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Ultrasonic Measurements of Solid Propellant
Burning Rates in Nozzleless Rocket Motors

Jean-Claude Traineau* and Paul Kuentzmannt
Office National dfEtudes et de Recherches Aerospatiales, Chatillon, France

Burning rates at several axial locations along the grain port of subscale nozzleless motors were measured by
ultrasonic transducers that detect the instantaneous web thickness of the propellant. Two experimental devices
were used for this: an axisymmetric nozzleless motor loaded with a metallized composite propellant and a two-
dimensional window nozzleless setup loaded with a nonmetallized composite propellant. The ultrasonic
transducers give an estimate of the grain deflection during motor pressurization. In both setups, the no-
crossflow burning rate measured in the head-end region agrees with standard strand burner data, and high
erosive burning rates are found in the aft-end region. These erosive burning data have been represented in a for-
mat that includes the main experimental variables: port radius or channel width, no-crossflow burning rate, and
mean crossflow velocity. The results reveal that the generally observed trends of threshold specific mass flow
rate, no-crossflow burning rate sensitivity, and scale dependence are also demonstrated in nozzleless motors.

Nomenclature
a0 = propellant product head-end sound velocity
Ap = port area
C - sound velocity
Cc = sound velocity in coupling material
Cp = sound velocity in propellant
eb = propellant web distance burned
ep = propellant web thickness
kp = pressure correction coefficient for propellant sound

velocity
kT - temperature correction coefficient for propellant

sound velocity
tp = pressure correction coefficient for coupling material

sound velocity
fr = temperature correction coefficient for coupling

material sound velocity
p - static pressure
Qc = combustion perimeter
R = port radius
T - temperature
rs = surface temperature of propellant
it = mean crossflow velocity
Vc = burning rate
VCN = no-crossflow (or base) burning rate
x = axial distance from motor head-end
a. = thermal dif fusivity
7 = specific heat ratio
e = erosive burning rate ratio
0_ = local slope of burning surface with respect to x axis
pu - mean specific mass flow rate
pp = solid propellant density
T = propagation time of ultrasonic waves
r0 = electronic system time delay

Subscripts
i = denotes initial time conditions (start of test)
/ = denotes final time conditions (web burnout)
R - denotes reference conditions
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Introduction

WITHIN the framework of integral-rocket-ramjet missile
systems, studies have been conducted on nozzleless

motors since 1978 in Francp by Societe Nationale des Poudres
et Explosifs (SNPE) and Office national d'Etude et de
Recherches Aerospahales (ONERAJ. These studies have led to
a simple first generation program1 that gives an a priori
prediction accurate to within ±5% of total perfomance if a
realistic data base is available (thermodynamical properties of
combustion products, no-crossflow and erosive burning rates
in the whole pressure range).

A survey of the technology literature gives a good idea of
how difficult it is to improve the accuracy of this prediction.
Procinsky2 has given a complete list of the main phenomena
that have to be studied and the major modifications that have
to be carried out before a program can be used to predict the
performance of a completely new design.

Among the numerous problems listed by Procinsky is the
prediction of the no-crossflow and erosive burning rates of the
propellant. King3'5 has developed a specific calculation
module for predicting the propellant burning rate in nozzleless
motors as a function of pressure and crossflow velocity. This
module contains five options for the calculation of the steady-
state burning rate. Only the first is based on correlation of
calculations made using King's erosive burning model for
composite AP propellants. The other options need at least
tables of no-crossflow burning rate and tables of the erosive
ratio VC/VCN vs pressure and crossflow velocity for a given
channel diameter.

To fill these tables, many results devoted to the driver/sam-
ple technique or to simulative studies may be found (i.e.,
Marklund and Lake,6 Razdan and Kuo,7 King,8 Dunlap et
al.,9 Yamada et al.10) but there is no work that reports
measurements of burning rates in a nozzleless booster directly.
According to the widely accepted assumption that erosive
burning is due to the enhancement of transport properties by
crossflow generated turbulence in the flame zone,11 a
theoretical fluid dynamics model is required to relate this wide
data base and the erosive burning in the motor. Such a model
is not yet achieved, in spite of some advanced works in this
area.12:14 Therefore, experiments on actual motors with direct
measurements of burning rate remain very useful.

Among the direct burning rate measurement methods
developed during the last ten years, the microwave technique
is probably the most attractive.15 Measurements are already
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available for samples mounted in a waveguide, and applica-
tion only to small grains is foreseen in the near future.16

Thus this technique cannot yet be used for direct measure-
ments in actual motors, Since 1973, experience in the
ultrasonic technique acquired at ONERA has been used for
measuring burning rates with satisfactory results in steady or
slowly varying conditions on composite, double-base, or self-
pyrolyzing propellants. This method has been applied to sub-
scale nozzleless motors and realistic burning rate data have
been obtained. The principle of the measurement method and
its data processing is first summarized in this paper, a descrip-
tion of the two experimental setups is then given, and the most
characteristic results obtained to date are described.

The Ultrasonic Method
Principle of the Method

The principle of the method is the following: a mechanical
wave emitted by a transducer travels through the propellant,
reflects off the grain surface because of the large difference
in acoustic impedance between propellant and combustion
products, and comes back to the transducer. The measure-
ment of the propagation time of a pulse is related to the pro-
pellant web thickness and the burning rate is thus deduced
by differentiation.

Selecting and Mounting the Transducer
Specific tests, performed at ONERA since 1974, have

taught the following main lessons:
1) The propagation velocity of ultrasonic waves in pro-

pellants at room temperature lies between 1750 and 1900 m/s
and gives a propagation time of about 30 /zs for a 30-mm
propellant web thickness. A broad bandwidth can thus be ex-
pected for the system.

2) The sound damping in solid propellants at ultrasonic
frequencies is noticeably higher than the damping in the
audible frequency range and limits the propellant web
thickness that can be measured to about 40 mm for a typical
composite propellant.

3) Optimization of the transducer characteristics has led to
the choice of transducers working around 2.25 MHz for
three different diameters (1, 3/4, and Vi in.), which allows a
good adaptation to the various grain geometries tested.

4) The introduction of an intermediary coupling element
between transducer and propellant is necessary to give a
quasilinear operation down to zero propellant web thickness,
to reduce transducer damping problems and near field ef-
fects, and to completely insulate the transducer from the
severe pressure and temperature conditions prevailing in the
combustion chamber.

The coupling material must have an acoustic impedance as
close as possible to that of the propellant, low ultrasonic

•••damping, good mechnical strength, and perfect binding to
the" propellant. For an AP/polybutadiene/Al composite pro-
pejlant, a hardening castable epoxy resin, loaded or not with
pulverized silica, has these characteristics.

Implementation of the ultrasonic transducer in a simple
setup with a small end burning grain is displayed in Fig. 1.
In this setup, which is used to determine the base burning
rates and the L* instability map of a propellant, the burning
surface remains flat during burn time. Recent tests have also
shown that ultrasonic emission and reception can be used on
an axisymmetric grain with a cylindrical port, because the
propagation properties of the propellant induce a very direc-
tive acoustic field. Therefore there is no influence of the port
curvature and the measurement is precisely located.

First Data Processing Method and Results
Kuentzmann et al.17 have given a detailed description of

how the ultrasonic transducer must be fitted and of the elec-
tronic propagation time measuring device. The first data

processing method is based on the assumption that the sound
velocity is constant in both the propellant and the coupling
material. Once the propagation time is known, the pro-
pellant web thickness is simply deduced from the equation:

= T0 + 2(ec/Cc)+2(ep/Cp) (1)

Following this major assumption, numerous tests have
been performed on composite propellants, double-base pro-
pellants, and self-pyrolyzing fuels. The results have demon-
strated that the method is at least as accurate as more classical
methods and is able to determine quasisteady burning rate
curves over wide pressure ranges in a single test. However, for
unsteady burning rates, or tests with fast pressure variations,
this easy procedure seems to be inadequate. Cauty18 has
shown that sound velocity is sensitive to pressure and
temperature. These influences have been demonstrated ex-
perimentally, and the following relation between pressure,
temperature, and sound velocity has been deduced:

CR/C=[l-kp(p-pR)}[\+kT(T-TR)} (2)

This leads to a new data processing method, which appears
necessary if the accuracy of the method is to be increased for
any kind of test condition, and particularly for nozzleless
motor tests.

New Data Processing Method
The system considered is made of an ultrasonic trans-

ducer, in contact with the coupling element, itself bonded to
the propellant as shown in Fig. 2.

One takes into account the fact that the propagation
velocities in both the propellant and coupling material are
unique functions of local pressure and temperature. The
electronic device monitored by a minicomputer gives prop-
agation time measurements at a rate of about 5000 Hz. This
propagation time can be expressed as

c; Cp(T,p) 0)

Assuming that pressure is uniform and equal to the combus-
tion chamber pressure and the temperature of the coupling
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Fig. 1 Schematic of a simple setup fined with an ultrasonic
transducer.
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Fig. 2 Definition of the system parameters.
. 70cm .

Fig. 3 Cross section of the axisymmetric nozzleless motor.

material remains at its initial value, Eq. (3) simplifies to

_ f *7 djc 2ec
Ls Cp(T,p) Cc(Tifp)

In particular, when the propellant web thickness is down to
zero (web burnout), one can write

2ec^~TO+-———— (5)

Eliminating r0 between Eqs. (4) and (5) yields

2ec
xi dx 2ec

Cp(T,p) Cc(Titp) Cc(Titpf)
(6)

Using Eq. (2) for the propellant and the coupling material,
Eq. (6) becomes

r-r /-2[1-y-^)]Cf[i+M7--r,)]dx
-pR

2ec (7)

In the case of steady-state combustion, the expression for the
temperature profile in the propellant is usually given by

T-Ti=(Ts-Ti)Qxp[-Vc(x-xs)/a] (8)

With this formula, Eq. (7) yields:

__ 2[l-kp(p-pR)](f^ ,,

+ kT(Ts- T,,)—— ( 1 -exp(- Vcep/a)]

(9)

Using the current values for a, ep and Vc, one can neglect
exp(- Vcep/ot) compared to unity to get

2[l-kp(p-pR)]

(10)
At this point of the processing, the different terms have to
be evaluated. For AP/polybutadiene composite propellants,
average values of the correction coefficients are (results ex-
perimentally found by Cauty18) for the propellant:
Ar.^SxlO^Pa-1 , Jtr = 2.9xlO-3K-1 , and for the coupling
material: l ^ 0 . 5 x lO^Pa-1, lr = 2.5x IQ-^'1.

With the above value for the temperature correction coef-
ficient for the propellant sound velocity, the expression be-
tween brackets in Eq. (10) can be approximated by
[l + kT(Ti-TR)]ep, within 0.2% relative error. This ap-
proximation amounts to disregarding the effect of the
temperature profile in the propellant and thus assumes that
the entire propellant can be taken as being at its initial
temperature.

Hence, one obtains from Eq. (10) the instantaneous web
distance burned

(11)
where the initial and reference conditions are room condi-
tions. This final expression completely defines the instan-
taneous web distance burned as a function of propagation
time and pressure and is the one used in the data processing
method.

Experimental Test Apparatuses
The measurement of burning rates in nozzleless motors is

one part of studies whose objectives were to determine the
effects of grain geometry on performance, assess reproduci-
bility, and visualize the grain regression for correlation with
computation. To this end, two experimental test apparatuses
have been designed, constructed, and checked out.

The first apparatus is an axisymmetric subscale nozzleless
motor with an AP/CTPB/A1 composite propellant. Ten tests
have been successfully carried out using two length-to-
diameter ratios (L/D), and, therefore, two different
operating pressure ranges. The main results concerning
erosive burning have been deduced from the higher L/D
ratio motor which is shown schematically in Fig. 3. This
figure also illustrates the implementation of an ultrasonic
transducer on this axisymmetric grain. Five stations for
measuring static pressure and web thickness are located
along the grain. A classical exit cone is machined into the
aft-end to prevent break-off from the end of the grain and to
increase performance by recovery of kinetic energy.19

The second experimental setup is a laboratory device with
two slabs of propellant simulating a two-dimensional nozzle-
less motor. High speed motion-picture cameras give the evolu-
tion of the burning surface through a single plexiglass window
that covers the total grain length. To reduce flame
temperature effects, an AP/HTPB nonmetallized composite
propellant has been chosen. A schematic of this apparatus,
which is presented in Fig. 4, shows the numerous static
pressure measurements along the channel, the diverging sec^
tion of the grain, and the two ultrasonic transducer locations.
Table 1 gives the grain configuration and defines the pro-
pellant for each experimental setup. In both cases, the igniter
is a microrocket at the head-end of the port, which provides
reproducible results and is easy to model in a computer
program.
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Before going into the data processing method, an in-
teresting piece of information should first be noted. It comes
from the port photographs taken during a two-dimensional
test. Figure 5 gives an idea of the grain burnback in the aft-
end region: the first and the second pictures concern the start
and the end of the stabilized phase of the test, respectively.
They show that the evolution of port geometry gradually
leads to a narrowing of the "throat" section, due to the ax-
ial pressure gradient effects. These observations are very
useful to corf elate computed burnback in this region, which
is directly related to the accuracy of performance prediction
programs.

Results
Data Processing and Preliminary Results

Data processing starts with the computation of pressure at
each measurement location, using a calibration curve and
correcting any thermal drift. Curves of the five axial
pressures vs time are given in Fig. 6 for one of the axisym-

PROPELLANT

ULTRASONIC
TRANSDUCER
LOCATIONS

PRESSURE
MEASUREMENT

LOCATIONS WINDOW

10cm

metric motor tests. One will observe the high initial pressure
peak and fast decrease of the curves, aggravated by the
presence of erosive burning. The incident located at 1.9 s re-
mains unexplained but has no influence on the erosive range,
which is limited to about the first one-and-one-half seconds
of the test.

Figure 7 shows four of the basic pressure curves for a two-
dimensional test and gives a good idea of the large axial
pressure differential between head-end and aft-end of a

Fig. 4 Cross section of the two-dimensional setup.
Fig. 5 Evolution of the aft-end port geometry during a two-
dimensional test.

Table 1 Setup configurations

Setup Grain configuration Propellant

(1) (2) (3)
length L - 750 mm
initial port radius Rj =10 mm
initial web thickness epj-30mm
exit cone radius Rs - 30 mm
exit cone angle o^ = 20°

Measurement locations :
xt = 70 mm,
x7 = 200 mm,
x3 = 330 mm, from the
x4 = 475 or 500 mm. ' head-end
x$ =650 or 675mm,

Cylindrical with exit cone

70/14/16 AP/CTPB/AI,
s* 90 Mm AP
a0 =» 1070m/s
y ~ 1.135

(1)

length L = 345 mm
initial port section area
hj = 6 mm, I = 40 mm
initial web thickness epj=25mm
exit section height hs * 30 mm
exit section angle oy — 15

Measurement locations :
xt = 35mm, \ from the
x-i = 285 mm, [ head-end

85/15 AP/HTPB combustion modified
=« 200 /urn AP
a0^1090 m/s
7=1.2

Two-dimensional with simulated diverging section
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nozzleless motor. It can be noted that this pressure differen-
tial effect decreases with time. This is demonstrated by the
pressures at the 300 and 305 mm axial stations, respectively
located just upstream and downstream of the "throat" sec-
tion. These pressures are clearly different at the start of the
test and tend to merge gradually during web time. One will
also notice that premature extinction, associated with bulk-
mode instabilities20 due to the fast decrease of the pressure,
occurs at 0.86 s when only 40% of the web thickness has
been burned.

The web distance burned at each measurement station is
calculated from the propagation time using Eq. (11). The
pressure correction coefficients for the propellant and cou-
pling material sound velocities that appear in this formula
are assumed to be known from other tests. Figure 8 shows a
set of results obtained in the two-dimensional setup near the
head-end and aft-end regions of the grain. This figure calls
for the following remarks: 1) The web distance burned varies
greatly from the head-end to the aft-end because of the
burning rate sensitivity to local pressure and crossflow
velocity. 2) A detailed view of the early stage of the test
reveals an abnormally fast evolution of the web distance
burned in the aft-end region during the transient pressure
phase, while the head-end region seems to burn quite nor-
mally. This sharp rise, which reaches almost 0.5 mm, may
have three different causes: 1) The effect of pressure varia-
tions on the ultrasonic measurement, 2) extra burning rate
during transient phase, and 3) grain deflection during motor
pressurization. The first cause must be eliminated because
the effect of pressure variations on the ultrasonic
measurements is taken into account and corrected by means
of the pressure correction coefficient. Differentiating be-
tween the last two causes can be illustrated by the axisym-
metric nozzleless motor test results. In Fig. 9, for each axial
measurement location, the web distance during ignition is
plotted (open circles) vs the distance from the head-end. At
location 1 near the head-end, the measured web distance
burned is compared to the estimated normal web distance
burned during ignition (black triangle), which is calculated
by the integration of the quasisteady-state burning rate. The
stated discrepancy between these two values can be partially
attributed to transient combustion effects, but the major
part of it is probably due to the grain deflection. Thus, the

75

PRESSURE
(PaX105)

TRANSDUCERS LOCATION
(FROM THE HEAD-END)

_ X,= 70MM
X2 = 200MM
X3 = 330MM
X4 = 475MM
X5 = 650MM

1.5 3.0
TIME (S)

4.5

curve drawn gives an idea of the deformed grain contour
during motor pressurization. This deformed contour appears
realistic for such a case-bonded nozzleless grain. The contour
also agrees with the trends given by the NPP grain deflection
model,21 i.e., limited deflections in the head-end region and
large axial and radial deflections in the exit-cone area.

Burning Rate Results
Translation from sampled web distances burned to burn-

ing rates requires a numerical differentiation. It is well
known that this kind of operation is one of the most
unstable. Thus, one proceeds by eliminating outlying data,
performing least square line regression on 201 data points
and computing the central value, smoothing these central
values by the "ordinate regularization" method,22

numerically differentiating on 3 or 5 resulting points, and
smoothing the derivatives. This method is certainly not op-
timal, but it reduces operator intervention to the choice of
only one smoothing coefficient. All these operations are
computerized and a plotting program then allows a
systematic exploitation of results. It must be noted here that
this differentiation does not give the real burning rate Vc,
but the projection of Vc on the transducer axis, i.e., Fccos0.
However, in typical configurations 6 remains small and the
experimental measurement is assumed to be the actual burn-
ing rate Vc.

Typical results are presented in Fig. 10 (axisymmetric
motor) and Fig. 11 (two-dimensional setup) by means of burn-
ing rate curves as functions of pressure. In Fig. 10, the five
curves obtained from the five ultrasonic transducers are

PRESSURE
(Pa X 10s)

X=25MM HEAD END PRESSURE

X=300 MM CHANNEL PRESSURE
NEAR "THROAT"

X=305 MM DIFFUSER PRESSURE
i NEAR "THROAT"

X=325 MM DIFFUSER
PRESSURE

-0.1 0.3 0.7 1.1
TIME (S)

Fig. 7 Four basic pressure curves for a two-dimensional test.

WEB
DISTANCE 5
BURNED

(MM)

HEAD-END-^/

AFT-END /

0.9 TIME (S)

Fig. 6 Typical pressure-time history for an axisymmetric motor
test.

Fig. 8 Comparison between head-end and aft-end ultrasonic
measurements for a two-dimensional test.
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drawn. One observes the good agreement of the
measurements in the head-end region (locations 1 and 2).
Moreover, the comparison shows an increasing discrepancy
between the curves proceeding from the head-end to the off-
end regions. This discrepancy expresses the erosive combus-
tion phenomenon which, for this test, leads to a departure
from the base burning rate that reaches a maximum of 65%
at location 5, under a pressure of 30xl05 Pa. The well
known threshold effect is here brought to light. Below the
erosive burning threshold, curves agree to the nearest
measurement dispersion. In the second experimental ap-
paratus, similar results can be noted (Fig. 11) with an extra
burning rate which reaches 55% at location 2 under a
pressure of 32xl05 Pa.

The reliability of the method and the reproducibility of its
results are demonstrated in Fig. 12. In this figure, two iden-
tical axisymmetric tests are compared to classical strand
burner data. These results indicate that under nonerosive
conditions, the motor results are in good agreement with
strand burner data and show little scatter; and reproducibil-
ity of erosive combustion at location 5 is also rather good,
particularly if one takes into account a small change in
transducer location between the two tests (650 and 675 mm).

Displaying the Erosive Phenomenon
There is no one way to present erosive burning data. One

can, for example, use the classical erosive burning rate ratio:

GRAIN DEFORMAtlON (MM)

ESTIMATED NORMAL WEB DISTANCE BURNED
^ AT THE HEAD-END DURING IGNITION

(2) (3) (4) (5)
u 200 400 600

DISTANCE FROM THE HEAD-END (MM)

Fig. 9 Estimation of the deformed grain contour deduced from
ultrasonic measurements during pressurization of an axisymmetric
motor test.

€= Vc/VCN as a function of the specific mass flow rate. Trie
experimental data are sufficient to compute at any time and
at each measurement station a mean specific mass flow rate
pu by a numerical approximation of the integral:

Furthermore, at any pressure, the burning rate curve 1 on
Fig. 10 can be used to extrapolate the base burning rate VCN
for each measurement location. Fig. 13 shows a set of results
from one of the axisymmetric motor tests for the last three
measurement stations 3, 4, and 5. This figure clearly displays
the generally observed phenomenon of threshold specific
mass flow rate. However, this mode of representation is not
exempt from criticism because the evolutions of pressure and
port radius, which are important in the case of a nozzleless
motor, are hidden. Thus, it is necessary to select a better way
of representation.

It is reasonable to assume that e, in the steady-state case,
depends on three main quantities. The first is specific to the
base burning. VCN can be selected because it is experimen-
tally known and leads to an efficient flame height by way of
a calculation model. The second characterizes geometry. The
local port radius must obviously be chosen. The last
represents the flow. The choice of this third parameter
depends on the description used to depict the Jlow.

Taking a local value of the flow as u or pu goes along
with a one-dimensional description, which is the easiest flow
representation. However, this assumption implies that the
upstream portion of the flow has negligible influence on
local erosive burning. In spite of this reservation, the mean
crossflow velocity u has been selected in order to compare
these results with previous works. Considering a constant en-
thalpy flow, we easily arrive at:

2anB where B = pua0 (13)

This formula requires only a0 and 7, which are supposed to
be known with enough accuracy.

Within the framework of nozzleless motors and one-
dimensional flows, the local Mach number is, in a first ap-

1.5
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X=675MM
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X = 500MM

V
(3)

X = 330MM

(21

(1)
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= 200MM

PRESSURE (Pa X 105)
20 40 60

Fig. 10 Complete results of ultrasonic burning rate measurements
for an axisymmetric motor test.

1.5

BURNING
RATE

(CM/S)

1

= 285MM

X = 35MM

PRESSURE (PaX 105)

20 40 60
Fig. 11 Complete results of ultrasonic burning rate measurements
for a two-dimensional test.
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Fig. 12 Reproducibility of ultrasonic burning rate measurements
and comparison with strand burner data.
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Fig. 13 Typical erosive burning results representation for an axi-
symmetric motor test.

proximation, closely related to the axial distance from the
motor head-end divided by the channel length. In this kind
of test, the mean crossflow velocity at a given station is a
priori almost independent of time and cannot be taken as a
main parameter. If one keeps the combustion quantities VCN
and e as unknowns, the only remaining parameter is the port
radius. This parameter also has the advantage of varying
monotonously with time. It is thus logical to plot e, VCN,
and ii as functions of R at each location.

Figures 14 and 15 illustrate results obtained during the
same test at the two aft-end locations of the axisymmetric
motor. One observes small oscillations which have no
physical meaning but are related to the data processing
method. The mean crossflow velocity is not strictly constant
because of the nonlinear grain burnback due to the differen-
tial effects of burning rates along the grain.

To carry out a synthesis of the results obtained by dif-
ferent tests at the two aft-end locations, a format that in-
cludes the main experimental variables has to be chosen. A
representation of the erosive burning rate ratio vs mean
crossflow velocity, for values of port radius between 13 and
20 mm and a no-crossflow burning rate between 0.93 and 1.1
cm/s has been selected and is displayed in Fig. 16. Such a
representation is insufficient to define the complete erosive

VCN
(CM/S)

EROSIVE BURNING
RATE RATIO

VCN BASE BURNING RATE

U MEAN CROSSFLOW VELOCITY

1000

U
(M/S)

0.5

750

- 500

250

Fig. 14 Erosive burning results at location 4 (500 mm from the
head-end) during an axisymmetric motor test.

VCN
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RATE RATIO

_ _ _ _ _ _ _ 500

VCN BASE BURNING RATECN .

PORT RADIUS (MM)

1000

U
(M/S)

750

250
10 20 30 40

Fig. 15 Erosive burning results at location 5 (675 mm from the
head-end) during an axisymmetric motor test.

burning behavior of a given propellant in nozzleless rocket
configurations because the influence of the upstream portion
of the flow at each measurement location is not taken into
account. However, these results confirm the combined in-
fluences, previously demonstrated by King,3 of flow (u),
combustion (VCN), and geometry (K) on nozzleless erosive
burning sensitivity.

One can try to separate each of these effects and compare
the trends with those deduced from driver/sample technique
tests:6"8 At constant R (i.e., 15.2 mm), erosive burning
decreases with increasing no-crossflow burning rate (e= 1.27
for VCN=1.05 cm/s and e=1.19 for VCN=l.l cm/s). At
constant VCN (i.e., 1.1 cm/s), a narrow cross-sectional area
exhibits greater trend toward erosion than a larger cross-
sectional area (e = 1.55 for R = 13 mm and e = 1.05 for R = 17
mm). These results are found to be in agreement with the
generally observed scale dependence and no-crossflow burn-
ing rate sensitivity.

The work in order now is to correlate this new data base
with theoretical results obtained by the ONERA erosive
burning program. This program is based on the assumption
that erosive burning is due to turbulence penetrating the
flame zone. It solves the two-dimensional steady-state
Navier-Stokes equations by means of the numerical tech-
nique proposed by Patankar and Spalding.23 For the closure
of the problem, a modified Prandtl mixing length approach
for the turbulent viscosity is used in the boundary layer, and
Couette equations are integrated in the vicinity of the burn-
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Fig. 16 Synthesis of the erosive burning results for the axisym-
metric motor tests.

ing surface. Two sets of computer runs are scheduled. The
first one, which will use the complete experimental burning
rate distribution, is intended to validate the program in
nozzleless conditions and to give the axial velocity profile
evolution along the port. The second one, without ex-
perimental data input, aims at giving an a priori prediction
of erosive burning o be compared with the present ex-
perimental results.

Conclusion
The ultrasonic measurement method has been applied to

erosive burning rate measurements in two subscale nozzleless
motors and original results have been obtained under
realistic operating conditions. Complementary information
concerning nozzleless motor grain deflection during ignition
has also been deduced from the ultrasonic measurements. At
the present time, the ultrasonic technique seems to be well
suited to such a task, if one limits investigations to quasi-
steady-state combustion regime.

A single test gives sufficient data to compute the whole
no-crossflow burning rate law and erosive components for
various values of the mean flow velocity for a wide range of
pressure and several dimensions of the port. Comparison
with standard strand burner data in nonerosive conditions
has proven that data scattering is reduced enough to at-
tribute a good degree of confidence to these results.

For nozzleless motor tests, depicting erosive burning rate
results in a form that includes the principal experimental
variables is not an easy task because of the combined effects
of flow, combustion, and geometry. A representation of the
erosive burning rate ratio vs mean crossflow velocity for dif-
ferent values of port radius and no-crossflow burning rate
has been chosen. Such a representation in terms of local
parameters is insufficient to define the erosive burning
behavior of a given propellant in nozzleless rocket motor ap-
plications because the history of the flow is not taken into
account. However, the results are found to be in agreement
with the main trends as they are generally observed and
predicted by current models for erosive burning. Work is in
progress to complete the synthesis of experimental informa-
tion and to interpret this erosive burning data base by fur-
ther modeling. It can be thought that these recent data will
allow a better definition of the appropriate model to be used
to predict nozzleless motor performance in greater detail.
Although nozzleless motors have specific applications, this
topic remains of scientific interest, essentially because it im-
plies a complete control of the solid propellant combustion.
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