
straight line with a s upe of kM, 'RT, where

b is the covolume. 7Thus, since on the ato.2
plot the isotherms car Le approxirated kv
such a straight line, the loble-Alel equation
describes the gases in the range of interest.)
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PRESSURE, Mi'a

100 . 200 300 400
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2800

TEMPERATURE
K
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A

4 T | | A 1 i

AVERAGE MOLECULAR
WEIGHT, My, G/G--MOLE

Fig. 2b

1000 2000 3000 4000

PRESSURE, ATM

Isochoric flame temperatures and
molecular weights for M-6 propellant.
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FRESSURE, MPa
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2800 K
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} THERMOCHEMISTRY CODE (RFF. 7)
1 (2] i 1 . I} [} '} [
' o0 1000 2000 3000 4000
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'ig. 2c Specific heats n{ M-6 projellants.
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PERIOD OF RQ

PERIOD OF IMPORTANT MEASUREMENTS
NONSTEADY BURNING USED IN PRODUCTION
INTERACTIONS CONTROL
——A— r A \
o
o T T
O
4 o
o~
4 -t
a—
[0
6 p-
B
pmax,ideal
<¢ -
o
pmax,ideal = 2039 ATM
= 206.6 MPa
o ! 1L L
0 2 4 6 8 10

TIME FROM ONSET OF IGNITER, MSEC

Fig. 3a Ignitiorn and pressurization transients of datum
case showing burning rate overshoots resulting
from igniter and pressurization.
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Fig.

o

-
ﬂ
— — IGRITER BUXi OUT IN 1.5 MSEC 7
- = =~ IGJITER BLZN OUT IN 2.5 !SEC
.
-
IGNITLR
s A7 HASS TLUX
\\\
N L i |
2 4 6 g 1

TIME FROM ONSET OF IGNITER, NSEC

3 Extendinc the action time of the igniter heyond
the time of the Lurning rate overshoot associated
with igrition preheating causes the two burning
rate overshoots shown on Fig. 3a to mcrae.
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Pressurization rate versus pressure showing
effect of decreasing loading density.
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5a Increasing relative ¢ 2i:kness with increasing

burning rate exponent.

{(Four pressures used in

relative quickness calculation are indicated.)
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Fig. Sb Increasing pressurization rate with increasing
burning rate exponent.
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Fig. 6 Variations in igniter produce marked changes
T in the ignition transients but the shape of
the latter portion of the p - t curve, and
thus relative quickness, is not affected.
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RELATIVE QUICKNESS, RQ) ¢_,

NOTE: THE LINE FOR n
IS A SPECIAL CASE FOR
BURNING RATE HELD CONSTAN14
AT Pref = 68.08 ATM

= 6.90 MPa

) I T S R T S S S Y
0.9 1.0 .1

VARIATION IN PARAMETER, x/xREF

Fig. 7 Relative quickness variations in terms of
ignition and propellant parameters.
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Fig. 8 Zeldovich map showing traverse of datum case.
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Fig. 9 Dynamic burning rates are not single valued

with respect to a widely used dimensionless
p parameter.
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