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METHODS AND ANALYSES FOR EVALUATION OF EROSIVE BURNING 

IN SOLID PROPELLANTS -~ 

by 

Timothy C. Wagner 

(ABSTRACT) 

This investigation was concerned with the measurement 

and prediction of erosive burning. The theoretical models 

for erosive burning in composite propellants were reviewed. 

The experimental techniques which were cited in the 

literature for the measurement of erosive burning were also 

reviewed. Only the high-s,peed motion picture technique was 

found to have resolution sufficiently high to· measure 

erosive burning accurately. The theory. for the microwave 

burning rate measurement technique was also presented. 

Although this technique has never been applied to the 

measurement of erosive burning, it has high resolution and 

does not interfere with the internal flow over the pro-

pellant. For these reasons, microwave. interferometry was. 

re.commended as the experimental method best suited to 

measure erosive burning. 

Utilizing the microwave technique, a preliminary 

design for an erosive burning tester was proposed. The 

proposed apparatus could generate crossflows from Mach 0.2 



to Mach 1. 0 over the propellant in the test section. A 

preliminary test plan for verifying the microwave measure-

ment technique was presented. 
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Section 1 

INTRODUCTION 

In the design ot a solid propellant rocket motor, a 

continuous knowledge of the burning rate of the propellant 

at all locations inside the motor is crucial. The burning 

rate may be affected by high velocity crossflow, changes in 

chamber pressure, nonhomogeneity of the propellant, and 

other phenomena. Of these factors, erosive burning, the 

increase in the normal burning rate due to high velocity 

crossfiow, is probably.the most difficult to predict. The 

designer nee.ds to· know the sensitivity. of a propellant to 

erosive burning and be able to accurately predict the 

amount of erosive burning which will occur. in a· rocket 

motor. Failure to do so could result in bursting the case 

from over-pressurization, or at least altering the expecte.d 

performance. 

Several techniques exist to predict erosive burning 

but no general theory has gained wide acceptance. More 

data is needed to evaluate the techniques and develop 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 

1 
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technique.· is the only one which provides accurate con.;. 

.tinuous data without disrupting the internal flow . 

. After reviewing the current techniques . for predicting 

and measuring erosive burning,· the microwave measuring 

technique. will be. explained. A preliminary design of an 

erosive. burning tester utilizing the microwave measuring 

technique will then be presented. The rocket test 

facilities at VPI&SU will also be described. Finally, the 

.plans for a slab burner to initially test the microwave 

technique will be presented. 



Section 2 

REVIEW QF EROSIVE BURNING RESEARCH 

The subject of erosive burning has been studied by 

many investigators in the last thirty years. Literature 

* reviews on the subject have been published by King [l] and 

Kuo and Razdan [2]. This review of erosive burning will 

sunnnarize both the proposed theoretical models and the 

experimental techniques used to measure erosive burning. 

The theoretical review will be · limited to models for 

composite propellants. 

2 .' l EROSIVE BURNING MODELS 

In his literature reviewi 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 crossf1ow, 

2. Models based on alteration of transport proper-
ties in region from surface to flame zone by 

. cross flow, generally due to turbulence effects. 
Includes effects on conductivity from flame zone 
ha.ck 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. 

* Numbers in brackets refer to references listed in the 
Bibliography. 

3 
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This review will utilize these categories. 

The first category involves those models which are 

bas.ed cm heat transfer theory only and ignore the details 

of combustion. The theory of Lenoir and Robillard [3J is 

in this category. This burning rate law, one of the first 

theories·in this field, is still the most often-used model 

for erosive burning~ Lenoir and Robillard assumed that the 

burning rate is the sum of the normal (no crossflow) 

burning rate, which is dependent on pressure, and the 

erosive burning rate, which is assumed to be proportional 

to the heat transfer coefficient. 

Many modifications to the Lenoir and Robillard theory. 

have been'. proposed. Both · Matthew a:nd Lawrence f 4] and.· 

Yamada, Goto, and Ishikawa [5] found better agreement with 

experiment by using. the grain port diameter in place of a 

length parameter.· Joj ic and Blagojevic [ 6] broadened the 

Lenoir and Robillard theory to account for the decrease in 

burning rate sometimes found at the head end of the grain. 

This phenomenon is known as negative erosion. One final. 

modification, proposed by King [ 7] , allowed the normal 

burning rate to be affected by.the C'!"OSsflow. 

The second category used by King is composed of models 

based on the augmentation of transport properties in the 

region between the flame zone and the propellant surface. 

The two most advanced models for composite propellants in 



5 

this category are those of . Lengelle. and - of Renie and 

Osborn. 

Lengelle [8] mo'dif'ies the· Granular Diffusion Flame 

(GDF) Model to allow_ for turbulen!t transport coefficients 

in the gas 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, 10] -uti--

lizes the Petite Ensemble Model (PEM) of steady state 

combustion. The PEM is a statistia:al model that allows the 

oxidizer particles to have a distributed size rather than 

one given diameter. The burning rate is then a statistical 

summation process over all the oxidizer particle 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 

erosive burning which utilizes second order closure 

technique. The governing equations are derived from the 

cons.ervation equations for a reacting compressible fluid. 
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The heterogeneous ·nature of the chemical reactions is 

included through the eddy-breakup model (EBM) of Spalq.ing. 

Kuo and Razdan have also extended thei.r model for .the case 

of axisynnnetric flow [ 14]. 

The fourth category used by King consists of theories 

which are not covered by the first three categories. 

Included are models proposed · by Parkinson, Klimov, and 

King. 

Parkinson (15, 16] developed a theory to predict 

pressure-time histories of motors s-ubject to erosive 

burning based on a "blow-off" pheinomenon. The assumption 

is that when no erosion is presenit, the transpiring gases 

have forced the boundary layer away from the surface of the.· 

propellant. The boundary layer in this situation is 

referred to as having been ''blown off'' the surface. When 

high crossflow is present, Parkinson suggests that the 

boundary layer reattaches and erosive burning begins. 

Klimov (17] has presented a theory similar to that of 

Parkinson. However, Klimov goes cbn to suggest that nega- · 

tive erosion is the result of a " 1stirring up" of the cool 

binder decomposition products. These products, being 

cooler than the oxidizer vapors, a!ct to screen the surface 

from part of the heat flux gen¢rated by the diffusion 

flame. 
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The third miscellaneous model for composite pro-

pellants is that of King [18 - 211. King's model is based 

on a modification of the Beckstead-Derr--Price (BDP) model· 

of combustion of solid propellants [ 19 J. King proposes 

that erosive burning results from an increase in heat 

transfer between the heat re.lease zone and the propellant 

surface. due to a combination of turbulence eftects and the 

bending of columnar diffusion flames. The turbulence 

augments the transport properties between the flame and the 

surface, . while the bending of the diffusion flames brings 

the heat release zone closer to the propellant·surface. 
',,' 

Before leaving the review of erosive burning theories, 

a few observations will be listed which are cited in the 

literature and which have special signifi.cance to the 

present investigation. 

L Parkinson· [ 15] noted that 250 motor firings 

correlated fairly well when plotted as the ratio 

of maximum to minimum pressure versus blowing 

rate, F, times the Reynolds number raised to the 

0.2 

F = 

power. The blowing rate is defined as 
(pu)w 
(PU) s 

( 2 .1) 

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

(pu) s =mainstream mass flux across the 
surface 
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This observation is interesting because the 

250 motors differed in size, grain design, and 

type of propellant. (Some of the. mo,tors had 

double base propellant. while others • were com-

posite). This observation led Parkinson to 

suggest that erosive burning is a fluid dynamic 

phenomenon. 

2. Several investigators (4, 5, 22] have pointed out 

that · adding aluminum to a propellant does not 

a.lter its erosive burning characteristics. 

3. KUo and Razdan [11] consider surface roughness to 

be an important factor in erosive burning. 

2.2 EXPERIMENTAL METHODS 

Various techniques have. been employed to measure 

erosive burning experimentally." Some methods are simula-

tive in nature while others attempt to measure a burning 

propellant under erosive conditions. Five different 

techniques for obtaining actual measurements will be· 

reviewed here along with one simulative study. 

Several investigators [3, 4, 23] have measured erosive 

burning using the interrupted burning technique. In this 

method the combustion is interrupted by rapid depres-

surization and/or purging of the chamber with an inert gas. 

The burning rate is calculated by dividing the change in 
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thickness of the propellant by the elapsed time. This 

method, although frequently used, results in only average 

burning rates with low accuracy. 

Marklund and Lake [ 22] trie.d two different experi-

mental methods to measure erosive burning. One method was 

the x-ray .flash technique. At a known time after ignition, 

an x-ray picture was made of the burning propel1ant. After 

measuring the difference in thickness between the original 

propellant and the image of; the propellant on the negative, 

the burning rate could be calculated as it was using 

interrupted burning. The second method consisted of two 

pieces. of• propellant, each with a pressure transducer 

embedded· at a diffe·rent depth. As the propellant receded 

past the inlets to the transducers, two pressure spikes 

were recorded at different time-s. Knowing the thickness of. 

the propellants covering the transducers and the two burn 

times, the burning rate could be calculated. Sturm and 

Reichenbach [24], in their study of the effects of acceler-

. ation on erosive burning, used a similar method, except 

that the pressure transducers were replaced with timing 

wires. All - of these methods yield only average burning 

rates with low accuracy. 

Photography is the fourth te.chnique that has been used 

to · measure erosive burning. The· combustion process 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 burning propellant and a timing mark, which is all of 

the information necessary for the calculation of the 

· burning rate. This method, which has been used. by King 

[20] and Kuo and Razdan [12, 13], yields instantaneous 

burning rates with good accuracy for the propellant immedi-

ately inside the window visible to the camera. 

The only experimental technique reported in the 

literature, which is applicable to full .scale motors, yet 

d.oes not . disrupt the internal flow, is the method of 

deducing the. burning rate from the pressure-time history. 

Parkinson [15, 16) has worked on this concept, although his 

. approach is to predict the pressure time history and ,,. 
compare that to the results of a test firing. Based on his 

boundary layer theory, Parkinson has written a computer 

code. which calculates the erosive burning expected and then 

generates a predicted pressure time history. . Use of this 

method does not resul.t 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 [ 5] , used porous walls and ambient air to charac-

terize the flow field of a rocket motor under erosive 

conditions. The results showed that the boundary layer · 
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. alot?-g the propellant develops rapidly in a manner similar 

to 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 Robillard theory. 



Section 3 

DISCUSSION OF EROSIVE BURNING MODELS AND 
EXPERIMENTAL TECHNIQUES 

While the previous se.ction was devoted to a review of 

the literature, this section will present a discussion of 

the models for erosive burning and the experimental tech-

niques which have been used. The equations for some of the 

models will be presented for comparison. 

categories will once.again be used. 

King's four 

Before proceeding with the discussion, a list of 

general observations about erosive burning, compiled\by Kuo 

and Raz-dan [ 2 l, will be given. 

Threshold Velocity. It has been observed that the 

burning rate of solid propellant increases only when 

the velocity of combustion gases or mass velocity has 

a value greater than a threshold value. Threshold 

velocity 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 

in the erosive burning effect due to a decrease in the 

propellant initial temperature has been obs.erved. 

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 Compressibility of the Gaseous Stream. 

Erosive burning has been found to depend upon the Mach 

number of the convective stream. 

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 threshold 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 little effect on 

erosive burning by the addition of aluminum has been 

found. 
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3 .. 1 · DISCUSSION OF EROSIVE BURNING MODELS 

Categorl7. 1 

Models based solely on heat transfer form the first 

category. These include the theory of Lenoir and Robillard 

and several modifications. Using empirical expressions for 

turbulent flow with transpiration, Lenoir and Robillard [3] 

developed the following expression for the burning rate, r: 

r = aPn + aGO.S L-O.Z exp(-Spbr/G) 

where 

a. = 

(3.la) 

( 3. lb) 

Matthews. and Lawrence [4.] and Yamada, ·Goto, and· Ishikawa 

[ 5] both proposed the same modifications to this . theory. 

Their modified burning rate equation is identical to · the 

Lenoir and Robillard expression except that the length, L, 

is replaced with the port diameter, d. 

Jojic and Blagojevic [6] have proposed a modification 

to the Lenoir and Robillard equation which attempts to 

account for negative erosion. Joj ic and Blagoj evic begin 

by noting that many propellants in use today have a plateau 

effect: that is, a pressure region where the exponent, n, 

is zero. A logarithmic plot of burning rate versus pres-

sure for such a propellant is presented in Fig. 1. The 

* variable, r 0 , represents the burning rate for the pressure 
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log10 r 

* r 
0 

loglO p 

Figure 1. Burning Rate Versus Pressure for a Plateau 
Propellant [G]. 
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range in which the burning rate is almost· constant. 

Assuming that the plateau e-ffect is altered by c.rossf1ow, 

Jojic and· Blagojevic developed the following equation: 

r=r +r +r o e p (3.2a) 

where 

= normal burning rate (3.2b) 

re = a:GO.B D-O · 2 exp (-Bpbr/G) 

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

*' rp = (r0 - r 0 ) exp(-G/pbry) 

plateau burning rate ( 3. 2d) 

The modification to the Lenoir and Robillard equation 

proposed by King [7) is 

r =-, (a:E0 } 2/r+ aGO.S L-O.Z exp(-Bpbr/G) (3 .3) 

In this e·quation the · normal burning rate term, n aP , is 

allowed to vary with crossflow by squaring the normal 

burning rate and dividing the result by the total burning 

rate, r . 

. The models in this first category, especially that of 

Lenoir· and. 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 [ 1.8]. The above equa-

.· tions all predict that eros:i.ve ·burning·. has a· substantial 

dependence on. the temperature. of the crossflow.. ·Marklund.·· 
. . . . ' 

and Lake [ 22] found no such dependence, even.· though their 

data matched the Lenoir and Robillard model. f-airly· well. 

The ~xplanation for this discrepancy appears to be that 

g-ood results are obtained for the Lenoir and Robillard 

theory only bec.aus.e actual data is used to select the two 

constants. Because of. this discre-pancy, the assumption 

that erosive burning is only the result o.f heat transfer 

frotn the core gas to the propellant walls must be strongly 

questioned·. 

Category 2 

Models based on the alteration of transport properties 

in the gas phase· react·ion zone form - the second category. 

Two models for compos-i.te propellants are included in this 

category,·. one by Lengelle and one by Renie an.d · Osborn. 

Lengel le ·· I 8] , using a modification of the Granular Dif-

fusion Flame (GDF) Model, derives · the following equation 

for the mass f1ow rate, m, under erosive conditions 

( 3 .. 4a) 

where'¥, the blocking effect of injection, is given by 
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(3.4b) 

The weaknesses of this model have been enumerated by King 

[1 J and Kuo and Razdan [ 2]. Among other things, - King has 

questioned the validity of the GDF Model. Kuo and Razdan 

have pointed out that the assumption of incompressible flow 

in the gas phase reaction zone is invalid. 

The second model in - this category, proposed by Renie 

and Osborn [9, 10], 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 

burning rate. The total burning rate is then calculated as 

a statistical summation over the oxidizer part·icle dia-

meters. The mathematical expression for the total burning 

rate, r, is 

r = f' 
D 

rd - F d(log D) 
ad d e (3.5) 

where, for each pseudopropellant of· a given oxidizer 

diameter, d, 

rd = burning rate 

ad = oxidiz·er 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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erosive burning rate may then be calculated. With this· 

value new transport properties may be calculated, and an 

iterative process follows until convergence is achieved. 

Renie and Osborn have suggested that the success of an· 

erosive burning theory to provide •Useful information on 

.propellant selection depends on the ability of the theory 

to model the combustion process accurately. For this 

reason they believe that their model is superior to those 

which are based on chemically reacting boundary layer· 

theory. These la.tter models solve sets of equations for 

reacting turbulent boundary layers, but assume a one step 

reaction. for the combustion process. The theory• of Renie· 

and Osborn, which does display several of the · observed 

experimental trends listed earlier, merits further study. 

Category 3 

The third category,. models based on chemically 

reacting turbulent boundary layer ·theory, has only one 

model for composite propellants. This model was proposed 

by Kuo. and Razdan (11 - 14]. In. this model the burning 

rate is calculated from the Arrhenius law of surface 

pyrolysis 

(3.6) 
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The propellant surface temperature is calculated by numeri-

cally solving a set of parabolic partial · differential 

equations derived from the conservation equations. 

Kuo and Razdan state that "the most realistic analysis 

(of erosive burning) must consider the interaction between 

flame zone structure and. the flow field" [11]. The present 

author agrees with this statement. However, the combustion , 

in the Kuo and Razdan model is assumed to occur in a global 

single-step chemical reaction. Although this assumption 

may be over-simplified., the method proposed by Kuo and 

Razdan does compare well with experimental data and there-

fore deserves further consideration. 

Category 4 

Models not conforming to the basic assumptions of the 

first three categories include theories proposed · by 

Parkinson, Kimov, and King. Parkinson [15, 16] and Klimov 

[17] both suggest that under nonerosive conditions the 

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 forced onto the propellant surface by the high velocity 

crossflow. This suggestion does not agree with the 

observed results of Yamada, Goto and Ishikawa [ 5]. 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 

sub layer .. may 

suggested by 

be related .to the "blow 

Parkinson and Klimov. On 

off" 

this 

phenomenon 

basis the 

proposed model may be valid, and therefore deserves further 

consideration. 

The last model to be considered is that of King [18 -

21]. Actually, King has proposed several modifications to 

his . original model. The latest modification couples'. the 

idea · of flame bending with turbulence effects. The flame 

bending phenomenon is illustrated in Fig. 2. King presents 

an argument to support the theory that the length of the 

fuel-oxidizer mixing zone is independent of crossflow. 

Therefore, when crossflow is present, the distance between 

the surface and the secondary heat release zone · will be 

decreased. With the flame closer to the surface, the heat 

feedback to the propellant is increased and with it, the 

burning rate. The flame bending theory has been questioned 

by Parkinson [16] on the grounds that the displacement of 

· the. combustion zone will be large. Despite this criticism, 

the results of King's model compare well with experimental 

data. The advanced nature of this model definitely makes 

it one of the primary the.cries on erosive burning. 

Of 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·Osborn, Kuo and Razdan, Parkinson, and King incorporate 

expressions for effects not included in the Lenoir and 

Robillard model, and are generally more complex. In future· 

experimental work, it is recommended that all of the above 

models be considered for c.omparison with data. 
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and Osborn, Kuo and Razdan, Parkinson, and King incorporate 

expressions for effects not included in the Lenoir and 

Robillard model, and are generally more complex,. . In future 

experimental work, it is reconnnended that all o·f the above 

models be considered for comparison with data. 

3.2 DISCUSSION OF EXPERIMENTAL METHODS FOR MEASURING 
EROSIVE BURNING 

In Section 2, five diff·erent experimental techniques 

for measuring erosive burning were reviewed: interrupted 

burning, x-ray flash, embedded ·sensors, high-speed motion 

pictures, and pressure-time histories. The first three 

methods result in only an average burning rate and 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 

burning. 

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 pl;"opellant immediately inside the window through which 

the camera is looking. Next · to the window the flow, and 

therefore the burning rate, may he affected by boundary 

layer growth along the wall. Unwanted effects may also 

result if the window begins to ablate during testing. 



Section 4 

MICROWAVE BURNING RATE TECHNIQUE· 

A technique for measuring erosive burning is needed 

which will provide instantaneous burning rates without 

disrupting the internal flow or introducing edge effects. 

Preferably such a technique would be applicable td full 

sea.le rocket motors. The microwave technique provides 

these. advantages. This section · will describe· the theory 

behind the microwave technique and explain its application 

to erosive burning. 

A review of microwave burning rate methods is given by 

Hol.ly [25] . All of the · microwave 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 signals add vectorially, resulting in a standing 

wave. However, as the propellant recedes the "standing 

wave" moves and increases in power. The first microwave 

technique relied on dete.cting the position of the standing 

wave. patte.rn with respect to time~ However, the resolution 

could be ti.o better than one quarter of a· wavelength. 

Assuming a 30GHz signal, a resolution of approximately 0.25 

cm results from calculations employing the original 

techniques. 

26 
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The ability to measure.the instantaneous burning rate, 

and therefore transient erosive burning rates, came about 

when Shelton incorporated a phase meter with the microwave 

interferometer [26]. A phase meter is a device which 

continuously measures the phase angle between two microwave 

signals. Using a phase meter, Shelton attempted to measure 

the phase angle between the· signal reflected off of the 

burning surface and a reference signal. A schematic 

representation of the set-up is shown in Fig. 3. The 

burning rate, r, may he calculated as 

( 4. T) 

where <I> is· the angle between the burning surf.ace reflec-a 
tion, VB(t), and a fixed reference signal, VR. However, 

due to the presence of fixed reflections resulting from 

impedance mismatches in the transmission line, the angle 

measured by the phase meter is not <I> a. The effect of 

fixed reflections is shown vectorially in Fig. 4, where 

vector VA is the fixed reflection and vector V c(t) is· the 

sum of the burning surface reflection, VB(t), and the fixed 

reflection. Because oE the fixed reflection, the angle 

measured by · the phase meter, <I> , is the angle between the m . 
resultant signal, Vc(t), and the reference. From trigo-
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IMAGINARY · 

Figure 4 .. Vector Representation of the Reference, Fixed 
Reflect:l:.ons, and Test Signals [251. 



nometry, the angles 

f'o l lowing': 

30 

iii and a q, m are related by the . 

(4. 2) 

Therefore, · s,olving for the burning rate involves deter-

mining ·certain. angles and magnitudes from continuous 

relative phase and amplitude data. 

A schematic diagram of :the microwave apparatus at 

VP'I&SU is shown in .Fig. S:. The heart· of the system is the-. 

Hew1e.tt Packard. model 8410B Ne-twork Analyzer.. This device 

. measures both relative phase and relative amplitude of the· 

microwave signal. With the continuous data provided by the 

network analyzer,.the parameters in the equations developed 

by · Shelton may be calcuated. A method for determining. 

the·se parameters was developed by Holly [ 25] · at VPI&-SU. 

Starting. with a simplified representation of a slab burner~· 

as shown. in Fig. 6 Holly modeled the . situation as . a 

time-depe·rtdent burning surface reflection. and one fixed 

reflection. The modeled system and the corresponding 

· vector diagram are shown in Figs. 7 and 8, respectively. 

Note. that the vector, VA, is the sum of the fixed reflec-

tions, v1 , v2 , and v3 . 
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· IMAGINARY 

RE:A L. 

Figure 8. Vector Representation of Modeled System [25]. 
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A signal incident on an inter£ ace is shown schema-

tically in Fig. 9. In his model, Holly assumed that the 

s,ignals strike all interfaces perpendicularly, resulting in 

perpendicular reflections. Each interface has a reflection 

coefficient, r, and a transmission coefficient, T. When a 

s.ignal is reflected. from an interface, it undergoes a phase 

jump, 0. The transmission coefficient, reflection coeffi-

cieht, and phase jump are all functions of the impedance 

mismatch and the source frequency. From the theory of 

electromagnetic propagation, the signals VA and VB(t) may 

be mathematically described as follows: 

V A (4.3) 

VB, ( t) = E'0 TAT~ exp { - 2 ( a.HtR + a.pi ( t) ) } (4.4) 

I 

where TA 

• exp{j (2kwaw + 2kpi(t) + ~B)} 

= Transmission coefficient for propagation in the 
direction opposite the incident signal. 

Figure 10 shows the vector diagram incorporating the phase 

angles described in the above equations. Combining the 

path length phase shift, kwa, together with the interface 
I 

phase jumps, 0 A and 0 B, the reflection phase shifts, 0 A 
I 

and 0B , 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 constan1:, the equations reduce to 

(4.5) 

,. 
VB,(t) =·· I VA I cf .exp,{----2apt-Ct}} exp {j (0B + 2kpi {t))} (4 •. 6) 

The ma,gnitudes-of these vectors may be written as 

( 4. 7) 

In terms of vector magnitudes and lumped parameters, 

.the measured phase angle, .<Pm, is given by 

The· relative amplitude output of the network analyzer may 

be. expressed as [27]: 

. . · ·_ [Iv <t> I] 
. Anip,{ t:) == GAIN. - XNULL + 20 log10 _ I~- [ 

. . . R 
(4.10) 
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GAIN= dial setting of the gain control on the 
network analyzer 

XNULL = test channel gain which if internally 
imposed by the network analyzer would make 
the output from the relative gain indi-
cator equal to zero volts. 

VR = magnitude of reference signal 

The parameter GAIN is set by the operator. Russell [ 2 7] 

has developed a method for determining XNULL. The magni"". 

tude of the reference signal· may. be measured hefore each 

test and is assumed to be constant during the test. 

Therefore, equation 4.10 may be solved explicitly for 

( 4 .Il) 

The magnitude of the resultant signal may be related to the 

unknown parameters as follows: 

For determination of the propellant burning rate, the 

problem is now one of solving for the seven unknowns, kp, 
I t 

ap, ]VB I cf, I VA I , 0A, 0B and ,Q, (t). The propellant para-

meters, kp and <:lp' 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 he written for 

the time of ignition and the time of burnout. Values for 

I Ve ( 0) I , IV c ( tf) I, q,m( 0) ,. · ¢m{tf) come directly from inst an- · 

taneous phase and amplitude data and the use of equation 

4.11. The four equations are: 

cos 

~m(O) ,. tan-I [ IVali s,in (9; + 21,,1,,l + [VAi •in u.;.i] 
IVBli cos (0B + 2kpLp) + IVAI cos (0A) 

sin 

cos 

where 

(4.14) 

( 4 .15) 

(4.16) 

(4.17) 

Holly developed a program to solve these four equa-

tions making use of a subroutine from the International 

Mathematical Society Library (IMSL). Onc.e the parameters 

!VB I cf and I VA I are known, Shelton's equations, 4 .1 and 

4. 2, may be solved for the burning rate. Holly also 
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·proposed his own method for finding the burning rate. His 

technique requires that equat.ions 4.9 and 4·,12 be solved 

simultaneously for the instantaneous length, .Q. (t). The 

burning rate is then calculated· as the change in length 

di:vi.ded by the elapsed time between data points. Both 

me.thods provide an accurate value of burning rate for each 

relative phase and amplitude data point. 

· A data acqui"sition system for use with this research 

has been assemble.d at VPI&SU. The system consists of a TRS 

80 Model .III microcomputer, an analog to dig.ital converter, 

a printer, and a modem for access to the mainframe. 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 

sampling rate with this data acquistion system, the 

present capacity of the c.omputer will permit continuous 

measurement of· the transient phenomenon of erosive burning 

· over a period of approx·imately four seconds. 



Phone 
Line 
to 
Mainf 

Figure 12. 

.· 

' 
,, .. 

- -Modem ' rame UPS 2121 LP TRS-tlO 
Model III 

48 K 
2 Disk Driyes 

Printer· 
M:i.croline 83A 

Schematic of Data Acquisition System. 

Ignition Signal 

DE 80 _ Amol:i.tucle 
Mother ,,. .•.· 

Board, 
- Power - Supply 

with Phase 
RTI-1260 

.-,-

A/D 
Converter 

Pressure 
c;-

_ Pressure . - c 



.Section 5 

DESIGN OF A PROPOSED. MICROWAVE EROSIVE BURNING TESTER 

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 

sectio!lwill propose a design for an erosive burning tester 

utilizing microwaves. All calculations are presented in 

Appendix A. 

Considerations in the design of an erosive burning 

tes te.r require : 

· L The ability to have cross flow velocities ranging 

from Mach O . 2 to Mach L 

2. A test section long enough to simulate the 

hydrodynamics found in real rocket motors. 

3. The ability to measure 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 combustion 

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 sections: a gas generator and a test section. A 

schematic of an erosive burning tester is shown·in Fig. 13. 

The. gas generator provides the high velocity gases needed 

to induce erosive burning, while the test section provides 

for the simulation of the aerodynamics of an actual rocket 

motor. The exhaust gases from the gas generatorpass over 

the propellant in the test section, thus creating high 

crossflow velocities. The design study that follows will 

utilize a test se.ction 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 ove.r a flat plate with 

inje.ction. As the gases accelerate through the test 

section the flow field will simulate that of · an actual 

rocket motor. A two-dimensional nozzle with no diverging 

section would be used for the tests with crossflow velo-

cities under Mach 1. However, the following analysis will 

assume a sonic crossf1ow 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 been 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 necessary cross flow velocity. 

The ve.1oci ty as a function of Mach number is given by 

(5.1) 

The required velocity for sonic flow with· the assumed 

propellant properties is 1,035 m/s (See Appendix A). The 

velocity resulting from combustion of propellant in the 

test section may be ca.lculated from the continuity 

. equation, . 

(5.2a) 

giving the result 

where 

(5.2b) 

L = length of propellant upstream of the burning 
rate measurement 

h = initial height of crossflow area over the 
pr0pellant in the test section. 

Assuming values 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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4% of the required velocity. Therefore the gas generator· 

must supply most of the mass flow to produce the crossflow 

velocity. 

The total mass flow of the tester may be calculated 

from the equation 

( 5 .3) 

assuming that the densities of the driver exhaust gases and 

the propellant gases are equal. For the assumed propellant 

with sonic velocity, the resulting mass flow is given by 

m = 0.447A (kg/s) (5.4) 

where the crossflow area, A, is in square centimeters. The· 

crossf1ow 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 propellant 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 equation 5.4, 

the area over the propellant would be initially 9.62 cm 2 • 
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As previously mentioned,· the dimensions of this 

rectangular area must be selected so as to prevent the 

boundary layer growth from interferring with the combustion 

process. This task is accomplished 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 

calculated from the following equations (28]: 

cS>2 

cS 
&; 

[ Uoo 3 .,86 X. JO. 8 (5.5) 

(5.6) 

These .· equations assume a constant free stream velocity. 

Although the velocity in the test section is changing, the 

pressure gradient is favorable from a boundary layer 

viewpoint. Therefore, these equations are assumed to yield 

larger values than will actually exist. The boundary layer 

will be largest during the tests with lower velocities. 

Assuming a Mach number of O. 2 and using the data given in · 

the. Appendix, the momentum thickness and boundary layer 

thickness are O. 07 cm and O. 74 cm, respectively. It was· 

assumed that the flow height should be a minimum of twice 

the boundary 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 the ref ore a width of 5. 06 cm, as shown 

in Fig. 14. This geometry prevents the boundary layer 

growth along the bottom of the upper surface of the test 

s·ection from interfering with the combustion process. 

As the propellant recedes, the flow area will in-

crease, resulting in a lower crossflow velocity. At any 

time the velocity may he calculated from the continuity 

equation; 

m 
V = pA ( 5. 7) 

Assuming a constant mass flow of 4.3 kg/s and using equa-:-

tion 5.5, the velocity at burnout will be 287 m/s, or Mach 

0.28. The thrust generated by the tester is given by 

(5.8) 

For the given assumptions 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/r0 , will 

be determined using the Lenoir and Robillard model, 

equation 3. la. The constants, a and S , 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 

evaluated from actual data for each propellant. Using 

the assumed constants and the· static. properties· for M = 1, 

equation 3. la becomes: 

r = 0 . TO 9 + 1. 6 6 exp { - 0 . 2 0 4 r } ( 5. 9a) 

and 

r = 1.85 cm/s (5.9b) 

Therefore 

(5.9c) 

Similarly, the augmentation ratio is 1. 55 at burnout for 

the proposed design. 

Since some investigators suggest that erosive burning 

is not affected by the temperature or composition of the 

crosstlow (22], the gas generator for the erosive burning 

tester could be fueled by either a liquid or a solid 

propellant. It a soli.d propellant with a density of 0 .172 

g/cm3 and a burning rate of 0.84 cm/s were used, a surface 

area of 0.298 m2 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 

perforation. For example, a grain with a 25.4 cm diameter 

perforation would have to be 37. 3 cm in length.· A star 

grain grain configuration or a similar geometry could 

accomplish the same re.sult with a slightly shorter grain. 

If a liquid fuel is to be used, a monopropellant would 

be preferred because there would no mo mixing problems. 

Two possible monopropellants are hydrazine and ethylene 

oxide. Ignition . of the fuel would be achieved using a 

solid propellant igniter. Decomposition is sustained by a 

thermal catalyst . bed composed of stainless . steel or a 

platinum catalyst; An example of a gas generator using 

hydrazine. as fuel is shown in Fig. 15. Ih this instance, 

stainless steel is assumed to be used as the thermal 

catalyst bed. Once the bed is heated by the igniter, the 

hydrazine decomposition would be sustained by the catalyst 

bed. 

Of the two types of fuels under consideration, a solid 

propellant is the more predictable from a safety stand-

point. Also, there already exists a magazine for storing 

some of the gas generator grains. The advantage of the 

liquid propellant is that the mass flow could be regulated 

and controlled to some extent. However, the Rocket Test 

Facility at VPI&SU would have to be modified to handle 
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liquid propellants. At this time no decision has been made 

as to which type of propellant will be used in the gas 

generator. 



Section 6 

PRELIMINARY TESTING 

Before finalizing the design of the proposed erosive 

burning tester, a slab burner will be used to verify the 

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 Naval 

Ordnance Station. Facilities for test firing the gas 

generator have already been completed at VPI&SU. · This 

section will describe the 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 

welded together. The bottom is 1.91 cm (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 phenolic box which 

fits securely inside the steel chamber. The propellant 

slab burns on the top surface only. The burning surface 

has an area of 30. 5 cm2 • 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 thro-ugh the propellant and the phenolic box and 

into the horn. 

At this writing,· two test firings have been performed 

at the Naval Ordnance Station. Although the. tests were 

deemed· successful, problems with nozzle erosion and non-

neutrality of the pressure-time history are being investi-

gated. Once the gas generator is .delivered to the test 

tacility at VPI&SU, initial tests on the microwave system 

will be performed. After the data have been · reduced and 

analyzed, a test plan will be devised. Twenty test firings 

are . tentatively planned. With the information.· gathered 

from these tests, the design of the erosive burning tester 

can be finalized. 

The test.facilities consist of two buildings located 6 

km west of the VPI&SU campus · at Price's Fork Research 

Genter. A floor plan of the buildings is given in Fig. 19. 

The test cell is constructed of concrete blocks filled with 

sand. The roof is of wooden construction 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 the exhaust gases of the gas generator. The instrumen-

tation room is a prefabricated fiberglass building built on 

a metal skid. It is equipped with a telephone, electri-

city, heating, and air conditioning. The wall separating 

the two buildings is made of daub le reinforced concrete. 
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Figure 19. Rocket Test Facilitv Floor !Plan. 
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The connecting tubes, made of 10 cm PVC conduit, provide a 

means of running the instrumentation wires and waveguide 

between the buildings.· 



Section 7 

CONCLUSIONS 

A review of present theories to predict erosive 

burning in composite propellants has been presented. From 

available data, the theories of Renie and Osborn, Kuo and 

Razdan, Parkinson, and King were considered to be the most 

advanced while that of Lenoir and Robillard was. considered 

to be the most easily applied in practice. Methods for the 

measurement of erosive burning in test appratus were 

discussed. A detailed development of the theory for the 

microwave technique was presented. 

Assuming the 

design 

use 

for 

of 

an 

the microwave technique, 

erosive burning tester 

a 

was preliminary 

developedo By utilizing microwave interferometry, this 

apparatus could be used to measure the burning rate under 

crossf1ow velocities between Mach 0.2 and 1.0. 

After final testing of the microwave measuring. 

technique, the erosive burning tester should be built and 

used to evaluate the present erosive burning theories. 
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APPENDIX A 

Typical propellant prop~rties and assumed design para-
meters: 

Calculated 

for typical 

· Specific heat ratio: 

Molecular we.ight: 

k = 1.18 

MW= 25.45 

product gases Throat temperature: Tt = 2,780 K 

at M = 1.0 Density of product gases: Pp= 4.32 kg/m3 

Density of propellant: 

Burning rate 
(at 1,013 x 105 Pa): 

Chamber temperature: 

Chamber pressure: 

Atmospheric pressure: 

Pb = 1,720 kg/m3 

r = 0 .847 cm/s 

T -- 3,000 K 0 .. 

P0 = 6.9 MPa 

P3 = 0.1013 MPa 

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 

Required crossflow velocity for M = 1.0: 

V=M~ 

= LO (1. 18) (8,314 J /kmol K) (2780 K) = 
25. 45 kmol/kg 
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1;035 m/s 
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Velocity resulting from combustion of propellant in test 
section: 

1Ilp = pbAbr = PpVpA 

Vp = ~: r = c~:: )(Pg\~m}( 0.84 cm/s) (1~Lm) 
m 

VP= 44.7 m/s 

Percentage of required crossflow velocity supplied by the 
test section: 

VP 44 7 
7.V = V X 1007. = 1035 X 1007. = 4. 37. 

Required mass flow for M = 1.0: 

m = (4.32 kg/m3 ) (1035 m/s)A 

m= 4 4TlA , . . s 

m= 0.447A ~-
s (A in cm2 ) 

Requiring the mass flow not to exceed 4. 3 kg/ s , the flow 
area is: 

A= 9.62 cm2 
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Estimate of boundary layer thickness: 

. 0 2 
0. 036v 0 • 2 = . u 3. 29 

[ Uoo 3. 86 X ] Q. 8 
00 

10.31 

The boundary layer will be thickest for low velocities. 

For M = 0.2: 

6 2 0.2 
(0.036)(24.Q x 10- •·m /s) -· 

( 2.07 m/ s) 3 • 2·9 

O = 7.73 X 10- 4 m 
2 

• [ (207 m/s)3.S6 (0.254 m) J 0.8 

-4 a = 10. 31 (7. 73 x 10 .- m) = 0. 8 cm 
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At burnout the cros.sflow velocity will be: 

4 . 3 ~. ·100cm 2 
s m 

( 6. 73 kgJm3J( 4 .40 cm) ( 5. 06 cm) 
= 287 m/s 

287 
M = 1035 = 0.28 

Inittal thrust (M,.;,1.0): 

p Po= 0.5644 

P2 - (0.5644)(6.90 x 10 6 Pa) 

F - (1035, m/s) (4.3 kg:/s) 

+ (3.89 X 106 - 1.013 X 10 5 )(Pa)(9.6•~ cm2){10~cmr 

F = 8 .10 kN 

Final thrust (M = 0.59): 

6 P2 = 6.58 X 10 

F = (4.3 kg/s)(287 m/s) 

+· (6,58 x 106 - 1.013 x 105 )(Pa)(22.26 cm2 >(io~cm) 2 

F =, 15. 7 kN 

I 

i 
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Estimate of augmentation ratio, r /r0 , using Lenoir and 
Robillard model: 

From the work of Lenoir and Robillard: 

a. = 1.521 X 10-S 
m2.8 

kg0.8 8 0.2 

6 = 53 

For M = 1: 

r = 0.709 +[1.s21 x 10-5 0~!· 8
0 _2 ] 

. kg s 

•[< 4. 32 kgJm3) (1033 m/ s )] O .. S 

•[0.254 m]- 0 · 2 exp { -53(1720)r/(4.32) (1033)} 

:r:- = 0. 709 + l. 663 exp [ -0 .204 r J 

r = 1. 85 cm/s 

r/r0 = 2. 6 

Simiiarly, at burnout, for M = 0.2: 

r/r = 1. 55 . 0 

(cm/s) 
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Required surface area of propellant in driver motor: 

m = 0.298 m2 

100 cm 

.Required length of driver for a single perforation 25.4 cm 
in.diameter: 

A b l. . 2 L = -d = .... o . 2 98 m ) = 0 . 3 7 3 m Tr -------,-,,...----. 

TI ( 2 5 . 4 cm) (10 6m cm) 
L = 37. 3 cm 
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