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1.0 INTRODUCTION

' ,
SRR RN~

) This report describes the development and operation of an

}tk acoustical imaging, nondestructive test system for the inspec-

%%; tion of small rocket motors. This system was built by Battelle,

_éij Pacific Northwest Laboratories for the U.S. Air Force Rocket
. Propulsion Laboratory at Edwards Air Force Base.

{S{i This report is intended to document the accomplishments of

33: the program, the theoretical background, and the operational

characteristics of the inspection system. 1In the remainder of
this section, a review of the program objectives, background,

':j{ samples, and results are presented. The theory of instrument
j-';:;- operation is presented in Section 2. An overview of the
.ng electronic systems and results are presented in Section 3.

5
N A detailed, step-by-step, operating procedure can be found
ﬁi; in a separate document entitled, "Small Rocket Motor Inspection
éjﬁ System - User's Manual/Programmer's Manual."
o 1.1 OBJECTIVES
H}i The major objective of this program was to develop an
--'.l'

AR acoustical imaging, nondestructive testing system for small
L

' rocket motors (i.e., 13-20 cm diameter). This inspection system
EEE was to be capable of detecting two types of defects within these
j{; rocket motors: 1) internal defects or inner-bore cracks, and 2)
ifj separations or debonds between the various layers making up the
- wall of the rocket motor.

-

P

;ﬁ. After completion of the prototype, the system was to be
,:;: delivered and demonstrated to Air Force personnel. This demon-
“~ %
':fﬁ stration phase included the necessary training of AFRPL staff in
bt the theoretical background and operating procedures for this
N inspection system.
oo

o
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1.2 BACKGROUND

—— =
PR
o .

This prototype and inspection system is based upon seven
years of development and feasibility studies performed in the

)
ata’a"!

area of rocket motor inspection.(1-6) The first development

O]
Py

work was performed upon large cylindrical sections from Minute-
man rocket motors. This early study employed focused holo-
. graphic detection for providing high resolution images of small
‘ inner bore radial cracks and case/liner/propellant debonds.

The emphasis for later work in acoustic inspection of solid
‘ rocket motors was redirected where the critical problem of
- detecting and imaging interface debonds existed. The spherical
\f geometry, metal case thickness variations, and inner bore con-
: figurations (fin, star) increased the complexity of the inspec-
& tion techniques. Two prototype inspection systems were devel-
: oped to image debonds in the dome section: 1) variable or chirp
. frequency system, and 2) low frequency transmission system.

The present laboratory prototype makes use of both of these
techniques to detect debond and inner bore cracks on small rocket

- motors.

i 1.3 TEST SAMPLES

Three test specimens were provided by the U.S. Air Force for

'.‘l.‘

development and evaluation of the laboratory prototype system.

.

Two of these samples were inert "Sidewinder" training motors

..

[

which were loaded with simulated (i.e., non-activated) propel-
lant. These two training motors were manufactured by Thiokol and
had steel cases. One of these motors was sectioned during the
h ccurse of the program to make a number of smaller test pieces.
I These pieces were used to simulate a variety of debond and inner
4 bore crack conditions. The third sample was a "Sidewinder"
manufactured by Aerojet which had previously been test fired and
subsequently relined. This sample was made of a light alloy

RS T TOC P L h O 0y P i ST WAL P SN e AT e N e e e



X

ey el

X

g

---------

™

(such as aluminum) and was used to assess the difficulty of
inspecting through different materials and different internal

sample geometry.

1.4 PROGRAM TASKS

The program consisted of essentially two phases:

1) Design, construction, and evaluation of the prototype
solid rocket motor inspection system,

2) Demonstration and training of U.S. Air Force Rocket Pro-
pulsion Laboratory personnel on the 3 ovy and use of the

inspection system.

1.5 SUMMARY AND CONCLUSIONS

An experimental, or laboratory, prototype system for the
inspection of solid rocket motors has been built, tested, and
made operational at Edwards Air Force Base. Figure 1.1 shows the
completed imaging/inspection system. This system is capable of
handling rocket motors as large as 80 inches in length, 11
inches outside diameter, and up to 500 pounds.

The device is capable of performing two types of ultrasonic
tests upon small solid rocket motors: 1) a chirp frequency
ultrasonic test for detection of debonds or separation of layers
in the wall of the rocket motor, and 2) a low frequency trans-
mission test for detection of defects within the solid rocket
motors. The data collection system is controlled by the operator
through a small desktop computer. This computer relieves the
operator of performing repetitive setup and calibration func-
tions and also is used to predict and classify the ultrasonic

response of the rocket motors.

The performance tests and training of Air Force personnel
on the use of this laboratory system were performed using inert
Sidewinder rocket motors. With this test specimen, the system

1-3
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was shown to be capable of detecting all of the flaw types it was

originally designed to detect:
1) Case/Liner Debonds
2) Liner/Propellant Debonds
3) Inner-Bore Cracks

Case/liner debonds are reliably detected using the chirp fre-
quency debond test, and the other two flaw types are evident
using the low frequency transmission test. This test system is
expected to be applied to the following types of '"live" motors:

. Sidewinder
Maverick
Sparrow
Harm

. Shrike

Use of this test system by Air Force personnel will allow
the condition of these small rocket motors to be assessed and

will hopefully contribute to improved performance and safety

procedures.
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2. THEORY OF INSTRUMENT OPERATION

The acoustical imaging, nondestructive testing system for
small rocket motors was designed to perform two different tests:
1) test for separation or debonds between the layers which make
up the rocket motor wall, and 2) test for internal defects within
the propellant or "inner bore" cracks. The physical setup for
these two different tests, as well as the theory behind these two
tests, is different. 1In this section of the report, the theory
for these tests is presented along with some sample calculations

for simple structures.

2.1 DEBOND INSPECTION PROCEDURE

A debond by definition is a discontinuity or separation
between layers which make up a layered, composite structure.
These separations can be thought of as very thin air gaps or
voids in the layered structure. These gaps will change the
physical properties of the layered structure, and this change is
related to the way the layered structure resonates when it is
excited by an ultrasonic pulse. In this section, the theory of
layered resonant structures is presented.

An analytical model is used to predict these resonant
properties in terms of the "Q" or quality factor of the resonance
and in terms of the reflectivity of the layered structure. This
model makes use of the mechanical input impedance of the layered
structure to calculate Q and reflection coefficients. Computer
generated signatures (based on "Q" or "Reflection Coefficient'")
are then analyzed to determine the type of debond and the
frequency range for making the chirp frequency measurements.

2.1.1 1Input Impedance of a Single Layer System

A diagram of a single layer system or ultrasonic trans-

mission line is given in Figure 2.1. The origination medium is
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Figure 2.1 Illustration of the waves present in a single element
transmission line.
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&n the material in which the ultrasonic plane wave, P,, originates.
K- (For immersion testing, this medium is the water bath.) It is
{L: assumed to be infinitely thick relative to medium 2. In
&:é practice, this is achieved by having a transmission path long
]ﬁ;: enough that no multiple echoes in medium 1 occur while the
~e

measurement is being made. The first layer (second medium) has
) a finite thickness and supports ultrasonic waves traveling in
'Q;' both the forward (+X) and backward (-X) directions. These waves
: are designated as P, and P_ respectively. The sum of the two
waves is Pg. The final or terminating medium is also thick
enough that no echoes from its back surface reach the interface

:ﬁ to layer 1 during the measurement period. Hence medium 3 has
n"‘n‘
e only one wave P3 and it travels in the +X direction. Each of the
~: three media has a density, p, velocity, v, and attenuation
iﬁ: coefficient, a.
i3 The temporal and spatial dependence of the nth pressure
30 wave can be expressed as

Pl
0 Pp(X) = P, elwt ¢~OnX (1
da n = n
.-;::
1{3 where the complex propagation parameter 6, is
fz: 6n = an + iw/vp. (2)
X
?:} The frequency of the wave, f, the angular frequency, w, and
— the wavelength, A, are related by the general equations
-
S w = 2nf (3)
1;{
ﬁ:; The general wave equation for a volume element experiencing
i:? a pressure, p, and displacement from equilibrium, &, is(7)
o
0
\ : 2.9
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-3app(X,t) 07Eqn(X,t)
Rl g, Dt (s

Since the particle displacement will be sinusoidal in time,

2 2 .
358 = 2 (5o elut) = qw 25 (6)
Since the velocity
_ 3g(X)
ux) = Sy
then Equation (5) becomes
+3pn(X) )
_a_;(‘— = -iwpp Up(X) (7)

The specific acoustic impedance, Z, of a material is
defined as the complex ratio of the sound pressure to the
particle velocity(7), i.e.,

Z(X) =

c|o
—~

X)
X) (8)

To obtain the impedance of layer 1, we first calculate the
quantity Ug9(X). The sound pressure Po(X) is the sum of P,(X) and
P_(X); hence

80X e+62X

+ P_

Po(X) = P,e” (9)

where the time dependence eiwt has been suppressed. Using
equation (7), we obtain

-1 aPa(X)
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2 -09X _ +69X
Twpg [P,e P_e ] (10)

giving Ug(X) =

Using the definition in Equation (8), the impedance is obtained
by dividing Equation (9) by Equation (10) to obtain

~8oX +6 95X

iwpg Pge + P_e
Z9(X) = 6o [

] (11)
p,e 828 _ p_o*02%

The '"characteristic impedance'" of medium 2 is denoted by
Zgo and is defined as the quantity

iwpz _ iwpz (12)
8 o + iw/ug

Zp2 =

This can be rearranged to be

ipgu
Zo2 = —32—33 (13)
i+ =

In most situations, the quantity gﬁ << 1, so the character-

istic impedance is just the density times the velocity, i.e.,

Zp2 = pau2- (14)

Using Equation (14), Equation (11) becomes

P+e—92X + P_e+62X

Zz(X) = 2092 { ]l.
p,e"02% _ P_e+62X

(15)
+

At the boundaries of layer 1 (X=0 and X=+f), the spe-

cific acoustic impedances are

P -
Zg(0) = Zg2 [ﬁf—:—ﬁ—] (16)
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+098

P+e—622

7 [ + P_e
02 -
P,e DY)

and Zgo(2) = ]. (17)

- P_e
The variables P, and P_ can be eliminated from these
equations to give

Z3(2) + Zog Tanh (892)

(18
Zg2 + Z9(2) Tanh (622) ‘

Zg(o) = 299 |

Since particle velocity and pressure must be continuous
across the boundary at Z = &, it follows that Z5(R) = Zg3,
where Zgg is the characteristic impedance of medium 3. Since
medium 3 is infinite, its impedance at X = ¢ will be just its
characteristic impedance. Hence Equation (18) reduces to

Zo(0) = Zgo [203 + Zo2 Tanh (622)], (19)
Zo2 + Zp3 Tanh (@894)

The quantity Zg(o) is called the input impedance of medium
2. Zz(o) is also dependent on the thickness, attenuation, and
velocity of medium 2 and the frequency of the ultrasonic wave.

Rewriting this equation in simpler notation,

Zterm + Zo tanh By

Zin = Zg = (20)

Zg + Zierm tanh 62

where Zijpn, Zterm,» and Zg are the input, terminating, and char-
acteristic impedance of the line, respectively. This equation
holds for any single element transmission line.

Figure 2.2 shows an example of the input impedance of a
single element transmission line for two different extremes of
loading or terminating impedance. The line is assumed to be made
of a material such as aluminum (Zg = 17 x 109 Rayls) and is
assumed to be 0.125 in. (3.18 mm) thick. The input impedance is
plotted as a function of ultrasonic frequency or equivalently in

terms of the layer thickness expressed in wavelengths.
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The solid lines show the resonant properties of the line
when it is backed or terminated with a low impedance material
such as air. Under these conditions (Z{epm << Zg), Equation
(20) reduces to

Zin = Zo tanh 83. (21)

For a low loss material such as aluminum (a << w/v), this

equation reduces further to

Zinp = ipe tan 9%. (22)

The line is resonant (impedance minima) whenever

P
o
ot
N
w

= = Nnn n = (23)

<

or when
L = n% (24)

The line thickness 1is equal to an integer number of half
wavelengths.

The dashed curve shows how the resonant properties of the
line change as the impedance of the backing material is in-
creased. The curve illustrates the resonant properties of the
aluminum transmission line backed with a high impedance material
such as steel (Zg = 50 x 109 Rayls). Under these conditions
(Zterm << 2g), Equation ( 11 reduces to

Zip = ikc cot 9% (25)

The line is resonant whenever




Q% = nl n=1, 3,5, ... (26)
or when
g:n% n=1,3, 5, ... (27)

The thickness is equal to an odd number of quarter wavelengths.

2.1.2 Multiple Element Transmission Line

The theory for the input impedance of a single element
transmission line can be extended to multiple element trans-
mission lines in a straight forward manner. The procedure is
illustrated in Figure 2.3. In panel A, an n-element transmission
line is shown. Each element has propagation parameters 6,
and length g,. To calculate the total input impedance of the
line, the single element equation must be applied n times. Panel
B shows the first calculations. It is identical to the cal-
culation for a single element transmission line

(28)

This calculated impedance looking into element 1 now becomes the
terminating impedance for element 2, as is illustrated in panel
C.

Ziny *+ Zogy tanh 6282

Zing = Zog [Zoz + Zin, tanh 8222 (29)

This procedure is applied sequentially until the last element in
the transmission line is reached.

This procedure for calculating the input impedance of a
multiple element transmission line is best suited for numerical
analysis on a computer where an iterative procedure for calcu-
lating Z can be set up. A computer program was written for this
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------
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purpose and is discussed in the User/Programmer's Manual. Re-

sults are discussed later in this report for calculating the
frequency dependence of the reflection coefficient and the Q of
a multielement transmission line.

2.2 MEASUREMENT OF THE Q-SIGNATURE

It is difficult to measure the input impedance of a multi-
layer transmission line directly. The impedance, however, does
control the resonant properties of the line and changes in
impedance can be inferred from changes in the quality factor or

the acoustic response of the composite resonator.

For a resonant structure, the Q is usually defined as the
ratio stored in the resonant structure to the energy dissipated
in the structure. Another way to quantify the response of a

layered structure is in terms of the acoustic response.

The acoustic response of the multilayer transmission line
is determined by the acoustic impedances of the transducer used
to make the measurement Zy, the effective transducer backing,
Zg, and the input impedance Zj. The Q of this system(8) is given
by

2t
Q « m- (30)
Figure 2.4 shows the acoustic response or quality factor for the
Sidewinder rocket motor structure (steel case 0.057 in. thick,
rubber liner 0.05 in. thick, and propellant). The dashed line
represents the acoustic response when all layers of the rocket
motor are tightly bonded. The dotted line indicates the response
when a debond is present between liner and propellant, and the
solid line shows the predicted response when a debond is present
between case and liner. The effective backing impedance of 3.0
x 103 Rayls was chosen so that these predictions would be in

agreement with the experimental data.
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DN 2.3 MEASUREMENT OF THE R-SIGNATURE

The input impedance of a multilayer transmission line also
effects the way ultrasonic energy is reflected from the line.

For normal 1incidence from a plane surface, the reflection

&y. coefficient of the surface can be written as:
%) Zw ~ Zin
o R = 74 ¥ Zin (31)

N where Zy is the impedance of the material in which the incident
energy is propagating and Zj, is the input impedance looking into

- the surface. For the conditions shown in Figure 2.5, the
reflection coefficient is independent of the transducer dimen-

Eﬁ; sions so long as Zj, is uniform over the extent of the ultrasonic
ﬁi: beam. If the incident pulse is traveling in an extended medium
‘:§} such as water where the spatial length of the pulse § is less
?aj than the distance d, no standing waves will be observed in the

‘iﬁﬁ water and all of the frequency dependence observed in the
reflected signal will be caused by the frequency dependence of

o the input impedance Zjy.
('_ Figure 2.6 shows three different reflection signatures for
ff. the Sidewinder motor wall structure. For the normal condition

. where ail layers of the motor wall are tightly bonded, a slight
.&;{ dip in the reflection coefficient is predicted and the frequency
of this dip is largely controlled by the resonant properties of
the steel case. When a case-liner debond exists, a larger dip

\_.' in the reflected signal is predicted. The reflected signal
f$§ predicted for the liner-propellant debond condition is the most
--\-.

oy interesting because the effects of two resonant layers are

w observable. The details of this double dip structure, however,

is quite sensitive to the exact thickness of the liner layer.
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2.4 MEASUREMENT OF INTERNAL DEFECTS

In order to detect internal defects within the small rocket
motors, a transmission test is also performed. Figure 2.7
illustrates the geometry associated with this test. A pulse of
ultrasonic energy is launched from the transmitting transducer,
propagates through the rocket motor wall, is reflected from the
inner bore of the rocket motor, and propagates to the receiving
transducer. This test is performed at a low frequency of 58 kHz
using a long gated burst of ultrasonic energy. This 1low
frequency was chosen to provide adequate penetration through the
highly attenuative propellant material.

Under normal circumstances (bonded layers in motor wall and
no inner bore cracks), an ultrasonic pulse is transmitted
through the motor wall and received by the receiving transducer.
This pulse can be blocked however by:

1) Inner bore cracks, or
2) Debonded layers under transmitter or receiver.

As the transmitter-receiver are scanned over the motor
wall, a defect condition is recorded when the amplitude of the
transmitted ultrasonic pulse falls below a predeturmined level.
The type of defect must be inferred from the image or the pattern
which is recorded during the scanning procedure:

- Inner bore cracks will appear as single indications.
The length and angular extent of the indication is
determined by the length and depth of the crack,
respectively.

- Debonded regions will appear as double indications;
the signal is blocked when the debond is under the
transmitter and the receiver. The length and angular
extent of the individual indications is determined by
the size of the debonded region. The angular separa-
tion of the two indications is fixed and is equal to

2-16
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the angular separation of the transmitter and re-

ceiver pair.

In Section 3 of this report, examples are provided of the types
of images which are produced using this low frequency trans-

mission testing technique.
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'Ei 3.0 EXPERIMENTAL RESULTS ON INERT SIDEWINDER ROCKET MOTORS

(\{ In this section, the experimental procedures for detecting
;;5 debonds and inner bore cracks on small rocket motors are pre-
. sented. The results presented are meant to provide the reader
;ﬁ with an overview of the rocket motor inspection system concepts.
e For a detailed description of system operating and maintenance
g procedures, the reader is referred to the operator's manual
- which was supplied with the inspection system.

i" Figure 3.1 shows a basic overview of the Rocket Motor
‘ Inspection System in block diagram form. The system controller
;ﬁj communicates with most of the system components digitally via
éi the IEEE-488 interface. Many of the set up and control functions
"33 are controlled by the system controller to provide the operator
f‘ with an easy to use, simple inspection procedure. The function
ﬁi of most of the components of this block diagram are self evident
i; except for the analog electronics which are specific to the
ﬁ; ultrasonic inspections being performed. These will be explained

in greater detail in subsequent sections.

All of the results to be presented in the following sections
: were obtained using inert Sidewinder rocket motors supplied by
;ﬁ: the Rocket Propulsion Laboratory of Edwards Air Force Base.
While the results presented in this section are specifically
related to this one type of rocket motor, the techniques and
procedures should be widely applicable to a large number of

rocket motors.

3.1 DEBOND INSPECTION SYSTEM

r The debond inspection procedure is based upon the chirped
frequency measurement techniques described in the previous

section. The technique relies upon measurement and interpreta-

tion of a "Q-signature'" and '"R-signature'" to determine the

»

e
S L S

presence or absence of a debonded layer within the rocket motor
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AN wall. Within this section of the report, the equipment used to
~ make these measurements as well as the results of these measure-
ments are presented.

- 3.1.1 Equipment Overview

. Two basic subsystems make up the chirp frequency debond
” inspection system: 1) transducer coupling subsystem, and 2)
analog electronics subsystem.

3.1.1.1 Transducer and coupling subsystem

: Figure 3.2 shows the transducer and coupling subsystem used
-i by the chirped frequency debond inspection system. The unit
consists of a mechanical fixture for holding and manipulating
the ultrasonic transducer and a fluid filled reservoir for

coupling the ultrasonic energy into the motor wall. A means is

e

provided for aligning the transducer so that the sound field

a2

[
. N

produced will be normally incident upon the rocket motor wall.
The alignment fixture was made to hold conventional 0.500 inch
(12.7 mm) immersion transducers which have a nominal 0.625 inch
(15.9 mm) outside diameter. The center frequency and bandwidth

el \_‘.«" ‘.

of the transducer used must be chosen based upon the resonant
behavior of the rocket motor wall to be inspected.

LR AL AN

A thin Teflon® membrane is used to separate the fluid

XXX

reservoir from the rocket motor wall. Two small nozzles and a

'l

pressurized water system are used to provide a continuous flow

= of water on the rocket motor wall to maintain acoustic coupling.

S
)

.
LN

3.1.1.2 Electronics subsystem

'
L)

100N

A block diagram of the electronics used to perform the chirp

'
-

frequency measurements is shown in Figure 3.3. The following is

O

a brief description of operation.
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Trigger pulses are provided for the system by two different

methods: 1) generated by the computer, or 2) generated by the
stepper motor scan controller. The computer generated pulses
(path not shown) are used to provide a system clock during the
set up and calibration portion of the test procedure and the
pulses generated by the scanner are used during the data col-
lection process. These trigger pulses cause three different
operations to be initiated. First, a train of 40 transmit enable
pulses are generated. These pulses are 20 microseconds long and
occur every 500 microseconds. Second, the programmable oscil-
lator is caused to sweep from the start frequency to the stop
frequency. The frequency limits, sweep mode, and output level
of the oscillator are controlled by the system controller.
Third, a ramp generator is triggered to provide the horizontal
drive for the signature display scope. The sweep rate of the
oscillator is set to coincide with the sweep rate of the ramp
generator and the pulse timing sequence.

The transmitter pulses and the gate are used to provide
burses of RF energy to excite the ultrasonic transducer. The
energy reflected by the rocket motor is detected by the same
transducer, amplified by the DEB RECEIVER, and sent to the DEB
LEVEL detector. This level detector provides RF detection and
filtering of the reflected ultrasonic signal and two channels of
sample and hold capabilities. Delay 1 and Delay 2 are controlled
by knobs on the front panel of the module and are used to control
the type of data which is being recorded and displayed; i.e., R-
signature or Q-signature. A complete signature, consisting of
40 measurements of amplitude versus frequency, is generated for
each input trigger pulse. The output of the DEB LEVEL DETECTOR
is used to drive the signature display scope and is recorded by
tne system controller through A/D converters.
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Figure 3.4 shows the output of the monitor display os-

cilloscope which is used to set and monitor the chirp frequency
tests. Panel A shows the system response when ultrasonic
frequency is not near resonant frequency of the layered struc-
ture. Panel B shows the response near resonance. Near reson-
ance, the amplitude of the reflected signal is reduced and the
"ring down time" of the pulse is much longer. The small marks
superimposed on the detected signal indicate the position in
time where the sample and hold operation takes place.

Figure 3.5 shows the output of the signature display scope
for a case/liner debond condition. Panel A shows the '"R-
signature' recorded by sampling the detected signal at the first
time marker and Panel B shows the '"Q-signature'" recorded by
sampling the detected signal at the second time marker.

3.1.2 Case/Liner Debond Results

In order to statistically evaluate the ability of the
inspection system to detect case/liner debonds, the following
experiment was performed. A series of 100 Q-signatures were
collected and stored from a region of inert Sidewinder con-
taining a case/liner debond and a normal portion of the rocket
motor. Figure 3.6 shows the average of these measurements.
Panel A shows the average Q-signature plus and minus one standard
deviation for the 100 measurements made in the case/liner debond
area. Panel B shows the same type of measurement made over the
normal region of rocket motor. Based on these experimental
curves, it is obvious that these waveforms can be distinguished
based upon amplitude or area under the curve. A decision rule
based upon area under the curve was implemented and had the
following performance:




Al e e S ol S A L VL P R A AL
v L g A i A FaT
P A S T

R,
LI B )

At

53

N
s

IIA" ‘
. 'f.‘

PG
RN

Figure 3.4A Photograph of the monitor display oscilloscope when
inspection frequency is far from mechanical resonance of the

rocket motor wall.
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Figure 3.4B Photograph of the monitor display oscilloscope when
inspection frequency is at the mechanical resonance of the rocket
motor wall.
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Figure 3.5A Photograph of the signature display oscilloscope
showing the "Q-signature"” for a Case/liner debond.

e Figuge 3.5B Photograph of the signature display oscilloscope
o showing the "R-signature" for a Case/liner debond.
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Figure 3.6A Results from a series of "Q-signature” measurements

made in'a

region of Case/liner debond. The band represents the
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measurements,
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In other words, all Q-signatures were correctly classified
using the area under the curve as the distinguishing feature. In
practice, the maximum of the Q-signature curve is used by the
data collection system to distinguish the case/liner condition.
This feature can be calculated very rapidly and has in practice
been found to be quite reliable.

Figure 3.7 shows the result of a typical scan on an inert
Sidewinder rocket motor in which a large area of case/liner
debond was placed. The data displayed shows indicated debond
regions as a function of position on the rocket motor. This data
is recorded on floppy disk and can be recalled at a later time
for further analysis.

3.1.3 Liner/Propellant Debond Results

A similar experiment was performed to statistically evalu-
ate the ability of the system to detect liner/propellant de-
bonds. Ninety-five Q-signature and R-signature waveforms were
collected in the normal region of an inert Sidewinder. These
data are shown in Figure 3.8 in terms of their average, plus and
minus one standard deviation. A similar number of waveforms were
gathered in a region of the rocket motor where a simulated
liner/propellant debond was placed. These results are shown in
Figure 3.9. From these two figures, it is evident that distin-
guishing the liner/propellant debond condition from the normal
condition is very difficult. An attempt to do this was made
using pattern recognition techniques.(9,10)
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NN The Q-signature and R-signature curves were characterized
N . .
(ﬂ in terms of six features:
v 1. frequency of peak (or dip)
ﬁg: 2. amplitude of peak (or dip)
-:ﬁ 3. area under curve (zeroth moment)
4, ratio of first moment to second moment
:i: 5. mean squared width of curve
:ﬁ§ 6. skewness of curve.
x.\
A"
- Using the Q-signature data alone, the following perform-
e ance was obtained:
[
iﬁ? P
§~; R 1
el E C True Class
“
e DL Normal Liner/Propellant
¢ s  Normal 80% 20%
3o TS  Liner/Propellant 11% 89%
e E
o D
‘,xx This performance is encouraging and was obtained using only one
"
}ﬁ of the features--the mean squared width of the Q-signature. 1In
fg practice, however, it was found to be very difficult to reproduce
" these results. The decision or classification was being based
j{ upon a very minute detail of the Q-signature curve. This feature
s :
e of the Q-signature curve was very strongly dependent upon the
B operator setup and calibration procedure.
- A second attempt to analyze this data was made using the R-
ff signature data only. This was done because there is less
e variability associated with this data. The data collected is not
}ﬁ; strongly affected by the operator's choice of sampling position
on the time domain waveform (see Figure 3.4). The results of
- this analysis were as follows:
..:::.
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o
B
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CAEA
L p
b R True Class

- E C

B DL Normal Liner/Propellant
':§: é é Normal 80% 20%

P\ T S Liner/Propellant 45% 55%
-y E

g% D

;3 This performance indicated that the R-signature analysis
i; had very little predictive capability for distinguishing
j{j liner/propellant debonds from the normal rocket motor condi-
Tod

tion.

';ﬂ; It was decided that liner/propellant debonds could only be
Zf: reliably detected using the low frequency transmission test
’ﬂ?: (inner bore crack test) which is discussed in the next section.
iﬁ’ Figure 3.10 shows a defect map produced on a simulated liner/
w .

ﬁ; propellant crack using this test. It should be noted that a
Q; single defect appears as two indications separated by approxi-
_:* mately 80 degrees using this test. These two indications are
L caused first by the blocking of the transmitted beam, and second
!\ -.

-~ by the blocking of the reflected beam. The angular separation
:ﬁi of these indications is determined entirely by the angular
'i{ separation of the transmitting and receiving transducer.

:ﬁb 3.2 INNER BORE CRACK INSPECTION SYSTEM

N

{i The inner bore crack test procedure is based upon a low
e

*3? frequency, ultrasonic transmission test. The technique uses the
o transmission of a narrow-band ultrasonic pulse to determine if
fﬁl there is any defect present in the ultrasonic path which blocks
.S? the transmission of the ultrasonic pulse. The low frequency
f'; (approximately 58 kHz) is used to provide reasonable penetration
}gi through the highly attenuating solid propellant.
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Ol 3.2.1 Equipment Overview

AN

ey Two basic subsystems make up the inner bore crack in-
ﬁc} spection system: 1) the transducer and coupling subsystem, and
'}ﬁ 2) the analog electronics subsystem.

o

i# 3.2.1.1 Transducer and coupling subsystem

{} Figure 3.11 shows the transducer and coupling subsystem
;f3 used for the inner bore crack test. The unit consists of two
ultrasonic transducers (marked IBC T and IBC R) and of mechanical
\' fixtures for manipulation of each transducer. FEach transducer
:gi is provided with a fluid filled reservoir for providing coupling
iﬁ of the ultrasonic energy into and out of the rocket motor wall.
ig The transducers used were fabricated by Battelle and are shown
7 schematically in Figure 3.12. The active elements are 1.5 inch
Qiﬁ (38.1 mm) diameter PZT4 discs which are 0.25 inch (6.35 mm)
Y8 thick. The element is isolated from the transducer housing in
hﬁ an attempt to eliminate cross talk between transducers. The
; transducer operates in a radial mode at 58 kHz and has been
,fﬁ fitted with a thin lens for acoustic matching and for protection
iﬁ; of the front surface. A water coupling system is also provided
‘Eﬂ for the inner bore crack transducers.

.f; 3.2.1.2 Electronics subsystem

'Ei A block diagram of the electronics used to perform the inner
ft bore crack test is shown in Figure 3.13. The design of data
;f. collection system is very similar to that previously described
iﬂ for debond testing; however, the type of signal used and the
hig detection methods differ somewhat. The following is a brief
Pos description of operation.

S: Trigger pulses are provided for the system by two different
:3: methods: 1) generated by the computer, or 2) generated by the
%g stepper motor scan controller. The computer generated pulses
‘;

o
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(path not shown) are used to provide a system clock during the

setup and calibration portion of the procedure and the pulses
generated by the scan controller are used during the data
collection process. These trigger pulses are used to fire the
transmit pulse generator. These transmit pulses and the gate are
used to derive a burst of RF energy to excite the transmit
transducer. The frequency and amplitude of this RF pulse are
controlled by the system controller. Under normal conditions,
the ultrasonic pulse propagates through the solid propellant
material, is reflected by the inner bore, and is detected by the
receive ultrasonic transducer. The signal is amplified by the
IBC RECEIVER and passed to the IBC LEVEL DETECTOR.

Two types of detection take place within the IBC LEVEL
DETECTOR: 1) conventional diode detection, and 2) phase
sensitive detection. Diode detection is usually sufficient;
however, phase sensitive detection was provided for use when
improved signal to noise response is required. The output of
either detector is sampled, held, and compared with a fixed
reference voltage and is made available to the monitor oscil-
loscope and the A/D converter of the computer.

As an inner bore crack or internal defect blocks the
transmission path of the ultrasonic energy through the rocket
motor, the detected signal amplitude will drop. This drop is
recorded by the system controller. If the signal falls below the
specified reference voltage, an indication is recorded on the
IBC defect map.

Figure 3.14 shows the output of the monitor oscilloscope.
Panel A shows the system response with no defect present and
Panel B shows the response with an inner bore crack blocking the
transmission path. The horizontal line in each trace indicates
the reference voltage which is used by the comparator for signal
detection. This reference level can be manually adjusted by the

operator.
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Figuge 3.14A Photograph of the monitor oscilloscope showing the
received signal with no defect present.
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Figure 3,14B Photograph of the monitor oscilloscope showing the
received signal with a defect present.
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3.2.2 Inner Bore Crack Results

Figure 3.15 shows the results of mapping an inner bore crack
which was present in the inert Sidewinder rocket motor. The
crack, which developed over the course of this project, may have
resulted from rough handling of the specimen or from period
exposure of the inert propellant to water. The depth of the
crack was unknown and the apparent length of crack on the inner
bore of the rocket motor was 1 inch. It should be noted that
defects present on the inner bore of the motor appear as a single
indication using this, low frequency transmission test.
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