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SUMMARY

This report describes progress in the first fourteen months of
research into erosive burning of composite solid propellants. Both
theoretical and experimental studies were undertaken. In the theoretical
study, the propellant burning process is described in a chemically
reacting turbulent boundary layer formed over the propellant surface.
Governing equations are formulated and the order-of-magnitude analysis
of these equations is carried out, and boundary conditions are also
described. Results of design calculation for test rig are presented
in the section covering experimental work. The results show that
various operating conditions for velocity, pressure and streamwise
pressure gradient can be Qchieved in the test rig. Items of work to

be performed in the overall program are also listed.
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NOMENCLATURE

Frequency factor in the Arrhenius Law

Propellant burning area

Piston area

Nozzle discharge coefficent

Average heat capacity of the reacting gases, ui"Y.,C”
Heat capacity of the kth species

Heat capacity of solid propellant

Constant volume specific heat of gases

Diffusion coefficient in Fick's Law

Ammonium Perchlorate particle diameter

Activation energies in the gas phase reaction and the
solid surface decomposition

Internal energy of gases

Total body force in «th direction

Body force of hth species in ith direction
Equalizer chamber height

Static enthalpy of gases

Convective heat transfer coefficient for gases over
propellant surface

Static enthalpy of igniter gases

Static enthalpy of kth species

Heat of formation of Rtk species

Total enthalpy of gases at the exit

Total enthalpy of gases at the spillage gap

Reference enthalpy
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AE Static enthalpy difference across the boundary layer
iryjp! Indicies representing coordinate directions 1, 2 or 3
k Species index

k Turbulent kinetic energy, %(m

e Specific reaction rate constant, defined in Eq. (23)
L Characteristic length in x-—direction

Le Lewis number, PCpD/n

M Mass in control volume

“n, Propellant mass burning rate

Mgt -E.xit mass flow rate

Ynign Igniter mass flow rate

vy, Piston mass

~n,.a Mass flow rate through spillage gap

N Total number of species

$ Pressure

Bw Pressure in feed mechanism chamber

R Prandtl number, Cpp/a

Q@ Latent heat of vaporization for the propellant

Gs Heat of reaction at the propellant surface

d',m Rate of heat loss

R Gas constant

Re Reynolds number based on L

Re Universal gas constant

A Burning rate of solid propellant

Sc  Schmidt number, /(1))

T Gas temperature

T Flame temperature




%y

Xp

&Y,

Standard reference temperature
Propellant ignition temperature
Propellant temperature
Propellant initial temperature
Propellant surface temperature
Time

Reference velocity of gas flow
Gas velocity in x-direction
Piston velocity

Gas velocity in y-directiom
Volume occupied by gases

Diffusion velocity of Rt sgpecies in it
direction

Average molecular weight of gases

Molecular weight of kRt species

Coordinates along and normal to propellant surface
Distance moved by piston

Mass fraction of R species

Change in mass fraction of R'h species across the
boundary layer

Greek Symbols

Propellant thermal diffusivity

Boundary layer thickness

Oxidizer-to-fuel mass ratio in solid propellant
Ratio of specific heats

Thermal conductivity of the gas

Thermal conductivity of the solid propellant

Viscosity of combustion gases
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K

Stoichiometric coefficients for reactants and products
Gas density

Reference gas density

Density change across the boundary layer

Propellant density

Rate change of species kR due to chemical reactions
Time averaged term

Fluctuating quantity

Partial differentiation of the quantity in ¢ ) with
respect to Xj
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I. INTRODUCTION

Thrust and range are two important design parameters of solid
propellant rocket motors. Range is determined by burning time of the
propellant, and thrust as well as burning time depend on the burning
rate of the propellant. In solid-propellant rocket motors, it is
generally understood that burning rate is affected by a high-velocity hot
combustion gas flow parallel to the propellant surface. This effect is
known as erosive burning. Thus, ability to predict erosive burning
effect is of prime importance in the motor design.

Propellant combustion under non-erosive burning conditions involves
a large number of chemical and physical processes including change of
phase, energy transfer, and mass flow. Heat transfer from the hot
combustion gases to the propellant surface causes the solid propellant to
vaporize into gaseous reactants. Under erosive burning conditions, the
high velocity gases form a turbulent boundary layer over the propellant
surface. Within the boundary layer, complex transport processes change
the temperature and species distribution, and affect the chemical reaction
kinetics of gaseous reaction zones. As the heat transfer rate to the
propellant surface increases, more propellant vaporizes, and the gaseous
mass flow rate rises, counter to direction of heat transfer. Processes
of mass transfer due to blowing and convective heat transfer compete with
each other and, depending on the combustion gas velocity, one dominates
the other. Consequently, burning rate of a propellant in erosive burning
conditions can either increase (more common) or decrease.

Erosive burning is an ever-present problem in the design of high

thrust, short-burning~time solid-propellant motors. Current rocket
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booster designers sacrifice higher loading fraction (ratio of propellant
weight to combustion chamber volume), necessary for better propulsion
performance, because their knowledge of erosive burning is incomplete.
Attempts to achieve higher loading fraction often cause a high pressure
peak and motor failure immediately after ignition due to the erosive
burning of propellant charge. If the erosive burning is serious enough
and is not factored into motor design, a common consequence is unequal
propellant web burmout with extended heat exposure of the chamber wall.
This can also lead to chamber failure.

The current research program was undertaken to investigate theoretically
and experimentally the erosive burning problem. Objectives of the
research program are:

1. To advance the state-of-the-art of erosive burning processes

by formulating a theoretical model describing the important
physical and chemical phenomena in gaseous and solid phases.

2. To solve the theoretical model by selecting a stable, fast
convergent, numerical scheme so that the effects of gas velocity,
pressure gradient, and propellant physicochemical characteristics
can be studied.

3. To verify the theoretical results according to the observed
erosive burning phenomena under various experimental conditioms
for chamber pressure, gas velocity, pressure gradients, propellant
ingredients, etc.

4. To develop an erosive burning rate expression which will incorporate
all the important parameters known to be affecting the erosive

burning phenomenon.
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This report has been written to document prugress toward solution
of the erosive burning problem. Section II covers some of the background
on erosive burning, and section III describes progress in theoretical
work leading to development of governing equations, gas phase kinetics,
turbulence modeling, and boundary conditions. In Section IV, experimental
work related to design and fabrication of the test rig and instrumentation

are discussed.




II. BACKGROUND

Erosive burning behavior has been investigated by various methods
as shown in a comprehensive literature survey! on the erosive burning.
Some important phenomena observed experimentally and effect of various
parameters on erosive burning are summarized below.

Threshold Velocity: The burning rate of certain solid propellants

increases only when the velocity of combustion gases (or mass

velocity) is greater than a threshold velocity?-7 The threshold

velocity has been observed to be a function of pressure.“’5’7

Negative Erosion: At low gas velocities (below the threshold value)
many investigators have reported a decrease in the burning rate
of a solid propellant compared to strand burning rate.-*

Effect of Propellant Initial Temperature: An increase in the erosive
burning effect due to the decrease in the propellant initial
temperature has been observed."

Effect of Gas Temperature: At constant gas velocity and pressure,
theierosive'burning rate is indggggdent of the gas temperature.’

Effect of Pressure: For a given mass velocity, the erosive burning

$»8 The influence of

is more pronounced under lower pressures.
type of fuel and mixture ratio on the erosive burning diminishes
for high pressures.’
Effect of Compressibility of the Caseous Stream: Erosive burning
depends upon the Mach number of the convective stream.®
Effect of Strand Burning Rate: Low burning rate propellants

experience larger erosive burning effect than high burning rate
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propellants, and vice versa.?

For high burning rate propellants,
prounounced threshold velocity and strong influence of gas mass
velocity on the erosive burning rate have been observed.?

Effect of Propellant Characteristics: Erosive burning depends on the
types of fuel binder and the mixture ratio in a propellant.®:*s!?

Effect of Metal Addition: Addition of aluminum has very little
effect on the erosive burning.!®»!!

Effect of Rocket Motor Length-to-Diameter Ratio: For CMDB Propellants,
high pressure peaks at the head end of a rocket motor have been
observed for a large length-to-diameter ratio grain.®

Existing theories on erosive burning can be divided into three distinct

classes depending upon whether the theory is based on (a) a phenomenological

heat transfer theory (without taking chemical reaction and/or flame structure
into account), (b) a flame theory (a description of combustion mechanism)

or (c) an aerothermochemical analysis including the considerations of

heat, mass, and momentum transfer in a chemically reacting boundary layer.

Among phenomenological heat transfer theories, the Lenoir~Robillard's

cheorylz is most popular. The essence of this theory is that erosive burning

rate is proportional to the forced convection heat-transfer coefficient.

The theory is analytical to the extent that use is made of heat-transfer

correlation for transpiration-cooled surface, and empirical in the sense

that the heat transfer correlation is itself empirical. Compared to

experimental data, the theory supplies 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. Utility of the Lenoir-

Robillard theory is limited because t* empirical coefficients must be
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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

13 He considered the flame structure

has been reported by Vandenkerckhove.
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, sometimes,
under special flow conditions.

In erosive burning problems, most of the gaseous reactions occur
within a turbulent boundary layer developed over the propellant surface
by the flow of combustion gases. Therefore, the most realistic analysis
of the erosive effect is the third approach which employs a description

of the burning process (e:g., flame zone structure and its interaction

1% used Prandtl-

with the flow fiel&). Early original work of Corner
Karman boundary layer theory to describe the flow field. However, this
work gave no consideration to the effect of mass injection, and also
assumed the rate-controlling step in the solid—propellant combustion to

be associated with gas-phase reaction. Modern thought asserts that such

a rate-controlling step is directly affected by the decomposition pyrolysis
of a solid propellant. Tsuji15 analyzed the erosive burning of a solid
propellant by the bdundary-layer approximation in aerothermochemistry.

He assumed a laminar boundary layer in his model but in an actual erosive
burning situation the boundary layer is turbulent. His model assumed a
rate-controlling step as the gas-phase chemical reaction--contrary to

that of the conventional explanation of surface pyrolysis. A recent study
by Razdan'® on the erosive burning of double base solid propellants also

considered a chemically reacting boundary layer approach. He also




assumed laminar flow. However, Razdan's work takes into account the
variation of surface temperature along the propellant grain and its effect
on burning rate. Both Tsuji's and Razdan's models do not explain the
negative erosive burning experienced in some propellants at low velocities.

In general, although several previous theoretical models give some
insight into the mechanism of erosive burning, they inadequately describe
many of the phenomena observed experimentally. For example, burning rates
measured by Marklund and Lake® clearly show that erosive burning is affected
by many parameters such as oxidizer-fuel ratio, oxidizer particle size,
pressure, etc. So far, no work has been reported that incorporates the
effect on erosive burning of all such important parameters. Especially,
no work has been done to incorporate a sophisticated flame theory with
turbulent flow processes adjacent to the burning surface.

In the current research program, the third approach mentioned above
is being pursued. The most commonly used Ammonium Perch}otate (AP) composite
solid propellants will be considered in the model. In order to incorporate
the concepts of the burning process and the flame structure of the AP solid
propellants in our theoretical model, it is very useful to review some
of the non-erosive (strand) burning mechanisms.

Of many combustion models, three stand out as being comprehensive

enough to lead toward a better understanding of the strand burning mechanism

17=18 19

of AP solid propellants. They are the models of Summerfield, Hermance,

and Beckstead, Derr and Price.??

Summerfield's Granular Diffusion Flame (GDF) Model:
The model was originally formulated by Summerfield.'’ Essential

features of the two-stage GDF model are shown in Fig. 1. The model is one-
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Fig. 1 TWO-STAGE GDF MODEL FOR AMMONIUM PERCHLORATE TYPE COMPOSITE SOLID
PROPELLANTS (Summerfield group).!®

THREE STEP COMPOSITE PROPELLANT BURNING:

1. Endothermic Zeroth Order Pyrolysis of Solid Fuel and Dissociative Subli-
mation of AP to Ammonia and Perchloric Acid.

2. Thin Premixed Exothermic NH3 + HC104 Reaction Zone I, Assumed to Occur
at the Surface for Normal Rocket Pressures. Pyrolysed Fuel Gases Are
Considered Dispersed But Still Unmixed.

3. Exothermic Fuel-Oxidant Reaction, Zone II. Gaseous Fuel Pockets Are Consumed
in Atmosphere of A/PA-Zone Combustion Products (Diffusionally and/or
Chemical Reaction Controlled)

BURNING RATE EXPRESSION: 1/r = a/p + b/pl/3




dimensional and assumes that the decomposition process at the propellant
surface is controlled by the conductive heat feedback from two-stage

flame occurring in the gas phase. Since composite propellant is of
heterogeneous nature, the fuel and oxidizer gases emerge unmixed from

the propellant surface. The model presumes that fuel enters the flame

zone in tiny gas pockets. Two reaction zones, ammonia/perchloric acid
(A/PA) and Fuel-oxidant, are assumed to be parallel to the propellant
surface. Overall reaction rate of the fuel-oxidizer reaction is determined
by rates of diffusional mixing (predominant at high pressures) and chemical
reactions (predominant at l;w pressures). It is quite important to note
that the pressure dependence of the heat feedback to the propellant surface
is strongly influenced by the kinetics of the granular diffusion flame

at pressures above 10 atm (even though the heat feedback from this source
is considerably less than the heat contribution from A/PA reactions).

The propellant burning rate relationship for this model is based on inte-
grated, steady-state, one-dimensional energy equations for the various
stations in the flame zone. The proposed burning rate equation is a
function of pressure, chemical-reaction time parameter and diffusion time
parameter (which in turn is a function of oxidizer particle size). These
parameters are experimentally evaluated, and correlation of the burning rate
equation was extremely good for a variety of propellants over the pressure

range of 1 to 100 atmospheres.

Hermance's Heterogeneous Reaction Model:

The Hermance model is based on a detailed combination of the steady-
state decomposition processes of the fuel and oxidizer. Three regions of
propellant combustion are identified: propellant surface, the gas phase

flame zone, and the region between the surface and the flame. The surface




chemical processes are endothermic fuel pyrolysis, exothermic oxidizer
decomposition and an exothermic heterogeneous chemical reaction between
fuel binder and decomposed oxidizer in small regions surrounding individual
oxidizer crystals. Each of these reactions produces a mass flux from the
propellant surface. The area on which the surface reaction occurs is
calculated by postulating that an oxidizer crystal decreases in size

during decomposition. This size reduction produces a shallow fissure
between the oxidizer crystal and the fuel binder. This fissure is the
region where the heterogeneous reaction takes place. By using geometric
and statistical methods, the size reduction of the oxidizer particles is
expressed as a function of oxidizer volume fraction, burning rate, pressure,
and oxidizer particle distribution. Although model is more detailed than
GDF model, the predicted burning rates from this model were higher

compared to experimental data. Further, the experimental evidence of Boggs’"

argues against the fissure postulation in this model.

The Beckstead, Derr, Price (BDP) Multiple Flame Model:

In this model the existence of three flames in the region of each
exposed oxidizer particle have been postulated. Essential features of
the BDP model are shown in Fig. 2. Unlike GDF model, AP monopropellant
flame is considered distended from the propellant surface. Three flames
considered are: (1) a primary flame between the decomposed products of
the binder and the oxidizer, (2) a premixed oxidizer monopropellant flame,
and (3) a final diffusion flame between the products of the oxidizer
monopropellant flame and the decomposed products of the binder. Energy
feedback to the propellant surface arriving from various flames is considered
separately and then superimposed. For high pressures, the reaction path

A in Fig. 2 is considered more important than the reaction Path B. The

- 10 =




II Final Diffusion Flame

Primary Flame 0, plus
other

products

AP Monopropellant Flame

Products

\/

uel Products

Fig. 2 POSUTLATED FLAME STRUCTURE FOR AN AP COMPOSITE
PROPELLANT (BDP Model)?°

TWO PROPOSED REACTION PATHS:

Path A:

I.

II. Final Diffusion Flame:

AP Monopropellant Flame: NH3 + HC104 Reaction. Independent of mixing
but kinetics dependent. This flame is not considered as occuring at the

surface for low pressures.

Path B:

III. Primary Flame:

at high pressures.

- 11 -

Oxygen 1ich products of reaction I react with
the fuel-rich binder pyrolysis products. Dependent on mixing only.

Fuel Pyrolysis proudcts react with HC1l04 products giving
combustion products. Dependent on mixing and kinetics. Unimportant




physical nature of the oxidizer particle size and the burning surface has
been described statistically, and the model is capable of describing
various qualitative characteristics observed in composite propellants
(e.g., plateau burning).

None of the solid propellant flame models discussed above will predict
the burning rate of a composite propellant without prior knowledge of
propellant combustion characteristics. In each case, various parameters
in the model which are not accurately known must be varied to match the
burning rate characteristics with the experimental results. Nevertheless,
for the present problem, these models suggest a strong interaction of
the flame zone structure with the flow field. For example, a preliminary
calculation based on experimental data of references 3, 18, 21 was made
and results plotted in Fig. 3. In these calculations, it has been assumed
that a viscous sublayer exists and that the gas flow does not, significantly,
change the diffusion flame thickness. This plot shows that the diffusion
flame is outside the viscous sublayer for a high velocity combustion gas
stream. It is quite evident that the role of turbulence in diffusional
mixing and in rate of heat transfer to the propellant surface will be
quite important in erosive burning.

The surface roughness is another factor which should be taken into
account in erosive burning. At normal rocket pressures the roughness could

be of the order of 10 micronm.??

This again depends on propellant formulation
and in many propellants the surface roughness can be as large as the
oxidizer particle size. Therefore, the Reynolds number based on the

roughness size may play an important role in turbulence characteristics

near the propellant surface.

- 12 -
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Flame Thickness (viscous sublayer calculation based
on experimental data on erosive burning of Ref. 3,
and the data on friction coefficient of Ref. 21)
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III. THEORETICAL MODELING

The burning rate of a propellant primarily depends on the rate
of heat feedback from reacting gases to propellant surface. Heat feedback
is, in turn, controlled by various mechanisms which depend on parameters
such as turbulence level in the flow, flame height, viscous-sublayer
thickness, pressure, etc. A flow chart (Fig. 4) is constructed to illustrate
our understanding of the erosive burning mechanism. The flow chart is

based on previous studies of many investigators.l-“’36

Although inconclusive,
the flow chart is useful in the development of a comprehensive theoretical
model. The influence of the above mentioned parameters can be successfully
studied by considering heat feedback to the propellant surface within a
turbulent boundary layer.

Flow of high velocity combustion gases over a rocket motor soli&—
propellant surface forms a turbulent boundary layer. The essential
features of a rocket motor are shown in Fig. 5. Most reactions occur
within the boundary layer, and the flow field interacts strongly with
the flame zone structure. The third approach mentioned earlier (i.e.,
an aerothermochemical analysis in chemically reacting turbulent boundary
layer, employing a description of the burning process) is therefore the
most logical analysis for the erosive burning problem. In the theoretical

model, a steady, two-dimensional compressible, turbulent boundary layer

over a flat plate has been considered (Fig. 6).

IIT.A. Governing Equations

To formulate the theoretical model, we start with the general

conservation equations* for a reacting compressible fluid flow.

*See nomenclature for the definition of various mathematical symbols.
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Fig. 5 Schematic Diagram of a Solid-Propellant Rocket Motor
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Mass conservation:

%{ + (U, = o (1

Momentum conservation:

%t(mi) + (Ul = -k + T + (2)

Species conservation:

%&(?Y@ + (PNUD; + (PRVii), = Wr , k=120 - N (3)

Energy conservation:

N
2o+ (Puihy; - B - wih; = Z{ gbvhﬂ,.,i - N.,‘Y.‘v.u)fyv.,ﬁ,yu}
h"‘ 17
+ Ty Yi) (4

where: N g T
h-l L]
T
L o L 1 for i=j
Tij = (Yif + Ui = §8Upe) Sia‘{o for i%j i
Equation of state:
p = RT e

In these equations, each variable is replaced by its mean and fluctuating
part (e.g., W=U;+W, ,h=h+h , etc.). While doing so, the diffusion
velocity, \&L , appearing in equation (3) and (4) is replaced by using
Fick's Law of Binary Diffusion, viz. VL.=--Jl %&_ . After neglecting

i Yh
the body force terms, each equation is averaged and the following governing
equations for the mean quantities are derived:

Continuity Equation:

%th (U + U, = o (8)
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T

Momentum Equation:

PRl 1 2D b (P4 A Uiy = — B+ (T - FUFIL), 9

Species Equation:

F%-i(; + %tF\Z+ (ﬂIL'l- (T,"')Vh.i. = (?‘D\Th,i. - (YD Y >“,' + Ok (10)

Energy Equation:
r ey
P+ ol e s )R- F _WEs
N
m—enery 7 v
= <2—,K,i - (wh + P + (L.-i)Z{Y-\,X,H Pk } ).i
R=1
2 T — v
+ Gl — Wi + T Ui, (an
Reynolds Stress Equation:
This equation is derived as follows: ~Subtract momentum equation
for mean quantities from the momentum equation for instantaneous
quantities and multiply by Ué. To the resulting equation, add

a similar equation with indicies i and !¢ interchanged. Then

average the whole equation, and:
Tl —— - T g N
PR+ (R + FEIE + JUUEWD o T+ 7)) (W),

+ (WU Uy + crupte oy + (TULWUY),;

- 2 7 AT TS T AT TETH
+ (0 Wl + UGS IARTATY “‘J),,‘

== [FUD+ U] + ' (Wog +Up) + (WThj +WiTyg)  (12)

Boundary Layer Equations and Order of Magnitude Analysis:

Following assumptions are introduced into Eqs. (8) to (12):
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1. Average quantities are steady state
2. Mean flow is two dimensional

3. For the Mach number range £ 1

su’ sysey
_/."_al_ << and fﬂ << |
y73 (17} guv
]

According to Laufer,?* who based his conclusien on the experi-

23

mental results of Kistler, the density fluctuations have a kinematic

rather than a dynamic effect on the turbulence.

4. There is no reaction generated turbulence?®
5. & .o

3
6. L¢ = 1

— AT e B W T A T A - ar
; %“_(uj Uil + WU UG - Wil P4 << 7T, g'x;*‘u‘

5. Re>>1 . (HA-oom, $et

Following the regular procedure for order of magnitude analysis (see
Appendix A), dominant terms in the Eqs. (7) - (12) are retained. Turbulent
kinetic energy equation (4=f) and Reynolds shear stress equation (<=1, {=2)
are obtained from Eq. (12). Finally, the two dimensional steady-state
turbulent boundary layer equations for a reactive turbulent compressible
flow are obtained:

Continuity Equation:

%ﬂ“) + %(FV‘): o) (13)
where P = 74 fV
Momentum Equation:
" 4} p_ﬂ 7" 7117
puld +7P = - F + %,(# 5 W) (14)
« 10 -




Species Equation:

padle + N’%} = g?[rog% - (KD + e (1s)

Energy Equation:

p’u%%-pf\?'% Cp'o_j) + 3[—(PV)'K+WJ+H§-E

+/J.(§—?)z— Pl + T U (16)

Contribution of W, bau, and ‘cqu"-,/ in Eq. (16) is
generally believed to be small compared with the convection of A and is
therefore neglected in the subsequent analysis.

Turbulent kinetic energy equation:

fug‘; + rw%‘ — —(M’u’s’% * %(P ’%‘) + 4 Wi
- .;?%[p'(\é + -})v’] = fr U UG g (17)

Reynolds' shear stress equation:

PUR ) + PP B (W) = —<W%—§* + %atpbiwv)]
- T ;"v)ul + ¥ +
—2/45:‘;;._% (18)
Equation of State:
P =Xl (7F+0%) 19)
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Heat Conduction Equation in the Solid Phase:

It is assumed that the heat conduction into the solid propellant

is dominant in a direction normal to the burning surface. 1In
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:

As .sb—;: = Z_C;'lb%-;{ ’ where —"<§4 o (20)

III.B. Modeling of Gas-Phase Chemical Reactions

When 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:

S B (21)
where O and F represent the oxidizer and the fuel gases respectively, and P
represents the product gases. In view of the already complicated turbulent
transport phenomena, the above assumption is justified.
For this single-step reaction, production of hith species due to the

chemical reaction is given by the following equation:
” ’ N “;‘
W = Wi (=) ﬁsﬂ(%‘) (22)
oo

where the specific reaction rate constant, ks s is given by the Arrhenius
law:

k= A r'.-b(-ﬁ%!- , (23)

in which the frequency factor: A=BT" , ogmngi

Usually in a homogeneous reaction B is a constant. However, for
diffusion controlled gas-phase reactions of a burning solid propellant,B

will not be a constant. It is assumed that, at least, B has the following

e 2] -




functional dependence:

B=B(dwp19) (24)

From Eq. (22), the rate of consumption of oxidizer and fuel species can pe
represented by:

Qo = -% ?zYoYc ’ w,=—%aszoYs

Applying Reynolds' decomposition to (J (= &, + p),and then averaging,

we have:

@o=- K[ U + PO + 2% 7% «2707% + W% @9

A similar equation is valid for &J; with W¢ replaced by Wo, in Eq. (25).

In the above equation, fluctuations in &; are assumed negligible
because temperature fluctuations will not introduce any significant
fluctuations in f?, for large values of E“'t in Eq. (23). 1In Eq. (25),
third and fourth order correlations have been neglected. It has been
common to neglect all the turbulence correlations on the right hand side of
Eq. (25). However, this is incorrect when the reaction rates are fast,?®
i.e., when the chemical reactions are diffusion controlled which is
valid for burning composite solid propellants.

Relative importance of various correlations in Eq. (25) is currently
being .i.nvestigated. It is believed that the correlation W should be
related to the fuel pocket size (GDF theory), which is dominant in diffusion

controlled chemical reactions.

III.C. Turbulence Closure

To solve Eqs. (13) - (19), a number of turbulence correlations

(e.8., (p\r)’\(,; ’ (fv')'h' , etc.) have to be modeled. Some authors®®

-22 e




have developed conservation equations for such correlations and thereby,
introduced higher order correlations. The higher order correlations are
usually modeled in terms of the known variables and some unknown constants.
These constants, in general, are evaluated by matching the theoretical

and experimental results. However, in our current approach, excess
complexity is avoided in favour of simpler and faster-to-execute formulationm.
Also it is understood 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. For the gas phase,

only Eqs. (13) - (19) are treated as the governing equationsin the theoretical
formulation. Terms to be modeled for turbulence closure are given below.

1. Velocity diffusion terms, %_(?ui Uelt )
?

2. Pressure diffusion terms, %’t( P& 4+ %(m)
4

Akt
3. Redistribution terms, (i . k)
&

—
4. Dissipation terms, .t 3¢ %?;

5. Correlation appearing with Production terms, (pv)V
6. Turbulence produced heat transfer, (;;E;ZT

7. Turbulence produced species transfer, dﬂ;?ﬁi

8. Species correlation term, if;f

Currently, the modeling effort of the various terms listed above is

in progress. For some of the terms, existing models of Rotta?® and

-3} -




Donaldson %% will be examined for a possible extension to the present

compressible turbulent boundary layer.

III.D. Boundary Conditioms

Mass balance at the propellant surface:
Consider a thin Control Volume (C.V.) around the solid-gas interface

(Fig. 7), mass balance for species k can be written as

f,"bYaI 2= FeY. + (Vth| (26)

.} ot ot

Mass Rate of Mass Rate of Rth Mass Rate of kth

Rth gpecies of Species of Gases Species of Gases

solid propellant Transported out Transported out

into C.V. of C.V. by surface of C.V. by diffusion.
blowing.

Using fe=(TF)oe in Eq. (26), we have

oM
V(x,0% +v°(‘y o*)

Y (o) = Yo(x16) (27)

Y0 = Lt NESRTACH

Vxyo) -o-v.(;,d') (28)

Since no product species can diffuse into the solid, we have

Yotx,0) + % (x,) = 1| (29)
i 1
or Y%(%d)= 140 (30)
Also from Fick's law, the diffusion velocity is given by
oy = - D (31)
Vo (e Tatxs0®) O
and
u(l,o’) - e _@__ .OYF (32)
Yo Of | &
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Fig. 7 Mass Balance of kih Species at the Propellant Surface

A Interface
%¢ls Control Volume
?(\7‘ Y Cry Tp, ¢ ! pre ’V)fVFC"‘T"};O,,
g Premixed
LA
5 |

| =

Fig. 8 Energy Balance at the Propellant Surface
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Energy balance at the propellant surface:
Consider a similar solid-gas interface control volume as before;

the energy balance at the propellant surface (Fig. 8) is given below.

oh - bj: = Q-

A Y| - A O ﬁ)tb( s= Q) =
Rate of Heat Rate of Heat Net Rate of Heat
Flux Conducted Feedback from Produced by
into the gases to Exothermic Reaction
Propellant. surface. | inside C.V. J

+ InELE + cFYFJL_

Rate of Energy carried into
the C.V. by Propellant Feeding.

- F(F+WOY C“‘T"‘|°+

Rate of Energy Transported
away by Convection and
Diffusion of Fuel Species.

o F(V "'Q)Vocbo‘ﬁ’s

(33)

°¢
Rate of Energy Transported

away by Convection and
Diffusion of Oxidizer Species.

At the propellant surface, energy carried by convection of product
species and energy carried by diffusion of product species balance
each other. Therefore, there is no net contribution of product species
in the energy balance equation.

Substituting Eqs. (27) and (28) into Eq. (33), and neglecting the

contribution due to diffusion ( V<<V ), we have:
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In addition to Eq. (34), the other boundary condition for the heat
conduction equation in solid phase is:
Tp (X9 =) = Ty, (35)

The other boundary conditions needed at the propellant surface are as

follows:
TL(x,0)= o (36)

R0
F(K)O)

V(2,0 = (37)

where, the solid propellant burning rate is given by the Arrhenius law:

E
%y = As exb[- ﬁ,—,) (38)
Tx0) = Tp(x) = Ty(x»0) (39)

The boundary conditions on the adiabatic surface (Fig. 6) of the

leading edge are:

Q(xy0% = 0o (40)
F(x,0M = o (41)

% o 0 (42)
Y (xs0M=o (43)
%(x,00=0 (44)

The boundary conditions at the free stream are:

4 (x, ) = Uw(x) (45)
T(xye) = T (46)
B(x2) = R0 (47)
Tolxr90) = 0 (48)
Te(xpe2) = © (49)
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To solve the differential equaticns for k and W' , we also
need boundary conditions on them. These boundary conditions are currently

under investigation.
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IV. EXPERIMENTAL WORK

The objective of this portion of the work is measurement of
the burning rate of a solid propellant and study of related variables.
Experimental data obtained can then be used to verify the theoretical
model.

Two requirements were imposed on design of the experimental apparatus
Experiments should be compatible with the theoretical model, and conditions
of test propellant burning should be similar to that surrounding combustion
of a typical solid propellant motor. Therefore, a propellant sample should
burn at high pressures (50-100 atm), a turbulent boundary layer should be
formed over the propellant sample by high velocity (100-200 m/sec) gas

flow, and the propellant sample surface should be flat during combustion.

IV.A. Burning Rate Measurement

A promising method for measuring burning rate is the Laser-Photodiode
servomechanism technique. It has not been broadly used in erosive burning
experiments. Advantages of this technique are: the burning rates measured
are instantaneous and accurate, and the results of th: burning rates are
directly available through an electronic recording system. The basic
components used in the technique are: a He - Ne Laser, a light-sensitive
photodiode, a control amplifier, a recording system and a stepper motor.
Schematic diagram of the Laser-Photodiode servomechanism technique is
shown in Fig. 9. As the surface of the burning solid propellant strip
recedes, the laser beam (previously blocked by the propellant) is detected
by the photodiode to generate a small current signal. This signal is

amplified in the control amplifier, and supplied to the stepper motor,
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Light-Sensitive
Photodiode dos
Propellant Surface He - Ne
T <—-Nn
Laser
-l l \ |

\—Tu: Rig Platce

~ Solid Propellant Strip

W)

Electronic
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Amplifier e Systen

Feed Screw

nuouuann

Stepper
- Motor

Fig. 9 Schematic Diagram of Laser-Photodiode Servomechsnisa
for Instantanecus Burning Rate Measurements
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.

which advances the propellant strip counter to the receding propellant
surface. If the stepper motor advances the propellant too quickly, the
laser beam will be blocked, the signal to the motor discontinues, and
propellant strip feeding stops. Thus, feeding rate is controlled by
burning rate. Both surface recession from burning and surface advancement
by the stepper motor are very fast. With respect to a stationary observer,
the surface of the propellant is maintained at a fixed location. The
feeding rate by the stepper motor is recorded by the recording system at
all times during the experiment, thus giving the instantaneous burning rate.

As mentioned earlier, a flat solid propellant surface is necessary
for validation of the theory, which is modeled for a flat plate turbulent
boundary layer.

When a long solid propellant surface burns in a gas stream, the
surface does not regress equally at all points along the surface in the
flow direction. Consequently, the surface no longer remains flat. This
problem is solved by designing an experimental setup which will feed
four solid propellant strips at different rates such that the flat surface
is maintained. This is achieved by the experimental setup shown
schematically in Fig. 10. Four laser beams together with four stepper
motors control the position of the four different propellant surfaces and

maintain each surface at the same level.

IV.B. 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 design of the test rig are given in Appendix
B. A parametric study for the effects of various geometric inputs of the

test rig on the solutions of these equations is also presented in Appendix B.
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Fig. 10 Schematic Diagram of Experimental Setup
for Achieving a Flat Burning Surface
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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 Fig. 11. The side (multi cross-sectional) view is shown in Fig. 12.
Description and function of each important component is given below:

1. Driving Motor: For meaningful experimental results, the test
conditions for the burning of propellant strips should be made
similar to the burning of a propellant in a rocket motor. Conse-
quently, a high pressure, high velocity, hot combustion gas flow
is needed. Such a gas flow is generated in the driving motor by
burning a 12-inch-long, star shaped, solid propellant grain. The
propellant grain (N-4) is the same as used in the 5-inch sidewinder
1A motor, and has neutral burning characteristics (constant mass
burning rate) which help to maintain a steady state pressure in
the driving motor after a short ignition transient interval.

The solid propellant grain is held in a 304 stainless steel
cylindrical container, designed to withstand pressures up to
800 atm.

To ignite the propellant charge in the driving motor, a
pyrotechnic igniter (MK 125 MOD 5) which contains a mixture of
black powder and magnesium, will be used. The igniter is set off
by an electric squib.

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 (304 stainless steel) is designed to converge
from a square cross section (80 cm?) at the end of driving motor

to a rectangular cross section (20 cm?) at the entrance of the
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Fig. 12 Multi-Cross-Sectional Side View of the Test Rig
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test chamber. To minimize the heat losses through the nozzle,

the internal surface of the nozzle is coated with a thin insula-

tion layer of zirconium oxide (Union Carbide LZ-2).

Test Chamber: Several important elements are designed to form

the 39 cm long test chamber having a rectangular cross-section

of 7 cm x 2 cm.

The elements are described below.

(a) An interchangeable wedge shaped stainless steel leading
edge which is thermally insulated with LZ-2 coating to
prevent heat losses. The leading edge is attached to a
stainless steel flat plate through which four test propellant
strips (7.5 cm x 3 cm x 2.5 cm) are fed by the stepper motors.
The gFopellant strips are thermally insulated from the
flat plate by using a quartz lining a?ound the strips.

This is necessary to avoid any unequal burning due to high
rate of heat conduction to the propellant edges in contact
with plate. The length of the leading edge (11 cm) is
selected to ensure that the boundary layer is turbulent
over the propellant surface.

(b) A spillage channel through which about 10 percent of the
product gases flow out of the test rig. This ensures that
the boundary layer starts to develop from the beginning
of the leading edge.

(c) An interchangeable top plate is used 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.
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(d) A convergent-divergent interchangeable exit nozzle is
designed to control the mass flow and the gas velocity in
the test chamber. The exit nozzle assembly contains a burst
diaphragm designed to rupture at a given critical pressure.

A small nozzle with a throat area of about one tenth of

the exit nozzle is used at the end of spillage channel. The
small nozzle assembly also contains a burst diaphragm
designed to rupture at a pressure slightly less than the
critical pressure of the main exit diaphragm. This is

to ensure the opening of the spillage channel. Through the
use of these diaphragms, pre-pressurization of the test
chamber can be achieved.

(e) A plexiglass window assembly is made of a sacrificial
Plexiglass plate.and a main plexiglass window. This assembly
is installed in the front cover of the test chamber. To
enable the laser beams to pass through the test section
and to be sensed by photodiodes, four small cylindrical
quartz rods are located in the back plate of the test chamber.

Feed Mechanism Chamber: The chamber houses four stepper motors

and four feed screws. Rotational motion of the feed screws

(attached to the stepper motors) is converted to linear vertical

motion of a rectangular element through a threaded nut (see

Fig. 13). The propellant strip is carried by each of the rectangular

elements. Light weight aluminum was chosen as the material for

the rectangular element. Four stainless steel feed screws (3/8

in. fine SAE 24 threads/in) are used to feed the propellant strips.

The torque requirement of the stepper motor depends on: the
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total load on the motor, 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

pressure equalizer chamber, discussed below.

Pressure Equalizer Chamber: The pressure equalizer chamber 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 will push down the

piston compressing the gas below it and increasing the pressure

in the feed mechanism chamber. Consequently, the pressure

difference between the test chamber and the feed mechanism chamber

is reduced.

Instrumentation:

(a) Stepper motors: A stepper motor, producing 150 pulses/sec
with an index angle of 45° gives a linear feeding rate up
to 2 cm/sec when 24 threads/in. screw is used. This feeding
rate is within the typical values for erosive burning rates.
Stepper motor control unit is used to supply the necessary
voltage and current to the stepper motor. Both these items
are obtained from Clifton Precision Company. The burning rate
of a solid propellant strip can be measured directly by
recording the feeding rate of the stepper motor.

(b) He-Ne laser: A 6328 ; and 1-2 mw laser (Spectra-Physics model
136) is used. It has adjustable power output, precision mounting

surfaces, and proper dimensions for the current design.
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(e)

(d)

(e)

(£)

Beam splitter: The total number of lasers needed is
reduced by half by using beam splitters. These are used
to split two original laser beams into four beams of equal
power. Ealing Corporation's two splitter cubes having equal
transmission and reflection with two reflection prisms are
used for this purposce.
Band-pass filter: Before the laser beam reaches a photodiode,
a band-pass filter with a narrow frequency range is used to
filter out any signal produced by light emission of combustion
gases. The band-pass filter (Oriel Corporation model G-577-
6328) having a band width of 10 ; is used for isolating the
6328 ; laser beam signal.
Pressure transducers: These are used to measure the
pressure at the upstream and downstream locations in the
test chamber. The pressure transducers (Kistler model 601 B)
having pressure range up to 1,000 atm have bee selected.
These transducers are equipped with water cooled adapters
(Kistler Model 628 C).
Thermocouple probes: Omega Engineering Tungsten - 5 percent
Rhenium vs. Tungsten - 26 percent Rhenium thermocouple probes
having Beryllia insulation have been selected. Temperatures
up to 2600°K can be monitored.

Other instrumentation includes control amplifier,
photodiodes, recording system, lead feedthroughs, laser

exciters, stepper motor controls, etc.
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During the reporting period, the following items have been completed

as part of the experimental effort.

1. Design of the test rig has been completed, and various dimensions
and materials for it have been selected, guided by analysis of
various geometric inputs on gas dynamic operating condition
in the test rig.

2. Fabrication of major components of the test rig has been completed.

3. Various instruments and other accessories have been selected and
purchased.

4. Propellant grain for the driving motor, test-propellant strips,
and pyrotechnic igniter have been acquired.

5. A four channel electronic control unit for the stepper motors
has been designed and fabricated.

6. Some tests of the laser-photodiode servomechanism were conducted.
Feeding mechanism and electronic integrading units operated properly,
in order to record feeding rate of burning propellant strips.
These same preliminary tests illustrated the feasibility of
filtering light emission from burning propellant via narrow band
pass filters. Laser beams can therefore be isolated and detected

by photodiodes.

IV.C. Flexibility of the Experimental Apparatus

The experimental apparatus for erosive burning studies has the
following flexibilities:
1. Free stream velocity and mass flux through the test chamber
can be varied by changing the exit nozzle throat area and the

height of the top plate in the test chamber.

2. Pressure in the test chamber can be controlled by using different

exit nozzles.
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Pressure gradients in the streamwise direction can be
controlled by using a tapered interchangeable top plate.
Propellant strips of different compositions can be

tested.
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V. WORK TO BE PERFORMED

Theoretical Work

The following work is to be done in this portion of the current

research program:

1.

Turbulence Modeling: Modeling of the turbulence correlations listed
under section III.C. is in progress. These correlations will

be related in terms of known variables. Turbulence transport
phenomena and the gas-phase combustion will be linked through modeling
of the correlations. The boundary conditions required for the
turbulence related terms (K and uv ) are also in progress.
Introduction of particle size effect on erosive burning through
the boundary conditions on wW¢ is under consideratiom.

Numerical Solution and Parametric Studies: As soon as the
theoretical formulation has been completed, three major tasks

in the numerical solution will begin. The first task is
selection of a stable and accurate numerical scheme. Literature
survey’?™®? is already in progress to accomplish this (Crank-
Nicholson implicit scheme®® is under consideration). The second
task is computer program implementation and debugging. To
facilitate debugging, coding will emphasize logical simplicity
rather than computational efficiency. Computational efficiency
can be improved readily once program validity is established. The
third task is the convergence tests and the error estimations.
Convergence tests will be carried out by varying the mesh size.
The solutions must change very slightly when the mesh sizes are

reduced. Since convergence of numerical solutions depends upon
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how well the problem is posed, various tests can be performed
on solution sensitivity to changes in boundary conditions, and
to changes in other important parameters such as mass flow
velocity, chamber pressure, free stream temperature, initial
temperature of the propellant, oxidizer particle size, oxidizer
to fuel-binder ratios, and strand burning rate parameters of the
propellant. In all these tests, if the solutions are bounded and
change only slightly for small perturbations on the parameters,
the existence of the neighboring solutions is proved, and
convergence of numerical solutions is assured. Furthermore,
convergence and accuracy of solutions can be verified by carrying
out residual iterations, and the magnitude of the truncation errors
can be determined.

Once the numerical evaluation technique is finalized, a
series of "computer experiments' will be performed to determine the
influence of some particular parameters of interest such as
combustion gas velocity, flame temperature, pressure level,
weight fraction of fuel binder, oxidizer particle size, etc.
.The results will be used in generating an expression for burning

rate.

Experimental Work

As soon as the fabrication of the test rig has been completed, a
series of experiments will be conducted. The experimental measurements
will include:

1. burning rates of propellant strips,

2. mass flow rate of the combustion gases in the test chamber,
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3. pressure and pressure gradient in test chamber and,
4. temperature of the combustion gases.
A high speed movie camera will be used to observe the burning process

during an experimental firing.

Development of an Erosive Burning Rate Equation

Controlling dimensionless variables will be identified from the
theoretical model and dimensional analysis. The variables will be measured
directly or deduced indirectly from the experiments and effect of each on
erosive burning will be studied experimentally. This information will be
used to determine the functional form relating all the dimensionless
parameters. Numerically, parametric study will be carried out to extend
the range of variation of these parameters.

Measured and numerically calculated values of these parameters will
be fed into a multiple-regression analysis program to determine the final
correlation for erosive burning rate in terms of the non-dimensional
parameters. The multiple correlation coefficient and standard deviations
of the exponents and constants will be evaluated,in order to indicate the
degree of correlation with experimental data. The erosive burning
expression will be useful for propellant grain designers, who wish to
achieve better control of erosive burning behavior in high performance

rocket motors.
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APPENDIX A

ORDER OF MAGNITUDE ANALYSIS

For the order of magnitude analysis of Eqs. (8) - (12), the dependable
variables will be referred to their value at some reference point, =« ,
outside the boundary layer, and coordinates x and y will be referred,

respectively, by a representative dimension. Thus, we write

P e K
S S ol
m L % b
Order of magnitude of f'W and ¢V : The density fluctuations, y' 5

result from several causes?®:?’ listed below.
(a) Mixing of fluid elements by turbulent bulk transport from
regions of different density, velocity and enthalpy.
(b) Turbulent pressure fluctuations--compressibility effect.
(c) Molecular viscous dissipation caused by fluctuating velocity
and molecular heat transfer driven by the fluctuating enthalpy.
According to references 23,24,26,27, (a) is considered to be the dominant

cause for production of p’. We, therefore, assume P'v- ¢, %5 , and
similarly W' - ?zgf,where ¢, ¢, are turbulent length scales. Assuming

¢, and ¢; of the same order, we get

df
7T - 7 = o 7 L)

R3]

o (&v

<
R,
-/
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7T« %= 0 (i 45) a.1)

From the x-momentum equation (Eq. 9), if turbulent shear stress is

important, we must have

3 IWE) - 0 (7 2%

But (PR O (T UV)

BT = =[@L - 73] ok

L7 oD + o &) ] o0 %)

wwloli+ #1- oA E)

In the present problem, temperature ratio across the boundary layer is of

the order of 2 to 3, therefore .

Wv‘ O(ST'-:) (A.2)

Substituting Eq. (A.2) into Eq. (A.l), we get

7L %0 (T a7 E) (A.3)
Order of magnitude of F?T : Kistler?® has found experimentally that the
distribution of static temperature fluctuations is very nearly proportional

to the static temperature difference across the boundary layer. Therefore,

we can assume that the enthalpy fluctuations, #{ , result mostly from the

- 50 =




turbulent bulk transport of fluid elements; we can then write
© , dh
=Y
f s dy
Assuming the length scales ¢,, {;, and ¢, are of the same order of magnitude,

we get

0(,17_1__1!_

I da

AFAI
wo(sm

‘=)

' O(aFaR i) (A.4)
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Similarly, we can show that
TE VR 0 (5 R0 (A.5)
TV VY 0(£ o%elh) (a.6)

In the following, 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:

Ll 4+ 2W) 4+ %ﬂw + %(W) = 0 (a.7)
T SN ST ) (¥

x-Momentum Conservation Equation:
Pﬁ% - f—u-'%% + PV‘%—H + Wb—;l

) (6& £y M (4H)
=k BBl ] - B - we
2 £\
i{‘L.U:(%E) (21:) i_‘[(g)l ($) 1 ] (+ %‘E){- (1« %f)
- 3] =




y-Momentum Conservation Equation:

ey o+ WX PV% i *vng

| & eh @ (B
B IR T E S IR R W
17 (3§) L) [(%—_); (_?.:) ( )] (1+ 9%)(%) (1+ 9{)

Energy Conservation Equation:

After replacing the viscous dissipation term, '{' o i ? by its

dominant part, ,U-( ) , Eq. (11) becomes
i’ﬁbai’: -+ ?f%% - ?'V%I”—‘ + W%
af § af
(1) & (1) S
iR R = LD + AW - LAF
L b L. % { 2 7
D E5D @& W P
- 2 (WK - ,u.(b_l;)"
2
o UL S
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Species Conservation Equation:

M Fh ) ?
= (> %%‘ + %9(71) %78") — g—,wm’u’
Ca® R~ (1+-£id)
e %ﬁ WY + & (A.11)
af L

Reynold's Stress Equation:

The terms LL/Q'C"”',"+(LL'C':,‘,I' of Eq. (12) can be simplified as

follows
Let ([I] = WTip; + Wity
using _C:L'j = p (U + U"j,é —% 6ij Umm)
we find

[I) = W AU,y + WU, + Uy (A UG, ;

+u’;(#aa,z),5 - %’- Uy (A Wonym), ;

- % Ui (st W), g

Let us assume (for finding relative importance of various terms in T )
that 4 = constant in the last four terms. Therefore, we can write

U] = %ia(,u %%’.?;) —- M u;,ju',,} o % Uy Ujyii + —3""- (’ZTZ(;"J.’ (A.12)

Next, we will show that the last two terms of Eq. (A.12) are small
and can be neglected. To find the order of magnitude of these two terms,
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differentiate the mass conservation equation of fluctuating part with
respect to X, multiply the result with u{, and finally average the whole

equation. The result is given by the following equation:

of
LL,‘, b—.(ﬁ) -+ ? U..,U’,! + ?l U um + ' u. \ld Jl

-+ {j! u"ub + u.';(f’ﬁ,-),,, + u’;(e’u’s'),é, = i)

At the most fulpi O ?:ﬂ U:.Ug' )

gy YA
TAT/NTIRNS 0(‘;1— 6%')

Here &,.is a characteristic turbulence velocity.
o 2
Now in Eq. (A.12) Ui, jUey ~ (O (%r)

where A;is the Taylor microscale

Vomr
o Uy ge A o7
e -
’Z,J—""-ij ol (S) 7 , because A<<§
we, therefore, can write
bu u Wi 2
(1] = B (e 2E) o O 812

With this simplification and the assumption of steady state, we can write
Eq. (12) into the following two equations:

Turbulent Kinetic Energy Equation: (i=1¢)

AT k s s
(Fa;+ i) X B = - Quywi Ui,y + %if'“%?;) +~ B,
- (PKY + p’u"->’a. - A UL U,y (A.14)
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Reynold's Stress Equation: (4=1,0=2)

e N A wy ”DY ik ."ﬂ

(,u P—-W) + b(w + ¥y - “,(fu’vuj")

_{l(pu’)-&»——(Pv)J — 21 %‘:‘g\; (A.15)

Procedure for the order of magnitude analysis of Eqs. (A.14) and
(A.15) is similar to that discussed earlier. The result is that the
terms with mean gradient quantities in x-direction are negligible.
After a comparison is made between the various orders of magnitude
in each equation, Eq. (A.7) - (A.11l), Eq. (A.14) - (A.15), only the dominant

terms are retained. It is noted that
%((1 y R >>1
Lyt a Ro 4 % ot
(8) & Si id A
Finally, we obtain the following boundary layer equations for a
chemically reactive, compressible, turbulent boundary layer developed

over a flat plate:

Continuity Equation:
%‘(Pﬁ) + %—s(fV”) =0
where e = PV + _'7 (A.16)

Momentum Equation:

?ﬁg;ﬁ + pwa = -ﬁ + g-%{,u%%—(yv)’wj (A.17)
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Species Equation:

pagh + 5t = JUTN DR + &

of '08
Energy Equation:
R Y
pd -l = ROAR el R~ aff -~ u0l)

e —— e 2V —
- 7?[- R + ¥ ] — Pl + T Uiy
Turbulent Kinetic Energy Equation:

ol + peds = -V b; . Dgc,uah + P,

— BETCk + F)\r] — p U U

Reynolds' Shear Stress Equation:

s o v O o) D wy
PULAW) + JPLAV = — (V35 + 5 [p 5]

dlo’

%

Ucv+£>u3 + FEH

W ¥
2k By
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APPENDIX B

BASIC EQUATIONS AND PARAMETRIC STUDIES IN
THE 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 Fig. B.l). 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
the 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:

(j_':)‘ = 'rhiqn*' (Mp)g — Oaxit)y (B.1)

Energy balance in the driving motor:

™M v ' . ) :
{ d&(?—e) "y Mg bign + O™ CTE)4 = O anie hred)y = Grss)y (B.2)

where the subscript d refers to the driving motor.

using M= ¥ )
RT (B.3)
and perfect gas law b = 3357 v e=0GT
we find,
dM . pdY . X & _ X 4
T i S A T d (B.4)
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Fig. B.1 Schematic Diagram Showing Mass Flow Rates
In and Out of Each Chamber of the Test Rig
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From Eqs. (B.3) and (B.4), we have

dv GV db
cé(tlﬂ_e) = GIT & e 5 at (B.5)
Substitute Eqs. (B.4) and (B.5) into Eqs. (B.1l) and (B.2) respectively, we
have
dr . . 5
{?9{+%%—%’gg}d = i + O, — (M) (.6)
W SRy : . g .
(ofTH + S & L = gnbign + (T~ Oneit hreiy (G tada (B.7)
In the driving motor, the rate of change of volume is given by the
following equation:
@)= Cuhy (8.8)
Multiply Eq. (B.6) by @Q’Tzi and subtract from Eq. (B.7), and use
Eq. (B.8), we finally get
(%)dz ;-éy)d[ ('r'r\“),’\ P“‘P‘) i ('ﬁ‘bch‘)d. i ('ﬁn‘lur "\Tu'd’)d
= (tosdd = { Mign+ Mo=Traxit }d(% dn] (B.9)
b {\ : . : -
(%E)d = S (Yxfl) }d ['W‘urn F\i,’n +("’“bCpr)d —("Maxit em,@d - (Cvlwy&
" <§_!;—>d(m.,m] )

-89 =




v

Mass balance in the test chamber:
(%? )= (Met)q + Onp) — (Waxi) .~ (Mspit) o (B.11)
Energy balance in the test chamber:
gdme)

S~ }cz ("oxk %Tuif)d +(’Y.71b Cp T(- ‘)c = <’V."‘¢ld' %Tﬁi'l)c - (’V.Y‘gp.'l e’\r,h,u)c-(éh.“ e (B.12)

The subscript C refers to the test chamber. A simplification of Eqs. (B.1ll)
and (B.12) similar to that followed earlier for the driving motor results

in the following equations:
(5= v X [( st Freala +0, T = 0ot brgu)c — Cinsyit e, ).

— ()~ {(ffnuﬂv O~ (Med) ~ sy, } (TQ_I)CTC] (B.13)

(=~ “L[@‘“--w reag + TG Tl ~Onenct brea) = (Rt b,

—(qllosr)c - (5_91) (dt)cT ] (B.14)

In Eqs. (B.9) - (B.10) and Eqs. (B.13) - (B.14), on,.3 ,» and ATtnr

are calculated by the following equations:

ey s

et = (g et £ 297 CpT | (*’“*) - (¥} (B.15)
- u*
Prag= CT + e (B.16)
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" Eq. (B.15) is based on the assumption of isentropic flow in a

nozzle.

We can also write for the volume in the test chamber,

Ve = Mo + Apxp (8.17)
%% = Aply (B.18)
where (%), 1is the volume of the test chamber when Xp= 0 (see Fig. B.1).

Up and xp depend on the pressure difference across the piston. The pressure
equalizer chamber consists of 2 cylinders. Each cylinder contains a
piston, a spring and a damper. A force balance for the piston, spring

and damper system within a single cylinder gives the following equations:

dus _ 4 - e =
&= m[(& Bom) Ap — delUp — & %p] (B.19)
Tt b (B.20)
} where Mmp is the piston mass, d. 15 the damping factor, 4« is the spring

constant. To evaluate '%"., we assume a polytropic compression of the

gas in the feed mechanism chamber. Therefore, we have

3 ApHM -
| me: (P{'m)° Elgm + Opht The Tk] (B.21)

where (%ﬁ)§,‘ is the volume in the feed mechanism chamber excluding the
free volume in cylinders, (Bm), 1s the initial pressure, m is the
exponent in the polytropic compression,and ™M, is the number of cylinders.

Surface temperature of propellant strips in the test chamber is given

by the following equation.*

3
(QJES) b b g ooy CTe=Tps)

T (B.22)
dt “¢ 305 (Tps— i) (2T = Tos— Tpu)

*This equation is derived from the transient, one-dimensional heat conduction
equation in solid propellant (see reference 37).
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where Armw is given by the Dittus Boelter relation:

= 0-0295 (}) (!}{LL)" R

heomv

Tps 1s assumed constant after it has equalled the ignition temperature.

Eqs. (B.8) - (B.10), (B.13) - (B.1l4), and (B.18) - (B.22) have been
solved on the computer using fourth order Hamming's Modified Predictor-
Corrector Scheme. The properties used in the calculations are listed in
Table B.I. A parametric study has been performed to determine the effect
of various geometric inputs on the gas dynamic properties: pressure,
temperature, velocity, etc., in the test rig. The results of these
calculations have been plotted and shown in Figs. B.2 - B.7.

Conclusions drawn from the parametric study are:

1. Various gas velocities (0-250 m/sec) and various pressures (up
to 300 atm) can be achieved in the test chamber by controlling
exit nozzle area (see Figs. B.4 and B.5).

2. Velocity can also be controlled by the variation of height in
test chamber (see Fig. B.6).

3. Mass flux and velocity in the test chamber can be changed by
using different burning surface area of propellant in the driving
motor (see Fig. B.5 and B.7).

4, Steady state conditions for pressure, temperature, and velocity
can be achieved in the test chamber after a very short transient

interval (see Figs. B.2 and B.3).
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TABLE B.I.

Properties Used in Parametric Studies

(w)d = 22.01 Kg/Kg-mole
(W)c = 22.01 Kg/Kg-mole

3 -3 3

(ps)d 1.6 x 10 ~ Kg/cm
-3 3

(p’)c 1.6 x 10 ~ Kg/cm
(as )c = 1.875 x 10-3 cmz/sec

Ag ), = 9.0 x 10.-7 Kcal/cm-°K-sec

8

Moo= (2.5 x 1070 + 4.333 x 10710 T_) Kg/cm-sec

(T, ) _ = 700°K

ign'c

- o
Tpt 298°K

(Cp')d = 0.35 Kcal/Kg-°K

- _°
(cp)c 0.35 Kcal/Kg-°K

0.8 Br o
(tb)c = a pn +0'Go 3 Exp (- -—-ﬁ%:j-), Lenoir-Robillard'? Equation
x

a= 6.129 cm2‘8/seco'2Kgo'8

B = 105

n

(rb)d ap

a = 8.812 x 10 2

n = 0.542

(T), = 2298°K
= o

(T,), = 2225°K

Pr = 1.0
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Fig. B.4 Effect of Test Chamber Exit Area on Pressure and
Velocity in the Test Chamber (Calculation is
based N-4 Propellant in the Driving Motor)
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Velocity in Test Chamber, U , m/sec
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Fig. B.6 Effect of Test Chamber Height and Spillage

on the Velocity and Pressure in the Test Chamber
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Mass Flux in the Test Chamber, (PU) , gm/cmz—sec
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Fig. B.7 Effect of Burning Area in Driving Motor and

Exit Area on the Mass Flux and Velocity
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