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The purpose o~ th i s study was to inv es t i~~~te the fr equentl y encountered phenomenot
of eros ive burn ing of composite solid pr ope11~~nt s in rocket motors. Both
thi- ’r.’t. i it ~i nd exp er i-~i’ntal studie s were und crt. ken . In the theoretical model ,
th e prope llant burnin g pr~~ ucs was described by cons idering a steady, two—
dime nsional, chemicall y reacting , t urbulent boundary layer over a propellant
surf.~ce. The diffu sion— contr cilled gas—p hase chemical reaction was mode led on the
bas ic of the eddy—bre ak— up concept. The theoreti~~.iI model , comprised of a set
of parti-d dill er entid equations , was solved numer ical l y. In the exper imental

DD 
~~~~~~~~ 

1473 O ‘/- 3~ ~~ ‘O UNCLASS 1FIFD
%tC ~~A ’ V v CL&SSIP,C 5’T,ON 01 I N t l  P~~~~5 ~~~~~~~~~~~~~~



_ _ _- ~~~~~~~~~~~~~~~~~~~ ~ 
-

~

work , -i fla t composite—prope llant slab was burned In a test chamber by the I Lo’w
of hot ~~ombust ion ~ is es which formed i turbulent boundary lay ’~r over the surface

~ t the propellant. The burii in~ ra te ~.t  t he propellant was measured by a high—
speed motion picture techni que at various pressures and free—stream velocities.
Comparison of the theoretica l results w i t h  the experimental data , obta ined trots
the pre sent ~t udv and that ~ht.i ined from uxi sting literature , showed a clo se
agreement. ~~A corre ldtion was developed for the erosive burning rate in terms
ot press are *nd fr ee— trees velocit y. From the results of this stud y, the
erosive burtiLt~ et fect is bel ieved to be caused by t he increase in gas—to—solid
heat i eedback i f l t t’~~1~~~t•d by the ~~~ re,se In transport coe fficients , and the
turbu l t n~ ,’ — , nh.a n~’t~ l ‘-‘~ xing in~ f r t - i- . ion of the oxidizer and fuel gases.
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• 1
I CHAPTER 1

INTRO DUCT ION

I Solid propellants are used in a variety of applications and the most

I 
important one is in rocket motors used for high—thrust booster systems.

Propellants may be categorized into two groups , col l oidal or homogeneous

I propellants and composite propellants. Currently , composite propellants,

which are more energetic , are in common use. A composite solid propel—

J lant is one in which the oxidizer exists as a finely divided crystalline

solid bonded in a matrix of some suitable plastic fuel. Aimnonium per—

chlorate is the most widely used oxidizer. The burning mechanism for

I such a propellant is very complex . It involves a large number of chemical

and physical processes including change of phase , energy transfer , and

1 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 surfa ce. 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 presenc e of a lateral cross—flow of high—velocity combustion

gases .

1.1 Physical Description of Erosive-Burning Pr oblem

I 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

J increases with an increase in gas velocity. A high—velocity gas—flow

i 
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

I
‘a 

- -- ~~ —~~~—~~~~--—---- - ~---. -~~~~- 
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surface. Wit hin the boundary layer , complex transport processes af fect

the temperature and species distributions. Therefore, the presence of

the high—velocity cross—flow of combustion gases can substantially

af fect  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 prI~~ importance in

the design o: 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.

Recenltv , rtozzleless 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

L - -.— --——-~~~~~ - - “~~~~~~~~ - -- - -~~~~-
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I of the erosive—burning problem and accurate predictions of the burning

I rate can lead to the elimination of these problems through proper

modifications in the motor and/or grain design.

I
I
I
I
I
I
I

I
I
I

I
I
I

- I
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1.2 Previous Related Studies

In the present investigation , t he erosive—burning problem of

composite solid propellants is analyzed by considering a turbulent

boundary layer over t he 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

sect ions.

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

distinc t classes, depending upon whether the theory is based on a) a

phenomenological hea t 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 c)  an

aerothermochemical analysis which includes the consideration of heat,

mass and momentum transfer in a chemically—reacting boundary layer.

Among phenomenologiLal 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 analytical 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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I to experimental data , the theory exhibits satisfactory agreement , which

I may not , however , arise from theory validity but from agreement obtained

by match ing the burning—rate equation to the experimental data. This

I match is necessary to determine empirical coefficients. The utility

I 
of the Lenoir—RobiUard theory is limited because the empirical co-

eff icients must be determined experimentally for every propellant. In

I addition , it does not include the effect of combustion and flame structure .

The representative work on erosive burning based upon flame theory

I has been reported by Vandenkerckhove (28). He considered the flame

I 
structure and the mechanism of solid—phase decomposition. However, the

erosive—burning models utilizing combustion mechanism or flame theory

I concepts are handicapped by their application to special propellants.

King (40) has developed a model for the erosive burning of a composite

I propellant , based on the assumption that the cross—flow of gases bends

I 
the diffusion flame , thus bring ing the heat release zone closer to the

propellant surface. The basic assumption of this model is that the

I 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

I 
first reported in the early original work of Corner (30). He used

Prandtl—Ka rman boundary—layer theory to describe the flow field.

I However, this work gave no consideration to the effect of mass injection.

Teuji (31), Razdan (32) , and Schuyler and Torda (37) analyzed the proP’lea

I by considering a laminar boundary layer over the propella~~ surface.

I 
However, in a typical erosive—burning situation the boundary layer is

turbulent over most of the propellant surface. LengellI (33) used the

integral solutions of turbulent boundary—layer equations in combination

I

-- —— ~—— -- -~~~ - -— -~~~~~~ -~~~ ~~~~ — - d- ~~~ - -
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with a diffusion—flame theory to develop his model. ~eddini (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 propeilants, 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 sufficien t ly comprehensi’.e

to lead toward a better understanding of the burning mechanisms. These

are the mode ls of Suamerf ield (44 , ‘5), Hermance (46), and Beckstead,

Derr and Price (4~~). Although quite different in detail , all three

models consider the fina l stage of gas—phase chemical reactions to be

the diffusion flame . We wUl summarize only the Granular Diffusion

Flame (CDF) model of Summerfield.

The model was originally formulated by Sussnerfield (44), and later

improved by Steinz ct al. (.5). Essential features of the two—stage

GDF model are shown in Figure 1. The model is one—d imensional and

assumes that the decomposition process at the propellan t 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

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _



-w~~
___

~ 
-- - __________ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _

I
I Table t

I Comparison of Various Experimental Techniques for
Measuring Erosive—Burning Races

Operat ing

I 
Experimental Techniques Conditions Accuracy Remarks

Laboratory Sample Method s

I X—Ray Semi-realistic Poor Average or
Instantaneous
burning rates

I Break Wire Semi—realistic Poor Average burning
rates

Photographic Semi—realistic Good Instantaneous

I burning rates

Microwave Interferometer Semi—realistic Fair Average or
Instantaneous

I burning races

Probes Semi—realistic Poor Average burning
— rates

I Laser-Photodiode Semi—realistic Good Instantaneous
Servomechanism burning rates

I Pressure Pickup Semi—realistic Good Average burning
rates

I Direct Motor Firing Methods

Interrupted Burning Realistic Fair Average burning
rates , numerous

I firings

Thermocouple Probes Realistic Poor Average burning
rates

I Conductivity Probes Realistic Fair Average burning
rates

I Ionization Probes Realistic Good Average burning
rates

I 
Indirect Motor Firing Methods

Analysis of the pressure Realistic - Poor Instantaneous
t ime record burning rates

I
— I
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I
I surface. The model presumes that fuel enters the flame zone in tiny

I 
gas pockets. Three steps in composite—propellant burning are identified:

I) endotheraic zeroth—order pyrolysis ot soliu fuel and dissociative

I sublimation of ameonium perchlorate (A?) to a~~onia (NH ) and perchloric
3

acid (HC1O ); 2) premixed exothermic reaction (zone I) between NH and

I HC 1O • which is assumed to occur at the surface for normal rocket

I 
pressures (pyrolyzed fuel gases in this region are considered dispersed

but still unmixed); and 3) exochermic fuel—oxidant reaction (zone II)

I controlled either by diffusion and/or chemical reaction processes in

which gaseous fuel pockets are consumed in the atmosphere of aimsonia

I and perchloric acid . Two reaction zones, a onia/perchlor ic acid (A/PA )

I 
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

I Jiffus ional mixing (predominant at high pressures) and chemical reactions

(predominant at low pressures). The pressure dependence of the heat

I feedback to the propellant surface is strongly influenced by the kinetics

of the granular diffusion flame at pressures above 10 acm . even though

the heat feedback from this source (202) is considerably less than the

I heat contribution from A/PA reactions (802). The propellant burning

I
rate relationship for this model is based on integrated , steady—stat .,

one—dimensional energy equations for the various stations in the flame

I zone . The proposed burning—rate equation is 1 function of pressure ,

a chemical—reaction t ime parameter , and a d iffusiona l mixing—time pars—

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

parameters are experimentally evaluated . Correlation of the burning—

I 
- - - j  - .~~~

I rate equation is extremely good for a variety of propellants over the

pressure range of 1 to 100 atmospheres.

I

— —~~~~~~ —-- ----.—-- --—-—-- -—-- -- -—- - — - .- - ~~~~~~~~~~~~~~~~
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None of the ~xiating solid—propellant combustion models will predict

the burning rate ot 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 interac t ion between flame zone

structure and the flow field. Strand-burning combustion of Al’ composite

propellants , as discussed above 1 is olways associated with a diffusion

flame . In the presence of o f low field , it is this diffus ion flame which

interacts with the cross—fh-’w gases and , therefore , affects the heat flux

to the propellant surface and the burning rite. Figures 2 and 3 explain

this point clearly. The pl~)ts are based on the experimental data of

references 39, .5 m d  48. Erosive—burning data for various free—stream

velocities was taken from King ’s (39) work. With known blowing rates

knd free-stream velocities , the corresponding friction coefficient was

~‘htained from Simpson and Macquaid a data reported ~n reference ‘8.

Figure 2 shows that the domain of turbulence is quite close to the

propellant surface , and the higher the cr ’sa—f low velocity the closer the

doma in of turbulence . In Figure 3, the height of diffusion flame is

always greater than the viscous sublayer thickness; it is clear that the

diffusion flame is 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. enly recent ly 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 (SO) and Rosner (51).

The work involving multi-equation turbulence models to describe

t ransport 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.

I- - - - -
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1.3 Research Motivation and Objectives

I There are both technological and fundamental aspects of the com-

pl icated phenomena of erosive burning. In the technological approach,

I one proposes simplified models and equations for estimating the burning

I
rate; in the fundamental approach one attempts to identify a possible

erosive—burning mechanism and to establish a theory for lcoal erosion

I phenomena. The previous studies indicate that although technological

studies are progressing, all are handicapped by their application to

I special propellants. There is also a need for experiments to evaluate

I 
certain empirical constants. Jn the past , little work has been done on

the fundamental aspect of the problem of erosive burning. With this

I status in mind , the present research program was undertaken to

investigate the erosive—burning problem , both theoretically and experi—

I mentally. Objectives of this study are:

I
l. To formulate a theoretical model based on an aerothermochemica].

analysis of the erosive—burning problem of composite solid

I propellants. The analysis considers the heat, mass and momen—

tun transfer in a chemically reacting turbulent boundary layer.

I 2. To study the effects of gas velocity, pressure , and propellant

physiochemical characteristics on the erosive—burning rate of

I a propellant.

J 3. To verify the theoretical results experimentally by conducting

a series of erosive—burning test firings under various

— I exp.rimental conditions for gas velocity and chamber pressure.

I ~. To identify a possible erosive—burning mechanism of composite

solid propellants.

- - - ~~~~~~~~~~~~~~~~~~~~~~~ - - -~~---—-—- —- rn—--—~~ - -
~~~ 
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Section 2 of this document describes the theoretical model leading

to the development of governing equations , turbulence closure models,

gas—ph.~ae chemical reac tion 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—r ig design, and instrumentation are discussed.

Experimental and theoretical results and their comparison are discussed

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

in Section 6.



I CHAPTER 2

ThEORETICAL MODELING

I 
2.1 Description of the Physical Model

The physical model considered in the theoretical analysis consists

I 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

I a rate equal to the burning rate of the propellant , thus maintaining the

I 
surface of the propellant at a fixed level. Figure 4b shows a two—

dimensional propellant slab glued to the leading edge element. In both

I cases, the propellant sample is ignited by the hot combustion gas in

the free stream , which forms a turbulent boundary layer (after a very

I short transition distance , usually 0 5  cm)over the burning surface of

I 
the propellant. In Figure 4b, the surface changes its position as the

propellant burns down ; however, the characteristic time of the boundary

I layer is very small , requiring about 10~ ’ sec. (33) to adjust quickly to

any change at the boundaries. Therefore , the current analysis will be

I applicable to both types of situations illustrated in Figures 4a and 4b.

I
I
I
I
I

- I
I



— 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.--
~~

.---.—-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- —-----.
~~ 

— --—--
~~~~~ ~~~~~~~~~~~~~

---
~ 

- ---- -- -
~~~~~

16

High Temperature
Cases

NeadinB

Upward Feeding Rate r
b

(a)

Two—Dimensional

~~_Propellant Slab
High Temperature ___________________________________

Ca

Leading Edge

(b )

Figure 4 Physical Model Considered th the Theoretical Analysis 

- -
~~~~~~

-
~~~

-- - -



- - ~ —~ -~~~~~~~~~~ - - - -  
- - 

-~~~~~~~~~~~~~~~~~~~~~ ----~~——-— ~~~~~~~~~~~~ —
~~

-- -~~- -,

17

2 . 2  Conservation Equations

i 
To formulate the theoretical model, we begin with the general

conservation equatiors for a reacting compressible fluid flow. These

I equations are well known and several authors have described their

I 
derivation (see, for examp le, Reference 57). The pertinent details will

be presented here , using subscript notat ions.

! The usual assumptions in the derivation of conservation equations

are:

1 (1) No body force

I 
( )  No radiation heat transfer

(3) No diffusion resulting from temperature gradient (Soret ef fect) ,

I no heat flux caused by species gradient diffusion (Dufour

effect), and no pressure gradient diffusion

I (4) Stokesian fluid

I 
(S) Fick’s law for diffusion velocity is applicable

(6) Equal binary diffusion coefficients; this assumption is

I necessary for Fick ’ s law to be valid .

The conservation equations are:

I Mass conservation :

I ~~~~
- +  (~u~)~~ — 0

Momentum conservation:

1
-
~
-
~~

- (~‘u 1
) + (Pu

i
u
j
) 

~ 

— — + t~ j~~ (2)

Species conservation:

I +iE~ ~~~~~~~~~~~ 

+ (oY kuj ) — (
~

DYk i )i + , k • 1, 2, ...n (3)

I
I

----— - -- -— -
~~~~~~~~

-
~~~~ 
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~~~~
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Energy conservation : U
(pH) + (pu

1
H) 

~ 

— — 

~
cl i i  + (u

iTij
)
j 

(4)

where:

H - h+ 1 u u  , h Z Ih.
~~
, hk~~~~

h° + jT c dT (5)
k—i k T Pk

l fori j
~ •~~ j ( + —~~~~~~~

‘ u ~ ~ — {  ‘6)j j  ~u1~~ uj i  3 1J t ,~t’ 
‘ ‘
~ij 0 for i # j  t -

— — ‘  — E pDh~,Y~ ~ (7)
k—I ‘

~
‘

Equation of state:

p — pR T/W (8)

We now assume that the instantaneous variable can be replaced by

the sum of its mean and fluctuating components.

-
~ 

— ~ + ~~~ (9)

This is the well—known Reynolds decomposition procedure . Here,

~ represents the instantaneous value of velocity, enthalpy , spec ies 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

~ $ dt , ~ — 0 ,,  — (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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I ~~~~+ (~~
;
~ ~~~~~~~~~~~~~~~~~~ ) — 0  (1.1)

I Momentum Equation:

I 
- - 

+ (
~ II 

— ~~ u~~u~~ — 

~~ 
— 

~~~
1 it1 j

)
,j (12)

I Species Equation:

I .~ fr~k + ~~~~~~~~ + (~~~ 

~~ 
+ ø u 1

) Vk j  - (~~~ 
D

I 
_  _ _  

-

+ D — (Pu
~
YY k

) 
~ 

+ (13)

Energy Equation:

I 
____

i 
+ - (

~~~~~+ (~~ 
+ 

~~
u i

) H
1 

-

I — 
~~

— [
~— H~~ — f (~~~~~ ~~~~~~~~~~~~ — 

~ 
(u~~u~~)~~ )

I
I - (øu~Y~~ + (Le 

k—l k~~k,j 
+

I 
_ _ _ _

I 
+ u~ i~~ + u

~i
t ’jj ] (14)

I
I 
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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 ~ — ~~ + -p ” wher e ~ ~~~~
- , ~

“ — •‘ — p __, ~~~~ ~ 0and p~ ”O). This
p

approach eliminates the explicit appearance of terms 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 phys ical ly pla usibl e, as argued by Cosinan et. a].. (53). Furthermore ,

the governing equations for the current model can easily be recast into

the Favre—~iveraged equations.

The following assumptions are now introduced into Equations (11)

through (14):

(1) Flow is steady

(2) Mean flow is two—dimens ional

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

are both unity.

(3) For the Mach number range of order unity ,

.3u -— —
~~~~~~~~< < — , and o u v < o u v
- V

According to Laufer (59), who based his conclusion on the

experimental results of Kistler (60), the density fiuctuation~i

have a kinematic rather than a dynamic effect on the turbulence.

(5) There is no reaction generated turbulence. Wooldridge and

Muzzy (61) and Eachenroeder (62) suggest that combustion

p

—-- -

~

---— --— - - - -

~

- - - ---—- -- — -—---- -- - - - -- —.-- -— -—~~
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I 
(63) , on the other hand , suggests that there is no combustion

induced turbulence.

I Using these assumptions and following an order—of—magnitude anlaysis

(see Appendix A) , dominant terms in Equations (11) through (14) are

I retained to give the final form of the two—dimensional steady—state

equations for a reactive turbulent compressible flow.

Continuity Equation:

I
(~~ 

u) + f— ( p v )  -0 (15)

I
where

o v ° • :v + p  (16)

Momentum Equation:

I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (17)

Species Equation:

‘I — — ~~k — — 

~
‘
k — _______ 1

o u + ~ v 
~~~~

— -
~~~~ [~~ D — 

~°~~~~~ k 1 + Wk 
(18)

I
Energy Equation :

I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i i  p -  -

I - 
~ ~~k 

(.v)h
k 

+ hk ~~~~~~~~~ 
(19)

I
I 
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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, (ov) Y
k , and turbulent he-a

t flux, (PvYh k 
. In

order to close the system of equations, these correlations must be modeled .

The correlation between density and velocity, p v  , need not be modeled

as it appears in each equation along with p v , and these two terms can

be combined by introduc ing a new variable v , def ined 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 ,

c, 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 ~ u 1u 1 - The K equation

is derived as follows : Subtrac t momentum equation for mean quantities,

Equation (12), fro. the momentum equation for instantaneous quantities ,

Equation (2). and multiply by u~~ . To the resulting equation , add a

similar equation with indices I and interchanged . Then, time average

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

steady state form is:

+ .u ’
~) K~~ — — (0 u~~u~~ + 

~~~ 
+ ‘u~~u ,

) Ujj

+ — (o K ’u~~ — K + Uj  
0 X 4 0 U ~~K

+ ~~~~~~~~ + U j T
j j j  

(20)
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I Turbulent Dissipation Equation:

We define turbulent dissipation, c , as 
~~ 

u~~~~u 1~~ 
. The c

I equation is derived as follows : Subtract momentum eqution for mean

I quantities . Equation (12), f tam the momentum equation for instantaneous

quantities, Equation (2), and diff.rsntiate the resulting equation with

I respect to x~. Multiply by u
1~~ 

and time avera ge the whole equation.

The result in steady state for. is as foll ows:

I 
_  _

i 
U
j 

(~~
-

~~~~~ )~~~~~ — — 2 U jj (u i t u’
j t  

+ u
t ,u~~~i

)

I — (.~ ~~ )
,
~~ 

— 2 u

1 -2 ~~~~ ~~~~~~~~~~~ + 
~ 

- (P
~~~

u j t )j

I — —  _ _

— 

~
[—
~

-
~ 

£ U
J J  

— 

~~~~~~~~~ 
+ c~~ u~ u j ju jj

I 
p U u u • + u u •

, t i,j t .t _, ~~~ i,~: .1 i ,j

+ 
j

Uj j
) U

i~~~~
’ + U~ 

•

~~~~~ d ~~~~~~~~

I + j:U jj (u j
)
~~ 

4 u
1
(~~~~)~~ + ~~~~ u

1~~
u~~~~

— J + U
j j  u t ~

( P u
~~~

) 
~ 

+ U
j  

u
i~~~

( P u
ij

)
~~

I 
~~~~ 

u i t
U

t j~~~] 
(21)

I 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)

I 
-.

- — 

-~~ - - - - — ---~~~~~ —a
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in brackets results as a consequence uf density fluctuations.

Correlations such as (ov) Y~~ and (ov) h
k 
are usually modeled in

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

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 approach , 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 considera tion , 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):

(22)

:~ C ~—~— (23)t

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 diffus ion term in Equation (20) 1. expressed ,

following uniform—property—flow practice, as:

_ _  
~~~~~~~~~~~~~~~~~~~~~ •-~~~~~---- -— --
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I • — ~ 
(—s. 

~
-
~

—) (24)
C

1 3. Mass transfer by turbulent diffusion , (ovYY
~k 

, in Equation

I (18), and heat t ransfer by turbulent diffusion , (PvYh k

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

I 
______  

U
— (pv) 

~~k • 
~~~ 

(25)

I - - — _t.__ ___~. (26)_ (ov) h
k 

Pr
~~~

y

.~.. Trip le correlation term , .~~u 1u~~ , and the correlation

I in Equation (20) are assumed negligible. Th. same

assumption has been used in many reacting flow problems by a

I number of authors (52 , 53, 55 56).

I
S. The exact form of the equation for a reacting flow, as

represented by EquatIon (21), is very difficul t to model

I because of the appearance of correlations involving fluctu—

.:ttng velocity gradients and density fluctuations . We use

I the f~’rn of c equation (Equation 32) as applicable to uniform

I 
property ~1ov (~~4 ) .  We could modify it by retaining full

expression for production of K , which comprises the first

1 three terms , on the right—hand sid e of Equation (20), as was

done by Gosman ct al. (53). They introduced aousstnesq

I approximation for in Equation (20). However , their study

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 c equations is

based on the assumption of high local Reynolds number , Re
~ 

E

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—magnitud e analysis of K equation (see Appendix A)

to give the final set of two—dimensional boundary—layer equations:

Continuity Equation:

+ i.-~~ “
°
~ - 0 (27)

-jx

Momentum Equation :

0 U V
~~~~~~~~~~

LPeff~~~] 
-~~~~~~ (28)

Spec ies Equation:

— —  k — — ~~ k .. k
,- U + ~ V 

~v — 3v ~
‘
~~~ eff ~~~~~~~ + (29)

Energy Equation:

— — — ~~~~~ .~ -.H ~ ______

,, — 4. - — — I (—) + — !, )

~y ‘v Pr eff 
~
y • ef f  Pr ef f  ~v

(30)

Turbulent Kinetic Energy Equation :

-

• 

U + ~ ~~° - 

~~~~~ 

((t.~ + !) + 
~ 

- (3 1)

Turbulent Dissipation Equation :

+ -‘ V
. ( ( .~ + 

~~~~~ ) }~~~i 
+ c .~ [~~~~~ ~~~~2j ~ - C

(32)
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I p - ~~~ R T/W (33)

I In addition to the conservation equations for the gas phase,

Equations (27) through (33), heat conduction equation in the solid phase

I 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:

I It is assumed that heat conduction into the solid propellant Is

dominant in a direction normal to the burning surface. In a coordinate

I system attached to the burning surface, the temperature distribution in

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

by:

j  at
I 

~S~~~~~~
.Q

5 C5
rb i~~ ‘ 

< y ~~~0 (34)
ay

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

solid phase

— T~~ (initial propellant temperature) (35)

I
I ~4T

— 0  (36)
‘V

we get an expression for the heat flux to solid propellant

I ~T
: C r (T — T  ) (37)s s b  ps p1

I

II
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2.4 Modeling of Gas—Phase Chemical Reactions

The set of equations (27) through (33), with appropriate boundary

cond itions, can be solved provided in Equation (29) is known. When

a composite solid propellant burns, solid fuel and oxidizer particles

transform into gases . The gases may reac t in several steps. However ,

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

assumed:

— V F F + v
0
O•~ v~P (38)

where 0 and F represent the oxidizer and the fuel gases respectively ,

and P represents the produc t gases. How the oxidizer and fuel gases

are identified for the combustion of a~~onium perchlorate based pro—

pel lants ,is discussed in section 5.2.

A possible expression for the instantaneous global reaction rate

is:

0
• .. k v— — W

k k 
. (

~~~
—) k (39)

K tm
k—1 k

where k - 0, F and the specific reaction rate constant , k ,  is given

by the Arrhenius law: k — A exp (— . The time—averaging of

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 
~~0~~F’ ~ 0r

Y
~~

T , T~~, etc. Additional conservation equations must be solved

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

significantly.

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

concept of probability density function (pdf) to describe the mass

- -

~

- - —

~
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I frac tion distribution in chemically reacting flow problem.. Such a

I 
met hod 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—

• I oxidizer stream reacting in a turbulent jet. The situation in the erosive—

burning problem is quite different ; viz., fuel and oxidizer gases from

I burning propellant enter transversely into the turbulent boundary layer

I 
formed over the propellant surface. After reviewing existing literature

of the pdf method and its possible use in the erosive—burning problem,

I it was concluded that the application of this method would not be

adequate.

I 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

I of unburned gas and fully burned gas. Spalding assumed that the rate

of burning depended upon the rate at whic h fragments of unburned gas

I (eddies) were broken into still smaller fragments by the action of

turbulence. This rate was asaumed to be proportional to the rate of

decay of turbulence energy . Spalding ’s initial version of the ERU

1 model was based on the mixing—length hypothesis (56), and Mason and

Spalding (65) introduced the EBU model based on a two—equation model

I 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

I issues as pockets (eddies) from the burn ing 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.

I 

- - -- —--— --~~~~~~~~~--- --- -~~~~~~--~~~~~---- • -~~~ ~~~~-
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We might, then, follow the EBU concept as well as the arguments

of Lockwood (66): in 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 , Y~~ . 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 c/K.

- - CEBU ~ 
- 

(40)

This equation can be used , provided g
~ 

is known . The conservation

equation of g
~ 

can be written as (see Reference 64) :

(41)

Equation (4 1) along with Equation (40) can be used to determine

reaction rate of fuel gas. However, we can simplify the analysis by

assuming the production and dissipation terms (last two terms on the

right hand side) of Equation (41) to be dominant (see Re ference 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

K
g}, ~~~~~~~~~~ 

(.~. __) 2 (42)

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

-: — ~
‘F 

-

w
F

_ _ c
w
0 ~i ~— (43) 
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I where C is a constant. In the current theoretical analysis, it is

I 
assumed that the chemical kinetics is very fast and that the reaction

rate is diffusion limited , since the gaseous reactions in propellant

I combustion take place under high pressures (a favorable condition for

this assumption). It may be noted that the gas phase in the combustion

I of a compostte solid propellant is heterogeneous because of the existence

of small fuel pockets dispersed in an atmosphere of oxidizer gases. The

I present theoretical model, however , considers the homogeneous gas phase

I in the sense that the species mass fractions in Equation (29) are

de f ined as the local average values over a period of time which is much

I longer than the characteristic time of turbulence. In order to solve

a he terogeneous p roblem , one would have to specify the pocket—size

- distribution of the fuel gases, which is an unknown. Even though the

j  treatment of the gas phase is homogeneous, the process of chemical

reactions in the gas phase is still diffusion controlled . Therefore,

1. Equation (43) (which ii based on the diffusion controlled process) is

used along with Equation (29) to solve species distribution in the gas

1 phase. No separate reaction rate formula is necessary for oxidizer

j species . With the assumption of Equation (38),

I ~0 v ~W~ ~F 
(44)

we can now introduc e a new variable , def ined as

- v W
V - 00 V (45)

T 
OF 0 v~W~ F

I.

The conservation equation for is obtained by subtracting 
~ 

times
f ‘

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

from the species mass frac t ion equation for oxidizer , k • 0 in Equation

1 

•- -- - • --
~~~~~~~ 

-
~~~~~~~~
-

~~~~~~~~~~~~ • • - • - —-- •- •~~~- - ~~~- - • -
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(29) , and using Equations (44) and (45). The result is

— 
~~OF 

+ ~~ ~~OF • 
~~ ~~~~ eff 

3
~OF

J (46)

- The choice of the variable eliminates the nonlinear source terms

in Equation (46). No separate conservation equation for V is needed

- because by definition of mass fraction E — 1. Therefore
k•l

~P
1
~~~~O~~~~F 

~~~~~~~~~~~ ~~~-~~• _ • ~~~~~~~~ -~~~~~ _ -  - - - • • •~~~~~ • - ~~~~~~ -- - —- -~~ •_ _
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I 2.5 Burning Rate Equation

I 
Burning rate of a solid propellant is a function of the surface

temperature, and can be expressed by the Arrhenius law of surface

I pyrolysis 

B

i 
r
b 

— A~ exp ~ R ~~ (48)
I U P S

I 
where A8 is the pre—exponentia]. factor and B is the activation energy

of the solid propellant. Surface temperature, T 5, 
is the unknown.

I 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

1 constant surface temperature is unrealistic. Experimentally, it is

I 
known that the surface temperature is related to the burning rate by

Equation (48) (see Reference 37). It is the surface temperature , T ,

I 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,

I and heat flux is evaluated by solving the gas—phase conservation

equations.

I
I
I

II
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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 considering the 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 Sa) can be written as

— ~ ~~~~ +(p D~~—)~~ - (49)
0 0 0 -

This equation for the solid—gas interface represents the component k

transported from the gas to solid by diffusion at the rate (p D ~~~~ +y O
At the same time, the component k is transported away from the

interface by normal velocity at the rate (
~~ v 

~~~ + 
and p

5 rb ~k 
in

0 0
the vaporizing solid surface. It is assumed that there are no reactions

at the propellant surface and , therefore , there is no production of

spec ies 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)

~~~~ 
~F’ ~ 

0 5 
r
b 

VF+ — (~~~~~~ 
~~F) - 

~5 rb ~FS (50)

I :0 r V _ ( ~
_ __Q) r Y (51)tot , ‘

~0~ 
I - s b 00+ Sc ~y 0+ ~s b OS

Energy Balance at the Propellant Surface: 

~~~~~~ - • ~~~~~~~~~_- -~~~~~~~~— ~~~~~~~--— - -••• ~~ _ - -
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(a) Mass Balance at the Propellant Surface
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~ 

+ (oi~h~-~7
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- 

-
-

t (Pv Yk hk ) +

I t 0
+
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J
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I (b) Energy Balance at the Propellant Surface

Figure 5 Interface Mass and Energy Balances at the Propellant Surface
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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

f lux at the rate p r~ E (Y
khk
) — into the interface control volume andk 0

(~ D v Y  ii , )  out of the interface control volume. The net rate of
k k~~~0~
heat transfer to the solid propellant , therefore, is given by

~~ 
(A g)0+ + ~ ~~~~~ 

D h~ 
~~~~ [

+ 
~ 

{ ( Y~h~) - 
~~~~~~~~ 

(52)

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

A (g) • A — 

~ 
r
b E( c~—C 5) (T —T )

+ : , Y
k (Lh~~~~ — .~h~~~~~) ) )  (53)

where Th~~ and .Th~~ are heats of forma t ion at T degree Kelvin

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

that (~ 
v) 

+ 
— : rb 

due to the mass conservation at the propellant
0

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

(c~ — c~ ) (T~5
_ T) + 

~~ ~~~ (Lh~~ -8h~~ _
)) (54)

0 0 0

Define net surface heat release (negat ive for exothermic reactions) at

a reference temperature , V , as:

(c~—c 5) (T~5 .T )  + 
~ ~~~~~~~~~~~~~~~~~~~

I

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~ _ _
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j Subtracting Eq. (55) from Equation (34) we get

Q3
(T~5) Q5 + (C~,—C,) (T~5—V~5) (56)

Substituting Equations (37) and (36) in Equation (32) , we finally get

I aT — —
“ 

~~~~~~~~~~ 

- ~~~~ (C~T~5—C5T~~ + Q
5 

+ (C —Cs,) 1 )  (57)

I 
Equation (57) can be transformed in terms of total flux of total enthalpy ,

I H, at the inner boundary (see Appendix B).

~

a ~tot ,H,l sTb H~+ —

— r ( Ah Y + Ah° Y - C T + C T
s b  f ,F F S  f ,0 0 S  p s p i

-~~~~~ - (C —C )~ ? (58)

I How the surface v:lues :f ~~~~, ~~~~, T, and H are evaluated is discussed

I 
in Appendix B.

Near-Wall Boundary Conditions for K and c:

I 
Boundary conditions for K and c are applied near the wall rather

than at the wall. This avoids the low turbulent Reynolds number region

I near the wall, where closur e models in K and equations are not valid.

I 
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

‘
~t ~u 2

£ • ; — ( ~;~) ( 59)

Turbulent viscosity. .. , close to the wall is calculated from Van

I
t

Driest ’s formula (68 )

I • ø ( k D y )~ (60 )

where the damping coeff ic ient , 0 , is given by

I 
P - 1 - exp (- 7~~~~) +~~p (- ~~~~ (61)

I

- -1
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In Equation (61). t is the local shear stress , is the surface

roughness height, and A~ (—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 a nd c , as

K • ~~~~~~~~~~~~ (~~~2 (62)
.‘E:. 

_
~
y -

• (~~y) 2 ~~~~3 (63)

Equations (62) and (63) give values of K and c consistent with

their distribut ion in the near—wall region ; this can be seen if one

uses the log law of th. wall for velocity in these equations (see

References 64, 69). Chambers and Wilcox (69), reco~~end that near—wall

boundary conditions should be applied at y
~ 

less than 20. In the present

study these boundary conditions were applied at y~ — 15.

Other boundary conditions which are considered in the formulation

are given below.

At the Propellant Surface:

u (x,0’~
) — 0 (64)

— + 0 rb(x)
v (x ,0 ) • (65)

f (x ,0~
) — T (x) (66)

I 

---- --~ -• - - ••--•-  —~~ -~~~~~~•
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I
I At the Free Stream:

I ~ (x ”) — U ,(x) (67)

T (z ”) — T,(x) (68)

(x,.) — 0 (69)

I
I (x , )  — 0 (70)

I 
F

I .}~~~~ — o  (71)

I
— 0 (72)

Governing equations, Equations (27)  through (33), with boundary

I conditions, Equtions (68) through (72) , complete the theoretical

I 
for~~lation. Partial differential equations are parabolic in nature

and are solved numerically.

I

I

I
I

I

I
I 
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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 transformat ion 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  (7 3)

- •J~I (74)

The stream function ~ is defined by

-— a --
— — p v ’ , . • U (75)

d* d$
(76)

dx I dx E 

•— -- - — • -  -~~---~~~~~~-~--
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where the subscripts I and E represent inne r (wall) and external (free—

I stream) boundaries of the flow field, respectively . ~4a~ and are the

stream functions at the I and E boundaries of the flow : thus w equals

I zero at the I boundary and unity at E. Equation (76) is obtained from

i 
the definition of stream function and shows the dependence of and

on x. and are the rates of mass transfer (mass entrainment rates)

I across the I and E surfaces . Numerical integration of Equation (76)

gives the values of and 
~
‘E’ and the way in which mass entrainment

I rates are c omputed is discussed in Appendix C.

I 
With the transformations defined by Equations (73) through (76),

all governing Equations (27) through (32), are transformed into the

following general form :

• �.t + (a + ~~ 11.. L ~ 
P U  + d/o (77)

I

I where • represents any dependent variable (e.g., u, 0, Tk’ K , etc.) ,

and the continuity equation , Equation (27) is automatically satisfied

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

I 
solution of Equation (77). Vario ua symbols introduced in Equation (77)

are defined below:

I ~I
1
~~E 

— (78 )

b “E — m
I)/(*E 

— •I~ 
(79)

I The effective transport coefficient ., ~~, for each equation is

defined as:

:1 I
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Ueff 
for momentum equation , Equation (28) 

42

~~~ eff 
for species equation, Equation (29)

~Pr~eff  for energy equation, Equation (30) - (80)

(u + ~1) for K equation, Equation (31)

Ut(~ + i—) for € equation, Equation (32)
2

The source term parameter, d , for each equation is defined as:

- for momentum equation, Equation (28)

for fuel mass fraction equation,
F Equation (29)

d 
~~
— [ (u — (L.) ~ 

2~ for energy equation, (81)
a7 e Pr eff 

~
y Equation (30 )

u~ — c for K equation, Equation (31)

c .. — c for £ equation, Equation (32)
3 K  t ay is K

It may be noted that the source terms defined by d in Equation (81)

are not written in t ransformed coordinate system ; this is because of

the way in which the source terms are evaluated (see Appendix C).

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

fin ite difference procedure described in Appendix C. The values of •
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1 are solved at discrete values of ~ for one value of a; tbs task is to

I obtain the values of • at the same value of u, but for a slightly

greater value of a. By stepwise repetition of this basic operation , the

I whole flow field of interest is covered. Finite difference equation.

I 
are obtained by integrating Equation (77) in a small region (control

volume) of the flow field (Appendix C). The integration in regions at

I 
the boundaries is treated in a special manner; for example, Couette

flow analysis is used near th. wall boundary. Details of this analysis

I are given in Appendix B. The final form of the finite difference

equation. can be put into a tn —diagonal matrix form represented by

I the following equation:

I ~~ 
— A

j ~~~~~ 
+ i~ ~~ 

+ (82)

I Coefficients A~. 8~ , and C~ for various equations are evaluated in terms

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

I The expressions for the coefficients are given in Appendix C.

- I
I
I
1
I
I
I
I
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3.2 Procedure in the Development of the Computer Code

Equation (82) represents six finite difference equation. for six

variables, u, H, Y~, ~~~ K, and c. These finite difference equations

were solved on the 370/168 IBII 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:

I) laminar incompressibl, non—reacting ,

2) laminar compressible non—reacting,

3) laminar compresible with surface blowing or auction,

~
e) turbulent incompressible non—reac ting,

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

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

in Figure 6.

- - 

S
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Figure 6 General Layout of the Computer Program
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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 ui—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-

t icularly 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—direct ion 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 la and lb 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 excel lent. The

prediction of velocity profile. 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.,

- - 5 -  5’—- - -— — 5———- --- - ---
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Head ’s Data (72)
U x

1.0 .~~~~ ~~~ - ~~~~~~~~~~~~~~~~~

/ — Predictions
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0 I I I
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Figure 8 Comparison of Calculated Velocity Profiles with the
Experimental Data Measured by Head in a Laminar
Boundary Layer with Suction
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Figure 9 Comparison of Calculated Temperature Profiles withI Solutions of Sparrow and Yu for a Laminar Boundary
Layer with Blowing
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Figure 10 Comparison of Calculated Turbulent Boundary—Layer Results
with Kiebanoff ’s Measurements
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~~v , K, c) for a chemically reacting turbulent boundary—layer flow over

an ablating propellant surface. However , to test the va lidity of the

turbulence models and the near—wall t reatment of K and c 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 Kiebanoff’s (75) measure-

ments. The agreement between the predicted results and the experimental

data i. quite good. In Figure 11. the calculated skin friction co-

efficient , for a turbulent boundary layer , is plotted as a func tion of

Reynolds number; the results compare well with those obtained from a

well-established skin friction — Reynolds numbe r 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 IO~ . 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 in a number of incompressible turbulent

bounda ry—layer f low studies (for exampl e , see References 64 and 74). In

t hese studies , the value s of the constants have been optimized to obtain

a good match between pred ictions and experimental measurements of

various turbulence quantities (e.g.. u v , K. c , etc .). It is presumed

that these constants are universal , at least for similar types of flow

situations , even thou gh the flow properties may be different ; for

example , incompressible turbulent versus react ing compressible turbulent

boundary layers. This presumption has been made, with good results. in

a numbe r of reactive flow stud ies (52, 53. 55). The results of some

_ 
_ _  -5- -
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1 Table 2

I Values of the Constants Used in Turbulence Modeling

I
I
I _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

= Present Flow Situations of Other
Constant Study Studies with Same Values

C 1.0 Diffusional Reacting Flow , Refs. : 52 , 53, 55

I C 1.3 Diffusional Reacting Flow, Refs. : 52 , 53 , 55

I
C
3 

1.57 Diffusional Reacting Flow, Refs .: 53

C 2.0 Diffusional Reacting Flow, Ref. 55

I O.53~ Premixed Reacting Flow. Ref . 65

C 2.8k Diffusiousl Reacting Flow , Ref. 52 , 53 , 55
— 

gi

I C 1.189* Diffusional Reacting Flow , R e f .  52

0.18 ~~timated from CEBU. C1~
, and Cg2I C, 0.09 Diffusional Reacting Flow , Refs . 5.~. 53, 55

I - 

•g 
- 

0.7 Diffusiona l Reacting Flow, Refs.: 52, 53 , 55

I 
_ _ _ _ _ _ _ _ _ _ _

I *C005t*hlt5 used in the estimation of C

I •1 l

I
I

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

with measured experimental data (52, 53. 55, 65).

C,-
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3.4 Iteration Procedure for Burnin& Rate Calculation

( The burning rate given by Equation (48) is an exponential function

of the propellant surface tempe rature and , therefore , is very sensitive

I to changes in surface temperature. The surface tempe rature is found

I 
from the interface energy balance , Equation (57). However, gas—to—solid

heat flux, needed in Equation (57), must be calculated from the solution

I of the temperature distribution in the boundary layer. Therefore,

calculations were started with a guessed value of surface temperature;

I iterations of the boundary—layer profiles and the surface temperature

were found necessary to achieve a good convergence. During the iterations ,

I under—relaxation of boundary—layer profiles , surface t emperature , and

I 
surface mass frac tions were found necessary for achieving stability (see

Figure 6). Excspt for the firs t few stations, the number of iterations

I rarely exceeded 2. The convergence criteria for surface temperature was

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

I
I
I
I
1
I

~~
.1 1
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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 epxeriaents were

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

analysis Although Merklund 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—

stre am 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,

so 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 . Th. 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 rocke t 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 presen t experiments were

obtained directly , and the theoretical analysis after verification with

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

pellant geometry. 
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I~ the design consideration, two requirements were imposed on the

I structure of the experimental apparatu s : ~a) experiments should be

compatible with the theoretical model, and (b) conditions of test

I propellant burning should be similar to that surrounding combustion of

I 
a typ ical solid propellant motor . Therefore, a turbulent boundary layer

should be formed over a flat test propellan t surface by th . flow of a

I high—velocity gas and th. propellant should burn at typic al roc ket

pressures of 50—100 atm .

I
I
I
I
I
I
I
I
I
I

- I

I
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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—sp eed motion picture .

4. 1.1 Laser—Photodiode Servomechanism Method

The basic components for this method consist of: a 2  mu,
.

6328 A He—Ne Laser , a 10 A 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—Pho todiode servomechanism technique

is shown in Figure 12. As the surface of the burning solid propellant

sample recedes , the laser beam (previousl y blocked by the propellant)

passes thro ugh a band—pass fi lter 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 propel lant sample

co un ter to the recedi ng 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 is recorded by the recording system at all t imes during

th. experiment , thus giving the instantaneous burning rate of a pro-

pellant sample.

The function of the Laser-pbotodiode servomechanism was tested for

strand burning of a sample propellant . However, when used in the erosive—

burning test c hamber , the combustion gases dep osited carbon particles

.—~ ---————-—- ~~~~~~~ 5 - - 5~~- - - — - - -5 - - -5-5-5 
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and other product gases on the transparen t p lexiglass windows of the

chamber, thus blocking the laser beam from passing over the propellant

surface. Considerable effort was made to solve this problem (see

section 6.3 for recoemended 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 d iode (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 co on—tiae 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 sections.

L -
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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).

I Basic equations used for the desing of the test rig, and a parametric

I 
study for the effects of various geometric inputs of the test rig on the

solutions of these equations are presented in Appendix D . Various

I materials and d imensions of the test rig were selected on the basis of

the parametric study and the requirements of high—pressure and high —

I temperature gas flow. A schematic diagram of th. test rig is shown in

Figure 13, and a photograph of th. assembled erosive—burning test rig

I is shown in Figure 14. D .sctiption and function of each important

componen t is given below .

4.2.1 Driving Motor

I A high—pressure, high-velocity , hot-combustion gas flow is

i 

needed to s imulate act ual rocket cor4ltiona. Such a gas flow vaa

generated in the driving motor by burning a 30 cm long and 11.96 cm

I outer diameter , 8—point star—s hap.d solid—propellant grain. The pro-

pellant grain (11—4 ) is the same as that used in the sidewinder IA

I motor , and has neutral burning characteristics (constan t mass burning

rate) which help to maintain a steady—state pressure in the test

I chamber after a short ignition transien t interval. Various properties

p of the 11—4 solid propellant grain are given in Table 3. The drivi ng

motor was made of 304 stainless steel , and it has a length of 30 cm,

I 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.

I
1 

-5--- - —5-5-_5---5 ~ - - -5 -5 -5— -~~~~~~~ - -



~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- ---.—----,-- -5— -- - -

62

Si

0 .0.c S So Si Ii
.4 ~~~~~~~~~~~ .0

0~~~~ N 0.
0 N

— u~.z ~.4.4 ) ~( J 5  0 Si ‘. 4.1a
0 0 1.~ Si

— —  .4a
— .4

C ! I N ~~~~Z
U I ,. ,

,, I a

~~~
~ h C

: : j :~~: ,! ~~
— J ~ _ _ _  _ _ _ _ _ _

g /

/ 
_ _ _ _ _ _ _ _• u 

~ / ~•~ 
., 

~‘ 
I a • ~~ f f  F I~_Yf A~~~‘ i I ’ • Si A. (J,~ f l/ I / / W I/A  aI-. 0 ~ V k

P
U

Si S 0 . 0
— ~nz—
.4

Si

•0
S -4
Si

‘a

- - -- -5--



- - 
~~~~~~ - - — ---------- - ———----. —-—— - --- -5

I
I 63

I
I
I
I 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _

_  - :~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 
I

I -—

1,~~ 
_ _  

-
~~~~~~~~

I - 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

_j I~
- -

~~~~~~~~~~~~~~~

I
Fi zure 14 Assembly View of the Erosive—Burning Test Rig

I
I
I
I
I
I 



— - - - - 
- -  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ j ? ~=-5__
~_

64

Table 3

Properties of 11—4 Solid Propellant Grain

CONSTITUENTS 2 BY WEIGHT

Nitroce llulose (12.62 N) 51.0

Nitroglycerin 34.3

Di.thylphthaiate 10.6
2—Nit rodiphenylamine 2.0
Potass i~~ Sulfate 1.5
Lead Stearate 0.5
Carbon Black 0.1

EXHAUST—GAS CONPOSITION 2 ?~)LE

CO 45.03

H20 18.11

112 16.80

112 11.07

~~2 8.96
H 0.03

PROPELLANT DATA

Initial surface —to—length
ratio 32.1 cm
Length 30.0 cm

Propellant density 1570 K.g/m3

Tempe rature of combustion gasel 2258 K

Average molecular weight o~combustion gases 23.5 Kg/Xmole

a (for a pressure range of
3.45 — 2O.~ ~0a) 0.3323 ca/s/OIPa) 

—

0.542

ii

--- -5 —-5 - 5~~-5-- - - --~~~~~~ -—~~ - -.-- —-- ---5-~~ -- - - -5~~ -- ---- - —-



- - 
- .

~~~~ ~~~~~~~~~

I
I 65

I
I -~~~:

I
I
I

me

I _ _

I 
- 

~iT~~~~”•~ i~~~~~~~~~ t!t1

I Figure 15 Assembly Vi~~ of the Driving Motor and
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- -- - 4.2.2 Igniter System

To ignite the propellant charge in the driving motor, a

pyrotechnic igniter (Redstone Arsenal, 1~ 125 MOD 5), which contains a

mixt ure of black powder and m.agnesit was used. The igniter was set

off by an electric squib which was operated b~ a remotely controlled

ignition circuit discuss ed in section 4.3.5. The igniter was supplied

with a 50 volts AC and 3 amperes of current through an igniter wire .

One end of the igniter wire was connected to the igniter through an

insulated electrode gland feedthrougb (Nanma c Corporation, model A—50l—Cu

(ss)), and the other end was connected to the test rig body which served

as a co~~~n ground. The pyrotechnic igniter was held in a stainless

igniter holder threaded into a f lange 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 ch bsr through a nozzle. This

nozzle constructed of 304 stianless steel , was designed to converge from

a square cross section (42.3 cm2) at the end of the driving motor (see

Figure 13) to a rectangular cross section (7 cm x 2 .54 cm) at the

entrance of a test chamber .

4.2.3 Test Chaabe~

S.v.ral important elements wore designed to form the 39 cm

long test chamber made of 304 stainle ss steel with a rectangular cross

section of 7 cm x 2.54 cm. These elements are described below:

(a) An interchang eable wedge—shaped stainless steel leading edge

was attached to a stainless steel flat plate. A photograph

shoving the leading edge in the test chamber is shown in
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Figure 17. The length of the leading edge was 10.8 cm and its

width was equa l to 7.5 cm. A test—propellant sample was

glued with an epoxy to the top flat surface of the lead ing

edge . The length of the leading edge allowed most of the

propellant to have a turbulent boundary layer over it. It

may be etnioned 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.

(b) 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.

Cc) An interchangeable top plate was designed to vary the channel

height in the test section to change ga. velocity. Pressure

gradient can also be controlled by using a tapered top plate .

Cd ) 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 th. spillage channel

remained open during the test firing , the burst diaphragm

was not used in the email nozzle.

~

- —-

~ 

~~~~~~~~-- ~~-~
— --

~~~~~~~~~~~
-

~~~~~~~ 
-~~~~~~~~-~~~~-~~~ -—-~~~~~ - - - 5  --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

I 

~ 69

I

I Figure 17 Close—Up View of the Test Sect ion
and the Lead ing EdRe
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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 cm x 2.54 cm), and a top

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

0—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-photod iode servomechanism technique. The feed

mechanism chamber wa.s designed to house a feeding mechanism consisting

of a feed screw throug~i which rotational otion 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

uaed to feed the propellant sample. The torque requirement of the stepper

motor depends on the total load on the motor and the friction and

effic iency of the feed screw . To min imize the torque requirement of

the stepper motors , the pressure difference between the test chamber and

the feed mechanism c hamber should be kept minima l.. This i. achieved

by means of th. pressur e equalizer c hamber which consists of a piston

and a cylinder. The piston is connected with a spring and a damper to

reduce oscUlations of the piston . The chamber is connected to the

test chember and to the feed mechanism chamber. Highe r pressure in

the test chamber pushes down the piston , compressin g the gas below it.

L 
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and thus increasing the pressure in the feed mechanism chamber. Con—

I sequently, as predicted by the parametric study given in Append ix D ,

the pressure difference betwe en the test chamber and the feed mechanism

I chamber ii reduced substantially.

I 
In this study, as alread y mentioned, the burning rate was measured

by th. high—speed motion picture met hod. Therefor., the pressure

I equalizer chamber was disconnected from the test rig and a seal plate

was kept between the test chamber and the feed mechanism chamber, as

I shown in Figure 13.

I
I
I
I
I
I
I
I
I
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6.3 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 (~.ist1er Model 6OlB) , 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 neasurements 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 neasured pressure in terms

of voltage , was then recorded . The output voltage form the charge

amplifier can be calculated from the following formula:

V 4 (volts) x 1000 (pf)
V — ~.nput (83)output R (~~~&__) x S ~~~ )

volt psi

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

te s t firings). This calibration procedure was checked periodically by

-l
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I

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

I transducers as those used in the present experiments.

I 4.3.2 Camera System

A 16 me high—speed motion picture camera (400—foo t capacity

I Hycam Model K2OS4E—llS) was used. This camera operates up to a maximum

framing rate of 11,000 pictures per second. A 200—foot Kodak chrome

I color film was used in each test firing . The camera was equipped with 
- 

— 
-

two red light-emitting diodes , one for the coemon—time marker and the

other for generating timing signals at a pre—selected frequency, as

I mentioned in section .1.2. The light—emitting diodes were operated

by a timing light generator (LED driver), which was fabricated at The

I 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, Cm . Navitar No. A2305) was also used with the camera.

1 4.3.3 Motion Analyzer

The Vanguard mot ion analyzer (M—16CD Serial No. 772 pro—

ection head, C-11D Serial No. 773 Projection case) was used to analyze

I 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

I and y directions. The distance moved by these crosshairs is obtained

from two micrometer dials, accurate to a thousandth of an inch. A

I frame counter is also provided to record the number of frames moved

i 

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

I v—distances (propellant surface location) at a fixed x location , and the

frame dial readings between each reading. Readings were taken -

- - I
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approximately 100 frame. apart. The number of frames between each

reading were recorded from the dial read ings and the t ime interval [
was calculated from the number of time markers between the dial

readings. To convert the y—d ial readings recorded from the magnified

image to the actual readings, each y—d ial reading was multiplied by a

scale factor . The scale factor is defined as th. ratio between

actual object thickness (measured propellant thickness before

ignition) to the projected image thickness (y—d ial reading of the

propellant before ignition).

4.3...~ 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

14—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 8iomat ion

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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4.3.5 Remotely Controlled Ignition System

A circuit diagram for remotely controlled ignition and high—

speed photography system i~ shown in Figure 19. Basically, the P1K 125

igniter is set off by an event switch built into the high—speed movie

c amera . 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 ft. 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 even t line and activate a relay switch. The relay switch

causes a 5OVAC , 5 amp current to pas s through the igniter , thus igniting

the driver motor propellant. At the same time, the relay also closes a

comeon time switch. This generates a signal in the LED driver unit ,

activating one of the two light emitting diodes which leaves a comeon

time mark (
~ macc width) on the film. At the same time, a voltage

s ignal 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 £roeive—Burning~~est Firings

During the course of the erosive—burning test firing, a numb.r 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 perchiorate

(KC1O ), Boron (B ) , and Titanium (Ti) mixed in hexane.

The advantage of using the igniter paste was its ability to

spread the flame uniformly and rapdtly 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

diethylen. triamine (102). Normally, 26 hours were required

for the glue to dry and firmly hold the propellant on the

leading edge. The test propellant was then shaped to the

required dimens ions by careful milling . Typical test propellant

dimensions were length • 10.7 cm , width ~ 7.3 cm , and thick-

ness • 1.75 cm. Th. leading edge portion of the propellant

wag tapered to ensure smooth development of a boundary layer.

The 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 lead ing edge width , was left for the propellant sample.

L —~~~
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This was necessary in order to have good compression between

the sacrificial plexiglas. window and th. 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 (chloroflourocarbo n , Halo—

carbon 25—SS) was also applied to th. propellant ’s front and

back surfaces which were in contact with the plexiglass

window and the test chambe r wall, respectively . The pro-

pellant compression and the use of flame retardant are

essential to the experiment in order to prevent flame spreading

between the contac t 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 t~ rap~d 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 additiona l thermal insulation

to th. transducers. Transducers were not mounted flush with

the inner surface of the test chamber but were slightly

recessed from it to provide additional therma l protection .

(5) The contac t surfaces of various components of the test rig

were sealed by applying a layer of rubber based adhesive

sealant (Permatex , No. 6gR). This was found to be very

effective in achieving a good seal.

I
~1
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(6) A pre—ignition test was made just before every actual test

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 r~~otely controlled ignition circuit.

(7) Four camera lights (two 1000—watts and two 650—watts) were

used to illuminate the window and the proepilant in the test

chamber.

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

Th, 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.

-.4
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CHAPTER 5

I DISCUSSION OF RESULT S

I 5.1 Experimental Resul ts

Before conducting erosive—burning test firings , a series of cold

I flow tests were performed to check the uniformity of the flow out of

I 
the rectangular convergent nozzle. Measurements were made with pitot—

static probes at the exit plane of the convergent nozzle. The results

I of these measurements are plotted in Figure 20. This figure shows the

measured velocity at various locations at the exit plane. The data

I consistently indicates the uniformity of the flow within the potential

core over the major portion of the nozzle exit plane . The data also

I indicates that the velocity profile is independent of z coordinate; this

I 
implies that the nozzle geometry is adequate for providing a two—

d imensional flow.

1 5.1.1 Discussion of Erosive—Burning Data

I 
During each erosive—burning test firing , static pressure

versus time measurements were recorded at three locations in the test

I rig . These locations were in the vicinity of the driver motor exit ,

leading edge, and exit nozzle. The photographic record of each test

I firing and pressure traces were synchronized, as discussed in section

I 
4.1.2, by employing separate event markers (common t ime markers) to

record the activation of the igniter circuit. In this way, the

I burning rate of the propellant sample and the chamber pressure were

coord inated .

I Typical pressure—time traces measured during the test firings

with different exit—nozzle throat diameters are shown in Figures 21

I through 73 • Figure 21 shows the pressure—time record of the test firing

- I  
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I

________________________________________________________________________________________________

r
2h ‘La

tc
L________
~e 2L ~~ 0 alL - —0.10

A z/L • 0.40
D z/L — 0.65

1.0 

1

aA~’ g
A.~~~~ ~~~~~ pAQ~~~

j :i:~
0 .25

-1.0 -0.5 0 0.5 1.0
v/h tc

Figure 20 Cold Flow Test Results to Check the Uniformity of the
Flow Out of the Rectangular Nozzle
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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 vslocity 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 pars—

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) In 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 flam. spreading time for the N—4 star grain in

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

pressurization followed imeediately 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

instant at which remotely controlled ignition takes place. 
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This time always coincides with the first discernible pressure

I 
rise in the test rig.

Erosive burning—rate data was obtained from the photographic

I record of a test firing. The AP/PBAA—F.PON test propellant used in the

I present test firings had the following composition: 752 AP (average

particle size 76 pa) , 16.932 R—45M, 3.692 Diactyl Azelate , 3.382

I Diaeryl Diisocyanate , and l graphite. Readings of instantaneous

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

I the motion analyzer, as discussed in section 4.3 3. Three photographs

I showing the location of the test—propellant surface during a test

firing at various times are shown in Figure 24. For each y reading,

I the corresponding time, t , was computed from the number of time markers

on the film . A least—square polynomial fit through y - t da ta was

I conducted to obtain an equation for y(t) A typical case is shown in

I 
Figure 25,and this corresponds to a test firing for which the pressure—

t ime traces are shown in Figure 23. The sum of squares of errors for

I this fit was very small (3.64 x l0~~). The burning rate was calculated

by differentiating the polynomial equation with respect to time. In

I this way , burning rate versus burning time data was obtained from all

the test firings corresponding to pressure versus time data recorded

I from the pressure transducers.

I Average gas velocity in the test section, U~1, 
over the propellant

surface was found from the following equation (see Appendix F).

AI • ~T (yR(~~.j) 
l}’a’2 (1 + 9! M~5 ”~~ (84 )

I where A
~5 

is the flow cross-sectional area over the propellant test

sample , A 
h is the throat area of the exit nozzle , y is the ratio of- I

I

_ _ _ _ _ _ _ _  ___ ________ ____ -. - . 
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Time • 0 Sec

Time — 1.0 Sec 

Time — 1.87 Sec

Figure ~ Photographs Showing the Location of the Test—Propellant
Surface at Various Times During a Test Firing
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I
I
I 2 . 0  __________________________________________________

I ç Data obtained from motion analyzer
corresponding to the test firing
p—t trace on Figure 23

I ~ 1.5 Cubic Polynomial Fit:

y(t) — 1.728 — 1.1514 t + 0.3223 t 2

1 .2 - 0.0588 t 3

1.0 _ Sum of Errors — —2.14 x l0 1
~

Sum of Squares
E of Errors — 3.64 x l0~~I

. 0.5 -

I C

a

I 
_ _ _ _ _ _ _ _ _ _ _ _

.4
0 I I I I

I 
0 0.5 

T ime , t , Sec 

1.5 2.0 2.5

I Figure 25 Least—Square Polynomial Fit to the Measured
‘.‘ versus t Data

I
I
I
I
I
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specific heats, R is the gas constant of the combustion gases, M
~5 

is

the average Mach number of the combustion gases in the test section,

and T0 is the stagnation temperature of the combustion gases. The Mach

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

—
~~~~~

-
~

--— A• (—fr + ~~~~~~~~ M~ 5
} 2( Y l )  (~~h) (85)

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 (85) give

average velocity in the test sectton. The free—stream velocity was

obtained from the following equation.

U

26 (86)
- 

[1. + (~ -~~-) ~.—J

where h
~5 

is the test section channel height , 6 is the boundary—layer

thickness, and ~ i~ 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 Append ix 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 C.

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 0.01 seconds. The error introduced

in evaluating the burning rate is less than 32. No error is expected

~1
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because the t ime markers were put on the film at a precisely known

fr equency .

I The effect of radiation on the erosive burning—rate was assumed

negligible (assumption 2 in section 2.2). An estimate of the radiation

I from the propellant surface was found to be about 22 of the convective

I 
gas—to—solid heat flux (assuming the emissivitv of 0.75 and surface

temperature of 1000 K). An estimate was also made of the gas radiation

I flux to the propellant surface. The major gas components in this cal-

culation were CO, CO2 and H.,O , which correspond to the exhaust—gas

;~ I composition of the S—4 star grain (see Table 3). The values of emis—

I 
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

I calculation was assumed equal to the height of the test section above

the test—propellant sample. The contribut ion of the gas radiation was

I estimated at 62 of the convective gas—to—solid heat flux obtained from

I 
the boundary-layer calculation at a free—stream velocity of 400 a/s.

This contribut ion, however , diminishes as the free-stream velocity

I increases.

I 5.1.2 Comparison of Theoretical Results with Experimental Data

In order to calculate burning rates from the theoretical

I model , pressure and free—stream velocity must be supplied as an input .

I 
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

f irings . At each pressure , a number of computer calculations were

performed at various free-stream velocities. The velocity range was

I obtained from the burning rate and pressure—velocity data (Appendix C).

-
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The results of the calculations are plotted in Figure 26, which shows

the variation of total burning rate with free—scream velocity at

pressures of 7.24, 4.6 and 3.0 ~~a. 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 Markiund and Lake (26) was also made . They

measured the burning rates of AP/Polysulf ide 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 lOOatm , 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 MarkIund and Lake

(26). The comparison indicates that the agreement between the theo—

retical and experimental results is very close , except at low velocities.

Lenge1l~ ’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

dif ferent 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 26 Comparison of the Predicted Burning Rates with
the Experimental Data at Various Pressures and
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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

rb~~~
rb 

+ c i U  (87)
0

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

in Figure 26 , the slope of the rb versus U,, data changes with pressure.

We assume the following relationship:

~ 

—

~~~ 

+~~~~
1 
~~~ (88)

In this equation ci , , and n are unknown constants. The constanto I

has a value which lies between 0 and 1, because the pressure

dependence of r
b 

is not very strong (for normal burning rate correlations

in terms of pressure for a number of propellanta, 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 ~~a). The slope, ci , of each line was calculated , and then

by using Equation (88), the constants ~~ , ~i were found , while n was
o 1 e

selected to satisfy Equation (87) for all the three pressure regions.

The values found were

i~~~—l.25474 
~~~~~~~~~~~ 

ci — 1.25406 cm/ s 
n ‘

~e 
— 0.001

m/s (MPa)

The values of the above constants were optimized by a nonlinear

-u 
-- --.-~~~-. ~—-~~~--— --. -
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I
I regression analysis of the experimental data for burning ra te, free—

I s tream velocity, and pressure. The regression analysis was performed

with the NLIN2 computer program of the Share Program Library. The

I model, supplied to the NLIN2 program was represented by the following

correlation:

I n
C

r —~~~~~ U + c i  U p (89)
e o

This equation is obtained from Equation. (87) and (88), while re is

I the erosive—burning rate component of the total burning rate, rb , of

a solid propellant. The optimized constants obtained fro. the regression

I analysis are

I ~~~—1.25463 (cm/s)/ (m/s)

a — 1.25417 (cm/s)/(m/s)/(MPa)
ne

I
n — 0.000871
e

Using the strand-burning—rate law, r
b 

— a p ~ , and Equations

1 (87) and (88) , the correlation represented by Equation (89) can be

written in the following convenient form:

I
r

I i— — 1 + [ ] U,, (90)

I where

K — —5.11731 (MPa)° l (a/ s )

I
K — 5.11547 (MPa)° “e / ( m / s )

I 2

..- - .
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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a • 0.2452 (cmJs)/(MPa)~

— 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
r K+ K p e

correlation is represented by a 45’ line on a ~~ versus 1+ ( ~ ~ 
)U,,

b0 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.

~
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5.2 Boundary—LaYer Solutions of the Theoretical Model

The purpose in presenting the boundary—layer solutions of various

var iables ~~ ~~,‘ ~~ 
T, K, etc.) is to further understand and

identify a possible erosive—burning mechanism. There is no experimental

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

compositions: 1) A onium Perchlorate (752) and PBAA/EPON (25%),

and 2) Ammonium Perchlorate (652) and Polysulfide (352). The various

physical properties used in the calculations are given in Table 4.

Sources of references for some of the proper ties 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 NH
3 
and HC10

4 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 ~m) 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 inputs necessary for this calculation are the heat

of formation of the solid AP (—70 , 690 ca l/mole) and the gas pressure.

It is assumed that the equivalent gaseous fuel , represented by the 

- - 
-

~~~A
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I Table 4

Properties Used in Theoretical Calculations

Propellant Type:

I Property Dimension. AP 75% AP 65%

PBAAIF.PON 252 Polysulfide 352

I
a~ cm/s/(MPa)~ 0.2452 0.3642

- - I A m/s 5.65 25289.0
5

I +A -———— 26 26

C Kcal/Kg—K 0.3 0.38

I C Kcal/Kg—K 0.3 0.3
(all species)

I E Kcal/mole—K 15 30as

I 1h 1 F Kcal/Kg 55.93 —0.42

I .~h°f0  
Kcal/Kg —942.0 —936.6

I ~h’f~~ Kcal/Kg —1137.3 —1310.5

l ————— 0.41 0.41

0.41 0.276

I -
~~~~~~ _ _ _ _  

Same
Pr l.77y - 0.45 Equation

I 
(Svehla ’s Eq.,Ref.77)

Pr  0.9 (Ref. 78) 0.9

Q Kcal/Kg —250.0 (Ref. 77) —240.0

— I Sc—Pr 0.708 0.708

1 

~~~~~~~~~~~~~~~~~~~~~~~~ 
- --

~~~~~~~~~~
- 
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Table 4 (continued)

Propellant Type:

Property Dimensions AP 752 AP 652

PBAA)EPON 252 Polysulfide 352

Sc Pr
~ —— 0.9 0.9

T K 298 298
pi

I K 800 800

Kg/Kmole 30 30

Kg/Kaole 27.893 27.949

Kg/Kmole 20. 381 25.69

~FS 0.25 0.35

~os 0.75 0.65

1.26 1.26

A Kcal/m—s—K C u/Pr samep equation

I Kg/m—s 8.7 x l0’~~
/
~~

’ T~~ same
equation

Up moles 1 1

moles 3.2266 1.9935

v~, moles 5.888 3. 3366

Kg/m3 1600 1660

_ _ _ _  -
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I symbo l (F) , is formed by the ablation of the solid fuel—binder due to

I random scission/systematic unzipping of the polymer chain, as discussed

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

I was calculated from the difference between the heat of formation of the

solid fuel binder and the heat of decomposition. The heat of formation

I for PBAA—EPON (C6 8 8  H101 00.27 N0 2 6 ) is —12 ,000 cal/mole, and for

1 Polysulfide (C5 R~~ °2 S 2) is —88 ,080 cal/mole. The heat of formation

of the equivalent product gases , represented by sumbol (P), was obtained

I from the overall chemical equilibrium calculation of AP and fuel—

I 
binder combustion. The average molecular weight of the product gases

was also determined from this calculation. The stoichiometric c0

i 

efficients v0, VF~ and were determined from the mass balance of the

global reaction for a given propellant of known initial oxidizer—to—

I fuel ratio .

The procedure use . to calculate the pre—exponential factor in the

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

va lues of the activat ion energy, E
as 

(typical values of 15 and 30 Kcal/

mole as suggested in Reference 44); 2) find the normal burning rate , rb ~
from the formula based on GDF theory (44) or a~ p1’ relation; 3)

from GDF calculations, f ind the value of surface temperature , T
I Ps
I which depends on the pressure under which the propellant combustion

takes place; and find A
5 
from Equation (48) after utilizing Eas rb

and T

I ;tgure 30 shows the calculated distributions over the propellant

surface of turbulent kinetic energy, Reynolds stress, and t ime—averaged

I velocity in the chemically reacting turbulent boundary layer considered .

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

1 
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Propellant Type: Flow Conditions:
AP 752 U~, — 450 m/s
PB.A.A/EPON 25% 

— 1.24 ~~a10 - 

T - 2250~ ..—~~ 
1.0

~~
,

x 7.S cm

Re — 4.49xl06 u8 - x -0.8
‘I —

~ I

S —
— S C

~ 6 - - 0.6 >
I-

-4 5
S K 0

—
~~~~~~ 1000 —

S -‘ S

O

~~~~~~~~~~~~~~~~
::0

~~~~~

0

~
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:.2

6

Figure 30 Calculated Distributions of Turbulent Kinetic Energy,
Reynolds Stress ~~d Velocity
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I steep than that in a conventional flat—plate turbulent boundary layer

I (Figure 10); this is due to the strong surface blowing rates caused

by the burning of the solid propellant. Turbulent kinetic energy K,

I peaks near y/~5 — 0.25. This location is farther from the wall, than

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

to strong surface blowir~g and also to the decrease in mean velocity—

I profile gradient which is responsible for the production of K. In

most of the boun-tary layer, the Reynolds stress is about one—third

I the value of turbulent kinetic energy . This is a general characteristic

of most flat—plate turbulent boundary layers.

I Calculated temperature distribut ions for different free—stream

veloc ities of the boundary layer are shown in Figure 3]., and for the

near—wall region in Figure 32. The temperature rises rap idly from its

T 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 rap id rise and hump in the temperature distribution

are believed to be ca used 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

I species. The heat generation rate in the gas phase peak.. close to the

wall around 20 um , indicating that the reaction region is close to the

propellant surface. This is also consistent with results in the same

f igure, which show a rapid drop in the average mass fractions of

I oxidizer and fuel species. From the results of Figures 31 and 32, we

notice that the temperature gradient becomes steeper at the surface

I
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PBAA/EPON 252 
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Figure 31 Calculated Temperature Distributions for Different
Free—Stream Velocities
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I
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I”
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I

Propellant Type: Flow Conditions:
AP 75% p 7.24 MPa

• 0.2 - 
PBAA/EPON 2 5 

T_ • 2250 K

1 
x •7.S cm

0 1 I I

1 0 20 40 60 80 100
Distance from Propellant Surface y, um

I 
Figure 32 Calculated Temperature Distribut ions for Different

Free—Stream Velocities in the Near-Wall Region
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S
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Propellant Type: Flow Conditions:
AP 752 p — 7.24 flPa
PBAA/EPON 25%

T - 2250K
0.8 - — 200

~~
-
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 33 Calculated Distribut ions of Oxidizer and Fuel Mass
Fractions, and the Gas—Phase Heat Generation Rate
in the Near—Wall Region
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I as the free—stream velocity increases from 200 rn/s to 450 rn/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—

I bulence intensity and on the gas—to—solid heat flux. The increase in

free—stream velocity brings the location of the peak turbulence intensity

I closer to the propellant surface. This has a significant effect on the

I 
flow field near the propellant surface. The closeness of the peak

turbulence intensity to propellant surface means chat the turbulent

I eddies with high frequencies also come closer to the propellant surface.

I 
This causes an increase in the mixing rate of oxidizer and f uel species,

therefore increasing the gas—phase reaction rate and bringing it closer

I 
to the propellant surface. Aa shown in Figure 35, the peak value of

the rate of heat generation in the gas phase due to chemical reactions,

J increases with increasing velocity, and the location of this peak becomes

I 
closer to the propellant surface. Therefore the level of temperature

distribution increases, which in turn increases the gas—to—solid heat

I flux as plotted in Figure 34. The increased heat flux eventually

increases the erosive-burning augmentation factor (r
b/rb ) ,  as shown in

I Figure 35.

I 
Increase in the free—stream velocity also increases the turbulent

heat flux in the gas phase; this result is shown in Figure 36. The

I 
increase is caused by the increase in turbulent viscosity and tem-

perature gradient as can be seen from Equation (26). Turbulent

I viscosity distribution plotted in Figure 37 also increases with the

I 
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 :
AP 75% p 7.24 MPa
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m Propellant Type: Flow Conditions:
AP 752 p 7.24 MPa
PEAA/EPON 252 T — 2250 K
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Figure 36 Calculated Turbulent Heat—Flux Distributions for
Different Free—Stream Velocities
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(pv)~ h , 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 augmentation 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 Markiund and Lake(26).

-S
-..-------- - — — --- - ---~~- -“---~----- — -- — —- - —-- -—----- ----- -. -------- - - -



I
115

I

I
I

I 0.60

Propellant Type: Flow Conditions: 
SI .C

0 2 .5  — AP 75% p 7.24 MPa 
t

PBAA/EPON 252 T — 2250 K
hi

• U 450 m/s

2.0 .

I i
~

- 

O

J Distance Along the Propellant Surface, x, c

Figure 38 Variation of Erosive—Burning Augmentation Factor and the

I Propellant—Surface Temperature Along the Propellant
Surface

I

I

I

I•
1

_ _ _ _ _ _ _ _ _ _



- - - - - -— - -- ~~—~~—---

116

- L

3.5
0

Propellant Type: / 
—

AP 
~~~ t- (l) /

hi PBAk/EPON 252 J /

3.0 /
A? 652 2 /
Polysulfide 35% /

S

C 2.5 — Flow Conditions:
p lOO atm

T — 2250K

(rZ
~~~~.69 :)

0 100 200 300 400 500

Free—Stream Ve locity, U , rn/s

Figure 39 The Effect of Normal Burning Rate on the
Erosive—Burning Augmentation Factor

~ 

----~



I

117

I Many composite solid propellants have some roughness, depending

on the particle size of the oxidizer. Figure 40 demonstrates the

I effect of surface roughness on the augmentation factor for different

I free—stream velocities. As the roughness height increases, the aug-

mentation factor also increases. This is to be expected since roughness

I 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 v*locities. This is

because the viscous sublayer thickness increases at low velocit ies,

submerging the roughness elements in the sublayer and , therefore,

I lessenin3 thir ef fect  on the erosive—burning process.

I
I

I

I

I

I

I

I

I
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I CHAPTER 6

SUMMARY AND CONCLUSIONS

I 
6.1 Su ary

The basic purpose of this investigation was to formulate and

I verify a theoretical model for the erosive—burning problem co~~on1y

encountered in solid—propellant rocket motors.

I A theoretical model was developed , based on the aerothermo—

I 
chemical analysis of the problem. The propellant burning process was

described by analyzing a steady, two—dimensional, chemically reacting,

I turbulent boundary layer over the propellant surface. A “two—equation”

turbulence closure model was employed , in which the turbulence is

I characterized by its kinetic energy and dissipation . The diffusion —

controlled chemical reaction rate was realistically modeled by using

the eddy—br.ak—u~p concept in which the rat.e of cons~.usption of fuel gases

is assumed to be proportional to the rate at which fuel eddies break

up into smaller eddies. In the sol id phase , heat—trans fer mechanism

I was described by a heat conduction equat ion which was related to the

I 
propellant—surface temperature and the burning rate. Appropriate

boundary conditions were prescribed to complete th. theoretical model.

I 
The system of six nonlinear , coupl ed , parabolic , partial

differential equations describing the theoretical model was solved

I numerically on a computer. The differential equations were approxi-

I 
mated by finite difference equations after the introduction of co-

ord inate 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

I tested by comparing computed results for various turbulence quantities

I

- -~~~~~~~~~~~~~~~~~~~~~~~~~ - —- ~ —-~~ -- ~~ --- --— -~~~~~~-— -- - - -~~~~~~~ -m~ --— ~~~~~~~~ ~~ - - - -~~ 



— 
_ _ _  -- _

120

with experimental data available in literature. All of these 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 slab

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 photo-

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 compar ison showed a close agreement between theoretical and

experimental data, Theoretical predictions for a different propellant

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

again , good agreemen t wan achieved . A correlation was developed for

the measured burning rates in terms of pressure and free—stream

velocity.

—
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I 6.2 Conclusions

i 

The following observations and conclusions can be made f rom the

present study :

1 (1) The basic mechanism for the erosive—burning effect is

believed to be the increased heat feedback to the propellant

I 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

I 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

I 
surface , increasing the heat feedback to the propellant

surface and the burning rate of a solid propellant.

I (2) The predicted results show that propellants with lower normal

burning rates are more sensitive to erosive burning than those

I with higher normal burning rates.

i 
(3) Sur face roughness of a propellant sample increases the erosive

burning ef fect of a composite solid propellant . However, the

I roughness effect diminishes with a decrease in free—stream

velocity .

1 (4) Both experimental and theoretical ~esults show that the

i 
erosive—burning rate is more pronounced at higher pressures

than that at lover pressures.

1 (5) At low pressures and low velocities, the erosive effec t is

found to be small.

1 (6) The erosive burning rate correlates well with chamber pressure

and free—stream velocity. Correlations of this type can be used

I

~
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conveniently in the design considerations of a solid pro— [
pellant rocket motor .

L
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I 6.3 Recosmendations for Future Study

i 6.3.1 Theoretical Work

(1) The conservation equations for the current erosive—burning

I model are based on a two—d imensional geometry and are appli—

I 
cable to a turbulent boundary layer over a flat plate. The

reason for choosing a two—dimensional geometry in the current

I 
erosive—burning investigation was to develop a model which

could easily be verified experimentally. The test rig for

I measuring erosive—burning rates was designed with fewer

I 
complications than are necessar y for an axisymeetric geometry.

In many actual rocket motors , the flow configuration, however,

I
ts axisymeetric. In order to predict the erosive—burning

rates in such rocket motors, the current two—dimensional model

I should be extended to the axieyianetric flow configuration.

This can be done by developing the governing equations and

I boundary conditions in a way similar to that followed in

I 
this study . The axisyme.tric model can include the con-

sideration for both the potential core region as well as the

I fully developed region in a rocket—motor propellant grain.

(2) The erosive burning computer code for axisysmetric flow con—

I figuration can be coupled with a well—established rocket

performance code to predict the pressure—time history in a

roc ket motor.

1 (3) The current model can be modified to study the effect of

I 
pressure—velocity coupled oscillations on the instantaneous

burning rates of a propellant in a rocket motor.

II
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6.3.2 Experimental Work

(1) 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

nozz le at a known frequency.

(2) The surface roughness of a burning sol.id 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.

(3) 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

presen t 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

window through which a high-pressure nitrogen gas can be

injected to purge the path for the laser beam.

L —- - - -
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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

ref e~ence point , r, outsIde the boundary layer , and coordinates x and

y will be referred, respectively, by a representative dimension. Thus,

we write

— —
u U , ‘~ ‘

~ 
‘
~r’ 

h h
r

Also for a boundary layer , we have

ax - L - 5 
(A.l)

Order of magnitude of correlations involving density fluc tuations:

The density fluctuations, :, result from several causes (30—81) 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 the fluctuating

velocity and molecula r heat transfer driven by the fluc tuating

enthalpy .

According to references 59—60 and 80—81, (a) is considered to be the

dominant cause for production of ø .  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.

: u~v (j~~~~) /}~ 
(A.2)
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I where ~~~~ is the turbulent shear stress.

i 
Furthermore, if the equations are to describe a boundary layer flow,

the turbulent shear stress term, ~~
— (

~ ~~~~~ must be of the same order

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

Therefore

I 
___ 

____

— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Csing Equation (A.l), we write

I U 2
1 r 

~ + 0 (
~~

) 1 0 
~~r 

-f.-) (A.3)

I
Assume ~~~~

- - 0(1) , since the temperature ratio across the bounda ry layer
-; I i s  of the order of unity; therefore, from Equation (A.3), we get

I u v - 

~r 
Ur~
) (A.4)

I From Equation s (A.2) and (A.4), therefore

I ~~~~~~~~ 

- 

~~ U 2 ) (
~~~) / (

.E~) - 0 (~ ~o t
r~ 

(A.5)

Similarly , we can write the order of magnitude of o~ u as

- 0 (~ ~~~

- U s.) - (A.6)

Order of magnitude of cot relations involving h~ : 
- 

Kistler (60)

‘

_ I has experimentally found that the distribut ion of static temperature

fluctuations is very nearly proportional to the static temperature

difference across a boundary layer. Therefore , we can assume that the

I 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 wri te - L.
- 0 ~ ~~~ (

k
) (!!~) /

2 
1;-

Using Equation (A.l) and (A.4), we get

- 0 (~ ~ p ~h) (A.7)

Similarly one can show that

(A.8)

- “ ‘
~~k 

0 (f 
~~k Ur) (A.9)

Order of magnitude of correlatior’s involving H’: Prom definition

H - h 4.

Reynolds ’ decomposition gives

H H h + h + + u iui + -

~~

- u’
~
u i 

(A.I0)

Time averaging reduces Equation (A.lO) to

H - h + 
~~~i

ui 
+ u~~u~~) (A.ll)

Subtracting Equation (A ll) from Equation (A.l0)-, we get

— h + u~~ u~ + ~~ u’1u
’
~ — 

~ 
u’~u

’
1 

(A.12)

Multiply Equation (A.12) by ~~
‘ and then time average , so tha t

• :‘h + ø ’u’~ ~~ 
+ 

~ ~
‘u’1u

’
~ (A.]3)

Assuming p~u
’
1u
’
1 

c ~
- and using Equations (A.6) and (A.?), we f ind p

_  _ _  
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0 Ao (Mt + U 2 )] 0 (
~- U ~~ (A.l4)

Similarly it can be shown that

U ’ - v’H - 0 (
~ t~H U )  (A.l5)

I Nov we write

I (pu) H’ - ~~u H  + u p H ’  + ~
‘uH ’

I and using Equation (A.l4 ) and (A.l5), neglecting third order correlations,

we get

I _ _  6(c uYH - o 

~~r E ~~ 
MI + U

r t ~~~~ MI)

F
0 ((1 + ~ 9 r 1’r AR] - 0 (

~ ~~ 
U MI) (A.l6)

I
Similarly

1 _  6(p v ) ’H - 0 
~t ‘~r 

U AR) (A.l7)

I 
_  _

(
~
vr’rk (ou)’Y’

k 
0 

~~~~ 
U 

~~~ 
(A.18)

I 
Using various orders of magnitude derived above , the steady state ,

two—dimensional, conservation equations are written and the relat ive

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

Mass Conservat ion Equation:

I
I 

-~ ~~
- -

~~~~~
- - —

~~~
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L ‘~~ + 
L(P’u )  

+ ~~~ ~~~ (ø ’v’) 
—ax ax 3y ay

(1.+4~
.) (~ ‘-~~~

-) (l4~~) (~~
-) (A.l9)

x-Momentum Conservation Equation:

— a -~ --~~~a — - - a -O u ~— + p u + P V + P V

(1) ~~ 
.) (1) (~P)

• - 2. + ~. (
i~~~~~. + 4 - + 

~ 
- F- (~ u u )

~~~~~~~~ (~~~~~)
2 

~~L 
(~.)2 (~ ) J  (1+~-~) (i)

3 — -- 3 — _ _  a — 
_ _ _

— 
~~~~~~ 

(p u v ) — ~
— (u o u ) — 

~
— (v  p u )

(l+~
-
~
-) (

~~ - 
~

) 
~~~~ 

~~~ (A . 2 0)

y—Moaentum Conservation Equation:

— -
~~~~~~~ . a - — a ~~ — - — a~~c u — + o  u + v — +~ V —j x  ax ay ay

(i.) ~~~~(.~ )2 (!) (~2..i)

• 

~~ ~r 

~ 
3

2~~~ 

Or t 

+ 
~~ 

- fr (~~ u v )

~ ~~~~~~~ ~~~~~~~~ ~~~ ~~~~ (
~

) (
~

-) J (1+~~ ) (f.)
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I _ a —  a —
= 

- f. (~ v~v )  - (u p v )  - 
~~
— (v p ’v ’)

i (1+~
’) ( 2. 

~) (
~~

. .)

I Species Conservation Equation: We assume that D 
~~~~k i  

< D 
~

in Equation (13). There2ore, we write:

I
I aY k aY k aY k

‘~
‘ U — +  O ’U — + 0  V — +  p v  —

ax ax ay

1 (1) (
~~

- t-~ 
(1) (

~~
.)

I

I

1 
1 

_ _ _

ReLSC ~ Re~Sc

I 
_ _ _ _ _ _ _ _ _ _ _ _

I 
- 

~x ~~~~~~~~~~~~~ 
- 

“~~ i~) Y~~) +

I (
~

) (1) 

~“r
’
”r 

‘

~~r~ 

(A.22)

I Energy Conservation Ec~uation: It is assumed that U ’
jI ’jj < <

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

~~ 
- u U . Therefore , we can write:

- j

1 (1) (
~~ ~

) (1) (
~~

-)

I — 

--~~ - --
~~~

‘--
~~~~~~~~~~~~~~~~~~ 
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~ ‘~2u i~~~2 — —  l a 2 a
• .~~ — ~~ ~~— (u u ) — — — (u u’ ) J  — — ((pu)’H )C ax2 

2 ax2 ~ i 2 
~~2 

£ i ax

u 2
1 1 r 3. 6 r ) (AR 6)

Pr Ret Pr Re
~ 
H
r 

Pr Re
~ 

L H
r 

H
r 
L

-!~~~~~(~~~~ ) _!_ (u u ’ ) 1 -~~-- ((pv)’H )C
p ay 2 

2 ay2 ~ 2 ay’2 ~ i

2 U 2
1 (~)2 } ~ 

1 
(~~~)

2 r } ( 1 (L) 
T

} (a.)
Pr RC

L 
6 Pr Re

t 
6 Hr Pr Re

t 
6 H Hr

3
+~~—(u u 1—)

U-
(
.....L. (~~) 2 _ L}  (A.23)
Re
t 

6 H
r

Procedure for the order of magnitude analysis of K—equation,

Equat ion (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 Igean 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:

• u 1{u (U ’
j j  

+ U ’
j j  ~ 4 ~~ 

u~~~~
) )
~~ (A.24)

In the above equation, the expression for rj~~~ has been substituted

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

Uj  T ’
j j j  

— U~~1(U u i j )j 
+ uj (IJ U

j ,j ) 
j 

— 
4 

u~~ (u ~~~~~~~

(A.25)
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I The last two terms of Equation (A.25) reduce to 4 u u’1 u
~~~ti. 

if ~ is

I assumed to be constant. For an incompressible flow this term is zero

because 
~~~~ 

- 0. Here we will assume this term to be negligible in

I comparison to u’
i(u U jj)j 

. Therefore, Equation (A.25) simplifies to

I u’
i
t
~ ijJ 

— u
i(u 

u i,j
)
,j

U i
U’
i - -I {u ( —) ) — u u2 ,j ,j i,j i,j

I - a  aK —

— 
~
— (i~ ~

—) — 0 £ (A.26)

The two terms on the right—hand side of Equation (A.26) are: the

I 
diffusion of K by the molecular action of the fluid , and the dissipa t ion

of K through the action of viscosity, respectivley. A separate equation

I is solved for the latter term, i.e., the dissipation equation (Equation

I 
32). The above mentioned siaplifications have been used in obtaining

Equation (31) from Equation (20).

I After a comparison is made between the various orders of magnitude

in each equation, Equation (A.19) through (A.23), only the dominant

I terms are retained . It is noted that

I ~~< < l  Re L > > l  (k)2 k... O ( 1)

P r Sc - 0 (1)

Finally, we obtain the stead y, two—dimensional boundary-layer

‘ 
equations for a chemically reacting , compressible , turbulent boundary

layer over a f l at plate , giv en in Section 2.

I

- I
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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 ff ~ Pr, etc.) are negligible.

From the integration of the ordinary differential equat ions for ~~

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

B[l - ( exp (8 Re
~
)_ l_ B Re} C/(B2 R.

~
) ]

~ • 
exp (B Re) — (B.l)

BSk exp (Sc B R e )  - 
(B.2)

s — 
1 (1 3)

h exp (PrBRa
c
)
~~~

l

where

B is the blowing parameter 0~~ r b l ( P u) C (1.4) 

~~~~~-— - -- -~~~~~~~~~~~~~ - -~-—----~ -~~ 
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I
C is the pressure—gradient parameter E (1.5)

Re is the Reynolds number based on the Coutte—flow

I thickness (8.6)

I c refers to the edge of the Coutte—f low region. s, Sk and Sh are defined

in terms of diffusional fluxes of momentum, species mass—fraction, and

I enthalpy at the wall:

1 ~ ~~~~ 
s(0u2) (1.7)

J (
~~ ~~~~~ 

Sk ~~~~ 
- 

~~~~~~ 
(Pu)

~ 
(1.8)

.
~~ 

~~~ !~~w 
S
h 

{H
c 

— + (Pr-I) 1—k (Ou)c 
(8.9)

Subscript w designates the wall or surface condition, and k designates
-r

f uel , ox id izer , or product gases. In order to use Equations (B.8)

and (8.9), the wall values of and H must be known. In the following,

we will simplify the wall boundary conditions developed in Section 2

I for enthalpy and species equation. First, rewrite Equations (49) and

(57) as follows:

I
~Sc~~~~~w 

— 
~ 

rb 
(‘

~~~~, 
- Y~~ ) (1.10)

~~~~ 

2) • 0 r
b 

(Tm, - (B.ll)

r 

(A — tb (C~ T~5— C5 T~1 + + (C —C ) ~F ]  (3.12)

From the definition of stagnation enthalpy, Equation (5), we find

- I  -
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C • - t ~h 
—

~~~ (3.13)
p a y  ay k f ,k 3 y  w

C T — H — t Ah ° Y + C T° (8.14)
p ps ~ k 

f,k kv p

Substituting Equations (B.l3) and (B.14) in Equation (0.12), and also

using the def inition of Prand tl number (Pr c~~/X ) to eliminate A from

Equation (B.l2), we get

0
5 

rb H~ 
- 

~~ ~~~~
L-°

~~ 

r
b ~ 

Ah f k  ~kw - ~~ 
Ah~~~~

_ P
s ~~ 

(C~T° — C5T~1 + Q  + (C5—C~) i~,5 J

(B.l5)

Substitute Equations (8.10) and (0.11) in Equation (B.15), and noting

that the species suemation index k represents fuel, oxid izer and product

species, and that Y~, • 1 — To~~F’ we get

~tot ,H,I 
- P

5 
r
b (~

h°f F ~FS + Ah f Q  Y Ø~ 
- %T ° + C5 T~~

— — (C~—C~) T~5 ] (B.l6)

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

left—hand side of Equation (8.15). Similarly, Equations (8.10) and

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

~~ 
rb 

TFw 
- (i._ F)~ — 0

5 
rb 

~~~~~ 

(3.17)

~tot, Y0
, I ~ ~. t b Y OW 

- (
~

_
~ ;.

0)
w 

• 0
5 

rb Y
OS 

(0.18)

Surface Value of H: At the wall, since u 0, from the definition of H

_ _ __ _ _  --‘-~~~~~ - - - - -~~~~ - - - - -- -
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I we can write

I ~~~~ 
— 

~~~~

I Using Equations (B.9) and (3.19) in Equation (B.l6), we get

I H~ - [S h(Pu)
C 

(H
c 

+ (Pr—i) -f-i + 0
5 

r
b 

{A1~°~ ,~ Y~5 + Ah f O YOS

I — C~,T° + C5T~i — — (C
3
_C
~) T i ]  / [p r

b+S h 
(pu ) )

I 
(B.20)

Surface Values of Y~ and Y: Substituting Equation (8.8) with k—F and

1 0 in Equations (8.10) and (0.11), respectively, we f ind

I Y 
S~(PU)~ ~Fc 

+ rb ~FS
Fv — (8.21)

0 5 
r~,+ S

k(PU)c

~ 

S~(pu) Y
0~ 
+ C

3 
t~~

I 
Ow • (3.22)

I 

~~~ 
r~fS~ 

~~~~~~~

j The surface temperature, T , is found from the definition of H

- 
given in Equation (5), af ter H~, is evaluated from Equation (3.20).

1 Equations (8.8) and (8.9) are used with guessed surface values, and

j iterations of the solution are made to satisfy Equations (0.20) through

(8.22). The Coutte— f low region in the present study was identified as

I the region between the surface and the first grid poin t along

coordinate.

I
I

~

—
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APPENDIX C

FINITE-DIFFERENCE EQUAT IONS

To form the finite—difference equations for Equation (77),  the

boundary layer is divided into N strips from w 0  to w 1 .  The variation

of • between the grid points is assumed to be linear, except in the

half—interval region near the boundaries at w 0  and w 1  (see Figure

C.l). 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 ~—directions respectively, as

shown in Figure C.1. In this way the finite—difference equations are

obtained; these relate • to~ and •~ ~~
. At the boundaries,i ,1 i,j ,j

two points are identified corresponding to the true value of • (* and

at I and E boundaries, respectively), and a false or ‘slip’ value

of • (
~ and 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 half—

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

is related to • and • through a finite-difference equation . The

function of the slip value • is to orient • - • lin, so that a bett er
2 2 3

representation is obtained for the region from w (corresponding to

~ in Figure C.l) to ~ than that given by ~ • line .
.5 3 3

The details of the integration procedure to obtain the finite—

difference equations are given in Reference 70. We will summarize only

I
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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 equations for a general dependable variable , •,
can be expressed as

• A~ •i,j+l 
+ B~ 

~~~~~~~~~~~~~~ 

+ C
,~ 

(C.l)

where various coefficients are evaluated from the following relations:

A~ — A
1
/D

1 
, B~ — B~~ /D~ , C~ — C~~/D1 

(C.2)

- 2 - L~ - 
~ (P + C) .~~ (C.3)

8~ • 2 T  + L  - -~~(P + G) .. (C..)
j — — .4 —

C’~ - P (3 •i-1,j .
• 
+ •i_ 1.i+1 ~ + 

+ 
~~~~~~~~~~~~~~~~~~~ 

..) + 2 S
~ (C. 5)

— A~~ + B~~ + P~ — 2 SD (C.6)

In these coefficients , i—i and i represent upstream and downstream

locations of the integrating region along x—direction , and j—l . j.

and .j+1 represent locations along ~—dtrection . Subscripts + and -

denote a half  step between j and j+1 , and j—1 and j, respectivel y

(see Figure C.l). Other definitions which have been introduced in

the coefficients are:

P (*E
_*

I
)/
~
.x where .~x • x~~x~~1 (C.7)

C (m1—ia8) (C.8)
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— 

~~ 

+ ~Jj
) (C.9)

I L - 
~~ 

+ 

~j-l~ 
(C.lO)

‘ I
— 

~ 

~~~ 
— 

~~~~~~~~~ 

, ., .-
+ 

+ ~1 (C.ll)

I 
Coefficients for grid point 2:

For~~~~~u:

I A • 2 T  — L - I - (P + C) .
~ 

+ 
~
. SD

I
B~ — 2 (T + m

1
) (C.l3)

I
I 

~~~

.

2 

•:~ ~~~~~~~ 
+ 

~i—1 .3~ 
+ 2 S~

I D • A  + 8 + P~ - 2 S (C.l5)
2 2 3 D

I 
Where 1 • s (:u) , and it is evaluated from Coutee—flow analysis

discussed in Append ix B.

I For — H, Y~., or Y1:

I A — 2 T — L - -
~
- (P + C) + -

~~ S

1 2 2 .5 2 .5  D

I B — 0
2

2 
- 

~ 
P~ 3 

(3 i_ l ,2 + i-l,3) + 2S~ + 2
~
l
t o t ~~~~~~I 

(c.1~~

I
D • A ~ + 2 a ~~+Pw - 2 S  (C.18)

1 
2 2

- I

________________________________
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Where J is evaluated from the boundary conditions and the Coutte—
tot,$,I

flow analysis discussed in Appendix B.

Coeff icients for grid point N+2:

For all variables :

• —2~~ (C.l9)

- _T
~~~~5 

+ L~~1 5  — (P + C) + ~ S~ (C.20)

C~~42 
— P 

~~~~4+1~ ~
3 i—1 N+2 + •t_1 N+1) + 2 S~ (C.2l)

— A~~~2 
+ B

~~+2 + P (l
~

wN+1
) — 2 S

D 
(C.22)

In Equations (C.l9) 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 T
~
, T_ , S~ , and S

D 
for each dependable

variable at grid point (i,j) are given in Table C.l. First derivatives

listed in Table C.l are approximated as:

• ~i+i~~~i ( C .2 3 )
v 

+ ~
‘j+l~~

’J

( —

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
j+1

+ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(s~-s~_~
) (C.24)

These equations have second—order accuracy in ste p size along w—

coordinate. In Table C.1 any variable • referred to ~ location is

~

_ _ -- _ - - _ -— ~~
- -- —_ 

--
_—--- 

_ 
— .-
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found fr om the avera ge between and .

Expressions for mass entrainment rate (mE) at the external boundary

are obtained from the degene rate form of Equation (77) as ~ 1; using

• finite-difference approximations, we get

~
2
~
ieff N+l.5mE 

(C.25)
,U (Y~~ 2~Y~~.1)

-~‘( /Pra
~~
‘ ‘eff N+l.5mE — — (C.26),H

-2(u+~~~~~15
rn.. • (C.27)
t,K 

~~N+2 —

Where (y~~2—y~~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 •c~ r .I s b
y distribution corresponding to a given distribution is obtained

from the numerical integration of the following equation:

E Idy ~~~~~~ d (C.28)

This equation is obtained from the definition of the coordinate trans—

formations . Equations (74) and (75 ) .

~-Distrbituion: In the present study, the boundary layer was divided

into 100 cross—stream intervals. Variable grid size was used along

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

— • 0

~~
J—2

— 

~~ 
, j • 3, 4, . . ., 54 (C.29)

- -—~~~~~~~~~~~~~~~ ~~~~~~~ -•~~~~~~~~~ - - -
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— ~ + (l—w 54)/48 , j — 55, 56 ,. . ., N+2 (C.30)i—i

I
— 

~N+2 — 1

I where

I ~ — 0 . 1  (A’t _ l )/ (&~
0 _ 1) (C .3l)

I and the increment in .
~
.., AuI~~~

• 1.15

I Step Size Along x-Direction: Step size, Ax, along the x—direction was

I 
set equal to 0.3 times the boundary layer thickness (y)~~3) .  However ,

a limit was set on ~.x by the equation:

I Ax ~ 0.01 (*E_*I)/ ( rnI~
mE) (C.3 2)

I ~.x found from the above equatio n is dependent on the fraction of the

I 
mass entrained by the boundary layer dur ing a forward step in the

solution procedure.

In itial Temperature Distribution: In order to start the numerical

computations , the temperatue distribution was guessed and evaluated from

I the following relation :

11-exp(&.~ ) J
I I • I + (I —T ) , ~ 

• 1, 2. . . ., N+3a j  pa pa [1—exp (~~43)J

(C.33)

I For the velocity and species mass fraction , uniform initial

distributions were assumed : Ii — U , Y • 0.001, Y — 0.001

I . F OF

Initia l ~ and c Distributions: The dis tributions of K and c were

I eval uated from the following equations (also used in Reference 69):

K • ~-~~— cos 2 (I. sy/6) (C.34 )p 1~~

__ 
2

U

- -- I

- - - ~~~~~~~~~~~~ - - - _
~~~~~~~~—- -- -
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3/ 2

r • c !1_ (C.35) - •

— ~~ C~~/1’y for t~y ~ 0.096d 0.09 C 1
~’~

46 for iZy > 0.096 (C.36)
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• 
I APPEND IX D

PARAMETRIC STUD Y IN THE EROSIVE-BURNING TEST-RIG DESiGN

I 
The test rig cons ists of four major components: the driving motor ,

the test chamber, the feed mechanism chamber and the pressure equalizer

I 
chamber (see Figure D.l). The design of these components of the test rig

depends on the gas dynamic operating conditions f or pressure, temperature,

I and velocity required in the test chamber. Therefore, the equation. of

mass and energy balance in the driving motor and the test chamber are

I considered. Through these equations, the effect of various geometric

I inputs of the teat 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. Perfec t gas law is valid .

Mass balance in the driving motor:

- da . .
- ~dt~d 

— a1 + 

~~b~d 
— (m jt)d 

(D.l)

Energy balance in the driving motor:

d (me) .

dt ~d 
m ignhign 

+ (m
bCP

Tf)d 
— (a 

itH it
)
d 

— 

~~loss~d
(D.2)

where the subscript d refers to the driving motor.

Using a — ~ and perfec t gas law

:Rt
e C I  (D.3)

I we find ,

I

-s
-
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rT T

Tm (D .4)
dt~~~~~dt~~~R T d t T dt

I From Equations (D.3) and (D.4) , we have

C,I d (ae) 
• C

~
PT ~~ 

+ ~~~ (D.5)R dtdt

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

i 
respec t ively , we have

~~~~~~~~~~~~~~~~~~ -a
• dt RT dt I dt d ign 

+ 

~~b~d 
— (mexit

)
d (D.6)

I

I (C PT + 
C ’ ~ 

~~~~~ 
- ~~ h + (~~C T ) — (~ H ) - (*~v dt R dt d ign ign p f d exit exit d loss d

(D. 7)

In the dr iv ing motor , the rate of change of volume is given by the

following equation:

I
~dt~d 

(r
b
A
b
)
d (D.8)

I Multiplying Equation (D.6) by (C T)d, subtracting from Equation (D.7), and

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

dl 
— (1J_) [(

~ h ) + (m
~
C
P
T
f)d 

— (
~~xit

H
exit)di ~~~~ ~R~# d ign ign

I — 

~~loss~d 
— {m

ign~~b~~exit
}
d c—l~d 

1d 1 (D.9)

I 
Prom Equations (D.7) and (D.8) we get

(~2~) • ( ( ‘ 1~ } (a h + ~~~~~~~~~~~~~~~~~~~~~ — 

~~loss~dd ign ignI dt d

I — 

~‘r—l~d 
(r
b
A.O

T)
d J (D.lO)

I’ 
Mass balance in the Tat chamber 

- 
_ _ _ _ _ _
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~
m
exit

)
d 

+ 

~~~~ 
— 

~~ezit~ c 
— 

~~spi11~ c (D.ll) I.

Energy balance in the test chamber:

d (me) ‘

dt ~ (m j~
H i~

)d + (m
bCP

Tf
) — (m

exit 
H 
exit~c

— 

~~spill~
’spin~c 

— 

~~1ose~c 
(D.12)

The subscript c refers to the test chamber. A simplification of Equations

(D.ll) and (D.l2) similar to that followed earlier for the driving motor

resul ts in the fo llowing equations:

~dt~c ~~~~~ 
mexit Hexit )

d + 
~~pTf )c - ~~exit H exit~ c

— 

~~5~i11H8~iii
)
~ 

— 

~~loss~c 
— 

~~
m
CXi~
)
d 

+ 

~~b~c 
— 

~~exit~c

~
(
~ sptll)c :

~ ~~~~~ ~ (D.l3)

~~~~~~~ ~~~exit
Hexit)d 

+ (~~C T f
) — 

~~exitHexit )c

— (~ H ) — ( ) — (~~~
—

~~
-) (~~~~~~

) I (D 14)spill spill c q1055 c y— 1 c dt c c

In Equations (D.9) through (D.lO) and Equations (D.l3) and (D.l4),

~~~~~ 
and are calculated by the following equations:

~~~~~~~it 
— C

d A it C~T ~~~~t )~~ — (~~~tr7 } (D.lS)

U2

• ~~~~ 
— C T  + (D.16)

_ _ _ _ _ _ _  
-~~~~~~ . - ~~~~~- - • --— -~~~~ - •~~~~~~~~--~~~~~ - - - -
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I Equation (D.l5) is based on the assumption of isentropic flow in a nozzle.

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

-
~~ - (Y ) + A x (D.17)

I 
C O C  p p

I — A u g, (D.l8)

I where ~~~~ is the volume of th. test chamber when x~ — 0 (see Figure

D.1). ii and x depend on the pressure difference across the piston. The

I pressure equalizer chamber consists of a steel cylinder which contains a

I 
piston, a spring, and a damper . A force balance for the piston , spring,

and damper system with the cylinder gives the following equations:

I du

dt — 
in 

— 

~~~ 
A~ — d

~
u
~ 

— 

~k’~p
1 (D. l9)

I 
p

I — u~, (D.20)

I where a is the piston mass, d is the damping factor , is the spr ing

constant . To evaluate Pf~~ 
we assume a polytropic compression of the gas

I in the feed mechanism chamber . Therefore , we have

(~~)
o f a  p nI ~fm — (i’~.)~ 

~~~~o~~fm + Z_x~ A~ 
(D.21)

I where (* ) is the volume in the feed mechanism chamber excluding theo fm

free volume in cylinders, (Pf ) is the initial pressure , and n is the

I exponent in the polytropic compression .

I 
Surface temperature of the propellant sample in the test chamber is

given by the following equation

I
I

_ _ _ _ _ _ _ _ _ _ _ _  -—• •-~~~~-- _ -~~- 
_ - _ 

- - - -
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dl 4~~~~~ h
2 

(I —I ) 3
I ~~ 5 COflV C Ps ,,., .,~“ dt ‘c 3A 2 (1 —T ) (2 1 —r —T )

S P~ P1 C PS 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, h vI

is calculated from the Dittus—Boelter equation. is assumed constant

after it has equalled the ignition temperature.

Equations (D.8) through (D.1O), (D.13), (D—14), and (D.18) through

(D.22) were solved on the computer , using fourth—order Ha~~ ing ’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:

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. 5.

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. Ve locity can also be controlled by the variation of height ,

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

I. ~~~- ~~~~~~ - _ • —• --- --—~~~~~-- ----~~~~ — - - -- ~~~~ -~~~~~----- -~~- -
~~



I Table D.l

Properties Used in Parametric Study

Property Dimensions Numerical Value

a ca/s/(atm)0 8.812 x 10 2

I (C
e
) Kcal/Kg—K 0.35

(C
p
)
d 

Kcal/Kg—K 0.35Pr —————— 1.0
I (T f ) K 2225

( T )  K 2258

I ~
T
ign~c 

K 700

Tpi K 298

I (W)
c 

Kg/Kaole 22.01

1 

(W)
d Kg/Kmole 22.01

ca2 .~ /s~~~Kg~~~ 6.129

I ca2/s 1.875 x 10~~

8 105

I ( A )  Kcal /ca—s-K 9.0 x l0~~

j  

Kg/cm—s 5.7 x l0~~

Kg/ca3 1.6 x i0~~

I ~~s~d 
Kg/ca 3 1.6 x 1O~~

I 
_ _ _

I (r b
)
d —

(r
b
)C 

— a p  + 
- 

exp (— ) , Lenoir—Robillard Equation
Erosive—burning law (27)

I

I

_ _  
--~~~~~~
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APPENDIX E

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

CHECKLIST FOR EROSIVE BURNItI G

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 lead ing edge element. Shape the
propellant by milling it to required d imensions.

2 .  Not.-’ u~e d imensions of the test—propellant.

3. Put a layer of igniter paste (KC1O , I~, B) on the internal surf aces
of the N—4 star grain.

4. Assemble the ~-tKl25 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 dr i ver motor , bottom chamber, and the middle chamber
of the teat rig. Make sure that the two 0—rings are in place at
the inlet and outlet flanges of the driver—motor nozzle. Perastex
seal should be in place within the contact surfaces of the chamber
and flanges.

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 4) insert the nozzle
ret ainer 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
piec e. The spillage—nozzle assembly should be tightened with
a crescent wrench .

9. Put a layer of Halocarbon grease (25—SS) on the back , fron t , and
trailing surfaces, and on a small portion of the leading edge of

- .-- •---—- - • - - - • - - - - • —•- —-—--~~----~--- - -  .• ~~~- — ‘~—---- -•-- —•~~~-—-- - -a-.-- • -
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I the test propellant sample. Assemble the leading edge piece with
the teat rig, with bolts and torque down these bolts.

I 10. Check to see that the plexiglass window assembly (1½ + 1 + ½ inches
thickness) fits into the steel top chamber window. This may need
some filing .

1 11. Clean the plexiglass window—assembly. Put a thin layer of Halocarbon
grease (25—SS) on the side of the sacrificial plexiglass window

I facing the propellant , but only on the portion that is not b locked
by the propellant .

I 
12. Assemble the plexiglass window in the top chamber. A cork gasket

• may be needed for a tight seal .

13. Assemble the top chamber and steel window—retainer with the test—rig

I assembly. Use permatex seal for both the chamber surface and the
window re tainer sur fa ce.

• 1 14. Torque down all the bolts of the test rig.

15. Make sure that the test—rig—stan d assembly is secure, with bolts

i 

and nuts tightened.

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

17. 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

I 
insulation.

18. Connect water input and output lines to the waterjack.ts of each
t transducer. Run the water through the jackets and check for leaks .
I Turn off the water supply.

19. Test cell power , ignition and transformer switches must be all OFF

I (down) position prior to connecting camera and igniter wires .
Igniter wire plug is disconnected from the lead which is connected
to relay box.

1 20 . Switch ON power to charge—amplifier , biomation , and tape recorder
(allow 15 minutes to warm up).

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

22 . Set up camera and its various conenctions, includ ing that for the

I 
LED driver unit. Check the following:

a) Full fram e head is connected with the camera.

I b) Bullet proof glass ii attached .

c) STARTISTOP switch on camera speed controller is in STOP position .

_ _  _ _
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d) Framing rate PPS dial. is set, Multiplier dial is set , Break L

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.

13• Turn on only the test—cell  power and check the following:

a) LED driver idiot—light is ON.

b) Comeoa—time trip indicator on LED driver is not lit.

c) Check the functioning of two light emitting diodes.

d) Turn test—cell power to OFF.

24. 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
sett ing on the charge amps.

c) Connect transducer cable plugs to the pressure transducers.
Clea n each plug with Freon TF spray and dry each before
connect Log.

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 connec tion
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/calibra tion toggle switch on charge mode and
ground/operate switch on ground position.

h) Both toggle switches on calibrat ion panel are in OFF (up)
position, and rotary switch is in a null position.

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

5. Perform the following check.. on the Ignition—circuit Relay Box:

a) Coemon—Time lead connected (also to camera and tape inputs).
b) 50 VAC lead connected to relay from the transformer power source.

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

---- —- -- -•• -—- • - • -• • • • • - - • - - - • —-- • • -“- • • -  
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26 Perform a pr~~ignition test by connecting a fua. wire to the igniter
wire and loading the camera with a dt~~ y film , and then follow with

i st eps 43, 45 and 46.

27. Check procedure 19 again .

I 25~ load the camera with new film. Push micro—switch on the camera
upwards , and keep the eye piece blockage knob on the camera in

I 
upward position.

29. Load the driver motor with the N—4 star grain.

t 30. Assemble the flange covers on the igniter end of the driver motor.
I Make sure that the two 0—ring s are in place. Torque down the bolts

on these flanges after the angle—iron support assembly is in place.

1 31. Insert the ~*U25 igniter assembly into the flange cover of the driver
motor. Two 0—rings should be in place.

1 32. Tighten down the !aC.l25 igniter assembly by us ing a chain wrench.
I Care should be taken in not tightening too much because the igniter

wire may be cut .

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

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

1 
35. Connect igniter wire to the feed-through (positive) and a bolt

I (ground) on the igniter assembly.

i 36. Turn on water supply.

37. Turn on c amera lights.

1 38. Turn on exhaust fan .

39. Close the teat cell door.

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

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

1 2.  Turn on tape recorder and record the test firing oumber and other
information on the voice channel.

1 43. Turn on DC voltage supply to relay .

44 . Unground charge amplifiers.

I- I

H 

_ _ _ _ _  
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45. Turn on power supply to the transformer which supplies 50 VAC and
S Amps to MKJ.25 igniter.

46. Turn on ignition switch.

47. As soon as the test firing is completed , turn the following switches
to OFT : [
a) Ground/Operate switch to ground (down) position on the charge

amplifier.

b) DC supply switch to relay.

c) Test cell power and ignition switches.

-I

________ ~~~~~~~~~~~--

~
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I DATA SHEET FOR EROSIVE-BURNING EXPERIMENTS

Test Firing I_____

I Date 
_ _ _ _ _ _ _ _ _ _ _ _ _

TE)O’ERATURE: T _____°F T _____‘F• I room test cell

Burning Rate Measurement Technique: High Speed Motion Picture

INIflAL PROPELLANT D IMENSIONS :

I Length, L • cm Width, W~, • cm Thickness, t — _ca
Length of Tapered Portion from Leading Edge: . -

I Extra Width Left: Window Side: W — cm Back Side: W • cm
F1—

W •  cm W cm

I F2 B2
Propellant Type: 

— 
Propellant Inhibitor: 

— 
Type of Glue: 

—

I 
Igniter: 

_ _ _ _  
Input Voltage: 

_ _ _ _  
Igniter Paste on N—4 Grain 

—

N-4 Grain: Length - cm Section Code: 
_ _ _ _ _

I CAMERA : F ILM :
I Type of Lens 

_ _ _ _ _  
ASA No. — , Type 

—

F Stop 
_ _ _ _ _  

Black & White — , Color 
—

Framing Rate 
_ _ _ _ _  

Frames/sec Type of LED on 2 macc Com. Time 
—

Time Marker 
_ _ _ _ _  

pulses/sec Type of LED on Time Marker 
—

j  Remote Tiring at ft. of film Film Processing Instructions : 
—

Pictures per Frame 
_ _ _ _ _  

PPS DLa1:_, Multiplier: ,
Brake Dial :

• 1 Servo:__ , N/L Speed Reducer :_
NOZZLE S AND BUR STING DIAPHRAGMS :

I Exit Nozzle:

Throat Diameter: cm Diaphragm Material: _cm

• j Th ickness :_cm Bursting Pressure:_psig

Spillage Nozzle:

T 
Throat Diameter:_cm Diaphragm Material: cm

Thickness: _cm Bursting Pressure: ysig

T 
Type of Window in Contact with Propellant Sample:_ Thickness: cm

I. Chamber Prepressurisation Condition: Yes ~ psig No_____

‘o.of Camera Lights 
_ _ _ _ _, Wattage (a) 

_ _ _ _ _ _ _ _, (b) 
_ _ _ _ _ _ _ _

j  
(c)  

_ _ _ _ _ _ _ _• 
(d)  

_ _ _ _ _ _ _ _

I
-l

_ _  --~~~~ — - -- — • - _ _ _ _ _ _ _
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Interchangeable Top Plates (1) ‘
~~~ 

— - [

(2) -

(3) 
~~—~~

_J_
~ 

-

DATA ACQUISITION :

Tape I____ Tape Location 
____ 

to 
____ 

Tape Speed ____ips

Pressure Transd ucer Co~~on Voice
Type and Serial No. Time

Location

Transd ucer
Sensitivity

Charge Amp. No.

Time Constant Settin~

Range Multiplier

Sensitivity Setting
on Charge Amps.

Pressure Scale
KPSI/volt

Voltage Divider
Channel

Tape Recorder
Channel

Participants: 
___________ ___________ ___________

Remarks:

Prope llant Geometry:

_ _ _ _ _ _ _ _ _  

~~~~~ ~~~~ ~~~~~~~~~~ ~~~

_ _  _ _  

Jj

l

~~~~t~~~
1 

_ _ _ _ _ _ _  ‘4 WB2 2

~

• • - ~~~~~~~~~~~~~~~~~~~~~~~ • _ • •
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~~~~~~~~~~
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APPENDIX F

FREE—STREAM VELOCITY CALCULAT ION

Direct measurement of the velocity in the test section is very

I difficult because of the presence of high—temperature and high—pressure

i gases. Therefore, the free—stream velocity is indirectly calculated

from the gas dynamic theory. The mass flow rate through the exit nozzle

I of the test rig can be written as

I rn h — 

~~~ 
U
~h 

A
~h 

(F. l)

I 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

I tests, gas flow was always choked).

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

written as

I ~ U A (F.2)ts ts ts ts

I where the subscript ts refers to the conditions in the test section .

I 
Test section is identified as the portion of the test chamber above the

test propel lant sample . A t is the flow cross-sectional area above the

I test propellant sample. U and o in Equations (F.l) and (F.2) represent

the average gas—f low velocity and density. It may be noted that in

I Equation (P.2). the mass addition due to the burning of the test pro-

I 
pellan t is included , sad the equation is applicable at a location close

to the trailing edge of the propellant sample.

I Equating Equations (F.1) and (P.2) in order to conserve maas, we get

• - 
~* A h

i 
— 

~~~~ ~~~~ U~~ (F. 3)

I ts ts

I

_ _ _ _ _  ~~ - ••
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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 M
~h 

— 1), we get

T
— (....~~h

)
2 (.. .!!

) 
(.... !....)2 (P.4)

th ts

We now use the following isentropic relations (82):

— 1 + -~~~~~~~ M~ (F.5)

-~~- 
_1_

p T i—I
.1 — (._2:) • (1 + :r_L H2 

) 
(F.6)

p T 2 ts

From Equations (P.5) and (P.6), we f ind

• — X i  / (1 + 91 M~~) (F.7)

(th ) • (1 + 9! M~5) /~~~5L~~~~~~~~

’ 

(P.8)

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

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

2(y-l) A
Mt — + 

~~f 
M~~1 (

~~~) (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):

• 2 ~
~ J ~~~ (P.10)

where p and are the stagnation pressure and t~~perature , respec t ively.

Equating Equations (P.2) and (P.10), for mass conservation, and using

ideal gas law, we get

• - • •
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I
y—l 

~~
/ ,  p A

1 
U~ • (yR I (

~~) (~~) /r (i.—) (P.11)

I 
Substituting the isentropic relations, Equations (P.5) and ~V..i’).

in Equation (P.11), we get the expression for average velocity in the

I test section:

~1~A • — l y—lI — (ii!) vT (yR (—4r~ 
j

/ 
(1 + %1)M~~) (P.12)

I The solution of Equations (P.11) and (F.l2) 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

F 2
4 U

~ 
— u dy (F.l3)

~.‘- ‘re h
~ 

is the height of the test—sectiun channel. Equation (F.l2)

-- can also be written as

hts/2
— 

~~~~~
— ( I udy + ~ U dy] (P.14)
tg

since beyond the boundary—layer thickness u — U

For the boundary— layer velocity we use a power law dLstribution

of the following type:

u — U ( ~ )
fl 

(P.15)

Substitution of Equation (P.15) in Equation (P.14), gives the expression

I fo r  the free—stream velocity, and is given by

~
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U

u — (P.16)
. 

~1 
- i._!1._~ .iL
~1+n’ hts

~ was evaluated froa a for~u1a in terms of R~eynolds number and down-

stream distance, x (see Reference 72). ~ was taken equal to 1/7.

Stagnation temperature for Equation (P.12), for the present calculations,

was obtained from N—4 star grain ballistic data and was equal to 2258 K.
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I APPENDIX G

TABULATED EXPERI)~ NTAL DATA FOR EROSIVE-BURNING RATES ATI VARIOU S PRESSURE S AND FREE-STREAN VELOCITIES

I Normal burning rats formula : r
b 

— a p
p

, a~ • 0.2452 ca/sI($Pa)~
— 0.41

I T.rnp.ratur. of combustion gases
generated from N—4 Star grain: T - 2258 K

I Prop.llant Type: AP (752), PBAA—EPON (252)

Pressure , MPa Free—Stream Velocity Burning Rate , rb, ca/sI U , rn /i

J 7.2375 319.3 1.213

7.2375 305.6 1.176

J 7.2375 288.5 1.1278

7.2375 245.0 O.9~53

1 7.2375 231.2 0.9526
1 7.2375 219.4 0.9165

1 7.17 274.0 1.0846

1 7.17 258.0 1.037

7.065 212.5 0.8956

1 7.065 200.9 0.8619

6.62 189.1 0.829

1 6.62 178.1 0.7993

6.62 171.7 0.7816

• I 6.41 168.7 0.7731

6.41 162.7 0.7553

I 6.41 152.0 0.7177

6.066 147.1 0.697

6.0 141.3 0.6681 6.0 136.2 0.6375

5.86 131.4 0.6049

1 5.65 128.3 0.5824

5.65 119.7 0.527

I

—~~~~~~~~~~~~~~~ _ _  _ _
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APPENDIX C (continued)

• Pressure, MPa Free—Stream Velocity Burning Rate , rb. ca/a
U , a/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



177• I APPENDIX G (con t inued)

T
Pressure, (Pa Free-Stream Velocity Burn ing Rate , rb, ~~~

_______________  

U_, rn/s

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


