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ABSTRACT

MEASUREMENT SYSTEM MODELING AND ERROR ASSESSMENT

IN EARTH PENETRATORS
Publication No.

Manoj Gopalan, M.E.

The University of Texas at Arlington, 2003

Supervising Professor: Frank K. Lu

The purpose of this project has been to configure an optimal measurement system
to enable real-time decision-making in earth penetrators. It includes analysis of the
effects of transducer placement, anti-aliasing filter type and cutoff frequency, and signal
conditioning amplifier location on the quality of the signal available for the decision
process. It also addresses survivability of the measurement transducer and its associated
signal conditioning components. Various earth penetrators have been modeled using
elastic finite element methods, and their structural responses to predicted inputs have
been calculated. These calculated structural respohses have in turn been used as inputs to
various measurement system models and the differences between measurement system
output and penetrator structural loading have been assessed. The sensitivity of the

modeled responses to sensor and anti-aliasing filter placement have been investigated.
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CHAPTER 1
INTRODUCTION

Earth penetrators have been proposed for and used in numerous applications over
the past twenty-five years. Applications include the determination of sea ice thickness,
magma taps, sea floor exploration, in-situ chemistry associated with planetary probes,
and the delivery of military payloads [1,2]. The most common measurement is the
dynamic response of the penetrator as it traverses through the geomaterial. These
measurements enable inferences to be made concerning material characteristics of the
“target” geomaterial. These measurements have also been used to validate structural
models predicting penetrator-geomaterial interaction.

In recent years, there has been increased interest in the scientific and engineering
communities in delivering earth penetrators at higher and higher impact velocities while
incorporating the ability to make real-time decisions on board during the penetration
- process. Delivering penetrators at higher velocities enables them to achieve greater
penetration depth and to penetrate harder materials. The ability to make real-time
decisions on board enables control of select functions during the penetration process. For
example, the ability to detect a change in the composition of the geomaterial could be
used to trigger the storage of measured data for retrieval or trigger the transmission of
data to a remote receiver. The ability to both increase impact velocities and make real-
time decisions enables earth penetrators to be used in a wide variety of targets and

applications.



Real-time decisions require the comparison of measured information against a
prescribed or predetermined standard. Therefore, the ability to generate accurate and
reliable predictions and the ability to measure high-quality data of sufficient bandwidth
for comparison to these predictions is of the utmost importance. This document will focus
primarily on the latter, measurement system design to enable real-time decision-making
in penetration events. This includes details on transducer selection, transducer placement,
anti-aliasing filter type, anti-aliasing filter frequency selection, signal conditioning
amplifier location and the survivability of the signal processing components.

In order to assess the quality of the measurement system, we need to first generate
predictions for loads imposed on the penetrator during specific penetration events. These
predictions will be used as inputs to a structural model of the penetrator and the
subsequent measurement system. The output from the modeled penetrator and
measurement system will then be compared to the predicted inputs to optimize the system
design and provide error assessment. Chapter 2 provides some information on the
penetrator-geomaterial modeling process and summarizes its capabilities and limitations.
Predictions for some deterministic penetration events have been obtained and detailed.
Chapter 3 details the process of modeling several penetrators using elastic finite elements
and calculating the structural response of these finite element models to an arbitrary input
loading. Chapters 4 through 8 provide detail on the measurement system architecture and
provide component specific details such as transducer placement, filter selection and
amplifier placement. Chapter 9 details the combined response of the modeled

measurement system to the predicted input loading. Finally, chapter 10 provides a closing



summary and lists the conclusions of this study. Information pertinent to this report,

including data sheets, has been included in the attached appendices.
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CHAPTER 2
PENETRATOR-GEOMATERIAL INTERACTION

The modeling of the interaction of earth penetrators and the geomaterial through
which they traverse is of utmost importance for several reasons. The results of the
modeling provide critical information regarding the behavior and effectiveness of the
earth penetrators and can relate parameters such as depth of penetration and rigid body
acceleration histories to penetrator parameters such as geometry, impact velocity, angle
of attack and obliqueness, and geomaterial composition. In addition, modeling can also
be used to provide information that can subsequently be used to make decisions in real-
time. Our interest in the modeling process is for the latter reason.

The modeling of penetration-geomaterial interaction involves the use of
theoretical and empirical models, finite element methods and hydrocodes. Most of these
models combine custom developed soﬁwarevprograms in combination with commercially
available software packages. The rigorous analysis of penetrators and their interaction
with targets is often performed at various laboratories using powerful supercomputers.
Some of the most sophisticated and detailed modeling capability exists within the
military research and national laboratories in the United States.

The first step in modeling penetration events usually involves the use of
hydrocodes. The theory of hydrocodes has been developed over the past few decades to
simulate highly dynamic events, especially those that include high-shock levels. In the
penetration environment, hydrocodes are used to calculate the strains, stresses, forces and

accelerations of both the penetrator and the target geomaterial as a function of time and



space. These programs include simple details about the penetrator geometry and impact
conditions and allow the modeling of varied targets. A detailed discussion of the theory
of hydrocodes is beyond the scope of this document; however, more information and an
extensive literature survey can be found in reference [3].

The primary limitation of hydrocodes is their computational complexity. Due to
the inherent complexity of modeling shock waves propagating through complex
geometries, hydrocodes are primarily used to predict the early time (tens of
microseconds) behavior of relatively simple geometries and targets. This is useful in
providing simple guidelines for payload and penetrator survivability during the initial
high-shock impacts.

In addition to these rather massive programs, there also exist theoretical and
empirical software models that predict the rigid body forces (and therefore rigid body
accelerations) that act on the penetrator during penetration events [4,5,6]. PENCRV3D is
one such sdftware program that allows the prediction of penetration events for penetrators
traversing through concrete, soil and air.

A shortcoming of the existing modeling process is that it attempts to model the
low-frequency response of the penetrator (by treating it as a rigid body) but ignores the
higher frequency structural characteristics of the penetrator and their effect on the
measured data. The problem simply stated is that while the predictions provided by
existing modeling capability are generally those of rigid-body response, the data available
for real-time decision making contains within it higher frequency structural content as
well as errors induced by the measurement system. Due to this fact, the complexity of the
comparisons between measured and predicted responses increases and the ability to make

decisions in real time is compromised. The best course of action is then to acquire data of



sufficient quality and bandwidth so that these real-time comparisons (between predicted
and measured parameters) can be made more effectively.

In order to provide design guidance for these measurement systems, specific test
cases where penetration events have been modeled are needed. To aid in this process,
several models generated using PENCRV3D for various penetrators and geomaterial
targets have been obtained [7,8,9]. These force-time histories will be used as inputs to the
structural model and simulated measurement system and the output or response can then
compared to the input. This comparison will allow us to quantify the error in our
proposed measurement system and will provide some important guidelines to enable the
improvement of measurement system design.

The predicted inputs that will be used throughout the following work are shown
below in figures 1 through 5. Input data sets one (1), two (2) and three (3) are the
predicted force loadings for a large penetrator traversing through geomaterial consisting
of various layers of concrete, soil and air. Input data set four (4) is the force loading for a
medium-sized penetrator traversing through multiple layers of equal thickness concrete.
Input data set five (5) is the force time loading for a small penetrator during impact with a
single layer of concrete. All three of these penetrators (large, medium and small) will be
discussed in detail during the creation of their finite element models in chapter 3.

Figure 1 shows the predicted axial force time input for a large penetrator as it
traverses through two layers of hard geomaterial (concrete) with a void between them
filled with air. This model was generated using PENCRV3D and assumes that the impact
was directly perpendicular to the plane of the layers of geomaterial. Note that the curve
shown below depicts two pairs of peaks, each pair consisting of a peak of high magnitude
followed by a peak of significantly smaller magnitude. The larger peaks correspond to the

entry of the nose of the earth penetrator into a layer of hard geomaterial while the smaller



peaks correspond to ;[he entry of the tail of the penetrator into the same layer of
geomaterial. The entry of the tail of the penetrator is accompanied by lower amplitude
peaks due the presence of a flare at the tail. Note that the calculation of this model has
been stopped after aﬁproximately 75 milliseconds, and this results in the force time curve
having a non-zero value at the end of the data set. If this model had been run for a longer
period of time, the model would have predicted the eventual slowing down and stopping
of the penetrator the axial forces become equal to zero. Also note that between the two
hard layers (highest peaks), there exists a region where the predicted forces on the
penetrator (ignoring tail flare entry) are equal to zero. This corresponds to the traversal of

the penetrator through the air-filled void between the two hard layers of geomaterial.
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Figure 1. Input data set number one (1). Large penetrator traversing through two layers of
geomaterial with an intermediate void space.



Figure 2 below shows the predicted axial force-time input for the same large
penetrator as it traverses through two layers of hard geomaterial (concrete) separated by a
layer of soil. As with figure 1, figure 2 shows two pairs of peaks corresponding to entry
of the penetrator nose and tail in the hard geomaterial. However, in this case, the area
between the two hard layers (highest peaks) is filled with soil and this leads to the curve
having a non-zero value (ignoring tail flare entry) between the two large peaks. That is,
traversing a void equates to zero force acting on the penetrator while traversing a soil-

filled layer equates to having an approximately constant force acting on the penetrator.
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Figure 2. Input data set number two (2). Large penetrator traversing through two layers of
geomaterial with an intermediate layer filled with soil.



Figure 3 below shows the predicted axial force-time input for the same large
penetrator as it traverses through an initial layer of soil followed by a layer of hard
geomaterial (concrete), then a void filled with air and then finally another layer of hard
geomaterial. As with figures 1 and 2, figure 3 shows two pairs of peaks corresponding to
the entry of the penetrator nose and tail in the two layers of hard geomaterial. Similar to

figure 2, the forces seen by the penetrator during the penetration through the initial soil

layer is approximately constant.
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Figure 3. Input data set number three (3). Large penetrator traversing through an initial
layer of soil followed by two layers of hard geomaterial separated by layer of air.



Figure 4 below shows the predicted axial force-time input for a medium-sized
penetrator as it traverses through several layers of hard geomaterial stacked behind each
other with little or no separation. Note that the prediction shows the entry (t < 0.001 sec)
of both the nose and the tail of the penetrator into the first layer of geomaterial bﬁt does
not show any further transitions between the layers of geomaterial. This is due to the
limitations of PENCRV3D’s predictive capability. A significantly more detailed model

might show the effects of debris removal and spalling which would manifest itself as

distinct peaks in the force prediction.
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Figure 4. Input data set number four (4). Medium size penetrator traversing through
several layers of hard geomaterial with little or no separation between layers.

10



Figure 5 below shows the predicted axial force-time input for a miniature
penetrator used for testing purposes as it traverses through a single layer of hard
geomaterial (concrete). As expected, the prediction shows the entry of the both the nose
and tail of the penetrator into the geomaterial. Note that as with previous predictions, the
calculation has been stopped before the modeled penetrator has come to a complete stop.

This results in a non-zero force value at the end of the data set.
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Figure 5. Input data set number five (5). Miniature penetrator traversing through a single
layer of hard geomaterial.

The results provided by PENCRV3D for all the above models assume that the

penetrator is a rigid body and has infinite stiffness and finite mass. The predicted forces



are all along the axial axis of the penetrators and are essentially the rigid body forces
acting on these penetrators. These forces can now be used as inputs into a finite element
model of the respective penetrators and the structural response of the penetrators at

various locations can be calculated.
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CHAPTER 3
PENETRATOR STRUCTURAL RESPONSE

In the previous chapter, the various data sets that will be used throughout the rest
of the document were detailed. These data sets provide the time-varying forces acting in
the axial direction of specific earth penetrators during various penetration events. As
mentioned previously, these predictions are those of an infinitely stiff or rigid penetrator.
Using these rigid-body predictions and the mass of the penetrator, the rigid-body
accelerations can be easily calculated as

(3 1) a _ erigidbody

rigidbody ~
penetrator

However, due to the elastic nature of the penetrator, the actual acceleration
response at any location of the penetrator can vary significantly from the rigid-body
accelerations. In order to calculate the structural response of the penetrators, finite
element models have been created and modal superposition has been used to predict the
acceleration response of th’e penetrators at various internal locations due to the imposed
input loads. It is assumed that during the penetration event the penetrator body does not
experience stresses and strains beyond the yield limit of the material used. This allows us
to use simpler elastic models as opposed to models that need to incorporate non-linear
material effects in the solution process.

The first penetrator that has been modeled is the largest size and is approximately

93.5 inches in length, 14.6 inches in diameter and weighs approximately 1950 1bf with its
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