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ABSTRACT

School of Graduate Studies
The University of Alabama in Huntsville

Degree: Master of Science in Engineering College/Dept.: Engineering/Mechanical and

Name of Candidate: John A. Evans Aerospace Engineering

Title: Monte Carlo Assessment of Solid Propellant Burning Rate Measurement

Two new methods for determining the burn rate of solid propellant have been
developed for the ultrasonic pulse-echo technique. These methods are digital as opposed
to the analog method that had been used in the past. The work presented is an uncertainty
analysis of the two new methods as well the old method. A previous uncertainty analysis
assumed that the propagation time uncertainty was constant throughout the burn;
however, this may not be the case. A parametric study was performed that varied the
propagation time uncertainty over a range where it was thought to lie. Monte Carlo
simulations were chosen because of their simplicity. The results showed that the
uncertainty of the new digital methods, 4.2% to 5.7%, compared very well to the
uncertainty of the analog method, 3.5% to 5%. An uncertainty analysis was also
performed on the temperature sensitivity of the propellant. The results showed that
uncertainty was high varying from 40% to 78% for the conditions investigated, but this
could be attributed to the small number of samples that were tested.
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CHAPTER 1

INTRODUCTION

Due to its simplicity, solid rocket propulsion was developed centuries ahead of
liquid propulsion. The first development probably took place around 1000 A.D. after the
discovery of black powder in China. The Chinese learned that through varying the
proportion of the ingredients they were able to make either explosive or propulsive
devices [1]. Today at the mention of solid rocket motors, the first images that usually
come to mind are of the solid rocket booster motors used on the Space Shuttle. However,
solid rockets motors are also commonly used for tactical missiles, in-space operations,

and even for ejection seats.

1.1 Solid Rocket Motor Overview

A simple solid rocket motor can be seen in Figure 1.1. The motor is enclosed in a
case made from metal or composite fiber materials. The inside surface of the case has an
insulation layer to protect the case from the high propellant temperatures. The grain is
the propellant and can be solid throughout the motor, or it can have a port of many
different shapes running its length. At the forward end of the motor an igniter is in place
to start the combustion process. Finally, at the aft end is the nozzle which accelerates the
hot gas and provides the thrust for the rocket. Nozzles are typically made from

carbon/phenolic, silica-phenolic, or carbon/carbon materials in order to minimize heat



and erosion problems. Most nozzles are fixed in place, but some have thrust-vector-

control systems to help steer the rocket [2, 3].

Forward Dome Insulation -
J Propellant Grain

Nozzle and Aft Dome
Assembly

Igniter

Motor Case

Figure 1.1: Cross section of a solid rocket motor

1.2 Burning Rate of Solid Propellants

The burning rate is one of the most important parameters to consider when designing
or analyzing a solid rocket motor. When a motor is burning, the burning surface recedes
in the direction normal to the burning surface. The rate of regression of the surface is
called the burning rate, r . From theory and experiment, the burning rate has been shown

to be a function of the chamber pressure and is defined

r=ap". (1.1)
Equation (1.1) is known as St. Robert’s Law, and typical values for ¢ range from 0.5 in/s
to 2 in/s. Values for the burning rate exponent generally range from 0.2 <n <0.7,

although values of n = 0 and n < 0 are also possible [2]. The burning rate coefficient is



dependent on the propellant initial temperature, and will be discussed in Section 1.3.

Figure 1.2 shows the burning rate behavior.

(b)

(c)

Natural Log of Regression Rate, In (7, )

Natural Log of Chamber Pressure, In ( P:)

Figure 1.2: Behavior of (a) St. Robert's Law, (b) plateau burning, and (c) mesa
burning [3]

1.3 Temperature Sensitivity of Solid Propellants

As previously mentioned, the burning rate coefficient, a, is dependent on the
propellant initial temperature with [4]

a=a,exp[o, (T; -T,)]- 1.2)
In Equation (1.2) the term o, is the temperature sensitivity of burning rate at constant

pressure, and is defined

o, =(5In rj (1.3)



with typical values ranging from 0.002 to 0.04 °F* [3]. Another temperature coefficient

is the temperature sensitivity of pressure at constant motor geometry

),

K is the ratio of the burning surface, Ay, to the nozzle throat area, A;[3]. Since K is
constant, zzk is used for neutral burning motors. Typical values for mk range from 0.18 %

t0 0.36% °C™ [5]. The relationship between the two coefficients is [3]

T = (1.9)

From Equations (1.1) and (1.2), it can be observed that a lower initial propellant
temperature means a propellant will have a lower burning rate, and thus a longer burning
time, t, [6]. Conversely, a propellant with a higher initial temperature will have a higher
burning rate, and have a shorter burning time. These relationships are shown in Figure

1.3.
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Figure 1.3 Initial propellant temperature dependence of (a) burning rate and (b)
burning time. [3]

Motors using typical composite propellant show a burning time variation of 20% to 30%
and a chamber pressure variation of 20% to 35% for initial propellant temperatures from
-65°F to 160°F [3]. These are significant variations and would greatly affect the motor’s

performance and design.

1.4 Uncertainty Analysis

The burning rate and temperature sensitivity of a propellant are quantified by either
measurement or calculation. With any measurement or calculation, there is always an
implied uncertainty, U, that defines an interval in which the true value of the measured
variable, X, will lie 95% of the time, X £ U [7]. The uncertainty usually is made up of
two parts, systematic errors and random errors. The systematic error, B, is a fixed or
constant component and is often referred to as bias. The random error, P, varies with

each measurement and is often referred to as precision error. Both the systematic error



and random error can be made up of multiple errors called elemental errors. The total

uncertainty is then defined as [7]

U=+B?+P2. (1.6)

In a calculation that requires measured variables, X, each of the variables will have an
associated uncertainty, Uy, and must be accounted for. The result of the calculation, r, is

called the data reduction equation [7]
r=r(X,X,...X,). (1.7)

The total uncertainty of the data reduction equation is [7]

2 2 2
uf:[aa;]u§1+[airJu§2+...+(§7rj uZ. (L.8)
1 2 i

Another method that is often used to determine uncertainty is direct Monte Carlo

simulations [7]. In this method, errors for measurement X; are randomly drawn from a
Gaussian distribution with a mean equal to zero and a standard deviation equal to one
half its associated uncertainty. The errors are then added to the X;s, and the result, r, is
calculated with the Xjs. This process is repeated 10,000 times to get 10,000 values of r.
The standard deviation, o, of the r values is calculated and then multiplied by two in

order to get the uncertainty, U, [7].

U, =2¢ (1.9)

The 20 interval will contain the true value of r 95% of the time. The obvious advantage

of this method is not having to calculate the partial derivatives in Equation (1.8).

6



CHAPTER 2

BURN RATE MEASUREMENT TECHNIQUES

Numerous methods over the years have been used to determine the burn rate of
solid propellant. An overview of three of the most common methods, strand burners,
sub-scale motors, and the ultrasonic technique, is presented in the following sections.
Where available, the uncertainty associated with those burn rate methods will also be
discussed. The temperature uncertainty of the propellant, which is derived from the burn

rate, will also be covered along its uncertainty.

2.1 Strand Burners

Strand burner tests involve burning a small strand of propellant in a pressure
vessel [3, 8, 9]. During the test, the vessel is kept under constant pressure by using an
exhaust nozzle or a remote, adjustable valve. Typically the strand is approximately 0.25
inches square and 6 inches long, and is coated with an epoxy on the sides and bottom to
ensure end burning. Means of measuring the burning rate are through the use of timing
wires. The wires are inserted into holes that are drilled at specified distances into the side
of the strand for two to three wires. When the propellant is ignited, the timing wires are
broken sequentially during the test. The wires are connected to a data acquisition system
and with this, the time interval between when the wires are broken can be found. The

burn rate can then be calculated using [9]



. X, =X
[ =22 1

Lt (2.1)
An example of a strand burner is shown in Figure 2.1. A disadvantage of this technique
is that since the test is performed at constant pressure, many different tests must be
performed to fully characterize the burn rate versus pressure curve. Another drawback is
that the small sample size leads to heat losses, which cause the burn rate to be less than in
the full size motor [10,11].

The University of Minnesota conducted strand burner testing as early as 1947 [8].
They tested nineteen samples at 68°F and 1,000 psi. Taking the standard deviation of
their test data, they estimated an uncertainty of 0.25% (1c). Other research shows that
with careful and consistent preparation of the strands, the relative uncertainty can be held

t0 0.5% [12].

Figure 2.1: Schematic of a strand burner [8]



2.2 Sub-scale Motors

Another method to determine the propellant burn rate is to actually test fire a
small sub-scale motor. The motor is weighed and the web thickness (distance from the
initial burning surface to the insulated case wall) case is measured before firing. After
firing, the chamber pressure and thrust are measured with respect to time. The burn rate
can then be determined from the web thickness and the total burn time (assuming all the
propellant was burned). Many tests must be performed to create an accurate burn rate vs.
pressure curve just like the strand burner [10]. At typical sub-scale motor is shown in
Figure 2.2. For the Redesigned Solid Rocket Motors used on the Space Shuttle, five inch

center perforated motors are tested to determine the burn rate of the propellant batch.

Figure 2.2: Sub-scale motor testing setup [13]



Three measurements are necessary for determining the burn rate of sub-scale
motor: the propellant web thickness, the burn time, and the average pressure.
Inaccuracies in these measurements can result in a burn rate error of up to 5% [13].

However, many manufacturers use this method and report uncertainties of about 1% (1c)

[12].

2.3 Ultrasonic Pulse-Echo Method

The ultrasonic pulse-echo method is based on measuring the propagation time of
an ultrasonic wave through the propellant [9, 14-17]. An ultrasonic transducer sends out
a pulse that travels through the propellant. When the pulse encounters a difference in
impedance, like the propellant surface, part of the signal is reflected back and detected by

the ultrasonic transducer [9]. Using the propagation time, 7, and the speed of sound in

the propellant, c, the thickness of the propellant, t., can be calculated with [9]

(2.2)

t, = T—ZC

The ultrasonic pulse-echo method was developed in France by the Office National
d’Etudes et de Recherches Aerospatiales (ONERA) [14-18], and has been used many
groups including the University of Illinois at Urbana-Champaign [19-22], the Atlantic

Research Corporation [23], and the University of Alabama in Huntsville [9, 24-28].

2.3.1 ONERA

ONERA has used the ultrasonic pulse-echo method for testing small propellant

samples and for sub-scale motors [14, 18]. For small samples two different setups are

10



used. The first setup uses a closed combustion bomb for testing at high pressures in the
range of 5 MPa to 45 MPa [16]. The second setup also uses the closed combustion bomb
but also has a nozzle mounted to an extension tube. This setup is designed for testing at
pressures lower than 4 MPa [16]. Both setups use the Electronic Device for Ultrasonic
Measurement (EDUM) to control the ultrasonic transducer [14, 17]. ONERA has not
provided any information on the burn rate uncertainty of either setup.

ONERA has tested two different types of sub-scale motors. The first was a
nozzleless motor that was used to determine the effects of grain geometries on the
motor’s performance [18]. The motor was instrumented with five ultrasonic transducers
mounted axially along the rocket. The second type of sub-scale motor was a slab motor
which was used to simulate a two-dimensional nozzleless motor. The purpose of this
motor was also to determine the effects of grain geometries on the motor’s performance
[18]. Again ONERA has not provided any information on the burn rate uncertainty of

either motor.

2.3.2 University of Illinois at Urbana-Champaign

The University of Illinois at Urbana-Champaign (UIUC) used the ultrasonic
pulse-echo method to determine the burn rate perturbations due to oscillatory pressure
changes, by testing small propellant samples in an oscillatory burner [21, 22]. UIUC
used a digital method to determine the burn rate as compared to the analog method of
ONERA. The ultrasonic transducer transmitted and received the ultrasonic wave. The
waveforms were recorded by the data acquisition system and stored into a MATLAB

program. A cross correlation algorithm was then performed on the waveforms to

11



determine the burn rate [21]. No information on the burn rate uncertainty of this method

has been published by UIUC at this time.

2.3.3 Atlantic Research Corporation

The ultrasonic pulse-echo method developed by the Atlantic Research
Corporation used a cross correlation technigque to determine the burn rate. Small
propellant samples were burned at low pressure, with tests lasting as long as 15 seconds.
Although no information on the uncertainty of their method was released, they did state
that the average burn rate obtained was approximately 7% lower than the reference strand

burner data [23].

2.3.4. University of Alabama in Huntsville

The University of Alabama in Huntsville (UAH) developed and ultrasonic pulse-
echo system in 1995, using an EDUM purchased from ONERA [14]. UAH uses both a
closed and an open combustion bomb for their research. With a closed combustion
bomb, the propellant burn rate can be determined over a wide pressure range in one test,
as opposed to the multiple tests it would take for a strand burner. The research at UAH
has included work on steady-state ballistics, propellant response function, transient
ballistics, and temperature sensitivity [10, 14, 24-27]. The measurement uncertainty of
the technique has also been investigated [9, 11, 28].

Traditionally the analog EDUM method was used at UAH to determine the

propellant burn rate. Occasionally during a test the EDUM would lose the reflected

12



signal and would no longer track the propellant surface. In order to have a more reliable
testing system, UAH recently developed two new digital methods for determining the
burn rate [22]. The first is the Zero Crossing method which is similar to the EDUM
method, and the other is the Cross Correlation method which is similar to the methods at
UIUC and ARC.

An uncertainty analysis has previously been performed on the EDUM method at
UAH. The analysis used a Monte Carlo simulation that showed the relative uncertainty
in the burn rate to be 3.5% to 5% [9]. However, the uncertainty used for the propagation
time measurement had been debated. The burn rate uncertainties for the new digital

methods will be determined in this work.

2.4 Temperature Sensitivity Determination
Equation (1.3) shows that the temperature sensitivity can be calculated once burn
rates at two different temperatures at the same pressure have been determined. Except
for UAH, none of the previously mentioned institutions calculate the temperature
sensitivity. Since UAH performs its testing in a temperature conditioning chamber, it has
the ability to determine the temperature sensitivity.
Reported values for the uncertainty of the temperature sensitivity are commonly
as high as 15% [12]. This high uncertainty could possibly be attributed to the fact that
motor manufactures rarely perform more than three tests at each temperature [12]. The

temperature sensitivity uncertainty determined at UAH will be examined in this work.

13



2.5 Objective

Even though the burn rate uncertainty for the EDUM method had been previously
determined at UAH, there were still questions on the propagation time uncertainty used
for the analysis. It was assumed the propagation time uncertainty remained constant
throughout the burn; however it never clear this was true. Therefore, the objective of this
work is to perform a parametric study in order to determine the effect of propagation time
uncertainty on the burn rate uncertainty. A range of 0.1-0.5 us will be used for the
propagation time uncertainty. This range will be used to determine the burn rate
uncertainty for the analogue EDUM method along with the new digital Zero Crossing
and Cross Correlation methods. Also, the uncertainty of the temperature sensitivity will

be determined.

14



CHAPTER 3

APPROACH

For solid propellant burn rate determination, the Propulsion Research Center
utilizes a pulse-echo ultrasonic burn rate measurement technique. An ultrasonic
transducer in conjunction with a closed combustion bomb allows samples of solid
propellant to be burned while simultaneously raising the pressure. Thus, the
determination of the burn rate of a sample over a wide range of pressures is possible with
a single test. In addition, the facility has a temperature conditioning chamber which may
be used to thermally soak propellant samples prior to testing in order to determine burn

rate temperature sensitivity.

3.1 Propellant

The investigation used an ammonium perchlorate (AP)/Aluminized/hydroxyl-
terminated polybutadiene (HTPB) composite propellant. The bimodal-oxidizer propellant
was prepared in a one gallon mixer and cast into three cardboard tubes 12 in. long by
1.25in. in diameter. After curing, the tubes were cut into approximately 0.5 in. thick
samples with a lathe. The average mass of a sample was 20 grams. The mixing, casting,
and preparation of the samples were performed by the U.S. Army’s Aviation and Missile
Research, Development and Engineering Center (AMRDEC) at the Redstone Arsenal.
For this investigation, six samples were tested. Test 1, 2, and 3 were tested at 75°F, and

Tests 4, 5, and 6 were tested at 145°F. Figure 3.1 shows a typical propellant sample.

15



Figure 3.1: Propellant sample used for testing

3.2 Experimental Setup

The testing hardware and data acquisition system used for the investigation is
discussed in the following sections. The main components of the testing hardware were a
closed combustion bomb, a temperature test chamber, and a ventilation system. The data
acquisition system included the EDUM, two National Instruments cards, an oscilloscope,

and LabVIEW software.

3.2.1 Testing Hardware

The propellant samples were burned in a closed combustion bomb (Figures 3.2
and 3.2) that is rated up to 5,000 psi. The combustion bomb was placed inside a Russells
temperature test chamber which allows the temperature of the propellant sample and the
test hardware to be controlled at a constant level. The temperature test chamber sits in a

5°x 6.5’ test cell with one foot thick steel-reinforced walls with a 2.5” thick sliding steel

16



door. The combustion bomb is made of stainless steel since it has a high durability
against the volatile gasses produced during the burning. In the event of over-
pressurization, the combustion bomb has a check valve with a cracking pressure of 5,000

psi which will allow the excess gas to be vented into the test cell.

Pressure taps
and vents

Propellant

.~ sample

Coupling
~— material

transducer

Figure 3.2: Schematic of combustion bomb showing the location of the propellant
sample and ultrasonic transducer [9]

The combustion bomb has three ports for connecting two 5000 psi Setra pressure
transducers and a ventilation system (Figure 3.2). One pressure transducer is connected
directly to the combustion bomb inside the test chamber, while the other one is situated
outside the test chamber and connected to the bomb through stainless steel tubing. The
reason for the inside pressure transducer is minimize the pressure lag time of the outside
pressure transducer due to the tubing connection. Before performing a test the outside

17



pressure transducer is calibrated. Using a transfer calibration from the outside to the
inside transducer under lower pressurization rates, the outside transducer calibration is
then transferred to the inside transducer.

A panel outside the test cell controls the ventilation system which is used to purge
the combustion bomb of the volatile gasses produced during a test. During a purge,
nitrogen is supplied to the combustion bomb at high pressure through the ventilation port,
held for 2-3 seconds, and then exhausted back out the same port. A check valve on the
supply line ensures the gasses stay in the exhaust line when exhausting. The gasses are
then sent to a surge tank for depressurization. Finally, the gasses pass through a check
valve into a tank filled with water where they are scrubbed and vented to the outside of
the building. This process is repeated four times to get most of the volatile gasses out of

the combustion bomb, so that it can be safely cleaned.
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Figure 3.3: Combustion bomb inside the environmental test chamber

3.2.2 Data Acquisition System

The heart of the pulse-eco ultrasonic method is the EDUM developed by ONERA
in France [17]. The EDUM sends a signal to the ultrasonic transducer (Panametrics V102
1.0/1.0) to send out an ultrasonic pulse at 1,000 Hz. The pulse travels through a coupling
material in the propellant sample holder and then through the propellant (Figure 3.4).
When the pulse encounters a difference in impedance, part of the signal is reflected back
and detected by the ultrasonic transducer. The EDUM also receives the signal and
measures the propagation time, z, and outputs a voltage proportional to z[17].

The reflections that the ultrasonic transducer detects occur at the coupling

material/propellant interface and at the burning surface. The purpose of the coupling
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material is to cause a delay in the burning surface echo return, so that the signal does not
get lost in the internal echoes of the ultrasonic transducer. The coupling material also
protects the ultrasonic transducer from the high temperature of the burning propellant.
Figure 3.4 shows a schematic of the ultrasonic transducer setup and the waveform it
produces as seen on an oscilloscope. Point 1 in Figure 3.4 is the signal produced by
ultrasonic transducer and it travels in both directions. Point 2 is the reflection off of the
back surface of the ultrasonic transducer. The back surface is generally attenuated to
reduce the echo. Point 3 is the echo from the interface of the coupling material and the
propellant sample. In order to reduce this echo the coupling material and propellant
should have a similar density. Point 4 is the return echo from the propellant burning
surface and is tracked during the test [17]. Using the propagation time of the signal and
the speed of sound in the propellant and coupling material, the instantaneous thickness of
the propellant can be found. The burning rate of the propellant can then be calculated by
taking a time derivative of the instantaneous thickness.

Data are collected using two separate National Instruments PCI cards. The first
card is a 14-bit National Instruments PCI-6224 data acquisition card. It is used to collect
the combustion bomb internal pressure and the propagation time data output from the
EDUM. The second card is a 12-bit National Instruments PCI-5122 High Speed
Digitizer. It is used to record the actual waveforms of the ultrasonic pulse echo that were
produced by the EDUM. These waveforms are similar to the waveform seen in the
bottom of Figure 3.4. A Hewlett Packard 54602B oscilloscope is used to visualize the

ultrasonic waveform during a test.
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LabVIEW virtual instruments designed at the PRC were used to acquire and

record all the data from a test. For a complete description of the virtual instruments and

their computer code see Reference [22].
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Figure 3.4: Schematic of the ultrasonic transducer setup and the waveform it
produces [9]

3.3 Propagation Time Determination Methods

The propagation time, z, of the ultrasonic signal was determined by three different
methods: the EDUM method, the Zero Crossing method, and the Cross Correlation
method. All three of these methods analyze each waveform in order to determine the

location of the surface of the propellant and how thick a propellant sample and coupling
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material are. The EDUM method is an analog method, whereas the Zero Crossing and

Cross Correlation methods are digital methods.

3.3.1 EDUM Method

The EDUM method is an analog method of finding the signal propagation time
through the propellant. The EDUM will output a waveform, a propagation time voltage (a
voltage that is proportional to propagation time), two masks, and a propagation time gate.
With the exception of the propagation time voltage, all of these outputs are displayed on
an oscilloscope for use in the calibration of the EDUM. The EDUM works by finding the
first zero crossing of the waveform after it detects the waveform peak associated with the
propellant surface [17]. To help the EDUM identify the propellant surface peak, two
masks and a threshold voltage are used. The masks “hide” peaks so that the EDUM does
not lock onto them and produce false results (Figure 3.4). The first mask is calibrated so
that the noise from the ultrasonic transducer and the peak from the reflection off the back
of the transducer are covered. The second mask is calibrated to cover the same time as
the first mask but to also cover the peak from the interface of the coupling material and
the propellant sample. The time that these masks cover can be seen on the oscilloscope.
Once these are set, the EDUM can then only lock onto a peak after these masks. After the
second mask, there are many smaller peaks but only one considerable peak; this is the
propellant surface peak (Figure 3.4). The threshold voltage is set at a voltage higher than
the smaller peaks which appear before the propellant surface, so that the only peak that
the EDUM can lock onto is the propellant surface peak. The propagation time gate

indicates where the EDUM is taking its measurement for the propagation time, and is
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shown on the oscilloscope which ensures the user that the correct peak is locked onto.
Using this zero crossing, a voltage is returned by the EDUM that is proportional in time
[17]. This time and voltage are displayed by the EDUM and are used in the calibration of
the EDUM. During a firing, the EDUM continues to display the waveforms on the
oscilloscope so that the operator can actually see the peak moving. As this peak moves,
the zero crossing changes. As the zero crossing changes, the voltage outputted by the
EDUM also changes and can be recorded. Using the calibration points that were recorded

before the firing, propagation times for the burn can be found, [29].

3.3.2 Zero Crossing

The Zero Crossing method is a digital method for determining burn rate which is
analogous to the analog EDUM method. A LabVIEW virtual instrument uses the PCI-
5122 High Speed Digitizer to record the waveforms that are produced by the EDUM.
These are the same waveforms that are seen on the oscilloscope. The waveforms are
stored in an array whose dimensions are determined by the parameters set in the data
acquisition system. A program written for MATLAB was created that would calculate the
propagation time [22]. The algorithm for the Zero Crossing method, like the EDUM
method, works off of two user inputs: a mask and a threshold. The mask is used to
determine a start point in analyzing the data for the algorithm. It tells the code to ignore
all the data (or every part of the waveform) in time before the mask [22]. The Zero
Crossing method works on the principle that the surface of the propellant is the first zero
crossing on the x-axis after the major peak of the surface echo. Since the waveform can

cross the x-axis several times before it actually gets to this point, a threshold is set which
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tells the program to ignore all zero crossings until the data are greater than this number.
Once the algorithm has found where the data is past the mask, and where it is above the
threshold, it will find the last cell in the array before the waveform crosses the x-axis and
the cell in the array just after the waveform crosses the x-axis. Using the location of
these cells, the algorithm interpolates a propagation time for the zero crossing and stores
itin an array. The algorithm then repeats the process for the next waveform and

continues until the propagation times for the total burn have been found [29].

3.3.3 Cross Correlation

The Cross Correlation method works by comparing the combined area under two
waveforms [22]. The method assumes that the area under two combined waveforms will
be the greatest when the two waveforms are aligned. A MATLAB program was written
that compares the combined areas of the first waveform with subsequent waveforms [22].
It starts by comparing the two waveforms in their initial position. It then shifts the first
waveform one time increment to the left and compares the combined area of the
waveforms again. This shift is incremented and the combined areas are found until the
first waveform is shifted to some maximum set point. Once the shifting is complete the
algorithm evaluates where the combined area of the two waveforms is at a maximum and
returns that shift value. The algorithm then increments to the next waveform and repeats
the process until an entire set of waveforms have been compared with the initial
waveform and the shift values have been recorded [29]. The shift values are converted to

times and subtracted from the initial propagation time (which was determined by
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averaging the first 20 propagation times found by the zero crossing algorithm) in order to

determine the propagation time of the propellant surface throughout the burn [22].

3.4 Data Reduction
3.4.1 Burn Rate Determination

Once all the data has been collected for a test, it is reduced in order to find the
propellant burn rate. A Mathcad worksheet is used for the data reduction; an example
worksheet is provided in Appendix B. The pressure transducer voltages and propagation
time voltages for each of the methods are imported into the worksheet. The initial

thickness of the propellant sample, E ,, which was measured with calipers before the test

is entered into the worksheet. The pressure voltages from the test are then converted to
pressures using data obtained from a pressure transducer calibration performed before the
test using a dead weight tester. Next, the propagation time voltages from the EDUM are
converted to propagation time using calibration data obtained from the EDUM before the
test.

The propagation time that is measured is the propagation time through the
coupling material and the propellant. Since the speed of sound in the coupling material
and the propellant varies with pressure, a pre-test and post-test pressurization are
conducted to determine their acoustic properties [9]. The two pressurization tests show

that the propagation times through the coupling material and propellant are linear

functions of pressure. Therefore, the propagation time through the coupling material, z_,
can be expressed as a function of pressure, P, and two constants a_, and b, that represent

the slope and y-intercept of the linear function [9]
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7, =a,-P+D,. (3.1)
Likewise, the propagation time through the coupling material and the propellant, z ,, can
be expressed as a function of pressure, P, and two constants a, and b, that represent

the slope and y-intercept of the linear function [9]

Too =8y P+, (3.2)

Using the initial propellant thickness, the pressure data, and the four regression

constants, the instantaneous thickness of the propellant, E, can be found using

c E,olr—(a,-P+b,)]

p_(apO'P+pr)_(ac'P+bc). (33)

This equation represents the instantaneous thickness of the propellant as it burns during
the test. See Reference [9] for a complete derivation of Equation (3.3).

For the burn rate determination, a running linear regression is applied to the
instantaneous thickness data. A number of points, N, is taken from the start of the
instantaneous thickness data, and the slope of these points is calculated as shown in
Equation (3.4). This value is equated to the burn rate at the middle of the range of points.
The range of points is then shifted one data point and the process is repeated. When the
end of the range reaches the end of the instantaneous thickness data, a burn rate versus
pressure curve can be created with the data. The entire process is done for each of the

propagation time determination methods, and results in three burn rate curves.

i=k+— |=k+% |=k+%
NYEt-DE Dt
i=k— i:k—E i:k—E
r = 2 2
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3.4.2 Temperature Sensitivity

After determining the burn rates for all the tests, the temperature sensitivity was
calculated for each propagation time method. First, the burn rate was found at 1,000 psi

for each test. The temperature sensitivity was then calculated using

In(r“ +r, +r6j_|n(rl +T, +r3]
_ 3 3 5)

T145 - T75

P

where r represents the burn rates at 1000 psi from each test, and T represents the test

temperature. This was done for each propagation time method.
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CHAPTER 4

UNCERTAINTY ANALYSIS

4.1 Uncertainties of Variables

Recall from Chapter 1, that with any measurement or calculation, there is always
an implied uncertainty, U. The uncertainty usually is made up of two parts, systematic
error, B, and random error, P, and both the systematic error and random error can be
made up of multiple errors called elemental errors [7]. The following sections describe
how the uncertainty of the initial propellant thickness, the pressure, the temperature, the

propagation time, and the four regression constants were determined.

4.1.1 Uncertainty in Initial Propellant Thickness, Ugg

The propellant was cast and cured in cardboard tubes and cut into samples with a
lathe. Each sample was approximately 0.5 in. thick and 1.25 in. in diameter. To the
naked eye, the sample surface appeared to be flat. However, to allow for the possibility
of a nonflat surface, a design criteria was created. It was assumed that the surface was
off by 1° at most. With a diameter of 1.25 in. this would result in an increase in height
across the surface of 0.022 in. Therefore the systematic error of the initial propellant

thickness was
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Be,o = 0.022in. (4.1)

The random error of the initial propellant thickness was determined by measuring
a sample four different times by three individuals. The random error was calculated to be

Pe,o = 0.003in. (4.2)

There using Equation (1.6) the total uncertainty of the initial propellant thickness was

U o = 0.022in. (4.3)

4.1.2 Uncertainty in Pressure, U,

The systematic error of the pressure measurement came from three different
elemental error sources. The first comes from the pressure transducer. According to the
transducer specification, the reading was accurate at 0.11% of full scale. Since the
transducer could read up to 5000 psi, this provided an error 5.5 psi. The second source
came from the digitization of the data acquisition system. The system used a 14 bit
board, for a range of 5000 psi this provided an error of 0.305 psi. The third source came
from the pressure transducer calibration on the dead weight tester. According to the
manufacturer, the uncertainty of the tester is 0.1% of the pressure. Using the average
range of 2,500 psi of the pressure transducer, this provided an error of 2.5 psi. Therefore

the total systematic error is given by

B, = /5.5 +0.3052 + 2.5? = 6.04psi . (4.4)
The random error for the pressure was found by applying known pressures to the
pressure transducer with the dead weight tester. The pressure was then recorded by the

data acquisition system for thousands of reading. The reading were plotted and resulted
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in a Gaussian distribution. The random error was taken to be twice the standard deviation
of the distribution and was
P, =2.7psi. (4.5)
Therefore, using Equation (1.6) the total uncertainty in the pressure was

U, =7psi. (4.6)

4.1.3 Uncertainty in Temperature, Ut

The temperature of the propellant sample and the test hardware was controlled at
a constant level with a Russells GD-16-3-3-WC Temperature and Humidity Test
Chamber. The uncertainty in the temperature was taken from the manufacturer
specification and was

U, =2.2°F. 4.7)

4.1.4 Uncertainty in Propagation Time, U,

As mentioned in Section 2.5, a range of propagation times was used in order to
perform a parametric study. Since the propagation time uncertainty used in the previous
research [9] was questioned, a parametric study was used to determine the effect of the
propagation time uncertainty on the burn rate uncertainty. If the effect on the burn rate
uncertainty was minimal, U, could be left at the previously used value of 0.3us. If not,
further research would be required to accurately determine U, . The range was used for
all three propagation time determination methods and was 0.1-0.5 ps in increments of

0.025 ps.
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U. =0.1-05zs. (4.8)

4.1.5 Uncertainty in the Regression Constants

The regression constants ac, be, apo, and byo, are determined by a linear regression
on the data from two pressurization tests. Since these constants have been determined by
using numbers that have an uncertainty, P and z, the constants will therefore have an

uncertainty. The linear regression equations used to determine the constants are [9]
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where N, and N are the number of data points used for the regression. Using Equation

(1.8), the uncertainties of the regression constants are given by [9]

EP”

da

e

imis]

J!:'n‘,I 4 +2".I'|<‘:‘1 i
ke kel

a‘”;lr
C’fh

i

L
[r'.'upu
5
i @r,

+ E-E .;

2

|

32



In the previous equations, the P? terms represent the random errors and the B terms
represent the systematic errors. The terms B,, and Bpp represent the covariance of the
correlated systematic errors in propagation time and pressure, respectfully. The
covariance for all the correlated random errors and the covariance for the correlated
systematic errors between propagation time and pressure are considered negligible.

Since a range of times was used for the propagation time uncertainty, the
uncertainties for the regression constants also consisted of a range. The uncertainty of a.
ranged from 4.629e-8 to 8.387e-8 us/psi, and the uncertainty of a,o ranged from 8.118e-8
to 2.462e-7 ps/psi. The uncertainty for b, and by turned out to be equal to the
propagation time uncertainty. Appendix C contains a copy of the Mathcad worksheet
used to calculate the regression constants and their uncertainties.

Table 4.1 summarizes the uncertainties of the measured variables and of the

regression constants.

Table 4.1: Summary Variable Uncertainties

Variable Uncertainty

Initial Thickness, Epg 0.022 in

Pressure, P 7 psi

Temperature, T 2.2°F

Propagation time, t 0.1-0.5 ps

Regression constant, ac 4.629e-8 to 8.387e-8 us/psi
Regression constant, ayo 8.118e-8 to 2.462e-7 ps/psi
Regression constant, b 0.1-0.5 us

Regression constant, by 0.1-0.5 us
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4.2 Uncertainty in the Propellant Burn Rate, U,

With the uncertainties of the measured variables and regression constants known,
the burn rate uncertainty was calculated. As outlined in Section 1.4, a direct Monte Carlo
simulation was performed to determine the burn rate uncertainty. A MATLAB program
was created to perform the Monte Carlo simulation. A copy of the program is shown in
Appendix D. Depending on the amount of available data, the instantaneous thickness of
the propellant, Ep, was calculated in increments of 101 or 151 points, this represented 0.1
and 0.15 seconds of data. The propellant thickness was calculated by substituting the test
data into Equation (3.3). However, each variable was “nudged” by a value randomly
drawn from a Gaussian distribution with a mean of zero and a standard deviation equal to
one half the uncertainty value given in Table 4.1. The burn rate was then calculated for
the increment by applying a running linear regression on the propellant thickness data.
The calculated burn rate was assigned to the mean pressure of the increment. This
process was repeated 10,000 times for this increment with new “nudges” each time. This
resulted in 10,000 burn rates for the increment. The uncertainty of the burn rate, U;, was
then calculated by taking twice the standard deviation, o, of the 10,000 burn rates as
shown in Equation (1.9). The program then shifted the increment interval down the
instantaneous thickness curve and kept repeating the process until then end of data was
reached. A burn rate uncertainty was determined for each of the three propagation time

determination methods.
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4.3 Uncertainty in the Temperature Sensitivity, U,

Once the propellant burn rates and their uncertainties were known, the
temperature sensitivity and its uncertainty could be determined. The burn rate and its
uncertainty were found at 1000 psi for each of the six tests. The temperature sensitivity
was then found using Equation (3.5). A Monte Carlo simulation was then performed in
Microsoft Excel to determine the temperature sensitivity uncertainty. The temperature
uncertainty was calculated 10,000 times; however, each time the burn rates and
temperatures in Equation (3.5) were “nudged” by a value randomly drawn from a
Gaussian distribution with a mean of zero and a standard deviation equal to one half their
uncertainty value. The temperature sensitivity uncertainty was then calculated to be
twice the standard deviation of the calculated temperature sensitivities. The temperature
sensitivity uncertainty was found for each of the three propagation time determination

method at 1000 psi.
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CHAPTER S

RESULTS

5.1 Burn Rate Uncertainty

A set of six tests was conducted using solid propellant from the same batch. Since
the EDUM method for determining the burn rate has been the standard burn rate
characterization method at UAH, the results from the Zero Crossing method and the
Cross Correlation method were compared against it. Since the results of all six tests were
similar, only the results of Test 5, a 145°F test, are presented here. The rest of the results
are shown in Appendix A.

As described earlier, each method uses the same data reduction equation,
Equation (3.3), to determine the propellant thickness. Figure 5.1 shows a plot of the
thickness as determined by each of the three methods. As can be seen, all three curves
agree well with each other, with the Zero Crossing and Cross Correlation methods
matching very well. Figure 5.2 shows the pressure range for the test. Figure 5.3 shows

the burn rate for all three methods, again they show very good agreement.
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Figure 5.2: Pressure versus time for Test 5
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Figure 5.3: Burn rate curves for Test 5

The burn rate uncertainty of each method was determined by performing a parametric
study on the propagation time uncertainty. For each method, the burn rate uncertainty
was calculated over a range of propagation time uncertainties from 0.1 ps to 0.5 ps in
0.025 ps increments. Figure 5.4 shows the burn rate uncertainty produced by the EDUM
method, and Figure 5.5 shows the relative burn rate uncertainty from the EDUM method.
As can be seen, the uncertainty increases as the pressure increases, and as expected it
increases at the propagation time uncertainty increases. The burn rate uncertainty ranged
from 0.013 in/s to 0.032 in/s with a relative uncertainty of 4.28% to 5.58%. These results
compare well with the previous research [9] performed at UAH that showed the burn rate
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uncertainty of the EDUM method ranged from 0.01 in/s to 0.035 in/s with a relative
uncertainty of 3.5% to 5% which was determined using a propagation time uncertainty of
0.3 ps. The burn rate and relative uncertainties for the Zero Crossing and Cross

Correlation methods are shown in Figures 5.6-5.9.
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Figure 5.4: Burn rate uncertainty for the EDUM method.
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Figure 5.5: Relative uncertainty for the EDUM method
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Figure 5.6: Burn rate uncertainty for the Zero Crossing method
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Figure 5.8 Burn rate uncertainty for the Cross Correlation method
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Figure 5.9: Relative uncertainty for the Cross Correlation method

From Figures 5.4, 5.6, and 5.8 it can be seen that the burn rate uncertainties of the
three different methods are very similar; all three have the same overall shape. For the
Zero Crossing, the range is from 0.012 in/s to 0.036 in/s and for the Cross Correlation the
range is 0.012 in/s to 0.033 in/s. All three relative uncertainty plots are also similar. The
Zero Crossing ranges from 4.39% to 5.73%, and the Cross Correlation ranges from
4.33% to 5.55%. These values compare well with the values determined by the EDUM
method. The relative uncertainty plots are somewhat flat, showing that the propagation

time uncertainty does not have a large effect on the burn rate uncertainty.
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5.2 Temperature Sensitivity Uncertainty

The temperature uncertainty was calculated for the three propagation time
methods at 1000 psi. The burn rates and burn rate uncertainties used for the analysis are
given in Table 5.1 and the results are shown in Table 5.2. As can be seen, the relative
uncertainty is fairly high, much higher than the 15% reported by motor manufacturers.
This difference could be attributed to the fact that only three tests were performed at each
temperature. Future work that would require the temperature sensitivity should use a

greater population of motor tests.

Table 5.1: Burn Rate Data Used to Calculate Temperature Sensitivity Uncertainty

EDUM Zero Crossing Cross Correlation

est r (in/s) U (in/s) r (in/s) U (in/s) r (in/s) U (in/s)

T
1 0.4718 0.0226 0.4524 0.0213 0.4523 0.0215
2 0.4385 0.0211 0.4391 0.0213 0.4474 0.0214
3 0.4410 0.0209 0.4484 0.0214 0.4000 0.0180
4 0.4770 0.0221 0.4782 0.0225 0.4794 0.0223
5 0.4705 0.0220 0.4757 0.0227 0.4770 0.0222
6 0.4726 0.0228 0.4734 0.0220 0.4739 0.0226

Table 5.2: Temperature Sensitivity Uncertainty Results

Method op (°FH) Us, (°F")  Relative Uncertainty (%)
EDUM 0.000708 0.000553 78
Zero Crossing 0.000902 0.000554 61
Cross Correlation 0.001363 0.000549 40
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CHAPTER 6

CONCLUSION

An uncertainty analysis was applied to three different methods for determining
the burn rate of solid propellant. Two of the methods, the Zero Crossing method and the
Cross Correlation method, are digital methods recently developed. The third method was
the analog EDUM method that has been used extensively. Because it is not clear if the
propagation time uncertainty is constant throughout the burn, a parametric study was
performed to determine the effects of its uncertainty. The propagation time uncertainty
was varied from 0.1-0.5 ps and was used for all three methods. Monte Carlo simulations
were used to perform the uncertainty analysis. It was found that the burn rate uncertainty
for the EDUM method ranged from 0.013 in/s to 0.032 in/s with a relative uncertainty of
4.28% to 5.58%. These numbers compare well to results from previous research. The
Zero Crossing method ranged from 0.012 in/s to 0.036 in/s with relative uncertainties
from 4.39% to 5.73%. The Cross Correlation method ranged from 0.012 in/s to 0.033
in/s with relative uncertainties from 4.33% to 5.55%. These results show the propagation
time uncertainty does not have large effect on the burn rate from the range in which it is
believed to lie.

The temperature sensitivity uncertainty of the propellant was also calculated. A

Monte Carlo simulation was used for this as well. The uncertainties were high, ranging
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from 40% to 78%. One cause of this could be the limited number of tests performed.
Future work could entail performing more testing for the temperature sensitivity,

although a greater number of tests should be used.
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APPENDIX A

RESULTS
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Figure A.1: Test 1 burn rate uncertainty for the EDUM method.
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Figure A.2: Test 1 relative uncertainty for the EDUM method
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Burn Rate Uncertainty, in/s

Pressure, psi

M 0.03-0.035
[0.025-0.03
M 0.02-0.025
[J0.015-0.02
J0.01-0.015
[ 0.005-0.01
@ 0-0.005

Figure A.3: Test 1 burn rate uncertainty for the Zero Crossing method.
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Figure A.4: Test 1 relative uncertainty for the Zero Crossing method.
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Burn Rate Uncertainty, in/s

Pressure, psi

M 0.03-0.035
[0.025-0.03
I 0.02-0.025
[00.015-0.02
[10.01-0.015
M 0.005-0.01
0 0-0.005

Figure A.5: Test 1 burn rate uncertainty for the Cross Correlation method.
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Figure A.6: Test 1 relative uncertainty for the Cross Correlation method.
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Burn Rate Uncertainty, in/s

[0.025-0.03
M 0.02-0.025
[J0.015-0.02
[J0.01-0.015
[ 0.005-0.01
@ 0-0.005

Pressure, psi

Figure A.7: Test 2 burn rate uncertainty for the EDUM method.
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Figure A.8: Test 2 relative uncertainty for the EDUM method.
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Burn Rate Uncertainty, in/s

Pressure, psi

M 0.03-0.035
[0.025-0.03
M 0.02-0.025
[00.015-0.02
[J0.01-0.015
1 0.005-0.01
[@0-0.005

Figure A.9: Test 2 burn rate uncertainty for the Zero Crossing method.
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Figure A.10: Test 2 relative uncertainty for the Zero Crossing method.
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Figure A.11: Test 2 burn rate uncertainty for the Cross Correlation method.
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Figure A.12: Test 2 relative uncertainty for the Cross Correlation method.
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Figure A.13: Test 3 burn rate uncertainty for the EDUM method.
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Figure A.14: Test 3 relative uncertainty for the EDUM method.
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Figure A.15: Test 3 burn rate uncertainty for the Zero Crossing method.
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Figure A.16: Test 3 relative uncertainty for the Zero Crossing method.
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Figure A.17: Test 3 burn rate uncertainty for the Cross Correlation method.
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Figure A.18: Test 3 relative uncertainty for the Cross Correlation method.
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Burn Rate Uncertainty, in/s

Pressure, psi

M 0.030-0.035
[00.025-0.030
M 0.020-0.025
[00.015-0.020
J0.010-0.015
m0.005-0.010
[30.000-0.005

Figure A.19: Test 4 burn rate uncertainty for the EDUM method.
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Figure A.20: Test 4 relative uncertainty for the EDUM method.
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Figure A.22: Test 4 relative uncertainty for the Zero Crossing method.
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Burn Rate Uncertainty, in/s

M 0.03-0.035
[0.025-0.03
M 0.02-0.025
[J0.015-0.02
[J0.01-0.015
[ 0.005-0.01
[d0-0.005

Figure A.23: Test 4 burn rate uncertainty for the Cross Correlation method.
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Figure A.24: Test 4 relative uncertainty for the Cross Correlation method.

71




ZEnD LEOD 0E0o 0E00 Gz00 200 azoo azoo azoo L7000 L2000 azo0no 8z00 5o 5o Szono 5zon 5350 B50T
LEoo 0z0o 0z0o 00 GE00 8200 geoo geoo A0 A0 azoao azoao SZoao SZoao SZoao SZoao FZ00 3450 Jutse]
0=0a G200 G200 00 2200 2200 pag] pag] az0a azoa sz0ao sz0ao Fz0a o o FZ0a FZ00 0350 G041
200 azoao azoao az0n LZ00 AZ00 Gzoo Gzoo SZ0o Ry SZ0ao oo 0o £zoao £zoao czoao £zon RS0 GEGL
2zono AZ00 AZ00 JE00 9z00 9z00 500 500 5z00 Fzoo Fzoo £zon £zon oo oo Zzon Zzon dE50 94EL
2200 2200 3200 3200 20 SZ00 Fego Fego Feoa £Z0ao £z0o £z0ao i )n| Jatata)n| Jatata)n| Jatata)n| Jatata)n] LSO GlEl
3zoa SZoao SZoao SZ0n FZ00 ¥Z00 jarungn] jarungn] £zna cona i) )] LZoo LZoo LZoo Lzao Lzoo LEFD LA0L
SZoao gty gty FEZ0n S| £zon Zeao Zeao e LZoo Lzoo [alnj] 0zoa 0zoa 0zoa 0zoa 0zon 2oF0 s
Fzo0 £zoao £zoao £zZon Zzon Zz0n lZ0'n lZ0'n LZon azoa azoa azoa sl0a sL0a sL0a sL00 sL00 SFF0 502
oo Zzon LZ0o [alngu] Llz0o 0zon ozoo ozoo gL0°0 gL0°0 5L0°0 2o 2o 2100 2100 200 2100 GlF o 939
LZoo 0zoa 0zoa 0z0n G100 GL00 gl00 gl00 aLoa aLoa aLoa Ao oo 2l0a 2l0a Al0a gL00 0520 545
slL00 sL00 sL00 GlL00 2100 210 oo oo Ao Ao Ao aLoa aL0a gLoa gLoa gLo0a SLon 99c0 487
aLoa aLoa aLoa 2L00 2100 A0 oo oo Lo oo aLoa sL0a oo sLoa sLoa slLoa SLon aFE0 ZlF
2100 Al00 Al00 100 9100 900 100 100 5100 5100 500 Floo Floo FlLOO FlLOO FLOO FLOO 9ZED 758
oo aLoa aLoa aLon S0 S0 5100 5100 FlLoo FlLoa Floa Floa oo cloa cloa ELoa ELon GOED BEE
sLoa sLoa sLoa SLon FLO0 ¥lL00 Floo Floo oo g oo oo oo ZLoa ZLoa ZLoa ZLon G270 152
FlLOQ FlLOD FlLOD FlLo0 £ Lo oo oo oo oo oo oo oo zLoa LLoo LLao LLoo G370 G0Z
cLoa cLoo cLoo cLon ZLon ZLon oo oo Lo Lo Loo Loo LLoo Lo Lo oLoa oLoa dFT0 LiL
oo Lo Lo LIoo LIoo 1100 oo oo oo oo oo oo oo 5000 5000 5000 5000 0zZzn SEL
oLoa oLoa oLoa G000 G000 G000 G000 G000 G000 G000 a00a a00a B00a B00a B00a B000 8000 4Bl0 FOL
=] Eran] SFo SEFn ¥ SLED GED GEED £ 5470 570 5770 o G0 gla SZla Lo g4l "aley [EL
s "aLu| uonefedolg ung ‘ainssald

72



Ze0n LEOD LEOD 0Edo 0Edo 6200 6200 8z00 8z00 £200 4200 9200 9200 3200 5200 5z00 5200 1850 LTET
Ze0d LEO'D as] 0E0D 0E0D 6200 8z00 2200 2200 2200 4200 9200 5200 52010 52010 5z0°0 5z0°0 ¥450 Zroz
VE00 oeoo oeoo 6200 6200 287010 2z00 2200 4200 9200 9200 9200 5200 5200 ¥Zon ¥ZoQ ¥Zo0 €950 =]
0e0a 6200 6200 azon azon £Z0°0 2200 9200 9200 5200 5200 5200 200 yeoa yeoa yzoa ¥zoo 05570 0651
0eca 6200 gz00 gz00 gz00 £200 2200 9200 9200 5200 5200 ¥20o ¥20a yeoa £e0n ¥eoa £z00 WwSa £Z51
6200 gzo0 200 200 200 9700 9z00 5Z00 5200 ¥Z00 ¥Z0o ¥Zoo £200 Ez00 Ez00 Ezo0 Zzon ¥Z50 ZaEl
8200 9200 9200 9200 9200 5200 5200 FZ00 ¥Z00 £Z00 £Z00 £Z00 cZin ceon ceon czon LZoa Losao 07}
9200 5200 5200 5200 5200 FZo0 FZ00 £Z00 £200 2200 2200 2200 \eno Leno Leno LZoo LZoa \8¥ao G501
5200 ¥zon ¥zon ¥Zoo EzZ00 EZ00 Zzon Zzon Zz00 lzoo \Zoo \Zoo 0z00 0zoo 0zoo 0zoo 0zoo 650 alE
yeoa £zon £zon czon czon zon LZoa LZoa Leoa 0zon 0zoa 0zoo G100 6100 6100 600 6100 9EF 0 98/
[y LZoo LZoo \Zoa \Zoa 0zoo 0zon BL00 6100 6100 g100 8100 2100 8100 8100 8100 2100 80y 0 gl
Leno 0zoa 0zoa 6100 6100 6100 8100 8100 8100 2100 2100 2100 2100 2100 9100 ] 9100 64870 255
6100 6100 6100 a0 a0 8100 2100 2100 2100 9100 3100 3100 9100 9100 5100 5100 5100 4580 =144
8100 8100 21070 2100 2100 2100 9100 9100 9100 s5100 5100 5100 5100 5100 5100 S0 Fioo SEED 85t
9100 S0 S0 500 500 Fioo Floo Floo Floo 1o €100 €100 £l £ioa £ioa A} 2o 6820 87
50 540 5r0 5Zr 0 ¥o S/E0 SED SZED Eno 54270 520 5220 2o 510 510 5z10 L0 EUREICH [EE
s "aw] uoiefedolg wng | 'anssaid

73



oz00 GE0D FEOD FEOD £Enno ZEno LEOD LEDD LEOD ] 5200 5700 5700 5200 azono azoo A700 5790 9457
FEOD FEOD CEOn ZEno Zenno LEOD oo eno 5200 GO0 azoo 700 azon LZ00 L200 L2000 G700 Lo50 LL¥e
£E0D EEDD TEnn LEOD LEDD nzoo 5200 5200 5200 3zoo AZ00 £E00 700 LE00 az00 az0o Sz00 F350 LTTE
CE0D TE0D LEoD LEOD oeoo G700 5200 5200 3zoo 4E00 AZ00 £E0°0 Szon SF00 =] azoo ] 2450 ful
ZE00 LEon oEoo oEoo G200 G200 azoo azno azoo 00 9z0o 9700 970 9700 5200 5700 SZoo FI5°0 Fagl
LE0D 0E00 oEoo G200 G200 azoo A700 A0 AZ00 9z00 9z00 5700 5700 5E00 oo oo oo EF50 0531
LEon 0E0'0 5700 5200 azono L7000 A700 AT0o 9z0o 9z0o 500 5700 5700 5E00 oo Fzoo Fzoo fal=gn] ET5L
nz0o 6700 aron azao L0 L7000 G700 Q700 gzoo SZoo 500 FZ0°0 FEono FEOD [runji] [runj] £roo A750 Zacl
8700 aron 700 LE00 az00 5700 ] Soo Szoo Fz00 F¥Z00 700 £Zon £Foo fuang] Zzono Zzono 5050 A0TL
AZ00 £E0°0 Szon SF00 5200 Fzoo Fzoo Fzo Fz00 £zoo £Zoo fualng] Zzon ] furau ] oo LZ00 9ar0 5501
9z0o 5700 ] FEOD oo £roo £roo £rno Zzio Zzio o Lz Leon [t} Leon ozoo 0zoo £aro 2l&
500 FE00 £Fon £Foo £Zono furan ] futun ] oo LZ00 Lz Lzon 0700 0zoo 0z0o 0zoo 5100 5100 BEF D 03
£Zoo fualng] Zzon ] [l LZ00 ozoo ozoo ozoo GL00 5L00 5L0°0 5100 5100 =] ugn] 2Lon 200 oLFo 33
[ty Lenn ozono 0zoo ozoo 5l00 5l00 sl00 2100 2100 2100 200 Ao Al00 Al00 Al00 Al0o = g] 55
ozoo 0700 5100 5100 =] ugn] 2Lon 200 oo Al00 100 2100 4100 100 100 100 .00 3100 3520 EFF
5L00 aL00 Lo =] ugn] 00 A00 00 =] agn] 100 9100 gL00 aL0'0 5100 5100 5100 5100 500 QEED 85L
100 aL00 a0 5100 5100 5100 Floo FlOo w00 FlLOo oo EL00 £ [y ujn] [y ujn] oo oo Jutzrn] AT
50 580 =] S5EF0 o S/ED G0 STED o 5470 520 GEE0 oo 510 510 5710 ] S/Ul "aley 15d
s "awi) uonelfedoig wng |'adnssalg

74



syl Zena Zena LEOD LEOD ozoa ozoa &5Z00 azoa azoa azon JE00 200 azono azono azoa azoa 550 LLFE
[g] Eno Eno LEDD nzoo oo 5200 5200 3zono 3zono JE00 JE00 £Z00 az0o az0o az0o az0o 2350 LTET
eyl LEoa LEoa as0o as0o G200 G200 gz0ao gz0ao gz0ao 2200 3200 9200 ge0o ge0o ] | 0gsao crie
LE00 Qz0a Qz0a G200 G200 gz0ao Bzoao 2200 AZ00 AZ00 3200 SZ0n SZ0n ] ] Sz0ao Feoa 7350 Fagl
oeoo GZ0°0 GZ0°0 GZ00 azoao Faajn| AZ00 AZ00 9z0ao 9z0ao SEZ0n SZon SZ0n FEoo FEoo FEoa FEoa arsao 0531
oeoo Gz0°0 Gz0°0 azoao LZ00 A0 AZ00 gzoao 9z00 9z00 Szon Szon Fz00 oo oo Fzoa oo ZF50 £751
5000 azoo azoo L2010 L2010 Sz00 oz0ao oz0ao Szoao Szoao Fzon Fz00 FZ00 £Zoo £Zoo £ooao £ooo a5 o futz Iy
azoo L7000 L7000 azono azono 5zono 5o Fz0 Fzo0 Fzo0 EZ0n EZ00 £Zon oo oo oo oo £05°0 LOTL
pg] az0a az0a | | Fzoa o o oo oo Ze0n Zz0n Zz0n ] Leon LZoo LZoo AaFo G501
] Eray] Eray] Fzoa £zoa £zoa S| Zzoa Zzoa Zzoa LlZon LlZon [atnl] Leon ozoo 0zoa 0zoa aro 2le
oo oo oo £zoao Zzoa oo Zzoa LZoo LZoo LZoo 0zon 0zon 0zoa ozoo sl00 slL00 slL00 Lrro Qa
futau )] oo oo LlZ00 LlZ00 ozoa ozoa ozoa sL00 sL00 slL00 5100 L0 2o 2o aLa aLa ZlFa a3
le0n 0zoo 0zoo ozoo 5L0°0 5100 5100 2100 200 200 2100 21010 A0 A00 A00 00 00 LBE'D 755
500 5L0°0 5L0°0 500 gLoa gLoa gLoa 200 200 200 2100 3100 9100 oo oo Lo oo 6520 GFF
aLoo aLoa aLoa Ao Ao Ao qL0a qL0a qLo0a qLo0a SL00 S0 SLoa 5100 5100 5100 s5L0a SEED 352
oo oo oo sLoa Floa Floa Floo Floo Floo Floo clLon £ Lo oo oo oo oo 2a70 a7
50 SAF0 SF0 SZF 0 o Erasyn] =iy SZED [y 570 Sz Sz i G410 5o 5Zlo Lo sl "aley i1sd
s "awn] uonebedoig wng 'ainssald

75



Burn Rate Uncertainty, in/s

Pressure, psi

M 0.03-0.035
[0.025-0.03
M 0.02-0.025
[J0.015-0.02
[J0.01-0.015
[ 0.005-0.01
[d0-0.005

Figure A.25: Test 6 burn rate uncertainty for the EDUM method.
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Figure A.26: Test 6 relative uncertainty for the EDUM method.
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Burn Rate Uncertainty, in/s

Pressure, psi

[0.025-0.03
M 0.02-0.025
[J0.015-0.02
[J0.01-0.015
1 0.005-0.01
[ 0-0.005

Ur, ps

Figure A.27: Test 6 burn rate uncertainty for the Zero Crossing method.

Relative Uncertainty, %

Pressure, psi

[5.00%-6.00%
1l 4.00%-5.00%
[03.00%-4.00%
[02.00%-3.00%
[ 1.00%-2.00%
@ 0.00%-1.00%

0.5

Ut, ps

Figure A.28: Test 6 relative uncertainty for the Zero Crossing method.
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Burn Rate Uncertainty, in/s

Pressure, psi

M 0.03-0.035
[0.025-0.03
M 0.02-0.025
[J0.015-0.02
J0.01-0.015
[ 0.005-0.01
[0 0-0.005

Figure A.29: Test 6 burn rate uncertainty for the Cross Correlation method.

Relative Uncertainty, %

Pressure, psi

[5.00%-6.00%
1l 4.00%-5.00%
[03.00%-4.00%
[02.00%-3.00%
[l 1.00%-2.00%
0 0.00%-1.00%

Figure A.30: Test 6 relative uncertainty for the Cross Correlation method.
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APPENDIX B

MATHCAD CODE FOR TEST DATA REDUCTION

The following pages show the Mathcad data reduction worksheet for Test 5.
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DIGITAL ULTRASONIC DATA REDUCTION
PROGRAM

PreTeStEDUM =
0 1 2 3

0 0 0.04 0.044 0.276
1 0 0.039 0.042 0.278
2 0 0.039 0.042 0.277
3 0 0.04 0.042 0.273
4 0 0.04 0.042 0.273
5 0 0.041 0.043 0.273
6 0 0.039 0.042 0.278
7 0 0.038 0.042 0.277
8 0 0.04 0.042 0.277
9 0 0.037 0.041 0.276
10 0 0.04 0.041 0.278

Outside Inside PropTime

PreTestCC = PreTestZC =

0 0

0| 552510 -5 0| 552510 -5

1| 5525105 1| 5524105

2| 5524105 2 5.524-10 -5

3| 552510 -5 3| 552510 -5

4| 5525105 4| 5525105

5| 552510 -5 5| 552510 -5

6| 552510 -5 6| 552510 -5

7| 5524105 7| 552410 -5

8| 552510 -5 8| 552510 -5

9| 552510-5 9| 5525105

4 4
rows(PreTestCC) =1x10 rows(PreTestZC) =1x10

rows(PreTestEDUM) =1x 104

Pre T est EpUMA= augment(PreTestEDUM<1> ,PreTestEDUM<2>,PreTestEDUM<3>>

Eliminates empty first column

4
rOWS(PrETeStEDUM) =1x10 i=0. rows(PreTestEDUM) -1
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PreTest := aug ment( PreTestEDUlvl<2> s PreTestEDUM<1> s PreTestEDUM<O> R PreTestZC, PreTestCC)

EDUM Prop Time, Inside Pressure, Outside Pressure, ZC Prop Time, CC Prop Time

|:=0..rows(PreTest) — 1

AA

2
III.I""l\.-.._ .
e ."I | Vil
g ' ‘.'. -
150 , . -= —5.52-10 °
PreTest) o ' ;' ::
e L PreTest) 3
PreTest 1 = | —455.10° —-- ’
_____ J ) PreTest) 4
PreTest| | i ’
,'. m 'n.\ -
0.5 [ \ —15.48-10
] \ Y
0 : : : T 154610 °
0 2000 4000 6000 8000 1 -104
|
TeStEDUM =
0 1 2 3
0 0 0.055 0.041 0.243
1 0 0.054 0.041 0.239
2 0 0.053 0.048 0.237
3 0 0.052 0.041 0.24
4 0 0.051 0.041 0.241
5 0 0.054 0.042 0.245
6 0 0.05 0.043 0.241
7 0 0.05 0.042 0.238
8 0 0.048 0.043 0.235
9 0 0.049 0.044 0.236
10 0 0.048 0.043 0.237
Outside Inside PropTime
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TestZC = TestCC =

0 0
0] 5527105 0] 5527105
1| 5527105 1| 5527105
2| 5527105 2| 5527105
3| 5527105 3| 5527105
4| 5527105 4| 5527105
5| 552710 -5 5| 5527105
6| 5527-10 5 6| 552710 5
7| 5527105 7| 5527105
8| 5527105 8| 5527105
9| 5527105 9| 5527105

TestZQ = submatrix(TestZC,O,rows(TestEDUM) - 1,0,0)

Test@Q = submatrix(TestCC,O,rows(TestEDUM) - 1,0,0)

rows(TestZC) ~1x 10* rows(TestCC) —1x 10"
v 2 3
TestED' = augment(TestEDUM ,TestEDUM ,TestEDUM )

Eliminates empty first column

4
rows(Testgpp) = 1x 10 i:=0... rows(Testgp ) - 1

2 v (1)
Test = augment(TestEDUM ,TeStEDUM ,TeStEDUM ,Testzc,TeStcc)

EDUM Prop Time, Inside Pressure, Outside Pressure, ZC Prop Time, CC Prop Time

I:=0..rows(Test) —1
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10

—

D

w
=
o
o

I

POStTEStEDUM =

ﬂ{\ —5-10 °
. ]

! 410 °

|

! _ Test; 3

: —310° ~

| Test) 4

' . —210 °

.I" | \"x\
."I | ) I“*—., -5

: ey —1-10

| Y

|

| | | 0
2000 4000 6000 110

|
0 1 3
0 0 0.046 0.043 8.382
1 0 0.046 0.041 8.38
2 0 0.043 0.043 8.385
3 0 0.045 0.042 8.386
4 0 0.046 0.043 8.388
5 0 0.045 0.04 8.386
6 0 0.044 0.042 8.386
7 0 0.043 0.043 8.386
8 0 0.045 0.043 8.386
9 0 0.045 0.041 8.388
10 0 0.044 0.043 8.386
Outside Inside PropTime
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PostTestZC = 5

4.093-10 -

4.093-10 -

4.092-10 -

4.093-10 -

4.092-10 -

4.093-10 -

4.093-10 -

4.092-10 -

4.093-10 -

N JWIN =IO

4.093-10 -

ajaoajaojajlajlajlajaja|oa

rows(PostTestZC) =1x 104

PostTestCC =

rows(PostTestCC) =1x 104

0

4.093-10 -5

4.093-10 -5

4.092:10 -5

4.093-10 -5

4.092-10 -5

4.093-10 -5

4.093-10 -5

4.092:10 -5

4.093-10 -5

[Col [o =R LN (e >0 (S B B (G I | "SR El (en)

4.093-10 -5

PostTestED' M= augrnent(Po'stTe'stEDU,\,|<1> s PostTestEDUM<2> s PostTestEDUM<3>)

Eliminates empty first column

rOWS(POStTeStEDUM) =1x 104

PostTest .= augment(PostTestEDUM<2> s PostTestEDUM<1> s PostTestEDU,\A<0> s PostTestZC, PostTestCC>

EDUM Prop Time, Inside Pressure, Outside Pressure, ZC Prop Time, CC Prop Time

I:=0..rows(PostTest) — 1
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10 4110 °

f. R o5 .17
8L ]
o il s o Bl .
.I' 4
1 o -
'. o —4.09-10 °
PostTest) o gl | Ny
- 1 i PostTest| 3
PostTest) 1 ¥ 4085.10° — - ’
_____ | | ' PostTest 4
PostTest; » I : ’
’ 4— ] g
|1 —4.0810 °
\ :
-1I [
2— 11 I -5
b ot —4.075-10
o7 e 5
N S—— | [ el e o] ) 075
0 2000 4000 6000 8000 110"
|
ENTER the initial thickness: Propellant Thickness:  E,q = 0512
ENTER the ultrasonic frequency: freq := 100C

ENTER the pressure calibration factors for the inside transducer:

Inside Pressure Outside Pressure
Mpy := 895.25¢ m2p := 933.7€
bpy = -9.352 b2p = -26.332

ENTER the Ultrasonic calibration points:

t=39110 " v = 8.80C

Ty = 54310 ° Vai= 030
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DIRECTIONS FOR TRANSFERRING PRESSURE CALIBRATION

Enter 1 into mp1, Enter O into bpl

Enter slope and intercept from pressure transducer calibration into mp2
and bp2

Enter value from v4 into mp1 (below)

Enter value from v3 into bpl (below)

Values for v4 and v3 should now be 1 and 0

P(V) = (MpyV + bpy + 0) P2(V) := (M2p-V + b2p + 147)
27"
m; = V-V, (V) = [(V— Vl)'mr + ’C]:|
o _ (@
© ( <0>) Test<o> _ r(Test<0>) PostTest" := r(PostTest )
PreTest ™ = t\PreTest @ ( ( 1>)
v _ (v PostTest ~ := P{PostTest
PreTest<1> = P(PreTest<1>) Test™ = P(Test ) ) ( ( 2>)
@ _ 2 PostTest'“ := P2\PostTest
PreTest<2> = PZ(PreTest<2> ) Test™ = PZ(TeSt )
2000 compare inside (1) and outside (2) transducers
PreTest If calibrations are the same V4 should be 1 and
1000F — V3 should be 0
oreT et
e W, O
V= regress(PreTest ,PreTest ,1)
0 | | | 4
0 500 1000 1500 2000 v, =1 vy =3938x 10
@

PreTest
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POST TEST (COUPLING MATERIAL) DATA

Edum Method

0 1 2 3 4
0 | 3985105  2869% 31682 | 409310 5| 4.093-10 5
1 | 398510 5| 27681 30.926 | 4.09310 5| 4.09310 5
2 | 3984105]  2869% 28.809 | 4.09210 5| 4.092-10 5
3 | 3984105 28261 30.775 | 4.09310 5| 4.09310 5
4 | 3984105 28841 31229 | 409210 5| 4.092-10 5
5 | 3984105 26232 3017 | 4.09310 5| 409310 5
6 | 3984105 28406 20.868 | 4.09310 5| 4.09310 5
PostTest={" 7 | 3984105] 2869 28507 | 4.092-10 5| 4.092-10 5
8 | 3984105 28986 30.623 | 4.09310 5| 4.09310 5
9 | 3984105 27102 30.623 | 4.093-10 5| 4.093-10 5
10 | 3984105| 28841 20565 | 4.09210 5| 4.092-10 5
11 | 3984105] 27392 27.751 | 4.09310 5| 4.09310 5
12 | 3984105| 283841 28.356 | 4.09210 5| 4.093-10 5
13 | 398510 5|  27.8%6 27.902 | 4.09310 5| 4.09310 5
14 | 398510 5| 27681 30.926 | 4.093-10 5| 4.093-10 5
15 | 3985105]  28.116 28.809 | 4.09210 5| 4.092-10 5
start := 170C finish := 290C

rows(PostTest) = 1 x 104

il :=0.. rows(PostTest) — 1

3.99-10 °

3.98-10 °

PostTestjj o

3.97-10 °

finish

3.96-10 °

2000 4000 6000 8000 1-10
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2000 it

finish

1500~

PostTestjj 1

1
PostTest;; 2

000~

500~ =
0 1 ‘ l l
0 2000 4000 6000 8000 1 -104
i
p=1 order of the regression

PostTestl := submatrix(PostTest, start, finish — 1,0,1)

V= regress(PostTest1<1> , PostTestl<0> s p) Regression

ac =V, bC::v3 _10 o
ac=-1223x 10 bC =3984x 10

iii .= 0.. rows(PostTestl) — 1
PostTestliiL2 = v4-PostTest1iii, 1 + v3
0 1
0 3.982:10 - 249.311
1 3.982:10 -5 249.891
2 3.982-10 -5 250.906
3 3.981-10 - 252.935
4 3.981-10 -5 255.399
PostTestl =2 3.982-10 -5 256.124

6 3.982:10 256.413
7 3.982:10 -5 257.283
8 3.981-10 -5 256.703
9 3.981-10 - 259.458
10 3.981:10 -5 258.878
11 3.981:10 -5 260.762
12 3.981-10 -5 261.922
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3.99-10 °

—5
981
POStTeStliii,OS 98-10

ooo
POStTEStliii,z _
----- 39710 °

3.96-10 °
200 400 600 800 1000 1200 1400

POStTeStliii,l

The column 2 of Couplingl contains the interpolation of the speed of sound in the
Epoxy as a function of Pressure.

ZeroCrossing Method

Sstart ;= 170C finish, = 290C
-5
4.1-10 stat finish |

4.09-10 ° |

POStTEStii’\g :

4.08-10 ° |
40710 °

0 2000 4000 6000 8000 1.10*
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2000 -t

start  finish
1500 l l _
PostTest;; 1 1 1
1000~ | ! -
PostTestjj » | |
5001~ 1 ; _
0 | ‘ | |
0 2000 4000 6000 8000 1 -104
ii
PostTestZC = augrnent(PostTest<3> s PostTest@)
PostTestl,. := submatrix(PostTestzc,start,finish - 1,0,1) 0
0 4.089-10 5
0 © 1 4.089-10 -5
Vo = regress( PostTestl,. = ,PostTestl,. ,p) 2 4.089-10 -5
3 4.089-10 -5
Anyp =V Dayn =V 4 4.089-10 5
czc zc czc zc
4 3 PostTestl,c=| 5 | 4089105
_10 6 4.089-10 5
8 4.089:10 -5
_ 10 -5
bege = 4092 107 9 | 408910
10 4.089:10 -5
1 4.089-10 5

iii:=0.. rows(PostTestlZC) -1

PostTestl,. = VZC4'POStTEStlzC + vV

ii, 2 iii, 1 z

3
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4.085-10 °
PostTestlZCiii o
ooo 4.08-10 °
PostTestlZCm
iii, 2 -5
""" 4.075-10
40710 | | | | |
200 400 600 800 1000 1200
PostTestlzc.__
1, 1
CrossCorrelation Method
Start ;= 170C [finish, = 290C
stat  finish !
40910 ° [~ | .
4.085-10 ° 1 1 i
POSITEStii’4 : :
40810 ° |- l l -
4075-10 ° |- | ‘ -
40710 ° AR : :
0 2000 4000 6000 8000 110
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2000 start  finish
1500 1 —
PostTestii,l :
. 1000~ 1 -
PostTest;j » |
500~ 1 _
0 1 ‘ | |
0 2000 4000 6000 8000 1 ~1O4
i
PostTest. == augment(PostTest<4> s PostTest<1> )
PostTestl = submatrix(PostTestCC,start,finish - 1,0,1)
Ve = regress(PostTestlcC<1> s PostTesthC<0> s p)
8ccc = Vec beee = Vee
4 3
0
1 4.08871-10 -2
3 4.08871-10 5
i .= 0.. rows(PostTesthC) -1 PostTestl,. =| 4 4.08871-10 5
PostTest1 PostTestl 5 4.08871-10 -5
ostTest ccii. = vcc4- ostTest ccii. + Vcc3 5 4.08871-10 5
7 4.08971-10 -5
8 4.08871-10 -5
9 4.08871-10 -5
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4.085-10 °

POStTeStlcc“i o
ooo 40810 °
PostTesthC__'
iii, 2 -5
""" 4.075-10
4071 0—5 | | | | |
200 400 600 800 1000 1200 1400

PostTestlcc___
ii, 1

PRETEST (PROPELLANT) DATA

Edum Method

h:=0..rows(PreTest) — 1

Subtract the propagation time in the epoxy. The
result gives the real propagation time in the
propellant as a function of Pressure

PreTestl = PreTest

h.0 (aC~PreTesth’1 + bc)

h,0

PreTestlh’ 1= PreTesth7 1

rows(PreTestl) = 1 x 104

ii .= 0.. rows(PreTest) — 1
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140C ini

A/

<%)
5

>

Reduce data set

1.46-10 °

14410 °

PreTestlii,o

14210 °

1410 °

0 4000

6000

8000 1-10

2000 start | finish

1500

PI’ETEStii,l

1
PreTestii,z 000

500

4000

PreTest2 := submatrix(PreTest1, start, finish — 1,0, 1)
W= regress(PreTestZ<1> s PreTest2<0> s p)

=W

4 =W

p p 3

97

6000

8000 1-10

regression to get the coefficients ap and bp

Coefficients representing the
behavior of the speed of sound in
the propellant as a function of
Pessure



ji:=0..rows(PreTest2) — 1 0 1
0 1.43987-10 -5 326.13509
PreTesthj’ p =W 4~PreTest2jj’ 1+ Wy 1 1.43994-10 5 326.85935
2 1.44054-10 -5 329.17896
3 1.44097-10 -5 330.48336
4 1.44012-10 -5 332.22284
PreTest2=| 5 | 14403810 5 334.97666
6 1.43987-10 -5 335.41175
7 1.43921-10 -5 333.67226
8 1.43977-10 -5 337.00621
9 1.44012-10 -5 337.00621
10 1.44013:10 -5 337.73136
11 1.43939-10 -5 338.89072
14610 °
14410 ° |- -
PreTest2j; o~
ooo
PreTest2;; » _
a0t -
141078 | | | | |
200 400 600 800 1000 1200 1400 1600

h:=0..rows(PreTest) — 1

PreTesthj,l

Zero Crossing Method

Subtract the propagation time in the epoxy. The
result gives the real propagation time in the
propellant as a function of Pressure

PreTestlZC = PreTest
h,0

PreTestlZCh L = PreTesth, 1

H

h.3~ (aczc'

PreTest b

hat czc)
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rows(PreTestlZC) =1x 104
i=0. rows(PreTestlZC) -1

start ;= 140C finish .= 2700 Reduce data set

1.42.10 °

PreTestlZ

8000 1-10

2000 start | finish

15001~

PreTestjj 1

—_— 1 -
PreTest;; 2 000

5001~

I
0 2000 4000 6000 8000 1-10

PreTest2,, = submatrix(PreTestlzc,

start, finish — 1,0,1)

Wy = regress(PreTestZZC<l> s PreTestZZC<0> ,p)

regression to get the coefficients ap and bp
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8pzc = Wzc, bpzc = Wz,
87c = 2309 10710 Coefficients representing the
) 5 behavior of the speed of sound in
Ji=0. rows(PreTestZZC) -1 prC =143x 10 the prope”ant as a function of
PreTest2 . PreTesto Pessure
reTest Zij,Z = WZC4' reTest Zij, 1 + Wch
0 1 2
0 | 1423105 326135 | 1.42210 -5
1 | 1.42310-5| 326.859 | 1.422-10 5
2 | 1.422105| 329179 | 1.422-10 5
3 | 142310-5| 330483 | 1.42210 -5
4 | 1.422105| 332223 | 1.42210 5
5 | 1423105 334977 | 1.422-10 -5
6 | 142310 5| 335412 | 1.422:10 5
PreTestZ;c = 7 | 1422105 333672 | 1.422.10 5
8 | 1423105| 337.006 | 1.422:10 5
9 | 1422105| 337.006 | 1.42210 5
10 | 142210 -5| 337731 | 1.422-10 -5
11 | 142310 -5 338891 | 1.422:10 5
12 | 1.422-10 -5 340.92 | 1.422-10 -5
13 | 142210 5| 340775 | 142210 5
14 | 142210 5| 344978 | 1.422-10 -5
15 | 142210 5| 345414 | 142210 5
PreTest2 142107 - ]
“%jj.0
eles Zij,z .
— 1410 ° .
139.10°° | | | | | |
200 400 600 800 1000 1200 1400 1600

PreTestZZC__
ji,1
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Cross Correlation Method
h :=0.. rows(PreTest) — 1

Subtract the propagation time in the epoxy. The
result gives the real propagation time in the

propellant as a function of Pressure
PreTestlCch 0 = PreTesth’4 - (atCCC-PreTesth,1 + bccc)

PreTesthCh L = PreTesth’

s

1
4
rows(PreTestlcc) =1x10

ii=0. rows(PreTesthC) -1

start ;= 140C finish, .= 2700 Reduce data set

14210 °

PreTesthC__
ii,0

13810 ° —L— : : :
0 2000 4000 6000 8000 110"
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2000 start | finish

15001~ ! : .
PreTestjj 1 1 1
—— " 1000f | | .
PreTestj; » 000 | |

500~ ! 1 ]

L | | |
0 2000 4000 6000 8000 1-10*

PreTest2.. = submatrix(PreTestl start, finish — 1,0,1)

cc’

Wee = regreSS<PreTeStch<l>’PrETEStZCC@’p) regression to get the coefficients ap and bp
=W, =W,
“pee ™ eey Tpee = Mees anee = —2312x 10 0 Coefficients representing the
behavior of the speed of sound in
bpee = 143x 107 3 the propellant as a function of
ji=0. rows(PreTestZCC) -1 Pessure
PreTestZCij!2 = ch4~ PreTestzccjj, . + WCC3
0
0 1.4229810 5
1 1.42199-10 -5
2 1.42202-10 5
3 1.42304-10 5
PreTest2,, = 4 1.42206-10 -5
5 1.42309-10 -5
6 1.4221-10 5
7 1.4220810 -5
8 1.42312-10 5
9 1.42212-10 5
10 1.4221310 5
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14210 °

PreTestZCCjj .
ooo 14110 ° [ .
PreTestZCC__
J]?2 —5
— 1.4-10 © [~ .
139.10°5 | | | | | |
200 400 600 800 1000 1200 1400 1600

PreTesthc__
.1

TEST (FIRING) DATA

Edum Method

start -= 1135 finish := 2003

AARARAA/ AAAAARAAA

rows(Test) = 1 x 104

iiii .= 1.. rows(Test) — 1

I'start fiish

5510 °

5.10 °
Testjjij, 0
-5
45-10

410 °

35.10 ° I L. I I I I I
0 500 1000 1500 2000 2500 3000 3500
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3000

2000
TLStiiii,Z
TLStiiii,l

1000

L= submatrix(Test

6000 8000 1-10

2000 4000

,start, finish — 1,0,0) P2 = submatrix(Test, start, finish — 1,2,2)

P1 := submatrix(Test,start, finish — 1,1, 1)

k:=0. rows(r) -1

1
At i=——
freq
5.10 °
T
T
4510 °
410 °

™ I
‘-._\“-‘“ .
~ -
'\1‘_‘\-.
e
"\\_‘-‘
— -“-‘“'-‘.‘ . —]
S ~
H"‘“.

l l l l l

0 500 1000 1500 2000 2500 3000
P1,P2
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El

P’

Calculate propellant thickness

EpO I:rk - (aC-Plk + bc)]

apoPlk + bp

t, = i-I<

k

freq

Smoothing function

Elp

Ep

= supsmooth(t,Elp)

= supsmooth(t,EZp)

El

0

0.5134

0.5132

0.513

0.5128

0.5126

0.51241

0.51221

0.51201

0.51181

0.51161

0.51141

28 lofe|N|loo|s|w v o

0.51121

-
N

0.51101

—_
w

0.51081

—
>

0.51062

_
ol

0.51042

rows(Elp) - 868
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P1=

Epo
~P2p b {‘rk - (aC~P2k + bc)]
k p
0 0
0 | 197.8536 0 | 54259210 -5
1 195.679 1 | 5.42453-10 -5
2 | 197.1293 2 | 5.42424-10 5
3 | 197.5635 3 | 54229610 -5
4 | 198.4337 4 | 5.42284-10 5
5 | 200.6074 5 | 5.42307-10 -5
6 | 199.8831 6 | 54227810 -5
7 | 201.6226 T=1 7| 54220310 -5
8 | 200.6074 8 | 54215110 -5
9 | 202.4919 9 | 542116-10 -
10 | 201.3325 10 | 5.42093-10 5
11 ] 200.3182 11 5421110 -5
12 | 202.0568 12 | 5.42023-10 5
13 | 204.8115 13 [ 54194810 -5
14 | 205.5358 14 | 5.41849-10 -5
15| 206.406 15 [ 5.41797-10 -5




Propellant Instantaneous Thickness

I I I I I I
o ]
(<5}
[
4
=)
<
|_ —]
100 200 300 400 500 600 700 800 900
k
Time
Calculate burning rate
number of points to use in linear regression. (Must be an odd number.)
N:= 151
M= N1 =0.N-1 time = At
= q:=0.N- = Atq
i=M. rows(Elp) ~1-M

linear regression to get the burning rate.
rli = —sIope(time,submatrix(Elp,i -M,i+ M,0,0))

r2i = —slope(time,submatrix(EZp,i -M,i+ M,0,0))

Plrneani = mean(submatrix(P1,i — M,i + M,0,0))

P2rneani = mean(submatrix(P2,i — M,i + M,0,0))
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EDUM Burn Rate

1
|~
el
.-r"/'/
rL; /,.-—-""
I’Zi 7
0.1
100 110° 110

P1mean;, P2mean;

dpldti = slope(time, submatrix(P1,i — M,i+ M,0,0))

dp2dti = slope(time, submatrix(P2,i — M,i+ M,0,0))
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4000

35001~

2000~

15001~

1000
0 500 1000 1500 2000 2500

P1mean;

TEST (FIRING) DATA ZERO CROSSING

Zero Crossing Method

start ;= 113 finish,:= 2102

AARRAAA/

rows(Test) = 1x 104

iiii := 1.. rows(Test) — 1
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55.10 ° -
510 ° —
Testiiij, 3
=E=E —
45-10 =
410 ° .
3510 ° \ , a L | |
0 500 1000 1500 2000 2500 3000 3500
iiii
3000
2000
Testjjii, 2
Testjjii,1
1000
0
0 2000 4000 6000 8000 1 ~104
iiii
T, = Submatrix(Test, start, finish — 1,3,3) P2 := submatrix(Test, start, finish — 1,2, 2)
P1 := submatrix(Test,start, finish — 1,1, 1)
At — i
AW freq k:=0. rows(rzc) -1 rows(t) = 868

109



‘\"\-‘
‘CZC - hal -
~ 5100 o 7
Tzc - .-
4510 ° [ B .
-
410" | | | |
0 500 1000 1500 2000 3000
P1,P2
Calculate propellant thickness
Eno
Ely,, =—————— 1,0 —(a,cPl +b
pzc, - . |: ZC czC k Czc:|
k' apzePL + bpge [ Tk ( )
Eno
E2 . = —-|:r —(ap,e-P2, + b ]
zC zc czc’" 4k T Yezc
PZCy e P2+ e | ( )
K Smoothing function
Jk =7
fre - ; — ;
q ElpZC = supsmooth(j, Elpzc) E2pZC = supsmooth(J, Ezpzc)
0 0 0
0 051145 0 197.854 0 5.509510 5
1 0.51124 1 195.679 1 5.50943-10 -5
2 0.51102 2 197.129 2 5.50907-10 -5
3 0.51081 3 197.564 3 5.5083-10 -5
4 0.5106 4 198.434 4 5.50844-10 -5
5 0.51039 5 200.607 5 5.5077510 -5
=6 051018 - 6 199.883 -6 5.50693-10 -5
Elyzc P1 o
7 0.50996 7 201.623 7 5.50711:10 -5
8 0.50975 8 200.607 8 5.50635-10 -5
9 0.50954 9 202.492 9 5.50566-10 -5
10 | 050933 10 201.333 10 5.50589-10 -5
11 0.50911 11 200.318 11 5.5051-10 -5
12 0.5089 12 202.057 12 5.504-10 5
13 | 050869 13 204.812 13 5.50445-10 -5
14 | 050848 14 205.536 14 5.50354-10 -5
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Propellant Instantaneous Thickness

Thickness

0 200 400 600 800 1000
k

Time
Calculate burning rate

number of points to use in linear regression. (Must be an odd number.)

o N-1 .
N= 151 - q:=0.N-1 time, = At-g

My
2

i=M. rows(Elpzc) -1-M

linear regression to get the burning rate.

r1ZCi = —slope(time,submatrix(Elpzc,i -M,i+ M,0,0))

2, = —slope(time,submatrix(Eszc,i -M,i+ M,0,0))

ZCi :

leeani = mean(submatrix(P1,i — M,i+ M,0,0))

P2meani = mean(submatrix(P2,i — M, i+ M,0,0))
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Zero Crossing Burn Rate

1
.-f"/—/
_.-""/
T j/
rlzc. L
i v
r2zc; 7
0.1
100 1.10° 1-10
P1mean;, P2mean;
TEST (FIRING) DATA CROSS CORRELATION
Cross Correlation Method
rows(Test) = 1 x 10* start = 1132 finish .= 2053

iiii := 1.. rows(Test) — 1
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5510 °

5.10 °
Testjjjj 4
Be8 -
45-10

410 °

3510 ° ‘ L ' '
0 500 1000 1500 2000 2500 3000 3500
ii

3000 start fihjsh

2000

Testjjii 2
Testjjii 1

1000

1-10

6000 8000

T = Submatrix(Test, start, finish — 1,4,4)

P2 := submatrix(Test, start, finish — 1,2,2)

P1 := submatrix(Test,start, finish — 1,1,1)
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1
At = — k:=0.rows(t..| -1
AW freq ( CC)
5 [ —
55-10 m\‘“
Tee - Tl .
- 510° . i
Tee e .
4510 ° [ T .
.
s
41075 | | | | |
0 500 1000 1500 2000 2500 3000
P1,P2
Calculate propellant thickness
0
Eno ( ) 0 0511
El oo = —-[r —(apeeP1, +b } 1| 051097
cC cc CCC k Cccc
PO apoe Py + Bpee Lk 2 | 051099
3 | 051064
E 4 | 051065
B -— P —(a P2, +b ) 5 | 051031
pcc, . |: cc CCC k CCCi| =
K Bl gy L 6 | 051031
Elpce =| 7 | 051033
8 | 050995
9 | 050962
Loty 10 | 050996
K™ freq 11| 050959
12 | 050925
Smoothing function 13 | 0.50929
14 | 0.508%4
ElpCc = supsmooth(l, Elpcc) 15 | 050859
Ezpcc = supsmooth(l, Ezpcc)
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Propellant Instantaneous T hickness
I I I I

Thickness

0
0 200 400 600 800 1000
Time

Calculate burning rate

number of points to use in linear regression. (Must be an odd number.)

— N-1 .
AANAA' 151 AMN: T q = 0 N - 1 tlmq = Atq

i:=M..1ows(ELyoc) -1 - M
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linear regression to get the burning rate.

lec, = ~slope(time, submatriqEln.,i - M, i+ M,0,0))

rZCCi = —slope(time,submatrix(Echc,i -M,i+ M,0,0))

leeani = mean(submatrix(P1,i — M,i + M,0,0))

P2rneani = mean(submatrix(P2,i — M,i + M,0,0))

Cross Correlation Burn Rate

/

lec

r2cc;

0.1
100

1.10°
P1mean;, P2mean;

1-10

dpldti := slope(time, submatrix(P1,i — M,i+ M,0,0))

dp2dti = slope(time, submatrix(P2,i — M,i+ M,0,0))
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Burn Rate For All Three Methods

1
//_...t’
A
-
I‘li /
/
rlZ Cu /
!
e
1
0.1
100 110° 110

P1mean;, P2mean;
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APPENDIX C

REGRESSION CONTSTANT UNCERTAINTIES

The following section shows the Mathcad worksheet that was used to calculate

the regression constant uncertainties for Test 5.
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CD =

1 2
1 14.089-10 5| 249.311
2 1408910 5| 249.891
3 | 40910-5| 250.906
4 1408910 5| 252935
5 14.089-10 5| 255.399
6 [4.08910-5| 256.124
7 14.08910 5| 256.413
8 | 409105| 257.283
9 [4.08910-5| 256.703
10 |4.089-10 5| 259.458
11 [4.089-10 -5 | 258.878
12 14.089-10 5| 260.762
13 14.089-10 5| 261.922
14 [4.089-10 5| 261.197
15 14.089-10 5| 262.647
16 [4.08810 5| 263.371

Nc := rows(CD)

Nc =12 x 103

-6
U, :=0310

UPP =21

119

PD =

1 2
1 1142310-5] 326.135
2 [1.42210-5| 326.859
3 [142210-5| 329.179
4 11.42310-5| 330483
5 [1.42210 5| 332.223
6 1423105 334.977
7 (142210 5| 335412
8 [1.42210-5| 333.672
9 [1423105| 337.006
10 |1.422-10 5| 337.006
11 [1.422:10 5| 337.731
12 [1.42210 5| 338.891
13 [1.422-10 -5 340.92
14 1142210 5| 340.775
15 [1.42210 5| 344.978
16 (142210 5| 345414

Np := rows(PD)

Np = 13x 10°




ac = —1.22098 x 10~ *°

(Nc-Pci) - -szcll Pci
{Nc %::1 (Pci)z} - [%:1 Pc}

DbcDrj = o

120

be = 4.09168 x 10 °






Uac =

Ubc =

N
li [(DaCDT‘)Z'UTZ - (DZ"CDPi)Z'UPB2 + (DacDPi)z-Uppzﬂ
i=1

i=1

[(DacDri).(DacDrj).UTZ + (DacDPi).(Dachj).UPBz}u

Uac

ac

14 = 0.02375%

Uac = 2.89933 x 10

Nc

lz [(DbcDTi)Z.UTZ + (Dbchi)Z,UPBZ . (DbCDPi)Z'UPPZJ] |

Nc-1| Nc
+2 Z [Z
L i=1]j=i+l

[(DbcDri).(DbcDrj).UTZ T (DbcDPi).(DbcDPj).UPBZJ]

Ubc

bc

7 = 0.7332%

Ubc = 3.00001 x 10
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2
Np ) Np
{NP'Z (Pry) } - [Z Ppi] ap = 23119 10 1°
i i

5

[Np.-NZp: (Ppi)2] - [% Ppi\] bp = 1.42957 x 10~

i=1,2..Np
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Uap =

Ubp :

N
lzp: [(DapDTi)z'Urz + (DaDDPi)zUpBZ + (Dapri)Z.UPPZ}]
i=1

+ Z-PIle

Uap = 5.11023x 10

+2

i=1

1
Np-1

i=1

Ubp = 3.00003 x 10 bp

b

j=i+1

Np
lz [(Dprti)z-UTZ + (DbpDP,)* Upg” + (DprPi)z-uppz}]

j=i+1

[(DapDri)-(Dathj)-Urz + (DapDPi)-(DapDPj)-upBﬂﬂ

Uap
ap

14 =0.0221%

D [% [(Dprti)-(Dprrj)-UT2+(DprPi)~(DprPj)~UPBZJ]

Ubp

7 = 2.09856 %

125
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ac = —1.22008 x 10~ *° Uac = 2.89933 x 10 -4
_5 — 7
bc = 4.09168 x 10 Ubc = 3.00001 x 10
ap = -23119x 10 ° Uap = 511023 x 10 4
_5 —7
bp = 1.42957 x 10 Ubp = 3.00003 x 10
Constantsl =ac Constants5 = Uac
Constants2 =hc Constants6 = Ubc
Constamts3 =ap Constants7 = Uap
Constants4 =bp Constants8 = Ubp
1
1| -1.22098-10 -10
2 4.09168-10 -5
3] -2.3119-10 -10
4 1.42957-10 -5
5| 2.89933-10 -14
Constants =['s T 3 5000110 7
7| 5.11023-10 -14
8 3.00003-10 -7
9 2.37459-10 4
10 7.33198-10 -3
11 2.2104-10 4
12 0.02099

out .= WRITEPRN("EDUM _Constants.Xs" , Constants)
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U
2\ _ 0.02375%
ac
Ub
~2C1 _ 0.7332%
bc
U
=1 0.0221%
ap
Ub
PP 5 09856 %
bp
Uac
Constants9 = |—
ac
Ubc
Constants10 = ?
Constants, , = %
Ub
Constants, , = 2P
12 bp




APPENDIX D

MATLAB UNCERTAINTY CODE

The following section contains the MATLAB code used to determine the burn

rate uncertainty, U,.
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clear
clc

datal = xlIsread("Test64EDUM.xIs™);
random = xlIsread("EDUMRandomNumbers E64.x1s");

Pl=datal(:,1);
taul=datal(:,2);
El=datal(:,3);
bcl=datal(3,4);
bpl=datal(5,4);

Epol=random(:,1);
acl=random(:,2);
apl=random(:,3);
XP1l=random(:,4);

Nul=151;

M1=(Nul-1)/2;
Nbl=length(datal(:,1));
iterations=5000;
istep=50;

dt1=1/1000;
gql=1:1:Nul;
timel=dtl*ql;

hl=1:istep:Nb1l-Nul+1;
rl=zeros(length(hl),2);
ki=length(hl);

for hl=1:istep:Nbl-Nul+1;
ratel=-polyfit(timel” ,E1(h1:h1+Nul-1),1);
ri(hl, :)=ratel;
Pressure_meanl=mean(P1(hl:h1+Nul-1));
Pmeanl(hl)=Pressure_meanl;

end

figure

ril=r1(:,1);
loglog(Pmeanl,rl,"-");
xlabel ("Pressure, psi®);
ylabel ("Burn Rate, in/s");
grid on

hold

%%%%%%%%% BEGIN UNCERTAINTY ANALYSIS %%%%%%%%%%
%%%%% Utau=.1 %%%%%
Pl=datal(:,1);

taul=datal(:,2);
Utau=.1;
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Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1l:istep:Nbl-Nul+1l;
for j=1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(,1)*P(k,1)+bcl(d,1))))/(apl(,1)*P(k,1)+bpl(d.1));
end
r(j,:)=-polyfit(timel-” ,Ep,1);
end
Ur(i, :)=2*std(r(:,1));
end

Pmeanl=Pmeanl®;
Datal(:,1)=Pmeanl(:,1);
Datal(:,2)=rl1(:,1);
Datal(:,3)=Ur(:,1);

%%%% Utau=.125 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.125;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,l));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);

for i=1l:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(acl(,1)*P(k,1)+bcl(§,1))))---
/(apl(J,1)*P(k,1)+bpl(j.1));
end

r(J,:)=-polyfit(timel-” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end
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Datal(:,4)=Ur(:,1);

%%%% Utau=.15 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.15;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1:istep:Nbl-Nul+1l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(§.1)*P(k,1)+bcli(d,1))))- .-
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

Datal(:,5)=Ur(:,1);

%%%% Utau=.175 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.175;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);

for i=1l:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(acl(,1)*P(k,1)+bcl(§,1))))---
/7(ap1g,1)*P(k,1)+bpl((.1));
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end
r(j,:)=-polyfit(timel” ,Ep,1);
end
Ur(i, :)=2*std(r(:,1));
end

Datal(:,6)=Ur(:,1);

%%%% Utau=.2 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.2;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1l:istep:Nbl-Nul+1l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(§,.1)*P(k,1)+bcl(d,1))))- .-
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

Datal(:,7)=Ur(:,1);

%%%% Utau=.225 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.225;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);

for i=1l:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
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P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(j.1)*(tau(k,1)-
(ac1(d.,1)*P(k,1)+bcl(j,1))))--.
/7(ap1g,1)*P(k,1)+bpl((.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i, :)=2*std(r(:,1));
end

Datal(:,8)=Ur(:,1);

%%%% Utau=.25 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.25;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(§.1)*P(k,1)+bcli(d,1))))- .-
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel-” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

Datal(:,9)=Ur(:,1);

%%%% Utau=..275 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.275;

Ubc=Utau;

Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,l));

bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);
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for i=1l:istep:Nbl-Nul+1l;
for j=1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(,1)*P(k,1)+bcli(d,1))))---
/(apl(,1)*P(k,1)+bpl(.1));
end

r(j,:)=-polyfit(timel” ,Ep,1);
end
Ur(i, :)=2*std(r(:,1));
end

Datal(:,10)=Ur(:,1);

%%%% Utau=.3 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.3;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1l:istep:Nbl-Nul+l;
for j=1:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(,1)*P(k,1)+bcli(d,1))))---
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
uUr(i, :)=2*std(r(:z,1));
end

Datal(:,11)=Ur(:,1);

%%%% Utau=.325 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.325;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
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bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,l));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1l:istep:Nbl-Nul+1l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(§,.1)*P(k,1)+bcli(d,1))))- .-
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

Datal(:,12)=Ur(:,1);

%%%% Utau=.35 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.35;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,l));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);

for i=1l:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(acl(,1)*P(k,1)+bcl(§,1))))---
/(apl(J,1)*P(k,1)+bpl(j.1));
end
r(J,:)=-polyfit(timel-” ,Ep,1);
end

uUr(i,)=2*std(r(:,1));
end

Datal(:,13)=Ur(:,1);

%%%% Utau=.375 %%%%
Pl=datal(:,1);
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taul=datal(:,2);
Utau=.375;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,l));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1l:istep:Nbl-Nul+1l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(§.1)*P(k,1)+bcli(d,1))))- .-
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

Datal(:,14)=Ur(:,1);

%%%% Utau=.4 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.4;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,l));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);

for i=1l:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(acl(,1)*P(k,1)+bcl(§,1))))---
/(apl(J,1)*P(k,1)+bpl(j.1));
end

r(J,:)=-polyfit(timel-” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

135



Datal(:,15)=Ur(:,1);

%%%% Utau=.425 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.425;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1:istep:Nbl-Nul+1l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(§.1)*P(k,1)+bcli(d,1))))- .-
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

Datal(:,16)=Ur(:,1);

%%%% Utau=.45 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.45;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);

for i=1l:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(acl(,1)*P(k,1)+bcl(§,1))))---
/7(ap1g,1)*P(k,1)+bpl((.1));
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end
r(j,:)=-polyfit(timel” ,Ep,1);
end
Ur(i, :)=2*std(r(:,1));
end

Datal(:,17)=Ur(:,1);

%%%% Utau=.475 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.475;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=.5*Utau*randn(iterations,l);

for i=1l:istep:Nbl-Nul+1l;
for j=l1l:1:iterations;
for k=1:1:Nul;
P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(J,1)*(tau(k,1)-
(ac1(§,.1)*P(k,1)+bcl(d,1))))- .-
/(apl(,.1)*P(k,1)+bpl(.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i,:)=2*std(r(:,1));
end

Datal(:,18)=Ur(:,1);

%%%% Utau=.5 %%%%
Pl=datal(:,1);
taul=datal(:,2);
Utau=.5;
Ubc=Utau;
Ubpo=Utau;
bcl=datal(3,4);
bpl=datal(5,4);

bcl=bcl+(.5*Ubc*randn(iterations,1));
bpl=bpl+(.5*Ubpo*randn(iterations,1));
Xtaul=_5*Utau*randn(iterations,1);

for i=1l:istep:Nbl-Nul+l;
for j=l1l:1:iterations;
for k=1:1:Nul;
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P(k,1)=P1(k+i-1,1)+XP1(j,1);
tau(k,1l)=taul(k+i-1,1)+Xtaul(j,1);
Ep(k,1)=(Epol(j.1)*(tau(k,1)-
(ac1(d.,1)*P(k,1)+bcl(j,1))))--.
/7(ap1g,1)*P(k,1)+bpl((.1));
end

r(J,:)=-polyfit(timel” ,Ep,1);
end
Ur(i, :)=2*std(r(:,1));
end

Datal(:,19)=Ur(:,1);

kk=1;
for i=1:1:length(Datal);
if Datal(i,1)~=0;
DATA1(kk, :)=Datal(i,:);
kk=kk+1;
end
end

kk=1;
for i=1:1:length(Ur);
if Ur(i,1)~=0;
UR(kk,1)=Ur(i,1);
kk=kk+1;
end
end

figure

plot(DATAL1(:,1),DATAL(:,3))

xlabel (*Pressure, psi®);

ylabel ("Burn Rate Uncertainty, in/s");
hold

xIswrite("EDUM_Uncertainty Test64 Rev03", DATA1l)
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