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ABSTRACT
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US military legacy missile systems must be periodically tested to ensure they will
perform as designed during training and in times of armed conflict. The objective of this
work was to assess the overall thrust measurement uncertainty of a tactical-sized solid
rocket motor static thrust stand. Motor alignment, load cell / test stand dynamics, signal
conditioning, data acquisition, and calibration procedures were examined as potential
sources of uncertainty. The uncertainty analysis revealed that a 5,000 /bf thrust
measurement can be made to within £0.26% of full scale with 95% confidence. The load
cell / test stand / motor structural resonance was the dominate source of thrust data
distortion. Increasing load cell stiffness, increased the resonant response frequency out of
the analysis band for the system investigated. Low hysteresis during in-situ load cell
calibrations was determined to be an excellent measure of motor / test stand alignment.

A properly selected / designed load cell was shown to eliminate most requirements to
digitally manipulate or post-process thrust data, e.g., filtering or data averaging, and

prevent the unintentional suppression of any real-world physical phenomena.
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CHAPTER1

INTRODUCTION

A. Background and Motivation

The United States (US) armed forces have been on a war footing and engaged in
conflicts spanning the globe for the last several decades. Due to the lack of recent design
and construction of new US tactical weapon systems and US government budget
constraints; the continued use of legacy weapon systems has become a major requirement
and is of paramount concern. Some of these legacy systems, and their variants, are
approaching 40 years of service life. In an effort to track the health of these systems and
determine their continued viability, yearly Stockpile Reliability Program (SRP) testing,
among other metrics, is performed on randomly sampled lots stored in various
Ammunition Supply Point (ASP) locations from all over the world. These system
samples are either functioned as designed in their All-Up-Round (AUR) configurations or
they are disassembled into their individual components, tested, and evaluated based on
individual Original Equipment Manufacturers (OEM) specifications. These results are
then compared and contrasted with original performance criteria and previous year SRP
testing to determine degradation trends, if they exist. As a result, SRP testing can be seen
as a tool used to identify potential or worsening problems with stored weapon systems
prior to placing these systems in the hands of the US warfighter. This helps ensure the
US warfighter is supplied with the most reliable weapon systems / components and that
these systems / components will function as designed when called upon during training or

during times of armed conflict.



In light of the importance this type of testing commands, several critical questions
arise; how well are these tests being performed, how ‘good’ are the measured metrics
ascertained by these tests, what certainty and confidence can be assigned to these metrics,
and how do these metrics play into the socioeconomic, political, and decision making
processes of fielding these systems. To find resolution to these and other questions it is
incumbent upon evaluators to ensure testing is being performed as accurately and
precisely as possible. To achieve this goal the evaluators must have solid insight and
knowledge of the system under test as well as an intimate understanding of the test
equipment, from end-to-end, being employed during test events. On the surface this may
seem obvious or even elementary but there are some areas (e.g., longstanding procedures
and offsite calibrations) which are assumed to be correct with indifference and without
even a cursory query of validity. Almost by default, and without even the slightest
reservation, these types of assumptions are almost universally taken for granted and
forgotten. Yet, they become the bedrock on which all other aspects of a test event are
founded.

Additionally, there are a limited number of samples which can be tested and both
funding and test range time are at a premium. However, considering what is at stake; it
seems logical to verify a test event’s assumptions, even closely held and historically
ironclad assumptions, and to determine a true, overall confidence of a test event’s results
to the greatest extent possible. This will not only assist in verifying that legacy systems
will continue to operate at optimum levels but this methodology will help fuel and speed
the development of future weapon systems. The work presented in this thesis is focused

on accurately measuring the delivered thrust of a solid rocket motor as a function of time



to identify changes in performance. These measurements are acquired on a static test
stand through the use of load cells. The measurement uncertainty and dynamic response

of the system are the main elements of concern.

B. L-Block Static Fire Test Testing Methodology

For decades, solid and liquid rocket motors have been static fired at the US Army’s
Redstone Test Center (RTC) test areas as an effective means to ascertain safety, to assess
quality, and to evaluate ballistic parameters used in trending and comparative analyses
for rocket motor performance and reliability programs. RTC test areas employ ‘standard’
L-block test stands to static fire solid rocket motors. Several of these L-blocks are mobile
while others are fixed at locations within the RTC campus. The mobile L-blocks, an
example of which is illustrated in Figure 1.1, are constructed of reinforced concrete and

rebar. The baseline measurement train for this study consists of a canister type, strain

Steel Plate

L-block

Thrust Adapter

a—

Figure 1.1 Solid Rocket Motor Firing from a Mobile L-block



gauge based load cell (5,000 /bf, typical), mild carbon steel thrust adapter which mates
the motor to the load cell and allows access to the forward (fwd) motor section, and a pair
of ring bearings for centering and leveling purposes. The horizontal ‘L’ face is fitted
with four-inch-thick steel plating while the vertical ‘L’ face is fitted with two-inch-thick
steel plating. The steel plating is embedded with T-type mounting rails on both the
horizontal face and the vertical face to allow for the greatest amount of flexibility in
mounting test hardware. The mobile L-blocks are employed when firing small, tactical
size rocket motors and can be placed at various locations within the RTC campus
depending on the overall test schedule and objectives. The fixed L-blocks, see Figure
1.2, are monolithic reinforced concrete / rebar blocks which are embedded below grade
(up to 50 feet below grade depending on the L-block in question) and are surrounded by a

concrete apron which acts as the L-blocks horizontal ‘L’ face.

Figure 1.2 Solid Rocket Motor Firing from a Fixed L- block [1]

The vertical ‘L’ face is covered with a large, six-inch-thick steel plate with various

threaded mounting holes in various patterns while the horizontal face employs an I-beam



based rail system which will accept various sized motor firing carts. The measurement
train for the fixed L-blocks is almost identical to the mobile L-blocks with the main
difference being the magnitude of scale. The test bed for this research effort will be a
mobile L-block, however, the results obtained through this analysis can, and will, be
applied to all static fire test stands within the RTC campus.

To initiate a static firing test event, a L-block is prepared prior to motor installation.
Depending on the motor to be fired, the appropriate load cell, thrust adapter, ring
bearings, and other specific attachment hardware are installed on the L-block. Once
these items are staged a dimensionally accurate mock motor is installed in order to
perform initial centering and leveling with the centerline of the thrust adapter / load cell,
see Figure 1.3. This initial centering and leveling is accomplished using three or four
(depending on motor to be tested) adjustable cylindrical roller bearings, which allow free
axial motion of the motor, threaded through each ring bearing which contact the mock-up
motor case and a torpedo level. At the completion of this preliminary centering and
leveling process the mock-up motor is removed and a live motor is subsequently
installed. After the motor has been inserted into the ring bearings, and just prior to
mating the motor with the thrust adapter, the motor’s centering and leveling is fine-tuned.
This is accomplished by closely monitoring the thrust adapter / motor mating interface
just prior to seating the motor into the thrust adapter, see Figure 1.3. The mating
interface is brought to within approximately 1/32" of an inch and is scrutinized for the
presence light, using the naked eye, around the motor’s circumference. The thrust
adapter / motor is considered leveled and centered when the amount of light around the

motor’s circumference is evenly distributed. The motor is then seated into the thrust



adapter and bolted in place. At this point, the motor is armed, all personnel retreat to the

firing control room, and the motor is static fired, see Figure 1.4. This process is virtually

Thrust Adapter / Motor
Mating Interface

e
R o il

jed Thrust Adapter

Figure 1.4 Typical Static Motor Firing



the same for all motors static fired at RTC, only the magnitude of scale varies.

Currently, fine tuning a motor’s centering and leveling is considered more art than
science and is based on years of hands-on field experience in performing this procedure.
One intent of this research is to empirically determine the parameters of this hands-on
field procedure and quantify its overall effects. This method has been used for decades at
RTC and it is theorized that its sufficiency is due, in part, to the fact that overall load cell
deflections are typically very slight, ranging between 8.0 x 10 and 7.0 x 107 inches (in)

for resident load cells, thereby negating any appreciable effects due to alignment issues.

C. Load Cells and Measuring Thrust

Due to the inherent lack of clearance and accessibility issues of the L-blocks
employed by RTC and the lifecycle of canister type of load cells (barring any
catastrophic motor failure that compromises its integrity, this type of load cell can
deliver decades of reliable use), RTC employs strain gauge based, canister type load
cells to measure thrust data. Thrust, as defined by Webster, is “The forward-directed
force developed in a jet or rocket engine as a reaction to the rearward ejection of fuel
gases at high velocities” [2], see Figure 1.4. This succinct, yet accurate illustration
clearly defines the force, hereto referred to as thrust, generated during the static firing
of a rocket motor.

A load cell is a type of transducer that converts a given thrust, to an electrical
signal that can be acquired, stored, and analyzed. The magnitude of the electrical
signal generated by a load cell is directly proportional to the amount of thrust, applied

to its measurement element. The load cell measurement element, see Figure 1.5 [3],



consists of a load path, an elastic body, and a strain gauge. The electrical output of a
load cell is based on the phenomenon of resistance variation due to the deflection,
elongation in this case, of wire. This ‘wire’ is the modern strain gauge, see Figure 1.6
[4]. As thrust imparts force into the load cell measurement element, the elastic body
is compressed and its diameter is slightly increased. This increase in diameter
induces a measurable change in resistance due to the elongation effect of the strain
gauge, which is bonded to the elastic body, and is subsequently acquired and
analyzed. Figure 1.7 is a graphical representation of thrust data generated by a load
cell. Due to the sensitive nature of the data used in this research, all data has been

normalized.

Diaphragm-1
Diaphragm-2

Housing
(enclosed
inert gas)

Elastic body
Strain gage

Figure 1.5 Typical Strain Gauge Based, Canister Type Load Cell [3]
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Figure 1.7 Typical Thrust Data Plot

To not oversimplify this process, it should be noted that the plot in Figure 1.7 is
the representation of a final thrust curve that would be included in a final report or
other publication. This plot is not indicative of the raw data received from a load cell;
it was, among other things, low-pass filtered and scaled to the required engineering

units.



D. Rocket Thrust Measurement Literature Review

Whether for fixed or vectoring nozzles, accurate and realistic measurement of rocket
motor thrust has been a topic of discussion for many years. The main components
required for the acquisition of thrust measurements are a force measuring transducer
(commonly a load cell), a static test stand that captively restrains the motor under test
while integrating all the required test equipment, and an alignment system that ensures a
true, unencumbered measurement path.

The integrity of the thrust data acquired during testing is critical considering the
importance of the decisions based on their results. Consequently, there has been much
information presented on the design of static test stands. Zolotorev et al. detail the
mechanical setup and construction of a hybrid rocket motor static test stand [5]. Peretz et
al. and Rugescu and Sapunaru focused on optimization of feed systems as well as ignition
and instrumentation systems of static test stands [6] [7]. Korting and Reitsma evaluated
the safety aspects of an indoor test stand including the effects of acoustic noise on the test
stand [8]. Thomas et al. discussed the various systems required to operate and interface
with a liquid rocket motor test stand [43]. Arrington and Schneider performed work
similar to Thomas et al. and also briefly discussed the use of load cells to generate
calibration correction curves [45]. Doerksen et al. researched the cost and other physical
concerns of a nitrous oxide based, mobile test stand [48]. Finally, Dunn et al. performed
finite element analyses on a hybrid rocket test stand to determine maximum yield
stresses. This work focused on the top-level designs and entertained only cursory

mentions of specific test / data optimization issues.
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There have been more focused investigations on static testing of rocket motors,
Giligorijevi¢ et al. evaluated and tested side forces on a multi axis thrust vector-
controlled test stand [9]. Langill and Kapandritis performed evaluations similar to
Giligorijevi¢ et al. to include the use of flexures to mechanically isolate and aid in
aligning the motor, i.e., maintaining low path hysteresis [47]. Favato and Magalhaes
used finite element analysis to determine structural modes of a liquid bipropellant test
stand while varying equipment orientations [10]. Runyan et al. also used finite element
analysis to predict test stand structural modes as well applied a one-dimensional spring /
mass model to calculate errors in total impulse [44]. Similarly, Spurling et al. employed
finite element analysis to determine safety factors, fatigue rates, and repeatability of a test
stand used for combustion instability testing [50]. Knauber illustrated the effects that
thrust misalignment, e.g., canted nozzle, has on a static test stand [11]. Gerards described
a test stand used to test a high pressure, sub-scale motor for burn rate measurements and
thrust determinations [12]. Brimhall et al. experimented with a multi axis test stand and
ring bearings integrated with sensors to measure misalignment thrust [13]. Stevenson
and Lightsey utilized a torsional pendulum static test stand to measure instantaneous
impulse and determined that over stiffening the stand structure would degrade the
performance of that style test stand [46]. Lastly, Coppotelli and Grappasonni presented a
numerical procedure for determining the frequency response of a test stand undergoing a
time / mass varying load. Still, this research did not address the nuances of physical test
stand setup (e.g., achieving good motor / measurement train alignment) and/or the

mitigation of undesirable dynamics.
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However, some research has touched on the need to consider certain physical
parameters of a static test stand. Renitha and Sivaramapandian speak to the need to
design around not only the maximum thrust capacities but the natural frequency of the
captive components. A suggested target frequency range, 30-50 Hz, for the components
is presented but without a tangible way to logically apply to other static test stands [15].
Kumar and Anjaneyulu discuss many design concerns related to rocket motor testing
including the static test stand and the measurement transducer. A natural frequency
requirement for the static test stand itself is suggested, < 4Hz, but it is not corroborated
which makes application to other static test stands somewhat difficult. Transducer
selection in this work was geared more toward technology, calibration, and survivability
than alignment or dynamic considerations [16]. Barber, similar to Kumar and
Anjaneyulu, relayed the importance of knowing and controlling the static test stand’s
natural resonance and, additionally, mentions that the harmonics of a thruster’s cycle rate
can potentially cause issues with the natural frequency of the thrust transducer. This
particular situation does not manifest itself in the type of testing performed at this test
area but highlights the importance of ensuring the measurement system is not
dynamically compromised [17]. Xing et al. present the dichotomy between thrust
measurement sensitivity and frequency response. The design of the thrust measurement
device employed in this research is in stark contrast to the canister type load cell used at
this test area but the theory of operation is generally the same, the more rigid a
measurement system the higher its natural frequency [18]. Finally, Sims and Coleman
share an enormous amount insight into large rocket motor alignment for a permanently

mounted static test stand. This worked proved path hysteresis is an excellent indicator of

12



rocket motor misalignments and can be used as a tool to ensure the trueness of coaxial
centerlines between a rocket motor and a static test stand [19].

Although similar in some aspects, none of the aforementioned research specifically
chronicles the physical setup of a mobile static test stand in regards to alignment and
dynamic response of a canister type load cell employed to measure thrust at this test area.
This thesis will build on the current knowledge base, identify the major contributors to
alignment and dynamic issues in regards to mobile static test stands, and attempt to
present a methodology to optimize the acquisition of consistent, accurate, and reliable

thrust data from mobile static test stands.
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CHAPTER 1T

THE PRINCIPLE OF UNCERTAINTY AND ITS SIGNIFICANCE"

A. Précis on Uncertainty

Determining the accuracy and precision of a measurement is an important distinction
in thrust measurements. It is widely known that it is very possible to measure accurately
but not precisely. Conversely, it also possible to very precisely measure an inaccurate
value. What is missing from this conundrum is the certainness of the measurement in
which the evaluator has interest. The relative certainness of a measurement is rather
peculiarly referred to as measurement ‘uncertainty’. Uncertainty is, by its very
definition, being in a state of doubtfulness or unknowingness. With regards to a
measurement, this can be condensed to the following, simple question: how ‘good’ is the
measurement in reference to it’s the real-world value. In the realm of Research,
Development, Test, and Evaluation (RDT&E) it is sometimes very difficult, if not
impossible, to envision the phenomena being measured (e.g., strain or acceleration). As a
result, there are a built-in uncertainties that must be addressed before a level of
confidence can be levied upon a measurement. The following illustrations will attempt to
emphasize the importance of determining measurement uncertainty.

Figure 2.1, (a) through (c), illustrates groupings that could be encountered on a target

during bullet or fragment impact testing.

* This chapter has been adapted from references [20] and [21]
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(b)

(©)

(a) Accurate but poor Precision, (b) Precise but poor Accuracy, and (c) Accurate and Precise

Figure 2.1 Accuracy versus Precision

In Figure 2.1 (a), the evaluator is acutely aware of the accuracy and precision from this
vantage point and sees a relatively accurate but not very precise result. Comparatively,
the evaluator can ascertain from Figure 2.1 (b) that while there is good precision, the
accuracy leaves much to be desired where Figure 2.1 (c) illustrates an ideal result. The
advantage the evaluator has in regards to the certainty of accurately and precisely hitting

the target’s bullseye is the ability to ‘see’ the target and make adjustments based on

15



where successive rounds or fragments impact the target. However, as evaluators of
phenomena that cannot be ‘seen’, the visual acuity and certainty in ensuring the bullseye
is hit translates into a measure of uncertainty and confidence levels since the true real-
world value (target) can never be truly measured (seen). This difference between the true
and measured value is commonly referred to as error. As a result, the evaluator is blind
to the effective error in Figure 2.1 (a) and the error between Figure 2.1 (b) and (c). This
illustrates the importance of determining a measurement’s uncertainty; so that the quality
of a measurement, or its estimated error range, may be adequately evaluated and properly

considered.

B. The Utility of Uncertainty

Uncertainty, as an analysis tool, can help assure the evaluator that the value of a
measurement falls within an estimated error range, at some level of confidence, with
respect to the true real-world value. To sufficiently define the estimated errors required
in calculating the uncertainty of a measurement, it will be necessary to deconstruct and
define the components that compose the estimated errors of a measurement and how, or
if, they correlate. Uncertainty, is divided into two types, A and B. Type A is based on
statistical analysis of objectively measured samples of data whereas Type B is based on
statistical analysis of empirical or heuristic data, its distribution is based on experience
and knowledge of the process, and tends to be more subjective than Type A. The
estimated, or total, error is defined as the sum of the random and systematic errors
(historically known as precision and bias error, respectively). Figure 2.1 (a) illustrates a

random error where as a systematic error is illustrated between Figure 2.1 (b) and (c).
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Additionally, for the purposes of this research, normal (Gaussian) distribution and the
Large Sample Assumption (LSA) are assumed unless otherwise noted. The LSA states
that for the vast majority of engineering measurements, where the population is typically
large (> 31 samples), the Student’s t-distribution, or just t-distribution, for 95% (20) and
99% (30) confidence levels may be assumed to be 2 and 2.6, respectively. For
populations that contain 30 and fewer samples the z-distribution value will need to be
determined to properly calculate confidence level coverage factors.

A random standard error, ¢, affects the value of a measurement in differing amounts
during a test event and cannot be predicted based previous or historical results. It is seen
in the data as scatter, See Figure 2.1 (a) and Figure 2.2. In this way, most random errors
are typically uncorrelated, or independent of one another, and tend to vary with time. In
the past, correlated random errors have been assumed to be zero and therefore ignored.
However, this practice should be used with caution as random errors can, at times, be
correlated. A systematic standard error, S, affects the value of a measurement equally
throughout a test event, does not tend to vary with time, and cannot be seen in the data.
This fact makes systematic errors particularly worrisome to the evaluator. In fact, it is
easy to see that if a measurement is relatively precise (low scatter) the evaluator can be
lured into a false sense of security in regards to the validity of the measurement (precisely

measuring an inaccurate result), see Figure 2.1 (b) and Figure 2.2.
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Figure 2.2 Error Relationship between a True Value and its Measured Value

In contrast to random errors, systematic errors are more prone to being correlated or
dependent upon one another (although not a requirement). For example, if a single
device is used to make multiple measurements its systematic error will be distributed
across and influence all the measurements made with that device.

It is worthy to note that random and systematic errors are additive

Erre=gn + fn (2.1)

where Err: is the total error, én = (€1 + &2 + ... + &n), and fn = (1 + 2 + ... + fu). Using

this fact, the true real-world value is defined as the sum of the measured value and the

total error
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Ty =M, + Err: (22)

where T is the true real-world value and M, is the measured value. However, this result
only reveals a portion of what is required to quantify the quality of a measurement.
There must be a range defined where each error source, whether random or systematic, is
expected to fall. Mathematically speaking, this estimated range around the error sources
is defined as standard uncertainty, u, and is the sum of the standard uncertainties of each

individual error source.

u=urtu2+ ... +un (2.3)

Although this result may seem trivial it provides a pathway to a very powerful analytical
tool.

Before further investigating the application of random and systematic standard errors
and their uncertainties it is prudent to first briefly discuss and obtain some insight into the
mathematics required to calculate errors of this type. Type A random error, ¢, calculation

is based on normal distributions (see Figure 2.2 for a representative plot of Equation 2.4)

= L -(x-w?/20?
fx) = = 2.4)

where f(x) is the frequency of a measurement within a normal distribution, e is the
natural logarithm base, x; is a value in the normal distribution, u is the average of the

normal distribution, and ¢ is the standard deviation of the normal distribution defined as,
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T (ci—p)?
o= I\ZIL—T;{:lo[ Z—N l (2.5)
where N is the number of samples. The probability of measuring a specific value in a

normal distribution, within the bounded portion of a population set, 7, is defined as the

Cumulative Distribution Function (CDF), ¢,

o) == el s, 2.6)
where,
L X @.7)

It should be noted that Equations 2.4 and 2.5 are based on access to an infinite population
of samples. An evaluator will never have access to an infinite population set. Therefore,

the evaluator is relegated to using the available population set. The standard deviation,

s, and the mean standard deviation, sg, of finite population sets are defined as,

I TR o8

(2.9)
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Where v, or (N — 1), is the sample set’s degrees of freedom (DOF), X; is the value of the
j® sample, and X is the average of the sample set. Equation 2.8 defines the scatter, or
random error, of a sample set that occurs about X as depicted in Figure 2.2. Equation 2.9
then describes the average scatter of the sample set that occurs about X.

Type B systematic error, f, unlike Type A random error is consistently present in
successive measurements, equally biases a measured value throughout a measurement,
and cannot be detected by the evaluator (e.g., calibration errors), see Figure 2.2. This fact
illustrates why it is very important to consider the effect of systematic error sources
during any test event measurement.

Most processes are multivariate. To calculate the value of a specific variable a
mathematical expression that defines the behavior of that specific variable in relation to
the other process variables must be generated. Coleman and Steele [20] define this

expression as a Data Reduction Equation (DRE).

r=r(Xy, X, ..., Xi) (2.10)

Where r is the ‘result’ and (X7, X, ..., Xi) are the relevant process variables. Keep in
mind that each process variable contains its own random and systematic errors that will
propagate through the calculated result and must be tracked. Therefore, all the errors
must be evaluated to determine the uncertainty of the result. The summation of these

errors leads to an estimate of the result’s standard uncertainty
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u, = /(% + BD) @.11)

where
I CANE: 2.12
87" —_ i=1 (6_Xl) SXL' ( * )
j or 2 2
B2 =2 (5) B, (2.13)

and (%) is the partial derivative of each variable in the DRE.

However, there is still an important component missing, a confidence interval. For
the aforementioned calculations to be truly useful there has to be some level of
confidence in what is being calculated or, rather, confidence that a measurements value
will fall within a defined interval. Once this confidence interval is determined and is
combined with the total error, a true measure of uncertainty can be attained. The

expanded uncertainty at 95% confidence, U¢se; using the LSA; then becomes,
Ugs% = Zur (214)

There are also the possibility of correlated (dependent) errors in both random and
systematic standard uncertainty calculations. Correlated random and systematic errors
physically manifest themselves in different ways. A correlated random error, for

example, could be realized when two transducers used to make an averaged measurement
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both encounter variances during a measurement process. In regards to these same
transducers, a correlated systematic error could result from the transducers being
calibrated using the same calibration process. Since correlated errors are dependent they
bring with them covariance factors which predict how the errors (a variable) vary in
relation to one another. If errors tend to vary in the same ‘direction’, this implies a
positive covariance. Conversely, when errors tend to vary in an opposite ‘direction’, this
implies a negative covariance. A positive covariance increases uncertainty whereas
negative covariance reduces uncertainty.

Equipped with this insight a complete picture of uncertainty can now be formulated.
Considering 20 constraints, i.e., 95% coverage, expanded uncertainty of a result can now

be defined as

Urosy = EF + B? (2.15)

where,

_ i (5r)? j-1qj sr\ [ér
Ef =Yio (E)i (ED? +2%2 Yhina (g)l. (g)k Cry EiEj (2.16)
using LSA,
E; = 2s, (2.17)

where Cg,, is the correlation coefficient for random errors and,
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B2 =3l (%)12 B2 +2¥iiy (%)l (%)k Cy,, BiBx (2.18)

where Cp,, is the correlation coefficient for systematic errors.

Examination of a notional, general case DRE will help the evaluator visualize the
functional form of an uncertainty analysis and how the errors propagate. Keeping the
number of process variables to two, for simplicity’s sake, and using Equation 2.10 as

inputs into Equation 2.15, at a 95% confidence level,

__ [ or 2 2 5T \? 2 or or
Uros0 = (a—x) EMF(@) Ex, +2(5—X1) (a—xz) Ceye

() 87, +(Z) B +2(2) () G (2.19)

The thrust values presented in this research were directly measured using a single
load cell, were not corrected with a pretest calibration curve, and were not derived from a
process equation. Therefore, the uncertainties for these thrust measurements lie within
the instrumentation equipment and the load cells used to acquire and analyze the thrust
data. As aresult, DRE development was not required for this effort. However, the DRE
discussion presented above is beneficial to the evaluator as it provides valuable insight
into how process variables influence one another and how this influence propagates

through a measured process.
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C. Rocket Thrust Measurement Uncertainty Literature Review

Measurement uncertainty estimates have become a requirement for many technical
publications and enhance the reliability, and even believability, of theoretical results and
empirical data per Meyn [22]. Typically, for rocket motor testing, there is an extreme
amount of effort put into a test’s setup, execution, and teardown. Unfortunately, the data
acquired from this process is often treated as an afterthought. When the time comes to
analyze the data it is tabularized, plotted, labeled, and handed to those who funded its
acquisition with no real concern about the “goodness” of the data. This is due, in part, to
dependence on calibrated equipment and transducers and well-established legacy policies
and procedures. In the past there was no requirement to calculate the goodness, or the
uncertainty, of the acquired data but rather the data had to simply fall within a plus and
minus error percentage of some expected range. Fortunately, this mindset is changing
and the importance of uncertainty analysis is becoming widely accepted at this test area.

Analogous to the critical nature of thrust data acquisition integrity, the uncertainty
estimates of this acquired data is of equal importance [23]. It seems reasonable,
considering the amount of effort and attention to detail required to accurately and
precisely measure thrust, that the same rigor be applied to determining the goodness of
the acquired data. There has been many papers and books written concerning uncertainty
and its calculation. This specific work discusses how uncertainty should be generally
applied to both theoretical endeavors, where a process DRE may be developed, and
empirical studies where data is directly acquired; but it does not specifically address the
unique case of thrust data acquisition from a static test stand [20] [21] [22] [23]. More

specific research using data obtained from the static testing of rocket motors, Chunfu’s et
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al. presentation of static thrust line measurements [24] and Temple’s et al. discussion of
data acquisition uncertainty [25], briefly mentions equipment uncertainties that should be
considered in relation to the specific research being performed but is still somewhat
vague on the topic. Dauch reported on the uncertainty of propellant burn rate
measurements which included an analysis of measurement equipment (e.g., a pressure
transducer and a caliper) and data acquisition system digitization delays [26]. Sims and
Sims and Coleman performed detailed uncertainty analyses of thrust measurements on a
large-scale liquid rocket motor static test stand. This analysis revealed that alignment and
load cell uncertainties were the major contributors to thrust measurement uncertainty [27]
[28]. Finally, Frederick and Greiner as well as Sims and Coleman presented advanced
uncertainty analyses of several rocket motor performance parameters including fuel
regression rates, oxidizer flux, characteristic velocity, and oxidizer-to-fuel mass ratio.
Although this research is well outside the scope of this thesis it is further proof of the
increased need and importance of uncertainty analysis estimates [29] [30].

The aforementioned research was used as the basis for determining how to best
measure the uncertainty of a mobile static test stand in regards to direct thrust
measurements. This thesis will build on the current knowledge base and identify the
major contributors to the uncertainty of direct thrust measurements while using mobile

static test stands.
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CHAPTER I1I

THRUST MEASUREMENT STUDY

The objective of this thrust measurement study was to challenge all previous
assumptions; investigate the validity of currently employed equipment, methods, and
procedures; and determine the areas where uncertainty affects the ‘goodness’ of acquired
thrust measurements. To accomplish this objective an active mobile static test stand with
motor appropriate fixtures and load cell was employed to investigate dynamic effects and
determine how alignment and calibration procedures influence the characteristics of a
thrust measurement. Similarly, the signal conditioning and data acquisition systems were

analyzed to determine their role in affecting thrust measurement acquisition.

A. Dynamic Effects

Historically, at this test area, the data acquired from rocket motor static firing tests
have been analyzed solely in the time domain with little or no emphasis placed on
frequency-based analysis. The frequency response of the fixtures and the resulting
mechanical pathways encountered during these tests were of little, if any concern.
Fixtures were generally regarded as no more than a captive component of the test and
not as an integral part of the data collection process. As a result, and to varying
degrees, many thrust curves generated contain a “ringing” component. Depending on
the frequency of this ringing, it could be attributed to electrical noise. Resolving this
type of ringing is relegated to investigating overall electrical / instrumentation cabling

maintenance, grounding techniques, power conditioning, and managing cable lengths
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/ configurations. However, at other frequencies where the values did not fit nicely
into a harmonic of electrical noise, mechanical resonances were identified as the
possible source. Without benefit of the high-end modeling and analysis tools that are
now readily available; the simple principle of compression, through the use of in-
house fabricated preload-rigs, was employed in an attempt to ‘tighten’ and tune-out
unwanted mechanical resonances. Currently, preload-rigs are still in use at this test
area.

A preload-rig for a tactical size rocket motor consists of a flat, straight metal bar
with two holes at each end and is bolted, through the holes / compression springs,

over the load cell sensing button to the L-block, see Figure 3.1.

Metal bar | . ‘ ‘ Adjustment
' 2 Nut

Load Cell : 7 y | Compression
> V.3 ' Spring

Figure 3.1 Preload-Rig for a Tactical Size Rocket Motor

Typically, for a small tactical motor configuration with known ringing issues, a 2,000
Ibf preload is applied to the load cell prior to firing. This is not a trivial task as the

preload is applied to each side of the rig, sequentially, by tightening the adjustment
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nut on the attachment bolt, just above the compression springs, a number of
revolutions on one side and then replicating this process on the other side. This back
and forth adjustment continues until the predetermined preload is achieved. This
procedure requires close attention-to-detail and coordination with the setup
technicians and the control room operators to ensure the preload is physically
balanced and evenly distributed across the load cell’s load button so no side loads are
induced. Depending on the experience level of the technicians and the operators, this
procedure can take 20-60 minutes per motor. For test days where multiple motors
must be fired, this added requirement noticeably affects test efficiency especially
since the preload must be verified prior to each firing. Additionally, this delay is of
particular concern for temperature conditioned motors that carry time sensitive
reconditioning requirements.

The success of the preload-rig is, admittedly, limited as its effectiveness varies
between different motor types and tends to even vary within subsequent testing of the
same type motor. The use of this rig nominally compresses, i.e., ‘tightens’, the
measurement train driving the overall system’s natural resonance frequency up but it
does not completely remove the ringing components in the band of interest (usually
between 500-1,000 Hz). While this procedure ‘reduces’ the ringing presented in the
thrust plots in the band of interest it, subsequently, reduces the overall usable range of
the load cell by the preload value. For small motor firings that midrange a particular
load cell, this fact may necessitate the use of a larger capacity load cell to ensure the
maximum range of the load cell’s measurement element is not exceeded. Higher

capacity load cells require larger and bulkier mounting equipment and are more
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difficult to handle. Although this becomes more of an issue during large rocket motor
testing, it can still cause setup issues and delays during small rocket motor testing.

As a consequence, a general analysis of overall system dynamics was initiated to
determine any measurable effects on the data collected and to devise a more practical
and scientific way to resolve the aforementioned dynamic response concerns. To this
end, an empty, inert, and dynamically accurate tactical size rocket motor was staged
in a ready-to-test configuration on a portable L-block, shown in Figure 3.2. This
configuration was instrumented with modal accelerometers, in several key locations,
and a modal impact hammer was used to impart a known forcing function at several
areas of interest, see Figure 3.3.

Analysis of the resulting modal data is presented in Figure 3.4. It can be seen that
there is no appreciable dynamic influence from the ring / roller bearing captive
component of this test setup at the motor or load cell/ thrust adapter locations. This
seems to suggest that resonances due to the captive fixturing are well outside the band
of interest for the test setup employed at this test area. Further, it is hypothesized that
the existence of any higher frequency components from the captive fixturing, if they
exist, will largely be attenuated due to decoupling effects at the roller bearing
interfaces. The data acquired on the fwd end of the motor, at the thrust adapter /
motor interface, indicates the motor itself is slightly influenced by the resonate
response of the load cell / thrust adapter arrangement. For the datasets that captured
this resonance, their values are at least an order of magnitude below what is seen at
the thrust adapter. This too is most likely attributed to decoupling effects at the thrust

adapter / motor interface.
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Figure 3.2 Static Firing Configuration for an Inert, Tactical Size Rocket Motor
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Figure 3.3 Modal Accelerometer Placement and Example Impact Locations
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Figure 3.4 Modal Analysis Results of the Tactical Size Rocket Motor Setup
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Further investigation into the modal data revealed that, by far, the main and
dominate driver for ringing in the thrust data collected during mobile L-block static
firings was due to the frequency response of the load cell. The natural resonant
frequency, f», of a load cell can be expressed as an undamped, one-dimensional,
second order lumped model based on a spring-mass system using Hooke’s Law and

simple harmonic motion

1 k

f=lL |k (3.1)

T 2mm

The Spring Constant, &, according to Hooke’s Law, is defined as

k = Fspring (32)

dspring

where, Fg)ying 18 the load applied to the spring and dyin4 is the deflection of the

spring. The amount of mass attached to the spring, m, is defined as

m=" (3.3)

where, w is the weight and g is the gravitational constant. For a canister type load

cell, assuming the load cell is a rigid body, Equation 3.1 becomes

f=Yo | K (3.4)

T om Wetw;
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where, w, is the mass of the load cell’s moving measuring element and w; is the mass
of the attached load. Further, since the mass of the attached load deceases as the

motor’s propellant burns Equation 3.4 becomes

f=¥ | — (3.5)

where, wy, is the mass of the propellant. Per Equation 3.5, the load cell’s resonant
frequency is time variant. As a result, to determine the optimal load cell frequency
response range, the maximum resonant frequency point (empty motor) and the
minimum resonant frequency point (full motor) for an approximated tactical size

rocket motor were calculated and are presented in Table 3.1.

Table 3.1 Calculated Load Cell Resonance Frequencies for an Approximated Tactical

Size Motor Static Fire Test

k w W w Approximate
e l P
Load State (Ibs/in) (Ibs) (Ibs) (Ibs) Frequency
(Hz)
gf;ﬁ\iowr) 7.0x 10° 1.5 36.5 20.0 344
Post-fire 5
(Empty Motor) 7.0x 10 1.5 36.5 0.0 425

The post-fire frequency approximation in Table 3.1 closely correlates to the dominate
frequency revealed in the modal data, see Figure 3.4, and further validates the load cell’s

dominate effect on acquired thrust data.
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To further illustrate this phenomenon, a generic small rocket motor thrust curve is

presented in Figure 3.5 prior to any digital filtering or manipulation.
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Figure 3.5 Characteristic Ringing in a Generic Thrust Plot

Readily apparent from Figure 3.5, the ringing component dominates the thrust curve’s
landscape and distorts any potential features of interest. Although the ringing is not a

pure sinusoid, its frequency can be roughly estimated by inverting the time differential,

At, between subsequent peaks using

|-

(3.6)

Plot analysis tools, available in the employed data acquisition system, were used to

determine the time differential between two, randomly selected subsequent peaks at the

static fire’s initial rise and final tail-off, see Table 3.2.
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Table 3.2 Estimated Load Cell Ringing Frequency from an Actual Tactical Sized Motor

Static Fire Test

Thrust Plot 'ffPeak . Peak Approximate Damping

Analysis Location Differentia Frequency | Frequency Ratio, ¢
(s) (Hz) (Hz) ’
Initial Rise 0.00323 309.6 344 0.32
(Full Motor) ' ' )
Final Tail-Off
(Empty Motor) 0.00242 413.2 425 0.17
The damping ratio, {, is defined as
{ = [1- fpeak (37)

fapprox

where fpear 1s the peak frequency estimated from actual thrust data using Equation 3.6 and
Japprox 1s the frequency calculated from Equation 3.5. The small { for the empty motor
condition is an indication of a lightly damped system, is the response expected from an
axial thrust measurement made with a load cell, and adds further validity to the peak and
approximated frequency’s physically agreement. A comparison of the data in Figure 3.4,
Table 3.1, and Table 3.2 reveal a relatively close correlation between the modal,
approximated, and actual load cell (albeit estimated) resonance frequencies for tactical
size rocket motors fired at this test area.

In an attempt to further optimize design and mitigate dynamic effects of the load cell /
thrust adapter arrangement, two theoretical thrust adapters as well as the legacy thrust

adapter were modeled and contrasted in ANSYS using two, fully defined active bodies
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(load cell and thrust adapter). The load cell was assumed to be a single-part, rigid body
but the overall model’s geometry stiffness was considered flexible. Table 3.3 lists the
frequency of the first four modes. Figure 3.6 through 3.8 depict dominate mode 3 of each
thrust adapter and illustrates that the maximum response for this mode is located at the

adapter face, i.e., at the thrust adapter / motor interface.

Table 3.3 Thrust Adapter Weight and Frequency for the First Four Mode Shapes

Thrust Adapter 1 Thrust Adapter 2 Legacy Adapter
Mode
Hz lbs Hz lbs Hz lbs
1 305.25 322.95 289.73
2 309.32 324.06 291.79
3 481.23 3.9828 473.41 3.7662 422.06 15.286
4 1082.30 994.16 1158.80

It can be seen that reducing the thrust adapter mass by approximately 75% did not
appreciably increase the frequency content of Mode 3, the dominate load cell natural
frequency seen in the thrust data. This fact further validates the overall governing effect
of load cell dynamics on thrust measurement in this configuration. Based on this analysis

the effort to redesign and manufacture a new thrust adapter was abandoned.
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Figure 3.6 Theoretical Thrust Adapter 1, Dominate Mode 3
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Figure 3.7 Theoretical Thrust Adapter 2, Dominate Mode 3
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Figure 3.8 Legacy Thrust Adapter, Dominate Mode 3

Although acquired thrust data can be post-processed and ‘cleaned-up’ to remove the
ringing (e.g., through averaging or filtering); these techniques either smear, distort, or
eliminate data altogether. Regardless of the technique employed, the original dataset is
modified or portions removed to dispense with undesirable or troublesome
characteristics. These modifications may mask or altogether eradicate real world
phenomena that occur during a live fire event. None of these options are ideal and are
very problematic to both the evaluators who generate this data and the customers that
ultimately consume said data.

To resolve this dynamic response issue, a cooperative research project was initiated

with industry to design and construct a load cell with dynamic characteristics more
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conducive to static testing of tactical size rocket motors at this test area. Taking into
account the preload-rig concept and the aforementioned load cell resonance calculations,
it was determined that the simplest and most direct way to increase a load cell’s natural
frequency is to increase its spring constant, i.e., stiffness. Although there is a finite
amount a spring constant can be increased, due to load cell material and mechanical
properties, the increase required for this application was deemed achievable. After
consulting with an OEM concerning physical and electrical constraints, a new load cell
was designed and constructed. The legacy and new load cell design, hereto referred to as

the “new design”, are shown in Figure 3.9.

Figure 3.9 Load Cell Comparison

The legacy and new design’s pertinent physical parameters are presented in Table 3.4.
To determine the effectiveness of this new design a series of test firings, on the same type

of tactical rocket motor previously discussed, was initiated without the use of a preload
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rig. Figure 3.10 and Figure 3.11 are a representation of the raw thrust data acquired from

similar motor type firings using a legacy load cell and the new load cell design,

respectively.
Table 3.4 Comparison of Load Cell Design Parameters
Parameter Legacy [31] | New Design [32]
Maximum Deflection 0.007 in 0.0008 in
Maximum Load 5,000 /bs 10,000 /bs

Spring Constant

5 . 6 .
(calculated) 7 x 10° [bs/in | 12.5x 10° lbs/in

Measurement Element Weight 1.5 lbs 1.23 lbs

Resonant Frequency

(no load, calculated) 2,160 Hz 10,000 Hz
Resonant Frequency
(empty motor case, calculated) 425 Hz 1761 Hz
Resonant Frequency
(full motor case, calculated) 344 Hz 1435 Hz
F
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Figure 3.10 Raw Thrust Data Acquired from a Legacy Load Cell
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Figure 3.11 Raw Thrust Data Acquired from the New Design

Through examination of Figure 3.10 and Figure 3.11 it is readily apparent that there is
much less distortion of the thrust curve when using the new design. Additionally, the
ability to identify real-world thrust curve phenomena is enhanced due to a much higher
fidelity curve and realistic landscape, see Figure 3.12. These enhancements will not only
increase test efficiency, since preloading will no longer be required, but they will
significantly increase the accuracy and consistency of calculating required ballistic

parameters while helping to facilitate continued automation efforts for these calculations
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Figure 3.12 Thrust Curve Detail Comparison, Legacy Load Cell versus the New Design
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B. Motor Alignment

The test stand employed for this empirical study is a mobile L-block. While the very
nature of this stand allows for the greatest flexibility in regards to where and when a test
can be executed, its down side is the potential lack of consistent alignment. As
mentioned in Chapter I, the motor alignment in relation to this test stand is subjective.
Centering and leveling are referenced to the spatial characteristics of the L-block each
time it is moved and relocated. This fact renders the use of a separate centering and
leveling system impractical due to additive losses in time and funding. It is much more
prudent to continue utilizing the current procedures if proven to be sufficient and not
appreciably adding to the overall uncertainty of the test results.

Prior to installing the static fire test hardware and determining the sufficiency of this
test area’s centering and leveling procedures, the measurement uncertainty due to
operator biases of the Twin Beam Dial Gauge (TBDG) used to measure centering and
leveling values was determined. The L-block was moved under cover, placed on a
reasonable flat and level surface, and a generic height measurement was iterated ten times
after a baseline measurement was acquired, see Figure 3.13. These measurements were
acquired at ten-minute intervals and were alternated between two experienced operators.
Since the L-block mounting surfaces and TBDG are both of steel construction, their
coefficients of thermal expansion are assumed to be essentially equal negating any
potential measurement effects due to thermal fluctuations. In light of the methodology
employed by this test area’s centering and leveling process, it is assumed that variations
in pitch and yaw of the motor, relative to the axial axis of the motor, will be similar in

magnitude. As a result, only relative pitch measurements were obtained.
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TBDG

Figure 3.13 Setup to Determine the TBDG Measurement Uncertainty

Based upon the aforementioned parameters and assumptions, TBDG uncertainty is
composed of three main error sources: gauge measurement resolution, operator
perspective, and variations due to repetitive gauge measurements. Since it is not known
which side of the true value these errors will fall and since the relative size of these errors
is difficult to estimate, some assumptions will need to be applied to the calculations. The
TBDG is an analog instrument and literature [20] suggests that for an analog reading
(e.g., graduated scales, tick marks) the assumed measurement uncertainty should be half
of the least scale division or 5.0 x 10 in for this gauge [33]. It is safe to assume this type
of error follows a relatively uniform model since the reading will fall within the scaled
divisions. The uncertainty of an analog reading error, uare, can be estimated with the

following [34]
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Miim
Ugre = % (3.3)

where /3 is an artifact of the uniformly distributed error model.

Operator perspective errors present themselves in several ways and are not easily
quantified or mathematically modeled. Examples of this type of error are inconsistent
gauge placement, viewing angle (in regards to reading scales or dials), subjectivity, and
fatigue. Based on application of past experiences and assuming a normal distribution, the

uncertainty of evaluator error, uee, can be estimated with the following [34]

Miim
Uge = ﬁ (39)

where M,;,,, is the measurement limits, ¢~ is the Inverse CDF (ICDF), and C;, is the
desired confidence level. M;;,,, may be set at half the resolution of the least scale division
of the gauge or 5.0 x 10™* in for this TBDG. However, experience with this TBDG has
shown that increments of 2.5 x 10 in can be consistently attained by experienced
operators. Lastly, it should be noted that ¢~ cannot be calculated directly. Nonetheless,
values for ¢~ can be found in statistics books, programs, or through internet-based
calculators.

The average uncertainty introduced through repetitive TBDG measurements, Uzg, 1S
determined by Equation 2.8 and 2.9. Using Equation 2.11, the resultant measurement

uncertainty, Urmeas, of the TBDG can now be calculated,
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1
Urmeas = ([uare]z + [uee]2 + [um]Z)z (3.10)
With the uncertainty of the TBDG measurements calculated, the DOF must be estimated

in order to properly apply a confidence interval. The estimated number of DOF, or Ves,

can be determined using the Welch-Satterthwaite equation [20]

(3.11)

Table 3.5 is a summary of the TBDG measurement uncertainty calculation results.

Table 3.5 TBDG Measurement Uncertainty Calculation Results

uare

(in)

uee

(in)

urme

(in)

ur,meas

(in)

Vest

(DOF)

2.89 x 10

1.28 x 10

6.72 x 107

1.31 x 103

1.3x10°

Since vestis well above the LSA, the ¢-distribution coverage factor for 95% confidence

will be assumed to be two. In light of the aforementioned results, the 95% confidence

level for the TBDG height measurement can now be expressed using

Meas * tgse U,

Therefore, the confidence interval for the TBDG height measurement is

9.00213 in + 0.00262 in
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This result indicates a high level of reliability and accuracy can be garnered from using
the aforementioned TBDG and, subsequently, provides confidence in the validity of the
relative alignment measurements outlined and acquired below.

At the conclusion of the TBDG uncertainty procedure, the load cell and thrust adapter
were installed and leveled in reference to the horizontal surface of the L-block. The ring
bearings were then mounted onto the L-block and a mock motor was installed and macro
centering and leveling were initiated. The mock motor was removed, a wait time of ten
minutes was observed, and the mock motor was reinstalled. At this point fine centering
and leveling procedures were initiated. Upon completion, baseline pitch measurements
of the fwd and aft ends of the mock motor were obtained using the TBDG, see Figure
3.14. The mock motor was again removed, a ten-minute pause was observed, the mock
motor was the reinstalled, fine centering and leveling procedures were initiated, and pitch
measurements were reacquired. This procedure was iterated ten times and was alternated
between two experienced operators. This iteration scenario best replicates a reasonably
average test day for ambient, tactical size rocket motor static fire testing at this test area.
The relative mock motor measurement results are presented in Table 3.6 and illustrates a
high level of consistency and effectiveness from this field procedure for the alignment of
small rocket motors as evidenced by the near-zero residual estimated angle. However, by
themselves, consistency and effectiveness do not tell the entire story. The final piece is
the quality of this alignment linking the rocket motor and the load cell. Measurement

path hysteresis, the difference between the readings, or path, of a load as it
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Aft End

Figure 3.14 TBDG Mock Motor Measurement Setup

Table 3.6 Relative Mock Motor Height Measurements

Motor Pitch
(14 inches between Fwd and Aft Measurement Locations)
Sample Fwd FW(.j Aft Aft. Fwd-Aft | Estimated Estimated
(in) Base.hne (in) Base.hne A (in) Slope Angle
A (in) A (in) °
Baseline | 9.6025 9.6 0.0025 | 1.79E-04 | 1.02E-02
1 9.6025 0.0 9.605 0.005 0.0025 | 1.79E-04 | 1.02E-02
2 9.6 0.0025 19.6075 ] 0.0075 | 0.0075 | 5.36E-04 | 3.07E-02
3 9.6025 0.0 9.605 0.005 0.0025 | 1.79E-04 | 1.02E-02
4 9.59751 0.005 9.6 0.0 0.0025 | 1.79E-04 | 1.02E-02
5 9.6 0.0025 ]9.6025 ] 0.0025 | 0.0025 | 1.79E-04 | 1.02E-02
6 9.6025 0.0 9.6075 | 0.0075 0.005 3.57E-04 | 2.05E-02
7 9.6025 0.0 9.6075 |1 0.0075 0.005 3.57E-04 | 2.05E-02
8 9.605 | 0.0025 |9.6075 ]| 0.0075 | 0.0025 | 1.79E-04 | 1.02E-02
9 9.6025 0.0 9.5975 1 0.0025 0.005 3.57E-04 | 2.05E-02
10 9.6025 0.0 9.6025 | 0.0025 0.0 0.00E+00 | 0.00E+00
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is being increased versus being decreased, is a good indication of alignment quality for
this type of test item. As a result, a hysteresis plot was generated using the
aforementioned field alignment procedures and a hydraulic ram. The setup was once
again replicated but, due to the rarity and cost of the mock motor, the mock motor was
replaced with a hydraulic ram and a preload-rig was added as a passive safety attachment
device between the ram / mock thrust adapter and the load cell, see Figure 3.15. The
mock thrust adapter was custom manufactured for use with the ram and was designed to
match the mating tolerances between an actual thrust adapter and a rocket motor. This
allowed the ram to be centered and leveled using the same aforementioned procedures.
Once positioned the opposite end of the ram was flush mounted to a prepositioned,
10,000 /b, steel faced reaction mass using spacers and shims. A 3,000 /bfload was then
applied to the load cell and subsequently released. Figure 3.16 is a hysteresis plot
generated after the load was applied and released from the load cell.

Although this test area does not use hydraulic loads to make pretest alignment
changes or generate calibration correction factors, Figure 3.16 demonstrates that the
difference in input path and output path was only about 0.22%. Consequently, the
employed motor alignment procedure, at least for small, tactical size rocket motors, is
quite good and does not require any major modifications at this time. This somewhat
surprising result is due, in large part, to many decades of operator experience and many
years of trial-and-error. It remains to be seen if this procedural talent can be passed on to

the next generation’s workforce.
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Figure 3.15 Load Cell Loading Setup
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Figure 3.16 Measurement Path Hysteresis

52




C. Signal Condition System (SCS)

The SCS employed for testing and experimentation at this test area is used to filter
and amplify transducer signals mounted to and / or near an item under test. When these
signals are filtered and amplified, errors are introduced due to ambient electrical noise
and the SCS’s internal circuitry that must be defined and quantified. The SCS OEM uses
their own internal, Factory Acceptance Testing (FAT) using National Institute of
Standards and Technology (NIST) traceable calibration equipment to calculate the overall
uncertainty of their measurement equipment, see Appendix A for further details. The
goal of the OEM’s FAT is to assure a Test Uncertainty Ratio (TUR) of 4:1 for all critical
measurements and provide the evaluator with confidence in using the published SCS
specifications. It should be noted that most quality calibration laboratories hold a 4:1
TUR as their target control point since it maintains the delicate balance between
predicting the probability band of in tolerance measurements and cost realism. Although
higher TURs are possible, there is a significant cost increase for generally only a modest
widening of the probability band for a given measurement. As a result, the OEM’s
published specifications will be used to calculate the total SCS uncertainty for strain
gauge based load cell thrust measurements acquired at this test area. A simplified
channel block diagram is presented in Figure 3.17 which illustrates the measured signal’s

path through the SCS’s bridge type conditioner [35].
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Figure 3.17 Simplified Bridge Type Conditioner Channel Block Diagram [35]

After consulting with the OEM [36], Table 3.7 lists the bridge conditioning parameters
that contribute to bridge type measurement uncertainty.

The 95% confidence ¢-distribution coverage factor, c9s9, for the normal distributions
(random errors encountered when using the SCS) is 2, however, for the rectangular
distributions (systematic errors encountered when using the SCS) the cos4 is V3 [34].

Manipulating Equation 2.14, the standard uncertainty is

= o5 (3.14)

Co5%

The SCS equipment at this test area is housed in temperature controlled terminal
rooms. As a result, the temperature is maintained at approximately 25°C. This negates
all parameters dependent upon temperature drift in Table 3.7 since 25°C is the OEM’s

basis temperature for parameter evaluation. However, to assess the worst-case scenario
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Table 3.7 Bridge Conditioner Uncertainty Parameters [35]

Parameter (P) Value ! Unit Distribution
1. Excitation Accuracy * 0.1 % Normal
2. Excitation Accuracy * +5 mV Normal
3. Excitation Temperature Drift * +0.0025 %/°C Rectangular
4. Excitation Temperature Drift ® +50 uv/rec Rectangular
5. Auto Bridge Stability (of setting) +0.0025 %/°C Normal
6. Auto Bridge Drift +1 uv/rec Rectangular
7. Gain Error (of setting, maximum) +0.2 % Normal
8. Gain Temperature Coefficient +0.005 %/°C Normal
9. DC Linearity (of Full Scale [FS]) +0.01 % FS Normal
10. Noise Referred-to-Input (RTI) * 6 uV RMS Normal
11. Offset Drift RTI 3.5 uv/ec Rectangular
12. Noise Referred-to-Output (RTO) ¢ 100 uV RMS Normal
13. Offset Drift RTO 150 uv/ec Rectangular
14. Crosstalk -80 dB Normal
! OEM published values, see [35].
2 Per OEM the excitation accuracy values must be summed.
3 Per OEM the excitation temperature drift values must be summed.
* Per OEM a Crest Factor of 7 should be applied due to product qualification data.

due to a temperature control failure in the terminal room, a separate evaluation will be
conducted at the SCS’s maximum operating temperature of 40°C. In light of these facts,
the SCS standard uncertainty at 25°C for bridge conditioning is calculated as follows,

(from Table 3.7)

s o = J(2) (52 () (52 () + () + () (3.15)

and at 40°C:
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Uy sor ¢ = J(m)z (22 (L) o () () () o (2
’ tm tm tm tm tm tm
()
tm

+ () () () o () () + () (16)

tm tm

It should be noted that these uncertainty calculations are based on a maximum SCS input
voltage of 10V that parameters 1, 2, 3,4, 7, 8,9, 12, 13, and 14 are functions of the
specific SCS channel gain; and the specific channel gain is calculated using the OEM’s

SCS internal channel gain calculator using [37]

FSout

Gain =
(FSin)(Sensorsens)

(3.17)

where FS,,; s the excitation voltage, FS;, is the range of the load cell, and Sensore, is
the sensitivity coefficient of the employed load cell. Additionally, parameters 2, 4, and 5
are functions of the SCS input voltage. The results of the SCS uncertainty analysis for

typical tactical size rocket motor firing data is presented in Table 3.8

Table 3.8 SCS Uncertainty Analysis

Uncertainty Type ! 25°C 40°C
Standard, u- 436x10° 1V 590x 10° ¥V
Expanded, 95%, Ur 8.73x 10>V 1.18x 104V
% at FS Voltage 2 0.26% 0.35%

! Based on a channel gain of approximately 300.
2 Based on a maximum input voltage of 10V.
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D. Data Acquisition System (DAS)

The DAS employed for testing and experimentation at this test area is utilized only as

a recording device, i.e., no internal attenuation or gain is applied, filtering is bypassed,

and no unit conversion calculations are performed, see Figure 3.18.

Analog Input

Pre-Filter
Gain =1

Op-Amp

Computer to
View/Store Data

Analog-to-Digital

Converter (ADC)

)
Low Pass
— .
Off Filter

Filter Bypass

Post-Filter

Gain=1

Op-Amp

Figure 3.18 Simplified Schematic of Signal Path through the DAS

As a result, the 95% confidence voltage measurement expanded uncertainty is taken to be

one-half the quotient of the maximum voltage range to the bit resolution of the ADC [20]

Vmax

1
UADC,95% - E( on
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where, V;,,, 1s the calibrated maximum voltage range and 7 is the number of ADC bits.
The full scale maximum voltage calibration range for these experiments was 10}/ on a 16-
bit DAS.

The DAS equipment at this test area is housed in temperature controlled control
room. As a result, the temperature is maintained at approximately 25°C. Due to the
other supporting electronics housed in this area, a loss of temperature control in the
control room would suspend testing. This fact negates the need to consider any DAS
uncertainty parameters dependent upon temperature drift. The DAS uncertainty analysis

results are presented in Table 3.9.

Table 3.9 DAS Uncertainty Analysis

Uncertainty Type 25°C
Standard, u- 3.8x10° 7V
Expanded, 95%, U, 7.63x10° 1V
% at FS Voltage ! 0.00076%

' Based on an input voltage of 10V

E. Load Cell Calibration

Calibration, or the compensation required for a measured value to equal a known
value, defines the accuracy of a measurement device and establishes traceability.
Calibration of load cells used for thrust measurements at this test area is typically
performed at a local, independent 4:1 TUR calibration laboratory. This laboratory uses
primary, NIST traceable deadweight force calibration machines which have been site

compensated for local gravity and air buoyancy using [38]
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Force = —24 (1—5) (3.19)

9.80665 D

where m is the mass of the weight, g is the local gravity (determined by site’s local
longitude, latitude, and elevation [39]), d is the local air density, and D is the density of
the weight. These machines employ loading masses that are accurate to within two parts
per million (PPM) or 0.00005% per pound, see Figure 3.19. For perspective, 0.00005%
per pound is approximately the weight of a single, two-inch strand of average human hair

[40].

)
-
B
\ /

=i

Front Rear

Figure 3.19 5,000 /bf, Primary Deadweight Force Calibration Machine

Following well established calibration guidance [41] the calibration laboratory
exposes a load cell to three, 100% full scale load cycles at 0°, 120°, and 240° positions.

From this procedure a host of calibration information is determined including, but not
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limited to; ascending and descending polynomial coefficients, sensitivities, linearity,
repeatability, and overall uncertainty. Table 3.10 presents the calibration laboratory

results of overall uncertainty for the legacy load cell and the new design.

Table 3.10 Load Cell Calibration Uncertainty

Load Cell Overall Uncertainty, 95%
(%/FS)
Legacy 0.0029
New Design 0.0015

F. Overall Thrust Measurement Uncertainty
At this point the overall thrust measurement expanded uncertainty at 25°C for tactical

size rocket motors static fired at this test area can be calculated using:

%Uoperaiosw = (%UZ;) + (%UZs) + (%UZ,5) (3.20)

The expanded uncertainty for a generic tactical rocket motor able to generate 5,000 Ibf of

thrust at this test area is presented in Table 3.11.

Table 3.11 Overall Thrust Measurement Uncertainty

Overall Uncertainty, FS FS Thrust, 95% Confidence
Load Cell 95% Thrust Interval
(% F'S) (Ibf) (Ibf) £ (Ibf)
Legacy 0.26 5,000 5,000 + 13
New Design 0.26 5,000 5,000 + 13

60



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

This work examined several sources of uncertainty for thrust measurements in a
tactical-sized rocket static test stand. The sources examined included thrust oscillations
from structural resonances, motor alignment, calibration procedures, and data acquisition.
The results are based on experimental calibrations, alignment studies, and data from
motor firings. The main design change examined was the design of a new load cell to
address structural dynamics and measurement sensitivity to meet the uncertainty
requirements.

The uncertainty analysis revealed that a 5,000 /bf thrust measurement can be made to
within £0.26% of full scale with 95% confidence. The static test stand / motor structural
resonance was identified as being the dominant driver influencing the quality of acquired
thrust plots. It was shown that increasing the spring constant, or the stiffness, of the load
cell shifted the resonance frequency from 422.06 Hz to approximately 1,761 Hz. This
reduced the structural oscillations in the thrust measurement during motor firings,
resulting from load cell resonance, to acceptable levels. With a new load cell in the
measurement system, it was determined that the main source of thrust measurement
uncertainty was due to errors introduced by the signal conditioning process, e.g., gain
errors, departures from linearity, crosstalk, and electrical noise; calibration standards and
digital storage uncertainties were deemed negligible in comparison. However, even the
uncertainty of the signal conditioning, 0.26% of full scale at a 95% confidence, well

exceeds this test area’s target goal of one percent error for acquired thrust data.
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Load cell stiffness and its effect on frequency response should not be understated and
is a very important test design consideration in regards to the acquisition of clean and
accurate thrust plots. A properly selected / designed load cell will virtually eliminate
most requirements to digitally manipulate or post-process thrust data, e.g., filtering or
data averaging, and prevent the unintentional suppression of any real-world physical
phenomena. Also, correct load cell selection will alleviate the need to employ resonance
suppressing hardware such as pre-load rigs or other dampening materials that negatively

affect overall test event effectiveness and schedule.

The following is a list of recommendations generated by this research
- If possible, become familiar with the calibration laboratory and its procedures and
processes. This will not only give the evaluator greater insight into what drives the
calibration process but it will also build confidence and understanding the limits of the
reported calibration data. Not to mention that building a good rapport with the laboratory
personnel can pay dividends during those times when short suspense and speed are
required.
- The largest measurement uncertainties at this test area originate from the signal
conditioning equipment. It is imperative that the evaluator have a firm grasp on the end-
to-end performance specifications of the employed signal conditioning equipment and
understand the ramifications of the equipment’s inherent errors.
- Thoroughly evaluate all alignment procedures and methods. This is especially

important for test areas that may correct thrust data using pretest calibration curves.
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- Properly select load cells based not only on maximum required loads but on its
natural resonance frequency. Ensure the load cell’s natural frequency, which is a
function of the weight of the attached load, is above the frequency band of interest. This

is a very important consideration for the generation of clean, true thrust data.

The following is a list of future endeavors related to this research.
- Replacing internal amplifier in the new design with an external amplifier to help
reduce electrical noise propagation over long instrumentation line requirements.
- Explore addition of a torque measuring component in the new design enabling the
evaluator to measure motor roll during static firings. This will also necessitate the use of
spherical bearings in lieu of cylindrical bearing at the motor surface.
- Expand and apply this analysis methodology to large rocket motor testing at this test
area.
- Investigate the automation of rocket motor centering and leveling, especially for large
motors.
- Investigate the use of very low natural resonance frequency load cells, versus high
natural frequency, that corresponds to the rise time of initial thrust. A load cell with a
lower natural frequency may actually be a better choice since the primary interest is static
in nature. There may be some low frequency ringing but most probably at a much lower

level.
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Appendix A

SCS Factory Acceptance Testing (FAT)
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SCS FAT Methodology

Instead of attempting to determine each internal error source of the SCS chassis
electronics, a composite internal error based on a comparison of voltage in, Vis, versus
voltage out, Vou, is utilized by the OEM. The composite internal error is determined
using a calibrated Function / Waveform Generator (FWG) as the input signal to the SCS
and a calibrated Digital Volt Meter (DVM) to measure the SCS output voltage. This
output voltage is populated with all the internal errors imparted as a signal moves through
the SCS. Consequently, all that is required to determine the overall SCS measurement
uncertainty is the measurement uncertainty of the FWG and the DVM. Further, any
FWG amplitude errors will also be captured in the Vi» and Vour comparison. As a result,
amplification, i.e., gain, measurement errors are used to define the overall composite
internal error and uncertainty.

Gain errors, Gerr, introduced by a non-inverting Operational Amplifier (Op-Amp), of

the type used in the aforementioned SCS, are dependent upon the test frequency,

[ AoL_DC ]
1+B*ApL DC

[1 I fz:‘r , ]
5 (1+B=Apy, pc)”

Gerr (f) = (A.1)

where Ay, pc 1s the Open-Loop (OL) gain at Direct Current (DC), f'is the test frequency,

fo 1s the dominant pole of the Op-Amp, and

B =1 (A2)
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where Vp is the feedback voltage. Since gain errors are related to the test frequency and
the Op-Amp’s dominant filter pole, the relative filter error is determined by performing a
gain error test with the filter on and with the filter bypassed. Differences in these gain
error tests are then used to calculate the measurement variation due to the filter and,
consequently, used to develop the overall SCS measurement uncertainty.

The gain error test, graphically illustrated in Figure A.1, can be performed in three

steps:

Pre-Filter
Gain

FWG Input

Op-Amp

Filter Bypass
DVM ~ Post-Filter ~
Measurement | Gain )
Op-Amp

Figure A.1 Gain Error Test Method to Determine Overall SCS Uncertainty

e Step 1 - With the filter bypass on, apply a signal of know frequency and amplitude to

the SCS input and record output,
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e Step 2 - Without changing any other setting, turn the filter bypass off and apply the

same signal (exact frequency and amplitude as in step one) to the SCS input and

record output,

e Step 3 - Using the DVM’s accuracy specifications calculate the uncertainty

introduced by Step 1 and Step 2. Finally, these results are summed and used to

calculate the overall SCS measurement uncertainty.

Per the OEM [36], there are two components that contribute to the DVM’s error;

noise and short term drift. When performing Alternating Current (AC) measurements,

these errors are collectively termed Voltage Transfer Accuracy (for DC measurements

the collective term is Transfer Accuracy). The OEM’s DVM AC and DC characteristics

are presented in Figure A.2 and A.3, respectively [42].

Accuracy Specifications ( % of reading + % of range )

Function Range Frequency Range 24 Hour 90 Day 1 Year Temperature
TCAL +1°C TCAL +5h°C TCAL +5°C Coefficient
0°Cto(TpaL—5°C)

(TeaL +5°C) 0 55°C
True RMS AC 100.0000 mV 3 Hz-5Hz 0.50 +0.02 0.50 +0.03 0.50 +0.03 0.010 + 0.003
Voltage to 5Hz-10Hz 0.10+0.02 0.10+0.03 0.10 +0.03 0.008 + 0.003
750.000V 10 Hz - 20 kHz 0.02 +0.02 0.05+0.03 0.06 +0.03 0.005 + 0.003
20 kHz — 50 kHz 0.05+10.04 0.09+0.05 0.10 +0.05 0.010 + 0.005
50 kHz—100 kHz  0.20 +0.08 0.30+0.08 0.40 +0.08 0.020 + 0.008
100 kHz — 300 kHz  1.00 + 0.50 1.20+ 050 1.20 +0.50 0.120 + 0.020

Voltage Transfer Accuracy ( typical )

Frequency Error
10 Hz to 300 kHz (24 hour % of range + % of reading) /5
Conditions: - Sinewave input only using slow filter.

- Within 10 minutes and 0.5 °C.

- Within £10% of initial voltage and +1% of initial frequency.

- Following a 2-hour warm-up.

- Fixed range hetween 10% and 100% of full scale (and <120 V).
- Measurements are made using accepted metrology practices

Figure A.2 OEM Published DVM AC Characteristics [42]
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Accuracy Specifications ( % of reading + % of range )

Function Range Test Current or 24 Hour 0o Day 1 Year Tfemperature
Burden Voltage Tear£1°C TeaL £ 5°C Teca, £5°C  [Coefficient
0°Cto (TgaL—5°C)
(TeaL +5°C) o 55 °C
DC 100.0000 mV 0.0030+0.0030 {0.0040+0.0035 |0.0050+0.0035 |0.0005+0.0005
1.000000V 0.0020+0.0006 |0.0030+0.0007 |0.0035+0.0007 |0.0005+0.0001
10.00000V 0.0015+0.0004 |0.0020+0.0005 |0.0030+0.0005 |0.0005+0.0001
100.0000V 0.0020+0.0006 |0.0035+0.0006 |0.0040+0.0006 |0.0005+0.0001
1000.000V 0.0020+0.0006 |0.0035+0.0006 |0.0040+0.0006 |0.0005+0.0001

Transfer Accuracy (Typical)
All DC volts, <0.12 A DC Current, < 1.2 MQ2: (24 hour % of range error) / 2)
All other DC current and resistance: (24 hour % of range error + % of reading)/2
Conditions: - Within 10 minutes and £0.5 °C
- Within £10% of initial value.
- Following a 2-hour warm—up.
- Fixed range.
- Using >= 10 NPLC.
- Measurements are made using accepted metrology practices.

Figure A.3 OEM Published DVM DC Characteristics [42]

Since the DVM is NIST traceable and calibrated on a yearly basis, worst-case errors are
expected to manifest at or near the calibration anniversary date. With this in mind, use of
the “1 Year” accuracy specification logically represents the most extreme errors at any
given time within the DVM’s calibration cycle.

Pertinent FAT results are included within each signal conditioner’s specification sheet
along with its specific characteristics. These values can then be used to calculate the
signal conditioner’s measurement uncertainty and provide a level of confidence to the

evaluator in regards to the viability and reliability of the calculated SCS measurement

uncertainty.
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Appendix B

Example Calculations
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Load Cell Resonance Calculation

Element Full Load Expended Max Max

Weight Weight Weight Load Deflection
(Ibs) (Ibs) (Ibs) (Ibf) (in)
1.23 57 37 10000 0.0008

Prefire Postfire
me ml ml k

g
(Ibs) (Ibs) (Ibs) (Ibf/in) = (in/s"2) Tt
1.23 58.23 38.23 1.25E+07 386 3.141593
Unloaded Resonant Frequency =  9968.19 Hz
Prefire Resonant Frequency = 1448.76 Hz
Postfire Resonant Frequency = 1788.00 Hz
Peak - Frequency Calculation
Initial Final
Rise Tail-off
At At
(s) (s)
0.00323  0.00242
Initial Rise Frequency = 309.60 Hz
Final Tail-off Frequency = 413.22 Hz
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Pitch

14 inches between Fwd and Aft Measurement Locations)

Sample Fwd Fwd Aft Aft Fwd-Aft Angle
(in) A Batseline (in) A Ba..seline A Slope .
(in) (in) (in)
Baseline | 9.6025 9.6 0.0025 1.79E-04 | 1.02E-02
1 9.6025 0 9.605 0.005 0.0025 1.79E-04 | 1.02E-02
2 9.6 0.0025 | 9.6075 | 0.0075 0.0075 5.36E-04 | 3.07E-02
3 9.6025 0 9.605 0.005 0.0025 1.79E-04 | 1.02E-02
4 9.5975 | 0.005 9.6 0 0.0025 1.79E-04 | 1.02E-02
5 9.6 0.0025 | 9.6025 | 0.0025 0.0025 1.79E-04 | 1.02E-02
6 9.6025 0 9.6075 | 0.0075 0.005 3.57E-04 | 2.05E-02
7 9.6025 0 9.6075 | 0.0075 0.005 3.57E-04 | 2.05E-02
8 9.605 0.0025 | 9.6075 | 0.0075 0.0025 1.79E-04 | 1.02E-02
9 9.6025 0 9.5975 | 0.0025 0.005 3.57E-04 | 2.05E-02
10 9.6025 0 9.6025 | 0.0025 0 0.00E+00 | 0.00E+00
DAS Uncertainty
Max
# of bits volts
16 10

Standard Uncertainty
95% Uncertainty
At Full-Scale Voltage

3.81E-05 volts
7.63E-05 volts
0.00076 %
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TBDG Uncertainty Measurement Calculations

Analog Reading Uncertainty = 2.89E-04 Repeatabilty Calculation Data
IResolutionLimit _ _____________ 00005 Height (in) [ A(in)
Baseline 9.0025 N/A

1 9.002 0.0005

Evaluator Uncertainty = 1.28E-03 2 9.00225 0.00025

|Resolution Limit 0.0025; 3 9.0025 0

|Confidence Level 95%) 4 9.002 0.0005

!lC_DE ___________________ 1_%52994. 5 9.00175 0.00075
6 9.002 0.0005
7 9.00225 0.00025

Repeatability Uncertainty = 6.72E-05 8 9.002 0.0005

iMean Sample Value " 9.002125 i 9 9.00225 0.00025

standard Deviation ___ 0.0002125| 10 9.00225 | 0.00025

Total TBDG Uncertainty (in) = 1.31E-03

Effective DOF TBDG Uncertainty = 1.30E+06

Since the degrees of freedom is greater than 31, the coverage factor = 2

The uncertainty interval for this measurement = 2 for 95%

Average deviation from the baseline = 9.002125 t 0.002619033 inches

Overall Thrust Measurement Uncertainty

New Design  %Ucal 0.0015 %Uscs 0.26 %Udas  0.00076

Legacy %Ucal 0.0029 %Uscs 0.26 %Udas  0.00076

%U95%  New Design 0.260005 %FS
Legacy 0.260017 %FS
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