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CHAPTER 1
INTRODUCTION

Solid propellants are used in a variety of applications and the most
important one is in rocket motors used for high-thrust booster systems.
Propellants may be categorized into two groups, colloidal or homogeneous
propellants and composite propellants. Currently, composite propellants,
which are more energetic, are in common use. A composite solid propel-
lant is one in which the oxidizer exists as a finely divided crystalline
solid bonded in a matrix of some suitable plastic fuel. Ammonium per-
chlorate is the most widely used oxidizer. The burning mechanism for
such a propellant is very complex. It involves a large number of chemical
and physical processes including change of phase, energy transfer, and
mass flow. The burning rate of a propellant primarily depends on the
rate of heat transfer from the hot gaseous reaction zone to the pro-
pellant surface. Gas-to-solid heat flux causes the propellant to
vaporize, and the vaporized gases react very near the surface of the
propellant. The burning is additionally complicated if the propellant
burns in the presence of a lateral cross-flow of high-velocity combustion

gases.

1.1 Physical Description of Erosive-Burning Problem

The phrase "erosive burning" refers to the sensitivity of the solid-
propellant burning rate to the velocity of the combustion gases flowing
parallel to the propellant surface. The burning rate generally
increases with an increase in gas volo;ity. A high-velocity gas-flow
occurs in the central port of a propellant used in a rocket motor.

Under erosive-burning conditions, the high-velocity combustion gases

in a rocket motor form a turbulent boundary layer over the propellant




2
surface. Within the boundary layer, complex transport processes affect
the temperature and species distributions. Therefore, the presence of
the high-velocity cross-flow of combustion gases can substantially
affect the chemical reactions of the gas phase and the rate of heat
feedback to the propellant surface. Other parameters that affect the
reaction process and heat transfer rate are gas pressure, propellant
composition, and fuel-to-oxidizer ratio of a propellant. The effects
of the cross-flow of gases and these parameters can cause a significant
change in the burning rate of a propellant. In order to predict this
change, it is necessary to understand how the rate of heat transfer is
affected by various gas dynamic operating conditions and other parameters
mentioned above.

The ability to predict the burning rate is of prime importance in
the design of a rocket motor because both the thrust level and the
burning time depend on the burning rate. Erosive burning is an ever-
present problem in high-performance rockets and missiles with high-
thrust, short-burning, solid-propellant motors.

Recenlty, nozzleless rocket motors have attracted considerable
interest because they offer a significant economic advantage over more
conventional motors. Nozzleless rocket motors have low port-to-throat
area ratios, and the gas velocity reaches sonic and supersonic speeds
on the propellant surfaces, leading to the extremely serious problem of
erosive burning. High-loading fractions (ratio of propellant weight
to combustion chamber volume) are necessary in rocket motors for improved
performance. However, with high-loading fractions, erosive burning
often results in high-pressure peaks and unequal propellant-web burnout,

resulting in extended heat exposure of the chamber wall. An understanding




of the erosive-burning problem and accurate predictions of the burning

rate can lead to the elimination of these problems through proper

R

modifications in the motor and/or grain design.

!
!

|

B

I
;§}|
L
1
1
L
|1
I
1
1

1

I




T

1.2 Previous Related Studies

In the present investigation, the erosive-burning problem of
composite solid propellants is analyzed by considering a turbulent
boundary layer over the propellant surface. Pertinent to this investi-
gation are previous studies in the area of erosive burning, steady
state combustion, and turbulence. These are discussed in the following

sections.

1.2.1 Erosive Burning Studies

In the past the problem of erosive burning has been investi-
gated by various methods, both theoretical and experimental (1-41). The
results of these investigations have been summarized in a literature
survey published by Kuo and Razdan (42), and by King (43).

Existing theories of erosive burning can be divided into three
distinct classes, depending upon whether the theory is based on a) a
phenomenological heat transfer theory that does not take into account
chemical reactions and/or flame structure, b) a flame theory based on
a description of combustion mechanisms and/or flame structure, or ¢) an
aerothermochemical analysis which includes the consideration of heat,
mass and momentum transfer in a chemically-reacting boundary laver.

Among phenomenological heat transfer theories, the Lenoir-Robillard
theory (27) is quoted most often. After its development, a number of
authors (29,34) have suggested certain modifications in the Lenoir-
Robillard model. The essence of this model is that erosive-burning rate
is proportional to the forced convection heat-transfer coefficient. The
theory is analvtical to the extent that use is made of a heat-transfer
correlation for a transpiration-cooled surface, and empirical in the

sense that the heat-transfer correlation is itself empirical. Compared
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to experimental data, the theory exhibits satisfactory agreement, which

may not, however, arise from theory validity but from agreement obtained
by matching the burning-rate equation to the experimental data. This
match is necessary to determine empirical coefficients. The utility

of the Lenoir-Robillard theory is limited because the empirical co-
efficients must be determined experimentally for every propellant. In
addition, it does not include the effect of combustion and flame structure.

The representative work on erosive burning based upon flame theory
has been reported by Vandenkerckhove (28). He considered the flame
structure and the mechanism of solid-phase decomposition. However, the
erosive-burning models utilizing combustion mechanism or flame theory
concepts are handicapped by their application to special propellants.
King (40) has developed a model for the erosive burning of a composite
propellant, based on the assumption that the cross-flow of gases bends
the diffusion flame, thus bringing the heat release zone closer to the
propellant surface. The basic assumption of this model is that the
flame is located within the viscous sublayer of a turbulent boundary
layer where turbulence is negligible.

An erosive-burning theory based on the boundary-layer approach was
first reported in the early original work of Corner (30). He used
Prandtl-Karman boundary-layer theory to describe the flow field.

However, this work gave no consideration to the effect of mass injection.
Tsuji (31), Razdan (32), and Schuyler and Torda (37) analyzed the prohlem
by considering a laminar boundary layver over the propellant surface.
However, in a typical erosive-burning situation the boundary layer is
turbulent over most of the propellant surface. Lengellé (33) used the

integral solutions of turbulent boundary-layer equations in combination

G




with a diffusion-flame theory to develop his model. Beddini (41) has
developed a multi-equation turbulence closure model to solve the boundary-
layer problem. In his analysis, however, he considered the combustion
of homogeneous propellants, and also expressed the gas-phase chemical
reaction rate in terms of the Arrhenius Law.

Experimentally, erosive burning has been studied by various methods.
These studies can be divided into two broad categories: laboratory
sample methods (4, 6, 26), and direct or indirect measurements (7-9,
11, 25). Depending on the experimental technique involved, the burning
rates are average or instantaneous values. A comparison of various

experimental techniques is presented in Table 1.

1.2.2 Steady State Combustion Studies

Three of the many steady-state or strand-burning (non-
erosive) combustion models stand out as being sufficiently comprehensive
to lead toward a better understanding of the burning mechanisms. These
are the models of Summerfield (44, 45), Hermance (46), and Beckstead,
Derr and Price (47). Although quite different in detail, all three
models consider the final stage of gas-phase chemical reactions to be

the diffusion flame. We will summarize only the Granular Diffusion

Flame (GDF) model of Summerfield.

The model was originally formulated by Summerfield (44), and later
improved by Steinz et. al. (45). Essential features of the two-stage
GDF model are shown in Figure 1. The model is one-dimensional and
assumes that the decomposition process at the propellant surface is
controlled by the conductive heat feedback from a two-stage flame
occurring in the gas phase. Since a composite propellant is hetero-

geneous, the fuel and oxidizer gases emerge unmixed from the propellant




Table 1

Comparison of Various Experimental Techniques for
Measuring Erosive-Burning Rates

| time record

burning rates

|

' Operating
l Experimental Techniques Conditions Accuracy Remarks
Laboratory Sample Methods
X-Ray Semi-realistic Poor Average or
Instantaneous
burning rates
I Break Wire Semi-realistic Poor Average burning
rates
Photographic Semi-realistic Good Instantaneous
' burning rates
Microwave Interferometer Semi-realistic Fair Average or
Instantaneous
I burning rates
Probes Semi-realistic Poor Average burning
rates
' Laser-Photodiode Semi-realistic Good Instantaneous
Servomechanism burning rates
' Pressure Pickup Semi-realistic Good Average burning
rates
' Direct Motor Firing Methods
Interrupted Burning Realistic Fair Average burning
rates, numerous
' firings
Thermocouple Probes Realistic Poor Average burning
rates
' Conductivity Probes Realistic Fair Average burning
rates
lonization Probes Realistic Good Average burning
rates
Indirect Motor Firing Methods
l Analysis of the pressure Realistic Poor Instantaneous
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surface. The model presumes that fuel enters the flame zone in tiny

gas pockets. Three steps in composite-propellant burning are identified:
1) endothermic zeroth-order pyrolysis of solid fuel and dissociative
sublimation of ammonium perchlorate (AP) to ammonia (Nﬂa) and perchloric
acid (HClO“); 2) premixed exothermic reaction (zone I) between uus and
HCIO“. which is assumed to occur at the surface for normal rocket
pressures (pyrolyzed fuel gases in this region are considered dispersed
but still unmixed); and 3) exothermic fuel-oxidant reaction (zone II)
controlled either by diffusion and/or chemical reaction processes in
which gaseous fuel pockets are consumed in the atmosphere of ammonia

and perchloric acid. Two reaction zones, ammonia/perchloric acid (A/PA)
and fuel-oxidant, are assumed to be parallel to the propellant surface.
The overall rate of the fuel-oxidizer reaction is determined by rates of
diffusional mixing (predominant at high pressures) and chemical reactions
(predominant at low pressures). The pressure dependence of the heat
feedback to the propellant surface i{s strongly influenced by the kinetics ;
of the granular diffusion flame at pressures above 10 atm, even though
the heat feedback from this source (20X) is considerably less than the
heat contribution from A/PA reactions (80X). The propellant burning
rate relationship for this model is based on integrated, steady-state,
one-dimensional energy equations for the various stations in the flame
zone. The proposed burning-rate equation is a function of pressure,

a chemical-reaction time parameter, and a diffusional mixing-time para-

meter which in turn is a function of oxidizer particle size. These

parameters are gxpdfiunntally evaluated. Correlation of the burning-
i o el ‘r
rate equation is extremely good for a variety of propellants over the

pressure range of 1 to 100 atmospheres.
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None of the existing solid-propellant combustion models will predict
the burning rate of a composite propellant without prior knowledge of
propellant combustion characteristics. In each case, various empirical
parameters in the model, which are not accurately known, must be varied

to match the burning rate characteristics with the experimental results.

1.2.3 Turbulent Flow Studies

As noted in Section 1.2.1, there are differing emphases in
various approaches to solve the problem of erosive burning. The most
realistic analysis must consider the interaction between flame zone
structure and the flow field. Strand-burning combustion of AP composite
propellants, as discussed above, is always associated with a diffusion
flame. In the presence of a flow field, it is this diffusion flame which
interacts with the cross-flow gases and, therefore, affects the heat flux
to the propellant surface and the burning rate. Figures 2 and 3 explain
this point clearly. The plots are based on the experimental data of
references 39, 45 and 48. Erosive-burning data for various free-stream
velocities was taken from King's (39) work. With known blowing rates
and free-stream velocities, the corresponding friction coefficient was
obtained from Simpson and Macquaid's data reported in reference 48.
Figure 2 shows that the domain of turbulence is quite close to the
propellant surface, and the higher the cross-flow velocity the closer the
domain of turbulence. In Figure 3, the height of diffusion flame {s
always greater than the viscous sublayer thickness; it is clear that the
diffusion flame i{s located in a region where the turbulence cannot be
ignored.

Extensive work has been done on turbulent flows in general.

However, the work in chemically reacting turbulent-flow problems is far
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from complete. Only recently have these problems been treated realisti-
cally with some degree of success. There has been little work done,
however, in the area of chemically reacting boundary layers on an
ablating surface. Marxman and Gilbert (49), in their study of hybrid
combustion, have developed integral solutions for skin-friction co-
efficient and stanton number. Similar analytical studies were reported
by Denison (50) and Rosner (51).

The work involving multi-equation turbulence models to describe
transport phenomena in chemically reacting turbulent boundary layers
has lacked a sophisticated theory to describe gas-phase chemical
reactions. Some success has been achieved in analyzing the problems
by prescribing the probability distribution function (pdf) for species
mass fractions and temperature. The pdf modeling has been restricted
mostly to free and round jets (see, for example, References 52-55).
Spalding (56) has developed an alternate approach, the eddy-break-up
(EBU) model, which has shown some promise of predicting gas-phase
chemical reaction rates. Further description of the pdf and EBU

approaches will be given in section 2.4.
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1.3 Research Motivation and Objectives

There are both technological and fundamental aspects of the com-
plicated phenomena of erosive burning. In the technological approach,
one proposes simplified models and equations for estimating the burning
rate; in the fundamental approach one attempts to identify a possible
erosive-burning mechanism and to establish a theory for lcoal erosion
phenomena. The previous studies indicate that although technological
studies are progressing, all are handicapped by their application to
special propellants. There is also a need for experiments to evaluate
certain empirical constants. In the past, little work has been done on
the fundamental aspect of the problem of erosive burning. With this
status in mind, the present research program was undertaken to
investigate the erosive-burning problem, both theoretically and experi-
mentally. Objectives of this study are:

1. To formulate a theoretical model based on an aerothermochemical
analysis of the erosive-burning problem of composite solid
propellants. The analysis considers the heat, mass and momen-
tun transfer in a chemically reacting turbulent boundary layer.

2. To study the effects of gas velocity, pressure, and propellant
physiochemical characteristics on the erosive-burning rate of
a propellant.

3. To verify the theoretical results experimentally by conducting
a series of erosive-burning test firings under various
experimental conditions for gas velocity and chamber pressure.

4. To identify a possible eronive-burniﬁg mechanism of composite

solid propellants.
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Section 2 of this document describes the theoretical model leading

to the development of governing equations, turbulence closure models,

gas-phase chemical reaction model, and boundary conditions. The
numerical method of solving the theoretical model, the development of
the computer code, and some boundary-layer solutions are presented

in Section 3. In section 4, experimental work related to burning-rate
measuring techniques, test-rig design, and instrumentation are discussed.

Experimental and theoretical results and their comparison are discussed

in Section 5. A summary and the conclusions of this study are given

in Section 6.
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CHAPTER 2

THEORETICAL MODELING

2.1 Description of the Physical Model

The physical model considered in the theoretical analysis consists
of a flat plate with a fixed leading edge as shown in Figures &4a and 4b.
In Figure 4a, a test-propellant sample is fed through the flat plate at
a rate equal to the burning rate of the propellant, thus maintaining the
surface of the propellant at a fixed level. Figure 4b shows a two-
dimensional propellant slab glued to the leading edge element. In both
cases, the propellant sample is ignited by the hot combustion gas in
the free stream, which forms a turbulent boundary layer (after a very
short transition distance, usually 0.5 cm)over the burning surface of
the propellant. In Figure 4b, the surface changes its position as the
propellant burns down; however, the characteristic time of the boundary
layer is very small, requiring about 10”™“ sec. (33) to adjust quickly to
any change at the boundaries. Therefore, the current analysis will be

applicable to both types of situations illustrated in Figures 4a and 4b.
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2.2 Conservation Equations

To formulate the theoretical model, we begin with the general
conservation equations for a reacting compressible fluid flow. These
equations are well known and several authors have described their
derivation (see, for example, Reference 57). The pertinent details will
be presented here, using subscript notations.

The usual assumptions in the derivation of conservation equations

No body force

No radiation heat transfer

No diffusion resulting from temperature gradient (Soret effect),
no heat flux caused by species gradient diffusion (Dufour
effect), and no pressure gradient diffusion
Stokesian fluid
Fick's law for diffusion velocity is applicable
Equal binary diffusion coefficients; this assumption is
necessary for Fick's law to be valid.

The conservation equations are:

Mass conservation:

3 -

e T (Oui).i 0

Momentum conservation:
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Species conservation:
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Energy conservation: 8

3 .
3t (pH) + (cm,_ll).i 3

e W (uir ) (4)

137,13

where:
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Equation of state:

p= oRuT/w (8)

We now assume that the instantaneous variable can be replaced by

the sum of its mean and fluctuating components.

=0+ 4 9

This is the well-known Reynolds decomposition procedure. Here,
¢ represents the instantaneous value of velocity, enthalpy, species mass
fractions, etc. The bar denotes the mean or average value taken over
a time period which is sufficiently long compared to the time scale
of the turbulent fluctuations. The prime denotes the fluctuating

quantity. The averaging process implies that

; : Limit

Lt + =

1 t ..‘. —:---
T $0t 87 =0,9¢ =) (10)

After applying Equations (9) and (10) to Equations (1) through (4),

each equation is time averaged, and the following governing equations

for the mean quantities are derived.
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Another approach for averaging the instantaneous conservation
equations, known as Favre averaging (58), has been used by a number of
researchers. The procedure is to split the instantaneous quantities

into mass-~averaged quantites and fluctuating quantities (e.g., any

variable ¢ = 3 + ¢" where ¢ = §? y $" = 9" - E;EE; ¢" # 0andpe"=0). This
approach eliminates the explicit appearance ofpterms involving density
correlations in the governing equations. The use of Favre averaging is
certainly much simpler as far as computations are concerned. However,
using the same models for Favre correlations as for normal correlations
(this is the practice followed by those using Favre averaging) may not
be physically plausible, as argued by Gosman et. al. (53). Furthermore,
the governing equations for the current model can easily be recast into
the Favre-averaged equations.

The following assumptions are now introduced into Equatioms (11)
through (14):

(1) Flow is steady

(2) Mean flow is two-dimensional

(3) Molecular Lewis number, Le, and turbulent Lewis number, Le ,

are both unity.

For the Mach number range of order unity,

I

< <y , and p"u’v”® < < p u’v

.3u -
u

y
According to Laufer (59), who based his conclusion on the
experimental results of Kistler (60), the density fluctuations
have a kinematic rather than a dynamic effect on the turbulence.
There i{s no reaction generated turbulence. Wooldridge and

Muzzy (61) and Eschenroeder (62) suggest that combustion
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affects the intensity of turbulent fluctuations. Kulgein
(63), on the other hand, suggests that there is no combustion
induced turbulence.
Using these assumptions and following an order-of-magnitude anlaysis
(see Appendix A), dominant terms in Equations (11) through (14) are
retained to give the final form of the two-dimensional steady-state

equations for a reactive turbulent compressible flow.
Continuity Equation:

3 o 3 ——
o (o u) + o (o v’) =0
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2.3 Turbulence Closure Models

In Equations (15) through (19), a number of unknown correlations

have been introduced. These correlations are: Reynolds stress, u’v’,

turbulent mass flux, ?E;TT?Tk , and turbulent heat flux, f;:j’i’g . In
order to close the system of equations, these correlations must be modeled.
The correlation between density and velocity, ooV , need not be modeled
as it appears in each equation along with oV , and these two terms can
be combined by introducing a new variable ;7 , defined in Equation (16).

A "two-equation" turbulence model (64), in which the turbulence is assumed

to be characterized by its kinetic energy, K, and its dissipation rate,
€, is employed. Therefore, in addition to the governing equations,
Equations (15) through (19), two additional equations for K and € are
needed.

Turbulent Kinetic Energy Equation:

We define turbulent kinetic energy, K, as % ;7:;7; . The K equation
is derived as follows: Subtract momentum equation for mean quantities,
Equation (12), from the momentum equation for instantaneous quantities,
Equation (2), and multiply by u’l . To the resulting equation, add a
similar equation with indices i and i interchanged. Then, time average

the whole equation and set i equal to i. The resulting equation in

steady state form is:

(e uj +p’u j) K.
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3 3

(20)
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Turbulent Dissipation Equation:

We define turbulent dissipation, e, as The ¢

. Epee—
F U 1,2" N
equation is derived as follows: Subtract momentum eqution for mean
quantities, Equation (12), from the momentum equation for instantaneous

quantities, Equation (2), and differentiate the resulting equation with

respect to x Multiply by u” and time average the whole equation.

o -y
The result in steady state form is as follows:
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Except for the terms in square brackets, Equation (21) is the same as
that in a uniform property flow situation. The part of Equation (21)

Y/




in brackets results as a consequence of densiCy fluctuations.

Correlations such as (pv)‘Y'k and (ov)‘h‘k

terms of known variables and some unknown constants. These constants are

are usually modeled in

assumed to be universal, and,in general, are evaluated by matching the
theoretical and experimental results. Conservation equations can be
developed for these correlations; however, doing so introduces still
higher order correlations, and eventually these higher order correlations
must also be modeled. In the present appreoach, excess complexity is
avoided in favor of simpler and faster-to-execute formulation. It is
understood, also, that chemical reactions in the diffusion flame play

an important role in erosive burning. Therefore, it would be more
meaningful to describe the effects of turbulence on the chemical reactions
in the closure consideration, rather than solve numerous conservation
equations for higher-order turbulence correlations. The following

closure models and assumptions for various correlations are introduced:

1. Reynolds-stress term, u'v” , is modeled with the aid of the

eddy-~viscosity concept (64):

-V ;—; (22)
= w2

where C, is a constant. The models of Equations (22) and

(23) have been used widely in non-reacting as well as

reacting flows with considerable success (52, 53, 55, 56, 64).
2. Turbulent diffusion term in Equation (20) is expressed,

following uniform-property-flow practice, as:
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Mass transfer by turbulent diffusion, (pv)"f‘k , in Equation

(18), and heat transfer by turbulent diffusion, (ov)’h’k :

in Equation (19), are modeled by using Reynold's analogy:

— Y ﬁk
- (DV)‘?fk - g;: e (25)
u 3-
£ (26)
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Triple correlation term, ;1;72371 , and the correlation
;7;71.1 in Equation (20) are assumed negligible. The same
assumption has been used {n many reacting flow problems by a
number of authors (52, 53, 55, 56).

The exact form of the ¢ equation for a reacting flow, as
represented by Equation (21), is very difficult to model
because of the appearance of correlations involving fluctu=-
ating velocity gradients and density fluctuations. We use
the form of ¢ equation (Equation 32) as applicable to uniform
property flow (64). We could modify it by retaining full
expression for production of K, which comprises the first
three terms, on the right-hand side of Equation (20), as was
done by Gosman et. al. (53). They introduced Boussinesq

approximation for o u’, in Equation (20). However, their study

i
found that the effect of this modification was negligible on
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the solution of mean variables.

It may be mentioned that the modeling of K and ¢ equations is
based on the assumption of high local Reynolds number, Rct = p K?/ue;
however, this assumption breaks down within the viscous sublayer
adjacent to a wall. The treatment of near-wall region is discussed in
section 2.6.

We use the models mentioned above in Equations (17) through (20),
and perform order-of-magnitude analysis of K equation (see Appendix A)
to give the final set of two-dimensional boundary-layer equations:

Continuity Equation:

o, e
(o )+:y(QV)_o 27

1

Momentum Equation:

== sl u, _dp
P U s e y vy [ucff 3y] dx (28)
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Energy Equation:
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Turbulent Kinetic Energy Equation:
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Turbulent Dissipation Equation:
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Equation of State:

p=oRT/M (33)

In addition to the conservation equations for the gas phase,
Equations (27) through (33), heat conduction equatior in the solid phase
is needed to relate the heat flux to the solid propellant in terms of
its surface temperature and the initial propellant temperature.

Heat Conduction Equation in the Solid Phase:

It is assumed that heat conduction into the solid propellant is
dominant in a direction normal to the burning surface. In a coordinate
system attached to the burning surface, the temperature distribution in

the solid propellant at a given x location along the surface is governed

by:
it _y :
s ay? L R (34)

Integrating Equation (34) and applying the boundary conditions for the

solid phase

T i -T (initial propellant temperature) (35)
|
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2.4 Modeling of Gas-Phase Chemical Reactions
The set of equations (27) through (33), with appropriate boundary

conditions, can be solved provided @, in Equation (29) is known. When

k
a composite solid propellant burns, solid fuel and oxidizer particles
transform into gases. The gases may react in several steps. However,

in the present work, the following single-step chemical reaction is

assumed:

Vg F +\)00-‘ va (38)

where O and F represent the oxidizer and the fuel gases respectively,
and P represents the product gases. How the oxidizer and fuel gases
are identified for the combustion of ammonium perchlorate based pro-

pellants,is discussed in section 5.2.

A possible expression for the instantaneous global reaction rate

is:
g n pY
e e "k kg n (§-35vk (39)
k=1 k

where k = O, F and the specific reaction rate constant, k.. is given
E
by the Arrhenius law: k‘ = Ag exp (- §23¥) . The time-averaging of
u
Equation (39) represents one of the central difficulties of combustion

modeling. One can choose to replace the exponential term by its series

expansion, thereby introducing correlations such as Y~ Y‘F. Y‘OT’ s

0
Yol T2, ete. Additional conservation equations must be solved

for these correlations; this procedure, however, reduces the economy
significantly.

Many researchers (52, 53, 55) have used, with some success, the

concept of probability density function (pdf) to describe the mass
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fraction distribution in chemically reacting flow problems. Such a
method has been used mostly in turbulent jets in which oxidizer and
fuel streams mix and react in a diffusion flame, or in a premixed fuel-
oxidizer stream reacting in a turbulent jet. The situation in the erosive-
burning problem is quite different; viz., fuel and oxidizer gases from
burning propellant enter crannvergely into the turbulent boundary layer
formed over the propellant surface. After reviewing existing literature
of the pdf method and its possible use in the erosive~burning problem,
it was concluded that the application of this method would not be
adequate.

One other approach, first proposed by Spalding (56), is the eddy-
break-up (EBU) model. In this model, gases in a turbulent premixed
flame, at high Reynolds numbers, are considered as lumps or eddies
of unburned gas and fully burned gas. Spalding assumed that the rate
of burning depended upon the rate at which frasueugl of unburned gas
(eddies) were broken into still smaller fragments by the action of
turbulence. This rate was assaumed to be proportional to the rate of
decay of turbulence energy. Spalding's initial version of the EBU
model was based on the mixing-length hypothesis (56), and Mason and
Spalding (65) introduced the EBU model based on a two-equation model
of turbulence to solve the problem of confined turbulent flames.

The idea of the EBU concept can be used to model the gas-phase
reaction rate for the erosive~burning problem in which gaseous fuel
issues as pockets (eddies) from the burning surface of a composite
solid propellant according to GDF theory (45). Furthermore, it is
reasonable to assume that high lateral shear in the boundary layer aids

the formation of these fuel eddies.
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We might, then, follow the EBU concept as well as the arguments
of Lockwood (66): 1in a diffusion controlled reaction, the rate of
consumption of fuel is proportional to the rate of dissipation of the
fuel-containing eddies, as characterized by the rate of diminution of
the energy of the fluctuations, éé L ;7;2 . This rate can be equated
to the rate of supply of energy from the large scale motion of turbulence,
which can be taken as proportional to the quantity of energy involved
and to the reciprocal of the eddy time scale characterized by e/K.

- - C U o] /:;

wp EB g (40)

7Alm

This equation can be used, provided Bp is known. The conservation
equation of 8p can be written as (see Reference 64):

Pl s ¥ ola ke Reg

(41)

Equation (41) along with Equation (40) can be used to determine
reaction rate of fuel gas. However, we can simplify the analysis by
a;luning the production and dissipation terms (last two terms on the
right hand side) of Equation (41) to be dominant (see Reference 64).
This assumption is particularly valid at high Reynolds numbers in the
near-wall region, which in the present problem is where most of the
chemical reactions take place. Therefore, when equating the production

and dissipation terms of Equation (41), we arrive at

u aY
K F
N L (42)

From Equations (40), (42) and (23), we get

- - = ‘arr :
wp = =C_ 0 7K ¥y (43)
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where Cw is a constant. In the current theoretical analysis, it is
assumed that the chemical kinetics is very fast and that the reaction
rate is diffusion limited, since the gaseous reactions in propellant
combustion take pla;e under high pressures (a favorable condition for
this assumption). It may be noted that the gas phase in the combustion
of a composifte solid propellant is heterogeneous because of the existence
of small fuel pockets dispersed in an atmosphere of oxidizer gases. The
present theoretical model, however, considers the homogeneous gas phase
in the sense that the species mass fractions in Equation (29) are
defined as the local average values over a period of time which is much
longer than the characteristic time of turbulence. In order to solve

a heterogeneous problem, one would have to specify the pocket-size
distribution of the fuel gases, which is an unknown. Even though the
treatment of the gas phase is homogeneous, the process of chemical
reactions in the gas phase is still diffusion controlled. Therefore,
Equation (43) (which is based on the diffusion controlled process) is
used along with Equation (29) to solve species distribution in the gas
phase. No separate reaction rate formula is necessary for oxidizer

species. With the assumption of Equation (38),

- v U -
. o 0 .
w, = w (44)
0 vrwp F
we can now introduce a new variable ?OF , defined as
v. W
s Y - ——— Y (‘5)
oF 0 “FHF F
- Yo%
The conservation equation for is obtained by subtracting times
OF v,up

the species mass fraction equation for fuel, k = F in Equation (29),

from the species mass fraction equation for oxidizer, k = 0 in Equation
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(29), and using Equations (44) and (45). The result is

Y Y Y
- "TOF ~-— " OF 3 OF
s 3x *:0 ¥ 3y 3y [(Sc)ctf 3y 1 (46)

The choice of the variable Yo eliminates the nonlinear source terms

F
in Equation (46). No separate conservation equation for ?; is needed
n
because by definition of mass fraction I Yk = 1. Therefore
k=1
Y =1-Y -% (47)
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2.5 Burning Rate Equation

Burning rate of a solid propellant is a function of the surface
temperature, and can be expressed by the Arrhenius law of surface
pyrolysis

E

r, = Ag exp (- ¢ ) (48)
u ps

where A. is the pre-exponential factor and E‘. is the activation energy
of the solid propellant. Surface temperature, Tp.. is the unknown.
Because of the coupling nature of conditions of the propellant surface,
and the fact that the process must be self-sustaining, the case of a
constant surface temperature is unrealistic. Experimentally, it is
known that the surface temperature is related to the burning rate by
Equation (48) (see Reference 57). It is the surface temperature, Tp.,
which provides the link between the burning rate and the gas dynamics.
The surface temperature depends on the heat flux from gas to solid phase,
and heat flux is evaluated by solving the gas-phase conservation

equations.
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2.6 Boundary Conditions

To complete the formulation of the theoretical model, boundary
conditions must be specified at the gas-solid interface as well as at
the free stream. The interface mass and energy balances, illustrated
by Figure 5, are obtained by considgtingttho flux balance in a thin
control volume around the solid-gas interface.

Mass Balance at the Propellant Surface:

The mass balance of kth species at the propellant surface (see
Figure 5a) can be written as

o i,

Per) = p. & T +L0d

k °+ s b ko 3y °+

(49)

This equation for the solid-gas interface represents the component k
a¥

transported from the gas to solid by diffusion at the rate (D 3;!-0+ g
At the same time, the component k is transported away from the
interface by normal velocity at the rate (v ;.§£)0+ and Pg Tp Yko_ in
the vaporizing solid surface. It is assumed that there are no reactions
at the propellant surface and, therefore, there is no production of
species at the surface.

Equation (49) can be written for fuel and oxidizer species in
terms of total flux at the inner boundary (I), which corresponds to the
surface of the propellant (see Appendix B)

3y

3 WL e
Tot 1.t P e~ pi  c e 0 Yy (50)
F 0 0
il £ A
Teot, ¥, 1% % ™ Yo+ - (5 3y & hhm 58

Energy Balance at the Propellant Surface:




. i AR gl {
‘ S SN SN e e S B es  See s e D TR BN TR O BEE EE e e

35

(Pv Y,) a¥y
T o+ k’ot I. l (ODay )0+
y = O—F_ ol gtipetin Sy B,y 2—- Interface
=M Control Volume
T

A

DsrbYk %

(a) Mass Balance at the Propellant Surface
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(b) Energy Balance at the Propellant Surface

Figure 5 Interface Mass and Energy Balances at the Propellant Surface




Figure 5b illustrates the interface conservation of energy
necessary to calculate the net rate of heat transfer to the solid
propellant. Gas phase heat flux into the control volume is given by
Equation (7), when evaluated at y = 0. Normal mass flux carries energy
flux at the rate Pg Ty I (Ykhk) _ into the interface control volume and

k

f(o_;?kik) out of the interface control volume. The net rate of
k 0+ ;

heat transfer to the solid propellant, therefore, is given by

Y,
aT AT k
Ay (37)0_-0 ay)‘.,-o-}: (pthay o
+ GV I (e _ - (?i) } (52)
o “xo- K

Using Equation (49), the above equation can be simplified to

a1 T g
Ay G (o3 (3")0 oy Ty 1€ ) (T -T*)

+ L (Yk (Ah' Ahf,k (53)

where AhE* and Ahf'* are heats of formation at T° degree Kelvin
+

0
of kth species in solid and gas phases respectively. It may be noted

that (p v) o P Ty due to the mass conservation at the propellant
0

surface. Net heat release at the surface, per unit mass, is given by

= - -T° °
Q.(T”) E (Cp cg) (‘l‘ T ® E Y, (Ahf,k " Ah )} (54)

Define net surface heat release (negative for exothermic reactions) at

a reference temperature, ‘l'p.. as:

q, (T,

(cpcy) @pyt) + 1 (1, un“ 5 ~they O} (59)
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Subtracting Eq. (55) from Equation (54), we get
Q'(Tp.) " Q' - (CP-C') (Tp.-TP.) (56)

Substituting Equations (37) and (56) in Equation (52), we finally get

aT - -
(A 3y o =% {CPTP'-C‘TP1 + Q. » (CI-CP) Tp.} (57)

Equation (57) can be transformed in terms of total flux of total enthalpy,
H, at the inner boundary (see Appendix B).
. i u_ 3
Jeoe, 1,1 ¥ Pa™b Bo+ = pr 3yo*

+ Ah°®

o o
Peth (20" ¢ pips g,0%08 ~ %% * 6T

-4 = )R ) (58)
How the surface values of ?6. ?F' T, and H are evaluated is discussed
in Appendix B.

Near-Wall Boundary Conditions for K and ¢:

Boundary conditions for K and ¢ are applied near the wall rather
than at the wall. This avoids the low turbulent Reynolds number region
near the wall, where closure models in K and ¢ equations are not valid.
Near a wall, production and dissipation terms of K equation (last two
terms on the right hand side of Equation 31) are equated (a reasonable

approximation), therefore

u =
t ,du.2
€= (ay) (59)

Turbulent viscosity, e close to the wall is calculated from Van
Driest’'s formula (68)

U, = P (kDy) 3y (60)
where the damping coefficient, D, is given by

D=1 ~exp (- !Aiut)*oxp (- 2%") (61)
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In Equation (61), t is the local shear stress, Rh is the surface
roughness height, and P (=26) is a constant. The formula given in
Equation (60), is particularly useful in including the effects of surface
roughness on erosive burning.
From Equations (23), (59), and (60), we can find expressions for

K and ¢, as

. (kOV)? 3w,
o T A (62)
CU
¢ = (kDy)? (g—;)3 (63)

Equations (62) and (63) give values of K and ¢ consistent with
their distribution in the near-wall region; this can be seen if one
uses the log law of the wall for velocity in these equations (see
References 64, 69). Chambers and Wilcox (69), recommend that near-wall
boundary conditions should be applied at Y, less than 20. In the present
study these boundary conditions were applied at Yo = 19,

Other boundary conditions which are considered in the formulation
are given below.

At the Propellant Surface:

3 (x,0) =0 (64)
& o r, (x)

¥ @0 = ?’G??")‘ (65)
T (x,0) = T (0 (66)
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At the Free Stream:

u (x,®) = U_(x) (67)
T (x,@) = T(x) (68)
Y, (x,®) =0 (69)
-Y'F (x,=) = 0 (70)
x|

i, 0 (71)
e

Iyl =0 (72)

Governing equations, Equations (27) through (33), with boundary
conditions, Equtions (48) through (72), complete the theoretical
formulation. Partial differential equations are parabolic in nature

and are solved numerically.

VPN IREPTS N,




CHAPTER 3

NUMERICAL METHOD

3.1 Numerical Scheme

The system of coupled nonlinear simultaneous partial differential
equations, Equation (27) through Equation (32), are parabolic in
nature, and due to their complexity, they must be solved numerically.
One can find a number of numerical techniques in literature to solve
parabolic partial differential equations; however, several researchers
(52, 53, 55, 65) have used the numerical scheme proposed by Patankar
and Spalding (70). The same numerical scheme is used in this study.
It offers a computational economy, particularly for flows in which
the field of interest grows rapidly in thickness (e.g., wall boundary
layer in the present study). Patankar and Spalding (70) introduced
a transformation of coordinates in which grid points always fit the
boundary~-layer region even though the thickness of this region is
changing.

The following coordinate transformations are introduced for the

governing equations:

X = x (73)
| A 01
oo — (76)

The stream function ¢ is defined by

Ro-ov , B.ou (7)
dy . dv b
g a;l" (76)

el il
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where the subscripts I and E represent inner (wall) and external (free-
stream) boundaries of the flow field, respectively. 01 and *E are the
stream functions at the I and E boundaries of the flow: thus w equals
zero at the I boundary and unity at E. Equation (76) is obtained from
the definition of stream function and shows the dependence of Y and i) i
on Xx. iI and ;E are the rates of mass transfer (mass entrainment rates) 1
across the I and E surfaces. Numerical integration of Equation (76) |
gives the values of *1 and *E' and the way in which mass entrainment !
rates are computed is discussed in Appendix C.

With the transformations defined by Equations (73) through (76),
all governing Equations (27) through (32), are transformed into the

following general form:

By aeb) Bal (2ol 3,457 an
x dw B~ b3t dw
E I

where ¢ represents any dependent variable (e.g., ;. H, Y , K, etc.),
and the continuity equation, Equation (27) is automatically satisfied

by the definition of stream function and need not be used in the

solution of Equation (77). Various symbols introduced in Equation (77)

are defined below:

a: &.I/(.E nd (78)
bz (g = %)/ (9 = ¥ (79)

The effective transport coefficient, I', for each equation is

defined as:

B

1
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&.ff for momentum equation, Equation (28)
| 1
b L)
(s‘:).ff for species equation, Equation (29)
P 245 oe for energy equation, Equation (30) > (80)
3 ut
(u + E—é for K equation, Equation (31)
1
Me
(u + E—Q for ¢ equation, Equation (32)
\ 2
The source term parameter, &. for each equation is defined as: :
r -
- %5 for momentum equation, Equation (28)
i )
. for fuel mass fraction equation,
“F Equation (29)
= 3 b 3?:2/2
d z4— [ (u - (3 ..} =] for energy equation, > (81)
3y eff Prieff 3’ Equltion (30)
M, (%3)2 -0 ¢ for K equation, Equation (31)
s
€ g _ .0
C3 : " (3y) C“ - for ¢ equation, Equation (32)
\

It may be noted that the source terms defined by 3 in Equation (81)
are not written in transformed coordinate system; this i{s because of
the way in which the source terms are evaluated (see Appendix C).

The general partial differential Equation (77) is solved by a ; T

finite difference procedure described in Appendix C. The values of ¢
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are solved at discrete values of w for one value of x; the task is to
obtain the values of ¢ at the same value of w, but for a slightly
greater value of x. By stepwise repetition of this basic operation, the
whole flow field of interest is covered. Finite difference equations
are obtained by integrating Equation (77) in a small region (control
volume) of the flow field (Appendix C). The integration in regions at
the boundaries is treated in a special manner; for example, Couette

flow analysis is used near the wall boundary. Details of this analysis
are given in Appendix B. The final form of the finite difference
equations can be put into a tri-diagonal matrix form represented by

the following equation:

+ B C (82)

S T PRl

1.3 " % %,

Coefficients Aj' BJ i

of grid size, flow properties, and variables at the upstream location.

, and C, for various equations are evaluated in terms

The expressions for the coefficients are given in Appendix C.




3.2 Procedure in the Development of the Computer Code

Equation (82) represents six finite difference equations for six
variables, u, H, ?6. ?bf' K, and €. These finite difference equations

were solved on the 370/168 IBM computer. A computer code was developed

for this purpose. The code was developed in such a way that it can

solve the following six types of boundary-layer situations:

E 1) laminar incompressible non-reacting, ?i
b 2) laminar compressible non-reacting,
3) laminar compresible with surface blowing or suction, [

4) turbulent incompressible non-reacting,

5) turbulent compressible non-reacting, and

6) turbulent compressible reacting.

This provision was built into the computer code to solve simpler

cases, in order to test the workability both of the code and the

P — 1 e

numerical scheme. A general layout of the computer program is shown

in Figure 6.
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® Select w-distribution

® Prescribe guessed profiles
for various variables
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® Calculate y-distribution

@® Select step size along

x-direction. Keep step size

constant during iterations

® Calculate source terms
and entrainment rates

® Calculate tridiagonal matrix

coefficients

® Solve matrix equations
for various variables

.

® Check if profiles converge

No

Underrelax profile
values

—

@ Calculate_surface values

of T, H, Yo. YP

® Calculate burning rate

“——'f?rofile values converged?

Mo

P

® Check {f surface values
converge

No

W

Output

Underrelax Surface
values

Figure 6 General Layout of the Computer Program




3.3 Verification of the Numerical Solutions Under Various Boundary-
Layer Flow Conditions

In obtaining numerical solutions for various boundary-layer situa-

tions, a variable grid-size along w-direction was prescribed (see
Appendix C). One hundred cross-stream intervals were employed, about §
half of which were distributed within ten percent of the boundary layer. |
Since the dependent variables change very rapidly near the wall (par-
ticularly in a reacting boundary-layer flow), such a close mesh of grid
points was found necessary to give more accurate computed values. The
forward step size along the x-direction is variable and was chosen as
0.3 times the boundary-layer thickness. This step size in the computer
program was, however, checked by the limit set on the maximum total mass
entrainment rate during a forward step (see Appendix C).

To test the numerical procedure and the computer code, the results
for a number of boundary-layer situations have been computed. These
results are compared with standard solutions or experimental data avail-
able in literature in Figures 7 through 11. Figures 7a and 7b show

the comparison of the calculated velocity and temperature profiles with

Van Driest's solution reported in Reference 71. The comparisons, for

a highly compressible supersonic boundary layer, are excellent. The
prediction of velocity profiles in a laminar boundary layer with suction
is compared in Figure 8 with the experimental data measured by Head (72).
In Figure 9, comparison is shown between calculated temperature pro-
files and solutions of Sparrow and Yu (73) for a laminar boundary layer
with blowing. In both the cases with suction and blowing, the pre-
dictions are very good.
Because of experimental difficulties, there is very little

experimental data in literature on various turbulence quantities (e.g.,
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a'v', K, €) for a chemically reacting turbulent boundary-layer flow over
an ablating propellant surface. However, to test the validity of the
turbulence models and the near-wall treatment of K and ¢ equations in
the present model, the results were computed for an incompressible
turbulent boundary-layer flow for which experimental data is available.
The results for velocity, turbulent kinetic energy, and Reynolds stress
are shown in Figure 10, and are compared with Klebanoff's (75) measure-
ments. The agreement between the predicted results and the experimental
data is quite good. In Figure 11, the calculated skin friction co-
efficient, for a turbulent boundary layer, is plotted as a function of
Reynolds number; the results compare well with those obtained from a
well-established skin friction - Reynolds number correlation shown in
Figure 11.

All turbulent flow calculations in the present study were begun
when x had reached a value where Reynolds number of the free stream
was equal to 105, The values of the constants introduced in the tur-
bulence closure models of the current analysis are listed in Table 2.
These values have been used {n a number of incompressible turbulent
boundary-layer flow studies (for example, see References 64 and 74). In
these studies, the values of the constants have been optimized to obtain
a good match between predictions and experimental measurements of
various turbulence quantities (e.g., uv, K, £, etc.). It is presumed
that these constants are universal, at least for similar types of flow
situations, even though the flow properties may be different; for
example, incompressible turbulent versus reacting compressible turbulent
boundary layers. This presumption has been made, with good results, in

a number of reactive flow studies (52, 53, 55). The results of some
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Table 2

Values of the Constants Used in Turbulence Modeling

Present Flow Situations of Other
Constant Study Studies with Same Values
Cx 1.0 Diffusional Reacting Flow, Refs.: 52, 53, 55
C2 1.3 Diffusional Reacting Flow, Refs.: 52, 53, 55
C3 1.57 Diffusional Reacting Flow, Refs.: 53
c 2.0 Diffusional Reacting Flow, Ref. 55
-
L]

(‘,!'u 0.53 Premixed Reacting Flow, Ref. 65

2.8% Diffusional Reacting Flow, Ref. 52, 53, 55

1.789» Diffusional Reacting Flow, Ref. 52

Cu 0.18 Estimated from Cxlu. C". and ng
Cu 0.09 Diffusional Reacting Flow, Refs. 52, 53, 55
0.7 Diffusional Reacting Flow, Refs.: 52, 53, 55

*Constants used in the estimation of Cu

'----—-—----—-




of these reactive flow boundary-layer studies have also compared well

with measured experimental data (52, 53, 55, 65).
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3.4 Iteration Procedure for Burning Rate Calculation

The burning rate given by Equation (48) is an exponential function
of the propellant surface temperature and, therefore, is very sensitive
to changes in surface temperature. The surface temperature is found
from the interface energy balance, Equation (57). However, gas-to-solid
heat flux, needed in Equation (57), must be calculated from the solution
of the temperature distribution in the boundary layer. Therefore,
calculations were started with a guessed value of surface temperature;
iterations of the boundary-layer profiles and the surface temperature
were found necessary to achieve a good convergence. During the iterations,
under-relaxation of boundary-layer profiles, surface temperature, and
surface mass fractions were found necessary for achieving stability (see
Figure 6). Except for the first few stations, the number of iterations
rarely exceeded 2. The convergence criteria for surface temperature was

set at 0.05% and that for boundary layer-profiles was set at 0.1X.




CHAPTER 4

EXPERIMENTAL WORK

The objective of the experimental work was to measure the burning

rate of a composite solid propellant under erosive-burning conditions.

A number of erosive-burning experiments have been conducted in previous

studies (see section 1.2.1); however, none of those epxeriments were

designed to be compatible for a boundary-layer type of theoretical

analysis. Although Marklund and Lake's data (26) is useful in comparing

a boundary-layer solution of erosive burning, their data is restricted

to low free-stream velocities. In most of the previous work, the free-

: stream velocities have been limited to low values and, therefore, there

is a need for erosive-burning data at higher velocities.

The present experiments were designed for verification purposes,

s0 that erosive-burning rates measured at various free-stream velocities

and pressures can be compared with the theoretical predictions.

In an

actual rocket motor the propellant grain is usually cylindrical in

shape. The present experiments, however, were designed for a flat test

propellant geometry consistent with the theoretical model. A theoretical

model can be developed for the burning of a cylindrical type of solid

propellant; however, it is difficult to get direct erosive-burning rate

measurements in a real rocket grain. Instead, the erosive effect has

to be indirectly computed from the pressure-time traces of the rocket

motor firings. Erosive-burning data in the present experiments were

obtained directly, and the theoretical analysis after verification with

BSE s e experimental data can be extended easily to a cylindrical shaped pro-

pellant geometry.
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In the design consideration, two requirements were imposed on the
structure of the experimental apparatus: {a) experiments should be
compatible with the theoretical model, and (b) conditions of test
propellant burning should be similar to that surrounding combustion of
a typical solid propellant motor. Therefore, a turbulent boundary layer
should be formed over a flat test propellant surface by the flow of a

high-velocity gas and the propellant should burn at typical rocket

pressures of 50-100 atm.




58
4.1 Burning Rate Measurement
The experimental apparatus was designed to measure the burning rate
of a test propellant sample by two methods: Laser-photodiode servo-

mechanism and high-speed motion picture.

4.1.1 Laser-Photodiode Servomechanism Method
The basic components for this method consist of: a2 mw,
6328 ; He-Ne Laser, a 10 ; width band-pass filter, a light-sensitive
photodiode, a control amplifier, a recording system, and a high~torque
stepper motor with maximum feeding rate of 900 pulses/sec at 1.8° per
pulse.

A schematic diagram of the Laser-Photodiode servomechanism technique
is shown in Figure 12. As the surface of the burning solid propellant
sample recedes, the laser beam (previously blocked by the propellant)
passes through a band-pass filter to restrict any light from the combustion
zone. The beam is detected by the photodiode which generates a small
current signal. This signal is amplified in the control amplifier and
supplied to the stepper motor, which advances the propellant sample
counter to the receding propellant surface. If the stepper motor advances
the propellant too quickly, the laser beam is blocked, the signal to
the motor discontinues, and propellant-strip feeding stops. Thus,
feeding rate is controlled by burning rate. The feeding rate by the
stepper motor i{s recorded by the recording system at all times during
the experiment, thus giving the instantaneous burning rate of a pro-
pellant sample.

The function of the Laser-photodiode servomechanism was tested for
strand burning of a sample propellant. However, when used in the erosive-

burning test chamber, the combustion gases deposited carbon particles
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Figure 12 Schematic Diagram of Laser-Photodiode Servomechanism
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and other product gases on the transparent plexiglass windows of the

chamber, thus blocking the laser beam from passing over the propellant
surface. Considerable effort was made to solve this problem (see i
section 6.3 for recommended remedies in using the Laser-Photodiode
servomechanism). The erosive-burning data measured in the present

study was obtained by the high-speed motion picture method only.

4.1.2 High-Speed Motion Picture Method

Using this method, the burning test propellant was photo-
graphed by high-speed motion picture camera during a test firing.
The framing rate of the camera during the experiments was set at about
1500 frames per second. During the filming of the burning propellant,
time markers were recorded on the film by a light-emitting diode (LED).
The light-emitting diode was operated by a LED driver unit having a
frequency range of 10 - 10,000 Hz. The frequency for the present experi-
ments was set at 100 Hz. A common-time marker was also recorded on the
film by another LED at the time when ignition was started in a test
firing. At the same time, a voltage signal was recorded on a magnetic
tape recording system which also recorded pressure-time data at various

locations of the test rig. In this way burning rate versus time data

was correlated with pressure versus time data. The film was analyzed,
frame by frame, on a motion analyzer designed to calculate the distance
burnt in a known time period. Further description of the test firing

procedure and data acquisition system is given in the following sectioms.
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4.2 Erosive-Burning Test-Rig Design

The design of various components of the test rig depends on the gas-
dynamic operating conditions (pressure, temperature, and velocity).
Basic equations used for the desing of the test rig, and a parametric
study for the effects of various geometric inputs of the test rig on the
solutions of these equations are presented in Appendix D. Various
materials and dimensions of the test rig were selected on the basis of
the parametric study and the requirements of high-pressure and high-
temperature gas flow. A schematic diagram of the test rig is shown in

Figure 13, and a photograph of the assembled erosive-burning test rig

is shown in Figure 14. Description and function of each important

component is given below.

4.2.1 Driving Motor

A high-pressure, high-velocity, hot-combustion gas flow is
needed to simulate actual rocket conditions. Such a gas flow was
generated in the driving motor by burning a 30 cm long and 11.96 cm
outer diameter, 8-point star-shaped solid-propellant grain. The pro-
pellant grain (N-4) is the same as that used in the sidewinder 1A
motor, and has neutral burning characteristics (constant mass burning
rate) which help to maintain a steady-state pressure in the test
chamber after a short ignition transient interval. Various properties
of the N-4 solid propellant grain are given in Table 3. The driving
motor was made of 304 stainless steel, and it has a length of 30 cm,
an inner diameter of 12 cm, and an outer diameter of 17.8 cm. A

photograph of the driving motor is shown in Figure 15.
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Figure 14 Assembly View of the Erosive-Burning Test Rig
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Table 3
Properties of N-4 Solid Propellant Crain
CONSTITUENTS X BY WEIGHT
Nitrocellulose (12.6% N) 51.0
Nitroglycerin 34.3
Diethylphthaiate 10.6
2-Nitrodiphenylamine 2.0
Potassium Sulfate 1.5
Lead Stearate 0.5
Carbon Black 0.1
EXHAUST-GAS COMPOSITION X MOLE
co 45.03
320 18.11
Hz 16.80
llz 11.07
(‘:02 8.96
H 0.03
PROPELLANT DATA 1
Initial surface -to~length
ratio 32.1 em
Length 30.0 cm
Propellant deansity 1570 Kg/m?
Temperature of combustion ”“T 2258 K
Average molecular weight of
combustion gases 23.5 Kg/Kmole
a” (for a pressure range of a’
3.45 = 20.7 MPa) 0.3323 cm/s/ (MPa)
n” 0.542
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. ? Figure 15 Assembly View of the Driving Motor and
" ' the Rectangular Convergent Nozzle
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4.2,2 Igniter System
To ignite the propellant charge in the driving motor, a
pyrotechnic igniter (Redstone Arsenal, MK 125 MOD 5), which contains a
mixture of black powder and magnesium, was used. The igniter was set
off by an electric squib which was operated by a remotely controlled
ignition circuit discussed in section 4.3.5. The igniter was supplied
with a 50 volts AC and 5 amperes of current through an igniter wire.
One end of the igniter wire was connected to the igniter through an
{nsulated electrode gland feedthrough (Nanmac Corporation, model A-501-Cu
(ss)), and the other end was connected to the test rig body which served
as a common ground. The pyrotechnic igniter was held in a stainless
igniter holder threaded into a flange attached at a head-end of the
driving motor. A photograph of the pyrotechnic igniter system is shown
in Figure 16.
After the ignition of the propellant grain, the product gases flow

out of the driving motor into the test chamber through a nozzle. This

nozzle constructed of 304 stianless steel, was designed to converge from
a square cross section (42.3 cm?) at the end of the driving motor (see
Figure 15) to a rectangular cross section (7 cm x 2.54 cm) at the

entrance of a test chamber.

$.2.3 Icnt Chambe >

Several important elements wore designed to form the 39 cm

long test chamber made of 304 stainless steel with a rectangular cross
section of 7 cm x 2.54 cm. These elements are described below:

(a) An interchangeable wedge-shaped stainless steel leading edge

was attached to a stainless steel flat plate. A photograph

showing the leading edge in the test chamber is shown in




o,

M SN

Wikt

Figure 16 Pyrotechnic Igniter System
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Figure 17. The length of the leading edge was 10.8 cm and its

width was equal to 7.5 cm. A test-propellant sample was

——

glued with an epoxy to the top flat surface of the leading
edge. The length of the leading edge allowed most of the
propellant to have a turbulent boundary layer over it. It
may be metnioned that the seal plate (see Figure 13) must be
removed when the Laser-Photodiode servomechanism technique
is used in order for a propellant sample to be fed upwards

into the test chamber.

A spillage channel was provided. Through this channel a small

amount of the product gases flowed out of the test chamber,

enabling the boundary layer to develop from the beginning

of the leading edge.
An interchangeable top plate was designed to vary the channel

height in the test section to change gas velocity. Pressure

gradient can also be controlled by using a tapered top plate.
A convergent-divergent interchangeable exit nozzle, made of
stainless steel, was designed to control the mass flow and
gas velocity in the test chamber. Various nozzles were used
with throat diameters of 1.93 cm, 2.08 cm, and 2.42 cm.

The exit-nozzle assembly contained a burst diaphragm designed
to rupture at a given critical pressure (450 psia). A small
nozzle with a throat diameter of 0.65 cm was used at the end
of the spillage channel. To ensure that the spillage channel

remained open during the test firing, the burst diaphragm

was not used in the small nozzle. »1




o

Figure 17

Close~Up View of the Test Section
and the Leading Edge
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(e) A transparent plexiglass window assembly composed of an

inner sacrificial plexiglass window (25.4 cm x 3.81 cm x 1.27

cm), a middle window (25.4 cm x 3.81 em x 2.54 cm), and a top :

window (27.94 cm x 6.35 cm x 3.81 cm) was used. Rubber

O-rings between the middle and top windows were used to achieve

a tight seal. A sacrificial window was burnt in each test

firing, and replaced for each subsequent test firing. The

test-propellant sample was clearly visible through the

plexiglass window assembly.

4.2.4 Feed Mechanism and Pressure Equalizer Chamber

Both the feed mechanism chamber and the pressure equalizer
were made for the Laser-photodiode servomechanism technique. The feed
mechanism chamber was designed to house a feeding mechanism consisting
of a feed screw through which rotational motion is converted to linear
vertical motion of a rectangular element by means of a threaded nut.

The propellant test sample is carried by the rectangular element. A

ball feed screw (1/2 inch double threaded having a 1/2 inch lead) is

used to feed the propellant i-plc. The torque requirement of the stepper
motor depends on the total load on the motor and the friction and
efficiency of the feed screw. To minimize the torque requirement of

the stepper motors, the pressure difference between the test chamber and
the feed mechanism chamber should be kept minimal. This is achieved

by means of the pressure equalizer chamber which consists of a piston

and a cylinder. The piston is connected with a spring and a damper to
reduce oscillations of the piston. The chamber is connected to the
test chamber and to the feed mechanism chamber. Higher pressure in

the test chamber pushes down the piston, compressing the gas below it,

- MR ————— ]
-
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and thus increasing the pressure in the feed mechanism chamber. Con-
sequently, as predicted by the parametric study given in Appendix D,
the pressure difference between the test chamber and the feed mechanism
chamber is reduced substantially.

In this study, as already mentioned, the burning rate was measured
by the high-speed motion picture method. Therefore, the pressure
equalizer chamber was disconnected from the test rig and a seal plate
was kept between the test chamber and the feed mechanism chamber, as a
shown in Figure 13.

\
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4.3 Instrumentation

4.3.1 Pressure Measuring Equipment

The pressure measuring system consists of Piezo-electric
quartz transducers, charge amplifiers, and a recording system. Pressure
was measured at three locations: 1) near the inlet to the rectangular
convergent nozzle at the exit of the driver motor, 2) near the leading
edge, and 3) near the exit nozzle.

The pressure transducers (Kistler Model 601B), with a pressure
range up to 1,000 atm, were used. These transducers were equipped with
water-cooled adapters (Kistler Model 628C) which protected the trans-
ducers from excessive heating by the high temperature gases. The
charge signal which is proportional to the pressure signal was amplified
through a charge amplifier (Kistler Model 504E) and recorded on a tape
recorder.

Calibrations of pressure measurements were made through the charge
amplifiers. The pressuretransducers used in the experiments were
calibrated by the manufacturer in terms of a charge (pc) produced per
unit of pressure (psi). The procedure followed in calibrating the
pressure measurements was to apply a DC voltage equal to the transducer
sensitivity, S (pc/psi), to the charge amplifier. The output from
the charge amplifier, which represents the measured pressure in terms
of voltage, was then recorded. The output voltage form the charge
amplifier can be calculated from the following formula:

a8 vin “t(voltc) x 1000 (pf)

v
output psi pc
" (volt) %8 (pni )

(83)

where R is the range multiplier setting (2000 psi/volt in most of the

test firings). This calibration procedure was checked periodically by

pracamry
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measuring a known pressure (using high pressure nitrogen) with the same

transducers as those used in the present experiments.

4.3.2 Camera System

A 16 mm high-speed motion picture camera (400-foot capacity
Hycam Model K20S4E-115) was used. This camera operates up to a maximum
framing rate of 11,000 pictures per second. A 200-foot Kodak chrome
color film was used in each test firing. The camera was equipped with
two red light-emitting diodes, one for the common-time marker and the
other for generating timing signals at a pre-selected frequency, as
mentioned in section 4.1.2. The light-emitting diodes were operated
by a timing light generator (LED driver), which was fabricated at The
Pennsylvania State University Electronics Services and has a frequency
range of 10 Hz to 10,000 Hz. A telescopic lens (Elgeet Rochester Co.,

6 inch, f 3.8, Cine Navitar No. A2305) was also used with the camera.

4.3.3 Motion Analyzer

The Vanguard motion analyzer (M~16GD Serial No. 772 pro=-
jection head, C~11D Serial No. 773 Projection case) was used to analyze
the film. The motion analyzer projects a four-times mangified picture
on a screen. The screen has two crosshairs which can be moved in x
and y directions. The distance moved by these crosshairs is obtained
from two micrometer dials, accurate to a thousandth of an inch. A
frame counter is also provided to record the number of frames moved
between readings. The analyzer can advance film a single frame at a
time or at a faster rate. The readings taken from the analyzer were the
y-distances (propellant surface location) at a fixed x location, and the

frame dial readings between each reading. Readings were taken
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approximately 100 frames apart. The number of frames between each
reading were recorded from the dial readings and the time interval
was calculated from the number of time markers between the dial
readings. To convert the y-dial readings recorded from the magnified
image to the actual readings, each y-dial reading was multiplied by a
scale factor. The scale factor is defined as the ratio between
actual object thickness (measured propellant thickness before
ignition) to the projected image thickness (y-dial reading of the

propellant before ignition).

4.3.4 Data Acquisition System

Figure 18 illustrates the components of the data acquisition
system used in the present study for pressure measurements. It consists
of pressure transducers, charge amplifiers (Kistler Model 504E), a
l4-channel tape recorder (Hewlett Packard Model 3924 Tape system), a
4-channel transient wave form digitizer (Biomation Model 1015), an
oscilloscope (Tektronix type 535A), an x-y plotter (Hewlett-Packard 7044A),
a high-speed movie camera, an LED driver unit, and a motion analyzer.

A pressure transducer produces a small electric charge proportional to
the pressure in the test chamber. This charge is carried by an insulated
high impedance cable to the charge amplifier, which after amplification
converts it into voltage output proportional to the pressure. The

output of the charge amplifier is recorded on an FM channel of the tape
recorder. Output of the tape recorder is connected to the Biomation
digitizer which converts the data from analogue to digital form. The
data can be displayed on an oscilloscope or plotted on the x-y plotter
for a hard copy. The burning rate data is obtained through the use of

high-speed motion picture camera and motion analyzer.

——
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Figure 18 Schematic Diagram of Data-Acquisition System
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4.3.5 Remotely Controlled Ignition System

A circuit diagram for remotely controlled ignition and high-
speed photography system is shown in Figure 19. Basically, the MK 125
igniter is set off by an event switch built into the high-speed movie
camera. When the Ignition switch is turned to the ON position, the
camera takes some time to reach a steady preselected framing rate.
Corresponding to this time is the length of film which the camera rolls
before ignition. Film length is dependent on the selected framing rate
(e.g., 30 fr. for the present experiments, at about 1500 frames per
second), and can be preset with a footage controlled event switch
built into the camera. After the camera runs through the initial
film length, the even switch closes, causing a 13 VDC current to flow
through the event line and activate a relay switch. The relay switch
causes a 50VAC, 5 amp current to pass through the igniter, thus igniting
the driver motor propellant. At the same time, the relay also closes a
common time switch. This generates a signal in the LED driver unit,
activating one of the two light emitting diodes which leaves a common
time mark (2 msec width) on the film. At the same time, a voltage
signal is also recorded on the tape recorder. The second LED in the

camera leaves time markers continuously at a pre-selected frequency

set on the LED driver. |
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4.4 Procedure Used in Conducting Erosive-Burning Test Firings

During the course of the erosive-burning test firing, a number of

precautions were taken because of the complexity of the test rig setup

and the possibility of an accident. A check list prescribing a

systematic procedure for setting up each test firing was used. A

copy of this check list and a sample data sheet are shown in Appendix

E. Typically, two to three days were required to set up a test firing.

Some of the requisites for preparing a test firing are described below.

(1) Internal surfaces of the driver-motor star grain were spread

with an igniter paste composed of potassium perchlorate
(KClOb). Boron (B), and Titanium (Ti) mixed in hexane. é
The advantage of using the igniter paste was its ability to
spread the flame uniformly and rapdily, thus reducing the
time interval of pressurization after ignition.

(2) The test propellant was glued to the flat surface of the leading

edge element with an epoxy containing Epon 828 (90%) and
diethylene triamine (10X). Normally, 24 hours were required

for the glue to dry and firmly hold the propellant on the
lcldlqg edge. The test propellant was then shaped to the
requi;cd dimensions by careful milling. Typical test propellant

dimensions were length = 10.7 cm, width = 7.3 cm, and thick-

ness = 1.75 cm. The leading edge portion of the propellant
was tapered to ensure smooth development of a boundary layer.
fhe trailing edge portion of the propellant was also tapered
slightly to avoid any flow separation effect in the vicinity
of the trailing edge. A little extra width beyond that of

the leading edge width, was left for the propellant sample.
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This was necessary in order to have good compression between
the sacrificial plexiglass window and the propellant (see
Appendix E). In this way, no combustion gases were able to
penetrate between the propellant and the plexiglass window.

(3) A thin layer of flame retardant (chloroflourocarbon, Halo-

Pasd e e e

carbon 25-5S) was also applied to the propellant's front and

back surfaces which were in contact with the plexiglass

Py

window and the test chamber wall, respectively. The pro-

i pellant compression and the use of flame retardant are

i essential to the experiment in order to prevent flame spreading
i ' between the contact surfaces. In a few of the earlier test

> firings, it was found that the high~temperature high-velocity

combustion gases lifted off a small portion of the propellant
from the leading edge (stagnation region); eventually, the

resulting small crack became larger due tz rapid flame-

.

penetration of the crack. A small portion of the propellant
leading edge was also covered with the flame retardant layer
to avoid development of cracks.
(4) A silicon-rubber insulation material was used to protect
the transducer diaphragms from the hot gases. In addition
to the water cooling, this gave additional thermal insulation
to the transducers. Transducers were not mounted flush with
the inner surface of the test chamber but were slightly
recessed from it to provide additional thermal protection.
(5) The contact surfaces of various components of the test rig
were sealed by applyving a layer of rubber based adhesive
sealant (Permatex, No. 6BR). This was found to be very

effective in achieving a good seal.

B S G e e e el e
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(6) A pre-ignition test was made just before every actual test k

firing. A fuse wire was connected to the igniter wire, the

high-speed movie camera was loaded with a dummy film, and

various control switches were then activated in the same

sequence as in an actual test firing. If the setup was

appropriate, the fuse wire would burn, thus confirming the

proper function of remotely controlled ignition circuit.
(7) Four camera lights (two 1000-watts and two 650-watts) were

used to illuminate the window and the proepllant in the test

chamber.

(8) A 16 mm, 200-foot color film was used in each test firing.

The film used was Kodak, Eastman Ektrachrome 7250 with
ASA No. 400 Tungsten. The F-stop was set at 8.0 on the
telescopic lens for all the tests conducted, and it was not

necessary to push any F-stops during film processing.
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CHAPTER 5

DISCUSSION OF RESULTS

5.1 Experimental Results

Before conducting erosive-burning test firings, a series of cold
flow tests were performed to check the uniformity of the flow out of
the rectangular convergent nozzle. Measurements were made with pitot-
static probes at the exit plane of the convergeat nozzle. The results
of these measurements are plotted in Figure 20. This figure shows the
measured velocity at various locations at the exit plane. The data
consistently indicates the uniformity of the flow within the potential
core over the major portion of the nozzle exit plane. The data also
indicates that the velocity profile is independent of z coordinate; this
implies that the nozzle geometry is adequate for providing a two-

dimensional flow.

5.1.1 Discussion of Erosive-Burning Data

During each erosive-burning test firing, static pressure
versus time measurements were recorded at three locations in the test
rig. These locations were in the vicinity of the driver motor exit,
leading edge, and exit nozzle. The photographic record of each test
firing and pressure traces were synchronized, as discussed in section
4.1.2, by employing separate event markers (common time markers) to
record the activation of the igniter circuit. In this way, the
burning rate of the propellant sample and the chamber pressure were
coordinated.

Typical pressure-time traces measured during the test firings
with different exit-nozzle throat diameters are shown in Figures 21

through 23. Figure 21 shows the pressure-time record of the test firing
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in which an exit nozzle with a medium throat diameter of 2.08 cm was
used. Pressure-time traces shown in Figure 22 were obtained with an
exit nozzle having a larger throat diameter of 2.42 cm, while those
shown in Figure 23 were obtained with a smaller throat diameter of
1.93 cm. As expected, increasing the throat diameter lowered the

pressure level in the test chamber and vice versa. The objective of

using different nozzle-throat diameters was to vary gas velocity and (]
pressure in the test chamber.
Several observations can be made from the pressure-time traces.

(1) The general characteristics, time duration, and shape of

the p-t traces are similar to what was predicted in the para-
metric study for the design of the test rig (Appendix D).

(2) The pressure variation between the peak pressure and the start
of the tail-off region is not significant, and the mean flow
in the boundary layer can be considered as quasi-steady.

(3) 1In all the erosive-burning experiments conducted, the time
period for a test propellant sample to consume completely
was within the time interval during which the chamber was
pressurized. From the pressure-time traces (Figures 21-23),
it can be seen that during this time the pressure varies
slowly. The flame spreading time for the N-4 star grain in

the driver motor was very short, as can be seen from the sharp

pressurization followed immediately after the onset of
ignition. Therefore, most of the burning time of the N-4
star grain was adequately utilized during the test run.

(4) Common time signals shown in Figures 21-23 represent the i

instant at which remotely controlled ignition takes place.
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This time always coincides with the first discernible pressure
rise in the test rig.
Erosive burning-rate data was obtained from the photographic

record of a test firing. The AP/PBAA-EPON test propellant used in the

present test firings had the following composition: 75% AP (average

particle size 76 um), 16.93% R-45M, 3.69% Diactyl Azelate, 3.382

Dimeryl Diisocyanate, and 1% graphite. Readings of instantaneous

locations, y, of the burning test-propellant surface were obtained from

the motion analyzer, as discussed in section 4.3.3. Three photographs
showing the location of the test-propellant surface during a test
firing at various times are shown in Figure 24. For each y reading,
the corresponding time, t, was computed from the number of time markers
on the film. A least-square polynomial fit through y . t data was
conducted to obtain an equation for y(t). A typical case is shown in
Figure 25,and this corresponds to a test firing for which the pressure-
time traces are shown in Figure 23. The sum of squares of errors for
this fit was very small (3.64 x 107%). The burning rate was calculated
by differentiating the polynomial equation with respect to time. In
this way, burning rate versus burning time data was obtained from all
the test firings corresponding to pressure versus time data recorded
from the pressure transducers.

Average gas velocity in the test section, Ut.. over the propellant

asurface was found from the following equation (see Appendix F).
pacd 1

A A
. 3B 2 .y=1,1/, -1 .2 1v=1
PR e, VT YRGS TTT) U8 AR & Sk gt} (84)

where At: is the flow cross-sectional area over the propellant test

sample, Ath is the throat area of the exit nozzle, y is the ratio of
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E Figure 24 Photographs Showing the Location of the Test-Propellant
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Figure 25 Least-Square Polynomial Fit to the Measured
v versus t Data
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specific heats, R is the gas constant of the combustion gases, Ht- is
the average Mach number of the combustion gases in the test section,
and To is the stagnation temperature of the combustion gases. The Mach

number was calculated from the following equation (see Appendix F).

1
A
& 2 =1 5 ,2(y~1) th
Hts (y+1 * y+1 Htl} (At.) (83)

Ats was computed from the product of the width and height of the test
section. The height was obtained from the measured location, y, of
the propellant surface. Solutions of Equations (84) and (B5) give

average velocity in the test section. The free-stream velocity was

obtained from the following equation.

u
ts
B n 28
[1 + (o) S
1+n h:.

where hts is the test section channel height, § is the boundary-layer
thickness, and n is the exponent in a power-law velocity profile (n
was taken as 1/7 in these calculations). The above equation was
developed from a boundary-layer analysis (see Appendix F).

The free-stream velocity from the above data reduction procedure,
the burning rate obtained through a polynomial fit, and the measured
pressure for the erosive test firings are tabulated in Appendix G.

It may be pointed out that the accuracy of the measured burning
rate depends on the accuracy of the measurement of the location of the
burning propellant surface. The measurements were taken with a motion

analyzer capable of measuring line resolution to within 0.001 inch

and at an average time interval of 0.0l seconds. The error introduced

in evaluating the burning rate is less than 3X. No error is expected
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in the calculation of the time interval between the film readings
because the time markers were put on the film at a precisely known
frequency.

The effect of radiation on the erosive burning-rate was assumed
negligible (assumption 2 in section 2.2). An estimate of the radiation
from the propellant surface was found to be about 2% of the convective
gas-to-solid heat flux (assuming the emissivity of 0.75 and surface
temperature of 1000 K). An estimate was also made of the gas radiation
flux to the propellant surface. The major gas components in this cal-
culation were CO, CO2 and azo , which correspond to the exhaust-gas
composition of the N-4 star grain (see Table 3). The values of emis-
sivities of these components at a pressure of 60 atm and a temperature
of 2258 K were taken from Reference 76. The mean path length for this
calculation was assumed equal to the height of the test section above
the test-propellant sample. The contribution of the gas radiation was ;
estimated at 6% of the convective gas-to-solid heat flux obtained from
the boundary-layver calculation at a free-stream velocity of 400 m/s.
This contribution, however, diminishes as the free-stream velocity

increases.

5.1.2 Comparison of Theoretical Results with Experimental Data

In order to calculate burning rates from the theoretical
model, pressure and free-stream velocity must be supplied as an input.
For this purpose, a number of average values of pressures were taken
over short intervals of time from the pressure-time traces of the test
firings. At each pressure, a number of computer calculations were
performed at various free-stream velocities. The velocity range was

obtained from the burning rate and pressure-velocity data (Appendix G).

-
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The results of the calculations are plotted in Figure 26, which shows
the variation of total burning rate with free-stream velocity at
pressures of 7.24, 4.6 and 3.0 MPa. A number of experimental data
points are also shown in Figure 26. The agreement between the pre-
dicted and measured burning rates is very good for all the pressures
considered. The slope of the burning rate versus velocity curves
decreases with the decrease in pressure. At the same time, the burning
rate at lower pressure changes very slowly at low velocities (close to
200 m/sec).

A comparison of the theoretically calculated burning rates with
the experimental data of Marklund and Lake (26) was also made. They
measured the burning rates of AP/Polysulfide propellant samples located
in a rectangular channel. The pressure pickup method was used to
measure the burning rates at pressures of 50 and 100 atmospheres.
Figure 27 shows the predicted burning rates for AP/Polysulfide pro-
pellant at pressures of 50 atm and 100atm, and the results are compared
with Marklund and Lake's data. The results were computed at the same
Reynolds number as in the experiments described by Marklund and Lake
(26). The comparison indicates that the agreement between the theo-
retical and experimental results is very close, except at low velocities.
Lengellé's (33) predictions (using an integral method) also did not match
well with Marklund and Lake's (26) data at low velocities. |

A number of values of measured total burning rates are shown for
different pressures and velocities in Figure 28. Because of the large
variations in pressures and velocities, grouping the data points within
certain pressure ranges (as given in the form of Figure 28) is not

desirable. Consequently, a correlation of the burning rate as a
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Figure 27 Comparison of the Predicted Burning Rates with
the Experimental Data of Marklund and Lake
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function of pressure and free-stream velocity was developed as follows.
From the experimental and theoretical results (Figure 26),

burning rates are seen to increase almost linearly with free-stream

velocity. An equation relating burning rate and velocity can be

written as
r, = ¢ +al (87)

Where a is a constant which must be a function of pressure, as seen

in Figure 26, the slope of the r versus U_ data changes with pressure.

b
We assume the following relationship:

awa +a pe (88)
0 1

In this equation uo. al. and n, are unknown constants. The constant
oy has a value which lies between 0 and 1, because the pressure

dependence of r,  is not very strong (for normal burning rate correlations

b
in terms of pressure for a number of propellants, the exponential
constant is also less than 1). A graph similar to that shown in
Figure 28 was drawn, and points with approximately the same pressures
were connected. Three lines for three average pressure regions of
the measured data were considered (high, 7.15 MPa, medium, 4.5 MPa,
and low, 2.67 MPa). The slope, a, of each line was calculated, and then
by using Equation (88), the constants ao. al were found, while n, was
selected to satisfy Equation (87) for all the three pressure regions.
The values found were

a =-1.25476 L2, a, = 1.25406 —<u/s 4 = 0.001

0 - m/s (MPa)" &

The values of the above constants were optimized by a nonlinear
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regression analysis of the experimental data for burning rate, free-
stream velocity, and pre;sura. The regression analysis was performed
with the NLIN2 computer program of the Share Program Library. The
model supplied to the NLIN2 program was represented by the following %

correlation:

n
e

" ao " ol u_p (89)
This equation is cbtained from Equations (87) and (88), while Te is
the erosive-burning rate component of the total burning rate, Ty of
a solid propellant. The optimized constants obtained from the regression

analysis are

ao"-1.25663 (cm/8)/ (m/s)
a = 1.25417 (cm/s)/ (m/s)/ (MPa) e

R 0.000871

-

Using the strand-burning-rate law, o P a‘pn , and Equations !
)
(87) and (88), the correlation represented by Equation (89) can be

written in the following convenient form:

fb K] P Kz Pn'

-l > ] U (90)
: ’ :
i where

K= -5.11737 MPa)® / (m/s)

K= 5.1157 Pa)® "¢/ (a/s)

B S G e e e e e e el el G B B D B e e e




a* = 0.2452 (ca/s)/(MPa)®

n® = 0.41

The correlation given by Equtation (90) represents, within limits
of available data, the effect of free-stream velocity and pressure on
the burning rate of the AP/PBAA-EPON propellant studied. This 0

r K+ p
correlation is represented by a 45° line on a -2 ' yersus 1+ (Ag3—)U,
rbo P
plot in Figure 29. The close agreement between the data points and
their trend with the 45° line in Figure 29 indicates that the correlation
shown by Equation (90) is suitable to represent the burning-rate data

obtained in this study.




Pressure Range (MPa)

° o
2.5 0 7.37 - 1.9 a
W
a
O 5.24 - 5.51
A 4.0 v 4.7 A
% A
st v 2.3% - 3.0

Propellant Type:
AP 75%
PBAA/EPON  252%

Erosive-Burning Augmentation Factor, rb/rb

:
Flow Conditions:
T = 2250 K

«©

1.0 1 1
1.0 1.5 2.0 2:5
Kx**zP“‘
: B 85 et W
n ksl
P

Figure 29 Experimental Data for Erosive-Burning Augmentation
Factor Correlated with Pressure and Free-Stream
Velocity

e

‘-—--—n--‘c—---——_




1

100

5.2 Boundary-Layer Solutions of the Theoretical Model i;
The purpose in presenting the boundary-layer solutions of various ;

variables (;. ?o' 4 f. K, etc.) is to further understand and A

FD
identify a possible erosive-burning mechanism. There is no experimental i
data available for the distribution of these variables in a chemically

reacting turbulent boundary layer; theoretical solutions help to provide !

a better insight of the erosive-burning mechanism.

Solutions were obtained for two types of composite propellant 4
compositions: 1) Ammonium Perchlorate (75%) and PBAA/EPON (25%),
and 2) Ammonium Perchlorate (65%Z) and Polysulfide (35Z). The various
physical properties used in the calculations are given in Table 4. i
Sources of references for some of the properties are also given in
Table 4, The procedures followed in obtaining some of the properties >
listed in Table 4, especially in the case of those parameters
associated with global single-step forward reaction, are discussed

below.

The products generated from the AP primary flame due to the
chemical reaction between NB3 and HClOa are considered to form the
equivalent oxidizer gas represented by the symbol (0) in the global
reaction. The primary flame is assumed to be collapsed on the pro-
pellant surface, since the stand-off distance of the AP primary flame
is extremely small (in the order of 1 um) at normal rocket operating
pressures. The heat of formation of the equivalent exidizer gas was
obtained from the chemical equilibrium calculation using the CEC72

program (79). The inputsnecessary for this calculation are the heat

of formation of the solid AP (-70, 690 cal/mole) and the gas pressure.

It is assumed that the equivalent gaseous fuel, represented by the
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Table 4
Properties Used in Theoretical Calculations
Propellant Type:
Property Dimensions AP 75% AP 65%
PBAA/EPON 25% Polysulfide 35%
a cm/s/ (MPa)® | 0.2452 0.3642
A. m/s 5.65 25289.0
" oo 26 26
C. Kcal/Kg-K 0.3 0.38
C Kcal/Kg-K 0.3 0.3
P (all species)
E‘. Kcal/mole-K 15 30
Ah'f 5 Kcal/Kg 55.93 -0.42
,
Ah'f 0 Kcal/Kg -942.0 -936.6
Ah‘f P Kcal/Kg -1137.3 -1310.5
k " 0.41 0.41
a” s 0.41 0.276
Pr B EAEIROLT oy, PN R Same
1.77y = 0.45 Equation
(Svehla's Eq.,Ref.77)
6. Kcal/Kg -250.0 (Ref. 77) -240.0
Sc=Pr ———— 0.708 0.708




Table 4 (continued)
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Propellant Type:

Property | Dimensions AP 752 AP 65%
PBAA/EPON 252 Polysulfide 35%
Sc¢ t-P o e 0.9 0.9
T K 298 298
pi
T K 800 800
ps
"F Kg/Kmole 30 30
"0 Kg/Kmole 27.893 27.949
"P Kg/Kmole 20.381 25.69
YFS ———— 0.25 0.35
Yos ——— 0.75 0.65
Y —— 1.26 1.26
A Kcal/m-s-K C_u/Pr same
P equation
P 0,65
u Kg/m-s 8.7 x 108/ T same
k k
equation
Vp moles 1 1
Vo moles 3.2266 1.9935
Ve moles 5.888 3.3366
] Kg/m? 1600 1660

msman e

P —
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symbol (F), is formed by the ablation of the solid fuel-binder due to
random scission/systematic unzipping of the polymer chain, as discussed

in reference 44. The heat of formation of the equivalent fuel gas

was calculated from the difference between the heat of formation of the
solid fuel binder and the heat of decomposition. The heat of formation

for PBAA-EPON (C ) is -12,000 cal/mole, and for

6.88 M0.1 .27 Yo.26

Polysulfide (CS Sz) is -88,080 cal/mole. The heat of formation

o (1 M
of the aquivalent product gases, represented by sumbol (P), was obtained
from the overall chemical equilibrium calculation of AP and fuel-

binder combustion. The average molecular weight of the product gases

was also determined from this calculation. The stoichiometric co-

efficients v and vp were determined from the mass balance of the

o. vFl
global reaction for a given propellant of known initial oxidizer-to-

fuel ratio.

The procedure usec to calculate the pre-exponmential factor in the

Arrhenius law of surface pyrolysis, A’. is as follows: 1) Adopt the

values of the activation energy, E.. (typical values of 15 and 30 Kcal/

&
£

mole as suggested in Reference 44); 2) find the normal burning rate, Ty
- °

from the formula based on GDF theory (44) or a” pn relation; 3)
from GDF calculations, find the value of surface temperature, Tp..
which depends on the pressure under which the propellant combustion

takes place; and find A. from Equation (48) after utilizing !... Ty

o {

and T_ . i

ps :
Figure 30 shows the calculated distributions over the propellant

surface of turbulent kinetic energy, Reynolds stress, and time-averaged
velocity in the chemically reacting turbulent boundary layer considered.

The velocity profile near the wall (solid propellant surface) is less

8 |
{
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Propellant Type: Flow Conditions:
AP 752 u_ = 450 m/s
~ PBAA/EPON 252 b = 7.26 MPa
~_ 10 =

1.0

T = 2250]
-

x = 7.5 cm
Re = 4.49x108
x

and Reynolds Stress, - 1000 u’v~/U

o
T
Non-dimensional Velocity, u/U

1
e
®

Non-dimensional Kinetic Energy, 1000 K/U

6 - 0.6
4 0.4
2 0.2
. 0 0.2 0.4 0.6 0.8 1.0O

Figure 30 Calculated Distributions of Turbulent Kinetic Energy,
Reynolds Stress and Velocity
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steep than that in a conventional flat-plate turbulent boundary layer
(Figure 10); this is due to the strong surface blowing rates caused

by the burning of the solid propellant. Turbulent kinetic energy, K,
peaks near y/§ = 0.25. This location is farther from the wall than

that in a conventional boundary layer. Again, this can be attributed

to strong surface blowing and also to the decrease in mean velocity-
profile gradient which is responsible for the production of K. In

most of the boundery layer, the Reynolds stress is about one-third

the value of turbulent kinetic energy. This is a general characteristic
of most flat-plate turbulent boundary layers.

Calculated temperature distributions for different free-stream
velocities of the boundary layer are shown in Figure 31, and for the
near-wall region in Figure 32. The temperature rises rapidly from its
value at the propellant surface and then gradually approaches the free-
stream gas temperature at the edge of the boundary layer. The tem-
perature distribution also humps at a location close to the propellant
surface. Both the rapid rise and hump in the temperature distribution
are believed to be caused by high rates of chemical reactions occurring
close to the propellant surface. This is evident from the results
plotted in the near-wall region in Figure 33 for the distributions of
gas-phase heat generation rate, and mass fractions of oxidizer and fuel
species. The heat generation rate in the gas phase peaks close to the
wall around 20 uym, indicating that the reaction region is close to the
propellant surface. This is also consistent with results in the same
figure, which show a rapid drop in the average mass fractions of
oxidizer and fuel species. From the results of Figures 31 and 32, we

notice that the temperature gradient becomes steeper at the surface
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0.4

r Propellant Type: Flow Conditions:
AP 75% P = 7.24 MPa
PBAA/EPON 252

Non-dimensional Temperature, T/T

T_ = 2250 K
0.2 P x - 705 cm
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0
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Figure 31 Calculated Temperature Distributions for Different
Free-Stream Velocities
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1.0

U_ = 450 m/s

Non-dimensional Temperature, T/T

0.4
Propellant Type: Flow Conditions:
AP 75% p = 7.24 MPa
0.2 PBAA/EPON  25% T, - 2250 K
x = 7.5cm
0 1 1 1 1
0 20 40 60 80

Distance from Propellant Surface, v, um

100

Figure 32 Calculated Temperature Distributions for Different
Free-Stream Velocities in the Near-Wall Region
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AP 75% p = 7.24 MPa 5
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Figure 33 Calculated Distributions of Oxidizer and Fuel Mass
Fractions, and the Gas-Phase Heat Generation Rate

in the Near-Wall Region
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as the free-stream velocity increases from 200 m/s to 450 m/s. This
effect can be explained by the results plotted in Figure 34 which shows
the effect of free-stream velocity on the location of the peak tur-
bulence intensity and on the gas-to-solid heat flux. The increase in
free-stream velocity brings the location of the peak turbulence intensity
closer to the propellant surface. This has a significant effect on the
flow field near the propellant surface. The closeness of the peak
turbulence intensity to propellant surface means that the turbulent
eddies with high frequencies also come closer to the propellant surface.
This causes an increase in the mixing rate of oxidizer and fuel species,
therefore increasing the gas-phase reaction rate and bringing it closer
to the propellant surface. As shown in Figure 35, the peak value of
the rate of heat generation in the gas phase, due to chemical reactionms,
increases with increasing velocity, and the location of this peak becomes
closer to the propellant surface. Therefore, the level of temperature
distribution increases, which in turn increases the gas~to-solid heat
flux as plotted in Figure 34. The increased heat flux eventually
increases the erosive-burning augmentation factor (rb/rb ), as shown in
Figure 35. 3

Increase in the free-stream velocity also increases the turbulent
heat flux in the gas phase; this result is shown in Fipure 36. The
increase is caused by the increase in turbulent viscosity and tem-
perature gradient, as can be seen from Equation (26). Turbulent
viscosity distribution plotted in Figure 37 also increases with the
increase in free-stream velocity. Therefore, the gas-to-solid heat
transfer rate can also increase (see Figure 34) due to the increase

in turbulence heat flux. It may be pointed out that negative values of
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Propellant Type: Flow Conditions:
2 AP 75% p = 7.24 MPa ks
: PBAA/EPON  25% T_ = 2250 K §
2 1.0 = -~ 1000 «
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Figure 34 Effect of Free-Stream Velocity on the Location of the
Peak Turbulence Intensity and the Gas-to-Solid Heat Flux
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Propellant Type: Flow Conditions:
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Figure 36 Calculated Turbulent Heat-Flux Distributions for
Different Free-Stream Velocities




Propellant Type: Flow Conditions:
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Figure 37 Calculated Turbulent Viscosity Distributioms for
Different Free-Stream Velocities




?EETTET. the turbulent heat flux, (see Figure 36) are found in the
outer portion of the boundary layer because of the fact that the heat is
transported away from the reaction zone, toward both the propellant
surface and the free stream.

From the above discussion, it is seen that the turbulent nature
of the flow field over the propellant surface contributes in two
important ways. First, it enhances the diffusional mixing of fuel and
oxidizer gases, bringing the gas-phase reaction zone and the heat
release zone closer to the propellant surface as the free-stream
velocity increases. Second, the rate of heat transfer to the pro-
pellant surface is increased because the turbulence increases the
transport coefficients in the gas phase. The overall effect of tur-
bulence, therefore, is to enhance heat feedback which, in turn,

increases the burning rate of a propellant.

Figure 38 shows the variation of erosive~burning augmentation
factor and the surface temperature along the propellant surface.
Both the augmencation factor and the surface temperature decrease with
increasing distance, x. This is believed to be caused by the increase
in viscous sublayer thickness along the propellant surface.

Figure 39 shows the effect of normal burning rate on the erosive-
burning augmentation factor. The AP/Polysulfide propellant (type 2),
with a lower value of normal burning rate, is found to be more sensitive

to the erosive burning effect than that of the AP/PBAA-EPON propellant

(type 1), which has a higher value of normal burning rate. This

observation is consistent with the experimental findings of Green (25)

and that of Marklund and Lake(26).
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Many composite solid propellants have some roughness, depending
on the particle size of the oxidizer. Figure 40 demonstrates the
effect of surface roughness on the augmentation factor for different
free-stream velocities. As the roughness height increases, the aug-
mentation factor also increases. This is to be expected since roughness
aids the fuel and oxidizer mixing process because of increased tur-
bulent activity closer to the propellant surface. However, the effect
of roughness diminishes for lower free-stream velocities. This is
because the viscous sublayer thickness increases at low velocities,
submerging the roughness elements in the sublafer and, therefore,

lcsseniug thir effect on the erosive-burning process.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

The basic purpose of this investigation was to formulate and
verify a theoretical model for the erosive-burning problem commonly
encountered in solid-propellant rocket motors.

A theoretical model was developed, based on the aerothermo-
chemical analysis of the problem. The propellant burning process was
described by analyzing a steady, two-dimensional, chemically reacting,
turbulent boundary layer over the propellant surface. A "two-equation"
turbulence closure model was employed, in which the turbulence is
characterized by its kinetic energy and dissipation. The diffusion-
controlled chemical reaction rate was realistically modeled by using
the eddy-break-up concept in which the raie of consumption of fuel gases
is assumed to be proportional to the rate at which fuel eddies break
up into smaller eddies. In the solid phase, heat-transfer mechanism ’
was described by a heat conduction equation which was related to the
propellant-surface temperature and the burning rate. Appropriate
boundary conditions were prescribed to complete the theoretical model.

The system of six nonlinear, coupled, parabolic, partial

differential equations describing the theoretical model was solved
numerically on a computer. The differential equations were approxi-
mated by finite difference equations after the introduction of co-

ordinate transformations. A computer code was developed to obtain

numerical solutions of the theoretical model. The numerical solution

technique and various models introduced for turbulence closure were

tested by comparing computed results for various turbulence quantities

i e e e
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with experimental data available in literature. All of-thcne comparisons
indicated good agreement.

Experimental apparatus for measuring the erosive-burning rate of
a propellant was designed and fabricated. Consistent with the
theoretical model, the burning of a composite solid propellant gllb
was studied in a chemically-reacting turbulent boundary layer formed
by the flow of hot combustion gases over the propellant surface. The
gas flow was generated by burning an N-4 star-shaped propellant grain
in a driver motor. The burning rate of the propellant at various
pressures and free-stream velocities was measured by a high-speed motion
picture technique in which the burning propellant surface was ﬁhoto-
graphed during a test firing. Pressures in the test chamber were

measured at three different locations by a piezo-electric measuring

system. The burning rate of a test propellant and the chamber pressure
were properly coordinated by event markers.

The predicted burning rates from the theoretical model were
compared with the measurements at various pressures and velocities.
The comparison showed a close agreement between theoretical and
experimental data. Theoretical predictions for a different propellant i

were also compared with the data obtained by Marklund and Lake (26);

again, good agreement was achieved. A correlation was developed for
the measured burning rates in terms of pressure and free-stream

velocity.




PR S e e e e el e e e e I B O R e e e

121

6.2 Conclusions

The following observations and conclusions can be made from the

present study:

(1)

(2)

(3)

(4)

(5)

(6)

The basic mechanism for the erosive-burning effect is

believed to be the increased heat feedback to the propellant
surface, introduced by the turbulence-enhanced mixing and
reaction of the oxidizer and fuel gases and by the increase

in transport coefficients in the gas phase. The increase in
free-stream gas velocity brings the location of the peak
turbulence intensity and the reaction zone closer to the
propellant surface. Thus, more heat is released near the
surface, increasing the heat feedback to the propellant
surface and the burning rate of a solid propellant.

The predicted results show that propellants with lower normal
burning rates are more sensitive to erosive burning than those
with higher normal burning rates.

Surface roughness of a propellant sample increases the erosive
burning effect of a composite solid propellant. However, the
roughness effect diminishes with a decrease in free-stream
velocity.

Both experimental and theoretical results show that the
erosive-burning rate is more pronounced at higher pressures
than that at lower pressures.

At low pressures and low velocities, the erosive effect is J
found to be small.

The erosive burning rate correlates well with chamber pressure

and free-stream velocity. Correlations of this type can be used
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conveniently in the design considerations of a solid pro-

g?
L

pellant rocket motor.
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6.3 Recommendations for Future Study

6.3.1 Theoretical Work

(1)

(2)

(3)

The conservation equations for the current erosive-burning
model are based on a8 two-dimensional geometry and are appli-
cable to a turbulent boundary layer over a flat plate. The
reason for choosing a two-dimensional geometry in the current
erosive~burning investigation was to develop a model which
could easily be verified experimentally. The test rig for
measuring erosive-burning rates was designed with fewer
complications than are necessary for an axisymmetric geometry.
In many actual rocket motors, the flow configuration, however,
is axisymmetric. In order to predict the erosive-burning
rates in such rocket motors, the current two-dimensional model
should be extended to the axisymmetric flow configuration.
This can be done by developing the governing equations and
boundary conditions in a way similar to that followed in
this study. The axisymmetric model can include the con-
sideration for both the potential core region as well as the
fully developed region in a rocket-motor propellant grain.
The erosive burning computer code for axisymmetric flow con-
figuration can be coupled with a well-established rocket
performance code to predict the pressure-~time history in a
rocket motor.

The current model can be modified to study the effect of
pressure-velocity coupled o-culntionnron the instantaneous

burning rates of a propellant in a rocket motor.




6.3.2

(1)

(2)

(3)

124
Experimental Work

The pressure-velocity coupled effect on propellant burning rate
can be experimentally studied by inducing pressure oscillations;
for example, by partially blocking and unblocking the exit
nozzle at a known frequency.
The surface roughness of a burning solid propellant sample
can be studied by extinguishing the propellant through a
rapid depressurization of the chamber and studying the surface
roughness under an electron microscope.
The experimental test rig for the present study was designed
to measure the burning rate by two methods; the high-speed
motion picture method, and the laser-photodiode servo-
mechanism method. The latter method was not used in the
present study because the combustion products deposited
carbon particles on the plexiglass window, blocking the
laser beam. One way to solve this problem is to design a
vihdow through which a high-pressure nitrogen gas can be

injected to purge the path for the laser beam.
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APPENDIX A

ORDER-OF-MAGNITUDE ANALYSIS

For the order of magnitude analysis of Equations (11) through
(14), the dependable variables will be referred to their value at some
reference point, r, outside the boundary layer, and coordinates x and
y will be referred, respectively, by a representative dimension. Thus,

we write

e (A.1)

Order of magnitude of correlations involving density fluctuations:
The density fluctuations, p”, result from several causes (80-81) listed
below.
(a) Mixing of fluid elements by turbulent bulk transport from
regions of different density, velocity, and enthalpy.
Turbulent pressure fluctuations--compressibility effect.
Molecular viscous dissipation caused by the fluctuating
velocity and molecular heat transfer driven by the fluctuating
enthalpy.
According to references 59-60 and 80-81, (a) is considered to be the
dominant cause for production of p”°. Therefore, we may assume that the
mass transport in y-direction is proportional to the product of the

gradient of the transported property (p) and the velocity fluctuation.

TRl W (A.2)
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where u‘v® is the turbulent shear stress.
Furthermore, if the equations are to describe a boundary layer flow,
the turbulent shear stress term, %;-(;'u‘v‘). must be of the same order

as the inertia terms in the x-momentum equation of Equation (12).

Therefore

| S oy e T ,,_354_— u‘v” . --_;LJ_

3y (o u'v)= [ u'v T - ]~0(Gu 2
Using Equation (A.1l), we write

2
o} U
sy or i &, 1. ks
R {1+0 (Dr) ] -0 (or ) (A.3)

Assume 2 . 0(1l), since the temperature ratio across the boundary layer
r
is of the order of unity; therefore, from Equation (A.3), we get

o . - $ 2

u’v 0 (L Ur ) (A.4)
From Equations (A.2) and (A.4), therefore

-0l 2 /3H-0d e (A.5)

L r 8 / § L r
Similarly, we can write the order of magnitude of p"u” as
2 -0 (00 0 (A.6)
e u” - L ¢ : .

Order of magnitude of correlations involving h*: Kistler (60)
has experimentally found that the distribution of static temperature
fluctuations is very nearly proportional to the static temperature
difference across a boundary layer. Therefore, we can assume that the
enthalpy fluctuations, h”, result mostly from the turbulent bulk

transport of fluid elements. By following the same approach that yielded
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Equation (A.5), we can write
— w30 3B/, 02
p°h 0 u'v (3y) (3y) /(ay) ]
Using Equation (A.l) and (A.4), we get
p“h* - 0 (% Ap &h) (A.7)

Similarly one can show that

- - - - i
uh” -~ v"h* - 0 (L Ah Ur) (A.8) |
- —— i
u’yY K vy . 0 (L AYk Ur) (A.9)

Order of magnitude of correlatiors involving H°: From definition

1
H h + 7 Uy

Reynolds' decomposition gives

B+t =h+h" +300 +u 0 +5uu, (A.10)
Time averaging reduces Equation (A.10) to
Heh+3@u, +wu) (A.11)
Subtracting Equation (A.1l) from Equation (A.10), we get ;l
H = h” +u”, u, + i B g i u’ u’ (A.12) §~
- oy SRl 143 2 i1 iiL

Multiply Equation (A.12) by p” and then time average, so that .1
4

- - - - Ll v 1 - - -
p’R” = p”h” + p”u e B 3 oTuT ety (A.13) ‘
Assuming p’u’iu’1 < < a’u’1 and using Equations (A.6) and (A.7), we find
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o 20 Canao)+o Gaou?
L : T
‘0(§'A0(Ah+uz)] 0o Cu 4H) (A.14)
» r b L X i

Similarly it can be shown that

u'H” - v'H” - 0 (% &H U ) (A.15)

Now we write

(pu)ona - 5’ uauo + : oano + onunao ;

and using Equation (A.l4) and (A.15), neglecting third order correlations,

we get
G R -0 2o an+v o am)
L e T L
- & , 8§ , s
0 [((1 + o ) L Pr Ur AH] -~ 0 (L Pe Ur AH) (A.16)
Similarly
rep———p— §
(pv)"H - 0 (L L Ur AH) (A.17)
; .. 8
(ov) Y & (pu) Y K 0 (L Pe Ur AYk) (A.18)

Using various orders of magnitude derived above, the steady state,
two-dimensional, conservation equations are written and the relative

orders of magnitude of the terms are given below each equation.

Mass Conservation Equation:
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3w 3w 26w, 23 v,
Ix » Ix ¥ ay +ay 0
§ Lo, ) Ao,
(142 2 a+%) (R (A.19)
°r L Dl’ of pl‘
x-Momentum Conservation Equation:
o u -g-sﬁ'o'u‘:—:'*s.v':—;‘*o‘v‘ g—‘;-
& § 40,
W i
.. 22 - 2%y 4 3% _13% 3 ==
ax u oyt *3 ret * 3 iyl " 3z (P uTuT)
L _3p, (Ly2 1_ 8,2 §,2 bp, §
G @R 0 @ @1 g @
- %; (> u'v’) - g—x-(; p°u”) -g—,(; p"u’)
be 4o ¢ 40 ¢
(1+Dt) ("r l') (Dr L) (A.20)
y-Momentum Conservation Equation:
;;2%4‘0‘0' g:-’-::?—;-bo'v‘ %
$, 4 8,2 S 4 8
@ - Q@ ) (p o
r r
ety %y b4 10 ) S
3y +Hax2 33’2"33xay’ 3 (P V)
L__ 3 L2l (83 S $, s, §
(-—-—z-prur a,) G l‘t. o @ Q@ ] (14'0‘) @
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Species Conservation Equation:

in Equation (13). Therefore, we write:

3Y, Y, aY, aY,
D — Tk —= T — 'k
L et BHE i e e T
1) e $ (1) 22
orL Pr
3y, aY,
? - R e k
ax(°Dax)+ay(°Day)
1 2 L
Re, Sc §° Re sc

3 PSS S— 3 s,
-a—x-((ou)’Y k) -'a—y-((ov)’Yk)*' Wy

¢ ¢9 (

Energy Conservation Equation:

We assume that D p°Y~

k,1

It is assumed that u” t‘“

137

(A.22)

< <u,t

Ty 1o

the energy conservation equation, Equation (14), and it can be shown that

;j ?13 cuu %;1 . Therefore, we can write:

— 30
+o'v =
y

pu + p°w” +pov

Wl
® x|
v'v
x|
wjar
-1

(1) (

o
l":LOO

(1) 22,
°r
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2 2 2 s e S AT
- ELE G -3l - Gud
p ax? ax? ax?
2 2
) (R bW T &t &
Pr ReL Pr ReL Br Pr RCL L Br Br L
2 2 Libiae 2 AR5 AR,
L I GE) i apl -5 Gu
p 3yl 3y dy
1 L 1 s AS 1 ;. P R
{ ®2 { (2 =} { &) } i)
Pr ReL 8 Pr ReL [} H Pr R.L § Br Hr
3u
+ 3y (v u ay)
g TR
(== (D2 X (A.23)
ReL § Ht

Procedure for the order of magnitude analysis of K-equation,
Equation (20), is similar to that followed above. The result is that
except for the convection terms on the left-hand side of Equation (20),
all the terms with wean gradients with respect to x are negligible
in comparison to those with mean gradients with respect to y. The last

term of Equation (20) is simplified as follows:

»

- |

-

2 ”
t 1,3 ¥ 3% Yan) s

'11'1 - u‘ifu (u” (A.24)

In the above equation, the expression for rij J has been substituted
’

from Equation (6). This equation can be simplified further as

f - - - - rd -l‘m
u’ rij.j u i(u u 1.5).5 + ug (b u j.i).j 3 ‘(ulf._',.).1

(A.25)

ey  pumy g
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The last two terms of Equation (A.25) reduce to % u u‘1 u‘l m if u 1is
»
assumed to be constant. For an incompressible flow this term is zero

because u” 0. Here we will assume this term to be negligible in

2,2
comparison to u‘i(u u‘1 j) g Therefore, Equation (A.25) simplifies to
» ’

ST R B

- -

PRI, 2 — e
ol wee SO S ik B
~ 9 3K -
- 3; (u 5;9 -p € (A.26)

The two terms on the right-hand side of Equation (A.26) are: the
diffusion of K by the molecular action of the fluid, and the dissipation
of K through the action of viscosity, respectivliey. A separate equation
is solved for the latter term, i.e., the dissipation equation (Equation
32). The above mentioned simplifications have been used in obtaining
Equation (31) from Equation (20).

After a comparison is made between the various orders of magnitude
in each equation, Equation (A.19) through (A.23), only the dominant

terms are retained. It is noted that

Ly2 L

T <% 1 ’ Re, > > 1 ’ (39 R.L -0 (1)

re " Be T 0 (1)

Finally, we obtain the steady, two-dimensional boundary-layer
equations for a chemically reacting, compressible, turbulent boundary

layer over a flat plate, given in Section 2.




140

APPENDIX B

NEAR~WALL TREATMENT IN THE NUMERICAL PROCEDURE

The dependable variables vary steeply in a region close to the wall
(propellant surface). Therefore, to obtain the fluxes of mass, momentum,
and energy at the wall with reasonable accuracy, exact solutions of the
conservation equations for these variables are obtained under the
assumption of Coutte flow. The basic Coutte-flow assumption implies that
the local x-wise convection of the dependable variables is negligible.
This is a good assumption, particularly if the region near the wall is
specified as very small where the velocity U is small. With this
assumption, the partial differential equations, Equations (28) through
(30), reduce to ordinary differential equations, which can be integrated
within the Coutte-flow region. Details of this analysis are given in
Reference 70. Further, we assume that within the Coutte~flow region

the changes in fluid flow properties (u, u , Pr, etc.) are negligible.

eff

From the integration of the ordinary differential equations for ;} ?;

and H, the following relations can be derived (70):

B(1 - {exp (B Re_ ) ~1- B Re ] G/ (B2 Re )]

i exp (8 Re_) - 1 (3.1)

B
S “ op (5 B Re) - 1 (8.2)
s B (B.3)

h.cxp(Ptllhc)-l
where

B 1is the blowing parameter = p rb/(pu)c (B.4)
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S g (<L 42
G 1is the pressure-gradient parameter = ouZ)c e (B.5S)
Rcc is the Reynolds number based on the Coutte-flow {
thickness := (eﬁzac (B.6)

¢ refers to the edge of the Coutte-flow region. s, Sk and sh are defined %
in terms of diffusional fluxes of momentum, species mass~fraction, and

enthalpy at the wall:

.3.9. = = 2
(u 3y)w =t E s(pu )c (B.7)

3Y

.k iy s
(Sc 3y ‘w sk (ch ka) (ou)c (8.8)

u 2

A th, 25, (B, - B, + (Pr-1) 5~} Gu), (8.9)

Subscript w designates the wall or surface condition, and k designates
fuel, oxidizer, or product gases. In order to use Equations (B.8)

and (B.9), the wall values of Yk and H must be known. In the following,
we vill simplify the wall boundary conditions developed in Section 2
for eﬁthalpy and species equation. First, rewrite Equations (49) and

(57) as follows:

aY

v _F 3

(sc3y 'w " Ps T Upy =~ Yo (8.10)

w %

(Sc 3y_)v =0, T (Yo" - YOS) (B.11)
e _ - -

O, =0, m (0 T o€ Ty ¢ (G0 B (B.12)

From the definition of stagnation enthalpy, Equation (5), we find
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3Y
ar| _ 3} o k
% BYL ay|u S % (8.13)
- - ° o :
B e "t My e T AT (B.14)

Substituting Equations (B.13) and (B.14) in Equation (B.12), and also
using the definition of Prandtl number (pr = cpu/A) to eliminate A from

Equation (B.12), we get
oY

_U___a_ﬂ- b M 2R ° _.._k.
°s Tp By Pr 3y . °s Tb i a f,k ka Pr i b f,k 3y b

z o -
Pg Ty [cpr c,tp1 8 B, 0 cp) Tp.l
(B.15)
Substitute Equations (B.10) and (B.1ll) in Equation (B.15), and noting
that the species summation index k represents fuel, oxidizer and product

species, and that YP -] - YO'YF' we get

+ Ah° -CT*"+C T
P s

- L]
Jeot,B,1 ™ Ps b (80 ¢ ¢ Yps £,0 Yos pi

. (C.-Cp) TP'] (B.16)

where the total flux of H at I boundary, J r’ is equal to the

tot,H,
left-hand side of Equation (B.15). Similarly, Equations (B.10) and

(B.11) can be expressed in terms of total fluxes:

3Y
= - L—P -
Rl B YFv (sc dy )v s T Y!s (8.17)

J
tot, Yr,

Y

i dii o
Jtot. Yo. I D. rb YO' (Sc 3y )v e D. tb Yos ('.18)

Surface Value of H: At the wall, since u = 0, from the definition of H
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we can write

3H 3h
(W)V - (Ey-)w (B.19)

Using Equations (B.9) and (B.19) in Equation (B.16), we get

2
u
. > E ¢
By = [Spew (B, + (Pr-1) =) + o 1 (8h°¢ o Yoo + 80%¢ o Yoo

- cpr‘ - C.Tpi - Qi (c’-cp) rp'}] / [o. 'b"sh(°“)c1
(B.20)

Surface Values of Y_ and YO: Substituting Equation (B.8) with k=F and

F
0 in Equations (B.10) and (B.ll), respectively, we find

Y sk(pu)c YFc b Ps rb YFS

Fw = D. tb" Sk(ou)c (B.21)

. SePu), Yoo *+ 0 Ty Yo

A (B.22)
°s rﬁrsk (Du)c

The surface temperature, TP" is found from the definition of H
given in Equation (5), after Hw is evaluated from Equation (B.20).
Equations (B.8) and (B.9) are used with guessed surface values, and
iterations of the solution are made to satisfy Equations (B.20) through
(B.22). The Coutte-flow region in the present study was identified as
the region between the surface and the first grid point along w- ]

coordinate.

‘——~'—1~t—l!—dv—ds‘-—1~d-‘——--—
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APPENDIX C ’ j

FINITE-DIFFERENCE EQUATIONS

To form the finite-difference equations for Equation (77), the
boundary layer is divided into N strips from w=0 to w=l. The variation L3
of ¢ between the grid points is assumed to be linear, except in the
half-interval region near the boundaries at w=0 and w=l (see Figure
C.1). In the half-interval near the wall, the Coutte-flow analysis
(Appendix B) is used to give a better variation of ¢. The finite-

difference equations are formed by integrating Equation (77) in a small

control volume of the flow field near a grid point (i,j), where i and
J represent the grid locations in x- and w-directions respectively, as
shown in Figure C.1. In this way the finite-difference equations are
obtained; these relate ’i.j tooi'j_1 and ’1.J+1' At the boundaries,
two points are identified corresponding to the true value of ¢ (02 and
’N+3 at I and E boundaries, respectively), and a false or 'slip' value

of ¢ (02 and °N+2 at I and E boundaries, respectively). The slip value
is the one which would be obtained if ¢ was assumed to be linear near

the boundaries. The integration of Equation (77) over the haif-

interval region near the boundaries gives the finite-difference equations
expressing slip value of ¢ in terms of the true value, and the value

of ¢ at the next grid close to the boundary. For example, at I boundary
02 is related to 01 and 03 through a finite-difference equation. The
function of the slip value 02 is to orient 02 - 03 line so that a better
representation is obtained for the region from w : (corresponding to

02 . in Figure C.1) to w3 than that given by ‘1 R 03 line.

The details of the integration procedure to obtain the finite-

difference equations are given in Reference 70. We will summarize only
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E Boundary
N+3
*N+2
Half \ N True Variation
Interval ¢“+1 5 of ¢ near
. E Boundary
? N+1
(i~1,3+1) (1,3+1) °i.J+1
Control
Volume
w (1‘].'.1) (1.1) i'j
P
(1-1,3-1) (1,4-1) 01'j-ireluned rofile
¢ e
w3 | ‘3
Half w2, $2.5
Interval I Boundary N True Variation
e of ¢ near

I Boundary

Line along which Line along which ¢
¢ values are known values are to be
determined

Figure C.1 Location of Nodal Points Referred to in the
Finite-Difference Equations
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the final results obtained for the coefficients of the finite-difference
equations of the conservation equations considered in the present
study.

Tridiagonal matrix equatioms for a general dependable variable, ¢,

can be expressed as

+ B (c.1)

BNy Nl %t

where various coefficients are evaluated from the following relations: :

AJ - A J/pJ B BJ =B j/Dj . cj - C J/Dj (C.2)

A", =2T, -1 -2 (®+0 0 (c.3)
j e, o + .

s'j-zi_n._-%(f’»,&)n_ (C.4)
)y

Py 8V Ay A8 dpslan At * M0

D, =A +B +PA-25 (c.6)

In these coefficients, i-1l and i represent upstream and downstream
locations of the integrating region along x-direction, and j-1, j,

and j+1 represent locations along w-direction. Subscripts + and - &

denote a half step between j and j+1, and j-1 and j, respectively
(see Figure C.1). Other definitions which have been introduced in

the coefficients are:

(C.7)

~
'

3 (OE-OI)/AI where 4Ax = X=X, 4

2]
"

(my-mp) (C.8)




Coefficients for grid poiat 2:

For ¢ = u:

A” w23
2

2

Pu (M1,2%%1,9 %% %

“ A +9° +8h =18 (€.15)

2 2 3 D

wWhere Tl =-g (pu)2 :* and it is evaluated from Coutee-flow analysis

discussed in Appendix B.

For ¢ = H, Yo or YF:

1 -~
4 Pus (3‘1-1.2 . ‘1-1.3) * zsu * ZJco:,o.l

- A‘z + 2-1 + Pu3 - 2 SD

| ‘
£ l
S
: l
5
i
5
| l
L3
&
&
E
| l
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Where Jtoc 01 is evaluated from the boundary conditions and the Coutte-
» ¥

flow analysis discussed in Appendix B.

Coefficients for grid point N+2:

For all variables: g}

A‘N+2 - -th (C.19)

- -

@ Es -L p l

B a2 ™ M1 s Y lyeys =7 (P +6) (Qouy,)) +35 5, (c.20)
.~ -L.

w2 "3 P Qogay) O w2 * 4wy Y2 5 et

D‘N*Z - A‘H“‘Z - B'N'._z + P (1-¢uN+1) -2 SD (C.22)

In Equations (C.19) through (C.22), the gradient of the dependable
variable has been set equal to zero, which is in conformity with free-
stream boundary conditions.

Mathematical relations for %¢. i_. SU' and SD for each dependable
variable at grid point (i{,j) are given in Table C.1l. First derivatives

listed in Table C.l1 are approximated as:

{ $ -9
1 (RN . ¢ b 3 (C.23)

Wie Y417V

e
2 . < at (8,494,
Wiy Oy VP Ogvy) I

P Y417y
T S L ¢
- G o il L TR

These equations have second-order accuracy in step size along w-

coordinate. In Table C.l1 any variable ¢ referred to t location is
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found from the average between QJ and ’jxl b
Expressions for mass entrainment rate (;!) at the external boundary
are obtained from the degenerate form of Equation (77) as w ~ 1; using
finite-difference approximations, we get

-2y

. eff, N+1.5

- 2 (C.25)
"BV T Opag V)
i! = -2("/Pr)off, N+1.5 (C.26)

H 42" Y41
“e

: ~20E D15

& (€.27)
BT Oyeg - el

Where (YN+2'YN+1) is the step size at the external boundary. Maximum
value calculated from Equations (C.25) through (C.27) were used in the
numerical solutions. Entrainment rate at the inner boundary is given by
m =P T

y distribution corresponding to a given w distribution is obtained

from the numerical integration of the following equation:
dy = o dw (C.28)

This equation {s obtained from the definition of the coordinate trans-
formations, Equations (74) and (75).

w=Distrbituion: In the present study, the boundary layer was divided
into 100 cross-stream intervals. Variable grid size was used along

w-direction. The following formula was used to specify the w-distribution:

w =y =0
1 2

P
R gy e SRR G A W S (€.29)

3 A‘iuc-i

&

ey SRR

b I
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uj - wj-l . 4 (l-wsé)/68 g 1 = 55, 856,. « (3 P2 (C.30)
Uee3 " Uy = 1

where
Mo = 0.1 (mi -1)/(&»1n -1) (C.31)

and the increment in 4w, &ﬁnc. 118

Step Size Along x-Direction: Step size, 4x, along the x-direction was
set equal to 0.3 times the boundary layer thickness gyN+3). However,

a limit was set on Ax by the equation:
ax < 0.01 (vg-wt)/(nl-nt) : (C.32)

4x found from the above equation is dependent on the fraction of the
mass entrained by the boundary layer during a forward step in the
solution procedure.

Initial Temperature Distribution: In order to start the numerical
computations, the temperatue distribution was guessed and evaluated from

the following relation:

[l-exp (u )]
[1-exp (u“ﬂ) ]

LAt e AR 8 e

(C.33)
For the velocity and species mass fraction, uniform initial

distributions were assumed: u = U, YP = 0.001, Yo = 0.001

F
Initial K and ¢ Distributions: The distributions of K and ¢ were

evaluated from the following equations (also used in Reference 69):
us
K= 2 co.z(% ny/8) (C.34)

<,

-




i {h cul/“y for ky < 0.098
0.09 cu”“s for ky > 0.09s

b1 S A AR,

152

(C.35)

(C.36)
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APPENDIX D

PARAMETRIC STUDY IN THE EROSIVE-BURNING TEST-RIG DESIGN

The test rig consists of four major components: the driving motor,
the test chamber, the feed mechanism chamber and the pressure equalizer
chamber (see Figure D.l1). The design of these components of the test rig
depends on the gas dynamic operating conditions for pressure, temperature,
and velocity required in the test chamber. Therefore, the equations of
mass and energy balance in the driving motor and the test chamber are
considered. Through these equations, the effect of various geometric
inputs of the test rig on the gas dynamic operating condition can be
studied.

The equations for mass and energy balance in the driving motor and
test chamber can be derived by considering a control volume in each of
these components, and introducing the following assumptions:

1. All the properties are functions of time only, and

2. Perfect gas law is valid.

Mass balance in the driving motor:

d. . .
@0d " ®agn ¥ g = ®pieq (0.1)

Energy balance in the driving motor:

,d!“! - . . ¥ . . .
Tde )d .ignhign ai ('bcprf)d (-exitncxit)d (qloc-)d
(Doz)
where the subscript d refers to the driving motor.
Using m = ¢ ¥ and perfect gas law
aR“T
ity pest e = Cv'l' (D.3)

we find,

s BRI MG il A ORI i SO S AR MRS i iy s 308 AT R A T = i AAGiias s
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dm _  d¥ - ¥ 4T
at ~ ° dt ' RT dt T dt (D.4)
From Equations (D.3) and (D.4), we have
d(me) _ . TQ.;&ZQR (D.5)
dt v de R dt ’

Substituting Equations (D.4) and (D.5) into Equations (D.1l) and (D.2)

respectively, we have

d¥

& * 8 %o 4%, 2 : s
loqe TR ar " T dctd " Pagn ¥ Mpa ~ ®exie)y (.6)
C ¥
2 L L : L B -
CPT T * 1 dtld " "agnlign ¥ M Te0a = ®opteBonie)a = Qhoee’a

(D.7)

In the driving motor, the rate of change of volume is given by the

following equation:

& (D.8)

(rbA.b)

dt d

Multiplying Equation (D.6) by (Cvt)d. subtracting from Equation (D.7), and

using Equation (D.8), we finally get:

(dt a” oRV)d [(' gn) = (anpr)d = O eictexic’a
- (@y.,,) Bty oDy Ty) (0.9)
loss’d 13n+'b exit'd 7-1 d 5
From Equations (D.7) and (D.8) we get
_2 3 -(L-_ll . . & . e .
(@)a = % g Mg B * MG Te) = e Baxie’d = Qhoee’a
- Re
(Y‘ )d (l’bAbT)dl (D.10)

Mass balance in the test chamber:




(dt)c (m exit)d (), = ®tede ® ('lpill)c

Energy balance in the test chamber:

d‘m! . . .
¢ dt )c 3 ('exitaexit)d 2 ('bCpr)c 3 ('cxit . cxit)c

- (m )

sp111%sp1117c = Y10ss’c (D.12)

The subscript c refers to the test chamber. A simplification of Equations
(D.11) and (D.12) similar to that followed earlier for the driving motor

results in the following equations:

dT -1
. =&,

((m exitnexit)d - (anpr) (n exit . cxit)c

= ('npillanpill)c = (qloas)c 2 (('exit)d " (.b)c e (-exit)c

25 2 (0.13)

-(m 33 (;:T 2 %

spillc

dpy . 31__2. - :
(dt)c { } ((-exitnexit)d 4 (-bcprf)c

- . R
- O ann)e = Qiesde = OB, @D .71 Bab

In Equations (D.9) through (D.10) and Equations (D.13) and (D.14),

Boxit® and ncxit are calculated by the following equations:

. f Pi_z_ 91 14Y
o Cxty_ exit,. Y
Mt R Ay R A T T
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Equation (D.15) is based on the assumption of isentropic flow in a nozzle.

We can also write for the volume in the test chamber,
¥ = (#%) +AXx
c o‘ec PP

a¥

c-
ac Apup (D.18)

where (vb)c is the volume of the test chamber when xp = 0 (see Figure
D.1). up and xp depend on the pressure difference across the piston. The
pressure equalizer chamber consists of a steel cylinder which contains a
piston, a spring, and a damper. A force balance for the piston, spring,

and damper system with the cylinder gives the following equations:

1
n [(pc = Pgp) Ap - dcup - Ckxp]

(D.20)

where np is the piston mass, dc is the damping factor, ck is the spring
constant. To evaluate Peg® We assume a polytropic compression of the gas
in the feed mechanism chamber. Therefore, we have

(¥ ) +AZ
o’ fm D ]n (0.21)

Pea ™ (P, | b
fm fm’o (vb)fn + (Z xp) Ap

where (vo)f. is the volume in the feed mechanism chamber excluding the
free volume in cylinders, (pf-)o is the initial pressure, and n is the
exponent in the polytropic compression.

Surface temperature of the propellant sample in the test chamber is

given by the following equation




dT 4 a, h? (T -T )3

conv "¢ ps
) (2 TC-TP.-T

e N (D.22)
dt ‘¢ 3Asz (Tpa-'l'pi pi)

This equation is derived from the transient, one-dimensional heat conduction
equation in a solid propellant (see Reference 77).

In Equation (D.22) the convective heat transfer coefficient, hconv'
is calculated from the Dittus-Boelter equation. Tp' is assumed constant
after it has equalled the ignition temperature.

Equations (D.8) through (D.10), (D.13), (D-14), and (D.18) through
(D.22) were solved on the computer, using fourth-order Hamming's Modified
Predictor-Corrector Scheme. The properties used in the calculations are
listed in Table D.l. A parametric study was performed to determine the
effect of various geometric inputs on the gas dynamic properties:

E pressure, temperature, velocity, etc., in the test rig. The results of
these calculations have been plotted and are shown in Figures D.2 through
D.S.

Conclusions drawn from the parametric study are:

1. Steady state conditions for pressure, temperature, and velocity

can be achieved in the test chamber after a very short transient

interval (see Figures D.2 and D.3).

2. Various gas velocities and pressures can be achieved in the test

chamber by controlling the exit-nozzle area, as shown by the
results plotted in Figure D.4.

3. Velocity can also be controlled by the variation of height, h

te’

in the test chamber, as indicated by the results in Figure D.5.
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D.l

Parametric Study
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Property Dimensions Numerical Value
a” cn/s/ (atm)™ 8.812 x 1072
(cp)c Kcal/Kg=-K 0.35
(Cp)d Kcal/Kg-K 0.35
Pr it 1.0
(Tf)c K 2225
(Tf)d K 2258
(Tign)c K 700
Tpi K 298
W) Kg/Kmole 22.01
(H)d Kg/Kmole 22.01
a cm?.8/g0-2kg0-8 6.129
(@), cm?/s 1.875 x 10°3
—————— 105
(X.)c Kcal/cm-s-K 9.0 x 10-7
(u)c Kg/cm-s 5.7 x 10~7
by, Kg/em? 1.6 x 10=3
(g)y Kg/cm? 1.6 x 10-3
(rb)d : .‘Pn’ 8r. p
(rb)c = a’pn' “cz.: exp (-o bu') , Lenoir-Robillard Equation
xVe ® o Erosive-burning law (27)

B
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Figure D.4 Effect of Test Chamber Exit-Nozzle Area on Pressure and
Velocity in the Test Chamber
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Figure D.5 Effect of Test Chamber Height and Spillage on the

Velocity and Pressure in the Test Chamber




APPENDIX E

A SAMPLE CHECK LIST AND DATA SHEET FOR EROSIVE-BURNING TEST FIRINGS

CHECKLIST FOR EROSIVE BURNING
TEST FIRING #

Date:

Burning rate measurement technique: High-Speed Motion Picture
Perform the following procedures in sequential order:

1. Glue the test propellant on the leading edge element. Shape the
propellant by milling it to required dimensions.

2. Note the dimensions of the test-propellant.

3. Put a layer of igniter paste (KC1lO0 , Ti' B) on the internal surfaces
e
of the N-4 star grain.

4. Assemble the MK125 Igniter into the igniter holder. Install a
steel rod to retain the igniter cover. Use vacuum grease before
putting the igniter inside the holder. Check the continuity in
the igniter circuit with a Simpson meter.

5. Assemble the driver motor, bottom chamber, and the middle chamber i
of the test rig. Make sure that the two O-rings are in place at ;
the inlet and outlet flanges of the driver-motor nozzle. Permatex
seal should be in place within the contact surfaces of the chamber
and flanges.

E 6. Cut a bursting Diaphragm from 0.0375~inch thick brass-copper alloy
(for exit nozzle). The diameter of the diaphragm should be equal to
the diameter of the nozzle retainer.

7. Measure and record the throat diameters of exit and spillage nozzles.
8. Install the nozzle assembly in the following sequence:

a) Exit nozzle assembly: 1) insert the exit nozzle with its
throat-end inwards, 2) insert a rubber sealing gasket, 3)
insert the bursting diaphragm, and &) insert the nozzle
retainer piece. The exit-nozzle assembly should be tightened
with a pipe wrench.

b) Spillage nozzle assembly: 1) insert the spillage nozzle with
its throat-end inwards, and 2) insert the nozzle retainer
plece. The spillage-nozzle assembly should be tightened with
a crescent wrench,

9. Put a layer of Halocarbon grease (25-55) on the back, front, and :
trailing surfaces, and on a small portion of the leading edge of i
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the test propellant sample. Assemble the leading edge piece with
the test rig, with bolts and torque down these bolts.

Check to see that the plexiglass window assembly (1% + 1 + % inches
thickness) fits into the steel top chamber window. This may need
some filing.

Clean the plexiglass window-assembly. Put a thin layer of Halocarbon
grease (25-5S) on the side of the sacrificial plexiglass window
facing the propellant, but only on the portion that is not blocked

by the propellant.

Assemble the plexiglass window in the top chamber. A cork gasket
may be needed for a tight seal.

Assemble the top chamber and steel window-retainer with the test-rig
assembly. Use permatex seal for both the chamber surface and the
window retainer surface.

Torque down all the bolts of the test rig.

Make sure that the test-rig-stand assembly is secure, with bolts
and nuts tightened.

Connect the exhaust gas pipes at spillage and exit-nozzle locations.

Put the pressure transducers into their respective locations after
the transducer sensitivity for each is noted and the surface of
each transducer has been covered with silicon rubber for thermal
insulation.

Connect water input and output lines to the waterjackets of each
transducer. Run the water through the jackets and check for leaks.
Turn off the water supply.

Test cell power, ignition and transformer switches must be all OFF
(down) position prior to connecting camera and igniter wires.
Igniter wire plug is disconnected from the lead which is connected
to relay box.

Switch ON power to charge-amplifier, biomation, and tape recorder
(allow 15 minutes to warm up).

Set up camera lights and test to see that they are working.

Set up camera and its various conenctions, including that for the
LED driver unit. Check the following:

a) Full frame head is connected with the camera.

b) Bullet proof glass is attached.

¢) START/STOP switch on camera speed controller is in STOP position.




23.

24.

25.

d) Framing rate PPS dial is set, Multiplier dial is set, Break
dial is set, servo is set, H/L speed reducer is set, and
camera is focused and set at desired f-stop.

e) LED driver switch is in ON position.
f) Pulse code is set at desired pulses/sec.

g) Camera and LED driver electrical plugs are securely inserted
in power receptacles.

Turn on only the test-cell power and check the following:

a) LED driver idiot-light is ON.

b) Common-time trip indicator on LED driver is not lit.
¢) Check the functioning of two light emitting diodes.
d) Turn test-cell power to OFF.

Perform the following on charge amplifiers:

a) Check the drift of charge amps.

b) Check the input voltages to charge amps. These voltages should
be based on the transducer sensitivity and pressure scale dial

setting on the charge amps.

¢) Connect transducer cable plugs to the pressure transducers.
Clean each plug with Freon TF spray and dry each before
connecting.

d) Short circuit the positive and ground leads of transducer cable

with a screw driver, then clean as in (c). Connect to charge

input receptacles on charge amps. Make sure that the connection

is made with the charge amp. whose sensitivity dial setting
conforms with that on the transducer.

e) Clean and cap the calibration receptacle of charge amps.

f) Check sensitivity dial setting, pressure scale dial setting,
and time-constant setting of charge amps.

g) Keep charge/calibration toggle switch on charge mode and
ground/operate switch on ground position.

h) Both toggle switches on calibration panel are in OFF (up)
position, and rotary switch i{s in a null position.

i) Connect charge amp output from calibration panel to tape
recorder input channels.

Perform the following checks on the Ignition-circuit Relay Box:

a) Common-Time lead connected (also to camera and tape inputs).

b) 50 VAC lead connected to relay from the transformer power source.

¢) 12 VDC lead connected to electromagnet input of the relay.

™ L.u Fa— |
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26.

27.

28.

29.

30.

31.

32.

33.

35.

36.
37.
38.
39.

40.

4l.

42.

43.

44,
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Perform a pre-ignition test by connecting a fuse wire to the igniter
wire and loading the camera with a dummy film, and then follow with
steps 43, 45 and 46.

Check procedure 19 again.

Load the camera with new film. Push micro-switch on the camera
upwards, and keep the eye piece blockage knob on the camera in
upward position.

Load the driver motor with the N-4 star grain.

Assemble the flange covers on the igniter end of the driver motor.
Make sure that the two O-rings are in place. Torque down the bolts
on these flanges after the angle-iron support assembly is in place.

Insert the MK125 igniter assembly into the flange cover of the driver
motor. Two O-rings should be in place.

Tighten down the MK125 igniter assembly by using a chain wrench.
Care should be taken in not tightening too much because the igniter
wire may be cut.

Carefully test the continuity of the igniter wire with the Simpson
meter.

Make sure the desired tape is mounted on the tape recorder and the
location of the tape is recorded on the data sheet.

Connect igniter wire to the feed-through (positive) and a bolt
(ground) on the igniter assembly.

Turn on water supply.
Turn on camera lights.
Turn on exhaust fan.
Close the test cell door.

Turn on test-cell power (must be on for at least 20 seconds prior
to firing with the camera speed controller).

Connect the igniter wire plug to the lead connected to the relay
box.

Turn on tape recorder and record the test firing number and other
information on the voice channel.

Turn on DC voltage supply to relay.

Unground charge amplifiers.




T

45.

46.

47.

Turn on power supply to the transformer which supplies 50 VAC and
5 Amps to MK125 igniter.

Turn on ignition switch. ?
As soon as the test firing is completed, turn the following switches
to OFF:
a) Ground/Operate switch to ground (down) position on the charge

amplifier. ;
b) DC supply switch to relay. A .
c) Test cell power and ignition switches. :

168
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t DATA SHEET FOR EROSIVE-BURNING EXPERIMENTS
: Test Firing #__
: Date ?
: . . |
TEMPERATURE: T o F SR F i

Burning Rate Measurement Technique: High Speed Motion Picture
INITIAL PROPELLANT DIMENSIONS:
Length, L = __ cm  Width, Wy = ___cm Thickness, t = _ cm
Length of Tapered Portion from Leading Edge: 2 = __ cm

Extra Widch Left: Window Side: W= __ cm Back Side: "sI cm !
1
wl,; cm UB- cm
Propellant Type: ____ Propellant Inhibitor: ____ Type of Glue:
Igniter: Input Voltage: Igniter Paste on N-4 Grain
N-4 Grain: Length = cm Section Code:
CAMERA: FILM:
Type of Lens ABA Wo. s Type
F Stop Black & White __, Color
Framing Rate Frames/sec Type of LED on 2 msec Com. Time __
Time Marker pulses/sec Type of LED on Time Marker
Remote Firing at __ ft. of film Film Processing Instructions:
Pictures per Frame PPS Dial: _ , Multiplier: ,

Brake Dial:

Servo:___, H/L Speed Reducer:_
NOZZLES AND BURSTING DIAPHRAGMS:

Exit Nozzle:
§ Throat Diameter: em  Diaphragm Material: cm
Thickness: cm Bursting Pressure: psig

Spillage Nozzle:
Throat Diameter: cm Diaphragm Material: cm

Thickness: __ cm Bursting Pressure: psig
Type of Window in Contact with Propellant Sample: Thickness: cm

Chamber Prepressurization Condition: Yes psig No 3
No.of Camera Lights , Wattage (a) y (b) |
(e) y (@

1-.--—-»—-:»—-4»—‘—-‘-—4”'—4—-—-———————
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Interchangeable Top Plates (1) = r e !

DATA ACQUISITION:

Tape # Tape Location to Tape Speed ips

Pressure Transducer Common Voice
Type and Serial No. Time
Location
Transducer
Sensitivity

Charge Amp. No.

Time Constant Setting

Range Multiplier

Sensitivity Setting
on Charge Amps.

Pressure Scale
KPSI/volt

Voltage Divider
Channel

Tape Recorder
Channel

Participants: ’ ’

Remarks:

Propellant Geometry:

1A
8.
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APPENDIX F

FREE-STREAM VELOCITY CALCULATION

Direct measurement of the velocity in the test section is very
difficult because of the presence of high-temperature and high-pressure
gases. Therefore, the free-stream velocity is indirectly calculated
from the gas dynamic theory. The mass flow rate through the exit nozzle

of the test rig can be written as

= * * *
a " Peh Ttn A0 (F.1)

where the subscript th refers to throat of the nozzle and the super-
script * refers to choked flow condition in the throat (in the present
tests, gas flow was always choked).

Similarly, the mass flow rate through the test section can be

written as

ts “ Pes Vs Ao (F.2)

where the subscript ts refers to the conditions in the test section.
Test section is identified as the portion of the test chamber above the
test propellant sample. At' is the flow cross-sectional area above the
test propellant sample. U and o in Equations (F.l) and (F.2) represent
the average gas-flow velocity and density. It may be noted that in
Equation (F.2), the mass addition due to the burning of the test pro-
pellant is included, and the equation is applicable at a location close

to the trailing edge of the propellant sample.

Equating Equations (F.1l) and (F.2) in order to conserve mass, we get

p* A
. i 2
ch (pt.) (At.) U:h (F.3)
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Squaring Equation (F.3) and using ideal gas law to repalce density in
terms of pressure and temperature, and also dividing both sides of

the equation by y (noting that H:h = 1), we get

- A 2 th i
My (p") (‘1'* ) ( “) (F.4)

We now use the following isentropic relations (82):

T X1 2
T 1 1
P Y- Y-
bl - SRR i X=h \2 (F.6)
P (T ) Q.+ 2 Hts)

From Equations (F.5) and (F.6), we find

- / (1 +l—n2 % (F.7)
= -
- Y-
Sy L el /el (7.8)
ts

Using Equations (F.7) and (F.8) in Equation (F.4), we obtain the following

relation in terms of the Mach number at the test section:
1

o Lake & To% st _th
e T e Y T U (F.9)

For the choked flow condition in the exit-nozzle throat, we can

also write an equation for the mass flow rate (see Reference 82):

I‘_"L

13/2 P

ap ® B G ) /-r A (F.10)

where ’o and To are the stagnation pressure and temperature, respectively.
Equating Equations (F.2) and (F.10), for mass conservation, and using

ideal gas law, we get
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rtl
Waget 4 Wt 1 Sen
Tt G 10 GO 6 T w, (F.11)

Substituting the isentropic relations, Equations (F.5) and ¢7. %),
in Equation (F.1l1l), we get the expression for average velocity in the

test section:

xrl

&
y=1 y=-1

1/2 -
-1
ts 1 O +fehe ) (F.12)

Ath 2
Rl v /T: (YR (;;I
ts
The solution of Equations (F.1ll) and (F.12) gives the average
velocity in the test section. To obtain an expression for free-stream
velocity, correction should be made in the average velocity to account

for the boundary layer developed over the propellant surface and the top

plate of the test chamber. Average velocity is defined as

2 hts/Z
U . = f u dy (F.13)
ts ht’ 0

whare hta is the height of the test-sectiun channel. Equation (F.12)

can also be written as

2 & hts/z
o of udy + ./ U_ dy] (F.14)
ts

Uts

since beyond the boundary-layer thickness u = V. s
For the boundary-layer velocity we use a power law distribution

of the following type:
wev, ()" (F.15)

Substitution of Equation (F.1l5) in Equation (F.14), gives the expression

for the free~stream velocity, and is given by

ST
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U
U = Ls (F.16)

28
(1 - () &)
1+n h:.

§ was evaluated from a formula in terms of Reynolds number and down-
stream distance, x (see Reference 72). n was taken equal to 1/7.
Stagnation temperature for Equation (F.12), for the present calculationms,

was obtained from N-4 star grain ballistic data and was equal to 2258 K.

Fv——
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APPENDIX G

TABULATED EXPERIMENTAL DATA FOR EROSIVE-BURNING RATES AT
VARIOUS PRESSURES AND FREE-STREAM VELOCITIES

-

L
Normal burning rate formula: r = a‘pn , a’ = 0.2452 cm/s/ (MPa)"

bo
n® = 0.41

Temperature of combustion gases

generated from N-4 Star grain: To = 2258 K

Propellant Type: AP (75%), PBAA-EPON (252)

Pressure, MPa Free-Stream Velocity | Burning Rate, tb' cm/s

U, m/s

7.2375 319.3 1.213
7.2375 305.6 1.176
7.2375 288.5 1.1278
7.2375 245.0 0.9953
7.2375 231.2 0.9526
7.2375 219.4 0.9165
7.17 274.0 1.0846
7.17 258.0 1.037
7.065 212.5 0.8956
7.065 200.9 0.8619
6.62 189.1 0.829
6.62 178.1 0.7993
6.62 171.7 0.7816
6.41 168.7 0.7731
6.41 162.7 0.7553
6.41 152.0 0.7177
6.066 147.1 0.697
6.0 141.3 0.668
6.0 136.2 0.6375
5.86 131.4 0.6049
5.65 128.3 0.5824
5.65 119.7 0.527
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APPENDIX G (continued)

Pressure, MPa

Free-Stream Velocity

Burning Rate, Ty cm/s

u_, m/s

5.5143 306.2 0.9536
5.5143 294.0 0.91
5.3075 283.3 0.8725
5.2386 273.8 0.841
5.2386 264.1 0.8113
5.1 248.4 0.77
4.963 241.82 0.756
4.963 232.0 0.7385
4.825 225.7 0.73
4.825 217.2 0.721
4.825 208.5 0.714
4.687 203.5 0.71
4.55 196.7 0.705
4.55 192.5 0.701
4.55 185.7 0.692
4.55 178.0 0.6755
4,273 500.0 1.1083
4,273 464.4 1.016
4.136 178.8 0.6524
4.032 509.7 0.921
4,032 486.5 0.8892
4.032 466.6 0.86
4.0 166.3 0.623
4.0 162.2 0.61
4.0 157.4 0.575
4.0 153.2 0.54
3.791 149.4 0.5
3.791 145.0 0.462
3.791 141.2 0.44
3.791 137.7 0.44
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APPENDIX G (continued)

Pressure, MPa

Free-Stream Velocity
s

Burning Rate, Ty cm/s

Ve
3.584 430.0 0.911
3.1225 393.2 0.79
3.0 406.0 0.756
3.0 373.0 0.633
3.0 354.3 0.60
2.67 336.0 0.59
2.67 333.8 0.585
2.67 327.0 0.565
2.47 318.75 0.546
2.47 315.0 0.5273
2.47 300.5 0.5214
2.4125 290.8 0.503
2.4125 276.7 0.5
2.371 290.4 0.486
2.371 275.3 0.465
2.343 270.7 0.461
2.343 260.0 0.456
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