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March 29, 1962

. Director of Aerospace Sciences

AF Office of Scientific Research
Washington 25, D, C.

Attention: SRHP

Gentlemen:

This letter constitutes the third quarterly progress report on the
contract described below.

"Anaiytical Investigation of Combustion Instability
in Solid Propellant Rockets"

ARPA Order Number 24-61
Project Code Number 9100
Date of Contract: June 23, 1961
Contract Expiration Date: July 31, 1962
Amount of Contract: $73, 056
Contract Number: AF 49(638)-1094
Contractor: Armour Research Foundation

of Illinois Institute of Technclogy
Project Scientist: Dr, T, Paul Torda

CAlumet 5-9600, Ext, 2201
ARF Project No., D244

During March, W, J. Christian, F, Schuyler, and T, P, Torda of
Armour Research Foundation attended the Second Meeting of the Technical
Panel on Solid Propellant Combust:on Instability, At thzt meeting, a review
of the program was given. A copy of that review is appended to this letter
and serves as a summary of the program up to March 1, 1962.

The month of March has been devoted to two general areas: ') de-

velopment of the finite-difference solution of the conservation equations for
steady erosive burning with two-dimensional laminar flow and simplified
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reaction kinetics; and 2) study of the literature on the kinetics of gas phase
reactions which are applicabie to the solid propeliant combustion, These
investigations are proceding at a satisfactory pace, such that we anticipate
completion of the first fluid dynamic model, and evolution of a plausible
kinetic scheme for at least one propellant system by the end of the present
contract period.

This avenue of investigation represents a departure from our previ-
ously stated goal (Quarterly Report No. 2) of first investigating a one-
dimensional flow model representing burning without erosion, Wec had
hoped to be able to include a fairly realistic representation of the chemistry
in this model, thus it was our intention to simplify the fluid dynamics as
much as possible in order to look closely at the chemistry involved. It has
since become evident that development of a detailed chemical kinetic scheme
cannot be completed in time for inclusion in the fluid dynamic model; hence,
a simple kinetic scherme is being used. Thus, it is feasible to congider the
more complicated two-dimensional flow model for the initial attemyp it
solution,

Solutions of the equations representing the fluid dynamic model will
be generated using ARF's Univac 1105 computer, From a number of such
solutions using various values of input parameters, the general behavior of
the model and the effect of important variables can be investigated. Also,
comparison of predicted burning rates with experimental data may be made,
Because the numerical solutions will provide complete temperature, velocity
and concentration profiles in the gas phase near the burning surface, the
important features of the burning process will be evident, [n particular, the
effects of chemnical reaction, parallel gas velocity, and mass diffusion in
the induction zone will be found.

As indicated in the attached project review, we expect in the future
to extend this treatment to include more realistic chernical kinetics as well
as time variable phenomena,

Respectfully submitted,

ARMOUR RESEARCH FOUNDATION OF
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w. J. rietian, Supervisor
Aerothermochemistry

A7 P 147 /

T. Paul Torda, Director
Fluid Dynamics and Propulsion Re¢search
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ANALYTICAL INVESTIGATION OF THE BURNING MECHANISM OF

SOLID ROCKET PROPELLANTS

T. P, Torda and W, J. Christian
Armour Research Foundation of
[llinois Institute of Technology

Presented at the Second Meeting of Technical Panel on
Solid Propellant Combustion Instability, March 9, 1962
Contract No, AF49(0636)-1094

The ultimate goal of this investigation is the evoluticn of a time-
dependent theory for the erosive burning of solid rocket propellants, The
approach being taken involves the use of a fluid dynamic model for the
combustion zone, There is no doubt that the equations describing this fluid
dynamic model in complete detail will pose an extremely difficult problem;
however, there is uncertainty at present concerning the form which a proper
model must take, In particular, the nature of the flow field and the details
of the chemical kinetics involved have not yet been established for even the
simplest propellant systems, In view of these inadequacies in basic infor-
raation, it is worthwhile to first examine a somewhat simplified model of
the burning process, aud to ascertain the general behavior of the model in
relation to experimental findings, By this means, an indication of the
validity of the a[;proach should be obtained,

Accordingly, the immediate objective is more limited than the final
goal, For the present, attention is confined to a laminar-{flow, steady-state
model with simplified reaction kinetica, However, the analysis is formu-
lated su that subsequent inclusion of time variable pher.omeana and more
sophisticated chemistry will present no essential difficulty, other than in-

creased complexity,
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In building this theory, it would be most desirable to draw on the

existing literature, and to achieve the desired goal by extension or generali-

zation of existing theory, To this end, some effort has been devuted to sur-

veying the pertinent literature. A few brief comments on the general fea- i
tures of existing combuation theory follow,

Excluding pheromenological appriaches, the theoretical literature

on solid propellant comnbustion may be divided into two classes according j§
to whetker the propellant surface is assumed to be homogeneous or hetero- %
geneous. Theory based ¢.. homogeneous propellants would apzly strictly ;
only to monopropellants and double-tase propellarts, or possible fine- if

tosg 4

grained composites . . lcw chamber pressure, all of which tend to produce

a gas rhase resembling a premixed flame. Studies of the heterogeneous
surface are directed toward coarse composites, although the presence of
erosion may in fact cause sufficient mixing that relatively coarse composites
produce nearly premixed gases in the burning process., All non-steady
analyses of solid propeliant combustion have been basded on the hommogeneous
propeliant concept,

Most of the literature using the notion of premixed gases at the pro-
pellant surface has utilized somewhat artificial subdivision of the gas phase
into distinct zones, Thus, there have been defined the foam zone, the fizz
zone, the prepara.:on zone, the flame zone, and more recencly, the induction
zone, the thermal layer, and so on, Related to this zone concert also is the
postulate that heat transfer to the propellant czn be described by a convec-
tive heat transfer coefficient, These concepts have proved useful in simpli-
fying the analysis, and some success has been achieved in using them to

predict over-all behavior., They do not, however, lend themselves to
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prediction of time-dependent behavior, or to fluid dynam.c analysis simply

because discontinuities are introduced at the zone boundaries,

Analyses have been made in which continuou. behavior of the gas
phase is postulated. These are essentially laminar flame analyses, and
they bear a2 close relationship to the model under development,

Strictly theoretical predictions concerning the effects of erosion on
the solid propellant burning seem to be non-existent. The closest approaches
to a theory for this phenomenon are based on rather tenuous assumptions
concerning the character of turbulent transport at the propellant surface,
The recent acoustic studies of Hart, Bird, and McClure do not actually re-
rresent theories of erosion but rather are analyses of the consequences of
a given kind of response of the propellant to unsteady erosion.

Examples of analyses using the concept of a heterogeneous surface
are the original diffasion-flame mcdel of Summerfield and his later granu-
lar diffusion flame approach, the two-temperature theory of Schultz and
Dekker, ind the sandwich propellant moel studied by Nachbar.

Because of the obvious difficulty of three-dimensional effects arising
from heterogeneity of the propellant surface, the homogeneous problem is
being attacked first, Furthermore, the analysis .s based on laminar flow
since it is felt that the thin region wherein the major chemical reactions
occur will fall in 2 laminar ficw region, e¢ven though turbulent flow occurs
elsewhere in the system, RBasically, the over-all problem is anaiysis of a
laminar flow of reacting gas over a chemically reacting surface,

The general features of the fluid dynamic model are shown in
Figures !1 and lb, Two-dimensional flow of combustion products over a

plane propellant surface is postulated, and typical temperature and velocity
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p files near the propellant surface are as shown in Figure 1b. In keeping
with usual boundary layer concepts, thermal and momentum boundary-layer
thicknesses can be defined on the basis of these profiles, as indicated in
bo!": figures. Concentration (or diffusion) boundary layer thicknesses may
be defined in the same way, The fundamertal equations which describe the
velocity, temperature, and concentration fields in the gas phase then are

the well-known boundary-layer forms of the conservation relationships;

that is,
Continuitz:
dpu dpv _
Fr * Fy =0 (1)
u aai + v’ aai: 9 -I-".Ek aai 4+ w (2)
PU 3% T PV By Ty N 57 i
Momentum:
du ,9u __ 8p . @ du
pu-aa;‘--l’p\w- 8x+'5'}7(pﬁ) (3)
Energv:
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where

p  is density
. . th
a. 1is concentration of i~ component
Le is Lewis number
k is thermal conductivity
c_ 18 constant pressure heat capacity of the mixture
w. is rate of production of ith component by chemical reaction
P is pressure
B  is viscosity
. .th
h. is enthalgpy of i” component
h

is enthalpy of mixture (Z a. hi)
i

A further energy relation for the solid is required, and this is the

usuzl heat conduction equation.

. 2
I_gl+ as u.:ﬂ (5)
). ByZ

Here, a, is thermal diffusivity of the solid and r is the rate of recession
of the burning surface. Itis presumed here that the zone of phase change
and chemical reaction in the solid is very thin and may be regarded as a
surface heat sink insofar as the heat conduction in the solid is concerned,
Accordingly, conditions at the solid-gas interface are described by the fol-

lowing heat balance,

k (gy) = G g-§->g - Pt Ry (6)
y=0
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where subscripts 8 and g refer to the solid aud gas, respectively, and

Qp is the heat absorbed in gasification of the solid.

Without the use of drastic simplifying assumptions, the complexity
of tnis system of equations precludes analytical sulutions. It is not intended
to restrict the investigation to the domain of entirely analytical solutions,
however. Numerical solutions utilizing high-speed computer techniques
will be undertaken as required.

Examination of the conservation relations shows that the burning
rate of the s0lid is directly related to the energy transfer across the gas-
solid interface if no mechanical attrition is occurring, This energy trans-
fer from gas to scli- depends, to a small extent, on radiation, but mainly
on temperature and concentration c-adients in the gas at the surface and on
the transport properties. Since temperature profiles in the gas phase,
according to the energy ~clationships, depend on velocity distribution and

chemical reaction rate, it is expected that the burning rate will be sensitive

Ll n

to both velocity distribution and chemical kinetics in the vicinity of the sur-
face., Morcover, pressure gradients influence the velocity distribution of

the boundary layer, and thereby tlie temperature profile and local chemical

HARHIUBRHIR ) G B

reaction rates. Thua, there should be interplay between pressure sensitivity
and erosion sensitivity, In view of all of these observations, it would be

surprising if the simple Yerosion constant'' concept were truly valid for

R

real propcllants,
According to present thinking, the model contains the following
features:
1. Solid reaction is limited to pyrolysis at or very near the surface
according to an Arrhenius law, This is an extreme simplifica-

tion for the pyrolysis but it may at some future time be altered
to conform with new information,

i
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2. Thermal properties of the solid are constant throughnut.

3. Radiative energy transfer is negligible comparec to heat con-
duction,

4. Transport properties of the gas phase may be represented by
polyatomic relations based on kiretic theory.

5. Boundary-layer approximations hold for the gas phase,
6. Viscous energy dissipation is negligible,

7. Flow outside the boundary lzayer is isentropic.

8. The perfect gas law is obeyed,

9. \ single-step unidirectional chemical reaction of second order
cccurs in the gas phase,

The last assumption is probably the most restrictive, and is adopted
at this time for investigation of the general behavior of the theoretical model.
Some justification for the use of second.s>rder kinetics is to be found in the
limited succeas of both Summerfield and Rosen in using such a model for
prediciing pressure dependence of the burning of ammonium perchlorate
rropellants at relatively low pressure,

In szite of the shortcomings of the pr>posed model, its solution for
realistic values of the parameters involved will provide insight into some
of the fundamental features cf the burning process., Among these will be the
effect ni parallsl gas flow (erosion) on the burning rate, as well as on the
rressure dependence of burning rate, Furthermore, the distribution of
chemical reactions in the gas phase may indicate regions which may, for
the steady state, be treated by the coacept of distinct zones, thus leading
to some simplification of the steady-state problem.

It is vecognized that the initial model is lacking in the details of
the chemical kinetics, It is to be hoped, however, that some effort will be

directed toward this area and new kinetic information for both ihe solid and
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gaseous phases will be forthcoming, In the meantime, tliere is hope of
improving this model in respect to gas phase kinetics using present know-
ledge,

There exists no comp.ately theoretical approach to the chemical

kinetics problem; neither is direct experimental information available,

IR

However, there is an extensive literature on rather specific kinetic experi-
ments, A large number of investigations have been performed on the lower
molecular-weight hydrocarbons, both saturated and unsaturated. These
investigations have led to fairly reliable values for activation energy and

frequency factor in the Arrhenius expression for rate conatant,

10}

In view of the large literature on kinetics of lower hydrocarbons,
it is possible that the collective results can be applied to the present prob-
lem. While the propellant fuel may exist in the solid state as a polymer of
very high molecular weight, the solid surface achieves relatively high
temperatures previous to vaporiz.tion, and the large molecular weight
molecules are not stable at these temperatures, The polymer decomposi-
tion is probably a zero or first order reaction, which occurs at a rate
several times fasier than bimolecular reactions. It is believed that the
over-all reaction may be a rather fast dissociation of the polymer into low
molecular weight hydrocarbons, with subsequent gas phasecxidaticn, In
that case, the existing literature may be used for the determination of the

reaction rate constants for a postulated reaction mechanism, Using a

QLR R e e T R R L

chemical model based on kinetic information of this sort, improvemert of

it

the combustion model will be attempted, It may also be found whether the
single-step chemical reaction now being investigated yields results compar-

able to those for the more elaborate chemical model.
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Finally, extension of the analysis to the unsteady state will be
undertake: using an few restrictive assumptions as possible, Here, also,
we will wish to investigate whether simplified chemical models can be
used to represent the actua! combustion chemistry, Our final goal, to
reiterate, is % vualid model for unsteady combustion and erosion of solid
progellants. The importance of such a mcdel to understanding of the com-

bustion instability phenomena cannut be ov>2rstated.
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