METHODS AND ANALYSES FOR EVALUATION OF EROSIVE BURNING -

IN SOLID PROPELLANTS

by

Timothy Charles Wagner

Thesis submitted to the Faculty of the
Virginia’Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE
in

Mechanical Engineering

~ APPROVED:

Walter F. O Erien. Chaifrman

Henry L. Wood . Fugene F. Brown

April, 1983

Blacksburg, Virginia



METHODS AND ANALYSES FOR EVALUATION OF EROSIVE BURNING
IN SOLID PROPELLANTS |
by
Timothy C. Wagner

(ABSTRACT)

This inveetigation was concerned with the measurement
~and prediction of erosive Burniﬁg. The theoretical models
for erosive.burnihg;in coﬁpOsiteﬂpropellants were reviewed;
The experimental techniques which Were cited 1in the
literature for the measurement of erosive Burning Wefevalee
’reviewed. Ohly‘the high-speed motion picturekteehnique was
found to have resolution eufficiently high to 'measure
efosive burﬁing accurately; The theory for the microwave -
bufning‘ rate measurement itechnique wes ~also. presented.
Altheughv this technique has neveryebeen applied ‘to the
measurement of‘efosive burﬁiﬁg, it has high resolutien and
does not interfere with the internal flow over the pro-
pellant. For these reasons, microwave. interferometry was.
reeommehded as the vexperimental,‘method best suited to
measure erosive burning.

| Utiiizing, the microwave technique, a vpfeliminary
design"for an erosive burning tester was proposed. The

proposed apparatus could geﬁerate crossflows from Mach 0.2



to. Mach 1.0 over the propellant_in the test section. A
preliminary test plan for verifying the mi¢rowave‘measure;

ment technique was preéented.
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Section 1
INTRODUCTION

In thg design ot a solid propellant rockét motor, a
continuous knowledgé of the burning fate‘of the propellant
at all -locations inside the motor is cfﬁcialr~The bufning_7
rate‘mayfbe affected by high veloéity crossflow, changésfin
v¢hambef: pressure, nonhbmogeneity of the prdpeliant, and

other phenomena. O0Of these factors, erosive burning, the

-increase in the normal bufning'rate due to high VelOCity,_,

cfossfiow, is probably,the most difficﬁlt to predict. The
designer needs to know the_sensitivityﬁof.a propellant'to
erosive burning and bbe able to accufétely prédict the
amount'of erbsive'bufning which will occur in a~rockét
‘motor. Failure to do so could result in bursting the.céSe
from oyer—pressurization, or>at least altering the expécted
performance. | |

Sevérai techniques exist to predict erosive burning_}
but no general theory has gained wide‘acceptance. More
data is needed to evaluate the-teéhniques‘and dévelop a
comprehensive theory. In order to be useful, continuous
burning rate ' measurements must be made under erosive

burning conditions. Of the methods available, the microwave.



technique‘ is the only one which provideé  accurate con-
- tinuous data Without disrupting'the internal fiow. |
Aftérkreviéwing the current»techniques,for:predicting
lahd méaéﬁring efQSive bu?ﬁing; .the'_hicfoWavé méaéuriﬁg:v”
technique'Wiii be’expléined. A-preliminary'design of an
'erosive§burniﬁg tester ufilizing the microwave measufing
techniqUé’ will vthen -be presenﬁed. The - rocket test
facilities at VPI&SU will also_be»desCribed.%;Finally;}thea~*
plans for a slab burner>to initially test the microwave

. technique will be presented.



Section 2

REVIEW OF EROSIVE BURNiNG.RESEARCH

Tﬁé Subjectvof‘erosife burﬁing has been S;udiéd By”
many inVeétigators in the last thirty yeéréL Litéfature
reviews on the subject have been publishe& by‘King'[l]* and
Kuo and Razdan [2]. This review of erosive burning will
-;summafize both the proposed theoretical models and the

experimental techniques used to measure erosive burning;_
bThe fhédretical reﬁiew will be limited to ‘models for-

compositevpropellants.

2.1 EROSIVE BURNING MODELS |
In his literature review, King [1] divided the
- existing theories of erosive burning into four categories:
1. Models based on heat transfer from a '"core gas"
"in the presence of crossflow,
2.  Models based on alteration of transport proper-
- ties in region from surface to flame zone by

crossflow, generally due to turbulence effects.
Includes effects on conductivity from flame zone

back to propellant and -effects on time for -

- consumption of fuel pockets leaving surface,

3. Models based on chemically reacting boundary-
layer theory, and ’

4.  Other.

*. ' ‘ o
Numbers in brackets refer to references listed in the
‘Bibliography. ‘



This review will utilize these categories.»

The first category- inﬁolves ;those modéls which are
based on heat transfer theory only‘énd.ignore'the details
of combustion. The theory of’Lénoirland Robillard [3] is -
inifhis,category. This'Burning:raté law,_onenof'the'fifst
theories in this field,vis still the most oftén;used model
for eroéive burning. Lenoir and Robillard assumed that the
burniﬁg rate 1s the sum of the normal (no croszloW)
bufningf rate, which is dependent on preésure, and the -
eiosive-bﬁrning rate, which is assumed to be proportionél
to the heat transfer coefficient. | |
| Many‘modifications to the Lenoir and Robillar&,theory¢'
have beén: proposed. Both Matthew and Lawrehce ‘[41_,and
Yaﬁéda, Goto, and ishikéwa [5] found better‘égreemént;With
expériment'by using the grain,port‘diameter in placé of af
length parameter;» Jojic and Blagojevic [6] broadened thé
" Lenoir and Robillard theory to account for the decrease‘in‘
burning‘ratebsometimes‘found at the head end of the grain.
This pﬁenbmenon is known as negative erosion. One final
| mddification3 proposed by King" [7], allowed the normal
kburning rate to‘be affected,by_thercrossflow.

The second category used by King is composed of models
based’on the augmentation of transport properties in the
région between the flame zone and the propellant surface.

The two most advanced models for composite propellants in



o |
this category are those of .Lenéelle and of Renie and

: Osborn;-

- Lengelle [8] modifies the Granular Diffusion Flame

- (GDF) Model to allow_fOr turbulemtktransport'coefficients<Z'

in the ges phase reaction zone. An integral solution"is
used to solve the turbulent boundary laYer equations. The
result is an additive law which combines the normal burning
rate with an erosive term dependent‘on'pressure‘and velo- -
city.

The model proposed by Renie and Osborn [9, 107 uti-
lizes the Petite Ensemble Model (PEM) of steady state
’combustion; The PEM is a statistical model tha.t‘a].]iowswthe.1
oxidizer particles to have a distributed size rather thanv
one given diameter. The burning rate is then a statistical'
summation,proeess over all the oxidizer partiele diameters.
"In order to solve for the erosive burning rate, Renie and
Osborn combined the PEM with a velocity profile in an
iterative solution.

The third ,category, models based on chemically. re-
acting boundary layer theory, has only one primary set of .
contributors for composite propellants, Kuo and Razdan [11
- 14]. These two investigators have developed a model for
erosiveb burning which wutilizes a second order closure
technique. The governing equations are derived from the

conservation equations for a reacting compressible fluid.



The heterogeneous ‘nature of the _chemical ereaetions is
ihcluded,through the eddy¥breakup model (EBM) of Spalding.
-Kuo and Razdan have alse4extended their‘medel for the case
of axisymmetric flow [14]. |
| The fourth.category ﬁsed bj“King consists of thedries
which are not cevered by the first three eategofies.
Included are models proposed by Parkinson, Klimov, and
Ring. |
Parkinson [15, 16] developed a theory to predict
pressure-time histories of motors subject to erosive
burning based on a "blow-off" phenomenon. The aesumption
is that wheﬁ no erosion is present, the treﬁspiring gases
~ have fofced the boﬁﬁdary layer away from the surface of thei
prdpellant.~ The boundary layer in this: situation_'is
referred to as having been "blown off" the surfaee. When
high cressflow is present, Parkinson suggests‘ that the -
boundary layer reattaches end erosive burning begins.. ﬁ
- Klimov [17] has presente& a theory Similar to thef of
Parkiﬁson. However, Klimov goes on to.suggest.that nega-
tive erosion”is~the resﬁlt of'a "stirring up" of the cool
bindef decemposition products. These products, beihg
cooler than the oxidizer wvapors, act to screen the surface
from part of the heat vflux generated by the diffusion

flame.



- The third miscellaneous model for composite pro-
pellants is that of King [18 - 21].‘vKing‘s model is based
on a modification of the Beckstead-Derr-Price (BDP) modeli
of;~combustion of solid prepellants t19]; , Kingv proposes
thet; erosive burning feSults from. an incfease' in;?heat
transfer between the heat release zone and the propellant
surface,due to a combination of turbulence effects and the
bending of columnar diffusion flames. The turbulence
: augments.the transpert properties beﬁween the flame and the
surﬁace, while the bending of the diffusion flames brings
the heat release zone clqser to the propellant surface.

Beforebleaving the review of erosive burningvtheories,
a feW'observations will be 1isted whieh are cited in the
literature' and which have speciai significance to the
present investigation. | .
1. Parkinson [15] noted that 250 motor firings
correlated fairly well when plotted as the retio
of maximum to minimum pressure versus blowing
rate, F, times the Reynolds-number reised to the
0.2 power. The blowing rate is defined as

p o Py (2.1)

(pu)

where (pu)W = mass flux per unit area of gas
evolved from the surface

(pu)s = main stream mass flux across the
surface.



- This observation is‘interesting;because the -

250 motorsidiffered in SiZe, grain'design;‘and

type of: propellentyv (Some_nof the motors had-

-'double baee_ propellantQ Whiie otners .wefe com-

‘pOSife). Thie obsefﬁefion' lediiParkinsonv to

suggest that erosive burning is a fluid dynamic
phenomenon. |

2, Sevefel investigators‘[4;j5, 22]>heve pointed out

that adding aiuﬁinunl to a pfopellento.doesv not

alter‘its erosivevburning'chafacteristics,
3. ‘Kud and Razdan [llj consider'surface:roughne3e~to

‘be an important factor in erosive burning.

2.2 EXPERIMENTAL METHODS

VariouS‘ Eeohniques have been ‘emplojed' to meesure-
erosive bufning experimentallyﬁ Some methods are simula-
tive in nature while others attempt to measure a Burning
propellant under erosive conditions. Five diffefent"
techniques. for. obtaining actual measurements will Vbe~
reviewed hereﬂelong with one simulative study.

Several investigators [3, 4, 23] have measured erosive
.burning using the interrupted burning technique. In this
methodi the combustion is interrupted by rapid depres-
surizetion and/or purging of the chamber with an inert'gas.

The burning rate 1is calculated-by dividing the change in



' thickness of the pfopellant by the elapsed time. This"
methdd, although frequently uSed; fesults'inqonly aVerége
burning rates with lowvéécﬁracy. |

Marklund and Lake [22] tried two different experi-
bmentéi methddéVto measﬁré’erosiVe}burning.r-One‘method3Was
the k?ray~flash technique. At a known time aftér,igniﬁion,
an x-ray picture was made of the burning propellaﬁt. After
meésuring the difference in thickness between the'origihal
propellant’ and the image of the propellant on the negative,
the bufﬁiﬁg rate could be"calculated, as it was using
inte&rupted,Burning; Thé'second‘méthod consisted df&two-
'Pieées.”of~'PfOP¢llant, each With a préssure’ transducer
embeddédvat a different depth. As the propellaht-re;eded
pasﬁ.the;inleﬁé to the transduceré, twb,pfeééure<épikés
were recorded ét different times. Knowing the thickness of
the propeliants covering the transducers and the.two bufn
times, the burning rate_could be  calculated. Stutm and
Reichenbach f24], in théir study of'the effects of acceler-
‘ation on erosive burning, used a similar ‘meﬁhod; except
that the pressuré ‘transducers were replacéd.jwith vtiming
wires. All of these methods yield only'average Burning o
rateS‘with‘low accuracy. |

Photography is the fourth technique that has been.used
to measure erosive burning. The combustion prodess is

recorded on film using a high-speed motion picture camera
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through a glass or quartz window. The camera records both
,the burnlng propellant and a timing mark which is all of
the ‘informationv necessary for the' calculation of the
lhurning rate. This  method, Which has been used by King
[20] and Kuo and Ra'z_:dan.‘ [12, ,13]',‘ yievlds instantaneous
burningsrates with goodvaccuracy for the propellant immedi-’
ately inside the Window Visiblevto the camera.

. The’ only' experimental technique reported in Vthe_
‘llterature which is appllcable to full scale motors, yet
does  not dlsrupt the internal flow, is the method of
deducing the burning rate:from,the pressure-time history.
;Parkinson'[IS, l6] has worked on this concept,‘although his
approach”,is to predict the pressure time history and
compare thatltovthe results of a testifiring;f'Based_onvhis
boundary layer theory, Parkinson has written a computer

code which calculates the erosive burning expected and thenr
generates a predlcted pressure time history. Use of this
‘method does not result in a measured value of burning rate.
- Instead, the result is a predicted burning rate which, when
combined with the assumed internal flow, correctly predicts
the measured’pressure-time history.
One simulative study, done by Yamada, Goto and
,Ishikawa [51, used porOuskwalls and ambient air to charac-
terize the flow field of a rocket motor under eroSive

‘conditions. The results showed that the boundary layer



11

along the propéllant developsrrapidly-in;a manner similafv
’f"td,pipe’flow, It was this finding that led these investi-
gators to recommend the use of a pipe diameter in place of

‘a length parameter in the Lenoir and Rbbillardithédfy}



Section 3

DISCUSSION OF EROSIVE BURNING MODELS AND
EXPERIMENTAL TECHNIQUES

"While the previouS'seetion wee devoted to a‘reﬁiew of
‘the‘iiteratﬁre, thisveeetion will present a discussion of
the models for erosive burning and the experimental tech-
nlques Whlch have been used. The equatlons for some of the
models will be. presented for comparison. Klng s. four
categorieS»will once again be used. | |

- Before proceeding with ther discuséion, a list ‘of
general observations about ‘erosive. burnlng, complled by Kuo,

and Razdan [2] will be given.

,ThreShold"Velocity; It has been. observed that the

- burningirete of solid propellant increases onlj when
the velocity of combustion gasesvor mass velocity has
a value greater than a threshold value Threéhold
veloc1ty has been observed to be a function of pres-
sure.

Negative - Erosion. At low velocities (below the-

‘threshold Value)'many investigators have reported’a
decrease in the burning rate compared to the normal

burning rate.

12
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- Effect of Propellant Initial Temperature An increase

‘1n the er051ve burnlng effect due to a decrease in the,
propellant initial temperature has been observed.

Effect of Gas Temperature. At constant gas velocity

and pressure, the erosive burning rate is found to be

independent of the gas temperature.

Effect _of Pressure. For a given mass-velocity,
erosion is more pronounced under lower pressures. The
influence of type of fuel and mixture ratio on the

erosive burning diminishes for high pressures.

Eftect of Compressipility of the Gaseous Stream.
Erosive burning has been found to depend upon the Mach
number of the convective stream.

i'Effect’of Burning Rate. Low burning rate propellants

have been found to experience larger erosion than fast
burning propellants, and vice versa. For high burning
rate propellants, pronounced thresholdQ'velocity‘ and
strong influence of gas mass velocity on erosive
burning rate have been observed.

Effect of Propellant Characteristics. Erosive burning

has been found to be strongly dependent on the type of
binder, fuel and the mixture ratio used.

Effect of Metal Addition. Very 1little effect on

erosive burning by the addition of aluminum has been

found.



- where
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3.1 DISCUSSION OF EROSIVE BURNING MODELS

Cétegorz 1

Models based solely on heat transfer form the firét;.

category. These'inclﬁde the theory of Lenoir and Robillard -

;.Aand'several modifications. Using empirical expressions*for7
turbulent flow with transpiration, Lenoir and Robillard [3]

developed the following‘expression for the burning rate, r:

0.8 ,-0.2

r = aP? + oG L exp(-prr/G) : - (3.1a)

T, - T, o
) "s. : ~('73'.l"’1b)- T
QBCPB(TS -fTi) ;

o= 0.0288 c 0% pr70- 667

Matthewsfand Lawreﬁce f4] énd Yamada, Goto, and Ishikawa
[5]»both proposedvthevsame modifications to- this theory.
Their modified burning rate equation is identical to the
: Lenoir and Robillara'expression.exéept that the length, L,
is replaced with the portkdiémetér, d. | »
Jojic and.Blagojeﬁic [6] have proposed a modification
to the Lenoir and Rdbillard equation which attempts to
account: for negative erosion. Jojic and Blagojevic begin
by noting that many propellants in use today have a plateau
\éffect: that is, a pressure regidn.where the exponent, n,  1
is zero. - A logarithmic plot of burning rate versus pres-
sure for such a propellant is presented in Fig. 1. The -

o

variable, r_ , represents the burning rate for the pressure

o
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logiorr

logig P

Figure 1. Burning Rate Versus Pressure for a Plateau
‘Propellant [6].
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range  in which the burning rate 1is almost constant.
Assuming that the plateau effect is altered by crossflow,

Jojic and Blagojevic developed the_fbllowing equation:

‘vr'= r, + ré,+'rp ' | _ (3.2a)
where
r, = ap™ normal burning rate (3.2b)
T, = «g0-8 p0-2 exp (-8p,T/G)

modified erosive~burning
rate of Lenoir and Robillard (3.2c)

; * : :
rp = (ro - r‘O')‘ . exp("G/pbrY) ; |
plateau burning rate (3.24)
The modification to the Lenoir and Robillard equétion".

propoéed by King [7] 1is

-0.2

0.8

r = @M%/ + ag exp (-8, r/G) (3.3)

'inb.this equation the -normai burniﬁg rate term, ‘aPn,_ is
allowed to Vvary with crossflow by squaring the ‘norma1.
burning rate and.dividing the resﬁltﬁby the total burnihg~
rate, r. . |

’The models in this first category, especially that of
Lenoir énd.Robillard, are the expressions most often used
to predict burning rates under erosive conditions. With
the exception of the constants, the eQuations are relative- -
"ly simple to evaluate and the results generally agree with
measured erosive burning data. Much experimental data is

needed to evaluate the constants. The major drawback of
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. these models was reported by King [18]. The above equa-
~tions all'predict thatverosive burning hasva substantial -
'dependence on the temperature of the crossflow ;Markluﬁd
and Lake [22] found no such dependence, even,though their
data:matched the Lenoir and Roblllard.model.fairly well.
The explanatlon. for this d1screpancy appears to be that
good results are obtalned for the Lenoir and Roblllard
»theory only because actualldata 1svusedvto select the two
constants. Because- of' this discrepancy, “the rassumption |
that erosive burning 1s only the result of heat transfer
from the core gas to the propellant walls must be stronglyv'
questloned |
Categorz-z

| Models'based on the aiteratiou'of trahsport properties -
in the'gas phasevreactioh'zone fOrmfthevsecond category.
Two models for composite propellants are included in this
category;. one by Lengelle'band one by Renie and Osborn.
Lengelle [8], using a modification of the Granular Dif-
fusion Flame (GDF) Model, derives the following equation

for the mass flow rate, m, under erosive conditions

T. - T . A | S
) [ e ] e
B\ Q 10% (Rey)

Where:W,‘the.blocking effect of injection, is given by
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8 2+a

, ) - |
¥ .-_._EE%E_)..» [1 + B(L-> ](—1—> o o (3.4b)

Thevweakﬁesses.of this model have been.énumefatedrby King
[l];an& Kuo and Razdan [2]. Among other things, King has
queStioned the validity of the‘GDF Model. - Kuo and Rézdan
,havé pointed out that the aséumption of incompressible flow
in the gas phase reaction zone is invalid.

The éecqnd'model'in this category, proposed by Renie
and Osborn [9, 1071, uses the Petite Ensemble Model (PEM).‘
In this model each oxidizer particle and its surrounding
binder is assumed to form a pseudopropellant'with its own
burhing_rate. The total burning rate is thenvcalculated'as
a statiétical éummation over the oxidizer vparticle dia-
mefers. The mathematical expression for fhe total'burning

rate, r, is

r =»~/~ ag Fy d(log, D : | (3.5)

where, for each pseudopropellant of a given oxidizer

diameter, d,

ry = burning rate
da = oxidizer mass fraction
Fd = oxidizer distribution function

To solve for the total burning rate, one assumes a velocity

profile and calculates transport properties. A value of
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'erosiye burning rate may then be calculated. With this
value,neW‘tranéport prdperties mayibe caiculated, énd.an
.iféfative process followé until ﬁoﬁﬁergence is achieved.

Renie and Osborn have suggested that the success of an
erosive burning theory td providé‘wuseful 'iﬁformationf on’
propellant selection depends on the ability of thé theory
to model the combustion process accurately. For this
reaéon'they believe that their mbdel is supefior to those
which are based 'on‘ chemically reacting boundary layer
theory. These latter modeis solve sets of equations for -
regcting tUrBulent boundary layers, but assume a one step
vreaction,fbr the combustion process. The theory of Renie -
'kand Osborn, which does display several of the ’obsgrved'
experimentél trends 1iétedAearlier3 merits further studyﬂ
Category 3 |

Thé third category, models based on chemically
réacting ~turbuient bouﬁdafy layer"theory; has only one
model for composite prdpellants. This model was proposed
by Kuo and Razdan [11 - 14]. In this model the burning
raté_,is calculated from the Arrhenius law of surface

pyrolysis

, -E .
T = Ag exp {—T—R a: } : (3.6)
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The propellant surface;temperature is calculated by numeri-
cally“ solving a set of parabolic partial.;differential
eqﬁations deriVed from the conserVation7equatibﬁs.:
| Kuo éndvRazdan state that ﬁthe:moét;reaiistic aﬁalyéiSj
,(Qf erosive bufning) must considér ;he’interaction bétWéen
flame zone structure and,the flow field" [11]. The preseﬁt
authorVégrees with this statement. However, the combustion
iﬁ the Kuo and Razdan model is assumed to occur in a global
single-step chémiéal reaction. Altﬁough' this assﬁmptibn*
- may be over?gimplified, the metﬁbd pfoposed by Kud‘;aﬁd"
Razdan_does.comparé well with expérimental data and thefe;
fore‘deserveé fufther“cohsideratioh; 7 |
Categofz 4
Models not conforming to the basic aséumptions of the
first three categories include _theories proposédf'by-,
Parkinson, Kimov, and King. Parkinson [15, 16] and Klimbv o
'f[17J both suggest that under nOnerosive"éonditionsllthé"
boundary layer is "blown off" the surface of the propellant
by the transpiring gases. Both investigators claim that
erosive burning begins when the turbulent boundary layer
is fbrced ontovthe pfbpellant surface by the high velocity
crossflow. ~ This suggestion doeé not agree withr thé
observed results of Yamada, Goto‘and Ishikawa»[Sj. How- .
ever, Yamada, Goto and Ishikawa did suggest that the

laminar sublayer might be widened at the head end of the
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grain by the transpiring gases. This widening of the

Sublayer -may be related to the  '"blow off" phenomenon

“‘ suggested by Parkinson and -Klimov.,. On this basis the -

proposed model may be valid, and‘thérefore deserve$ further'7
| éonsideratioﬁ. |
" The last model to be considered is that of’Kingk[iS -
21]. Actually, King has proposed several modifications to
his original model. The latest modification couples the
:  idea'offf1ame bending with turbulence effects. The flame
‘bending phenomenoﬁ.is»illustrated in Fig, 2, King preséﬁts
an argument to support the theofy_that the length of?the‘.
fuel-oxidizer mixing zone 1is bindependent of crossflow.
Thereforé;.when crosSflow is present, the distance between
the surface and the secondary heat reléase_éone will be
decreaéed. With the flame closer to the surface, the'heét
feedback to the propellant 1is increased and with it, the
burning rate. The flame bending theqry has been questi@ned"
by Parkinson [16] on the groundé that the displaéément;of
the combustion zone will be large. Despite this criticism,
the results of King's‘model compare well with experimental
data. Tﬁe advanced nature of this model defiﬁitely makes
it one of thevprimary theories on erosive burning.
0f the models discussed, the Lenoir and Robillard
approach produces a result which can be easily calculated

and conveniently applied. The more recent models of Renie
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and*Osbofn; Kuo and Razdan, Parkinson,kand'King incorporate
expressions for effects not inclﬁded ih"the Lenoir and
~ Robillard model, and are gehérallyvmore complex;’ In future
eXperiﬁéntal»work, it is recommended that all,of'the‘above

models be considered for comparison with data.
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and Osborn, Kuo and Razdan, Parkinson, and»King incorporate,
expressions  for effeéts hot included in thé Lenoir  and
Robillard ﬁodel, and are generally more'complex;~ In future
experimentalrwork, it is recommended that all of thejabovev

models be considered fOr'compariSOn'with data.

3.2 DISCUSSTON OF EXPERIMENTAL METHODS FOR MEASURING
EROSIVE BURNING

In Section 2, five different experimental techniques
for measurlng erosive burning were reviewed: interrupted
burnlng, x-ray flash, embedded sensors, hlgh-speed motion
pictures; and pressure-time histories. The first three -
- methods result in only an average burning rate ahd there-
‘fore are not the best‘suited,for measurement of erosive
‘burning rates. The use of pressure-time histories is not
an exact measurement, but produces a deduced burning rate
from the results of a test firing. Although this method is
potentially useful in design, it does not constitute an
accurate experimental technique for measuring erosive
bufning.

The high-speed motion picture technique is the only
experimental method cited in the erosive burning literature
which yields instantaneous burning rates. The weakness of

this method is that the measured burning rate is that of
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the propellant 1mmed1ate1y 1n81de the window through which:

~the camera 1is looklng Next to the WlndOW the flow, and

(o therefore the burnlng rate may' be affected 'by boundary*f-:

";‘layer growth‘along the wall. thanted effects may alsof‘

result if the WlndOW beglns to ablate during testlng



Section 4
MICROWAVE BURNING RATE_TECHNIQUEJ

A technique f§r»measuring eroSiQéiburning i$ neéded 
which will ‘Pfovidé= instantanébus’.burﬁihg' rates withdut
disrupting‘the internal flow or introducing edge effects.i
Preferably such a teéhnique would be appliéable to full
- scale ' fbcket motors. The microwave technique provides
these advantages¢  This‘sectidn Will’déscribe’the’theofyr’
”"BEhind the,ﬁiérowave'technique an&léxplginfits application .-
to erosive bUrninggr |
A.réview of‘micfowave burﬁihg rate'methods is given by
Holly-[ZSJQ All of the micr@wave techniques rely'on the
ability to detect and interpret an electromagnetic signal
which has been _transmitted through the propellant‘:and'
‘reflected off of‘the Burning surface. The incident and
.reflected~$ighals add vectorially,-resuiting in a standiﬁg--~
-wave. However, as the propellant‘ recedes the "standiﬁg
wave'' moves and increases in power. The>firSt'microwave
technique relied on detecting the position of the standing
wave pattern‘with respect to time. gHowever,vthe resolupion
could be nO“Zbettef than one qﬁartétffof a wavelength. 
 Assuming a 30GHz signal, a resolution of approximatel& 0.25
vcm results from 'calculations; employing the origihal

techniques.
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The‘ ability to measure fhe instantaneous burning rate,
and therefore transient :efosriv-e burning rate}qé, came about
when Shelton inédrporétéd a phase;“mﬁe_}te‘r w1th the micr-owa:ve'
interferome:tér :_[.'26_],. A phaée m'éter_‘“is a device whlch :
‘ continuously 'mez.asur'es the phase 'anglvbé between two microwave
si.gnals‘. Using a phase meter, Shelton attemptéd to meaéuré
the phase,‘ angle between the signal reflected off of the
burn'ivngv surface and a vreference signal. A schematic -
re;pr,eseritationz.v'of thé set-up is s‘hown in Fig. 3. The

burning rate, r, may be calculated as

= =<7zvf>dTa o LR

wher‘e Cba is the angle between the bufning, surface ﬁ:'eflec-
tion, VB(t), and' a fixed referené_e‘ signal, VR' HoWever,
_'due to the presence of fixedvre'f’le,ctions resulting from
'i’mpedance mismatches in the transmission line, the'anglef
measured by the phase meter is not' @a. The effect of
fixed reflections is shown Véctorially in Fig. 4, where
V'ect“c}rr VA ‘is the fixed reflection and vector Vc(t)bis the
sum of the burning surface reflectibn,_ V’B(t}) , ’and the fixed
reflection. Because of the fixed reflection, the angle”
‘measured by ~t‘hé-,phas.é meter, o is the angle between-‘the_

resultant signal, Vc(t'), and the reference. From trigo-
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nometry,“the angles 2, and ) m are related by the:
following: |

2|V, (t)lzr
. | “'|V (t)lz o
= (4.2)
a m _ .

. 2*1.

‘;IVB(t)I IVB(t)l
Therefore,v‘solvlng for the »burning» rate involves detere
miniﬁg certain angles and magnitudes -from‘ cohtinuous'
relative'phase and amplitude data.

A schematlc dlagram of the microwave apparatus at
VPI&SU 1s shown in Flg 5. The heart of the system is thex
Hewlett Packard,model,8410B Network Analyzer. Thls dev1ce'
.measures-bdth relative phase and relative amplltude Qf the"
microwave slgnal. With the cqntlnuOus data provided by the
'bnetwerk analyzer,:the parameters invthe equations developed
by Shelton may be ealcuated. A. method for determining,
 these parameters Was developed by Hollyv [25] at VPI&SU.
Starting'with'a,simplified’representation of a slab burher;
as sthnl in Fig. 6, Holly ﬁodeled the situation as”a
time-dependent’ burning surface reflection and; one fixed
reflection. The ,modeled system and the corresponding
vector diagram are shown in Figs. 7 and 8, respectively.

VNote that the vector, V is the sum of the fixed reflec-

A’
tions, Vl’ V2, and V3.



| Figure 5. Schematic of VP_I&SU Mi_crow‘avré Ap'paratu‘s’.
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AV signal incident on an interface is shown schema-
tically in Fig. 9. 1In his model, Holly assumed that the
° sighals strike all interfacés perpendicularly, resulting in
- perpendicular réfiections.  Each ihteffééé has a réflectibn;
'»,coefficient; r, ahd,é tfansmission coefficient, T. When a,f
signal is feflected.ffom-an interface, it undergoes a phése
jump,. #. The transmission coefficient, refléction,coeffi-v
cient, and phase jump:are all functions of the impedance
mismatch and thé, source frequency. From the theoryk of
electromagnetic propagation, the signais VA and VB(t)'may

vbe mathematically described as follows:
v, =‘EbFA’§xp{j(2kw§w}¢A)} (4.3)

‘ (4.4)

o exp{]j(2k a_ + 2kpi(t) + ga) i |
where TA = Tyénsm@ssion cogfficien? fgr propggation in the

direction opposite the incident signal.

Figure 10 shows the vector diagram incorporating the phase
angIes= described‘ in the above equations. Combining the
path length phase shift, kWa, together with the interface
‘phase jumps,'¢A and‘¢B, the reflectioﬁ phase shifts, QA‘
and.@é , result. A vector diagram describing these para-

meters is shown in Fig. 11. Assuming the transmission and
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reflection coefficients, as well as the incident signal and

horn attenuation, to be constant, the equations reduce to

 ,;VA = IVAicf:exp{jﬁg} . o (4.5)
VB‘;) =;jVA|cf exp{~2dpl(t)} exp{j(ﬁg +'2kP2(t))} (4.6’
Th¢~magﬁitﬁdes~of these vectors may be written as

AVl = IVl | '(4.7)"‘

- VV:IVial-_('t.??l'y = Vgl g exp {-2ap2(e)} e - 4.8)

 In terms of vector magnitudes and lumped parameters,

the measured phase angle, ® is giveh by

: 1 v ()] sin (G" + 2k, 2(t)) + |V, | sin .(Q') : 7
¢ (£) = tan™t | 2 } B+ 2 — A & (4.9)
‘ lVBﬁt3| cos (@ + 2kp2(t)) +‘|VAI cos (8,)

The relative amplitude oﬁtput.of the network analyzer may

be,expreséed as [27]:

, _ ~ A |V (e) ]
Amp(t) = GAIN - XNULL + 20 log,, * (4.10)

(VR
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Where  GAIN = dial setting of the gain control on the
: network analyzer

XNULL = test channel gain which if 1nternally
: imposed by the network analyzer would make
the output from the relative gain indi-
cator equal to zero volts.
VR =.magn1tude of reference,s1gnal

The pafameter GAIN is set by the'operator. Russell t27]
has de?eloped a method for &etermining XNULL., The magni-
tude of the reference signal may . be meaeured before each‘
test and 1is assumed to be constant during the>'test,
Therefore, equetion 4.10 may be solvedvexPlicitly for |

]Vc(t)lz

1Am@)+mmL-%m
|V, (t)l - | Vg | logyg [ P 0 ] (4.11)
The magnitude of the resultant signal may*be'related to the .

1unknown parameters as follows:
v = | ]vB('t)| + 1V W12
' A
* 2|VR(0)] U] cos (B, - 2ipa(r) - ¢B)'] (4.12)

’Forvdetermination of the propellant burning rate,‘thee'
problem iS'ﬁow one of solving for the'seven unknoWne, kp, -
Gp ]VB{ of? | v l Q;,faé,‘and 2(t). The propellant pafae
meters, kP’and oY may be found experimentally [25]. Since

the initial length of the propellant is known and the final
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length is zero, equations 4.9 and 4.12 may be written for
the time of ignition and the time of burnout. Values for
'flvé(O)',IVc(tf)L QmIO). ”®m(tf)_?°me é}??ctly from 1nstapd‘
' taneous phase and amplitude data and the use of equation-

" 4.11. The four equations are:

2 . ' ¥
V(0] =»V/|VB|i + V12 + 20931419, | cos (9, - 2ipLy - dp) (4.13)

| v ‘-‘v ‘!..> ' . 4» ) ‘ ' ) . . .
@ -=tan*1~[' lehsln‘<¢? + 2eplp) + |V, ] sinu‘ﬂé) (4.14)
;IVBJivcos (95 + 2kpLp) + |Vy] cos (8,) ‘

|vé‘(t;ff),ll. ?.\/‘|VB|§f + lvA_l.z“v+-’2|vBlcf; IVyl cos <¢‘;’- “1;) - (4.15)

6 (t,) = tan-t | Bleg S12 Gp) * [Tyl sin wé)] (4.16)
mf - WIV%ch cos (GB) + IVAI cos (GA)

" where
IVBrihérlvBJCf exp (-2apLy) (4.17)

Holly developed a program to solve these four equa-
tions making use of a subroutine from the International
Mathematical SQciety Library (IMSL). Once the paramefers_
IVBlcf and lVAl are known, Shelton's equations, 4.1 and

4.2, may be solved for the burning rate. Holly also
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: proposéd'his own method for finding the burningvréte.' His
technique reQuires'that equations 4.9 and 4.12 be solved
simultaneously for the Jinstantaneous “length, g (t). The.
‘burning rate is then caiéulated as the change in length
divided by the elapsed time between data points. Both
methods provide an accurate valﬁe of burning rate for each
relative phase aﬁd‘amplitude data point.

| A data acquisition system for wuse with this research
has been assembled at VPI&SU. The system consists of a TRS
80 Model III microcomputer, an analog to digital converter,
a printer,‘and a modem for access tovthe nminfraﬁe. A
block diagram of the system.is-shown in Fig. 12. Four
data‘channels will be recorded: relative phase, relative
amplitude, and two pressure signals. Using a _1> kHz
1sampling rate with this data acquistion system, the
present capacity of the computer will permit continuous
measurement of the transienf phenoﬁenon of erosive burning

over a period of approximately four seconds.
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Section 5
" DESIGN OF A PROPOSED MICROWAVE EROSIVE BURNING TESTERv

As discussed in Section 2.2, several devices have been

used to measure erosive burning. Section 4 explained the

microwave burning rate measurement technique and the

advantages of using it to measure erosive burning. This

section will propose a design for an erosive burning tester

‘utilizing microwaves. All calculations are presented . in

Appendix A.
' Considerations in the -design of ran erosive~'burning
téster require:
1. The ability to have crossflow velocities ranging
‘frombMach‘O.Z to Mach 1. |
2. A test section‘ long enough to simulate"theT
hydrodynamics found in reaiprocket motors.
3. 'vThe ability to méésure the burning rate away from
the walls of the test section.
4. Enough clearance over the propellant to prevent
‘the boundary layer growing along the _chamber
surface from interfering with the combustioﬁ
process.
5. The minimum mass flow and thrust necessary to

fulfill the above requirements.

42
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.. It appears that a practical erosive burning tester has
two éections:‘ a gaé: generator and a teSt"sectioh-r A
schematic of an erosive burning téster is shown in Fig. 13.
The gas generator provides the high velocity gases needed
to iﬁduce erosive burning;«whilevthe test section provides
for the simulation of the'aérodynamics of an actual rocket
motor. The exhaust gases from the gas generator pass over
the propellant in the test section, thus creating”vhigh
crossflow velocities. ’The design study that follows will
utilize a test section with a 30.5 cm long slaB of pro-
pellant. The flow conditions within the test section are
such that' the flow field over the propellant may be
approximately modeled as flow over a flat plate with-
injection. | As the gases accelerate through the test
section the flow field will simulate that of an actual
rocket motor. A two-dimensiohalvnozzle with no diverging
section would be used for the tests with crbssflowrvelo-
cities under Mach 1. However, fhe following analysis will
assume a sonic crossflow velocity, corresponding to a
nozzleless test. The assumed propellant properties and
design parameters are presented in Appendix A. At this
time, a propellant web thickness of 2.5 cm will be assumed.
After the early experiments with the erosive burning tester

have beert analyzed, a minimum . acceptable value of web
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thickness which yields repeatable reliable results will be
selected. |
The first step in the design of an erosive burning
- tester is to determine the nécessary crossflow velocity.
The‘velocity”as a function of Mach number ié given by
kR T
V=M MW B (5.1)

Thé required veiSCity for sonic .flow with the ;éssumed
propeliént properties is 1,035 m/s (See Appendix A). The
velocity resulting from combusfion of propellant Vih the
tesf‘ section may be ‘calculated from the continﬁity.

equation,

T Pyt T el (5. 28

giving the result

oL | |
V. = b r :
P pPE' : (5.2b)
whéréJv L.=’léngth of propellant upstream of the burning

rate measurement

initial height of crossflow area over the
propellant in the test section.

=
1]

Assuming véluesi of 25.4 cm and 1.9 cm for L and h,

respectively, the test section provides only 44.7 m/s, or
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47 of the required velocity. Therefore the gas generator
must supply most of the mass flow to prodﬁce the crossflow
velocity.‘ | |

_The total mass flow of the tester may-Be'éalcu1atédl

from_the equation
m= pA(Vy +Vp) o (5.3)

assuming. that the densities of the driver’exhaust gases and
the propellant gases are equal. For the assumed propellant

with sonic Vélocity, the resulting mass fiow is given by
m o= 0.447A  (kg/s) (5.4)

where the crossflow area, A, is in square centimeters. The
crossflow area must be large enough to prevent the boundary
layer growth on the three chamber * walls from interfering
with the flow in the area of the burning rate measurement.
A large mass flow rate would allow for a large crossflow
area.. However, a high mass flow rate requires a large
total mass of propeliant from the gas generator; . For
~economy and safety reasons, the maximum mass flow rate was
chosen to be 4,3 kg/s. Using this value and équation 5.4,

the area over the propellant would be initially 9.62 cm?,
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As previously mentioned, the dimensions of this
Abrectangular area must be selected so as to - prevent the
boundary layer growth from interferring with the combustion
% process. This task is accompllshed by calculating the
thickness of the‘boundary layer on ‘the chamber walls and
allowing for the blocking effect of injection -~ The
momentum -thickness and boundary layer thickness may be

Vcalculated from the follow1ng equations [28]:

.. 0.2 e
6 2 . - . 0 -‘03;6:\): [ um3 -x867 x ] o . 8
u 0-do- .

(-]

(5.5)

S =710.31 . | ' . (5.6)

These “equation; assume a: constant free stream veloc1ty
Although the velocity in the test section is changing, the
 pressure gradient is favorable from a boundary layer
viewpoint. Therefore, these equetions are assumed toiyield
larger values than will actually exist. The boundary layer
will Be largest during the tests with iower velocities,
Assuming e Mach number of 0.2 and using the data given in-
the Appendix, the momentum thickness and boundary Vleyer
- thickness are 0.07 cm and 0.74 cm, respectively. It was:
assumed that the flow height should be a minimum of"twice
‘the'kboundary ‘layer thickness. Therefore, to avoid the -

blocking eftect of the boundary layer and to minimize the
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total mass flow, the optimum geometry was chosen to be a
height of 1.9 cm and therefore a width of 5;06 ém, as shown
inr'Fig;, 14. This geometry  prevents the ‘boundary:vlayer.
growth along the bottom of the upper.éurface Qf‘the test
section from interfering with the combustion process.
As the propellant recedes, the flow area will in-
' crease, reéulting in a lower érossflow velocity. At any
time the velocity may be calculated' from . the éontinuity,

equation:

.
/s

(5.7)

Assuming a constant mass flow of 4.3 kg/s and using equéf
tion 5;5, thé velocity at burnout will be 287 m/s,‘orvMach

0.28. The thrust generated by the tester is given by
F, =Vm+ (P, - PpA (5.8)

For the given aésumptions and flow area the thrust would
" never exceed 15.7 kN.

As a final calculation for the test section, an
estimate of the burning rate augmentation ratio, r/ro,‘will ‘
be determined wusing the Lenoir and Robillard model,
equation 3.la. The constants, o and B, will be assumed

from the original work of Lenoir and.Robillard [3]. Once
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the tester is operational, the constants would have to be
kevaluéted from actual data for each propellant. Using
the assumed constants and the static>properties for M = 1,

equation 3.la becomes:

i ='o.7o9 +1.66 exp {-0.204 r} B | | (5;93)

and':

r = 1.85 cﬁ/s | (5,9b)
» Iherefore

r/£o = 2.6 o - (5;§ci

Similarly, the augmentation ratio is 1.55 at burnout for
the‘proposed_design. |
Since‘somé investigators suggest that erosive burhing

is not affected by the temperature or composition of the
crqésflow [22], the gas. generator for the erosive burningk
tesfer‘ could be fueled by either é liquid or a sblid
propellant. If a solid propellant with a density of 0.172
g/cm3 and a burning rate of 0.84 cm/s were used, a sufface

2

area of 0.298 m“ would be required to produce the necessary

mass flow. - One possible grain configuration for this
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surface area would be a cylindrical grain with a single
‘perforétion.  For example; a grain with a 25.4 cm diameter:
perforation woﬁld haveito be 37.3 cm in length. A star
_grainligrain configuration or a ‘similar geoﬁétry' could
accomplish the séme result with a slightly shorter'grain.‘

If a liquid fuel is to be used, a monopropellant,would_
be prefetred because there would no mo mixing problems.
Two poésibie' monppropeliahts are hydrazine and ethylene
'oxide; Ignition of the fuel would be achieved‘usiﬁg a
' solid-propellant igniter.‘fDecomposition.is sustained by a
thermal catélyst - bed COmposed of stainless steel or a
,platinum catalyst. An' example of a gas generator using
hydrézine'as fuel is shown in.Fig; 15}' In'thisigstance,
stainless steel is assumed to be used as the thermal
catalyst bed. Once the bed is heated by the igniter, the
- hydrazine decomposition‘wquld be sustained by the catalyst
bed. |

‘OE the two types of fuels under consideration, a solid
propellant is the more predictable from a séfety stand-
point. Also, there already exists a magazine for storing -
some of the gas geﬁerator grains. The advaﬁtage of the
~liquid propellant is that the mass flow could be regulatéd
and controlled to éomé extent. However, the Rocket Test

Facility at VPI&SU would have to be modified to handle
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iliquid prbpellants. At this time,np‘decision.has been made
. as to Whiqh type of~propé11ant will be used in the gas 

© - generator.



Section 6
PRELIMINARY TESTING

Befbre finalizing the design of the proposéd éfosive
burning tester, a slab burner will be used to vefify thé
microwave measuring technique and the data reduction
‘software. To accomplish this task a slab burner has been
constructed by the sponsor of this research, the Navai
Ordnance Station. Faciiities for test firing the gas
generator have already been completed at VPI&SU. This
section will‘describékthe gas generator and the facilities.

The gas generator, shown in Figs. 16, 17, and 18,-is
constructed of 1.27 cm (1/2 inch nominal) steel plate :
weldéd together. The bottom is 1.91 cmv(3/4 inch nominal)
steel plate. The overall dimensions are 42.7 x 19.4 x 12.2
cm. The propellant will be cast in a phenolié box which
fits securely inside the steel chamber. '_The propellént
slab burns on the top surface only. The burning surface
has an area of 30.5 cm?. The nozzle is located on one end
of the chamber. The microwave horn will fit inside either
of the tubes located on the bottom of the chamber. The
microwaves will exit the horn, pass through the bottom of
the phenolic box, and proceed. through the propellant.

After reflecting off the burning surface the microwaves
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will return through the propellant andvthe phenolic box and
into the horn. |

At this writing, two’test firings have been performedb
at the Naval Ordnance Station. Although the‘ tests were
deemed‘suCCessful, proBlems With nozzle erosion -and hdn-
_ neutrality of the pressure-time history are being investi-
gated. Once the gas generator is delivered to the 'k test
tacility at VPI&SU,~initial'tésts on thé microwaverystém
- will be performed, After the data have been reducéd aﬁd'
analyzed; a test plan will be devised,r Twenty test firings
‘are tentatively planned. With: the information  gathered
-from:these tésts, the design of the eroéive;burning pestefY'
can be finalized. |

Ihe.tést‘facilities consist df'two'bﬁildings located 6
km west of the VPI&SU campus - at Pricé's Fofk Research
lcentér.f A fIOOr planvof‘the buiidingé is given in Fig. 19.
The test cell is constructed of concrete blocks filled With
sand.  The roof is.df wooden constructién_and is fastened
so as to blow‘off in the event of an explosion.. The door
of the test cell rolls upward to provide a large opening
for,tﬁe éxhaust_gases of tﬁe gas generatOrf The iﬁstrumén;
tation room is a prefabricated fiberglass building built on
a metai skid. It is equipped with a telephone, electri-b
city; heating, and air conditioning. The wall separatiﬁg

the two buildings is made of double reinfofced concrete.
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The connecting tubes, made of 10 cm PVC conduit, provide a
means of running the instrumentation wires ahd'waveguide

between the buildings,



Section 7

CONCLUSIONS

A review of preseﬁt theories to prediét erosive
,burning in éomposite propellants has been presented. From
availablé data, the theories of Renie and Osborn, Kuo and
bRaédan, Pérkinson, and King were considered to be the,mostf
advanced while that of Lenéir~and Robillard was considered
to be the most éasily applied in pracﬁice. Methods for the
méasurement‘fof: erdsive burning in test appratﬁs wefe
discussed.. Afdétailed*develdpment_of the theory for the
migrowave‘teéhniqﬁe was presented.

Assuming ‘the use of the ‘microwave technique, a
preliminafy design for an erosivev'burning ‘testér was
develbpea; By utilizing microwave interferometry, this
aPparatuStcould'be used to measure the'burning rate under
crossflow velocities bétween.Mach'O.Z and 1.0.

After final testing of the microwave measuring
technique, the eroSive'Burning tester should be built and

used to evaluate the presént erosive burning theories.

61



10.

Section 8
BIBLIOGRAPHY
King, M. K., "A Model of the Erosive Burning of

Composite Propellants," AIAA Paper No. 77-930, July
1977.

‘'Kuo, K. K., and Razdan, M. K., "Review of Erosive

Burning of Solid Propellants," 12th JANNAF Combustion

Meeting, CPIA Publication 273, Vol. II, 1975, pp.

323-338.

Lenoir, J. M.,b and Robilliard, G., "A Mathematical
Method to Predict the Effects of Erosive Burning in

- Solid~Propellant Rockets, Sixth Symposium (Inter--

national) on Combustion, 1957 pp. 663-667.

Lawrence, W. J., Matthews, D. R., and Deverall, L. I.,
"The Experimental and Theoretical Comparison of the
Erosive Burning Characteristics of Composite Propel-
lants," ATAA Paper No. 68-531, June 1968.

Yamada,,K,,-Goto, M., and Ishikawa, N., ”A Simulative
Study of the Erosive Burning of Solid Rocket Motors,"

AIAA Paper No. 75-1201, October 1975.

Jojic, B., and Blagojevic, DJ. "Theoretical Pre-

diction of Erosive Burning Characteristics of Solid
Rocket Propellant Based on Burning Rate Dependence of

Pressure and Initial Temperature and Its Energetic

Characteristics,'" AIAA Paper No. 76-697, July 1976.

King, M. K., "A Modification of the Composite Propel-
lant Erosive Burning Model of Lenoir and Robillard,"
Combustion and Flame, Vol. 24, 1975, pp. 365-368.

Lengelle, G., "Model Describing the Erosive Combustion
and Veloc1ty Response of Composite Propellants,'" AIAA
~Journal, Vol. 13, No. 3, March 1975, pp. 315-322.

Renie, J. P., and Osborn, J. R., "Erosive Burning,"
ATAA Paper No. 79-0165, January 1979.

Renie, J. P., and Osborn, J. R., '"Pressure and
Velocity Coupled Response of Composite  'Solid
Propellants Based Upon a Small Perturbation Analysis,"
ATAA Paper No. 81-1556, July 1981.

62



11.

12.
13.
14,

15.
16
17.
18.
19.
20.

21,

63

Rézdan, M. K., Erosive Burning. Study of Composite

- Solid Propellants by the Reacting Turbulent Boundary-

Layer Approach, Ph.D. Dissertation, Department of

“June 1980, pp. 669-677.

Mechanical Engineering, Pennsylvania State University,
March 1979.

Razdan, M. K., and’Kuo,'K; K., "Erosive'Burning.Study

"of Composite Solid Propellants by Turbulent Boundary-

Layer Approach,'" AIAA Journal, Vol 17, No. .11,
November 1979, pp. 1225-1233. S

Razdan, M. K., and'Kuo, K. K., '"Measurements and Model
Validation for Composite Propellants Burning Under
Cross Flow of Gases,'" AIAA Journal, Vol 18, No. 6,

Razdan, M. K., and Kuo, K. K., "Turbulent Flow Analy-
sis of Erosive Burning of Cyllndrlcal Composite Solid

-Propellants,'" AIAA Journal, Vol 20, No. 1, January

1982, pp. 122-128,

Parkinson, R. C., and Penny, P. D., "A TranSplred_

Boundary Layer Model of Erosive Burning," AIAA Paper
- 78-980, July 1978. :

Parklnson R. C., "Erosive Burnlﬁg as a Boundary Layer

Phenomenon in Rocket Motors," AIAA Paper No. 80-1208,
July 1980.

Klimov, A. M., "Erosive Burning of Propellants,”
Combustion, Explosion and Shock Waves, USSR, Vol. 11,
No. 5, 1975, pp. 678-681.

King, M. K., "Erosive Burning of Composite Propel-
lants," 13th JANNAF Combustion Meeting, CPIA Publi-

- cation 281, Vol. II, September 1976, pp. 407-435.

‘Klng; M. K., '"Model for Steady State Combﬁstlon of

Unimodal Comp031te Solid Propellants," AIAA Paper No

78-216, January 1978.

King, :Mj K., "Erosive Burning of Composite Solid
Propellants: Experimental and Modeling Studies," AIAA

_ Paper No. 78-979, July l978.

King, M. K., "A Model of the Effects of Pressure and
Crossflow Veloc1ty on Composite Propellant Burnlng
Rate,'" ATIAA Paper No. 79-1171, June 1979.



22.

23.

24,

25.

26.

27.

28.

[ 4

64

Marklund, T., and Lake, A., "Experimental Investi-
gation of Propellant Erosion," ARS Journal, Vol. 3,

No. 2, February 1960, pp. 173-178.

Peretz, A., "Experimental Investigation of the Erosive
Burning of Solid-Propellant Grains with Variable Port
Area,'" AIAA Journal, Vol 6., No. 5, May 1968, pp.

910-912.

Sturm, E. J., and Reichenbach, R. E., "An Experimentalv
Erosive Burning in
an Acceleration Field," AIAA Journal, Vol. 9, No. 10,

Investigation of Solid-Propellant

October 1971, pp. 1941-1944,

Holly, H. M., An Analysis of Solid Propellant Burn.

Rate Information Obtained from a Microwave Doppler

Phase Shift Interferometer, M.S. Thesis, Department of
Mechanical Engineering, Virginia Polytechnic Institute
and State University, November 1981.

Shelton, S. V., "A Technique for Measurement of Solid
Propellant Burning Rates During Rapid Pressure Tran-

- sients," Bulletin of the 4th ICRPG Combustion Con-

ference, CPIA Publication 162, Vol. I, December 1967,

pp. 361-372.

Russell, L. H., Burning Velocities of a Solid Pro-

pellant, via a Microwave Technique, at Elevated

Pressures and Pressurization Rates, Ph.D. Disser-

tation, University of Pittsburgh, 1979.

Kays, W. M., and Crawford, M. E.,
Mass Transfer, McGraw-Hill, 1980.

Convective Heat and



APPENDIX A

Typlcal propellant propertles and assumed design para-

- meters:

Calculated_ Specific heat ratio: k = l.i8

fOr»typical ) Molecular weight: MW = 25.45

produét‘gases Throét temperature: Tt = 2,780 K

at M = 1.0 Density of productlgases: pP =.4.32 kg/m3
Density of propellant: pp = 1,720 kg/m3
Burning rate 5 ‘ ‘
(at 1,013 x 10~ Pa): r = 0.847 cm/s
-Chambervtemperature: : TO = 3,000 K
Chamber pressure: | P, = 6,9;MPa ’
Afmospheric‘pressure:-‘ P3 = (0.1013 MPa'i

Assumed geometry:

Initial distance between propellant and top surface of
- chamber: h=1.91 cm

Propellant web thickness: b = 1.27 cm

‘Length of propellant upstream of burning rate
‘ measurement: L =25.4 cm

Réquired‘crossflow velocity for M= 1.0:

(1.18) (8,314 J/kmol K) (2780 K) _
25.545 kmol/kg = 1,035 m/s

: <;\\g":‘:
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Velocity resulting from combustion of propellant in test
section:

mp = ppA T = ppVph

1720

[25.4 cm )| , 1m '
1(1.9 cm )(0"84, cm/s) (IO»O cm)'

o
=
R awl]?g

°p \ 4.32

Vp = 44.7 m/s

Percentage of required crossflow velocity supplied by the

test section:

Vo= o2 0y = 44.7 -
V= 7 ¥ 1007 = 1035 X 1007 = 4.37

Required mass flow for M = 1.0:

=~mb:+ mp DVDA + pPVPA
fAssuming‘pﬁ_=pr; m = pA(Vy + Vp)
m = (4.32 kg/m>) (1035 m/s)A
m _ 4,471A KB (A in )
m=0.447a KB ‘(A in cm?)

'Requlrlng the mass flow not to exceed 4.3 kg/s, thé‘flow
area is:

A= s )2
A= (“ 3 ‘g) (o Yy kg) m

A= 9.62 cm2
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Estimate of boundary layer thickness:

| g 0.2 |
- 0.036v 3.86  70.8
S o 3 o]

s -
3, - 10.31

The{bouﬁdary'layer will be thickest for low velocities.

For M = 0.2:

o % 2 0.2
5, = £0.036)(240 x 107> m®/s)

(207'm/s)3'29

- oy 10.8
.4[(207 m/s)>+86 (0,254 m)J

5, =7.73%x 107" m

5 =10.31 (7.73 x 107 m) = 0.8 cm
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"At burnout the crossflow velocity will be:

4.3 gg'”IOOcm 2 ,
Ty 3 g . - = 287 m/s
°P% (6.73 kg/m”) (4.40 cm) (5.06 cm)

. ‘Mv.=" 1635 = 0 28

Initial thrust (M=1.0):

For k = 1.2, M = 1: £ = 0.5644

o'

0
Py = (0.5644)(6.90 x 10° pa)

P, = 3.89 x 10° pa
F = (1035 m/s) (4.3 kg/s)
m

, . . ) _ - N2
-+ (3.89 X'106 - 1.013 x 105)(Pa)(9:62 Cm2)<T5555>

F = 8.10 kN

Final thrust (M = 0.59):

g

Py S
§6 = 0.955 Py 6.58 x 10

F = (.3 kg/s) (287 m/s)
.+ (6.58 x 10°

F =15.7 kN

N\ 2
‘ 5. 2, m
- 1.013 x 10 )(Pa)(22.26 cm )<TBEEE:>
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Estimate of augmentation ratio, r/ro, using Lenoir ' and
Robillard model: ' _

= . : 0.8 .-0.2 v
»r =T, tr, =1, + oG L exp {-B:pb/c}

From the work of Lenoir and.Robillard:

| ; 2.8
@ =1.521 x 107 e
| 05 o0
8, = 53

“"For M= 1:

L -5 m2’8‘
r =0.709 +]1.521 x 10 0.8 0.7
_— a . kg ' 877

- 3 10.8
.[(4.32 kg/m~) (1033 m/s)}

«10.254 m17%2 exp {-53(1720)x/(4.32) (1033)}

r=0.709 + 1.663 exp [-0.204 * ]  (cm/s)
r =1.85 cm/s
r/t01= 2.6‘

Similarly, at burnout, for M = 0.2:

r/ro = 1.55
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. Required surface area of propellant in driver motor:

'm = pbAbr
‘ _ -mf‘_ (4.3 kg]s) S - 2“
Ab = = — . = 0.298 m
| °bT (1,720 53)(0.84-99-><-1m ’ )
( m3 ‘ ‘s ,IQO cm|)

‘Required length of driver for a 31ng1e perforation 25. b cm
 1n diameter:

Ay = 'f‘dL

L = a4 - — (0.298 m“) ] = 0.373 m
. ‘ lm
T (25.4 cm) (100 cm)

L = 37.3 cm
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