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MODELING AND SIMULATION OF A HEALTH MONITORING SYSTEM IN AN
ANALOG MOTOR

T. C. Miller and G. A. Ruderman
Air Force Research Lab
Edwards AFB, CA 93524

ABSTRACT

Finite element modeling of a cross section of a solid rocket motor is used to determine the
relationship between several variables in a health monitoring system. The system consists of pressure
sensors mounted on the inner case wall. In a pressurized motor, differences among the sensor readings
are indicative of crack growth in the propellant. The computational data is used to determine the
relationship between sensor sensitivity, the number of sensors, and the minimum detectable crack size.

The method of determining the relationships is applicable to other loading conditions, such as thermal
loading.

INTRODUCTION

A solid rocket motor is a thick-walled pressure vessel constrained by a relatively rigid outer case
material. The constraint of the outer case causes radial and hoop stresses substantially different from
those developed in simpler single material thick-walled pressure vessels.! One of the important
differences is that the hoop stresses for a solid rocket motor are negative. This has a bearing on axial
crack formation and development, which depends largely on hoop stresses to provide the driving force for
crack propagation. Pressure loads on the faces of the crack also affect the tendency for fracture.? Without

the presence of pressure on the crack faces, axial cracks located on the inner bore of solid rocket motors
would have difficulty growing.

Engineers are concerned with the presence of cracks in solid rocket motors due to the expense of the
motor itself, the payload, the operating and maintenance costs, and the danger inherent in a catastrophic
event. Even more benign cracks that don't fully propagate may affect the thrust of the motor, endangering
mission success. Because of this, the Service Life Assessment Technology Project has sought the

cooperation of multiple agencies and nations to study solid rocket motor behavior in many respects,
including fracture mechanics.

Ideally, motors could be made from materials that never experienced cracks, but the multi-functional
nature of the propellant material makes improving the fracture toughness difficult. Given these limitations,
detection of cracks and prediction of their behavior become important. This is not easy either due to many
complicated features of the system: materials with low toughness and stiffness, sensitivities to
environmental variables such as temperature and humidity, large system size, and long service lives.

Detection of cracks in solid rocket motor is important, but must be done in an effective and cost effective
manner.

COMPUTATIONAL MODELING OF A HEALTH MONITORING SYSTEM

One part of the solution can be the use of health monitoring systems. ***%7 |n general, this is a
method by which real time sensors are used to detect important changes to a structure. In the case
discussed here, stress transducers mounted along the inside case wall respond to crack initiation and
growth by changing their output. An analog motor (a smaller version of a full scale motor intended for
research and experimentation) is to be instrumented with these devices. Loads are applied prior to any
crack development to determine baseline values for the sensors. Later crack development will be
revealed through changes in sensor readings. The sensors themselves form a health monitoring system,
with the number of sensors, their sensitivity, the location and size of the crack, and the type and size of
the applied load all affecting the overall system capability. To analyze the proposed system and
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determine the relationship between these variables, computational modeling is used. The modeling
efforts help determine an acceptable configuration for the monitoring system. Additionally, the method by
which these variables are examined is developed. The methodology itself is not motor specific, and can
be applied to systems with different loads (for example, the methods developed here work with either
pressure loadings or thermally induced loads). The conclusions regarding the monitoring system for the
analog motor will be verified later by actual experimental work.

The actual analog motor itself is 21.5 in. (533.4 mm) long, 5 in. (127.0 mm) in diameter, and has a
1.0 in. (25.4 mm) diameter circular inner bore and a case wall with a thickness of 0.25 in. (6.3 mm). The
“materials comprising the motor include case material, insulator, liner, and propellant. The case material
acts at all times as a linear elastic material, but the other materials, though modeled as linear elastic in
this study, can have much more complicated material responses. For the modeling work here, only two
materials are considered: the case material and the propellant. Both are modeled as linear elastic, and
the geometry is a two-dimensional plane strain model of a cross section of the motor. Previous models of
this motor indicated that the two-dimensional plane strain mode! would be an adequate representation.

Figure 1 shows the mesh associated with the finite element analysis. The model uses eight-noded
plane strain elements. Due to the incompressible nature of the propellant material, these are hybrid
elements, which incorporate pressure variables and prevent problems with global stiffness matrix
singularities.® A convergence study was conducted to determine reasonable sizes for the elements. The
convergence criteria were specific results for different element sizes: radial and hoop stresses for
uncracked pressurized motors and the Jintegral values for several crack sizes in cracked pressurized
vessels. The conclusion reached was that elements with a dimension of 0.050 in. (1.3 mm) in the radial
direction were adequate. In the circumferential direction, the disk is broken up into 6° sectors.

As Figure 1 shows, only half of the cylinder is modeled -- the axial crack shown prevents use of a
quarter disk, but symmetry does-allow a half disk, with field variables on the right half of the cylinder
mirrored on the left. The displacement boundary conditions are horizontal constraint of the left faces
except for the crack faces and vertical constraint of a single node at the far right. The first condition is
required by symmetry considerations, and the last constraint is required to prevent rigid body translation.
The applied load was a pressure load of 500 psi (3,447 kPa) on the inner bore of the cylinder. For models
incorporating an actual crack, pressure loads were also applied to the crack faces. The model shown in
Figure 1 shows a 1.0 inch (25.4 mm) crack, but to obtain complete results, a number of models having
different crack sizes were used (0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.60, 0.70, 0.80, 0.90, and 1.00 inch
cracks were examined)(6.3, 7.6, 8.9, 10.2, 11.4, 12.7, 15.2, 17.8, 20.3, 22.9, and 25.4 mm).

DISCUSSION

The uncracked pressure vessel experiences complete symmetry in the circumferential direction. As
discussed previously, due to case constraint the hoop stresses are negative, as are the radial stresses.
The hoop stresses are important because they are one of the two driving forces for crack propagation
(the other being the pressure loads applied to the crack faces). The radial stresses are important because
stress sensors mounted near the inside case wall would sense pressure by actually sensing the radial
components of the stress tensor. Figure 2 shows the radial and hoop stresses as a function of radial
coordinate in the propellant. Adjacent to the case wall, the elements show a radial stress value of -480 psi
(-3,309 kPa) for a pressure load of 500 psi (3,447 kPa).

Figure 2 gives results for an uncracked two-material thick-walled cylinder. The introduction of a crack
to the model destroys the symmetry of the model and results, so that plots such as those shown in Figure
2 depend on angular orientation. Both hoop and radial stresses are affected by the presence of a crack.
Figure 3a shows plots of the radial stress near the case wall as a function of angular orientation 6 (see
Figure 3c) for all of the cracked models analyzed here. To obtain this plot, the radial stresses near the
case wall are determined by the elements adjacent to the case wall. For these elements, the results at the
integration points are interpolated to the centroid of each element, so that each element gives a single
value for radial stress. The figures show that the crack acts to relieve the radial stresses, giving minima at

approximately 40° from the crack axis, with the location of the minima varying slightly as the crack size
changes.




The important measurement here is not really the stress reading on a gage, but the change in the
stress reading from a baseline value of -480 psi (-3,309 kPa). The changes in readings are shown in
Figure 3b. The sensors used must be precise enough to detect these changes, but must also have a
range adequate for the baseline readings in Figure 3a. However, the actual monitoring system is
composed of a finite number of sensors, and will not necessarily have a gage positioned at the maxima in
Figure 3b, since the site for crack nucleation is not known a priori. The analysis of the modeling efforts
makes extensive use of Figure 3b to determine the relationship between the variables. To make this
problem tractable, the finite element data points (shown in Figure 3b) are fitted with fifth order polynomials
(also shown in the Figure 3b) so that a computer program can easily determine the inner case wall radial
stress component as a function of 8.

The computer program is easily understandable. Figure 4 shows the ideas behind the program. A
certain number of sensors and a certain crack size are assumed for each run of the program. The
sensors are all mounted equidistant from each other. The angle between the crack and the sensor is
incremented in small amounts, and for any arbitrary orientation, the sensor readings are determined
based on the curve fits for the finite element data, and the maximum of these readings is recorded. The
maximum reading is important because it must be greater than the sensor sensitivity for detection to be
possible. Each time the program is run, a plot of the maximum sensor reading as a function of y is
produced (y is the angle between the crack plane and the first sensor encountered in the clockwise
direction). An example of this process is shown for three sensors and a = 0.45 in. (11.4 mm) (see Figure
4a). Many sequential runs of the program give a family of curves. Figure 4b shows the curves for the

various crack sizes with three sensors. Multiple plots are produced by considering different numbers of
Sensors.

Figure 4b also shows the relationship between each graph and the required sensitivity of the stress
gages. In this figure, a sensor sensitivity of 8 psi (55 kPa) is supposed. This is shown as a horizontal line
on the graph. From the figure, it is apparent that cracks having sizes of a = 0.45 in. (11.4 mm) or less will
not be detected regardless of sensor orientation, and cracks with sizes of 0.70 in. (17.8 mm) or more will
be detected regardless of sensor orientation. For cracks with a depth of a=0.50 in. (12.7 mm) or a=0.60
in. (15.2 mm), the crack may or may not be detected, depending on the crack location relative to the
sensors, characterized by the angular value . By this same logic, the minimum value for each curve is
really the required sensor sensitivity for a given number of sensors and a given crack size. The minimum
value of each of these curves can be recorded, giving a table of required sensitivity as a function of the
number of sensors and the crack size. This data can be analyzed and conclusions drawn about the
requirements for the monitoring system. Figure 5 shows these results in graphical form.

SUMMARY AND CONCLUSIONS
After analysis of the modeling results, we are able to state the following coﬁciusions:

* Fora 500 psi (3,447 kPa) pressurization loading condition, the ideal number of sensors to
use is either three or four. Some improvement in system sensitivity is gained by going from
three to four sensors, but using additional sensors gives negligible gains in performance (this
may be different for different loading conditions).

* The ability of the system to detect a crack of a certain size depends on the sensitivity of the
sensors themselves. For the loading condition discussed, as the sensitivity of the gages
varies from about 2 to 14 psi (13 to 96 kPa), the minimum detectable crack size varies from
about 0.25 to 1.0 in. (6.3 to 25.4 mm)(see Figure 5b). The minimum detectable crack size can
be compared with the critical crack size, which is determined by comparing modeling results
from anticipated service loads with fracture toughness measurements for the propellant.

» Computational modeling data can be used to determine the relationship between important
variables that characterize the health monitoring system. These variables are the minimum
detectable crack size, the required sensor sensitivity, the loading conditions, and the number
of sensors used. Once the computational modeling results are obtained, the procedures here
can be used to easily determine the relationship between the variables.




One way to introduce an inner bore crack to a developmental motor would be to apply thermal shock
_to it. The method of analysis proposed above can be used to determine the optimal monitoring system
configuration, and this specific problem could be addressed. As another possible use, the, 360° rotation
of a large scale motor with an inner bore crack would result in varying sensor readings as the motor was
rotated. This data could be analyzed as a nondestructive evaluation technique, and the computational
modeling and related analysis of the type developed here could be used to determine the number of

FUTURE WORK

sensors and their required sensitivity for such a situation.

Figure 1 -- Schematic of Mesh, Boundary Conditions, and Loads Used in the Analysis
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Figure 2 -- Radial and Hoop Stress Results from the Model of the Analog Motor
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