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Ultrasonic Method Applied to Full-Scale Solid Rocket Motors
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The solid rocket design engineer requires a multitude of data during the static and � ight test phases of a
developmentprogram. For instance, a better knowledge of the behaviorof the internal thermal insulator, especially
in the � ap zones, is useful for determining the margins of safety. This, in addition to the heavy work on the
modelizationof the insulationdegradation,is whya measurement tool for determining thebehaviorof the insulators
hasbeen developed.This techniqueis direct, nonintrusive,andbasedonthepropagationofultrasonicwaves through
the materials: case, insulator, solid propellant, etc. By following the evolution of the echoes coming back from the
regression surface or the degraded zone of the insulator in real time, many times per second during the test, one
can deduce the following data: the sequence of events at the measurement location, the starting time of degradation
and ablation of the insulator, and, coupled with thermoablative computing code, the pyrolysis rate and the heat
� ux evolutionreceived on the insulator surface. For solid propellant, the displacement of its combustionfront along
the insulator is followed, and of course its burning rate is deduced.

Nomenclature
C = mechanical wave velocity, m/s
dP /dt = pressure gradient, MPa/s
kP = wave velocity variation coef� cient with respect to

pressure, MPa ¡ 1

kT = wave velocity variation coef� cient with respect to
temperature, K ¡ 1

P = pressure, MPa
rb , Rb = burning rate, mm/s
T = temperature, K
W = thickness,m
s = propagation time, l s

Subscripts

P = pressure
ref = reference conditions
T = temperature

Introduction

O N full-scale solid rocket motors, the behavior of the internal
thermal insulator (ITI) and the evolution of the combustion

surface of the solid propellant (SP) grain have to be determineddur-
ing a test for verifying the predictions.In the last 20 years, engineers
have developedexperimentalnonintrusive tools aimed at determin-
ing the regressionrate of energeticmaterials.1 These techniquesare
based on wave propagation (x rays and ultrasound) or on material
property variation (capacitancemethod).

Real-time radiography has been used successfully at Arnold En-
gineering Development Center,2,3 Société Nationale des Poudres
et Explosifs (SNPE),4,5 and China Lake6 to image a variety of
events in solid rocket-motor � rings: insulator erosion, combustion
surface evolution, propellant burning rate, slag accumulation, and
others. The images produced by x-ray systems must be interpreted
to determine the material surface position. Image processing has
become a powerful tool in analyzing radiography: mapping tech-
niques, noise removal, image segmentation,grayscale morphology,
frame-by-frame processing, and digitization.
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The plasma capacitancegauges (PCG) techniquewas developed
in the United States during the 1980s at TRW7 and in France at
ONERA8 in the 1990s mostly to measure internal insulatorerosion.
This technique is based on the variation of the electrical capacity
with the time,whichis relateddirectlyto the thicknessof thematerial
between the electrodes. The capacitance increases as the thickness
of material decreases, and these data yield real-time information
on insulation thickness and behavior and, possibly, on � ame arrival
time. This techniquewas applied to subscale and full-scale motors,
� red on the ground as well as in � ight.7

ONERA has been applying its well-known ultrasonicmethod for
more than 20 years in SP combustion studies.9 ¡ 15 This measure-
ment method stands as an industrial control procedure at SNPE,
the French propellant manufacturer. We have adapted this tool for
determining the behavior of the internal insulator in the � ap zones
of full-scale rocket motors in relation with Société Européenne de
Propulsion(SEP). This paperpresentsa descriptionof the ultrasonic
method, its speci� c instrumentation, the acoustic propagation be-
havior, and examples of data obtainedon solid rocket-motorground
tests for insulator behavior as well as for SP behavior.

Ultrasound Method
Principle of the Method

The method, like the sonar technique, is based on the propaga-
tion time measurement of an ultrasound wave through the tested
material(s).9,10,15 If the wave velocity C was constant, not modi-
� ed by local conditions, the material thickness W would be only
proportional to the propagation return time s :

s = 2W / C (1)

Unfortunately, wave propagation (velocity and damping) changes
with the material temperature (initial value and thermal pro� le) and
with the stress–strain distribution related to inner pressure:

Cref / C = [1 + kT (T ¡ Tref)][1 ¡ kP (P ¡ Pref)] (2)

These effects will be stronger under unsteady conditions, that is,
pressure or heat � ux variations. There are different behaviors re-
lated to the regression rate level of the tested material. The limit
on regression rate would be about 1 mm/s. Above this value, which
corresponds to most SP regression rates, the thermal pro� le has no
signi� cant effect on the web distance burned and on the burning
rate, but the pressure-induced stress effect (called pressure effect)
has to be taken into account to correct the burning rate values due to
pressure-gradientdP /dt sensitivityof theultrasonicmeasurement.10
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For low-rate degradationor combustionphenomena, the pressure
effectdoesnothave to be canceledout.The mainparameterbecomes
the thermal pro� le variation. The ultrasonic echo time location will
be modi� ed by the quantity of heat within the material. When the
temperature is increasing, the wave velocity decreases and the echo
time location rises. Examples will show that the heat � ux has as
much an effect as the degradation itself.

Ultrasonic Instrumentation

The behavior of the ITI such as silica-� lled ethylene-propylene
diene monomer (EPDM) requires a few extra instrumentationtools.
The internal insulators used in solid rocket motors (SRM) are de-
graded by the heat � ux coming from the combustiongases,partlyby
radiative transfer and partly by convective exchange (Fig. 1). This
pyrolysis process is modi� ed by the core � ow velocity stripping off
the char residue from its surface and, in a � ight condition, also is
modi� ed due to acceleration, vibrations, and particle impact. Once
the char is ejected, ablation occurs, and the regression rate of the
insulator surface is increased by a signi� cant factor. The ultrasonic
wave is re� ected somewhere in the pyrolysiszone (porositylimit) so
that the ejectionof the residue is only seen via the heat � ux variation
induced.

Inasmuch as the echoes’ characteristics are markedly modi� ed
by the heat � ux variations, a new ultrasonic measuring system has
been developed. The ultrasonic signal itself has to be digitized for
postprocessingrather than being processed in real time.

The ultrasound equipment is composed of 10 ultrasonic emitter–
receiver devices triggered by a 1-kHz internal clock (Fig. 2). One
selects the channel number required for the test and adapts the � nal

Fig. 1 Silica-� lled EPDM char residue.

Fig. 2 Layout of the ultrasound measurement system.

repetition rate for the multiplexed ultrasonic signals for personal
computer data acquisition. This repetition rate should be less than
500 Hz due to personal computer storage speed limitations.Special
software has been developedby Sofratest Company. The ultrasonic
signal is selected and digitized in a time window following the
emissionpulsebya high-speed(10-,25-,or 50-MHz)A/D converter.
The window time range and an initial time delay for masking the
emission damping tie or nonsuitableechoesare selected.Echoes are
stored for postrun analysis.

Postrun Ultrasound Analysis

Speci� c data processing techniques have been developed for
stored ultrasonic echoes analysis. The echoes corresponding to the
material surface of interest are shown in Fig. 3. These pulse trains
are composed of a few positive and negative peaks. [Note that in
all of the � gures representing ultrasound echoes, similar to an os-
cilloscope image, the ordinate is unlabeled. It corresponds to an
arbitrary voltage. The x coordinate is always a propagation time
( s in microseconds.)] The propagation time variation is usually ob-
tained from the displacementof the zero crossing time of the major
negative or positive echo peak. This point is the least sensitive to
amplitude variation.15 While processing ITI digitized ultrasound
echoes, experience shows that this particular point is dif� cult to
follow throughout the test. In fact, this leads to a survey of a few
measurement points in the pulse train: points of major amplitude
(positive and negative parts), selected amplitude points (threshold
level), and of course the zero crossingpoints. The evolutionof these
points is determined as a function of time; thus, one can choose
those that give a continuous representation of the pulse behavior.
This is the � rst step in data processing.

Sometimes the resultsare disappointing.The ultrasonicechoam-
plitude is too small compared to background and baseline echoes
due to the poor quality of the acoustic propagation or to a drastic
drop of the amplitudeduring the test itself (Fig. 4). Furthermore, se-
lected and baselineechoescan be mixed, and a misunderstandingof
the propagation time variation occurs. Because of this, correlation
techniques are utilized based on several digitized ultrasound win-
dows. This results in an ultrasound trace without echoes other than
thosecomingfrom the re� ectionsurfacedisplacement(Fig. 5).From
these processed ultrasonic windows, speci� c points are selected,
and the propagation time variation is obtained.The evolution of the
major amplitude level of the return echoes is also computed as in
the � rst level of analysis because it can be helpful in understand-
ing the ultrasoundechoes’ behavior. A few measurement examples

Fig. 3 Typical ultrasound echoes
and detection speci� c points.

Fig. 4 Mixing of echoes from the insula-
tor with the baseline (rough data).



CAUTY 525

Fig. 5 Echoes evolution after postrun correlation processing.

will illustrate the ability of the data processing in catching echoes
evolution.

Experimental Results
The ultrasonicmeasurementmethod is applied to large-scalesolid

rocket motors � red in static test facilities in France as well as in the
United States.16 Two kinds of results are presented: the internal
insulator degradation process and SP combustion.

ITI

As a contribution to a better prediction of the required thickness
of an insulator, data from the degradationprocess are studied in the
� ap zones. In these zones, the degraded thickness is usually small
but depends on the location along the case.

The � rst example shows the in� uence of the SP grain weight on
the insulator degradation during a static test. The SRM was � red
horizontally.The � ap zone is opened in the upper part of the motor
and closed in the lower part. Heat � ux level and time sequencediffer
considerablybetween the upper and lower parts at the head end of
the motor where the measurements were performed (Fig. 6). At the
beginning of the burning, ultrasound echoes variations correspond
to an increasein the propagationtime due to heat effect on the speed
of sound. In other words, it works like a � uxmeter. The propaga-
tion time evolution varies as the burning surface of the propellant
grain reaches the transducer location.Following the predictedburn-
ing surface evolution, the heat � ux received by the insulator rises
and modi� es the slope of the propagation time variation. Next, the
balance between thermal effect and pyrolysis surface regression
changes with the insulation degradation. This occurs around 8 s
after the ignition on the upper side and is delayed up to 22 s on
the lower side because of the protective effect of the closed � ap.

Fig. 6 Propagationtime variation at two head-end � ap zone locations:
behavior of the internal insulation.

Just before the propagation time reduction with the pyrolysis, there
is a peak corresponding to the surface temperature climb from a
preheated value to a level over the pyrolysis threshold limit.

A mean value of the pyrolysis rate is deduced from propaga-
tion time variation, but an understanding of insulation behavior
is not complete without a comparison with theoretical behavior
determined from a thermo-erosive (or -ablative) code PTIMAD
developed by SEP and ONERA. There is no direct relationship
between propagation time variation and degraded thickness. The
wavevelocityvariesdependingon the temperature;thus, the thermal
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Fig. 7 Heat � ux sequence determined from computed/measured prop-
agation time variation.

Fig. 8 Computed surface temperature and degraded thickness.

pro� le has to be knownto determine,at any time, thedegradedthick-
ness (if any) of the ITI. Criteria are established for the propagation
of sound through the pyrolysis zone: its acoustic wave velocity as
a function of the temperature (700–1000 K) and its re� ection limit
with respect to porosity or minimum density value. These charac-
teristics are too dif� cult to be measured, and so they are � tted from
the ultrasonic measurement data already obtained.

The measured propagation time is compared to a calculated one
deduced from a heat � ux history, input data of the PTIMAD thermo-
erosivecode.This work was alsodonefor a secondhorizontally� red
SRM (static test). The propagation time variations obtained at the
two head-end isoradius locations are shown in Fig. 7. The internal
pressure effect is removed and measured, and calculated evolutions
are compared. Finally, evolutions are de� ned in terms of the order
of magnitudeof the receivedheat � ux, the surface temperature, and
the degradedzone and char thickness (Fig. 8), which are very useful
to the engineer in charge of insulation sizing.

The ultrasoundmeasurementat the lower part shows a small level
of heat � ux, which is slightly decreasing (level below 50 kW/m2)
after an initial peak that correspondsto the combustion gases � lling
the � ap gap. On the upper part of the head end insulator,the deduced
heat � ux highlights two peaks: 200 kW/m2 at 5 s and 320 kW/m2

at 18 s. The baseline � ux is twice the level at this location. At the
lower part, the surface temperature never goes over 700 K, which
should be considered as the low-limit temperature for degradation.
The temperature is kept nearly constant at around 500 K, up to
t = 30 s. For the other location, the temperature is increased at each
heat peak: from 700 to 780 K and then from730 to 1000K. After the
� rst temperature climb, the insulator degradation process starts at a
� rst step of less than 0.1 mm, then this process increases drastically
with the second peak. Notice a slope variation on the propagation
time variation due to the strong degradation.

The total degraded thicknessobtained from the measurementand
the computations have to be compared to pre/post test control. Up
to now, these results have been accurate enough to con� rm interest
in the ultrasound method.

SP Combustion

The ultrasonic method is applied to SP burning measurement in
solid rocketmotors.This is aimed at surveyingthe grain combustion
along the liner (timer function) and at determining the web distance
burned and the burning rate at the end of the grain combustion.

The grain combustion evolution is sought by using at least two
or three ultrasonic transducers bonded closely to each other at a
distance of a few centimeters along an axial line. As long as the SP
exists, no signi� cant echo is seen at the interface between the liner
and the SP. When thecombustionpro� le is passingby the transducer
location,echoesappear, correspondingto the surface of the liner be-
coming free (Fig. 9). Then, its heating and its degradation could be
measured. The timer function requires echo processings.In Fig. 10,
a typical sequence of echoes represents how the acoustic � eld is
modi� ed by the lateral displacement of the burning front. The cri-
terion for the lateral combustion appearance time stands as the � rst
ultrasonic window on which an echo appears. Once the passing-by
times at several locations are known, one can deduce the surface
burning rate of the propellant. If the normal burning rate is deter-
mined at the same time on the grain, obviously an overrate level is
obtained (if any).

In fact, measuring the propagation time through the propellant
grain and computing its burning rate during the test for such large
rocket motors is not easy. Basically, this is a question of acoustic
energy, thus of transducer size and of frequency. The SPs have a
heavydampingcoef� cient for mechanicalwaves due to scattering.17

The conditions for data acquisition were focused on the thermal
insulator behavior: short-time duration of the ultrasonic digitized
window (30–50 l s), internal insulation echoes centered through
the window, and 10 ultrasonic transducers operating, so that a low
repetition rate per channel (25–40 Hz) is achieved (Fig. 11). This is
why the echoes obtained from the SP burning surface are coming
from only a few centimeters inside the grain up to zero thickness.

Fig. 9 Transducer implementa-
tion for timer function.

Fig. 10 Time sequence of the lateral displacement of the burning
surface.
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Fig. 11 Ultrasound operating con-
ditions.

Fig. 12 Solid propellant end burn-
ing time sequence.

Fig. 13 Web distance burned and burning rate at the end burning of
the grain.

The displacementof the burning surface echoes on the ultrasonic
digitized window is quicker: The echoes shown in Fig. 12 represent
their shifting for a time interval of 0.64 s (20 windows). The burning
rate evolution (Fig. 13) deduced via a mean wave velocity (more or
less theoretical) for the tested propellant is accurate in comparison
with the standard burning rate law that has been determined, for
example, from the ultrasonic method in a small setup. Reduced
scattering and fairly good evolution have to be pointed out in spite
of, or because of, the small number of data points. On the web
distance burned, as shown in Fig. 13, there is a drastic variation of
burning rate in the thickness range 4–2 mm. It was not determined if
the sign of the super� cial overratewas due to the propellantcast or a
measurement artifact. After the end of the propellant grain burning
at the transducer location, the processing parameters have to be
modi� ed to follow the insulator behavior. Using the burning rate
conditions, it goes out of range once the zero thickness is obtained.

This analysis does not take into account the angle that can exist
between the burning surface and a plan parallel to the ultrasonic
transducer, but this cosine value is close to unity because a few
degrees of slope tend to make the waves in the transducerdisappear
(optical path–emission/reception transducer).

Conclusions
The ultrasonic measurement method described gives data about

material insulationdegradationbehaviorand aboutSP burning.Val-
ues of thermal insulatordegradationthicknessand rate, surface tem-
perature, and heat � ux evolution are obtained for any burning time,
coupledwith a suitablethermo-ablativecomputercode.This method
does not only lead to thickness determination but, also, the analy-
sis leads to entire time sequence and heat � ux history. This is much
more than classicalbefore/after test control.This is a nondestructive
testing method. That means the case, the insulator, the liner, the SP,
and their bondingsare controlledat any given time during the � ring.
Thus, internal damage dewetting can be highlighted if a transducer
is located at the default area.

Comparisonwith other techniques,such as PCG, anotherpromis-
ing method, is welcome. These two methods are of mutual interest
because they complement each other. For internal insulators, PCG
seeks the external surface of the char residue and the gas boundary
layer (external/gas-phase part). The ultrasound method follows the
pyrolysis front through the material (solid-phase part).

Up until the present time, this work has been focused on improv-
ing the qualityof the analysisby multiplying the static test measure-
ments. In the � ap zones, a map of the insulation behavior could be
drawn easily; a better understandingcould come from a correlation
with the � ap-gap distance measured by eddy current sensors.

For SP applications, the needs exist for the detectionof the � ame
passingby at a speci� c location, for the burning rate level along the
liner, for checking of burning rate level dependingon the axial line
(several batches/grain), for determining the web distance burned,
and for the burning rate to be determined as deeply as possible
(hump effect), which is required by the propellant manufacturer
up to the grain central core. Efforts have to be focused on these
aspects, especially in terms of ultrasonic transducersand associated
apparatus.

The ultrasonic measurement method should � ourish in the next
few years. It has considerablepromise and is able to be investigated
as a new � ight instrumentation.
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