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Abstract — A critical review is offered of the commonly implemented flame models for
computing transient burning rates and intrinsic combustion stability of solid rocket
propellants.  After illustrating merits and limitations of each, a new flame model is
described, by means of a umfied mathematical formalism, incorporating all of the
previous knowledge and allowing ground for further extensions. In particular, a better
and closer agreement with experimental information is enforced. ’IPhe general feature
of the new model, called afy, is the capability to describe spatially thick gas—phase
flames, when necessary, allowing pressure and/or temperature dependence of several of
the relevant parameters. With proper care and within current limitations, the afvy
transient flame model is applicable to both double—base and composite solid rocket
pro%ellants. However, in orger to accomplish further grogress more fundamental work
mn the area of characteristic gas—phase times is required.

NOMENCLATURE

specific heat, cal/gK
¢ / cref, nondimensional specific heat
thickness, cm

activation energy, cal/mol
=E /8% /T ref ,nondimensional activation energy

To / Gret , nondimensional external radiant flux
Qref, nondimensional heat release

external radiant flux intensity, cal/cm? s

thermal conductivity, cal/cms

= k / ke, nondimensional thermal conductivity

= maximum value of chemical reaction rate

= ballistic exponent

pressure exponent in the pyrolysis law

pressure, atm

= {8 atm, reference pressure

= p / pref , nondimensional pressure

d / Gref , nondimensional energy flux

energy flux intensity, cal/ cm? s

¢ Cc Thyref (Tsyref — Tref) , reference energy flux, cal/ em? s
eat release, cal/g (positive exothermic)

Cref (Ts,ref — Tref) , reference heat release, cal/g
urning rate, cm/s

Ih(Pref) , reference burning rate, cm/s

average optical reflectivity of the burning surface, %

rb/ Tbyref , Nondimensional burning rate

universal gas constant; 1.987 cal/mol K or 82.1 atm cm3/ mol K
time coordinate, s

temperature, K

300 K , reference temperature

Ts(pref) , reference surface temperature, K

gas velocity, cm/s

U / Ib,ref . nondimensional gas velocity
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power of pyrolysis law

average molecular mass of gas mixture, g/mol
space coordinate, cm

X | (et / Thyret) » nondimensional space coordinate
parameter of elongated flame kinetics

Ny g =

Greek symbols _
= thermal diffusivity, cm?/s; also: parameter of a transient flame model

o

8 = parameter of a transient flame mode]

¥ = parameter of a transient flame model

€ = nondimensional reaction rate

T 3 = average optical emissivity of the burning surface, %

g = (T — Tret) / (Tsoref = Tref) , nondimensional temperature
T =T () ref , nondimensional temperature

I = density, g/cm?

T =1t / {ref / Thorefy , nondimensional time coordinate

<>  =1(Cq/ Kg) (pc/ <pg>) , nondimensional characteristic time parameter
© = Qg pg €¢ , heat release rate per unit volume, cal/ cm3s

Subscripts and superscripts

c = condensed—phase
dz = dark—zone

f = flame

fz fizz—zone

g as—phase

s urning surface

.8 = burning surface, condensed—phase side
g8 = burning surface, gas—phase side

ref = reference

A = spectral

<> = space average

- = steady state

= = average over chemical composition
-0 = far upstream

~ = dimensional value

Abbreviations

AN = Ammonium Nitrate (NH4NO3

AP = Ammonium Perchlorate 6NH4 7104)
DB = Double—Base

GAP = Qlycidyl Azide Polymer

HMX = cyclotetramethylene tetranitramine
KTSS = Krier—T"ten—Sirignano—Summerfield
KZ = Kooker—Zinn

LIF = Laser Induced Fluorescence

LC = Levine—Culick

MTS = Merkle—Turk—Summerfield

PNC = Plastisol NitroCellulose

TMETN = TriMethylolEthane TriNitrate

1 BACKGROUND

Within the framework of overall monodimensionality in space, gas—phase quasi—steadiness in time, and
thermal nature of combustion model, for several classes of solid rocket propel?ants transient burning can be
numerically simulated and intrinsic combustion stability analytically predicted, reasonably well. The
theoretical treatment by this research group is based on fundamental principles only; among its features
there is the fact that, over a wide range of operating conditions, the combustion model incorporates and/or
attempts to reproduce the most detailed experimental information available. Nevertheless, the models
curtently availapble from the competent open literature feature unnecessary restrictions of validity or suffer
of erroneous and/or arbitrary assumptions. It is the purpose of this paper to review the field of transient
flame modeling for solid rocket propellants, point out imitations, and suggest ways to overcome them. In
addition, comments will be provided as to the intrinsic combustion stability properties embedded in any
transient flame model.
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Two important features have first to be recognized. Double—base (DB) propellants, whether catalyzed
or not, clearly manifest a multi—zone flame structure over a large pressure range. However, for
most current compositions burning at pressures below, say 150 atm, the dark—zone effectivel
filters away the heat feedback to the burning surface from the luminous—zone. On the other hand,
for most current compositions overall monodimensionality in space requires a minimum operating pressure
of, say 2 atm. In addition, the particular but important class of catalyzed DB manifests the pecugliar effect
of super—rate burning, usually in a narrow range near the low end of the above defined pressure interval,
consisting of a spectacular increase of burning rate with ballistic exponent largely bigger than 1. This
implies that, within wide pressure limits, modeling of DB flames is conveniently reduced to
fizz—zone modeling, except perhaps the narrow pressure range over which super—rate occurs.

Heterogeneous or composite propellants, in particular ammonium perchlorate (AP)—based compositions,
manifest a pronounced dependence of their combustion properties on the statistics of the
multidisperse oxidizing particle population. Unfortunately, nonlinear transient effects in the
gas—phase appear impossible to be accounted for by the present monodimensional theories. This
implies that those effects will be considered only roughly, and to the extent in which
steady—state combustion properties are experimentally affected by different statistics of the
multidisperse oxidizing particle population. For currently available transient flame models,
treatment of heterogeneous propellants is inherently ensemble averaged.

It is important to underline that a burning propellant is essentially identified by the following four
steady—state dependences:

1. experimental burning rate vs pressure b = 1{p) ;
2. experimental surface temperature vs pressure Ts = Typ) ;
3. experimental surface heat release vs pressure Qs = Qs(p)
4. experimental or computed flame temperature Te = Tt(p) .

Should any of these pieces of information be missing, then appropriate assumptions have to be made, which
however transform the problem under scrutiny into an exercise of limited use. 1t is stressed that
experimental knowledge of steady behavior is a prerequisite to solve unsteady problems or predict intrinsic
stability. As to the flame temperature, in general results from standard thermochemical codes are adequate
as long as the operating pressure is larger enough than the corresponding pressure deflagration imit (PDL).

A review of fundamental contributions in the general area of transient flame modeling is offered in the next
section. Specific questions concerning spatial distribution of heat release rate in both gas—phase and
condensed—phase are respectively dealt with in the successive two sections (3 and 4). Affer illustrating
merits and limitations 0? relevant contributions, a umified mathematical formalism based on the flame
model being developed by the Milan group is presented (section 5). Differences in terms of both transient
burning and intrinsic combustion stability are discussed, by comparing pertinent gas—phase working maps
deduce% from different flame models. Needs of further improvements are pointed out in the final section.

2 LITERATURE SURVEY

The only paper explicitly devoted to a critical review of transient flame model is rather old (ref. 1, presented
in 1969), gut nicel};r complements this work; although some errors were lately corrected by the authors (with
particular reference to the Zeldovich~Novozhilov approach pursued in USSR), the meaning of quasi~steady
gas—phase in transient burning is vividly illustrated. A very informative review is include§ in chapter 10 of

ref. 2. The current open literature scenario can be portrayed as follows.

Transient flames of AP—based composite propellants were successfully modelled by Summerfield and
coworkers (ref. 3) by enforcing a spatially uniform heat release rate distribution in a layer of
small thickness (not exactly defined by the authorsg attached to the burning surface (anchored
flame model). Very similar approaches were followed in refs. 4-5, althouigh different physical pictures
were invoked. Both refs. 4 and 5 extended somewhat the applicability of ref. 3, in particular allowing a
specific heat ratio c¢ / cg # 1 between condensed— and gas—phase; see section 4. However, the model of ref.
4 does not necessarily recover the steady—state dependence on pressure, while the model of ref. 5 includes a
pressure dependent pyrolysis {ns # 0) awkward to implement at least under transient burning.

At any rate, if the relevant equations are properly combined, the heat feedback laws provided by
these flame models (refs. 3—5{ are identical, as discussed in section 5. The heat release rate
distribution is mathematically described by a rectangular pulse (even though several investigators
call it a "step function", which is misleading); see Fig. la for a schematic sketch. This kind of
flame, in the following denoted as KTSS, is physically representative of combustion processes
controlled by mass diffusion. Notice that in the original paper (ref. 3) both the full expression
and a "linearized" (in the sense dgs ¥ 1/ry) versions of the heat feedback to the burning surface
vere provided. Nonmetheless, most of the successive researchers adopted the same linearized
procedure, which inhibits applications of the resulting heat feedback to ignition, extinction,
and in general transient combustion processes involving burning rates appreciably lower than the
corresponding steady reacting values; this is a common error in literature.
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More detailed and systematic calculations (yet without specific applications) of transient flame
models and structures were performed by Culick and coworkers (refs. 6~7). In particular, a Dirac
delta function was suggested to offer a convenient description of flames with a sharp heat release
rate distribution in space (flame sheet model). This flame, schematically represented in Fig.
1b, is obviously of vanishing thickness. Physically, this kind of flame is representative of
combustion processes controlled by chemical kinetics with a very large activation energy. The
implementation of delta funtions, initially suggested by Culick, was accepted by several
investigators; for example, see ref. 8. However, this mathematical approach is in most cases
unrealistic; at any rate, it exhibits very little intrinsic combustion stability. %etails are given in next
sections.

Other investigators resort to involved physical modeling, not deduced from first principles (for example, a
recent attempt is reported in ref. 9). This kind of efforts, in spite of its practical applications, 1s not
considered here.

The work of ref. 10 (MTS flame) is of particular interest for the purpose of this paper. The heat
release rate distribution in space was modelled by combining a rectangular pulse &T%S flame) with
a delta function (flame sheet) in the first and only attempt, known to this anthor, to account at
the same time for both chemical kinetics and mass diffusion effects in transient flames. In the
opinion of this writer, however, the unique contribution by Summerfield and coworkers in ref. 10 is
the introduction of the characteristic gas—phase times for both chemical kinetics (for which a
second order reaction occurring wholly at the highest flame temperature was assumed) and mass
diffusion (for which temperature effects also were taken into account). In all other transient flame
models, no characteristic time for the gas—phase processes was explicitly considered. In spite of its
conceptual sophistication, the whole MTS approach depends on some arbitrary assumption as to the
resulting characteristic time and on the need to select appropriate constants for the two individual
characteristic times (kinetic and diffusive). It is suggested (ref. 10) to determine these two constants, for
each propellant, by the best fit of the steady state burning rate computed by MTS to the corresponding
experimental data. Although often feasible, this is a weakness of MTS flame.

An important objective of transient flame modeling would be to relax the quasi—steady gas—phase
assumption, which mandatorily restricts the practical applications of the Fertinent models to a frequency
range from 0 to some 1000 Hz. Unfortunately, this is not yet ready for a full scientific attack. Nevertheless,
some attempts were made in the past. T’ien was the first to emphasize this aspect of the problem in 1972
{ref. 11). Later, Suhas and Bose (ref. 12) combined the unsteady gas—phase continuity equation with a
standard KTSS linearized heat feedback law; their treatment is questionable, but the importance of the
finite time associated with the gas—phase processes cannot be overlooked.

Further comments about open literature contributions are re}t))orted in the following two specialized sections
respectively on gas—phase and burning surface heat release submodels.

3 GAS-PHASE HEAT RELEASE

All of the above investigations resort to simple mathematical functions to describe the space distribution of
heat release rate. How good is this? A critical review of these "classical" approaches and comments about
the state of the art in this area were already offered by the author in 1984 (see pp. 692—702 of ref. 13).
Following hints from several investigators (refs. 14-18) , detailed and systematic work carried out by the
Milan group (refs. 19—24) clearly indicates that the rate of heat release is neither uniform nor sharp in
space, but rather features an elongated structure with heat release rate very intense near the burning surface
and gradually weakening in the tail. This comet—lile flame structure is schematically sketched in Fig. lc.
The experiments of ref. 19 were all conducted for a catalyzed DB, in a pressure range spanning from
subatmospheric to 38 atm. Similar experimental evidence, apparently available in the Soviet literature
since longtime, is broadly discussed by Zenin (refs. 14-15), wEo remarked that this flame structure is
typical OF both "powders and gasless systems" (p. 446 of ref. 14). Expertmental evidence in the open USA
literature is sporadic: similar results were found for a nitrocellulose strand (containing 1% stabilizer)
burning at about 28 atm (p. 883 of ref. 16) and for a PNC/TMETN (a noncatalyzed DB, containin
particulate nitrocellulose, whose thermal profiles were measured by Kubota in ref. 173’ burning at about
and 21 atm (p. 63 and p. 64 of ref. 18). In addition, all of the above experimental thermal profiles
consistently show a convex temperature distribution, increasing more or less slowly while approaching the
maximum value (see sketch in Fig. Ic). Yet, anchored or KTSS type of flame models essentially predict a
linear temperature distribution, while flame sheet models predict a concave temperature distribution.
Finally, the flame thickness experimentally evaluated from tﬁe above thermal profiles generally turns out
much larger than the value predicted by anchored flame models. In the case of flame sheet models, the
chemically reacting region 1s of vanishing thickness while the maximum temperature location can in
principle {])e placed anywhere (but usually is placed at a distance from the burning surface even shorter than
that predicted by anchored flame models).
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Experimental difficulties make very difficult in general this type of data collection from composite
propellants. However, few suggestions are available from different sources, usually of indirect nature (refs,
25-29), since thermal profiles are impervious to obtain. Early studies report for AP—based nonaluminized
composite propellants flame thicknesses of the order of few 1000 ym (E; CN emission in refs. 25-26).
Recent experimental investigations conducted by Edwards et al. (refs. 27-28) showed that emission
spectroscopy and Laser Induced Fluorescence (LIF) of ON radicals feature similar trends, but LIF technique
enjoys much finer resolution in both space and time (see Fig. 11 of ref. 28); the observed flame thickness was
respectively few 1000 pm (ref. 27) or several 100 pm (ref. 58) In any event, 1t is remarkable how little the
few available data depend on pressure (at least in the range from subatmospheric to 8 atm; see Fig. 21 of
ref. 28). Similar behavior was found for ammonium nitrate {AN)—based and EMX composite propellants.
The presence of Al was found to stretch out the flame zone (p. 3501 of ref. 28 in agreement with 2-D LIF
imaging results at atmospheric pressure of ref. 29).

Thermal profiles of laboratory AP—based composite propellants were systematically collected by Zenin (ref.
15). Flame thicknesses were found to decrease from few 100 um to several 10 pm for increasing pressure
from 5 to 100 atm (see Table 3 and Figs. 13—15 of ref. 15). Coarse AP particles would yield temperature
fluctuations of = 50—100 K and a prolonged tail of the temperature profile in its final end. Thermal profiles
would otherwise show no appreciable differences, over the large pressure range tested and as long as AP size
is less than 100 ym, by changing hinders, stoichiometric ratios, and particle sizes: Other thermal profiles,
scattered in several papers %)y Kubota and coworkers {e.g., see Figs. 4-5 of ref. 30), roughly indicate a
similar behawvior.

No matter how questionable the above experimental results are, the basic message is that certainly the
observed flame thicknesses are much larger than currently computed by anchored or sheet transient flame
models, for both DB and composite propellants.

In order to overcome at least some of the above discrepancies, a new transient flame model (conveniently
called afv, although different formulations are available resorting to different submodels) has been under
development by the Milan group (refs. 19—24) in the recent years, The first mathematical formulation of a
spatially thick transient flame model, restricted to characteristic gas—phase time depending on pressure
only, was offered in ref. 19, concerning mainly transient burning and intrinsic combustion stability of DB
propellants.  Then, the limited validity of both spatially thin and thick transient flame models, even
mcluding temperature dependent thermodynamic properties in the condensed—phase, was recognized in ref.
20. Acknowledging a poor state of the affairs, a more general formulation of spatially thick transient flame
model, allowing temperature dependence also for the gas—phase characteristic time, was offered in ref. 21,
concerning mainly transient burning and intrinsic combustion stability of AP—based composite propellants.
A detailed application of afy transient flame model to a catalyzed DB propellant, excluding the super—rate
region, was presented in ref. 22, while an initial attempt to understand the intricacies of the super—rate
region was discussed in ref. 23. All of these studies concern a propellant strand burning in an open vessel;
computations of AP—based propellants burning in a confined geometry, by af+y transient flame model and
including pressure coupling, were reported in ref. 24. Mathematical details are given in section 5. In
parallel with these efforts, this writer has been developing approximate but nonlinear approaches capable to
extract the intrinsic combustion stability features concealed in transient flame mode{; in general (refs.

19,23).

4 SURFACE HEAT RELEASE

A special side of transient flame models is the treatment of surface heat release, also for the spectacular
effects on combustion dynamics and intrinsic stability of such a parameter. In refs. 3 and 10 constant
values were assigned to surface heat release, by en orcinF equal specific heats for the condensed— and
gas—phase (cc = cg); this is very convenient but usually unreahstic. Others (refs. 4-5) enforce a
temperature dependence of the surface heat release recogm'zm% that in general ¢ # cg; this is a simple but
far reaching extension. First extensive work in this specific area is mainly due to Marxmann and
Wooldridge (refs. 31-33), but it was already pointed out in ref. 10 (p. 11) that their treatment of separating
surface heat release in two parts (one pressure independent and the other pressure dependent) is too
artificial (ref. 32). Recognizing the importance of the pressure dependent term, the same authors proposed
in ref. 33 a tramsient flame model consisting of two delta functions respectively for the surface and
as—phase energy sources. Mongia and Ambs (ref. 34) later enforced a variable (time dependent) surface
ﬁeat release, but based on questionable mathematical formalism and physical ground. Suhas and Bose (ref.
35) enforced both a comstant and a variable (partially pressure dependent) surface heat release; the
treatment 1s based on the questionable postulates of refs. 31-32. However, the importance of the dynamics
of the condensed—phase heat release and its dependence on the instantaneous properties near the burning
surface was correctly recognized in all of the above contributions. In the work performed by the Milan
group, variable surface heat release was initially implemented by incorporating an explicit dependence on
surface temperature only (see ref. 13, for example); presently, the experimentally deduced steady pressure
dependence 1s incorporated as well (refs. 22—-24).

Extensive work carried out over the years by the Milan group has shown perceivable but not essential
differences between concentrated heat release at the burning surface and (volumetrically) distributed heat
release in the condensed—phase. In general, most important is the intensity of the energy source rather than
its space distribution. However, multi—step distributed pyrolysis has yet to be studied.
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Finally, surface pyrolysis models, although not a specific ingredient of transient flame modeling, exert a
relevant role on the gas—phase behavior and therefore shoul% properly be addressed. Since an acceptabie
physical picture has yet to be found for the complex phenomena occurring at the burning surface, the only
safe procedure is to resort to experimental information (see section 1). Yet, the question always arises as to
the "best"” fitting procedure of the collected experimental data. Extensive work carried out by the Milan
group suggests tiat no conclusive evidence exists for pressure effects on the surface pyrolysis under steady
operations. Since it would be puzzling to account for such effects under transient operations, pressure
dependence is totally neglected 1n the modeling work by this research group. It follows that fitting of the
experimental data 1s performed only through surface activation energy (possibly, different values over
different ranges of surface temperature}; in any event, ng = 0.

5 A UNIFYING MATHEMATICAL FORMALISM

Consider a strand of solid rocket propellant burning, with no velocity coupling, in a vessel at uniform
pressure and possibly subjected to a radiant flux originated exclusively from a continuous external source.
Assume monodimensional processes, no radiation scattering, no photochemistry, and irreversible
gasification. Define a cartesian x—~axis with its origin anchored at the burning surface and positive in the
as—phase direction; see sketch of Fig. lc. Nondimensional quantities are obtained by taking as reference
those {maybe nominal} values associated with the conductive thermal wave in the condensed—phase at 68
atm under adiabatic operations.

For all quasi—steady gas—phase flames of thermal nature, the nondimensional heat feedback from the
gas—phase to the burning surface is

Xt
(3.1 qes(PR) = J Hg f-g%f exp(—%RX) dX
0 g

where the usual assumption is made that

(3.2) (00/8X)gs >> (06/0X)¢ exp(~ R2 <r;>] .

The quantity <7’> is a characteristic gas—phase time parameter conveniently defined (ref. 10) as
g

14
(33) <7'> =<7 >l e

where < 7g> is the residence time in the gas—phase. Resorting to the quasi—steady mass conservation across
the burning surface, one finds

(34) <r>z 2L - X <pg> and
8 <U> R fe

(3.5) <7’> = G Xs
The formal integration of Eq. (3.1) holds true for any inte§rable expression of the heat release rate
distribution Hg €5 pg/pc. How can this quantity be modeled? Considering the nature of the collected

temperature profiles from several laboratories (see section 3}, the following law was originally proposed in
ref. 19:

HM (4 + l—gﬁ%) 0 <X < oX;

M (=220 oXe< X <X

where M is the maximum value of the chemical reaction rate. By definition (see sketch in Fig. Ic):

0<aoPy<t, 0<HPy<t, AP)20;

(3.6) Hg eggg =

while normalization in general requires

(37 M(r) = B 1 +1
Xi(7) 1rg BLE1) + +1
2
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Substituting into Eq. (3.1) and integrating, one finds for the transient heat feedback the following unified
expression, vahd for all the currently available transient flame models of thermal nature:

(3.8) qge(PR) = s K¢ y +1 F(a,f,7; R2<7'>)
Xe(1) Cg 1yq B(041) + -1 ¢
2
being
3 ; ) — 1 - ﬁ (—1)7 ’7' 3
Fle,f,y, R2<7’>) = f+ - exp(—R2<7'>) +
g a R2<Té> (1-a)? (R2<Té>)7 g )

v - -
+15 4 (=1) :’! T — 1-8 ] exp(~a R2%<7'>) .
iy =) (1 -0a) (R.2<T’g>) o R2<T’s> g

Notice that for @ = 0 (which necessarily implies § = 1) and v = 0, the afy approach exactly recovers the
results obtained by KTSS type of transient flame model. For @ = 0 and v > 0, the flame thickness
associated with afy approach is ¥ + 1 times larger than the thickness associated with K'TSS type of flame.
The afy approach yieligs a transient heat feedback law which can be written in both linear and nonlinear
versions, just as in the case of K'TSS type of flame. Notice in addition that for « = 1 (which makes
irrelevant the value of +) and # = 0, the afy approach exactly recovers the results obtained with the flame
sheet type of transient flame model, if proper care is taken of the unique mathematical nature of delta
functions. Obviously, the results obtained by combining different contributions (e.g., a rectangular pulse
with a delta function as done in MTS flame) can be recovered as well.

As to the characteristic time (or time parameter) of the gas—phase, proper allowance has in general to be
made for both pressure and temperature dependences, especially for transient operations. This requires in
general an appropriate submodeY, which actually is the most difficult task of the whole approach. In this
paper it is enongh to assume in broad terms that:

(39) <r(PR)> = {(P) gR:Es. )

where the function f(P), depending on pressure only, is evaluated under steady operations but in the spirit
of gas—phase quasi—steadiness is assumed valid under transient conditions as well. The function g(R,Eq...)
depends primarily, but not solely, on temperature (in the sense of gas—phase quasi—steadiness re%erence is
made to the variable R, the instantaneous burning rate); it has to be specifically modeled for each class of
solid propellant based on the prevailing physical mechanisms. For chemical reactions controlled by a second
order kinetics or mass diffusion, one can respectively write, by generalizing a suggestion by ref. 10:

(310) <r(PR)> = f(P) T2 expl Bg (1/T -1)/2]

(3.11) <7(PR)> = {(P)T¥s /T .
s

The above expressions are recommended for nonaluminized AP—based comJ)osite propellants. For DB
Eropellants, the following approximate but convenient expression was deduced from the excellent work by

enin (refs. 14—15) and enforced in refs. 21-23:

' - E exX E
(312) <r(PR> = () [exp(~E) + op(Z+—28)]

If only pressure dependence is accepted for the characteristic gas—phase time parameter and if the linearized
heat teedback is enough to recover the steady—state burning rate (see comments in section 6 below), one
necessarily finds (cf. p. 694 of ref. 13 for the case a = 7= 0):

(y +1) H

3.13) <7 (P,R)> =
’ R (J7* Ce(d) 40 - Hy)

for the common configuration of ¢ ~ 0 and =~ 1.

Several gas—phase working maps were deduced in a range of pressure from 10 to 85 atm, by allowing specific
heat anfthermal conductivity of the tested propellant to be temperature or pressure dependent respectively
in the condensed— and gas—phase. For typical values of the ballistic properties, the results obtained are
shown in Fig. 2 (quasi—steady heat feedbacig) and Fig. 3 (quasi—steady flame thickness) for a transient flame
whose charactenstic time depends solely on pressure. qfhe plots of Fig. 2 evidence, at each operating
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Eressure, the well known behavior of heat feedback from thermal flame models; for comparison, the
inearized solution (qg,s # 1/1p) is also shown. The curves crossing the figure diagonally from bottom left to
top right represent the heat feedback required by the condensed—phase to sustain steady burning, at
reference ambient temperature, under adiabatic (q = 0) or diabatic (g = +.5 and q = —.5) conditions; since
variable properties were enforced, some pressure (}iependence is found for these curves as well. Therefore,
two families of curves are generated describing respectively the transient heat feedback provided by the
gas—phase [for example, by implementing Eq. (3.8)] and the steady heat feedback required by the
condensed—phase; both are pressure dependent. here the two families of curves overlap, for sef;cted
operating pressure and diabaticity, there the steady—state solution valid for the overall combustion wave is
singled out. The effects of positive diabaticity are obvious: burning rate increases while heat feedback
decreases with respect to the adiabatic case. The opposite effects are seen for negative diabaticity, but with
an interesting additional result: steady—state solutions are no longer allowed if the heat loss is too large with
respect to the heat feedback fumishe(i’ by the gas—phase, as shown in Fig. 2 at 10 atm. Boundaries for the
existence of steady state solutions can easily be constructed by plotting curves of the required
condensed—phase steady heat feedback for several values of diabaticity (or ambient temperature or any
other ﬁ)ertinent parameter). These "existence" boundaries are different from stability boundaries, which in
general require much more sophisticated analyses.

The heat feedback curves of Fig. 2 are replotted in Fig. 3 vs burning rate, together with flame temperature
and flame thickness; while flame temperatures tend to coalesce for large burning rates, flame thicknesses
manifest a linear dependence on burning rate decreasing for increasing pressures. The results of Figs. 2—3
were collected by enforcing the afy mo%el with o = 0, =1, and y = 0; therefore, identical plots would be
found by implementing KTSS or KZ or LC models. However, the effects of a larger flame thickness can be
studied only by enforcing the oy model. By just putting v = 1, the results of Fig. 4 (to be contrasted with
Fig. 3) are obtained; notice that the flame thickness doubles, while the flame temperature is not sensibly
affected. This implies, in turn, a weakening of the energetic coupling at the burning surface and finally a
decrease of the intrinsic combustion stability. These effects, however, are strongly tempered by the fact
that the characteristic gas—phase time was considered only pressure dependent in the computations of Figs.
2—4, as tacitly but commonly assumed in literature. If, in addition, one allows temperature dependence %or
the gas—phase characteristic time, for example through a diffusion mechanism, then the results of Fig. 5 are
collected. The weakening of the energetic coupling of such a flame with the condensed—phase is more
evident, leading ultimately to a further decrease of the intrinsic combustion stability. Notice that, under
these operating conditions, the dependence of the flame thickness vs burning rate is no longer linear, in
particular in the range of low burning rates. This trend is further emphasized if temperature dependence
through a kinetic mechanism is enforced; again, the flame thickness would no longer be found linear vs
burning rate.

For a matter of space, only the summarizing picture of Fig. 6 is given, where the characteristic gas—phase
time parameter is plotted vs burning rate for the different submodels Just discussed. The opposite trends
between diffusion and kinetics controlled mechanisms, in the low burning rate region, is dramatic; on the
other hand, the behavior of the submodel with only pressure dependent characteristic gas—phase time is
trivial. An attempt to combine diffusive and kinetics effects, in the spirit of MTS flame but without its
limitations, is also shown in Fig. 6; obviously, the results are strongly dependent on the way that the two
effects are combined. The main message from the above results is that basic knowledge is badly missing in
this area. Moreover, fundamental mechanisms are tightly related to the specific nature of the burmng
propellant. Approaches based on artificial mechanisms may be very deceiving. It is underlined that
combustion dynamics and intrinsic stability heavily depend on the details of the implemented kinetic
scheme; in comparison, any other factor vanishes.

Finally, the overall approach for transient modeling of spacewise thick flames consists of the following,
First, X¢(P) is experimentally measured under steady operations; from this, ¥P) 1s evaluated by a best

fitting procedure and <7’(P)> is computed through Eq.(3.5) [or, equivalently, <7 (P)> is computed
through Eq.(3.4)]. Then,g under nonsteady operations, the instantaneous <r’'(P,R)> [or, equivalently,

<7¢(P,R)>} is computed through a proper submodel by just introducing the instantaneous values of the

relevant quantities. The transient flame thickness X¢(7) at this stage is computed backward throufgh Eq.

%33,5) §or q. (3.4)3]. It is obvious that the simple mass balance across the burning surface, in terms of either
q. (3.5) or Eq. (3.4), is the pivotal point for the whole procedure.

6 NONLINEAR COMBUSTION STABILITY

Analysis of (intrinsic) combustion stability requires mathematical developments out of the scope of this
paper. This writer presented an approximate but nonlinear approach (ref. 13) capable to easily extract the
combustion stability features intrinsically embodied in any transient flame model. A given steady
combustion configuration of a burning propellant is defined as asymptotically stable if random natural
disturbances disappear at large times, so tﬁat the burning propellant recovers its initial (unperturbed)
steady combustion configuration. This kind of stability problems can be denoted as "static”, in contrast
with the "dynamic" stabﬁity problems.
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Fig. 5. Quasi-steady heat feedback, flame temperature, and flame
thickness vs burning rate for afy model with a=0, y=1, <t'(P,R)>
diffusive. At each operating pressure, flame thickness gco]]ap
for low burning rates.
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Static combustion stability is concerned with the stability of steady—state burning solutions, whose
existence is assumed. In this respect, static stability analyses by KTSS, KZ, and LC transient flame models
are equivalent in both the linearized and nonlinear versions. Likewise, MTS and the whole family of afdy
transient flame models manifest very close results. The reason for this broad agreement is simple: all of
these transient flame models, if properly implemented, incorporate the experimentally observed
steady—state burning configuration. The theoretical stability predictions are equivalent to the extent in
which this is actually realized; KZ and MTS transient flame model may be less accurate in this regard.
Likewise, linearized and nonlinear transient flame models are equivalent to the extent in which they are able
to recover the steady—state burning configuration; in this regard differences are usually negligible, even
though linearized versions may be defective in the low burning rate region, especially for low operating
pressures (see Fig. 2).

Dynamic combustion stability is concerned with the stability of burning transitions, between two
steady—state configurations, driven by an externally assigned change in time of a forcing function (pressure,
typically); the two steady configurations are both assumed existing and statically staile. Although this
nomencf,ature is traditionally accepted in literature, dynamic stability should rather be called "transitional”.
At any rate, only the nonlinear versions of transient flame models are able to describe finite size burning
transitions and, therefore, possible effects of dynamic instability. Typically, in a forced depressurization
and/for deradiation, extinction will occur if tﬁe driving disturbance is too severe; in this special but
practically relevant case, dynamic stability boundary simply means dynamic extinction boundary. It was
shown (pp. 716—717 of ref. 13) that the statically unstable root of the perturbed energy equation defines
that ultimate burning rate (or surface temperature), under which extinction necessarily occurs during a
forced monotonic decrease of pressure and/or radiant flux. This ultimate value is a property of the burning
propellant, which can be computed. The results, obtained by implementing the ofy model with a =0, §=
1, v = 1 and a characteristic gas—phase time depending on temperature through a diffusion mechanism, are
shown in Figs. 7-8. The essential combustion stability information are contained in the plot of the function
called num (the numerator of the nonlinear static restoring function discussed at length on pp. 706-711 of
tef 13): roots A are the statically stable steady—state solutions, while roots B are the statically unstable
solutions defining the dynamic extinction hmit at each operating pressure. In the same figure, the behavior
of the quasi—steady flame temperature and heat feedback is plotted vs surface temperature. It can be seen
that, at each operating pressure, the steady—state solution (root A) is located in a region where the flame is
fully developed, while the dynamic extinction limit (root B) is located in a region where the flame is only
marginally developed. It is underlined that all roots are solutions of the perturbed energy equation; roots A
exactly coincide with the corresponding experimentally observed steady—state soiutions (within the
restrictions above discussed if linearized models are enforced); roots B can only be deduced (experimentally
or numerically) through go/no—%o testing. It is also of interest the fact that, at each operating pressure,
roots B are systematically found ior heat feedback values less than the maximum value associated with that
pressure (in turn, roughly corresponding to the existence boundary of steady—state solutions). Further
details of the combustion stability analysis are illustrated in Fig. 8, where the quasi—steady flame thickness
is seen to behave as the burning rate in the lgh burning rate region, but as the function F(ea,f,7; R2<1'>)

in the low burning rate region; this proves that temperature effects through the assumed diffusion
mechanism are dominating in the low burning rate regon.

A direct comparison of plots of the kind of Fig. 7 does not evidence dramatic differences in terms of
extinction limits, although numerical simulation of burning dynamics may be strongly affected by the
selection of the transient flame model. The reason for this is the fact that the resistance to burning rate
changes during transient operations does not directly depend on the value of root B (which is the ultimate
limit beyond which dynamic extinction occurs), but rather on the area subdued by the nonlinear static
restoring function (of which the function num in Fig. 7 is a factor). It is found that among nonlinear
transient flame models KTSS, KZ, LC, and =0 (being o=0 and =1) feature the strongest resistance to
dynamic burmng; any temperature effect adg;d through diffusive or kinetic mechanism (including MTS
model) is sensib?y destabilizing; these effects are further emphasized by the simultaneous occurrence of large
flame thickness in space (7>0]. For a matter of space, this argument cannot be developed in details; the
interested reader might however wish to read refs. 19-21.

7 CONCLUSIONS

A review was given of the main problems facing transient flame modeling of solid rocket propellants. The
question of spatially thick transient flames can easily be overcome, once appropriate experimental
information is available. Spatially thick flames in general are intrinsically less stable and, therefore, more
sensitive to dynamic burning conditions; the reason for this, being the weaker energetic coupling prevailing
at the burning surface between condensed— and gas—phase. The most important factor, however, affectin
transient flames is the temperature dependence of the gas—phase characteristic time. In spite of the initia
progress made in this area, more fundamental work needs to be done with specific reference to the detailed
nature of the burning solid propellant. The analysis so far accomplished points out that temperature
dependence of both chemica] kinetics and mass diffusion makes a flame intrinsically less stable; in addition,
kinetics effects are sensibly dominant over diffusive effects. This makes DB flames much more responsive to
external or intrinsic disturbances than composite propellant flames. Detailed studies of the fundamental
processes occurring in the gas—phase are required to accomplish further progress, with Fa.rticula.r.reference
to the chemical kinetics networks of premixed flames originated from solid rocket propellants burning under
widely different and varying operating conditions.
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