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ABSTRACT

Much Research on composite solid propellants has been performed over the past
few decades and much progress has been made, yet many of the fundamental processes are
still unknown, and the development of new propellants remains highly empirical. Ways to
enhance the performance of solid propellants for rocket and other applications continue to
be explored experimentally, including the effects of various additives and the impact of
fuel and oxidizer particle sizes on burning behavior. One established method to measure
the burning rate of composite propellant mixtures in a controlled laboratory setting is to
use a constant-volume pressure vessel, or strand burner. To provide high-pressure burning
rate data at pressures up to 360 atm, the authors have installed, characterized and improved
a strand burner facility at the University of Central Florida. Details on the facility and its
improvements, the measurement procedures, and the data reduction and interpretation are
presented. Two common HTPB / ammonium perchlorate (AP) propellant mixtures were
tested in the original strand burner. The resulting burning rates were compared to data from
the literature with good agreement, thus validating the facility and related test techniques,
the data acquisition, data reduction and interpretation.

After more than 380 successful recordings, an upgraded version of the strand
burner, SB-II (Strand Burner 11) was added to the facility. The details of Strand Burner II,

its improvements over Strand Burner |, and its characterization study are presented.
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CHAPTER 1
INTRODUCTION

A solid rocket motor’s operation and design depend on the combustion
characteristics of the propellant, and the ultimate success of the motor depends
significantly on knowledge of its burning rate behavior under all operating and design-
limiting conditions (mainly pressure and temperature). However, the fundamental
combustion processes within a composite solid rocket motor are very complex and not
completely understood.> # Experimental measurement and validation of a propellant’s
burning rate are therefore important and involve small-sample testing in laboratory burners,
subscale motor firings, and eventually full-scale firings at established test facilities.
Composite propellants composed of ammonium perchlorate (AP) oxidizer and hydroxyl-
terminated-polybutadiene (HTPB) binder/fuel are commonly found in current production
rocket motors. Various additives for influencing an AP / HTPB-based propellant’s burning
rate, curing characteristics, and structural integrity are routinely added at low weight
percent levels. New additives and particle-size permutations are continually being
researched in an attempt to increase the performance of a propellant or otherwise modify

4 The initial assessment of new additives is

its physical and chemical characteristics.*
typically conducted by burning small samples of propellant in a high-pressure burner prior
to manufacturing a full-scale grain.

In many cases, powdered metals, aluminum in particular, are used in solid

propellants because of their promise for high flame temperatures and increased



performance. Nonetheless, problems with melting temperatures, residence times, and oxide
coatings often prevent the high potential of metal powders from being fully realized.® The
physical mechanisms controlling the heating, vaporization, and combustion of aluminized
solid propellant ingredients are challenging and continue to be the subject of active
research both theoretically and numerically.®™*°

To further explore alternative composite propellant formulations and their
fundamental burning characteristics, the authors established a new, high-pressure strand
burner facility at the University of Central Florida (UCF). The strand burner technique is a
simple, convenient, and cost effective method for the measurement of the pressure-

11112 This document describes the self-

dependent burning rate of solid propellants.
sufficient solid propellant research laboratory, with an emphasis on the strand burner
design details and corresponding burning rate-measurement techniques.

Toward the end of the SLC-sponsored program, and over 400 firings, the original
strand burner was showing some signs of wear raising safety concerns. Therefore, based on
experience, a new strand burner was designed

e to further extend the pressure range of testing without compromising user safety;

e to increase the internal volume of the pressure vessel, minimizing the effect of

the pressure rise over the burning rate;

e to simplify the maintenance of the system, improving turn around time;

e to extend the life time of the overall system;

e to double the number of windows, increasing the number of simultaneous

instrumentation ports.



Repeatability in the measurement from two different batches and characterization
experiments using two established HTPB / AP formulations are also described. Further
examples of the use of the strand burner facility for the assessment of burning rate

modifiers are provided in Stephens et al.*®



CHAPTER 2
LITERATURE REVIEW

During the 1940s, researchers at the Jet Propulsion Laboratory in Pasadena,
California, began working on “castable” solid propellants. John Parsons developed asphalt
as a fuel and binder (the substance that holds all the chemicals together) together with
potassium perchlorate as an oxidizer. By the 1950s, synthetic polymers replaced the
asphalt. A major improvement came when the rocket designers and chemists added
aluminum powder to the mix, which increased the performance of the propellant
substantially. Nowadays, composite solid propellants are commonly utilized in rockets
because of their high burning rates and favorable specific impulse (Davenas, 2003).

Development of solid rocket propellants depends on the chemical composition and a
variety of parameters; but yet, combustion performance of solid propellant rocket motors
can be improved by the following physicochemical parameters:

e Increasing propellant flame temperature without compromising the motor’

structural integrity;

e Reducing the pressure sensitivity of the propellant to promote burn stability and

reduce motor damage;

e Quantify the temperature sensitivity of the propellant;

e Measure the casting tensile and compression strength and resistance to erosive

burning



e Obtaining a spectrum of propellant burning rate over the operating pressure and
temperature range.
All of these items are related to the phenomena of propellant combustion mechanisms.

Extensive substantiation using the principles of chemical kinetics, fluid dynamics
and heat transfer must be carried out during the design and conceptual analysis of the
rocket propellant to predict some of the complex combustion phenomena occurring during
rocket motor operation, such as ignition, erosive burning, oscillatory burning, and
combustion termination.

Thanks to the always-increasing availability of computational power, much progress
has been made in the modeling of these combustion phenomena. Nonetheless, analysis
from theoretical models offers estimation at best of the quantitative properties of the
propellant. The determination of the chief propellant combustion characteristic, the burning
rate, is only accurately determined by experiments.

The motivations for determining this property are different for propellant
researchers; design and development, and production engineers:

o Propellant researchers are interested in the influence of new ingredients and new

formulations on the burning rate;

« Design, development, and production engineers are interested in the applicability

and reproducibility of a propellant with this specific property.

Unlike most liquid propellant rocket engines, a solid propellant rocket motor and its
key components cannot be operationally pre-tested. As a result, individual motor reliability

must be inferred by substantiating the structural integrity and verifying manufacturing



quality on the entire population of motors. This aspect of solid propellant rocket motors
highlights the importance of combustion stability defined by the combustion index.

Also, the accuracy of thrust-time prediction has become increasingly more
important in the design of solid rockets for multiple boosters in launch vehicles and
requires a corresponding improvement of burning rate measurement accuracy. Thus,
knowledge of propellant burning rates, whether steady or unsteady, under a variety of
operating conditions is of critical importance both for applications (performance, cost, and
ageing of motors) and fundamentals (understanding of combustion processes). The desired
values are usually measured in a proper experimental setup, also because no theory capable
to predict burning rates with accuracies within 1% while including the effects of rate
modifiers is yet available. However, while experiments measuring steady burning rates are

31, 32, 33

reasonably feasible, those measuring ignition transient and unsteady values from

pressure oscillation are still a matter of research.®*

2.1 Solid Rocket Propellant Combustion

Whether steady or unsteady, deflagration waves in energetic solid materials in
general consist of an initial condensed phase and a final gas phase of reaction products
(frequently including particles and/or droplets). The interface between the condensed phase
and gas phase is called the burning surface. The propagation rate of this interface is called
burning rate; physically, this can be seen as the regression rate of the condensed phase. It is
often convenient to define, more precisely, a linear burning (or deflagration) rate as the
web thickness burned per unit time in the direction perpendicular to the burning surface.

The burning surface regresses in a direction essentially perpendicular to itself.



End of Encasing
Teflon Tubing

Burning Surface

Test Sample

Figure 1: The Typical Linear Regression of the Burning Surface

Solid propellants are considered to burn by parallel layers and the grain “tends to
retain its original configuration until the web has burned through” (Robert's law, 1839).
This law, originally proposed for homogeneous compositions, can be extended to modern
heterogeneous compositions if the propellant heterogeneity is limited to a “sufficiently
small scale”. The actual burning surface and its time evolution depend on the initial grain
geometry (molecules size, distribution, proportion) and overall combustion processes
(flame temperature, distance between the flame temperature and burning surface,
combustion stability and completeness of the chemical reactions.

Success in rocket motor design and development depends significantly on
knowledge of burning rate behavior of the selected propellant under all motor design
operating conditions and design limit conditions. Burning rate is a function of the pressure
and on the initial propellant grain temperature, cross-flow velocity, propellant type, fuel to

oxidizer ratio, and oxidizer particle size in the case of composite propellant. At any instant



the burning rate governs the burning time and the mass flow rate of hot gas generated and
flowing from the motor combustion chamber to the nozzle and therefore the thrust, and the
specific impulse, of the rocket.

The empirical relation relating the burning rate, r, and the combustion chamber

pressure, P, is
r=aP" (1)

Where a is a dimensionless empirical constant influenced by ambient grain
temperature (the temperature coefficient),and n is the burning rate exponent also called the
combustion index. The later is independent of the initial grain temperature and describes
the influence of chamber pressure on the burning rate. For stable operation, n has values
greater than 0 and less than 1.0. High values of n give a rapid change of burning rate with
pressure and can be determined for the motor.

Measuring rocket propellant burning rates covers various phases (research and
technology, screening, development, performance verification, and production control) and
each requires suitable tools. Correspondingly, a variety of experimental rigs and procedures
is in use worldwide, ranging from the simple strand burners to an array of closed or vented
vessels, from different small-scale (or subscale) test motors (ballistic evaluation motors) up

to full-scale motors tested first on ground and eventually in flight conditions.

2.2 The Strand Burner
For about 60 years, the industry standard apparatus for routine measurements of

linear burning rates has been the so-called strand burner or Crawford bomb proposed by



Crawford in 1947.'" This method, very quick, simple, and economic, is particularly
suitable for exploring new propellant compositions, characterizing a propellant’s burning
rate over a defined pressure and temperature range, or performing quality control of
established compositions®’.

The propellant sample being tested, referred to as a strand, is burned within the
confines of a pressure tank pressurized with an inert gas. The strand is in the form of a
pencil-like stick, and is ignited at one end. The time duration for the strand to burn along
its length in a cigarette fashion is measured.

The two basic approaches to economical, experimental characterization of a solid
propellant’s burning rate are closed and isobaric strand burners. The closed burner
technique characterizes the isothermal burning rate function in a continuous manner over a
small pressure range with a single burn while the isobaric burner method provides a
discrete measurement requiring several burns. Over the years, three major advanced
techniques to improve the accuracy of the measurement of the regression rate of strands
have been implemented and characterized.

- Hermance®’ presented in 1969 a method that consists of using the strand as the

dielectric material of a capacitor which forms a part of a resonant inductor-
capacitor circuit oscillating at a predetermined center frequency.

|.18

- Boziceta presented the principle of the measurement and data reduction for

their method using microwave reflection interferometry in 1995.
- Lately, high accuracy internal ballistic measurement have been performed using

ultrasonic instrumentation.® 2°



Refer to Appendix A for the detailed testing procedure used during the experiments.
Note that the experiment is designed in a fashion that places efficiency and safety at the
highest priority.

Refer to Appendix C and D for detail of the strand burners design.

10



CHAPTER 3
EXPERIMENTAL DESIGN

The first section of this chapter defines the different components that constitute the
solid rocket facility. While most of the major components are unchanged since the original
installation started in fall 2003, most of the systems interacting between them and the
measurement instrumentation have been upgraded. The motivation for these upgrades was

to reach a higher level of safety, accuracy and diversity in our measurements.

3.1 Facility Hardware

At the core of the burner facility are the two high-pressure bombs. The original
strand burner, strand burner | or SB-I, was designed and built by Space Launch
Corporation (SLC) to handle test pressures in excess of 360 atm (5300 psi). The low-
carbon steel alloy body offers one side window along the strand and one end window
opposite to the strand. This pressure vessel was described in great detail by the author in an
AIAA paper presented during the 41 Joint Propulsion Conference in 2005. %

Figure 2 presents the general arrangement of the strand burners. Sitting next to SB-
I, at the center of the optical table, is the new and improved strand burner, strand burner Il
or SB-I1. The new pressure vessel is essentially made of the same material and follows the
same design outline of SB-1. Table 1 relates the major differences between the two pressure

vessels, mainly found in the overall size and quantity of features.
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Figure 2: Strand Burner | and Strand Burner Il

Table 1: Major SB-1/ SB-11 Dimensions Comparison
SB-| SB-II % Increase

Inner Diameter (in) 3.13 3.70 18
Outer Diameter (in) 4.25 6.00 41
Wall Thickness (in) 0.56 1.15 104
Outer Length (in) 12.00 12.00 0
Inner Length (in) 8.88 6.50 -27
Maximum Width (in) 5.00 9.80 96
Volume (in?) 67.76 76.76 13
No. of Windows 2 4 100

The new strand burner was designed following the guidance of the ASME Boiler
and Pressure Vessel Code for normal operation up to 340 atm (5000 psi) and positive
margin of safety up to 544 atm (8000 psi). A simplified model of the assembly was
conceptualized, meshed and subjected to virtual internal pressure loading using a finite

element analysis computer software. The pre-processing and definition of the loads,



constraints and assumptions, along with some screenshots of the post-processing
visualization are gathered in Appendix H. FEA was used during the design phase to
visualize stress concentration areas and validate the stress values found in the hand
calculations

The body, the end caps, the window holders and the window end caps were
machined out of solid rods of low-carbon steel alloy (SAE 4140). The 30.48 cm (12.0 in)
long cylinder has an outer diameter of 15.24 cm (6.00 in) and an inner diameter of 9.398
cm (3.700 in), an 18% increase over SB-1’s. Each extremity has a 5.08 cm (2 in) deep 4.0 -
4 UNC internal threads to accept the end-caps. Figure 3 shows the main body and the
forward en-cap with an emphasis on the large thread design providing strength, quick

assembly / disassembly and prevent galling.

e | =

Forward End-Cap
- r I-'

——

5

Figure 3: SB-Il Main body and the Forward End-Cap



Beyond the threads is a 32 micron finish 2.03 cm (0.80 in) wide. These areas are the seats
for the O-rings located on the end-caps sealing the strand burner forward and aft. The
hexagonal head of each end-cap is 1.77 cm (0.5 in) thick, making the overall length of the
burner 33.02 cm (13 in). Three 5.715 cm (2.25 in) 4 %2 UNC tapped holes were machined
through the wall of the cylindrical body in the plan of the strand to accept the window
frames. With the window frames and window end-caps installed, the maximum width of
the strand burner is 24.89 cm (9.80 in).

Both end-caps have the same overall dimensions and have two diametrically
opposed, 0.95 cm (0.375 in) 16 UNC tapped holes through their hexagonal ‘heads’. A tool
to apply torque to remove the end-caps can be fastened to these holes temporarily. The aft
end-cap has a 4.60 cm (1.812 in) hole bored 3.17 cm (1.25 in) deep from the inside to
accept the back-end window. This hole then reduces to a 2.54 cm (1.00 in) hole. Next to it
is the 0.15 cm (0.06 in) pressure port leading to a ¥a NPT thread. The same port is used to
fill and vent the pressure vessel. The forward end-cap has a center 2.54 cm (1.00 in), 14
UNF tapped hole to receive the strand holder. The seal between the strand holder and the
end-cap is achieved thanks to the strand holder O-ring seating on the smooth 2.38 cm
(0.937 in) hole bored beyond the threads.

The three lateral optical ports are comprised of three removable parts: the window
frame, the window and the window end-cap. The window frame is a SAE 4140 steel
cylinder threaded on the outside screwed onto the main body and smooth on the inside to

accept the window.
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Figure 4: One of the Three Side Window within its Window Frame and a Window End-Cap
After trying several commercial thread sealants, the seal between the window frame and
the body was found to be best using ample layers of Teflon tape. Each window (side and
back-end) is a 3.175 cm (1.25 in) high, 4.60 cm (1.81 in) diameter polycarbonate (Lexan)
cylinder that is press-fitted into the window frame. A greased O-ring and retainer held in a
groove machined in the windows provide the seal with the window frame. Optical quality
windows for spectroscopic studies can be easily used instead of the Lexan windows. The
window end-cap is screwed on the window frame and holds the window within the later.

The strand holder, shown in Figure 5, is a modified McMaster-Carr (92865A524)

grade 5, zinc-plated steel hex head, 1 in cap bolt.
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Figure 5: Strand Holder

The modification included machining of part of the thread and the incorporation of a
groove to accept a greased O-ring and retainer. The gland for the O-ring was designed
following the guidelines presented in the Parker O-ring Handbook. At the tip of the bolt, a
0.635 cm (0.25 in) hole was bored 0.51 cm (0.20 in) deep to hold the strand during tests.
On one side of this depression, a hole was tapped to accept a small eyelet (the ground); on
the other side, a 0.635 cm (¥%-20 UNC) tap and a 0.32 cm (0.125 in) through hole was
machined to admit a 14-gage copper wire sealed in a compression seal gland from Conax
(PL-14-1) at the other end, which serves as the positive lead. This removable plug design
provides easy access for quick turn around between burns. To facilitate the access to the
strand holder and because the complete strand burner totals a mass of 41.5 kg (91.5 Ib), it
is braced horizontally by two, 3.81 cm (1.50 in) thick aluminum stands. When installed on
the stands, the top most part of the assembly sits 28.02 cm (11.03 in) above the optical
table. Figure 2 presents an overview of the strand burner, as secured within the aluminum

strand, centered on the optical table.



The entire surface of the body, from thread to thread, and the inner faces on the end-
caps has a 3 mil chrome plating to protect the steel body from chemical attacks from the
products of the combustion reaction and from corrosion while the system is not loaded with
argon. All the other none-threaded surfaces have been coated with Praxair’s FE-101 metal
powder (Stainless Steel 316) using a novel technique developed at UCF’s Surface
Engineering and Nanotech Laboratory: Air Plasma Spray (APS) led by Dr. Sudipta Seal.
AISI type 316 stainless steel is an austenitic, low carbon alloy high corrosion resistant steel
thanks to its high concentration of chromium and nickel. In addition, the application of this
coating by APS created a mostly dense, largely metallic (non-oxidized) coating. The APS
thermal spray technique uses large electrical currents to ionize argon and hydrogen gases,
to create a 15000 K flame and particle velocities that can reach 300 m.sec™. FE-101
powder is injected directly into the flame, which is melted and blasted towards the
substrate fusing with the later. After multiple passes, twenty for this particular application,
a suitable thickness is achieved, whereby the coating has no connected porosity between
the substrate and the surface. In addition to the protection afforded by a coating, mainly the
isolation of the substrate from the corrosive environment, the SS 316 by APS allows a very
strong SS 316 due to a fine-grained structure created by APS. This allows it to withstand
handling and minor scratches without losing protection. Furthermore, the highly anodic
chromium present in the SS 316 neutralizes the galvanic potential of the underlying steel,
meaning that a small scratch through the plasma coating will not corrode.

To run the facility, two independent compressed-gas systems are needed: a high-

pressure usable gas and a low-pressure working gas (Ref. Figure 6).
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Figure 6: High Pressure Gas Supply
A low-pressure nitrogen circuit is regulated from a single 170 atm (2500 psi) bottle
to 5.4 atm (80 psi) to actuate the pneumatic mechanisms of the remotely controlled on/off
ball valves.

To duplicate the pressure of the combustion chamber of the rocket motor
within which the solid propellant may be burned, the bomb is pressurized with a chemically
inert gas. For this purpose, high-pressure argon is supplied by two regulated, 408 atm
(6000 psi), 16.14 m* (570 ft®) bottles via 510 atm (7500 psi) rated 0.635 cm (0.25 in)
stainless steel tubing (Swagelok SS-T4-S-049). Crawford et al.'' in their earlier
experiments found no significant difference in the burning rate while burning strands in
helium, carbon dioxide, nitrogen or argon. Argon was chosen for its price, higher density,
and availability. Filling of the strand burner is done remotely by actuating a solenoid-
operated, normally closed pneumatic valve; note that two manual quarter turn ON/OFF ball
valves are located after each 408 atm (6000 psi) Matheson regulator (3066-1/4) to provide

manual override. The filling rate is manually preset with a needle valve. Venting of the



high-pressure inert gas and the products of the combustion outside the laboratory is also
operated remotely by actuating another solenoid-operated, normally closed pneumatic
valve. For security, venting of the system may be done manually by opening another
quarter turn ON / OFF ball valve on the exhaust override line (Ref.

Figure 7). Another needle valve controls the exhaust flow rate to prevent icing of the

plumbing or even shock formation during venting.
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Emergency alve
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Figure 7: Venting Line Valves
The two pressure transducers are located between the two manual ball valves that
isolate either strand burner from the high pressure network. Before burning a batch of

propellant, one of the two strand burner is selected by opening one of the two ball valves.



Figure 8 shows the location of the strand burner selector valves, right behind each bomb

pressure ports.

ON / OFF Ball Valves of the
Strand Burners

Figure 8: Manual Selection of the Strand Burner
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3.2 Procedure
A detailed procedure was established for preparing and burning the propellant
samples. This procedure was refined during the course of the setup and early investigations
to improve the quality of the data collection and to establish a quicker turn around between
samples while increasing the safety of the operations. The length of the strand was chosen
to be around 2.54 cm (1 in) for several reasons.

- The first reason was to keep the pressure and temperature increase to a minimum since
the vessel pressure and grain temperature directly affect the burning rate. Depending on the
mixture, the combustion of a 1-in strand increases the pressure inside the bomb from 5 to
20%. This pressure variation was demonstrated in subsequent experiments to have a minor
influence on the burning rate of the tested sample. Howbeit the internal volume of the new
strand burner was increased by 13% to further reduce the pressure variation during
combustion without altering its distinct onsets and ends. Moreover, each burning time is
related to the pressure average between the ignition pressure and the pressure at extinction.

- Secondly, the 1-in strand minimizes the re-circulating flow field generated by the
inhibited, end-burning strand in a closed vessel as described and modeled by Glick and
Haun.'?

- Depending on the composition of the strand, burning a longer strand may generate
enough smoke to hinder the proper acquisition of the light emitted by the burning surfaces.

- Finally, the strand size selected reduces the material cost, handling and storage of
hazardous material, and data storage of each experiment while maintaining adequate

resolution and signal-to-noise ratio of the data acquisition.
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The following picture (Figure 9) illustrate Al / AP / HTPB strands as extruded in
Teflon tubing (bottom right) and once the tubing removed (top left). Each strand is
weighed and measured prior to burning. Because the strand burns in a cigarette fashion
—thanks to the liquid HTPB coating on the sides for inhibiting the burning at these
surfaces— the length of the strand is of prime importance to determine the burning rate of
the specimen, while its shape is insignificant. In the present facility, the casting method,
which consists of punching out the mixed batch with a % in outer diameter clear Teflon

tubing, dictates the strand’s cylindrical shape.

Figure 9: Al/ AP /HTPB Strands In and Out of the Teflon Tubing

Each strand is weighed and measured prior to burning. Because the strand burns in a
cigarette fashion —thanks to the liquid HTPB coating on the sides for inhibiting the burning

at these surfaces— the length of the strand is of prime importance to determine the burning
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rate of the specimen, while its shape is insignificant. In the present facility, the casting
method, which consists of punching out the mixed batch with a ¥ in outer diameter clear
Teflon tubing, dictates the strand’s cylindrical shape.

The coated strand is placed on the strand holder which in turn is screwed onto the
strand burner. The operator then clears the burning area confined within blasting walls and
the rest of the operations, including pressurizing the vessel to the desired pressure, ignition,
data acquisition and venting of the tank is conducted remotely on the control board located
by the DAS.

The energy necessary to ignite a strand is collected from a spark generated by
passing high current in a very high-resistance Ni-chrome wire taut between the two eyelets

of the strand holder across the tip of the strand, as shown in Figure 10.

Figure 10: An AP/ HTPB Ready to be Loaded Into the Strand Burner
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An off-the-shelf 180-amp motorcycle battery provides the high current. The circuit
is closed remotely by pushing a button on the command board; this signal triggers a relay
installed in series between the battery and the strand holder. Under high pressure, the
energy generated by this spark is sufficient to ignite the propellant; the combustion of the
strand is then self-sustained. The ignition is normally done without the addition of any
explosive that might influence the overall burning rate of the sample under test. The

experiment procedure is described in detail in Appendix A.

3.3 Diagnostics
All four available ports of the strain burner have been optimized for monitoring and
recording the burning of the strands. Figure 11 provides a layout of the main diagnostics

relative to the strand burner.
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Figure 11: Burner Facility Schematic Illustration
The primary means of measuring and characterizing the burning rate of a selected
batch is by measuring the transient pressure increase during the firing. A high accuracy,
high response pressure transducer from Omega (PX313-5KG5V) is mounted at the end of

the common high-pressure line feeding the strand burners (Figure 12).
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Primary Pressure
Transducer Connected
to the DAS

Secondary Pressure
Transducer, Connected
to Digital Display

Figure 12: Dual Pressure Transducer Arrangement

The response time of this transducer is approximately 1 msec and offers an accuracy
of 0.25% FS (linearity, hysteresis, repeatability) throughout its operating pressure range, 0-
345 atm (0-5000 psi). To eliminate ground loops and other disturbances or noise within the
output signal, the pressure transducer has a dedicated 12 VDC power supply (Mastech
HY3003D). The signal is visualized, acquired, conditioned and logged on a computer-
based Data Acquisition System (DAS) via a dual-channel waveform digitizer PCI bus-
based card and its corresponding software from Gage Applied Technologies (CompuScope
1540 & GageScope). The oscilloscope board can sample analog signals at speeds up to 50
MS/sec with 14-bit resolution. These performances are possible thanks to the onboard
memory. After sampling, logs of data are saved onto the computer for post processing.
Another high accuracy Omega pressure transducer (PX02C1-75KG5T), connected to a

digital meter from Omega (DP25B-E), displays the pressure inside the vessel in ‘real time’

16



on the command board. This display is used to monitor the pressure inside the vessel
during filling and to verify venting is complete after an experiment and prior to removing
the strand holder, or any other component of the strand holder or plumbing hardware.

The second channel of the DAS is dedicated to the output signal of the high-speed,
8-mm, Si/PIN large area photoreceiver from New Focus (2031). The back window offers an

end view of the strand, ideal for this device, as shown in Figure 13.

Si/PIN Photoreceiver

Figure 13: The Photoreceiver as Installed on the Aft End-Cap
Thanks to the large visible wavelength range observed by the silicon-based photoreceiver
(400 to 1070 nm), the unfiltered light emitted during a test is fully captured, offering clear

beginnings and ends of the burns.
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Also available during each test is a 1-Megapixel digital video camera (Sony DCR-
TRV38) mounted on an optical pod such that the lens of the camera is in the plan of the

side window (Ref. Figure 14).

3.0 ND Filter

o Digital Video
_ Camera

Figure 14: Setup for Digital Video Recording of the Tests

Due to the proximity of the camera lens and the excessive brightness of the flame, the light
is dimmed using a 3.0 optical density ND filter. The live experiment is broadcast onto the
computer/DAS via a FireWire (IEE 1394), and a qualitative record of each burn is
recorded. Note that the footages could also be used to determine the burning rate, but
because of the high burning rate of the test samples and the lower accuracy offered by this
method when compared to the pressure and emission methods, the videos are only used to
verify the quality of the burn. In many cases, the video recordings are used to verify
inconsistency in the burns detected by abnormal pressure transients and light traces due to

explosions.

18



Figure 15 illustrates the latest improvement of the diagnostic instrumentation: the
design and implementation of an emission spectroscopy diagnostic system from Ocean
Optics.?® The light emitted by the combustion flame is conveyed by a fiber optic held to
one of the side window of the strand burner to a Charge Coupled Device (CCD). The CCD
diffracts and expands the incoming light to accurately convert it into voltage of different

intensity for that specific wavelength.

Charge Coupled
Device

Figure 15: Fiber Optic Installation for Emission Spectroscopy

The output signal is sent to a dedicated DAS via a USB cable; the same cable that powers
the spectrometer. The data acquisition is controlled by the SpectraSuite software that
offers a graphical user interface to set the spectrometer parameters. Emission spectroscopy

is useful to solid propellant research in that the diagnostic can assist in the determination of
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the flame temperature and the identification of the species reacting within the combustion
zone.

Because A. |. Atwood et al.’% 3

proved that initial grain temperature significantly
influences the propellant burning rate, the room temperature around the strand burner is
recorded from a calibrated Omega thermocouple for each burn. This is to attest that each
run (approximately ten) of a batch is tested within 5° F of each other, and each batch has

been tested within 5° F of each other ruling out the initial grain temperature as a variable

influencing the performance of a batch when compared to others.

3.4 Data Analysis and Interpretation

When the propellant sample burns within the pressurized bomb, the phase transition of
the solid reactants into liquid at the burning surface then to gas as a result of the
combustion create an increase in pressure. This pressure increase varies from batch to
batch and lies within 15 to 20 % of the ignition pressure for low pressure testing (~600 psi)
and 5 to 8 % for high pressure testing (~2000 psi). Although ideally the samples should be
burned in a constant pressure environment, this slight increase in pressure was proven to be
of little influence during the characterization testing of SB-1. Also each burning time is
related to the pressure average between the ignition pressure and the pressure at extinction.
The high response instrumentation in place manages to record this slight increase that
spans over time lapses in the order of a second or two —depending on the test pressure and
grain potency— with great accuracy. Not only it clearly highlights the beginning and ending

of the combustion process, but also records any anomalies or combustion instabilities that
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may have occurred during the burn testing offering a quantitative and a qualitative view of
the grain combustion.

Once manually triggered, both GageScope and SpectraSuite are set to record 10 sec
of data. Experience has shown that 10 sec is plenty for the operator to comfortably trigger
SpectraSuite, trigger GageScope, then ignite the propellant. Before saving the data, the
researcher must verify the three phases of the burn have been captured (initial pressure,
burn, cool off). If not, the test is void and another strand is prepared and burnt at the same
pressure. One batch of propellant is usually characterized by 10 discrete burns from 500 to
2000 psi (approximately every 160 psi). During the 10 sec acquisition, GageScope collects
10,000 voltage values between 0 and 5 V from the pressure transducer and 10,000 voltage
values between 0 and 5 V from the photoreceiver. These values are logged on two different
CSV files where the first column represents the time stamp in second and the second
column the voltage output from the transducers. The files are then processed through a
Matlab script (ref Appendix G). The code combines the two files into one and converts the
voltage output (V) from the pressure transducer into pressure (psi) using a linear law
derived from the instrument calibration data (ref Appendix F). The file is then reduced
from 10,000 lines to about 5,600 by the SMOOTH.M Matlab function. This function
‘cleans’ the data by deleting outliers and reducing signal noise using a running mean over 2
x N +1 successive points. (N points on each side of the current point, here N = 37). The
code then saves the data, ready to be plotted using Microsoft Excel. From Microsoft Excel,
the researchers can easily reduce the data file even further to center the plot on the burning

phase.
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Figure 16: Pressure and Light Intensity Recorded during the SB-11 Characterization Exercise
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Figure 16 presents a typical pressure signal showing the pressure level before

recorded during a burn test from a composite AP / HTPB propellant mixture. The signal

can be divided into three distinct phases separated by two pivotal points. The first part of

the recording displays the initial pressure within the strand burner. Upon the ignition the

pressure starts rising; this is the first inflexion point. This point pressure and time is

recorded as ‘ignition time’ and ‘ignition pressure’. As shown, the pressure rises steadily as

the flame progresses along the strand and produces gaseous products at a constant rate.

When the flame as consumed all of the propellant, the gaseous generation, the gas

dynamics and thermodynamic phenomena stop and so does the pressure increase; this is the
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second inflexion point. This point pressure and time is recorded as ‘extinction time’ and
‘extinction pressure’. The pressure inside the bomb then decreases slowly until an
equilibrium pressure level is attained. The equilibrium pressure level corresponds to the
initial pressure of argon gas set by the operator plus the additional gases from the
combustion products and a slight increase from the heat generated during the combustion
process. It could also be due to condensation of the particulate matter upon cooling. The
burn time is clearly illustrated, and the quality of the data seen in Figure 16 is
representative of most burns.

The signal recorded from the photoreceiver, the light emission, is recorded by the
same software (GageScope) as the pressure signal. The acquisition for both signals falls
under the same trigger, this allow the researcher to plot both recordings on the same time
axis and use the light emission trace to corroborate the onset and completion of the burning
as inferred from the pressure trace. Figure 16 shows that the light increases immediately
upon initiation of the burn and ends when the burning has finished. In many cases, the light
intensity decreases with time due to the formation of dense and obstructing gases and solid
particulates within the tank. The burning rate inferred from the emission signal in most
cases is within a 2% of the rate inferred from the pressure signal. In certain cases where
there is a problem with the pressure signal transmission, the burning rate can be taken from
the light signal with confidence. A closer look at the light and pressure signals recorded
during the burn testing for the characterization of SB-I11 is posted in Section 3.5.

In addition to the quantitative burning rate data, qualitative information can also be

obtained from comparing the light and the pressure signals. For some propellant samples,
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more so for earlier runs when propellant mixing, casting, curing and burning were still in
the development and experimental stages, explosion-like events that violently destroy the
sample and invalidate the burning rate measurement were witnessed. When such an
explosion event occurs, there is quite often a sharp increase in the pressure rise, but an
increase in pressure alone does not conclusively differentiate between a violent explosion
of the sample or just an increase in burning rate due to a pressure or an inhomogeneous
grain effect. However, the corresponding yet more dramatic increase in the light emission
provides a more definitive indication of explosion. A typical case when ‘explosion’
(excessively high burning rate, or a noticeable burning rate increase) was thought to occur

is presented in Figure 17.

An Abnormal Burning Behavior
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Figure 17: Characteristics of an Abnormal Burning Behaviors
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As seen, the light emission very distinctly rises when the explosion event takes place. In
many cases, the light emission saturates the detector and/or the data acquisition system by
creating an electrical signal greater than 5 V. The digital video data supported these
conclusions and aided in diagnosing burning rate problems in earlier measurements such as
flame propagation through the strand via voids and cracks, or breaking of the strand during
a burn. Videos of the burns were also used to verify the flame surface propagation onto the
side of the strand and the effectiveness of the liquid HTPB as inhibitor to restrict the
combustion surface to the tip of the strand.

From an array of burning rates measured at different pressures, one can calculate the
coefficients a and n of the law of dependence of the burning rate of combustion with

pressure established by Vieille at the end of the 19" century:
r=aP" (1)

A study on tailoring the behavior of novel rocket propellant is currently underway in the
UCF Rocket Propellant Research Facility. The intent of this research is to narrow down the
composition of a propellant that becomes impervious to pressure changes (n = 0) at a
particular pressure range. Such propellant burning rates are said to “plateau” at that
pressure range. High values of the combustion index (n) give rapid changes of burning rate
with pressure and are undesirable as they usually lead to structural failure of the rocket
motor. Once the coefficients of Vieille’s law are determined, the burning rate of the studied
mixture is fully defined. Remember that at any instant the burning rate governs the mass

flow rate of hot gas generated and flowing from the motor to the nozzle and therefore the
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thrust and the specific impulse of the rocket. Burning rates determined from the strand
burner technique provide a means to assess the relative effects that additives, propellant

combinations, and manufacturing techniques amongst different propellant mixtures.

3.5 Characterization Tests

To investigate the performance of the new strand burner, a fully characterized
propellant was burnt. This propellant was chosen for the simplicity in its formulation, its
good handling during the mixing, the extrusion and the curing operations; ruling out any
variables from these steps that may influence the outcome of the exercise. The mixture
belongs to the smokeless composite category having a monomodal composition of 200 um
particle size ammonium perchlorate at a total weight percentage of 80.0% and HTPB fuel /
binder at 18%. The last 2% of the propellant was composed of Tepanol (cross-linking

bonding agent) and IPDI (curing agent). Refer to Table 2 for precise batch composition:

Batch Date of Fab HTPB % AP % IPDI %  Tepanol % Additive %
EVAL-SBI01  01/26/06 18.001 79.708 2.059 0.232 0.000
EVAL-SBI02  01/27/06 18.067 80.000 1.733 0.200 0.000
EVAL-SBI03  06/23/06 18.075 80.000 1.725 0.200 0.000
EVAL-SBI04  08/17/06 18.050 80.000 1.750 0.200 0.000
EVAL-SBII01  10/09/07 18.050 80.000 1.750 0.200 0.000
EVAL-SBI102  10/11/07 18.041 79.960 1.799 0.200 0.000

Table 2: Mixing Ratios of the Characterization Propellants
All batches were prepared, mixed, extruded and cured at the UCF Rocket Propellant
Mixing Facility in accordance with the methodology developed by Matthew Stephens et

a|.25
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Reproducibility and repeatability in the measurement of burning rates was verified
by burning two different batches mixed with the same ingredients, in the same proportions,
EVAL-SBII01 and EVAL-SBI102. A total of 20 samples from these two independent
batches were burned in the new strand burner (SB-11), covering a range of average
pressures from 658 to 2447 psi. The detail of the information recorded during the EVAL-
SBII-01 characterization test runs, pressure rise (psi) and light intensity (V), is as shown in

Figure 18:

EVAL-SBII01-01 - 100/0, 80% AP EVAL-SBI101-02 - 100/0, 80% AP
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Figure 18.a: EVAL-SBI101-01 Test Runs Figure 18.b: EVAL-SBI101-02 Test Runs
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Figure 18.c: EVAL-SBI101-03 Test Runs Figure 18.d: EVAL-SBI101-04 Test Runs
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Figure 18.e: EVAL-SBII101-05 Test Runs Figure 18.f: EVAL-SBII01-06 Test Runs
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Figure 18.g: EVAL-SBI101-07 Test Runs Figure 18.h: EVAL-SBI101-08 Test Runs
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Figure 18.i: EVAL-SBI101-09 Test Runs Figure 18.j: EVAL-SBI101-10 Test Runs

Figure 18: EVAL-SBII01 Characterization Test Runs (10)

The ignition and extinction times and corresponding pressure values were recorded as

described in Section 3.4. Table 1 summarizes EVAL-SBI101 individual run data.

Table 3: EVAL-SBIIO01 Ignition and Extinction Time and Pressure Measurements

Batch - Ignition | Burn Out| Avg. Test | Pressure | Strand | Ignition | Burnout | Burning | Ambient
Sample Pressure | Pressure | Pressure | Increase | Length Start Time Rate Temp.
(psi) (psi) (psi) % (in) (sec) (sec) | (insec’) | (°F)
SB1101-01 605 712 658 18 1.0690 2.070 6.120 0.264 80.2
SB1101-02 840 971 906 16 1.0555 1.681 5.209 0.299 79.7
SB1101-03 985 1119 1052 14 1.0530 1.105 4.418 0.318 80.4
SBI1101-04 1254 1395 1324 11 1.0380 1.510 4571 0.339 80.1
SBI1101-05 1402 1560 1481 11 1.0585 1.390 4.360 0.356 80.9
SB1101-06 1549 1711 1630 10 1.0490 1.240 4.270 0.346 80.1
SB1101-07 1812 1983 1897 9 1.0440 1.264 3.989 0.383 80.2
SB1101-08 1961 2143 2052 9 1.0595 1.093 3.788 0.393 80.0
SB1101-09 2167 2349 2258 8 1.0510 0.832 3.505 0.393 80.3
SBI1101-10 2337 2508 2422 7 1.0480 0.943 3.710 0.379 80.2
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By plotting the burning rate as a function of the average test pressure on a log-log
coordinate system, and run a power type curve-fit regression function over the data, one
obtain the paramount coefficient A and n of the Vieille’s law, and the R? parameter to
validate the predicting curve. As shown on Figure 19, the burning rate equation for EVAL-

SBII0L is r = 0.039 P %3% and the R? = 0.95.

EVAL-SBII01 - 100/0, 80% AP - Burning Rate
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Burning Rate

0.10
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Test Pressure

Figure 19: Burning Equation of EVAL-SBI101
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Another batch of the same composition was mixed independently then burnt in the

new strand burner. Figure 21 shows the recordings of the burn tests of EVAL-SBI102.
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[— Pressure (psi) —— Pressure (psi)
[——Light Intensity (v) | —Light Intensity (V)

Light Intensity (V)

19 24 30 35 a1 a7 52

12 18 24 29 35 a1 46 52 57 63 o7 13
Time (sec)

Time (sec)

Figure 20.a: EVAL-SBI102-01 Test Runs Figure 20.b: EVAL-SBI102-02 Test Runs

EVAL-SBII02-03 - 100/0, 80% AP EVAL-SBII02-04 - 100/0, 80% AP

Light Intensity (V)

27 32 38 44 49 55
Time (sec)

15 21 26 32 38 43 49 54 16 21
Time (sec)

Figure 20.c: EVAL-SBI102-03 Test Runs Figure 20.d: EVAL-SBI102-04 Test Runs
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Figure 20.e: EVAL-SBI102-05 Test Runs

EVAL-SBII02-07 - 100/0, 80% AP
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Figure 20.g: EVAL-SBI1102-07 Test Runs
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EVAL-SBII02-06 - 100/0, 80% AP
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Figure 20.f: EVAL-SBI102-06 Test Runs

EVAL-SBII02-08 - 100/0, 80% AP
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Figure 20.h: EVAL-SBI102-08 Test Runs
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EVAL-SBI102-09 - 100/0, 80% AP EVAL-SBI102-10 - 100/0, 80% AP

0.655
0.555

ty (V)

2150 0,045 2355 0,030

Figure 20.i: EVAL-SBI102-09 Test Runs Figure 20.j: EVAL-SBI102-10 Test Runs

Figure 20: EVAL-SBI102 Characterization Test Runs (10)

From these graphs, one can extract the ignition and extinction times and corresponding

pressure for EVAL-SBI102 as seen in Table 4.

Table 4: EVAL-SBII02 Ignition and Extinction Time and Pressure Measurements

Batch - Ignition | Burn Out| Avg. Test | Pressure | Strand | Ignition | Burnout | Burning | Ambient
Sample Pressure | Pressure | Pressure | Increase | Length Start Time Rate Temp.
(psi) (psi) (psi) % (in) (sec) (sec) | (insech) | (°F)
SB1102-01 643 752 698 17 1.0465 1.780 5.801 0.260 81.0
SB1102-02 810 942 876 16 1.0475 1.090 4.680 0.292 82.7
SB1102-03 1010 1144 1077 13 1.0330 1.950 5.360 0.303 83.1
SB1102-04 1226 1368 1297 12 1.0490 1.862 5.174 0.317 82.1
SBI102-05 1380 1523 1451 10 1.0360 1.385 4.526 0.330 82.0

SBI102-06 1567 1710 1638 1.0355 1.982 5.000 0.343 82.1

SBI102-07 1765 1912 1839 1.0240 1.930 4.909 0.344 84.3

SBI1102-08 1959 2109 2034 1.0455 1.580 4.670 0.338 82.6

SBI1102-09 2166 2329 2247 1.0495 2.390 5.353 0.354 82.3

~N]|]o©o ||| ©

SBI1102-10 2367 2526 2447 1.0215 1.740 4.530 0.366 82.0
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The burning rate values and test pressures can be plotted one as a function of the other on a
log-log coordinate system to obtain the burning rate equation for EVAL-SBI1102: r = 0.055

P %243 and the R® = 0.95 (Ref. Figure 21).

EVAL-SBII02 - 100/0, 80% AP - Burning Rate

Burning Rate

100 1000 10000
Test Pressure

Figure 21: Burning Rate Equation for EVAL-SBI1102
The data recorded with the new strand burner and setup arrangement has proven to be very

good, and each batch is consistent with its trend (high R? values).
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Figure 22 show how well each batch agrees with each other by plotting both burning rate
equations on the same graph from which one can extract the average burning rate equation

for EVAL-SBI101 and EVAL-SBI1102.

ALL EVAL-SBII - 100/0, 80% AP - Burning Rate

——SBII01
————SBII02
SBII Average

Burning Rate

100 1000 10000
Test Pressure

Figure 22: Average Burning Rate Equation for EVAL-SBI101 and EVAL-SBI1102
The real narrow band formed by the data is characteristic of small variance from batch to
batch, rendering the average data a good approximation of the set. This tight spread

demonstrates the high repeatability quality of the new strand burner.
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To validate these burning tests, they were compared against 4 other batches of the
same propellant burnt using SB-I to support the research on novel burning rate modifiers
presented by Matthew Stephens and the author at the 42" AIAA/ASME/SAE/ASEE Joint
Propulsion Conference & Exhibit.*® Figure 23 reveals the data for EVAL-SBI as a whole

(4 batches) and the average burning rate equation.

ALL EVAL-SBI - 100/0, 80% AP - Burning Rate

1.00

SBIO1
SBI02
——SBI03
~——SBI04
— - SBI Average

Burning Rate

0.10
100 1000 10000

Test Pressure

Figure 23: Average Burning Rate Equation for
EVAL-SBI01, EVAL-SBI02, EVAL-SBI03 and EVAL-SBI04
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The tight band formed by the data is characteristic of small variance from batch to batch,
rendering the average data a good approximation for the set which is used next to qualify
SB-II.

On the next figure (Figure 24), the 32 samples from the 4 batches making the
EVAL-SBI group are plotted together, along with the equation averaging the burning rate
over the entire ensemble, this is the reference datum used to benchmark the new setup. The
latest 20 samples from the 2 batches making the EVAL-SBII group are also plotted

together, along with the equation averaging the burning rate over the entire ensemble.

ALL EVAL - 100/0, 80% AP - Burning Rate

= SBI

e SBIl
— =SBl Average
—— = SBIl Average

Burning Rate

100 1000 10000
Test Pressure

Figure 24: Correlation Between the SBI and SBII Evaluation Test Runs
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This graphical representation convey clearly the agreement of the new data
collected from the new strand burner with the reference data generated in the original

strand burner.

Table 5 shows the average values calculated to represent the 2 groups of batches. The
reference group, group EVAL-SBI, comprises batches EVAL-SBI01, SBI02, SBI03 and

SBI104. The evaluation group, group EVAL-SBII comprises EVAL-SBII01, SBI102.

Table 5: EVAL-SBI and SBII Burning Rates

Calcualted Average
Burning Rate (in.sec™) Burning Rate (in.sec™)
Strand Burner Batch Burn Rate Equation 500 (psi) 2000 (psi) 500 (psi) 2000 (psi)

SBI 01 r=0.029 p 3% 0.219 0.343
SBI 02 r=0.032 p %% 0.241 0.378

0.237 0.362
SBI 03 r=0.047 p %%° 0.235 0.337
SBI 04 r=0.036 p %3 0.253 0.392
SBII 01 r=0.039 p 3% 0.252 0.381

0.250 0.365
SBII 02 r=0.055 p %% 0.249 0.349

These average values are used to quantify the agreement between the groups at 500 psi and
2000 psi as follows
The percentage difference at 500psi (worst case) is calculated as follow:

~ 0.250—0.237

= *100 =5.6%
0,287 ’
As shown graphically, this small deviation reduces even further at high pressure to

0.365-0.362

_ *100 = 0.7%
2000 0.362 °

The correlation between SB-I and SB-II is stronger at higher pressures. This finding is in

accordance with the fact that the sample burning rate measurement gain in accuracy for
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high initial test pressures. This is due to the lower percentage pressure increase at high test
pressures, 8 - 9% at 2000 psi compare to 17 - 19% at 600 psi. SB-II internal volume is 13%
larger than SB-I’s for a better accuracy of the burning rate measurement over the entire
operating pressure.

The very good agreement between the averages of the two batch burning rates is
consistent with the good concurrence between the data collected with SB-I and SB-II
throughout the characterization exercise and reinforce the confidence level in the

performance of the new setup.

3.6 Statistical Analysis
To demonstrate the good repeatability in the measurement of the burning rate of a
selected propellant mixture, and to quantify our confidence level on the published data,
five extra samples of the EVAL-SBI102 batch were burn tested in SB-11 at 1000 psi.
These five measurements are collected in Table 6 along with the data collected from
sample EVAL-SBI1102-03.

Table 6: Collection of Data for Statistical Analysis

Batch - Ignition | Burn Out| Avg. Test | Pressure | Strand | Ignition | Burnout | Burning
Sample | Pressure | Pressure | Pressure | Increase | Length Start Time Rate

(psi) (psi) (psi) % (in) (sec) (sec) | (insec?)
SB1102-03 1010 1144 1077 13 1.0330 1.95 5.36 0.303
SBI1102-11 1007 1142 1075 13 1.0550 1.55 5.01 0.305
SBI1102-12 1014 1158 1086 14 1.0655 2.55 6.03 0.306
SBI1102-13 1010 1144 1077 13 1.0440 2.20 5.64 0.303
SB1102-14 976 1117 1046 14 1.0395 1.76 5.17 0.304
SB1102-15 1010 1150 1080 14 1.0500 3.66 7.04 0.311
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Figure 25 displays the very good agreement between all six burning rates sampling

carried at an average ignition pressure of 1005 psi

EVAL-SBII02 - 100/0, 80% AP - Burning Rate

Burning Rate

100 1000 10000
Test Pressure

Figure 25: Additional Samples for Statistical Analysis and EVAL-SBI102 Burning Rate

These six samples were tested in an average strand burner pressure ranging from
1046 to 1086 psi, yielding an overall average of 1073.5 psi. The small spread of average
test pressures of 40 psi, ensures that all the samples were tested within 3% of the average

value. The theoretical burning rate for EVAL-SBII02 at this overall average pressure is
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calculated using the burning rate equation determined during the characterization exercise
(Ref. Section 3.5) and is used as a reference:
r1074 = 0.055 x 1073.5 2%
ri74 = 0.300 in.sec™

A simple statistical analysis carried on the six burning rates is summarized in Table

Table 7: EVAL-SBI and SBII Burning Rates

Mean 0.30546
Standard Error 0.00114
Median 0.30474
Standard Deviation 0.00280
Sample Variance 0.00001
Kurtosis 2.65448
Skewness 1.56506
Range 0.00772
Minimum 0.30293
Maximum 0.31065

Count 6
Confidence Level (90.0%) 0.00231
Confidence Level (95.0%) 0.00294

Based on this statistical analysis, a 90% confidence interval for the burning rate
determination using the new strand burner is r + 0.00231 in.sec™, and r + 0.00294 in.sec™
for a 95% confidence level. Meaning that based on this analysis, the 95% confidence
interval for the burning rate of EVAL-SBII02 at 1074 psi has an upper limit of 0.3084
in.sec’’ and a lower limit of 0.30252 in.sec’.

Each average burning pressure differs from one to another due to the small

differences in the initial strand burner pressure and strand length. The burning rates were
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normalized with respect to the overall average pressure using Equation (2) in order to plot

each burning rate with respect to a common bomb pressure.

n
r =r Pa
normalized — "measured P

The results of the normalization are presented in Table 8

Table 8: Measured and Normalized Burning Rates for Statistical Analysis

Batch - Ignition | Burn Out| Avg. Test| Burning Rate | Normalized
Sample Pressure | Pressure | Pressure [ as Measured | Burning Rate
(psi) (psi) (psi) (in.sec™?) (in.sec™?)

SB1102-03 1010 1144 1077 0.3029 0.3027
SB1102-11 1007 1142 1075 0.3053 0.3052
SB1102-12 1014 1158 1086 0.3062 0.3053
SB1102-13 1010 1144 1077 0.3035 0.3033
SB1102-14 976 1117 1046 0.3042 0.3061
SB1102-15 1010 1150 1080 0.3107 0.3102

(2)

The normalized burning rates are plotted with respect to the overall average pressure

(1074.5 psi) in Figure 26.
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Normalized EVAL-SBII02- 03, 11, 12, 13, 14, 15 and Theoretical

¢ Normalized Sample Data
0.311 1 @ Theoretical

1 =0.055 P exp(0.243)

0.309

0.307

0.305

0.303

Burning Rate (in.sec™)

0.301

0.299

0.297

0.295
1068 1070 1072 1074 1076 1078 1080
Test Pressure (psi)

Figure 26: Normalized Burning Rates vs. Overall Average Pressure

Figure 26 allows a visual appreciation of the good correlation between all the repeated
tests. The scale of the Burning Rate axis was magnified to provide a better distinction
between the points.

Conclusively, the batch to batch comparison and the single pressure comparison

furtherance the high level of repeatability achievable with Strand Burner 1.
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CHAPTER 4
CONCLUSION

4.1 Summary

A new capability exists in the author’s laboratory to perform experiments on
advanced composite solid propellant formulations. The new strand burner facility is
capable of testing 1.8 cm long, 6 mm diameter samples at static pressures as high as 360
atm. Burning rates are obtained from simultaneous pressure and light emission and video
acquisition in a safe and low cost environment. The upgrades implemented allow the
researchers to conduct emission spectroscopy sampling allowing the researcher to analyze
the products reacting within the combustion flame. Outstanding performance of the new
strand burner was demonstrated throughout the normal operation range of 500 to 2300 psi.
Good correlation was found between the burning rates obtained from the pressure trace and
burning rates obtained from the light emission recording providing redundancy.
Repeatability in the measurement was verified by burning 20 samples from 2 different
batches. The average burning rates equations generated for these batches presented linear
regression coefficient in the high 0.9 without suppressing outliers. Because of the very
good agreement of the 2 average burning rate equations they were further averaged into 1
equation to represent the propellant mix as a whole and compare with assurance against the

data collected in the original setup.
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Confidence level in the accuracy was proven by comparing the burning rate of
different batches of the same propellant composition in both strand burners.
Characterization of the original facility was previously presented for two AP / HTPP-based
propellant mixtures;?* the data compared favorably with existing data from the literature
for the same mixture formulas, indicating that the facility produces results consistent with

those from established facilities

4.2 Discussion

Theoretical capability to predict the burning rate of real propellants from their
ingredients would be an invaluable aid to formulating solid propellants. Unfortunately, no
comprehensive means of this sort exist today for solid propellants.*® This short coming is
not due to insufficient computational resources, but rather to a lack of fundamental
understanding of the combustion mechanisms in the condensed phase, surface interface,
and gaseous combustion zones of typical propellant mixtures. Because the setup described
herein is best suited for the direct determination of burning rates of solid propellants, it can
be used to validate theoretical studies or benchmark statistical computer models of the
burning process and behavior of solid rockets or non-propulsion applications of solid
propellants (automotive airbags, shut-off vanes, etc.).

A trial-and-error approach has always played a central role in the development of
new energetic materials for use as explosives and propellants. It is an approach dictated by
necessity, not by choice. Since its creation in the late 1940’s,** the strand burner has
historically been the inevitable first step in the design optimization and final service

acceptance of a propellant. The setup described in this thesis was proven to be very
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proficient in these tasks. Work conducted to date in this facility includes a comprehensive
study on the performance of both non-metallized and metallized composite propellants
wherein a fraction of the conventional aluminum content in Al / AP / HTPB mixtures was
replaced by nano-sized aluminum.'® Current activities also include the exploration of
additives that increase or otherwise modify the burning rate of composite propellants.*®
Several improvements to the methodology and diagnostic techniques have been
implemented. For example, the light emission intensity that was measured as a whole is
now measured for specific wavelengths (200 - 800 nm) by passing the collected light
through a spectrometer to monitor. This valuable data allow the researcher to detect the
presence of key gas-phase species within the combustion zone by matching the dominant
wavelengths to known data. These species could be the result of primary-fuel oxidation or
by-products directly related to the presence of various additives of interest. Additional
resources also include advanced materials characterization capabilities available through

1.1 Materials

collaboration with materials science personnel at UCF, as in Small et a
characterization such as transmission electron microscopy and Xx-ray photoelectron

spectroscopy of reactant particles and combustion products are possible.

4.3 Recommendations
The characterization tests presented herein demonstrate the validity and the quality
of the data collected with the current equipment; nonetheless in the intent of increasing the
accuracy and the detail of the experiments without compromising safety the following

improvement are recommended.
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During the characterization exercise, the Strand Burner 11 was subjected to pressures
as high as 2526 psi without noticeable structural affect and even if the assembly was
designed to contain internal pressures as high as 8000 psi it is recommended to secure a
third set of braces (SB-02-513 and SB-02-515) at the area of high stress concentration. The
finite element analysis conducted on a conservative model of the SB-Il assembly
pressurized at 5000 psi (Ref Appendix H for a summary of the analysis) highlight a 1 in
weak ‘ring’ on the MAIN BODY (SB-02-503) locate right after the three windows (Ref.
Figure 45 and Figure 46). At the worst node, a maximum hoop stress of 53553 psi is
predicted. Based on the tensile strength for SAE 4140 N steel, the system still holds a

margin of safety of 4 at 5000 psi.

MS = Callowable (2)

O_applied

_ 53553 _,
215000

During the FEA, a maximum deflection of 0.0257 in was recorded on the AFT
END-CAP (SB-02-505) WINDOW (SB-02-301). This is a conservative estimate
considering that the ‘shoulder’ restraining the windows — and lowering the windows
surface subjected to the internal pressure — were not modeled. Still, the strength of the
windows could be increase by ~ 68% by replacing the polycarbonate windows with 20%

glass-filled polycarbonate.
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With the addition of the new strand burner, it would now be fairly simple to convert
the original strand burner into a ‘dump tank’ and convert the entire setup from isochoric to
isobaric burning testing. The experiment is currently performed under constant volume, and
the burn time is measured by monitoring the pressure gradient. The resulting burning rate is
then associated with the average pressure of the run. A check valve placed between SB-I
and SB-Il would allow gases to transfer from one tank to another during the burn keeping
SB-11 at a preset constant pressure. The resulting burning rate / testing pressure relation
would be more accurate than the current design. Because a high pressure dump tank is
already available, this modification has been qualified as low cost.

Another recommendation is to replace the optical polycarbonate windows with
sapphire windows (fused silica). This change would facilitate the cleaning, reduce the
damages that occur during the removal, cleaning and even from the hot solid particulates
blasted from the combustion surface onto the low melting temperature Lexan, but most of
all, sapphire windows manufactured by specialized companies come with a wide
transmission range and would not act as a passive filters. To minimize the cost, only the
optical ports used for high accuracy emission recording may be replaced.

Upon the completion of the burn testing of an entire propellant batch (~10 samples)
the strand burner is dismantled, cleaned, dried, and assembled back together. Because the
new strand burner weights over 90 Ib this operation is cumbersome. A non-structural 1/8 in
thick cylindrical stainless steel liner - with openings for the optical ports of course - that
slides right in the strand burner body, would collect the majority of the grime. At the end of

a batch testing, the researcher would remove the Forward End-Cap, remove and clean the
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liner before putting it back in place. This extra layer of protection would extent the
longevity of the system and lowers the frequency of cleaning, reducing the turn around
time between batches.

Burning rate variation due to initial grain temperature difference at the time of
testing from sample to sample or even batch to batch could be eliminated by keeping the
strands, the argon but most of all the strand burner at constant temperature. Furthermore,
setting the strands and the strand burner in a temperature controlled environment would
allow the researcher to investigate the temperature influence on the burning rate of the
propellant mixture.

The energy conveyed by a LASER tuned adequately could be used as a non-
intrusive ignition system.??

The most substantial and complex change would be to replace the current burning
rate measurement methodology with a more sophisticated non-intrusive methods. Intrusive
methods such as imbedded timing wires have proven to be accurate and dependable, but
require protracted preparations. The most current method in use in the solid rocket
propellant research arena is the ultrasonic pulse echo and the transmission microwave
interferometry methods. Such methods would bring a greater accuracy in the determination
of the burning rate of the propellants. Dauch et al.*® published a 3.5% to 5% relative
uncertainty when comparing the pulse-echo ultrasonic technique with Direct Monte-Carlo
simulations. Nevertheless, it is recommended to conduct a cost analysis before integrating
such system noting that a full characterization exercise would be needed along with a new

testing, data reduction and interpretation procedure.

49



And finally, upgrading the emission spectroscopy instrumentation would greatly
support the UCF solid rocket propellant research group in the investigation of the effect of
novel burn rate modifiers. The current emission spectrometry setup offers a 1 nm
resolution. Increasing this resolution along with the integration of optical filters to clean
background noise and isolate spectral bands of interest would magnify features that are
looked after during the interpretation of the data. To reach a higher level of flame emission
expertise and further explore the properties and composition of the combustion region both
a Focusing Schlieren System (FSS) and a Coherent Anti-Stokes Raman Scattering (CARS)
are recommended. While the CARS would provide accurate temperature profile
determination above the burning surface, the FSS is devoted to the flame structure study
and would back the finding of the CARS up and provide accurate chemical sampling within
the combustion zone.®* Such study could be carried in parallel with XPS or SEM
inspection of the structure of the extinguished burning surface by quenching (rapid

depressurization of the strand burner).*®
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APPENDIX A: TESTING PROCEDURE
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For the operator safety, a lab coat must be worn during all operations. When
highlighted within the following procedure, powder free latex gloves, ear protection and
ear muff must also be worn. If skin contact occurs during the strand handling and
preparation, wash immediately with soap and water. If eye contact occurs during the
handling and preparation, do not rub eye, rinse thoroughly using the eye wash solution
located in the green case above the sink. Before testing, the pressure system must be
inspected and tested for leak up to few hundred psi (~500psi) using a leak detection
solution such as Snoop, retighten loose connection accordingly. In the event of a major
leak and/or bursting of the pressure system, turn the illuminated switch on the face of the
control panel off and exit the laboratory. If noise level is deemed to high, stay away till the
system vents completely.

The system is designed such that the results of the combustion are exhausted outside the
laboratory, nevertheless the testing area must be kept ventilated throughout the entire

procedure.

1. Wearing powder free latex gloves and eye protection, select a ‘good’ strand from a
selected batch. Record batch number. A ‘good’ strand is showing continuity (no
cracks or voids) and uniformity or consistency (no change in color or FOD).

2. Peel off the clear tubing using a sharp edge without damaging the strand.

3. Cut both ends of the strand till it measures approximately 1 in.

4. Measure and record the strand length, diameter at three different locations with a

digital caliper. Weigh and record the strand on a high precision digital scale.
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5. Cut a % in of plastic clear tubing. Coat the inside of the tube with HTPB using a Q-
tip.

6. Dip one end of the strand in HTPB and fit it into the tube. Coat the rest of the
strand except the tip (burning surface) with HTPB using a Q-tip to prevent side
burning.

7. Set the strand straight up within a temporary holder to let the HTPB in excess run
down (1 to 2 minutes).

8. Clean the strand holder connector by running it under water to remove the dust and
soot. Dry right away using Kimwipes. To enhance connectivity brush the
connectors with a metallic brush, a metallic file or sand paper.

9. Coat the threads of the strand holder with antiseize compound, and lubricate the O-
ring with high pressure grease.

10. Install the strand into the strand holder.

11. Warp Ni-chrome ignition wire between the 2 connectors. The wire must be tight

and in contact with the burning surface (uncoated tip of the strand).

Plastic Clear Steel Eyelet (ground)

Tubing (holder) "
Ni-chrome
g Ignition Wire

HTPB Coated
Propellant
Sample

Copper Eyelet

\ Greased O-Rings (positive lead)

Figure 27: Propellant Sample as Mounted on the Strand Holder
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12. Secure the strand holder into the strand burner. From this point forward gloves are
not required.
13. Connect the positive lead of the strand holder to the ignition relay, verify

connectivity using an Ohmmeter. Connect the ignition relay to the 12 V battery.

From the
Ignition
Relay

Figure 28: Ignition Circuit

14. Select one strand burner for testing by opening its ball valve and closing the other

strand burner’s.
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15. Close the bypass emergency exit valve.

Exit Flow Control
Valve (manually set)

Remotely Controlled
Bypass Emergency Exit Valve

Manual Valve

Figure 29: Venting Line Valves
16. Set the working gas (nitrogen) regulator to 60 - 80 psi and turn the ON / OFF
regulator valve on. Set the test gas (argon) regulator to a value slightly higher than

the test pressure desired.

BT e ontrol Set Working Pressure
Valve (manually set) Regulator to 60 - 80 psi

~ Set Testing Pressure Regulator(s) as Required

Arg

(reserve) : Ar
1 (reserve)

Figure 30: Compress Gas Bottle Arrangement
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17. Turn the pressure transducer power supplied ON, verified that it is set to 28.0 V,
0.01 A; and plug the Omega digital display (power supply of the secondary pressure

transducer).

Figure 31: Pressure Transducer Power Supply

18. Turn the photoreceiver ON.

T

Photoreceiver

otoreceiver
/ OFF Switch

-

Figure 32: Photoreceiver
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19. Turn the warning red light and exit the burn testing area (red room) sliding the door

shut behind you.

Warning Light Switch

Figure 33: Warning Light Switch
20.The red light is a visual signal to warn all personnel present in the lab that high
pressure experiment is in progress meaning that the red room must be evacuated and

hearing protection (ear muffs) is required.

Figure 34: Warning Light
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21. At the control panel, power ON the control board. 2 switches: main power, in the

back of the panel; and pressure solenoid power, on the face of the panel.

Figure 35: Remote Control Panel

22.Purging: with the exhaust vent closed, open the intake valve momentarily to
partially fill the strand burner to 100 to 200 psi then vent it. Repeat once.

23. Open the intake valve to fill the strand burner to the desired test pressure. Record
the strand burner pressure and ambient air temperature.

24. Turn the Lab ceiling light off. While this greatly improves the quality of the light
emission measurement, it is optional and should not compromise the team safety.

25. Start the emission spectroscopy acquisition from the SpectraSuite GUI.

26. From the GageScope software, trigger the pressure and light emission acquisition.

Verify both systems are properly recording.

58



27.Push the ignition button until ignition (quick raise in pressure on the pressure digital
display).

28. Looking at the trace of the pressure transducer output voltage on GageScope, verify
that the acquisition recorded the entire burning phase and the ignition and extinction
inflection points are apparent.

29. Save the data logs on the computer hard drive.

30. From the control panel open the exhaust valve till the strand pressure reaches 0 psi.
Fill up the pressure strand with few hundreds psi of argon; then purge.

31.The red light may be turn off, the red room is now accessible. Open the manual
emergency exhaust bypass valve, disconnect the battery from the strand holder.
Remove and clean the strand holder. Prepare the next sample for testing. Clean the

strand burner every 8 to 10 burns.
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APPENDIX B: A TYPICAL LINEAR REGRESSION BURN
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The following diaporama presents in a frame by frame sequence, the typical burn
test linear regression of the burning surface. These pictures were extracted from a video
recording of an early burn for its clarity. The early samples were burnt within their Teflon
encasing. This made great video footages as the tubing controlled the flame and the
products of the combustion in the plan view, but the confinement of high pressure gases
often induced explosion of the sample before the end of the test. This was alleviated by

removing the encasing and coating the side of the strand with liquid HTPB.

Figure 36: A Typical Burning Sequence



APPENDIX C: STRAND BURNER | OVERVIEW
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APPENDIX D: STRAND BURNER Il DRAWINGS
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STRAND BURMER ASSEMBLY - EXPLODED VIEW
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SECTION A-A
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TWORACEDECMAL £ 510 | HOAPPE:
THREE PLACEDECHAL 2005 | o APl
WIEEPAET GEOMERK: as

TOLERANCHNG PER: ASHE TS | oo

e

s 2 ,
PARTS LIST
TEM NO PART NUMBER DESCRIPTION GIY. | CALWT
SB-02-503 MAIN BODY 1 54.80 los.
5B-02-505 AFT END-CAP 1 11.57 los.
SB02.515 STAND, BOTIOM SUPEORT 2 501 Tos.
5B-02-513 TOP, STAND 2 208 lbs
SB-02-507 FORWARD END-CAP 1 1219 los.
5B-02-301 WINDOW 4 028 Ibs
SB-02.511 WINDOW FRAME 3 1.0 Ios.
SB-02-507 WINDOW END-CAP 3 2,80 Tbs.
$8-02-501 SPECIMEN HOLDER TIN, 1 082 Ibs.
10 SB-02-517 BRACKET, HOLD DOWN 1 1061bs
s oS PECRED e |
onmscsaEncie o | RAC | 1017
FOjENCR: cHeckED TITLE:

STRAND BURNER TOP ASSY

E [DWG. N

B SB-02-001 A

SCALE: 14 WEGHT: 109881k, SHEET2 OF 3

REF

SECTION C-C
UNLESS OTHEPWIE SPECED e | o
DIMENSIONS ARE N INCHES DRAWN R o
ToAZRCaAL M eveeee TITLE:

TWOPACEDECHAL £ 510 | O APFE

THREE PLACEDECHAL 2 005 | g api.
MIEEPRET GEOKERIC

GG PER: AENE Y1450
MATERAL

an
COMMBT:

DONOTICALE CRAWNG

3 2

STRAND BURNER TOP ASSY

SGE [DWG. NO.

REV

B SB-02-001 A

SCALE: 14 WEGHT: 10v881b. SHEET3 OF3
1




2% 280
2% 200
i
° S
I |
i | —a3x21/4-45UNC
i | THRU WALL ONLY
H |
! !
|
H |
SEE NOTE
SECTION A-A
12.00
2% 2.80 SEENOTE3,
{ @é00)
$3700+.001 il
THRU !
SECTION A-A
S G SPECHED e | oA
DIMENEIHS ARE I NCHES ORAWN. RIC IV
Ao s cucm e
: N?TEBSREAK ALL SHARP EDGES. ""“:'.‘“E‘M:“ma‘m: o MAIN BODY
. et HACE DAL S 3% | ur smn
2. SURFACE FINISH: 32 MICROINCHES. lFULL 350° OFID) e an
IOR TO CHROME PLATING [NOTE 3] rormtrnes ane RN PR AR Ve | i
3. SURFACE FINISH: 3 MIL CHROME PLATING (FULL 360" OF ID) B SOtUTON COMANED b b sez01 e SGE | DWG. NO.
4. COAT ALL EXTERNAL SURFACES (NON-CHROMED, NON-THREADED) LRIV, F CEAL FLOBDA. ANY e AN B SB-02-503 A
WITH 55316 USING AIR PLASMA SPRAY. VRN Wl PG| Bty s
OF COMAROIBAR APFLCATON BO MOTSEALE BRAWNG SCALE: 1'3 WHGHT: 5480105 SHEET | OF 1
8 7 & 5 4 3 2 1
8 7 L) 5 4 3 2 1
O-RING: AS548-A-238 —ﬂ |+— 240£.005
MCMASTER CARR 9559K222)
BACKUP RING: MCMASTER CARR $580K 545 T~ {225)
\ ~J (s0)e] e
. |
° \T\L =
©3.4562.001
$3.695£.001 SECTION F-F
fmt—— 3 25 — -
3.375TYP DETAIL B
- SCALET =1 [-— 2.77 —=

/—4.0 -4 UNC

[ 2 500 — ==

-
©1.812+.002

%/ SEENOTE 2

P
&

i

\ 06 THRU
—= =8 1/4 NPT .50 DEEP
25F225
A f—! 9257 fa— 2 00 —t=
{ ]
1675) SECTION A-A
s o sPECRED: ave | owe
DIMENSIOHS ARE 1N MCHES ORAWN. RIC Y1
ARt cvecxen. TITLE:
»  NOTES SR WA 1002 | g v
. BREAK AL SHARP EDGES. et HACE DML S 0% | uro e AFT END-CAP
2. SURFACE FINISH: 3 MIL CHROME PLATING [SURFACE REPRESENTED G an
EY THCK UNES [ rpy—— B
3. STANDARD H ConTamED b s 02001 - SEE [DWG. NO.
4. COAT ALL E)rrERNAL SURFACES (NON-CHROMED, NON-THREADED) ERein oF Cidha, eoBoA. it ¢ _— B SB-02-505
WITH 55316 USING AIR PLASMA SPRAY. VRSN T FE || MBSty oo
OF COMARIDAR APFLCATION D0 HOT SCALE CRAWNG SCALE. 12 WEBGHT. 11.57 Ibi. SHEET 1 OF1
8 7 & 5 4 3 2 1
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w

8 7 .

ORING: ASSé&A 238
[MCMASTER CARR $559K222) _"| 240+.005
BACKUP RING MCMASTER CARR 9560K549

@ 3.456+£001
3.695+.001

DETAIL B
SCALET1:1 -

[ 325 —=]
277

= 2.500

3.375TYP

// L & 93st002
1.0- 14 UNF I/‘E
2,00 DEEP

SEE NOTE 2

=
675 i
- THRU
A {200 )_‘———
AR OISR PEGRD:

e | owe
SECTION A-A DRSNS AREINKCHES | DRAWN RIC 1001/
FEACHOGE U Ty TIME:
. AR A 2 1840 % | oug arme.
TTESEAK ALL SHARP EDGES. Rt 155 | e e FORWARD END-CAP
2 SURFACE FIN\S}]—I 3 MIL CHROME PLATING [SURFACE REPRESENTED = T |
3 STANDARD e waw | AR AL SIZE [DWG. NO.
4. COAT ALL EXTEENAL SURFACES [NON-CHROMED, MON-THREADED) it it T B SB-02-507 A
WITH S5316 USING AIR PLASMA SPRAY O ooy N e
[ e sovercAE oS SCALE 12 WEIGHT: 121915, SHEET 1 OF 1
8 7 & 5 4 3 2 1
8 7 L) 5 4 3 2 1
o
2450
[
o ] 375 ——t
A -l — —
x SEE NOTE %{ /
P B 1. -\ 1.8124.002
8
A -y
225-41/2 UNC SECTION A-A
s o sPECRED: ave | owe
DIMENSIOHS ARE 1N MCHES ORAWN. RC 1T
s exgexen TILE:
~  NOTES: SR WA 1002 | g v
1 BREAK ALL SHARP EDGES. et ACETACRAL S 98 | uro e WINDOW FRAME
2. SURFACE FINISH: 3 MIL CHROME PLATING [SURFACE REPRESENTED o an
BY THICK LINES) s o cowstan R s | e
3. COATALL PYTERNAL SURFACES (NON-CHROMED, NON-THREADED) o kA O e T ST [DWG_ NO. eV
WITH 55316 USING AIR PLASMA SPRAY. ot
e = B SB-02-511 A
e oF vt FSTDA S
APFLCATION D0 HOT SCALE CRAWNG SCALE 1)1 WEGHT. 1.0¢ Ibs, SHEET 1 OF 1
8 7 & 5 4 3 2 1
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O-RING: A5568-A-130
(MCMASTER-CARR $55%K166)
BACKUP RING: MCMASTER-CARR 9540K525

= 173£.005

DETAIL A
SCALE4:1

1.250

NOTES:
1. BREAK ALL SHARP EDCES.

NOTES:
1. BREAK ALL SHARP EDGES.
2. STANDARD HEX HEAD.
3. COAT ALL EXTERNAL SURFACES [NON-CHROMED, NON-THREADED)
WITH 55314 USING AIR PLASMA, SPRAY.

¥y
#1.810£.001
TEM NO. | GTY. | PART NUMBER DESCRIFTION REMARKS
1 1 |ss4s5Ks2 POLYCARBONATE, 2" ROD, CLEAR  [McMASTER-CARR
2 1 AS568-A-130 |O-RING, PTFE
3 1 |9580K525 BACKUP RING, SPLIT, PTFE
e SRR, e | o
DIMENEIHS ARE I NCHES ORAWN. RLC. | 101607
AT exscxmn TITLE:
FGLAR NS 190 % | e
et FACETRCRAL 398 | uro At WINDOW
P o AN P e |
WENG PEE KA VS | o
DA BV SEPEORERE OF Bo2001 | POLYCARBOMATE SIZE [DWG. NO. REV
B e e e B | SB-02-301 A
PRTICOUT THE WTTTEN PER MBS0 OF B ASEY oo
tri I
o BowriAzO SCALE 21 WEGHT. 028 5] SHEET 1 GF 1
5 4 3 2 1
5 4 3 2 1
150 \
225-41/2UNC
1.400 DEEP
SECTION A-A
LB G WSESPECRED: e | o
DIMENSIOHS ARE 1N MCHES ORAWN. RC 1T
R‘NEM £ EHECKED TITLE:
AR s e
THREE FLACE ECAUAL 2 065 | o arpe. WINDOW END-CAP
[ p— B A
CONTARIED IN TS MATERAL comiEm:
e ROl O e oz % e 4120 SIE [DWG. NO. REV
FE ~ B SB-02-509 A
WRTNCRUY TVE WTTTER PER MBS0 N AssY wmon
et RotbA S
APFLCATION D0 HOT SCALE CRAWNG SCALE 1)1 WEGHT. 2.60 Ibs, SHEET 1 OF 1
5 4 3 2
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[.875)— — .081£.002

{626}
178£002 Lt a7s)
151
SECTION A-A
656
T o8
731 { J
B.125 @ 332 T 500 @ 1027 400
THRU 1/8 NPT . !
200 532 UNC ¥ .500 #2507 200
s S P o | o
DIMENEIHS ARE I NCHES ORAWN RIC.  sf28M7
FRACTOWALE 116 cxceEd TITLE:
NSHHEBILSE e SPECIMEN HOLDER 1IN, MODIFIED
e e | )
NOTES ottt i Comrman. TGP AL YU, | o
1. CREATE FROM McMASTER-CARR P/N 926454524 et s e 32 |OWG. WO, RV
2 COAT ALL EXTERNAL SURFACES (NON-CHROMED, NON-THREADED) G _09-
WITH 55316 USING AIR PLASIIA SPRAY. EERRIRRAE i | weer B SB-02-501 A
oo Ao Fe - SoaE T fwecn osges] SeErToFT
8 7 & 5 4 3 2 1
8 7 L3 5 4 3 2 1
o
& &
113 5.500
775
| (e— 125
113 5.500 X @250
/ R.ID ﬁ
QTD
100
s P o | o
DIMENSIONS ARE N MCHES ORAWN. RAE M
FRACTIONALL M 16 CHECKED. TITLE:
MOPACE DR i | TieAPPE.
THEEE ACEDECAAL 2 65 | g arp. BRACKET, HOLD DOWN
= R i 2
Wit
B BRSO CF ssma i Corpon sieel SEE DWSGBNOOZ 517 ﬁ
NOTES: BoTm oa R e _09-
1. BREAK ALL SHARP EDGES e ety | e -
PRGHIBIED. APFLCATION D0 HOT SCALE CRAWNG SCALE 1.2 WEIGHT. M. SHEET 1 OF 1
8 7 & 5 4 3 2 1
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YD 100
/ 201 F 115
I.fo B
750 -
45 —»| 6850
—{2x1.00)
— 2¢1.150)
4130
2% ¢ 250
// THRU
AR OISR PEGRD: e [ om
118 5.500 DIMENEIHS ARE I NCHES ORAWN RIC IV
FEACHOGE U Ty TIME:
7 SRR wem 8
TR FAGETECRAL £ 265 | uro e STAND, BOTTOM SUPPORT
s wocowcomn S i |2
NOTES: R wman "™ 5oza pm0y S | WS, N, rev
T. BREAK ALL SHARP EDGES. RO er - B SB-02-515 A
PROUBIED. " APFLCATON BO MOTSEALE BRAWNG SCALE: 12 WHGHT: 501 Ibs] SHEET | OF 1
8 7 & 5 4 3 2 1
8 7 & 5 s 3 2
45 —=] 6.850 °
| 2% §.250
1.50 } &t J/
750 | |
7.75
l 2X.90 f 2% R.20
2% 1.00
3.875 T
B

UNLESE OB SEC D o | o
BN ABE ECHE | DRAWN RGO
ATnGL: ik crecee TITLE:

ANZULAR: MACKS 2 BEND =
TWOFACEDEChAL g 510 | O AR

Rt FACE ECmAL 5 06 | uro are TOP, STAND

o
smazoor | a0, A‘ - Q:WM SIE [DWG. NO REV
B2+ 024 Aoy
NOTES: - -
OTES: L sARe EDGES B SB-02-513 A
srmcaton oo e SCALE 1D WEGHT 2081ns] tHEET1GF1

E 7 & 5 4 3 2 1
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APPENDIX E: INSTRUMENTATION CALIBRATION
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HIGH ACGURACY AMPLIFIED VOLTAGE

OUTPUT PRESSURE TRANSDUCER
%-20 OR % NPT CONNECTIONS

Symageton NPT o >
macz e - PX02
NEET Shown Smaller thamn
usa HI $C%8 il $ 6 4 9
i Model Shown ;i
PX02 Series o
0 to 5 Ve Output m
0-2 to 0-30,000 psi ¥ E
0-150 mbar to 0-2000 bar ; o=
' =5
Cable / NPT Model EE
» Internal Shunt Resistor EXDZCO-100GST i m
Shown Smaller than Actual Size §°
for Easy System Checks =
= FM & %i
Intrinsically - 25
Safe —
= All Stainless ; B
Steel ) |
Construction 1
= Hermetically Sealed
Double Diaphragm n Orde e fodel Nombe
Design for Harsh ANGE (pe a0 PR A NP I COMP ERS
Environments ODEl ODE
i i onnector Style oTe 8 Pres B Rarge g g ' hEoiuis SEE LIPS
= Available in Gage, 0 10 PROZKI-CI0AST §745 | PHUSCI-rIDAST &754 | DP4-E DFES-E
Absolute, Sealed Gage, [ERE PHOZK1-01GAGT 745 | PHOSCI1AIGAST 764 | DP4I-E, DF2S-E
psi and Metric Ranges [IEET] PRIZK1-020AET 745 | PHOBCI1O@0AST 754 | DP4I-E, DP2S-E
[ PHOZKI-CEGAET 745 | PHOSCI1L@GAET 754 | DPAI-E OFES-E
= ﬁﬂ;sor Connector [EET PROZK1-CG0AET 685 | PHOSCT1OG0AET 684 | DPAI-E, OF25-E
" Connector Style — Gage Preesure (Al Renges Also A valiabie In Sealed Gage Pressure)
= Optional Pressure Poris 0l 2 PHIZK1-002G5T 3685 | PHOZCI-002GST 5714 | DP41-E, DPZS-E
to Fit Mot Industdal [ PHO2K1-005GET 685 | PROGCT-005GST 714 | DP41-E DP2S-E
Applications i 10 PRIZK1-010G5T 685 | PHOSCI-010GST 714 | DRFAI-E, DFES-E
[IGEE PROZK1-015G5T 685 | PHOSCI1-016GST 714 | DPA1-E, DFES-E
OMEGA's PX02 Saries is a high TG 50 FRIZK1-050G5T 630 | PAGZCI-050GST_ 714 | DPAI-E, DFES-E
accuracy, amplified vol oltpLt, 007 FRIZK1-075G5T 620 | PROZCI-075GST BG4S | DPAI-E, DFES-E
industrial pressura transducer. Al T 10 PRIZK1-100G5T _ E20 | PHOSCI-100GST 640 | DPAI-E, DFES-E
stainloss stesl construction and a 0 1 200 PROZK1-200G5T 620 | PHOSC1-200GST 640 | DPAI-E, DFES-E
hermetically ssaled case makes the [0 200 FRUZK1-300GST 620 | PAURCI-300GST 640 | DPAI-E, DFEE
P¥02 suitable for harsh industrial T S FRIZK1-500GST 630 | PAGZCI-600GST 649 | DPAI-E, DFES-E
anvironments. It i a trus high R PRIEKI-1RGET B30 | PROSCI-IRGET 640 | DPAI-E, DFES-E
accuracy industrial device with FM T 1500 PHROZK1-1.5KGET B30 | PHOSCI-1.5KGET 640 | DPAI-E, DFES-E
Intrinsically Safe rating standard. T 1 2000 PROGK1-2RGET 620 | PHOSCI1-GRGET 640 | DPAI-E, DFES-E
A broad femperature compenssated TG 2500 FRUZK1-3.5RGET B30 | PAUECI-3.5RGET 640 | DPAI-E DFEE
range of 16 to 71°C (&0-160°F) and o 000 FRIZK1-5RGST B30 | PROZCI-GRGST 64D | DPAI-E, DFES-E
axcallent tamparature compeansation 0t TEOG PHI2EL-T.5KGET E20 PHO2CT-T.5KGET 648 | DP4-E DPF2S-E
miake this transducar vary stable 0o 10000~ | PROGET-10RGET 720 | nok avalabe DF41-E, DFEE-E
with fluctuating temperaturas. Ol 20000%* | PRORS1-Z20KGST 720 ot avalabk CP41-E, DFES-E*
The PX02 is available in gage, Tie Mo | FADES120RGST 720 | ok avalabe DFa1-E, DFE5-E
absolute or sealed modals as wall * 4 @it meter, counts [n increments of 10, = HP Tube
as P51 or metric ranges. NPT and T oroerAbsolife Pressure repice (he 757 i modsl number with 947 §50 sdditional).
%20 O-ring seal fitings are To order Seakd Gaje wnils repace 57 h modsl Rumberwith =57 o chenge).

3 i ; .. Ordering Exampies: 1.) PXO2KI-1KGST is & 1.000 psi fransoucer WEn 05 V oufpul,
available for industrial and Hydraulic e ng e e prosiie rmtcs, S0 Mating Connectar T
applications. grmmm; PTOGF-10-65, $26.50. 2.) PXO2CO-010GST is 5 10 psi gage tensducer wih
5 Volpr, 10 Ff Cable and 5 NPT male pressire comnection, £714
Mating Connector (nof inclided) PTOGF-10-65. $26.50.

B-94
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< ALL STAINLESS STEEL TRANSDUCER
MULTIMEDIA COMPATIBILITY

HIGH-PERFORMANCE SILICON TECHNOLOGY

PX309 Series

0 to § Ve Dutput

0-1 to 0-10,000 psi
0-70 mbar to 0-690 bar

Starts at

225

F Y

CE Loy

1, 2, and 5 psi Ranges

1 Rugged, Solid State Desiagn
= All Stainless Steel

e High Stability, Low Drift
e 0.25% Accuracy Typical
1 RoHS Compliant

= IPE5 Protection Class

SPECIFICATIONS
Excitation: 9 to 30 Vdc (<10 ma)
(marsa':lmlariry ard overvoltages
protected)
Qutput: 0 to & Vde
Accuracy: £0.25% includes linsarity,
hiysteresis ard repeatability
Laro Offset: 229 FEO;
+4% 1 and 2 psi ranges
Span Setting: £2% FSO;

¥ 1 ard 2 psi ranges
I'_I'-::mI_Errc-r Band: £2% F?ﬂ%ﬂncldes
ireanty, hysteresis, repeal ity
ﬂ'uem'r:]; hr-:.rrgtemis andp v
therrnal emrors (except 1 psi = +4.5%
ardd 2 pai = £3%)
Leng-Term Stakility (1 Year):
+0.25% fypical
Typical Life: 10 million cydes
Operating Temperature: -40 to 85°C
(—-EO [0 1EI%"F:| -

Compensated Temparature:

=5 psi Range: -20 to 85°C (-4 to 185F)

=5 pei Range: 0 1o 50°C (-18 10 122°F)
Proof Pra;nsusrg: - )

=ia an ig: G capaci

opr 20 pai, whic al.r?ar is g;|rrauE|t-anr|:!II

=100 pei: 2x capacity
Burst Pressure: 5x capacity or 25 psi,
whichever is greater
Response Time: <1 ms

E —
.-'—'_-,#

Mew Loy go
g g
. \i‘, & A5 ey

P 202-100E5Y, $225, shown
amaller than actual slze.

PRI2V-100GEY, $275, shown
emaller than actual size.

Fast

PH18-100G5Y, $225, ghown
amaller than actual slze.

Sheck: 50 g, 11 ms half-sine shock
Vibratiom: 30 g

Wetted Parts: 216 55 for all psia
ranges and 1 to 50 psig; 17-4 PH 55 for
ranges 100 to 10,000 psig

Prassuras Port: %-18 MNPT
Electrical Connections:
PE309: 1.5 m (57 3conductor cable

P 348: Mini DIM connectar with
rating connector included

P 320: Twistlock connector, Ordet a

malirg(mnna-:mr zokd separataly enubber to

(FTOEV-10-85) protact your
Weight: 155 g (5 4 oz) max resgurs
Mote: Linits 100 psig and above may be |1 o

subjected to vacuum on the prassurs
part without damage

For altsmative paromancs
spaciications contact Enginesning.

B-77

PE-4G, $10, shown actual slze.

Snubbers prolecl seNs0rs
from fiuid ham mers.spikes.
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Strain, Process &

Temperature Meters
with Optional Relays and Analog Output

DP25B Series

*245

Basic Unit

(€®

A i

=

Inputs
= Thermocouple
= RTD

= Process (do Voltage and Curment) e ———

== Strain Gage

Options

= Relay Output with Adjustable
Deadband

= |solated or Non-Isolated
Analog Output

= Totally Programmable Color Display
= Low Voltage Power Options

SETPTS

Panel Meters/Controllers

The unparalleled accuracy of the OMEGA® DFZEB
signal conditioner is available in an economical series
of panel meters/conirollers. The OMEGA® DP25B
saries of meter/controllers feature a four-digt,
B-segment display plus optional dual 8 amp SPOT
relays (Single Pole Double Throw; Form C) and a
choice of isolated or non-isolated analog output. The
scalable 0-10 Wde, 0-20 méA, or 4-20 mA analog output
can be used for refransmission of the display value or
as a proportional control output, as required.

The microproecessor-based DP258 senies includes
nsiruments for process (de voltage and current) strain
gage, thermocouple, and RTD.

Common Specifications

Display: 4-digit, 8-segment, 21 mm (0.83")

Red. Amber or Green LED (programmable)
Analog-to-Digital Technigque: Dual slope
Internal Resolution: 15-bit

Paolarity: Automatic

Read Rate: 3isec

Step Response: 2 seconds

Power: 115 Vac, 230 Vac, 10-32 Vdc, 28-58 Vdc;
5 Watts

Operating Temperature: 0 to 80°C (32 to 140°F)
Storage Temperature: 40 to 85°C (40 o 185°F)
Relative Humidity: 80% @ 40°C (104°F)
{non-condensing)

Dimensions: 48 H x 85 Wx 152 mm D

(1.88 % 3.78 » 8.0 x 7.0 for DP25

Panel Cutouwt: 45 = 82 mm (1.772 x 3.622")
Weight: 26 g (1.27 Ib)

T e . —

/MY E{DEV MENL) RESET
U.5. and International Patents.

Used Under License.

Thermocouple and RTD Models

The DP25B Series for thermocouple and RTD inputs is
a versalile panel meter and limit alarm in one easily
programmable instrument. The DP26B-TC is selectable
for J, K, T, or J DIM thermocouples. The DP25B-RTD
accepts 100 £2 PT (0.00385 curve) RTD's.

DP25B-TC (Thermocouple)

-248 to 1400°F
-454 to 2600°F
=346 to T2°F

-328 to 1652°F

-210 to THOPC
-270 b 1372°C
=210 to 400°C
-200 to B00°C

0.5°C (D.8°F)

T
J DIN

Thermocouple Meter Specifications
Input: Thermocouples types, J. K, T, and J DIM
Cutputs: 2 Form C (SPDT) relays, rated & Amp
250 Vac; programmable for active high/low alarms with
atching/non-latching relays.

Relay Hysteresis: Programmable from 0 to 2095
Accuracy: £0.50°C (0.8°F) after 30 min. warm-up
Temperature Coefficient: £50 PFMC

Read Rate: 3/sec

Step Response: 2 seconds

Power: 118 Vac, 230 Vac, 10-32 VWdc, 28-56 Vdcg;
5 Watts; 240 vV RMS overvoliage protection
Isolation: 1500 ' peak per Hv fest 354 W

peak per IEC spacing

NMR: 50 dB

CMR: 120 dB

Input Resistance: 100 ML

Operating Temperature: 0 to 80°C (22 to 140°F)
Storage Temperature: -40 to 85°C (40 to 185°F)
Analog Output: Scalable

M-21
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slolaalap

Large-Area Photoreceivers

* Large photodetector diameter for aasy alignment

* Adjustable gain setiings

» Compact housing for tight spaces

Models 202X

With the extralarge - or B-mm-diameter
photodetectors in these photorecsivers, wou'l
be able fo tweak your experiment without womy-
ing sbout the beam wardering off the photo-
detector. Just position the photodstector dose
1o where you think the lazer beam is and youll
==a 4 signal. Mo mors ime-consuming and
tedious alignment procedurss. To keep your
signd from going off scale while you'rs adjust-
ing your experiment, wou can easily switch
amang the thres gain settings of 2103,

108, ard 2108 WA

Thess photoreceivers are battery powsred so
youll need orly & single coaxial cable o con-
nact the photodetector to okher instrumants.
This eliminates ground loops, the most common
source of noise. (A non-conductive pad elechri-
cally isclates the cazs from the table, further

elminating noise pickup.) To ensure long
battery life, we build these photorsceivers using
amplifiers with low-current draws. In fact, you
can leave thess photoreceivers on for thres
weeks [or 500 hours) befors the battery needs
bo be changed. If you're unsure sbout the batisny
siatus, the built-in battery check can tel you
instantly whether or not the battery is good.

The compact housing lets you slids the photo-
receiver in wherever you nesd to quickly check
your signal. Since all switches ard connectors
are located on the top of the housing, wou
won't hawe to worry about sccess or about
cables that drag on the table ard block: your
beam. Sas page 140 for compaticle fitker
hiolders and FC-fiber adapters.

Their slim housing [iwith the output BNG and switches convemiendy lomaned
an tha fop) mskes i sasy to place thass photodsdadiors rght whars youw want

tham, even betwesn choaly spaced optios.

saleg@newlfocuUus.com ra=x: (40821 818-B802232
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The three-poaiion switch lefs you
chocse & S04 or T0HMD load
resistor, oF pow oan seied the
apen-oirou i semming and prowids
wehadever boad! resisdor you i,

11 AT
E:Er_ it} = 3
= =
= as nl.pw"ur E a8
28 [ ; g -
g a2 s 22 Ly
“m R = g L= I
WK D WA B0 M B B0 KO I
5 ‘Wawalorsgth, nm Warsalanegh, 1m
& *4 W Typizal responsivity of the Timienl respansivity of the
”_ i photodetector in the Model! 20317, photodsdacior in the Mods! 2022,
B Typion! responsivity of the
Maods! 2031 phododletector in the Maodel! 2033
Wawalangth Rangs I 4001070 nm I 1801100 nm I B00-1780 nim I
1 MHz, 130 kg, 00 K, 120 kH, 200 kHz, 30 kH,
3 Handwidh? and G0 kHz and 150 kHz and 30 KHz
Paak Corwerdon Gan 1. 2T W 1201 08 W 11 08 Wi
Typical Maximum Raspanchay 0.6 APV 05 AP 0B AW
2 03, 109, 2 0%, 109, 2l 0%, 107,
Trrenpsadincs Gsn’ and 2 0B WA and 2 DB WA and 21 08 WA
Cuipdt Impsdance 100 & 1000 100 &
Mirimum MEF 43 pv ir B g 44 piv' IE
v Sahralkn Powsr 4mw = mi 3
Madmum Fower Derlly 10 i rmm? 110 midmm= & mid mm®
Photodebsator Diamaler Bmm %8 mm =mm
Fowsr Riaquirsments Inismal G Etory Imiarral & Eattary Imamal & Eattary
Bleciical Cutpul BN BHNC ENC
Mulnz Verciore Add M io Modd 5 Add M i Moddl & Add Mo Moddl £
Modal § | 20m | 2z | na |
Price” $ars 845 705
Frica, 3.47 Exlended Warraniytt=  $122 123 125

st oun i3 incressedl, e Danowidlh decradas, Az SRoww in Me tabé sdov.
tSae our ems and conoAtions of S for mond cafris

Feelated Frodunts: Aillar Holdars and FO-Floer Adapters (pags | 40) » Fedesiss and Holdng Forks [pages 026, 260)
Breakout Cahle (page 156)

Definttons of Characberistics (pags 143)
Fr nfarmeiiom) poas add (0%

phone: (4081 818-1500 ww.newlrocue.com
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CompuScope 1450

Ultra-fast Waveform Digitizer Card for PCI Bus
CompuScope 1450 is a family of 50 MSis, 14 bit IBM PC based Waveform Digitizer cards for the PCI Bus

with very deep, on-board acquisition memory of up to 1 Billon Samples.

COMPUSCOPE 1450

CompuScope 1450 can sample anaing sig-
ras 3t Epesns Up fo 50 MSs W 14 ol resd-
lutiar 300 slore the data In e on-poars

memary

50 M5/5 SAMPLING

CompuScnpe 1450 uses tan manaltnic sub-
ranging A/D corrertars, each running at
25 5T, to provids a dual-channe! simiita-
negus rea@-ima samping rate of 50 MS/E
In the Eingiechannel maode 1he o ADCS
are pocked i @ "ping-pong” mods to achise
up b0 50 K56 BAMPINg. AN on-Doard crys-
[@-zonoiled tring circult ensures Tmebase
3oUraty and long-serm ihermal slablizy.

The or-baard auto-caibration drouly aliows
tre two channels o be matchad In order 1o
reduce the image signal

HIGH IMMUNITY TO

DIGITAL NDISE

In arder {o isolale the nign-trequency ana-
log circultry from PCI bus—related dightal elec-
trorics, a two-board piggy-back configura-
tion Is vs2d. This scheme aliows maximum
separation of analog and diglal grounds,
therety praviding nigh Immanity o digitat
nalse.

MEMORY DEPTH

CompuScope 1450 ks avallable with memaory
g=pine of 1M, 3M, 1236, 5120 and 1G {14~
bit sampies). This memary can be used asa
cireutar puffer for storage of pre- ard post-
trigger data

In the singie-channel mode, he maximum
rumiber of sample palnis s equal to the
memory depth of the CompuScaps 1450
miadel peing ussd, wheneas In the dua-chan-
nal mode the maximum numier of samole
paints Is half the memary depth

The data siored In the CompuScope 1450
memaory can be transferred to the sysiem
AN Tar post-processing, dispiay or sior-
age to hard disk wenout amy Inter'ace tus
{no GFiB bus required)

FAST BUS THRCOUGHPUT

The nigh-gpeed, 32 bil. Dus-masterng nter-
tace 1o {he PCI ous aliows the data from the
an-taard memary of the CampuSeops 1450
%2 be fransfamed o Tie sysiem RAM, or @y
glher PCI gestination, at susiained rates of
up 13 0 MB‘s unger single-tasking operat-
Ing systems. Unoer Windows, fnis rake da-
pends on e archltecturs of e w=ar appt-
cation. Under controled condiions, 1 Is stll
possibie 1 achieve 30 MB/s recording speed
1 Ihe system RAM

BUS MASTERING

CompuScope 1450 Is fully capable of be-
coming @ PCI bus master in order 1o rans-
far data at the maximum rate of &0 MGE.
A PCI bus Master Is 3 cand which can 1a&=
coniral of the bus and fransfer data to any
2C1 target device 5uCh a8 Bystem FRAM win-
oLt any Immisemant from the CPLL.

FLEXIBELE TRIGGERING
CompuZcops 1450 Tealurss state-of-ihe-art
analog triggering.

An analog comparalor provides triggering
from elfner one of e Input channels, or fram
an extemal slgnal or from softwane.

In addiZon 2o the ‘.ﬂg;Er EOUNGE, 1'15|ger level
and Ellfpﬂ are akEo selkeclanle E}' soihware,
making the irgoar system simiiar ta tradl-
Sianal I:G-L'!E“JS-IIIFEE.

page 38
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GAGESCOPE SOFTWARE
Compu3cape 1450 s compaibie whh he
powerful and easy-io-use GageScope
Zofware wilch Nas becoms an Industry
standard for high sp=ed data caphure fram
AT cands.

ZageScope Software, which sels s2pa-
ratety, allows e User o caplure catain 2
Windows enviranment without having to
WrEe 3 singie line of programming code

Mot only ¢an gala oe caplured, manipu-
late0 and shared, GageScope allows easy
shorage of signal fles wnlzh you can e-
rall 13 your coleagues and shars Mg oata

Some of the powerful features of
GageScope nciude FFT. Averaging,
Waveforrn Parametars, unatlended tran-
slemt caphure, remote operation etc.

COMPUSCOPE 1450

FEATURES

4 14 Bit, 50 MS/s A/D

# Upto 1 Gigasample of
Cn-board Acquisition
Memory

# 63 dB Signal to Moise Ratio

# Multi-Card Systems of up
to 8 channels at 50 MS/is
{168 channels at 25 M5/s)

# FastDataTransfer Rate to
System RAM

& Compatible with
GageScope Software

& SDHKs for C/C++ MATLAB,

LabVIEW underWin 35/98/
ME and Win NT/2000/%P

GaGa

A Taklomnr fectrokg s Codysrniy

SEARCH



USB2000+ Miniature Fiber Optic Spectrometer

The USB2000+ Miniature Fiber Oplic Spectrometer is a unigue combination of technologies a powerful 2-MHz analog-to-
digital (A/D) converter. programmable electronics, a 2048-element CCO-array detector, and a high-speed USE 2.0 port.
This innovative combination produces our fastest spectrometer yet and provides resclution to 0.25 nm (FWHM). The
USBE2000+ allows users to capiure and store a full spectrum into memory every millisecond (that's 1,000 full spectra every
second) when the specirometer is interfaced to a computer via a USE 2.0 port. The USB2000+ is perfect for chemical,
biochemical and other applications where fast reactions need fo be monttored.

The USB2000+ offers the following features:

1,000 Full Spectra’Second

Pragrammable Microcontroller

Modular design

User-configurad wavelength range and resalution

Automnatically reads the wavelength calibration coefficients of the spectrometer and configures operating software
USB-to-PC interface; no external power requirements

RoHS and CE compliance

1,000 Full Spectra/Second
The USB2000+ utilizes an cnboard, 2-MHz A'D converter, which allows you to capture and transfer one full spectrum nto
memary every milisecond when the spectrometer is interfaced to a PC via the USB port.

Programmable Microcontroller

The USB2000+ has an onboard programmable microcontroller that provides flexibility in controlling the spectrometer and
accessories. Through a 20-pin connector, you can implement all operating parameters in the software, such as controlling
external light sources, creating processes and roufines and retrieving data from external devices. The USB2000+ gives
you access fo 10 user-programmable digital 1/0s for interfacing to other equipment; one analog input and one analog
output; and a pulse generator for triggering other devices. (Programming the 10s reguires SpeciraSuite Spectroscopy
Operating Software. )

Facilitated Operation

Setfting up the USB2000+ Spectrometer is easy. The user simply installs our Specirometer Operating Software and then
connects the USB cable from the spectrometer to the computer. Wavelength calibration coefficients unigue to each
spectrometer are programmed into & memory chip right on the USB2000+; the software simply reads these values from
the spectrometer. What's more, the USB2000+ reqguires no external power supply; it draws its power from the computer.
In fact, the USB port can be used to power light sources that connect to the spectrometer.

Optimal Performance

The USB2000+ couples a low-cost. high-performance 2048-element linear CCD-array detector with an optical bench
that's small enough to fit into the palm of your hand — the same detector and optical bench that have provided supenior
performance to the users of our 80,000+ systems out in the field. The USB2000+ also works the same way as other
Oeean Optics spectrometers in that it accepts light energy transmitted through single-strand optical fiber and disperses it
via a fiwed grating across the linear CCD array detector, which is responsive from 200-1100 nm.

Modular Design

Just as with all other Ocean Optics user-configured spectrometers, users work with cur applications scientists when
selecting the USB2000+ -- choosing from 14 gratings, § slits and hundreds of fiber optic accessories such as hight
sgurces, probes and optical fibers to create the optimal system for their application.

Users can also choose from Ocean Oplics' complete line of spectroscopic accessones to use with the USB2000+. Most
accessones have SMA connectors for application flexability. Changing the sampling system is as easy as unscrewing a
connector and adding new components or accessories, such as light sources, sampling holders, fitter holders, flow cells,
fiber optic probes and sensors, collimating lenses, atienuators, diffuse reflectance standards, integrating spheres and an
extensive line of optical fibers.
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USE Optical Bench Options

‘What makes the USB spectrometers (US82000+ and USEBE4000) so special are the options that allow you io configure the
bench for your application. Our Applications Seientists can help you choose the oplimum components, or you can follow
this guide to choose an entramce aperture size, detector accessories, filiers, a grating and more. The diagram below
shows how Bght moves through the asymmetrical crossed Czemy-Tumer optical bench, which has no moving parts that
can wear or break; all components specified are fired in place at the fime of manufacture.

Shl4 305 Connecior

Flued Enirance Sit
{Epecty sl slze)

Longpase Absoming Filter

{opdcna)
Colimatng Metar
{Epc Slandand or SAGH)

Graling & Wavelengh Rangs
[} ¢ gradng & skartl
m% g g

Focusing Mimar
{EpRCEy slandand or SAG+)

{2 & L4 Detector Collacion Lenses
{optiona)

Dalecior

DFLV \ariabia L:Tg:'-a-&-i- oder-
sorting Filler
{opticha)

UWZ & L4 Defecior Lipgrades
{optona)

Lignt from a fiber enters the aptical bench through e SMA 905 Conneclor. The SMA 805 bulthaad provides 3
pracise locus for e end of the aptical fiber, fied elll, asorbance Sier and fber clad mode aperiurs.

Light passes through e Instalied sitt, which acts 35 ihe anirance aperture. Sits come In varous widlhs fram 5
U7 20200 um. The sl b5 fls=d In the SKIA 905 bukhead 12 52 3gainst the end of 3 Ther.

I selecied, an absorbance fiter Is Installed between ine it and the dad mode aparure In the ShA 2065
bulknead The fher ks used w0 blook second- and hird-crder eSects ar to balance colar,

The callmatng miror ks matched o the 022 numerkeal aparure of our aptical fher. Light refiects from this
mimar, 35 a collmated beam, toward the gating. rou can opt o Install 3 standard mirror or a UV absorbing
A+ mimr.

We Install the graling on a platiorm that we then rotale to select the starting wavelength you've speciled. Then
we pamanerty fix iz gratihg i plass 1o giminate mechanks shifls or dift

This mirror Tocuses frsl-order
In-house 1o guarsnbes the nighes? reffectance and the
saandad or 2AG+ mimor.

Onie of Mizse ouiindrical lenses, mate Ir-house 10 ensure sbematon-fras arce, 15 Teed 1 the delechor o
focus ihe light from the tall IR anto the shorer detector elements. It Increases Aght-colectian effciency. The L2
ks fir the I000+; the L4 I for fhe UISS4000

specir3 on fhe defecor pine. Boih {2 calimaing 3nd focusing mimore are mace
owaEt Biray igt possis. You can ogd 1o Install 3

For the USEI0004+ we offer the 204E-siament Sany ILXST1 lInesr CCD amay deleciar.
For the USEJD0, we offer ihe 3543-slement Tosiba TCO1304AF Inear COT amay ceasciar

Each plxed responds bo the wavalengih of fight hal strikes & Esctrenics bring the complete spectum to e
software.

Cur propristary filters precisely biock second- and thind-ordsr light fom reaching speciic detector siements,

Winen selecled, the Se20rs 51andard BEYT window |6 replaced wiin a quanz window to enhance e
peripmance of e speciromeater for applications <340 nm. The UVZ |5 for the USB2000+; the UMY Is for e
LFEE4000.
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Specifications

Weight:
Detector
Detectar:

180 grams

Dimensions: 881 mm x §3.3 mm = 34.4 mm

Sony ILX511 linear silicon CCD amay

Detectar range:

200-1100 nm

Pixels: 2048 pixels
Pixel size: 14 pmn o 200 pm
Fixel well depth: ~02,600 electrons

75 photonsécount at 400 nm; 41 photons/count at 800 nm

fi4, Symmetrical crossed Czemy-Tumer

Focal length:

42 mm input. 68 mm output

Entrance aperiure:

0
ol

5, 10, 25, 50, 100 or 200 pm wide slits or iber (no slit

Grafing oplions:

14 different gratings. UV through Shortwave NIR

HC-1 grating opfion:

L]

Detector collection lens
option:

Yas, L2

OFLV filter options:

OFLY-200-5850; OFLW-350-1000

Other bench filter
options:

Longpass OF-1 fitters

Caollimating and
focus "ﬁ mirrors:

Standard or SAG+

U enhanced window:

as, U2

Fiber optic connecior:

Wawvelength range:

SMA 805 to 0.22 numerical aperture single-strand optical
fiar

Spectroscopic

Grat ng dependent

Optizal resalution:

~0.2-10.0 nm FWHM

Signal-to-noise ratio:

250:1 {at full signal)

AMD resolution:

15 bit

Dark noise:

70 RMS counts

Crynamic range:

2 x 10°8 (systern); 1300:1 for a single acquisition

h"ltﬁrat on ftime: 1 ms to 65 seconds

Stray light: =0.05% at 800 nm; <0.10% at 435 nm
Corrected linearity: =00 8%

Electronics

Ponwer consumption: 20 mA 5 WDC

Data transfer speed:

Full scans to memory every 1 ms with USB 2.0 or 1.1 port,
300 ms with serial port

Inputs/Outputs: [ (=]
I.ﬁ.nalaa channels: M
I.ﬁ.ut:- null "ﬁ: L]

Breakout box Mo

compatibility:

| Trigger modes: 3 modes
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Strobe functions:

fas

Gated delay feature:

Yes

Connector:
Computer
Operating systems:

10-pin connectar

Windows 88/Me/20000%F, Mac 05 X and Linux with UEB
port, Any 32-bit Windows OS5 with senal port

Computer interfaces:

LISB 2.0 @ 450 Mbps; R3-232 (2-wire} (@ 57.5 K baud

Peripheral interfaces

12C inter-integrated circuit

PRODUCTS | TECHMICAL | APPLICATIONS | CORPORATE | DISTRIBUTORS
CONTACT US | CATALDG | PRICE LIST | ORDER IMFO

cean
ptics .

Fwar it Fhioiores™

© 2007 Ozean Cphics, ine. Al nghts reserved
Termns of Use and Privacy Satemant
7277332447 «Fax 3.2952 « infoi OceanOptics com
Ocean Opllcs 1s part of the mutinational Halma Sroup o safety and defeclion companies.
Last Modifled Monoay, Cclober 15, 2007
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Insulated Leadwire

Cona Buffaky Model L (Powar Lead) Glands saal on insulated kadwine  + Tamperature Range: -200° F o +430°F (185 Clo +232°0)
for use in fransformiars, motors, conduit boses and pressuradsacuum * Prassura Range: Vacuum fo 10,000 PG (850 bar) - saa
chambsars and az power or Nstrument faadthroughes, Tha soft zealant Prassure Ratings in Specifications Chart
fachrology seals against gasas or iquids and resists alament movement * 500 Volts 10 55 ampe

undar prassure, Immarsion langth adjustmentz and aasy replacement Sals 1-18 Wires

- . ) * Exzy inztalltion — no *poting”
of alementz can b accomplished in the fiald, » Wire denification M applled

FL glands may be purchased with or without wira. If supplied with * Thermocouple Matanal conductors awmilable, 18 gauge standard,
wirg, salid copper wire with Kapton® nsulatian is standard. This is other wie gaugas optiond

provided a3 24" fotal with the gland cantered at mid-point. Standard

saalanits ara Grafoil or Taon. Other materidls for wirs and seaants Accessories

an be providad for spacial applications. Consult your Cona Euffal The raplacaable sealant parmits repoatad use of tha same fiting.
saks enginaer for mora information on avalabla options. Assambly is simpla and may ba dona in the fisld. Simply insart tha
Termirals can bs furmishid on all wirs ands if spacified, at addiioral  Slements and torgue the cap. Ta replace the saalant ar elaments,
cost Bulk wire is avaitable from Conar Bufalo for field assembly o Simply loosan tha cap, raplaca tha nacessary items, rabibricate

FL glands. (Sea the Accessorias Saction, paga 152.) and ratorgue the cap.

FL gland badies with NPT threads and SAE threads ara construced Elands are suppliad factory lubricaid. Whan raueed, the glands
from 30255T standard. Wald-nack stle dand bodiss are constnucted should ba relubricatad to maintain the published torgue and prassure

fram 316LSST standard. Gape and followers for all styles are ratings. f glands ara clanad prior to assembly, they shoud be
construzted from 20355T standard. Many cptional materials ara aka lubricsted. On weld mount models, the haat from the welding
avalatle, including 316LSST, Monel 405, Haskliy G276, Rconel procass wil destroy the lubrizant. Thess modals must be ralubricated
and mere, For information on altamative matarials, see page 7. prior to 4. Sea pags 153 far informatian on our lubrization kit

Cap Sty A offers a mounfing thread only. Cap Ste B prowides Replacement Paking Sets ara avaiable, These consist of a sedlant and

threading on both ends for atachmant ta conduit or terminal haads. bwo inssiors. Replosmant scakants may dleo be ordered scparataly.
Altarnztive seakant materials ara avalable. Fleass consult a Conax .

Buffak salas angineer for cusiom needs. Ta arder a Raplacamart Packing Sat, ordar

AP — (Gland) — (Wire Gauga) — Mumbar of Holas) - (Saalan

Premyn ok Prpssurg
Bty T Example: RPS-PL-12-3-T
28 gl S8y e
Mo amim Zab! 0 andera acamant nt only, arder
S RS — (Ghand) — (Wire Gaugs) — umbsr of Holes) — Saalart
Ty d s monmg Presr . Type S e o eng Oreageg 5 O AT
NG N9 SEme Moy NET Example: BS-PL-12-3-T
Catalog Numbering System P
T
] . W
ummber of ﬁlﬁﬂiﬁ' Lﬁﬂ?bgﬁ &g
PL Glwed Wre Gange Cyp Spde HAras Sanjd Sy Fa PP AR A S A
Example: PL-12-A3-T, 24/36
AL L 20 A-hasmourting |1 T - Taflan (WIIh Non-Standard Wi Lengin)
Abdies e ik |- 18 Inread anly 2 & - Grafoll
1 mErmmasE L 16 B - has ca 3 oier sy Example: PL-12-A3-T
.z?ﬁ%?ﬂ T and thraadad :: fgﬁ:e'm {Wn Standard Wire Lengin)
o mapma [ 12 r8 ' Example: PL-18(J)-A2-T 24/36
modEs ~ 10 L 42 {With Thermocouple Materlal Gonducors)
¢ 1 Example: PL-12-A3-T-XX
; {Wiihout conduciors)
- =" =g ==

For mors information call: 1-800-223-2389 + s-mail: info@ conaxbuffalo. com » wsit our website: www.conaxbuffale.com
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(Power Lead) Sealing

PR FoLLowER

e——

TEFLN

BLEVE SLEEE
PL Selection Guide Torgque (s
Wietawgs | 1 2 3 e well BRI Mumberoffies __Grefed L
- - : - - - - A Lk S BT
i [ ¥ ¥ ¥ ¥ i ¥ LD £l 150 168 210
L] 18 T 12514
% 4 L i 4 L L i AAE 1 ] [
}; i : : : : L i i A2 Lit 0 BT
AAZ {7 TS ]
s 4 L i AAE 1032 R =
2 L L RS Lit 0 BT
TS O o 167 rmg i St a1 M Mg T 508 508 MaSPEREMECEE D (pps T S T
2 SUSAUET A0 far JeealE A-1g 0,2 - 1=
CET 1 ] 1215
CET : R BT
AL 1365 TR )
AL 10,2 - =14
A2 1345 15168 ]
AAG i) T am
na : 16168 e
na : TH-HE [

AF [Fassurs 207 FFque rEmGE NerS SEITNGD 8 65 F (27 ) usng
ST KI-UEUE Y S SOV & M asment

Far aesamby of Magg sacliy alans, £99 Mo ssamhy
pmma};mmfm.

e T ——

- ;““
For mors information call: T-800-223-2389 « s-mail: info@conaxbuffalo. com « wisit our website: www.conaxbuffale.com
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APPENDIX F: PRESSURE TRANSDUCER CALIBRATION CURVES
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Table 9: Calibration Curve for PX02C1-7.5KG5T

Nominal | As Read
psi vdc
0 0.0012 8000
3750 2.5076
7500 5.0073 7000
3750 2.5103
0 0.001
6000
5000
4000
Omega display setup
Rd.5.0
IN1 0002 3000
Rd 1 0000
IN 2 5010 2000
Rd 2 7500
1000
0
0 2 6
Table 10: Calibration Curve for PX309-7.5KG5V
Nominal As Read
psi psi vdc
0 0 0.001
1500 1497 0.998
3750 3748.5 2.499
5000 4997 3.331
7500 7506 5.004
7000 7005 4.67
5000 4997 3.331
3750 3748.5 2.499
1500 1497 0.998
0 0 0.001
Omega display setup
Rd.5.0
IN1 0000
Rd 1 0002
IN2 5001
Rd 2 7500
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APPENDIX G: MATLAB CODE
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% GageScope Data Smoother
% Rodolphe “Gino” CARRO
% 04-09-2006

close all
clear all
Counter = 0;
Delta = 150;

bb = input("\nEnter the Batch Number: ");
Batch = num2str(bb);

if (bb < 10)

Batch_Folder = strcat("MDA", "0", Batch);
else

Batch = num2str(bb);

Batch_Folder = strcat(°"MDA", Batch);
end

Current_Directory = pwd;
Batch_Directory = strcat (Current_Directory, "\", Batch_Folder);

if (isdir(Batch_Directory) == 1)

cd (Batch_Directory);
else fprintf("%s is not an existing folder \n", Batch_Folder);
end

Sample_Folder = strcat(Batch_Folder, "-01%);
Ss = 2;

while (isdir(Sample_Folder) == 1)
Sample = num2str(ss);
if (ss < 10)
Sample_Folder
else
Sample_Folder = strcat(Batch_Folder, "-", Sample);
end

strcat(Batch_Folder, "-0°, Sample);

SsS = ss + 1;
end

Number_of Samples = ss -2;

fprintf(*\nThere are %d Samples available for Batch Number 0%d \n-,
Number_of_Samples, bb);

ss = 1;

while (ss <= Number_of_Samples)
Sample = num2str(ss);
if (ss < 10)
Sample_Folder = strcat(Batch_Folder, "-07, Sample);
else
Sample_Folder

strcat(Batch_Folder, "-", Sample);
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end

if (isdir(Sample_Folder) == 1)
cd (Sample_Folder),
Pressure_File = strcat(Sample_Folder, "-0l.asc");
Light_File = strcat(Sample_Folder, "-02.asc");

fid

= fopen (Pressure_File);

if fid ==-1

fprintf ("\nThere is no data recorded for Sample %s \n-",

Sample_Folder);

else

%

Counter = Counter + 1;

Pressure Data _Original = dImread (Pressure File, °"\t");
Light_Data_Original = dIlmread (Light_File, “\t");
Pressure_Data_Original_Size = size (Pressure_Data Original,l);
for (Row = 1 : 2 : Pressure_Data Original_Size / 2)
Pressure_Data_Original(Row,:) = [1;
Light Data Original(Row,:) = [1;
end
Pressure_Data_Original_Size = size (Pressure_Data Original,l);
for (Row = 1 : 2 : Pressure_Data Original_Size / 2)
Pressure_Data_Original(Row,:) = [1;
Light Data Original(Row,:) = [1;
end
Pressure_Data Original_Size = size

(Pressure_Data Original,l);

%

2.542779);

for (Row = 1 : 2 : Pressure_Data_Original_Size / 2)
Pressure_Data_Original(Row,:) = [1:;
Light_Data Original(Row,:) = [];

%end

P _Time Pressure_Data Original(:, 1);
L_Time = Light_Data_Original(:, 1);
Pressure_In = (Pressure_Data Original(:, 2) * 1495.752 -

Light _In = Light_Data Original(:, 2);
N = 37;

% function yout = smooth(yin,N)

% SMOOTH.M: Smooths vector data

% YOUT=SMOOTH(YIN,N) smooths the data in YIN using a running
% mean over 2*N+1 successive point, N points on each side of
% the current point. At the ends of the series skewed or one-
% sided means are used.

% Olof Liungman, 1997
% Dept. of Oceanography, Earth Sciences Centre
% Goteborg University, Sweden

%if nargin<2, error(°“Not enough input arguments!®), end

[rows,cols] = size(Pressure_In);
Pressure_In = (Pressure_In(:))";
Light_In = (Light_In(:))";
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1 = length(Pressure_1In);

Pressure Out = zeros(l,1);

Light_Out = zeros(1,1);

P_Temp = zeros(2*N+1,1-2*N);

L_Temp = zeros(2*N+1,1-2*N);

P Temp(N+1,:) = Pressure_In(N+1:1-N);
L Temp(N+1,:) = Light In(N+1:1-N);

for i = 1:N
Pressure_Out(i) = mean(Pressure_In(1l:i+N));
Light Out(i) = mean(Light_In(1:i+N));
Pressure_Out(l-i+1) = mean(Pressure_In(1-i-N:1));
Light_Out(l-1+1) = mean(Light_In(I-i-N:1));
P Temp(i,:) = Pressure_In(i:I1-2*N+i-1);
L Temp(i,:) Light _In(i:1-2*N+i-1);
P_Temp(N+i+1,:) = Pressure_In(N+i+1:1-N+i);
L_Temp(N+i+1,:) = Light_In(N+i+1:1-N+i);

end

Pressure_Out(N+1:1-N) = mean(P_Temp);
Light Out(N+1:01-N) = mean(L_Temp);

if size(Pressure_Out)~=[rows,cols],
Pressure_Out = Pressure_Out®;
Light Out = Light Out~;

end

Pressure_Light Matrix = [P_Time, Pressure Out, Light Out];

%Saving the file

Smoothed File = strcat("Smoothed-", Sample_Folder, ".asc");
dimwrite (Smoothed_File, Pressure_Light Matrix, “\t");
fclose(fid);

%Finding the Minimum and Maximum Pressure
[M, N] = size (Pressure_Light Matrix);
Max = Pressure_Light Matrix(l, 2);
Min = Pressure_Light_Matrix(l, 2);
for Indice =2 : 1 : M-1
Previous = Pressure_Light Matrix(lndice-1, 2);
Current = Pressure_Light Matrix(Indice, 2);
Next = Pressure_Light Matrix(Indice+l, 2);
if Current > Previous
CurrentMax = Current;
if CurrentMax > Max
Max = CurrentMax;
MaxIndice = Indice;
end
end
if Current < Next
CurrentMin = Current;
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if CurrentMin < Min
Min = CurrentMin;
Minlndice = Indice;

end
end

end

if MaxIndice > M - Delta;
MaxIndice = M - Delta;

end

if MinIndice < 111

MinlIndice = 111;

end

Max ;
MaxIndice;
Min;
Minlndice;

1 = 1;

for Indice = MinIndice - 110 : 1 : MaxIndice + Delta

ReducedP_Time(i

, 1) = P_Time(Indice);

ReducedPressure Out(i, 1) = Pressure_Out(Indice);

ReducedLight Out(i, 1) = Light Out(Indice);

ReducedPressure_Light_Matrix = [ReducedP_Time,
ReducedPressure_Out, ReducedLight_Out];

i =1+ 1;
end

%Saving the reduced file (not quite working properly yet)
Smoothed R _File = strcat("Smoothed R-", Sample_Folder,

dimwrite (Smoothed_R_File, ReducedPressure_Light_Matrix,

".asc");
\tT);
end
end
SS = ss + 1;
cd ..;
end
cd ..;

Total = ss - Counter - 1;

fprintf("\n%d Samples have been

analysed.\n\n", Total);
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APPENDIX H: FINITE ELEMENT ANALYSIS
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Here is a list of the assumptions used to conservatively simplify the Finite Element
Model (FEM) representing the strand burner assembly:
° The complete strand burner assembly as represented on
. Figure 37 was modeled and meshed using Quad Shell 2D Mesh. A 3D meshing was
deemed not necessary due to the simple (uniform and normal to nodes) load

distribution.

Figure 37: SB-II Configuration for FEM

. The thickness variation from the threads was not modeled throughout the assembly.
° The WINDOW FRAMES (SB-02-511) were not modeled separately but considered
integral with the WINDOW FRAMES (SB-05-509).

. Isotropic AISI 4140 steel material properties was assigned to every metallic components,

including the STRAND HOLDER (SB-02-501). Refer to

o Figure 38 for the detail of these properties.
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Figure 38: Isotropic AISI 4140 Steel Material Properties as Assigned to Metallic Components
The isotropic material properties assigned to the four (4) WINDOWSs (SB-02-301) were
as defined in

Figure 39.
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Figure 39: Isotropic Polycarbonate Material Properties as Assigned to the Windows
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A mid surface was generated for the MAIN BODY (SB-02-503) with three (3) co-

planar 1.81 in apertures for the windows (Ref. Figure 40)

Figure 40: Main Body Mid-Surface with the Window Apertures
The END-CAPs were modeled using the same principles as for the MAIN BODY as

seen on Figure 41.

Figure 41: FEM Representation of the Forward End-Cap
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Then the four (4) WINDOWSs were modeled using Quads and Tri Mesh (Ref.
Figure 42) and assigned the properties of Lexan (

Figure 39).

Figure 42: FEM Representation of the Lexan Windows
The constrains were modeled as presented on Figure 43 to replicate the constrictive

action provided by the strand burner braces (SB-02-513 and SB-02-515)

Figure 43: FEM Representation of the Constraints
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. Every internal surface was subjected to a uniform and normal load distribution to
reproduce a 340 atm (5000 psi) pressurization. Figure 44 shows a cross section of

the FEM and the force vectors applied to the nodes.

ERBAISO00 ey
5000

5000,

L LLIR

5000.  gppp D00

Figure 44: Cross Section View of the FEM and the Force Vectors
The model was then analyzed using the NE / Nastran for Windows 8.3 solver. The

major and minor principal stresses are displayed on Figure 45 and Figure 46 respectively.
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igure 45: ajor Principal Stresses

Figure 46: Minor Principal Stresses

Refer to Section 4.3 for a presentation of the findings from the FEA.
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